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Visual attention and visual working memory (VWM) are two major cognitive functions in humans, and they have much in
common. A growing body of research has investigated the effect of emotional information on visual attention and VWM.
Interestingly, contradictory findings have supported both a negative bias and a positive bias toward emotional faces (e.g., angry
faces or happy faces) in the attention and VWM fields. We found that the classical paradigms—that is, the visual search
paradigm in attention and the change detection paradigm in VWM—are considerably similar. The settings of these paradigms
could therefore be responsible for the contradictory results. In this paper, we compare previous controversial results from
behavioral and neuroscience studies using these two paradigms. We suggest three possible contributing factors that have
significant impacts on the contradictory conclusions regarding different emotional bias effects; these factors are stimulus choice,
experimental setting, and cognitive process. We also propose new research directions and guidelines for future studies.

1. Introduction

In the processing of visual information, attention and memory
are two cognitive processes that play pivotal roles in human life,
and they are extremely important aspects of psychology and
cognitive neuroscience research. Previously, however, these
two topics have been studied separately; for example, memory
studies have not tended to explore the effect of selective atten-
tion on memory encoding, while attention studies have often
neglected the consequence of past experience [1]. In recent
years, a growing body of research has begun to explicitly link
visual attention to visual working memory (VWM, which
could also be called “visual short-term memory,” VSTM).
These studies have reached a broad consensus that attention
and VWM are intimately linked [2–4]. This consensus is

unsurprising, given that the definitions of “attention” and
“VWM” already overlap significantly.

As defined by Olivers et al. [2], visual attention describes a
process during which individuals select relevant information
and ignore irrelevant information. By contrast, VWMdescribes
the process during which individuals temporarily retain rele-
vant information and suppress irrelevant information. In addi-
tion to the similarity of their definitions, the visual attention
and VWM processes may have many overlapping mecha-
nisms, such as the activation of many similar brain regions
(e.g., the supplementary motor area and frontal eye fields, the
lateral prefrontal cortex, the anterior cingulate, the superior
and inferior parietal cortex, and the occipital area) and a similar
capacity limitation (for about four units or chunks), as well as
similar control processes (for a review, see [3]). Therefore,
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exploring the relationship between visual attention and VWM
is highly significant for obtaining a better understanding of
basic human cognition [5–11].

Emotional processing, anothermajor cognitive function for
humans, has attracted considerable interest in both the visual
attention and VWM fields. Regarding visual attention, many
studies have examined attentional bias toward emotional stim-
uli, which can be further divided into negative bias and positive
bias (for negative bias, see [12–15]; for positive bias, see [16–
18]; for reviews, see [19, 20]). (The phenomenon of negative
and positive bias has been studied extensively using a variety
of emotional materials, such as faces, scenes, and words [19,
21]. However, we mainly focus in this paper on previous stud-
ies that have used emotional faces for the following reasons.
First, humans are experts in assessing faces [22]. Compared
to other stimuli, faces more easily attract visual attention, and
they are more likely to be stored in the human VWM than
other complex stimuli [23]. Second, the same facial identity
can reflect different types of emotions with little physical differ-
ence between the emotions, while other emotional stimulus
materials (e.g., different emotional scenes) differ greatly in
physical features between emotions [24]. Finally, due to the
short history of researching VWM as such [25, 26], the study
of the emotional bias effect on VWM began only decades
ago, mostly using emotional faces as materials [27–29].) “Neg-
ative bias” refers to the processing advantage of negative stimuli
(e.g., angry, fearful, sad, or disgusted faces) over positive stimuli
(i.e., happy faces); conversely, a “positive bias” refers to the
preference for positive stimuli (i.e., happy faces) in emotional
processing [19, 21]. Interestingly, VWM studies have revealed
a similar phenomenon, finding both negative and positive
advantages to VWM performance (for negative bias, see [27,
28, 30, 31]; for positive bias, see [32–34]). These controversial
results are derived mainly from two kinds of paradigms,
namely, the visual search paradigm in visual attention studies
and the change detection paradigm in VWM studies. Some pre-
vious review papers have discussed the contradictory findings
of previous visual attention studies (e.g., [19, 20, 35–37]). How-
ever, to our knowledge, no studies have yet combined the find-
ings of visual attention studies with those of VWM studies to
discuss the possible factors that have contributed to their
contradictory outcomes. Therefore, in this paper, we conduct
a literature review on previous studies that have investigated
the different emotional bias effects in (a) visual attention stud-
ies using the visual search paradigm and (b) VWM studies
using the change detection paradigm. Our purposes in con-
ducting this work are to list the distinct behavioral and neural
levels of evidence, to discuss the possible reasons behind the
existing controversial results, and to provide new guidelines
and suggestions for future emotional bias studies.

2. Controversial Results in
Different Expressions

2.1. Behavior and Neural Evidence with Different Emotional
Faces in the Visual Search Paradigm

2.1.1. Negative Bias. With their use of a visual search para-
digm, Hansen and Hansen [12] first found an attentional bias

toward angry faces presented as black-and-white photo-
graphs, with the bias reflected in a shorter response time
(RT) and a lower error rate for angry faces versus happy
and neutral faces (see Figure 1 for an illustration of the stim-
ulus conditions; see Supplementary Materials for more
detailed introduction of this paradigm and frequently used
behavioral and neural indexes). However, this result soon
met with challenges from other studies because of the extra-
neous dark areas in Hansen and Hansen’s black-and-white
stimuli [38]. Nevertheless, even with better control of the
stimuli, some follow-up studies still found an attentional bias
toward angry faces (e.g., [15, 39, 40]). In addition to angry
faces, fearful faces (commonly referred to as “threatening
faces”—together with angry faces) have been suggested to
have a similar automatic attention capture as angry faces
[39]. Indeed, a fearful face seems even easier to detect than
an angry face [41]. The attentional bias toward angry and
fearful faces, taken together, has been called the “threat supe-
riority effect.” This threatening bias is more widely validated
by schematic face studies (e.g., [13, 42, 43]) than by studies
using photographs of real faces. However, some studies have
suggested that the attentional bias toward threatening faces
in schematic experiments was actually an attentional bias to
sad faces because the participants were more likely to label
the corresponding stimulus material as “sad faces” [13].

In addition to behavioral studies, studies using other tech-
niques have also supported the threat superiority effect. Using
the eye tracking technique—which allows for relatively direct
and continuous measurement of overt visual attention—a pre-
vious study using schematic faces found that, in the context of
neutral faces, participants took a longer time and more fixa-
tions to fixate on the emotional face target if it was a positive
face versus a negative face [44]. Another study using photo-
graphs found that participants fixated on more distractors
before first fixating on a happy face target compared to an
angry face target [45]. The use of electroencephalogram
(EEG) technology in previous studies confirmed that angry
face targets induced earlier and greater N2pc (N2-posterior-
contralateral) than did happy face targets [46]. An enhanced
contralateral delay activity (CDA) (also known as sustained
posterior contralateral negativity [SPCN]) then indicated that
angry faces might involve more subsequent processing than
was required for happy faces. Moreover, lateralized early pos-
terior negativity (EPN) showed that angry faces already
induced greater negativity than happy faces at 160ms, indicat-
ing early threat-relevant information processing.

2.1.2. Positive Bias. Although early research found evidence
supporting the bias toward happy faces, this phenomenon
has not received sufficient attention. Most studies tended to
regard it as a perceptual confounder rather than an emo-
tional factor (see, e.g., [16]). However, further accumulation
of relevant evidence [17, 18, 47–49] has renewed interest in
this phenomenon. For example, Becker et al. [18] used pho-
tographs and realistic computer-graphic faces to control all
the confounding variables that have arisen in previous atten-
tional bias studies, and they found no support for efficiently
detecting angry faces; however, they did find a robust positive
bias effect across seven experiments. They suggested that the
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positive bias in their studies could not be attributed to low-
level visual confounders [18]. Unlike the negative bias, which
yielded a robust effect with schematic stimuli, little evidence
supported the positive bias with schematic faces [19]. Only
one study showed a positive bias when the distractors were
changed to a heterogeneous (i.e., using different identities in
the search array) background instead of a homogenous (i.e.,
using the same identity in the search array) background [50].

Similarly, several other neuroscience studies have sup-
ported the positive bias. For example, studies using the eye-
tracking technique have provided evidence for an attentional
bias toward happy faces. Calvo et al. [48], in their study,
showed that happy targets were detected faster than any other
expressions (e.g., surprised, disgusted, fearful, angry, or sad).
Conversely, and in contrast to previous studies [44, 45], angry
faces were detected more slowly and less accurately than were
happy, surprised, disgusted, and fearful faces [48]. However,
compared to studies on the search advantage of angry faces,
fewer EEG studies have supported a bias toward happy faces,
which only indirect evidence has implied. For example, one
study [51] suggested that the widely used stimuli in previous
studies (e.g., happy and angry faces) are not equal in biological
relevance to observers. Therefore, the authors used baby faces
as positive stimuli and compared the results with angry adult
faces (as negative stimuli) in an attention task. Their results
indicated that positive and negative stimuli induced similar
modulations in P1 amplitude and with corresponding topog-
raphy and source localization, suggesting that both positive

and negative stimuli have similar advantages in capturing
attention at the neural level [51].

2.2. Behavior and Neuroscience Evidence with Different
Emotional Faces in the Change Detection Paradigm

2.2.1. Negative Bias.Using the change detection paradigm (see
Figure 2 for an illustration of the stimulus conditions; see Sup-
plementary Materials for more detailed introduction of this
paradigm and frequently used behavioral and neural indexes),
Jackson et al. [27] first examined how expression and identity
interact with one another (face identity was task relevant while
expression was task irrelevant). Their results consistently
showed enhanced VWM performance with different set sizes,
durations, and face sets. With schematic faces, other
researchers limited the cognitive resources by manipulating
the encoding time and set size, and they found better memory
performance for angry faces with short exposure time
(150ms) and a large set size of stimuli (five items) [52]. Simi-
larly, researchers found that participants could better maintain
fearful faces in VWM than they could retain neutral faces [30,
53]. Research has also shown enhanced VWM storage for
fearful faces compared to neutral faces [30, 54].

The use of EEG confirmed that threatening faces (both
fearful and angry faces) showed an enhanced N170 response
and higher theta power compared to both positive faces (very
happy and somewhat happy faces) and neutral faces, both at
the encoding stage and at the early maintenance interval after

Fixation Search array

Visual search paradigm

F F F

Ne Ne Ne

Ne Ne Ne

N N N

N N N

N P N

N P P

P P P

P P P

P Ne Ne

Ne Ne Ne

Ne Ne Ne

Ne Ne N

F F F

F F F

“Yes” or “No”
One face different?

(a) (b)

(c)

+

(d)

Figure 1: Illustration of a visual search paradigm. Participants needed to detect whether one face differed from the other faces. The letter F
denotes a face in the search array. Usually, in half of the trials, all faces show the same expression, while in the other half of the trials, one face
shows a different expression from the other faces. The trials containing different kinds of expressions (as presented in panels (a)–(d)) have
usually occurred in four versions: (a) one positive face with a neutral face background (P: positive face; Ne: neutral face); (b) one negative
face with a neutral face background (N: negative face; Ne: neutral face); (c) one positive face with a negative background (P: positive face;
N: negative face); (d) one negative face with a positive background (N: negative face; P: positive face). Note that the set size in each search
array can differ across studies. Negative face: angry, fearful, sad, or disgusted expression face; positive face: happy expression face; neutral
face: neutral expression face.
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the memory array disappeared [55]. Sessa et al. [30] found
that fearful faces showed an enhanced CDA compared to
neutral faces, which suggested an increased maintenance
for a fearful face in VWM than for a neutral face. With a sim-
ilar experimental setting as their own study, Jackson et al.
[28] found the results of functional magnetic resonance
imaging (fMRI) supported a benefit of angry faces in the
change detection paradigm. Compared to happy and neutral
faces, angry faces significantly enhanced blood oxygen level-
dependent responses—particularly in three areas of the right
hemisphere: the prefrontal cortex, the superior temporal sul-
cus, and the globus pallidus internus [28].

2.2.2. Positive Bias. Although initial studies have generally
reported a negative bias in VWM, the happy face benefit
(or threatening face cost) has appeared in recent studies
[32–34, 53, 56]. One study that used photographs [53] found
superior memory sensitivity for fearful faces but also for
happy faces compared to neutral faces. Interestingly, by
manipulating memory array and encoding time, Curby
et al. [34] found worse VWM performance for fearful faces
than for neutral and happy faces, which suggested a fearful
face cost in VWM compared to happy and neutral faces.
The addition of location information to the change detection
paradigm also revealed that the relocation accuracy for happy
faces was significantly enhanced compared to angry faces
[33]. Studies using schematic faces have also found that,
although no memory differences occurred between different
emotional faces (approach-oriented positive faces versus
avoid-oriented negative faces), high-capacity participants

tended to maintain more positive (e.g., happy) than negative
(e.g., sad/angry) faces, and this was reflected in a significant
correlation between affective bias and the participants’
VWM capacity [32].

However, as with the attention studies, the positive advan-
tage in VWM has found less support from neuroscientific evi-
dence. Compared to happy faces, sad faces tend to significantly
attenuate facial identity recognition, a finding supported by
the exhibited components of N170, N250, P3b, vertex positive
potential, and late positive potential [57]. This finding can be
partially verified by the overall emotional advantage effect.
For example, using the EEG technique, researchers examined
the event-related potential (ERP) components of P1, N170,
P3b, andN250r in a VWM task [58]. Their results showed that
none of these ERP components were modulated by emotional
faces during the encoding stage. During maintenance, a
decreased early P3b and increased N250r for emotional faces
were observed when compared to neutral faces, but no differ-
ence in ERP components was apparent between positive and
negative faces.

Overall, the development processes and evidence patterns
of the change detection paradigm and visual search paradigm
are quite similar. The findings of a negative bias have a rela-
tively longer history and greater support from empirical
research using cognitive neuroscience techniques. By contrast,
the findings of a positive bias have mostly resulted from recent
behavioral studies with better control over the potential con-
founding variables. However, scant neuroscience evidence
has supported the positive bias for either the attentional or
the VWM studies.

F

F F

F F

(a)

(b)

Pre-stimulus fixation Memory array Retention interval Probe array

“Present or absent?”

“Same or different?”

+

F F

F F

++ +

Figure 2: Two versions of the change detection paradigm. Participants need to detect (a) whether the single probe is present or absent in the
memory array or (b) whether the probe array is identical to the memory array or one of the faces has changed. The letter F denotes a face,
which can be emotional (positive or negative) or neutral in different studies. Note that the set size in the search array can differ across
studies. Negative face: angry, fearful, sad, or disgusted expression face; positive face: happy expression face; neutral face: neutral expression
face.
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3. Possible Contributing Factors for
Emotional Bias

The findings above show that both attention and VWM stud-
ies have revealed some controversial results regarding emo-
tional bias. Some studies have discussed and listed several
potential contributors for the emotional bias in attention
(e.g., [19, 20, 35, 36]). However, to the best of our knowledge,
no study has summarized the positive and negative face
advantages in VWM. Therefore, we have summarized and
listed these advantages in Supplementary Table 1 (including
20 papers with 36 experiments), especially regarding the
adoption of the change detection paradigm [27, 28, 30–34,
52, 53, 55–65]. Based on the table summarized by previous
studies on visual attention (see [18] for a summary of the
visual search paradigm; see [19] for more general methods)
and our table for VWM (see Supplementary Material
Table 1), we found some common factors responsible for the
contradictions in these two areas—especially for studies using
the visual search and change detection paradigms. Below, we
discuss these possible contributing factors separately, using
three aspects: stimulus choice, experimental setting, and
cognitive process.

3.1. Differences in Stimulus Choice. In both visual search and
change detection paradigm, the experimental materials used
for different studies often differ. Previous controversial
results could therefore simply reflect the different choices in
stimulus materials.

3.1.1. Schematic Faces versus Real Faces. Both photographs of
real faces and schematic faces are widely used stimuli in the
visual search and change detection paradigms. However, a
more consistent negative bias occurs with schematic faces,
while photographs of real faces show more evidence of a pos-
itive bias for visual attention (for reviews, see [19, 37]). Thus,
the choice of stimulus (schematic or real faces) used in an
experiment is crucial. Similarly, in the field of VWM, as we
mentioned in the previous section, different studies using
different stimuli have yielded different results.

For visual attention, a schematic face undoubtedly allows
for better control of physical features than can be achieved
with photographs. However, the representative expressions
of a schematic face are limited, and they lack ecological valid-
ity. Thus, schematic faces have been criticized for presenting
differences in the perceived configuration of the stimulus
itself, rather than reflecting a direct response to emotions
[66–68]. For example, some researchers have emphasized
that the attentional bias toward angry faces in the visual
search paradigm using schematic faces resulted from percep-
tual grouping, in which participants perceived happy faces as
a group more easily than angry faces; therefore, angry faces
were more salient when happy faces served as distractors
[68]. Photographs of real faces are more ecologically valid;
however, the results differ significantly for visual search stud-
ies. Previous studies have even found different results based
on individual differences and different stimulus sets as the
materials in the visual search paradigm [69]. Moreover, when
using photographs, various settings of the eyes and mouth

may be potential influencing factors. For example, emotional
bias can be obtained from the eye characteristics alone (for
bias toward angry faces, see [70]; for bias toward happy faces,
see [18]). Whether the teeth are exposed also leads to differ-
ent results as well [71]. However, these factors undeniably
also serve as the major composition of the expression per
se; thus, one cannot entirely attribute this controversy to
perceptual differences, especially for photographs.

Similarly, in the change detection paradigm, the results for
schematic faces have also tended to favor either a negative bias
or an overall affective bias, which may also relate to problems
that we mentioned earlier in attention studies. Different stud-
ies using photographs have used various sets of stimulus mate-
rials (see Supplementary Table 1). For example, the series of
experiments by Jackson et al. [27] used the Ekman set [72]
and the Karolinska Directed Emotional Faces (KDEF)
database [73], while the materials used by Curby et al. [34]
were a collection of four stimulus databases (the NimStim
database [74], the KDEF database [73], the CVL Face
Database [75], and the Radboud Faces Database [76]). These
variations in stimulus materials from different studies
complicate any direct comparison of the two effects. Besides,
the stimuli used in previous studies did not rule out the
effect of some subtle issues that we mentioned above, such as
potential influences from the eyes or mouth regions.
Although we cannot conclude that different results are due
to the use of different stimuli (e.g., the study by Jackson et al.
[27] validated an angry face advantage in both image
databases), neither can we completely reject the possibility
that different memory advantages are irrelevant to the choice
of stimulus material.

3.1.2. Stimulus Arousal. “Stimulus arousal” refers to the
intensity of metabolic and neural activations of the indepen-
dent or coactive appetitive or aversive system [77]. Arousal,
combined with emotional valence and dominance, has been
suggested as a universal, three-dimensional conceptualiza-
tion of the emotional stimuli [78] in which arousal and
valence are culture-free, accounting for major proportion
variance in emotional judgment [79, 80]. Reasonably, then,
a fair comparison of different expressions requires similar
fundamental parameters used in different stimuli. We have
found controversial results in previous studies using faces
with different emotional valences (i.e., negative and positive
biases). Thus, we suggest that stimulus arousal may, in part,
be considered responsible for these past results.

A recent meta-analysis of attention studies found a larger
negative bias effect for high-arousal scenic or verbal emo-
tional stimuli than for low-arousal stimuli [21]. Although
this meta-analysis did not include the factor of face stimuli,
other studies have suggested that the degree of arousal also
affects the processing of different expressions [81]. For exam-
ple, in the study by Lundqvist et al. [81], the authors reana-
lyzed their previous studies (e.g., [16, 82, 83]) and found
that the degree of arousal from a picture was highly corre-
lated with the participants’ response as the direction of their
corresponding superiority effect. At the same time, the
researchers asked the participants to rescore the degree of
arousal to the photographic stimuli widely used in the visual
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search research, and they predicted attentional bias based on
the arousal score collected from the original stimulus set. The
predicted result ultimately fit well with previous studies [81].
Thus, these findings suggest that the contradiction between
negative and positive bias in the visual search paradigm is
based on the degree of arousal in response to picture
stimulation.

No VWM studies have directly investigated the effect of
emotional arousal on memory bias toward positive or negative
faces. However, although lacking a direct comparison to emo-
tional arousal between happy and angry faces, one study found
that different intensities of angry expressions evoked different
CDA amplitudes [61]. Specifically, full expressions had a higher
amplitude than both subtle (intermediate intensity angry face,
morphed from the continuum between neutral and intense
angry face) and neutral expressions, while neutral faces had a
higher amplitude than subtle expressions, suggesting that differ-
ent intensities of emotional faces may affect VWM [61]. Studies
have also suggested a reduced overall working memory perfor-
mance when people need to memorize several high-arousal
stimuli simultaneously [84]. Taken together, these results indi-
cate that arousal could at least partly affect VWM performance.
However, not all previous studies havemeasured and controlled
for a stimulus’s arousal level (see Supplementary Table 1; e.g.,
[55, 56]), and variations exist in the definition of arousal
across different studies, i.e., some studies used intensity as
their index (e.g., [34]) while others used arousal (e.g., [58]).

In brief, the choice of stimulus material, as well as stimulus
arousal, affects the results of both the visual search and the
change detection paradigms. However, some studies have used
similar materials and obtained different results (e.g., both used
schematic faces or photographs but obtained different results),
suggesting that differences in stimulus material choices are not
the only reason for the inconsistent results. Thus, differences
in experimental settings can also account for some variance
in results. We further discuss this issue below.

3.2. Differences in Experimental Settings. The visual search
and change detection are different paradigms; however, sev-
eral aspects in the experimental settings are similar and affect
the experimental results for both paradigms. We next discuss
the possible experimental settings that may affect the results
of the emotional bias from three main perspectives.

3.2.1. Visual Display Size and Corresponding Time. In both
the visual search and change detection paradigms, the visual
display set size is an essential index concerning behavioral
results, such as the search slope (the function of RT and
display set size) in the visual search paradigm and number
of VWM representations in the change detection paradigm.
Thus, both the display set size and the amount of time given
to participants to process the task matter.

Previous attention studies have shown that varying the
time settings can lead to differences in the composition of
an individual’s attention [85]. Using an attention task,
researchers have found that a probed stimulus presentation
time of 100ms accompanies an attentional bias toward nega-
tive stimuli (such as angry faces in an angry–neutral stimuli
pair and neutral faces in a neutral–happy stimuli pair), and

this trend was reversed when the presentation time was
extended to 500ms [86]. Although this hypothesis may not
explain all the previous studies on the visual search paradigm,
the time setting seems to affect the results of emotional bias.
For example, in studies supporting a negative bias, partici-
pants have usually needed to respond in a limited time [15,
42]. However, in studies supporting a positive bias, partici-
pants have usually not had specific time limits for their
responses. These trials ended when participants pressed a but-
ton (e.g., [16, 17]) or when the interval time was much longer
than participants needed (e.g., 10 s in [18] or 30 s in [71]).

VWM studies have found more direct evidence support-
ing the effect of display size and corresponding time. For
example, one study found that high perceptual processing
competition (e.g., 150ms exposure time for encoding)
revealed an emotional face advantage (i.e., both happy and
angry faces had an advantage over neutral faces). By contrast,
an angry face advantage emerged when the competition
between stimuli was further increased by increasing the stim-
ulus set size [52]. Furthermore, with the same set size of five,
a previous study found a VWM performance cost for fearful
faces compared to neutral faces, but only with a longer
encoding duration (4,000ms), as it showed no differences
with a shorter encoding duration (1,000ms [34]: Experiment
1 and Experiment 2). Consistently, the advantage of happy
faces compared to angry and fearful faces has also been
extractable from a long encoding time condition (4,000ms
[34]: Experiment 4a). These results suggest that the emotional
bias in VWM may be affected by the set size and stimulus
exposure time of memory array. However, we should note that
as the processing time of a single stimulus reduces or extends,
the VWM representations might risk being confounded with
representations of perception or long-term memory.

3.2.2. TheManner of Stimulus Presentation.The visual search is
a very context-dependent process; therefore, discussions of
targets should not be isolated from those of background stim-
uli. This concept is also true for the process of the change detec-
tion paradigm in which multiple stimuli are usually presented
simultaneously, rather than sequentially. Consequently, differ-
ences in the manner of the stimulus presentation for the target
and the distractor or background stimuli may also contribute to
variations in the results on emotional bias.

For example, the presentation of happy and angry faces in
the same visual search array could result in different processing
speeds for distractors instead of targets [13, 87]. This hypothe-
sis is mainly applicable to situations where opposite emotions
are used as the distractors. For example, one study set a homog-
enous condition in which all stimuli were presented with the
same emotional face. The authors found that participants
responded more slowly to all-negative faces than to all-
positive and neutral faces [13]. From this point of view, the fas-
ter processing of angry target stimuli can be explained by the
faster processing of happy distractor stimuli, whereas the
slower perception of happy target stimuli can be explained by
the degree to which negative faces cause attentional difficulties
in attention disengagement from the distractors. Thus, the dif-
ferent setting in distractors may ultimately result in processing
differences for both types of target stimuli. In addition, the use
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of heterogeneous or homogenous identities as a background
can also lead to different results. For example, while previous
schematic faces had yielded more consistent results for a nega-
tive bias, a positive bias emerged when a heterogeneous back-
ground was used [50]. However, this phenomenon does not
fully explain the results obtained with photographs because
some studies with a heterogeneous background showed a pos-
itive bias [16, 18], while others showed a negative bias [40, 45].

The effect of the manner of presentation may be general-
ized to the findings of VWM studies. Previous studies can be
roughly divided into two kinds of settings in terms of stimu-
lus presentation, namely, different identities with the same
expression [27, 28] and the same identity with a different
expression [52, 56]. Although these settings do not appear
to directly cause different results, differences in stimulus
presentation have occurred across studies despite the use of
a similar experimental paradigm. In addition, the change
detection paradigm typically involves two stimulus arrays, a
“memory array” and a “probe array.” The patterns of both
arrays affect the experimental results, and the results may
also be influenced by the visual search process itself—either
at the memory array or the probe array. Besides memory
maintenance, memory filtering is another essential aspect of
studying VWM. The manipulation of fearful and neutral
faces as targets or distractors in a change detection task has
revealed in previous studies that—in general—fearful faces
are more challenging to filter than are neutral faces, thereby
reflecting a larger CDA amplitude in the fearful-distractor-
with-neutral-target condition [54]. Follow-up behavioral
and fMRI studies found similar result patterns [88, 89]. Ye
et al. [90], who used the CDA component, found that partic-
ipants with high VWM capacity were able to filter all the
facial distractors from VWM, regardless of their expression,
while low-capacity participants failed to filter the neutral
and angry faces but efficiently filtered happy faces. In addi-
tion, a follow-up study used a similar paradigm and found
that participants in the personal relative deprivation group
failed to filter out neutral or angry facial distractors but suc-
ceeded in filtering out happy facial distractors from VWM
[91]. All these studies suggest that the expression types of
stimuli modulate both storage and distractor filtering in
VWM. From this point of view, the use of the same or differ-
ent emotional faces in a memory array could also lead to
different results.

3.2.3. Differing Demands in Experiments. Another important
aspect in experimental settings relates to the observers. We
human beings, as subjective animals with our own thoughts,
may also be indirectly affected by how experimenters provide
instructions and by our own understanding of an experiment.
As Supplementary Table 1 shows, although the paradigm
remains basically the same, the participants’ task can be
further divided (e.g., detect whether identity is present or
absent, detect whether identity is the same or different, detect
whether the expression is the same or different, and detect
whether the probe is the same or different). Therefore, the
demands placed by the experiment and the participants’ own
strategies in understanding the task instructions could
partially affect the results of emotional bias.

Previous studies using a visual search have suggested
employing a fixed target to avoid the discrepancies caused
by different strategies across participants. That is, the specific
target would be given an emotion (e.g., happy face) at the
beginning of the task, and the participants were then asked
to constantly search for this target emotion across trials
[35]. Although this type of control reduces the variation in
subjects’ own search strategies, we argue that it also makes
the search task more difficult to distinguish from the recogni-
tion task. Unlike the controversial results on the visual
search, which require a rapid but less in-depth process,
expression recognition studies have more consistently sup-
ported positive bias [37]. Most of the previous visual search
studies supporting negative bias also did not specify the
target stimulus before conducting their experiments with
participants [12, 13, 43]. On the contrary, studies in favor
of positive bias have often asked participants to find target
stimuli for specific emotions (i.e., they used a fixed target
[16, 18, 47]). These results also raise concerns that some of
the positive bias findings might be confounded with the
interference of face recognition.

A similar impact from experiment instruction can also
occur in VWM studies using the change detection paradigm.
For example, the information that participants were required
to remember has differed across studies (see column 8 in
Supplementary Table 1). Some studies have regarded
emotional information as a form of task-independent
information [27, 28, 30, 34], while others have regarded the
expression as task-related information [31, 32, 52].
Although this setup difference may not directly explain the
observed discrepancy, a deeper processing of emotional
information seems to be more likely to trigger positive bias.
For example, in a relocated task [33], or when a longer
encoding time was provided [34], the happy face advantage
emerged in VWM.

These results suggest that different experimental settings
may involve different cognitive resources. Therefore, by
moving beyond these methodological challenges, a more
likely explanation for the conflicting results of previous
studies is that negative bias and positive bias act at different
cognitive stages.

3.3. Different Stages in the Cognitive Process. In both the
visual search and the change detection paradigms, the partic-
ipants must finish several cognitive processes to accomplish
their whole task. In attention research, the process of the
visual search paradigm has, conventionally, contained at least
two distinct but interrelated stages: the preattentive stage and
the attentive or postattentive stage. The preattentive stage
occurs before the attentional selection of a target stimulus.
In this stage, the process does not require attentional alloca-
tion to the stimulus, whereas the attentive or postattentive
process involves the direct focus on a target stimulus [92].
Calvo et al. [48], who used eye movement techniques, pro-
posed a third stage of visual search for emotional faces called
“decision efficiency.” The decision efficiency stage occurs
immediately before decision-making, as the varying decision
times between fixing the gaze on the target stimulus and
making a choice have shown for different emotional faces
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[48]. For VWM studies, the change detection paradigm pro-
cess comprises four stages: the encoding stage, the consolida-
tion stage, the maintenance stage, and the retrieval stage [93].
The encoding stage in VWM overlaps with the processes in
attention research, during which, perception representations
are created and then consolidated into VWM representations
during the consolidation stage. After the stimulus disappears,
the participants need to “maintain” VWM representations
and then “retrieve” them in subsequent tasks to complete
the whole cognitive process of VWM. In addition, the
VWM consolidation comprises two different stages [94–
96]. In the early consolidation stage, individuals automati-
cally create low-precision representations. Subsequently, in
the late consolidation stage, individuals can voluntarily create
high-precision representations.

For visual search studies, one possibility is that an auto-
matic bias toward negative emotions exists in the early preat-
tentive stage, whereas the positive bias is revealed in the later
recognition and/or decision-making stages. Consistent with
this point of view, the use of an emotion classification task
combined with the EEG technique has revealed that N170,
in the early stage, showed a higher response to negative
faces—such as angry, fearful, and sad faces. By contrast,
happy faces tended to correlate with facilitation in categori-
zation (reflected by P3b) and decision-making (reflected by
a slow positive wave in the later stage) [97]. LeDoux [98] con-
cluded from animal model studies that the fear response
could comprise two pathways. In the subcortical pathway,
information is sent rapidly and directly to the amygdala. By
contrast, in the cortical path, information is sent to the cortex
for subsequent analysis before reaching the amygdala. There-
fore, the subcortical pathway activates the amygdala in
advance and enables a ready state for fearful information.
Thus, once information on the cortical path is transmitted
to the amygdala, the individual can respond immediately.
Therefore, the amygdala can combine limited information
for a rough but rapid assessment of threat stimulation at
the early stage. This first stage of quick evaluation is likely
the neural mechanism that produces the superiority effect
of threat stimuli (angry and fearful faces). However, other
emotional information (i.e., a happy face) may reach the
cortical path with more comprehensive processing. Studies
have confirmed that although happy faces can also activate
the amygdala, the effect is mainly observed at the later stim-
ulus presentation time [99]. On the contrary, Becker and
Rheem [36] have an opposite view and suggest that threaten-
ing faces are privileged at a later stage because of the difficulty
of attention disengagement. For either order, however, future
studies will need to separate the different stages, as this may
help to shed light on the real reasons for the discrepancies
in previous results.

Similarly, for VWM studies, although memory usually
requires more in-depth processing of task-related information,
different emotional information could also affect VWM at
different processing stages. For example, different expressions
did not show any effect at the encoding stage, but emotional
faces (both angry and happy) showed a greater resource alloca-
tion at the maintenance stage [58]. Information with different
emotional valences also influences VWM via different neural

bases [100]. More importantly, previous studies have not been
able to dissociate attention from VWM. Therefore, whether
attention or VWM is responsible for this discrepancy is difficult
to discern.

In conclusion, after controlling for the effects of stimulus
materials and experimental procedures, further delineation
of different cognitive processing stages may be an effective
way to resolve previous conflicts.

4. Summary and Prospects

In this paper, we have mainly considered studies on attention
and VWM using different emotional faces, and we have pro-
posed three possible factors that could explain the mixed
results of the previous studies. A recent study by Becker and
Rheem [36] listed five necessary points of guidance for future
researchers who use the visual search paradigm to study
expressions. (Extracted from the conclusion of Searching for
a Face in the Crowd: Pitfalls and Unexplored Possibilities
([36], p. 635). “(a) Vary the crowd size so that search slopes
can be assessed. (b) Account for the speed with which distrac-
tors are rejected by considering the target-absent search rates
or ensure that all of the distractor arrays are equivalent. (c)
Ensure that participants are processing the stimulus signal of
interest rather than low-level features that are correlated with
this signal. (d) Vary the distractors and targets in ways that
keep participants from learning to use any low-level features
to complete the task. (e) Jitter the positions of the items in
the crowds so that textural gestalts cannot be exploited.”) In
addition to their guidance, we offer several other suggestions
for addressing the problems common to both the visual search
paradigm and the change detection paradigm.We first discuss
the limitations and recommendations of the existing para-
digms related to the visual search and change detection para-
digms in order to minimize discrepancies. We then propose
some possible directions for future research.

4.1. The Choice of Emotional Stimuli. Above all, in studies of
change detection and visual search, researchers need to be
more careful in the selection of stimulus materials, especially
regarding the control of low-level physical features and stim-
uli’s arousal. The degree of arousal resulting from the stimu-
lus itself should be defined (e.g., distinguish between arousal
and intensity) and evaluated comprehensively. Collecting the
participants’ own arousal evaluations for each experimental
stimulus within the study is also important since arousal as
such is subjective. We offer three other suggestions for the
selection of emotional stimuli.

First, future research should pay more attention to the
selection of photographs and schematic faces. Therefore,
more advanced technology for further control of facial
expression—for example, using computer-generated tech-
niques to create human-like pictures [101]—is needed in
future work. The application of dynamic facial expressions,
as well as body expressions, also offers possible directions
for future exploration [40, 102, 103].

First, future research should pay more attention to the
selection of photographs and schematic faces in terms of
physical features. Therefore, more advanced technology or
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accurate way for further control of physical features—for
example, using computer-generated techniques to create
human-like pictures [101]—is needed in future work. In
addition, the application of dynamic facial expressions, as
well as body expressions, also offers possible directions that
future research should explore [18, 102, 103].

Second, both attention and VWM studies have consid-
ered the use of neutral faces as a baseline setting for compar-
ison with emotional faces. However, neutral faces are more
likely to be perceived as negative than positive [19]. This ten-
dency may lead to imbalance in a search array or the encod-
ing stage of a memory array. The use of fearful and angry
faces for the threat effect should also be interpreted with
caution. Although fearful and angry faces have usually been
classified into the same category as threatening faces by pre-
vious studies (e.g., [13, 42, 43]), they actually contain differ-
ent information. The threat source of anger is basically the
face per se, while fear serves as a reminder of the threat in
the viewer’s environment [34, 104]. Therefore, future studies
should discuss fearful and angry faces separately, rather than
simply categorizing both of them as threatening stimuli.

Third, since emotional faces (e.g., angry faces) are already
a source of emotional information per se, another question
that future studies should address is whether the currently
available results are due to emotional states triggered by
expression stimuli. The answer to this question may be neg-
ative, mainly because emotional induction usually takes time
and needs to remain relatively stable. In typical visual search
and change detection paradigms, different emotional faces
(positive and negative) often randomly appear in the same
trial or in adjacent trials, which can create difficulty for the
participants to form a stable emotional state. Thus, emotional
states should not be the main cause of the previous contro-
versial studies. However, this suggestion does not negate
the effects of emotional states on an individual’s processing
of attentional or memory tasks. Indeed, previous studies have
shown that emotional states or mental illnesses (e.g., depres-
sion, anxiety, and worry) can affect attention and VWM [64,
65, 88, 105–109]. However, knowledge is currently limited
regarding the influence of emotional states on the results of
the visual search or change detection paradigms that use
emotional face stimuli. This area should therefore be explored
further in future research.

4.2. Standardization of the Experimental Setting. Based on
our summary, the experimental settings for both paradigms
evidently require further standardization. For example, when
testing different visual matrix sizes, future studies should also
consider the timing of the stimulus presentation and explore
the effects of different combinations of stimulus set sizes and
times for both paradigms. The experimental instructions
should also be carefully controlled to prevent the involve-
ment of unnecessary cognitive processes.

Most previous studies have used the visual search para-
digm and change detection paradigm to investigate emotional
face processing in attention and VWM; however, some other
paradigms can investigate similar topics in these fields. For
example, in the field of attention, the dot-probe paradigm
[86], rapid serial visual presentation task (RSVP) [110], and

visual crowding paradigm [111] can also explore attentional
bias to emotional faces. Similar contradictory results have also
been found for emotional bias in studies using the RSVP par-
adigm (for negative bias, see [112]; for positive bias, see [113]).
Some studies have even suggested that VWM and the atten-
tional blink observed in the RSVP paradigm might share the
same neural processing and storage capacity mechanisms
[52, 114]. In the VWM field, the N-back task [115] is also an
appropriate paradigm for testing emotional bias. A growing
body of research has used N-back tasks or other tasks to
explore the potential differential impact of emotional faces
versus neutral faces (for a review, see [116]). Thus, future
research should examine whether paradigm types modulate
emotional bias in attention and VWM. Likewise, many of
the issues mentioned in this paper (e.g., selection of stimulus
materials) are applicable to other attention or VWM studies.

4.3. Controlling and Tracking Cognitive Processes. Future stud-
ies also need to explore the causes of the positive and negative
biases underlying different cognitive processes. This explora-
tion will require that future studies define and divide the
different processing stages in corresponding paradigms. Future
studies can succeed in this regard by combining traditional
behavioral indicators with other neuroscience techniques. Spe-
cifically, they can combine different ERP indicators (e.g., N2pc
in visual attention studies and CDA in VWM studies) or
combine EEG with eye movements to generate fixation-based
ERPs [117].

In VWM studies, both attention and memory play vital
roles; therefore, different emotional advantages may already
exist in the attention process rather than in the memory pro-
cess. This makes determining whether attention or memory
processes caused the mixed results from VWM studies in
emotional advantages rather difficult. Future studies can try
to separate the attention-related process from the VWM-
related process when exploring emotional face advantages in
VWM. Alternatively, future studies could include attention
and VWM in the same context (e.g., using similar stimuli
and experimental settings) and examine the associations
between visual attention and VWM. For example, previous
study showed a high correlation between the reciprocals of
VWM capacity and the visual search slope with line-drawing
objects [118]. Therefore, a joint study of these two paradigms
could be a feasible alternative to better study the role that
attention serves in the emotional bias of VWM.

5. Conclusion

This review of the literature supports the view that the mixed
results from previous studies could have been arisen due to
differences in stimuli, experimental settings, and processing
stages at the neural level. The empirical research and the the-
oretical background indicate that both negative and positive
biases are likely. However, if we eliminate the influence of
the stimulus materials and experimental settings, a more
likely explanation would be that both biases occur but in dif-
ferent cognitive stages. Researchers should adapt more com-
parable and well-designed paradigms to provide new
evidence of positive and negative bias for emotional faces in
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future studies. A combination of neuroscience techniques
and advanced data analysis should be also applied to this field
to provide a better understanding of the mechanism behind
the advantage effect of different expressions. We believe that
the adoption of these suggestions will help to settle the
controversy of positive/negative emotional bias in visual
attention and VWM.
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Background. Nowadays, acute intracerebral hemorrhage stroke (AICH) still causes higher mortality. Liangxue Tongyu Formula
(LXTYF), originating from a traditional Chinese medicine (TCM) prescription, is widely used as auxiliary treatment for AICH.
Objective. To dig into the multicomponent, multitarget, and multipathway mechanism of LXTYF on treating AICH via network
pharmacology and RNA-seq. Methods. Network pharmacology analysis was used by ingredient collection, target exploration and
prediction, network construction, and Gene Ontology (GO) and KEGG analysis, with the Cytoscape software and
ClusterProfiler package in R. The RNA-seq data of the AICH-rats were analyzed for differential expression and functional
enrichments. Herb-Compound-Target-Pathway (H-C-T-P) network was shown to clarify the mechanism of LXTYF for AICH.
Results. 76 active ingredients (quercetin, Alanine, kaempferol, etc.) of LXTYF and 376 putative targets to alleviate AICH
(PTGS2, PTGS1, ESR1, etc.) were successfully identified. The protein-protein interaction (PPI) network indicated the important
role of STAT3. The functional enrichment of GO and KEGG pathway showed that LXTYF is most likely to influence MAPK
and PI3K-Akt signaling pathways for AICH treatment. From the RNA-seq of AICH-rats, 583 differential mRNAs were
identified and 14 of them were consistent with the putative targets of LXTYF for AICH treatment. The KEGG pathway
enrichment also implied that the MAPK signaling pathway was the most correlated one among all the related signaling
pathways. Many important targets with expression changes of LXTYF for AICH treatment and their related pathways are great
markers of antioxidation, anti-inflammatory, antiapoptosis, and lowering blood pressure, which indicated that LXTYF may play
mutiroles in the mechanisms for AICH treatment. Conclusion. The LXTYF attenuates AICH partially by antioxidation, anti-
inflammatory, and antiapoptosis and lowers blood pressure roles through regulating the targets involved MAPK, calcium,
apoptosis, and TNF signaling pathway, which provide notable clues for further experimental validation.

1. Introduction

Nowadays, stroke is still a major threat to people’s health.
Statistics from the World Health Organization show that
15 million people suffer the disease worldwide each year
[1]. Less frequently than ischemic strokes, intracerebral
hemorrhage (ICH) makes up 10%-20% of all strokes. But

a higher fatality rate is caused in the acute phase of intrace-
rebral hemorrhage (AICH), up to 40%-54% [2, 3]. ICH
leads to stroke damage when a troubled brain blood vessel
bursts, blood leaks, and the brain is loss of oxygen and
blood. Deep brain and nerve damage is made due to the
dead blood clot cells and released toxins. High blood pres-
sure is the most common cause of ICH [4]. Various forms
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of surgical decompression are in widespread use to treat
this kind of stroke, but the effect remains controversial.
Unfortunately, there is still no proven (in phase 3 trials)
beneficial medical treatment for AICH [5, 6].

In the last two thousand years, traditional Chinese med-
icines (TCMs) have been applied in treating various kinds of
diseases in China, including stroke [7, 8]. Compared with
Western medical treatment for AICH, TCMs have fewer
adverse effects and holistic and systematic influence on
more pharmacological activities and efficacies. Currently,
an important challenge is to discover proven therapeutic
medication for AICH. Buyang Huanwu Decoction, Fufang
Danshen Injection, Xueshuantong Injection, and Liangxue
Tongyu Formula are of the most common use for ICH
herbal patent injections [9]. Among them, Liangxue Tongyu
Formula (LXTYF) is a good prescription beneficial for ame-
liorating AICH, created by Chinese Medical Master Zhon-
gying Zhou, who has 70 years of medical experience in
China. It comprises six botanical medicinal materials like
Rheum palmatum L. (Dahuang, DaH), Rehmannia glutinosa
Libosch. (Dihuang, DiH), Panax notoginseng (Burk.)
F.H.Chen (Sanqi, SQ), Paeonia lactiflora Pall. (Chishao,
CS), Paeonia suffruticosa Andr (Mudanpi, MDP), and Acori
Tatarinowii Schott (Shichangpu, SCP) and two animal
medicines like Bubali Cornu (Shuiniujiao, SNJ), Pheretima
aspergillum (E. Perrier) (Dilong, DL). This formula was
adapted from Xijiao Dihuang Decoction, an ancient TCM
classical prescriptions reserved in one of the classic works
of ancient Chinese medicine called Essential Recipes for
Emergent Use Worth A Thousand Gold, and only replaced
Rhinoceri Asiatici Cornu (rhinoceros horn) with SNJ for the
similar medicinal effects and compliance with animal pro-
tection and regulations [10]. According to previous
research, LXTYF may improve symptoms of AICH, attenu-
ate nerve injury, and remove blood stasis of patients, as well
as ameliorate brain edemas in AICH rats [11, 12]. For Ma’s
96 AICH patients and Guo’s 168 AICH patients in treat-
ment group, LXTYF combined with Western medicine
treatment was reported to have a better therapeutic effect
than Western medication only [12, 13]. It attenuated symp-
toms of AICH, promoted the absorption of intracerebral
hematoma, improved the recovery of consciousness, and
reduced the nerve damage of patients, thus improving the
prognosis and reduced the disability rate [12, 13]. Li’s previ-
ous work has indicated that LXTYF had great pharmacology
efficacy on AICH by in vivo and in vitro experiment [14].

In our research, network pharmacology method is applied
to predict active components, targets, and pathways of LXTYF
to alleviate AICH. TCMs provide multiple components,
targets, and pathways, also with similar characteristics with
systems biology and network pharmacology. This indicates
that we can use the approach of the network pharmacology
to deeply investigate the mechanisms of TCMs to alleviate
AICH [15]. Further, pivotal human genes and pathways were
verified after the conversion of rat transcriptomics RNA-seq
data (Figure 1). Especially, in the animal experiment, the
commonly used AICH model of spontaneous hypertension
rats (SHRs) induced by collagenase was made, and LXTYF
administration was then conducted for RNA-seq.

This study is aimed at digging into the system pharmaco-
logical mechanism of Liangxue Tongyu Formula (LXTYF)
on treating intracerebral hemorrhage via network pharma-
cology method and RNA sequencing data and providing
notable clues for further experimental validation.

2. Materials and Methods

2.1. Herb Formulation Ingredients Collection. The chemical
ingredients of six botanical medicinal materials in LXTYF
were obtained from Traditional Chinese Medicine Systems
Pharmacology Database and Analysis Platform (TCMSP)
(http://lsp. http://nwu.edu.cn/tcmsp.php) [16]. TCMSP is a
distinctive platform for TCM pharmacology, able to provide
herbal information, ADME data for the screening process
and related targets of each chemical ingredient. The chemical
ingredients of the other two animal medicines in LXTYF
were derived from BATMAN-TCM (https://bionet.ncpsb
.org/batman-tcm) [17]. BATMAN-TCM is the first online
Bioinformatics Analysis Tool for the Molecular mechanism
of TCM, which can provide the active ingredients and ranked
target prediction of animal medicines for analysis.

2.2. Active Ingredients Screening. The active ingredients from
herbs of LXTYF were filtered by OB and DL. OB represents
the relative amount of a drug absorbed into the blood circu-
lation, and DL is used to describe pharmaceutical properties
of compounds [18, 19]. Based on literature and suggestions
in TCMSP, OB ≥ 30% and DL ≥ 0:18 were selected as a
screening threshold [20–22]. Ingredients that meet the above
rules will be preserved for further analysis. Moreover, several
active ingredients of Dihuang, Sanqi, and Shichangpu with
important pharmacological effects were added into the com-
pound database for analysis based on the literature about
chemical composition and the Chinese Pharmacopoeia 2015.

2.3. Active Ingredient-Associated Target Prediction. TCMSP
and BATMAN-TCM databases are integrated to collect
known targets of active ingredients in LXTYF. The target
names were obtained from the TCMSP and then converted
into Uniprot ID in the “Retrieve/ID Mapping” tool of Uni-
prot (Universal Protein Resource) database (http://www
.uniprot.org/), which is specialized for protein information
[23]. To analyze those active components that have unknown
target proteins, the following databases were used. PubChem
is the world’s largest collection of chemical information, in
which name, molecular formula, structure, physical proper-
ties, and so on can be found [24]. Open Babel toolkit is a tool-
box transforming multiple chemical file formats [25, 26].
With the help of these two databases, SMILES formats of
those active components were converted. SwissTargetPredic-
tion is a web-based tool used to predict the most possible tar-
gets for small molecules. The target predictions are achieved
through reverse screening based on the similarity principle
[27]. The top 15 potential targets of each active component
were predicted from the SwissTargetPrediction database.

2.4. ICH-Associated Target Prediction. Different genes linked
to ICH were collected from three existing resources with
Medical Subject Heading (MeSH) “Cerebral Hemorrhage”.
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(1) GAD (http://geneticassociationdb.nih.gov/), a public
genetic association database serving for human genetic dis-
eases based on integrated datas of more than 5000 published
studies [28]. (2) Genecards (https://www.genecards.org/), an
automatically mined database of human genes and a very
wide range of resources for gene-centric information in the
human genome [29, 30]. (3) DisGeNET (http://www
.disgenet.org/web/DisGeNET), which integrates data from
animal models, GWAS catalogues, expertly curated reposito-
ries, and the scientific literature, constructing a comprehen-
sive platform studying human disease-associated genes and
variants [31].

2.5. Network Construction and Key Nodes Analysis. Putative
targets of LXTYF for the treatment of AICH were obtained
based on the interaction data between active ingredient-
associated targets and ICH-associated targets, and Cytoscape
software (Version 3.2.1) was utilized to visualize the network
for AICH-associated-active ingredients and targets. Degree
and betweenness centrality are important topological param-
eters of networks and were calculated in Cytoscape to
measure the topological importance of target and compound
nodes [32–34]. The nodes were identified as key targets and
key chemical ingredients according to the “Degree” and
“Betweenness Centrality” values, which were larger than the
average degree and average betweenness centrality of all
nodes in the network.

2.6. PPI Network Construction. Proteins are rare to achieve
specific functions alone and tend to form macromolecular
complexes by interaction in a single cell to complete biologi-
cal functions [34]. So, it is necessary to analyze the interac-
tions in the proteins-proteins interaction (PPI) network.

STRING 11.0 (https://string-db.org/) is a database with inte-
grated data from several active interaction sources such as
text mining, experiments, databases, and coexpression. It
uploads gene datasets as input and visualizes them in a
network for the next analysis [35]. In this study, STRING
was used to analyze the interactions between targets
(cut − off critical level of high interaction score confidence =
0:95) of LXTYF for AICH.

2.7. Gene Ontology and Pathway Enrichment. The Cluster-
Profiler package installed in R offers the groupGO method
to classify genes [36]. There are three aspects associated with
GO terms as follows: cellular components (CC), molecular
functions (MF), and biological processes (BP). Also, by
hypergeometric distribution, enrichKEGG function is pro-
vided to proceed with enrichment test for KEGG pathways.
p .adjust values are also estimated to prevent a high false
discovery rate (FDR). Pathways that the p:adjust ≤ 0:05 were
reserved to analyze.

2.8. Animals and Reagents. Eight crude herbs of LXTYF were
purchased from Tongrentang Chinese Medicine Company
(Since 1669). Spontaneous hypertension rats (SHRs) were
purchased from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd., and animal license number was SCXK (Bei-
jing) 2016-0006. Collagenase type VII was purchased from
Sigma-Aldrich (St Louis, MO, USA). Brain stereotaxic
instruments and electric drills were bought from Yuyan
Instruments Co., Ltd. (Shanghai, China). TJ-1A microinjec-
tion pump was purchased from Lange Constant Flow Pump
Co., Ltd. (Baoding, China). Microneedle was purchased from
Gaoge Industry & Trade Co., Ltd. (Shanghai, China). Chloral
hydrate and penicillin were bought from Sinopharm

Network pharmacology

Disease databases Herb databases

Targets overview PPI network

MAPK signaling pathway

KEGG ananlysis

MAPK signaling pathway

PPI network

Targets of ICH Compounds and targets of LXTYF

Compound-target network of LXTYF for ICH

GO and KEGG ananlysis
H-C-T-P network

RNA-seqdata of 4 groups SHR rats

Anmial and transcriptomics data

Figure 1: Outline of the study. Network pharmacology method and transcriptomics data were applied to explore the LXTYF effect on AICH.
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Chemical Reagent Co., Ltd. (Shanghai, China). TRIzol®
Reagent and TBS380 Picogreen were purchased from Invi-
trogen (Carlsbad, CA, USA). Magnetic frame Ribo-Zero
Magnetic kit was bought from EpiCentre (USA). TruSeqTM
Stranded Total RNA Library Prep Kit, UNG enzyme, HiSeq
4000 PE Cluster Kit, and HiSeq 4000 SBS Kit (300cycles)
were purchased from Illumina (San Diego, CA, USA).
Certified Low Range Ultra Agarose was purchased from
Bio-Rad (Hercules, CA, USA).

2.9. LXTYF Preparation and Animal Administration. LXTYF
consisted of Cornu Bubali (SNJ), Rheum palmatum L. (DaH),
Rehmannia glutinosa Libosch. (DiH), Panax notoginseng
(Burk.) F.H.Chen (SQ), Radix paeoniae rubra (CS), Moutan
Cortex (MDP), Pheretima aspergillum (DL), and Acori
Tatarinowii Rhizoma (SCP). The crude herbs mixed in the
weight ratio of 30 : 10 : 20 : 5 : 15 : 10 : 10 : 10 and extracted by
means of reflux in ethanol and water for 3 hours. LXTYF
decoction was prepared with 8 : 1 water/oil.

All procedures concerning animals in this study were
approved by the ethics committee of Nanjing University of
Chinese Medicine. Spontaneous hypertension rats (SHRs)
were randomly assigned into cages and adapted for experi-
ment environment in the SPF-room for one week, with food
and water regularly and temperature at 20-25°C. 20 male
SHR rats (230-260 g) were divided into four groups ran-
domly for modeling and experiments: control group (CG),
control group with LXTYF treatment (CGT), ICH-model
group (MG), and AICHmodel with LXTYF-treatment group
(MGT), with 5 SHR rats in each group. Rats in CG and MG
were given physiological saline, while CGT and MGT rats
received intragastric administration of LXTYF decoction for
5 days. 12 h-fasting-rats in MG and MGT were made AICH
models by using 0.12U collagenase of 2μl and brain stereo-
taxic instrument. According to our previous study, the
middle dose of 11.55 g/kg of LXTYF has the best efficiency
on survival time and rate for rats with AICH. So, all the
dosage of the following administration was 11.55 g/kg. After
24 hours of modeling, rats were sacrificed by decapitation,
and brain tissue of the rat was quickly obtained from where
the microinjector was inserted. The specimens of brain
tissues were frozen in liquid nitrogen and stored in -80°C
refrigerator for RNA-seq.

2.10. Sequencing for Differentially Expressed mRNA. The
specimens of brain tissues were obtained from the rats (4
groups with 3 replicates). Total RNA was extracted from
brain tissue specimens and tested for its concentration and
purity. 5μg of rat total RNA was started, and the concentra-
tion was ≥250ng/ml. OD260/280 was between 1.8 and 2.2.
After removing the rRNA, indexed libraries were prepared
from purified RNA with TruSeqTM Stranded Total RNA
Library Prep Kit (Illumina) according to the manufacturer’s
instructions. Randomly interrupted with metal ions,
2000 bp mRNA fragments were obtained. The first strand
cDNA synthesis was performed according to the mRNA
fragments as described in the Illumina kit. The second strand
cDNA synthesis was modified by exchanging dTTP with
dUTP. After adding end repair mix to double-stranded

cDNA, blunt ends were performed, and A bases were added
to attach the Y-shaped adapters. The UNG enzyme digested
the second-strand cDNA, and the library only contained
the first-strand cDNA. Bridge PCR amplification was per-
formed on cBot, and 2 ∗ 150 bp sequencing was performed
on Illumina Hiseq. Further details can be found in the
references [37, 38].

2.11. Verification of Related mRNAs and Pathways. With the
thresholds of ≥2-fold and the p value of ≤0.05 via edgeR (the
Empirical Analysis of Digital Gene Expression in R, v3.2.4)
software, differentially expressed mRNAs were identified
especially the MGT and MG. Rat genes were converted into
human genes based on homology mapping through the
Biomart package in R. Compared with the putative targets
that LXTYF treats for AICH, PPI network of verified genes
and other genes was constructed in STRING and Cytoscape
software.

KEGG orthology-based annotation system (KOBAS) is a
web server for annotation and identification of enriched
pathways and diseases [39]. In our research, enrichment
analysis of the differentially expressed mRNAs was per-
formed using KOBAS 3.0 (http://kobas.cbi.pku.edu.cn/
anno_iden.php). In the KEGG database, Fisher’s exact test
was used as a statistical method, and Benjamini and
Hochberg was used as an FDR correction method. Enriched
pathways that p value ≦ 0:05 were identified compared with
former pathway enrichment prediction.

2.12. Herb-Compound-Target-Pathway(H-C-T-P) Network
Construction. Compared the pathways enriched by the net-
work pharmacology method with those enriched by RNA-
seq data, the common and most likely pathways are obtained.
Differentially expressed genes related to common pathways
are achieved from the RNA-seq data. The verified gene-
related compounds and herbs are found from the collected
network pharmacology datas, connections among them were
shown in the Herb-Compound-Target-Pathway(H-C-T-P)
network and visualized in Cytoscape software.

3. Results

3.1. Active Ingredients of LXTYF. A total of 517 compounds
of 8 herbs in LXTYF were collected from TCMSP and
BATMAN-TCM database after removing duplicate items,
including 119 compounds from CS, 92 compounds from
DaH, 76 compounds from DiH, 119 compounds from SQ,
55 compounds from MDP, 105 compounds from SCP, 6
compounds from SNJ, and 8 compounds from DL (S1
Table).

Considering the drug formation of the compound and
metabolism after being absorbed into the human body, 81
active ingredients of LXTYF filtered by OB and DL were
screened out from the 517 compounds with ADME parame-
ters as shown in Table 1. Specifically, there were 30 active
ingredients in CS, 19 active ingredients in DaH, 12 active
ingredients in MDP, 12 active ingredients in SQ, 7 active
ingredients in DL, 6 active ingredients in SNJ, 5 active ingre-
dients in DiH, and 5 active ingredients in SCP. Among them,
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Table 1: Description of ADME parameters of LXTYF active ingredients.

Herb Mol ID Molecule name MW
OB
(%)

DL

CS MOL001002 Ellagic acid 302.2 43.06 0.43

CS MOL001918 Paeoniflorgenone 318.35 87.59 0.37

CS MOL001924 Paeoniflorin 480.51 53.87 0.79

CS MOL002714 Baicalein 270.25 33.52 0.21

CS MOL002776 Baicalin 446.39 40.12 0.75

CS MOL002883 Ethyl oleate (NF) 310.58 32.4 0.19

CS MOL004355 Spinasterol 412.77 42.98 0.76

CS MOL005043 Campest-5-en-3beta-ol 400.76 37.58 0.71

CS MOL006992 (2R,3R)-4-methoxyl-distylin 318.3 59.98 0.3

CS MOL006999 Stigmast-7-en-3-ol 414.79 37.42 0.75

CS MOL001921 Lactiflorin 462.49 49.12 0.8

CS MOL006990 (1S,2S,4R)-trans-2-hydroxy-1,8-cineole-B-D-glucopyranoside 332.44 30.25 0.27

CS MOL006994 1-O-beta-d-glucopyranosyl-8-o-benzoylpaeonisuffrone_qt 302.35 36.01 0.3

CS MOL006996 1-O-beta-d-glucopyranosylpaeonisuffrone_qt 332.38 65.08 0.35

CS MOL007004 Albiflorin 480.51 30.25 0.77

CS MOL007005 Albiflorin_qt 318.35 48.7 0.33

CS MOL007008 4-Ethyl-paeoniflorin_qt 332.38 56.87 0.44

CS MOL007012 4-O-methyl-paeoniflorin_qt 332.38 56.7 0.43

CS MOL007014 8-Debenzoylpaeonidanin 390.43 31.74 0.45

CS MOL007016 Paeoniflorigenone 318.35 65.33 0.37

CS MOL007018 9-Ethyl-neo-paeoniaflorin A_qt 334.4 64.42 0.3

CS MOL007022 Evofolin B 318.35 64.74 0.22

CS MOL007025 Isobenzoylpaeoniflorin 584.62 31.14 0.54

DaH MOL000096 (-)-Catechin 290.29 49.68 0.24

DaH MOL000471 Aloe-emodin 270.25 83.38 0.24

DaH MOL000554 Gallic acid-3-O-(6′-O-galloyl)-glucoside 484.4 30.25 0.67

DaH MOL002235 EUPATIN 360.34 50.8 0.41

DaH MOL002259 Physciondiglucoside 608.6 41.65 0.63

DaH MOL002268 Rhein 284.23 47.07 0.28

DaH MOL002280 Torachrysone-8-O-beta-D-(6′-oxayl)-glucoside 480.46 43.02 0.74

DaH MOL002281 Toralactone 272.27 46.46 0.24

DaH MOL002297 Daucosterol_qt 386.73 35.89 0.7

DaH MOL002251 Mutatochrome 552.96 48.64 0.61

DaH MOL002260 Procyanidin B-5,3′-O-gallate 730.67 31.99 0.32

DaH MOL002276 Sennoside E_qt 524.5 50.69 0.61

DaH MOL002288 Emodin-1-O-beta-D-glucopyranoside 432.41 44.81 0.8

DaH MOL002293 Sennoside D_qt 524.5 61.06 0.61

DaH MOL002303 Palmidin A 510.52 32.45 0.65

DaH MOL000472 Emodin∗ 270.25 24.4 0.24

DaH MOL001729 Crysophanol∗ 254.25 18.64 0.21

DaH MOL000476 Physcion∗ 284.28 22.29 0.27

DiH MOL002819 Catalpol∗ 362.37 5.07 0.44

DiH MOL003333 Acteoside∗ 624.65 2.94 0.62

DiH MOL000732 Stachyose∗ 666.66 3.25 0.59

MDP MOL000211 Mairin 456.78 55.38 0.78

MDP MOL007374 5-[[5-(4-Methoxyphenyl)-2-furyl]`methylene]barbituric acid 312.3 43.44 0.3

MDP MOL007369 4-O-methylpaeoniflorin_qt 332.38 67.24 0.43
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beta-sitosterol, sitosterol, and stigmasterol are shared by
three herbs. Quercetin, kaempferol, (+)-catechin, paeonol,
paeoniflorin_qt, benzoyl paeoniflorin, 4-guanidino-1-buta-
nol, cholesterol, and guanidine are common active ingredi-
ents of two herbs.

3.2. Putative Targets of LXTYF for the Treatment of AICH
and Network Construction. On the basis of the 81 active
ingredients of LXTYF above, 965 targets were collected from
two databases with no duplicate values. Among them, 874

targets of the active ingredients were obtained from the
TCMSP (S2 Table), and 149 targets of those active compo-
nents that have unknown target protein were predicted from
the SwissTargetPrediction database (S3 Table). From the
GAD, Genecards, and DisGeNET database, 2315 targets
relating to ICH were collected (S4 Table). After overlapping
the 2315 targets with former 965 targets, 376 targets of
LXTYF for treating AICH were obtained as shown in
Figure 2(a). At the help of Cytoscape, a putative
component-target network composed of 452 nodes and 890

Table 1: Continued.

Herb Mol ID Molecule name MW
OB
(%)

DL

MDP MOL007382 Mudanpioside-h_qt 2 336.37 42.36 0.37

MDP MOL007384 Paeonidanin_qt 330.41 65.31 0.35

SQ MOL001494 Mandenol 308.56 42 0.19

SQ MOL001792 DFV 256.27 32.76 0.18

SQ MOL002879 Diop 390.62 43.59 0.39

SQ MOL005344 Ginsenoside rh2 622.98 36.32 0.56

SQ MOL007475 Ginsenoside f2 785.14 36.43 0.25

SQ MOL007476 Ginsenoside rb1∗ 1,109.46 6.29 0.04

SQ MOL005338 Ginsenoside Re∗ 947.3 4.27 0.12

SQ MOL005341 Sanchinoside C1∗ 801.14 10.04 0.28

SQ MOL007487 Notoginsenoside r1∗ 933.27 5.43 0.13

SCP MOL001944 Marmesin 246.28 50.28 0.18

SCP MOL003542 8-Isopentenyl-kaempferol 354.38 38.04 0.39

SCP MOL003576
(1R,3aS,4R,6aS)-1,4-bis(3,4-dimethoxyphenyl)-1,3,3a,4,6,6a-hexahydrofuro[4,3-

c]furan
386.48 52.35 0.62

SCP MOL003578 Cycloartenol 426.8 38.69 0.78

MDP/SQ MOL000098 Quercetin 302.25 46.43 0.28

CS/DaH/SQ MOL000358 Beta-sitosterol 414.79 36.91 0.75

CS/DiH/MDP MOL000359 Sitosterol 414.79 36.91 0.75

MDP/SCP MOL000422 Kaempferol 286.25 41.88 0.24

CS/DiH/SQ MOL000449 Stigmasterol 412.77 43.83 0.76

CS/MDP MOL000492 (+)-Catechin 290.29 54.83 0.24

CS/MDP MOL000874 Paeonol∗ 166.19 28.79 0.04

CS/MDP MOL001925 Paeoniflorin_qt 318.35 68.18 0.4

CS/MDP MOL007003 Benzoyl paeoniflorin 584.62 31.14 0.54

DL —— Xanthine —— —— ——

DL —— Guanosine —— —— ——

DL —— Xanthinin —— —— ——

DL —— Hyrcanoside —— —— ——

SNJ —— Arginine —— —— ——

SNJ —— Aspartic acid —— —— ——

SNJ —— Alanine —— —— ——

DL/SNJ —— 4-Guanidino-1-butanol —— —— ——

DL/SNJ —— Cholesterol —— —— ——

DL/SNJ —— Guanidine —— —— ——

“∗” means the active ingredients retrieved by literature mining that cannot fit the earlier screening criteria but with important pharmacological effects. “——”
means the active ingredients collected from the BAT-MAN database with no ADME parameters. SNJ: Cornu Bubali; DaH: Rheum palmatum L.; DiH:
Rehmannia glutinosa Libosch.; SQ: Panax notoginseng (Burk.) F.H.Chen; CS: Radix paeoniae rubra; MDP: Moutan Cortex; DL: Pheretima aspergillum; SCP:
Acori Tatarinowii Rhizoma.
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edges were constructed based on 376 targets and the
corresponding 76 components as Figure 2(b).

3.3. Network Analysis and Key Nodes Screening. Topological
analysis is an effective approach to evaluate the above-
mentioned component-target network based on the degree
and betweenness centrality parameters (S5 Table for details).
The following are the obtained results of the network topo-
logical analysis: network heterogeneity (2.144), network den-
sity (0.009), and shortest paths (202052, 99%). In the
component-target network, the first three targets are PTGS2
(degree = 24), PTGS1 (degree = 21), and ESR1 (degree = 17).
The first three components are quercetin (degree = 112),
alanine (degree = 104), and kaempferol (degree = 39), which
are, respectively, from MDP/SQ, SNJ, and MDP/SCP.

From an in-depth analysis of the complete network
above, key components and targets with imporant biological
functions can be identified. The nodes (compound and tar-
get) whose degrees and betweeness centralities are both
larger than the average ones were identified as key targets
and chemical ingredients. The average degree of the nodes
is 3.938, and 122 nodes are larger than this number. The
average betweenness centrality of nodes is 0.006549 and 85

nodes are larger than it. In general, 74 key nodes (35 key
components from 76 components and 39 key targets from
376 targets) were obtained, which was shown in Table 2.
They were extracted and the connections of the key-
compound-target network were displayed in S1 Fig. The first
3 key targets are PTGS2, PTGS1, and AR, and the first 3 key
components are quercetin, kaempferol, and emodin, which
may all have a great effect on AICH treatment.

3.4. PPI Network Construction. For analysis of the proteins-
proteins interaction network of LXTYF for AICH, STRING
11.0 was used to analyze the targets of LXTYF (Results in
S6 Table). Apart from the targets independent of the network
and the confidence level of interaction score less than 0.95,
275 related targets (from 376 targets) and 850 interactions
were included in the network visualized by Cytoscape in
Figure 3. The importance of key proteins was then evaluated
in light of the degree of the nodes exported from the STRING
database. It is clear that the STAT3 (degree = 45) is much
larger than other nodes in the network (Avg:numbers of
neighbors = 6:182), followed by TP53, AKT1, SRC, JUN,
TNF, and MAPK1 (degree values larger than 30). The topo-
logical parameters of the PPI network are shown in S7 Table.

1939 376 589
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DL
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DiH
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Figure 2: Network construction. (a) Veen diagram describing targets distribution of LXTYF and ICH. (b) The network of Putative
Component-Target. Blue ellipses refer to 376 targets of LXTYF for AICH treatment. Different color triangles represent 76 active
components in LXTYF. In particular, green triangles stand for common compounds of three and two herbs.
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3.5. Gene Ontology and Pathway Enrichment for Putative
Targets. For further study about the putative targets of
LXTYF on AICH action, Clusterprofiler package in R was
used for analysis due to its higher classification and enrich-
ment accuracy, as well as the visualization module for the
results [36]. 376 targets above were applied to run the pack-
age for gene classification and KEGG enrichment analysis
(FDR ≤ 0:05). Figure 4(a) depicted the top 20 GO terms of
biological processes (BP), molecular functions (MF), and cel-
lular components (CC), respectively. Results covered that
376 targets of LXTYF for treatment on AICH in BP were
mainly associated with positive regulation of the cellular
process, signal transduction, and cellular macromolecule
metabolic process. In the aspect of MF, the targets mainly
participated in the process of protein binding, ion binding,
and cyclic compound binding. Obviously, the cellular
components mainly occur in the cytoplasm, intracellular
organelle, and nucleus.

Figure 4(b) showed 72 enriched KEGG pathways identi-
fied using the Clusterprofiler package. The top 5 enriched

Table 2: Key nodes of component-target network.

Herb Node Degree
Betweenness
centrality

MDP/SQ Quercetin 112 0.36958975

SNJ Alanine 104 0.41797809

MDP/SCP Kaempferol 39 0.06875802

DaH Emodin 29 0.04544646

DL/SNJ Guanidine 27 0.08907938

DL Xanthinin 25 0.08396791

DL Xanthine 24 0.08789741

CS Baicalein 23 0.02318204

CS/MDP Paeonol 20 0.02429964

CS/DaH/SQ Beta-sitosterol 20 0.02791937

DL Guanosine 19 0.06005265

SCP 8-Isopentenyl-kaempferol 18 0.02608771

DaH Aloe-emodin 18 0.01960079

CS/DaH/SQ Stigmasterol 18 0.03894191

DL/SNJ Cholesterol 16 0.05001097

CS Ellagicacid 15 0.01790131

SNJ Aspartic acid 13 0.03120851

SCP Marmesin 13 0.0165369

DL/SNJ 4-Guanidino-1-butanol 12 0.03705792

DaH EUPATIN 12 0.01168363

CS/MDP Benzoylpaeoniflorin 12 0.01694236

CS Albiflorin_qt 12 0.0149345

SQ Ginsenoside rb1 11 0.01531869

SQ Ginsenoside rh2 10 0.01552107

CS
1-O-beta-d-glucopyranosyl-
8-o-benzoylpaeonisuffrone_

qt
10 0.00756521

CS Evofolin B 10 0.01443392

SQ Notoginsenoside r1 9 0.00950678

SQ Ginsenoside f2 9 0.0087669

DaH Mutatochrome 9 0.0191967

DaH Procyanidin B-5,3′-O-
gallate

9 0.02300249

CS Albiflorin 9 0.00983057

DiH Stachyose 8 0.00668771

DaH Palmidin A 6 0.010557

CS 8-Debenzoylpaeonidanin 4 1.33E-02

CS Paeoniflorin 4 0.00892285

Target PTGS2 24 0.03392333

Target PTGS1 21 0.0243207

Target ESR1 17 0.04743098

Target MAPT 15 0.02405041

Target PRKACA 15 0.0125587

Target AR 14 0.0546651

Target PTAFR 14 0.01000789

Target PGR 13 0.04286906

Target SLC6A2 13 0.01380599

Target SLC6A3 12 0.00778408

Table 2: Continued.

Herb Node Degree
Betweenness
centrality

Target ADRB2 9 0.06270829

Target BAX 8 0.01594706

Target ESR2 8 0.01052083

Target F10 8 0.0115522

Target PRKCA 8 0.07827366

Target RXRA 8 0.01249876

Target TOP2A 8 0.01135885

Target CDK2 7 0.00778363

Target F7 7 0.00821191

Target TNF 7 0.01279629

Target F2 6 0.00701019

Target IL1B 6 0.06205608

Target NOS2 6 0.01729864

Target PRKCD 6 0.00681975

Target VEGFA 6 0.01754771

Target AKR1B1 5 0.02396875

Target JUN 5 0.02537208

Target MMP9 5 0.00770693

Target NOS3 5 0.02534139

Target NR3C2 5 0.0069026

Target STAT1 5 0.01728485

Target ADORA1 4 0.04165433

Target ADRA2A 4 0.01897542

Target CYP1A1 4 0.01430838

Target GSTP1 4 0.02559893

Target HIF1A 4 0.02506214

Target PPARD 4 0.02353186

Target TGFB1 4 1.03E-02

Target VDR 4 8.61E-03
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pathways were MAPK signaling pathway, PI3K-Akt signal-
ing pathway, TNF signaling pathway, cAMP signaling path-
way, and Ras signaling pathway, with 49,49,33,33, and 33
genes, respectively. See S8 Table for results of putative targets
for KEGG pathway enrichment analysis. The most highly
enriched pathways related to LXTYF for AICH were the
MAPK signaling pathway and the PI3K-Akt signaling
pathway. MAPK signaling pathway was shown in Figure 5.

3.6. Identification of Mutually Expressed mRNAs. With a
fold-change cutoff of 2 (p ≤ 0:05), the analysis of differently
expressed genes among four groups from the RNA-seq data
was shown in Table 3 (3 duplicate values in each group).
766 differentially expressed genes between MG (AICH
group) and CG (Control group) showed AICH-induced
pathological changes in the SHR rats. Also, 583 differentially
expressed mRNAs were identified between MGT and MG,
with 308 upregulated mRNAs and 275 downregulated
mRNAs. Detailed information for genes is displayed in S9
Table. The 583 rat genes were converted into human genes
based on homology mapping using Biomart package in R.
Removing the duplicate values, 519 human genes were
obtained. Compared with the putative 376 targets that

LXTYF for AICH, 14 genes were verified as follows: PTEN,
CTH, PTGS2, PTAFR, FOS, NOS1, NOS2, PGR, MMP3,
PON1, NEDD4, ACADSB, KL, and CASP3. The interaction
network between 14 genes and other 403 genes was shown
in Figure 6 at the help of the STRING database
(cut off of confidence = 0:4) and Cytoscape. Obviously,
FOS, CASP3, and PTEN played an important role among
them.Many important targets with expression changes, espe-
cially the 14 verified genes and the important gene nodes in
the PPI network, are great markers of antioxidation, anti-
inflammatory, antiapoptosis, and lowering blood pressure,
which indicated that LXTYF may play mutiroles in the
mechanisms for AICH treatment.

3.7. KEGG Pathway Analysis of the mRNAs. In total, 519 dif-
ferentially expressed mRNAs were submitted to KOBAS. The
33 enriched pathways that p value ≤ 0.05 were shown in
Table 4. Expression changes of the genes and their related
pathways of LXTYF for AICH treatment, such as the MAPK
signaling pathway, calcium signaling pathway, Apoptosis,
TNF signaling pathway, cGMP-PKG signaling pathway,
cAMP signaling pathway, and HIF-1 signaling pathway, are
involved in the biological processes of the antioxidation,
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Figure 3: PPI network of LXTYF targets for treating intracerebral hemorrhage (larger degree of the target node with larger and deeper color).
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Figure 4: Enrichment analysis. (a) groupGO function for go ontology of 376 targets. The horizontal axis describes the number of genes and
the vertical axis describes the GO terms. (b) enrichKEGG function for KEGG pathway enrichment analysis of 345 targets. The horizontal axis
denotes generatio, and the vertical axis represents KEGG pathway terms. The size of the spot indicates the gene numbers enriched in each
pathway and color indicates FDR value.
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anti-inflammatory, antiapoptosis, and lowering blood
pressure.

Obviously, most pathways are metabolic pathways, and
the analysis identified MAPK signaling pathway as the most
correlated signaling pathway, which is consistent with the
prediction of the former related pathways of LXTYF inter-
vention on AICH. At the help of the KEGG mapper function
in the KEGG database, 11 genes were enriched in the MAPK
signaling pathway in Figure 7 as follows: GADD45G, DUSP1,
FOS, NR4A11, IL1RAP, MEF2C, NLK, SRF, CASP3, CAC-
NA1H, and TAOK2.

3.8. Herb-Compound-Target-Pathway(H-C-T-P) Network
Construction. In view of the mapping results between puta-
tive 72 pathways enriched by network pharmacology and
33 pathways and genes enriched in RNA-seq, 7 most

common possible pathways were obtained. 38 differently
expressed genes related to 7 pathways were achieved in
RNA-seq data. Relevant 46 compounds and 8 herbs of the
verified 14 genes were achieved from the data collected by
network pharmacology. Network connections of the Herb-
Compound-Target-Pathway (H-C-T-P) verified in RNA-
seq were shown in Figure 8 and Table S10. In this network,
nodes of degree among 10~33 which have great topological
importance were as follows: CS and DaH in Herb, beta-
sitosterol and quercetin in compound, PTAFR and CASP3
in Target, MAPK signaling pathway, and calcium signaling
pathway in pathway. Details of connections among the 8
important nodes were shown in Table 5.

The results visually clarify the mechanisms of the multi-
component, multitarget, and multipathway of LXTYF on
the treatment of AICH. Further studies can be made and
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Figure 5: MAPK signaling pathways related to LXTYF for AICH. KEGG ID=hsa04010, enriched with 49 genes.

Table 3: Number of genes expressed in each group of RNA-seq data.

Group Total genes Differently expressed genes Upregulated genes Downregulated genes

CGT vs. CG 29049 613 324 289

MG vs. CG 29049 766 314 452

MGT vs. MG 29049 583 308 275

CG: control group; CGT: the control group with LXTYF treatment; MG: ICH-model group; MGT: AICH model with LXTYF-treatment group.
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deeply investigate mechanisms upon the connections among
the H-C-T-P network of LXTYF to treat AICH in our study.

4. Discussion

TCM has been developed and applied in China for more than
2000 years to prevent and treat diseases. To explore active
ingredients, predict the targets, and reveal compounds action
and drug-gene-disease associations in depth, TCM network
pharmacology approach was constructed through “network

target, multicomponents” mode [40]. The method is of pre-
dictable and systematic features. However, systematically
investigating the scientific foundation of TCM formula for
diseases at the molecular level is still a great challenge [40].
On the other hand, the development of modern molecular
biology and genomic technologies, together with more
advances in omics data and computational methods, can help
to investigate complex biological pathways and mechanisms
of medicines frommolecular and cellular levels [41]. Li’s pre-
vious study in our group showed LXTYF inhibited apoptosis

Figure 6: PPI network of identified genes and other differentially expressed genes from the RNA-seq. Compared with the MG, green shapes
represent downregulated mRNAs, and red shapes represent upregulated mRNAs in MGT. Ellipses represent the verified genes treated by
LXTYF for AICH, and diamonds represent other genes differentially expressed. A larger degree of the target nodes with larger shapes.
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and promoted proliferation in PC12 cells damaged by L-
glutamate. Also, a decrease in levels of functional proteins
in SHRs such as TNF-a, IL-1, D2D, S-100B, and NSE after
LXTYF administration showed LXTYF exerted great phar-
macology effect related to anti-inflammatory, anticoagula-
tion, and blood vessel protection activity [14]. Huang’s
study also showed the cooling-blood and activating-blood
effects of LXTYF and its parts via decreases in rectal temper-
ature, blood viscosity, and plasma viscosity of SD rats [42]. In
a rat model induced by intrastriatal autologous blood injec-
tion, LXTYF significantly ameliorated brain edema after
AICH by upregulating metalloproteinase-1 (TIMP-1) and
inhibiting metalloproteinase-9 (MMP-9) expression [11].

Network pharmacology and transcriptomics data were
applied in this study to understand the underlying different
mechanisms and actions of LXTYF for AICH treatment.
We successfully identified 76 active ingredients (quercetin,

alanine, kaempferol, and so on) of LXTYF and 376 putative
targets to alleviate AICH (PTGS2, PTGS1, ESR1, and so
on). PPI network indicated the important role of STAT3 in
the proteins-proteins interaction. Gene Ontology and KEGG
pathway enrichment analysis indicated that LXTYF is most
likely to influence the MAPK signaling pathway and PI3K-
Akt signaling pathway. From the RNA-seq data of AICH-
rats, 583 differentially expressed mRNAs were identified,
and 14 of them were consistent with the putative targets of
LXTYF treatment of AICH. KEGG pathway enrichment
results showed that the MAPK signaling pathway was the
most correlated one among the pathways.

4.1. Ingredients and Targets of LXTYF for AICH. Ingredient-
target-pathway analysis on herb prescriptions is helpful to
uncover the complicated mechanisms underlying diseases
and the therapy. Network pharmacology is an effective method

Table 4: KOBAS pathway enrichment results of 583 differentially expressed mRNAs.

Pathway name ID Input number Background number p value Corrected p value

Metabolic pathways hsa01100 37 1243 4.87E-06 0.000776

MAPK signaling pathway hsa04010 11 255 0.000719 0.022949

Calcium signaling pathway hsa04020 11 180 4.07E-05 0.004326

Oxytocin signaling pathway hsa04921 9 158 0.00033 0.014855

Regulation of actin cytoskeleton hsa04810 9 215 0.002595 0.063668

Endocytosis hsa04144 9 260 0.008413 0.107348

Apoptosis hsa04210 8 140 0.000686 0.022949

Focal adhesion hsa04510 8 203 0.006202 0.104136

Neuroactive ligand-receptor interaction hsa04080 8 278 0.032413 0.198843

Circadian entrainment hsa04713 7 95 0.000356 0.014855

TNF signaling pathway hsa04668 7 110 0.000812 0.02355

cGMP-PKG signaling pathway hsa04022 7 167 0.007476 0.106674

cAMP signaling pathway hsa04024 7 199 0.017613 0.156542

Tight junction hsa04530 6 139 0.011322 0.124199

RNA degradation hsa03018 5 77 0.004147 0.094488

Phosphatidylinositol signaling system hsa04070 5 98 0.010704 0.121948

Leukocyte transendothelial migration hsa04670 5 118 0.02151 0.171545

AMPK signaling pathway hsa04152 5 125 0.026528 0.188053

Dopaminergic synapse hsa04728 5 130 0.030533 0.1948

Cell adhesion molecules (CAMs) hsa04514 5 146 0.045802 0.231919

Arginine and proline metabolism hsa00330 4 50 0.005113 0.10411

Lysine degradation hsa00310 4 52 0.005821 0.10411

Inositol phosphate metabolism hsa00562 4 71 0.015938 0.154071

mRNA surveillance pathway hsa03015 4 92 0.035408 0.200721

Fc gamma R-mediated phagocytosis hsa04666 4 93 0.036571 0.201138

HIF-1 signaling pathway hsa04066 4 103 0.049393 0.242404

Pyruvate metabolism hsa00620 3 40 0.017749 0.156542

Cysteine and methionine metabolism hsa00270 3 45 0.023739 0.180305

Nucleotide excision repair hsa03420 3 47 0.026404 0.188053

Notch signaling pathway hsa04330 3 48 0.027794 0.18808

Fanconi anemia pathway hsa03460 3 55 0.038589 0.206572

Arginine biosynthesis hsa00220 2 21 0.034827 0.200721

Glycosylphosphatidylinositol(GPI)-anchor biosynthesis hsa00563 2 25 0.046729 0.232917
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to deeply investigate the mechanisms of TCMs to treat
AICH through muti-ingredients and mutitargets. In this
study, 76 active ingredients and 376 targets of LXTYF for

treating AICH were obtained at the help of 2315 ICH tar-
gets, the deeper results than the 34 active ingredients, 146
targets, and the 1436 ICH targets in our former study [14].

Figure 7: The most correlated MAPK signaling pathway enriched in KEGG mapper. All green boxes represent targets of MAPK signaling
pathway in human. 8 red boxes (GADD45(GADD45G), MKP (DUSP1), c-fos (FOS), AP1 (FOS), Nur77(NR4A11), SRF, CACN
(CACNA1H), and TAO(TAOK2)) represent upregulated targets. 4 yellow boxes (IL1R(IL1RAP), MEF2C, NLK, and CASP(CASP3))
represent downregulated targets.
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The active ingredients involved in eight herbs were
screened by OB and DL values, which represent the vast
majority of the ingredients absorbed into the blood circula-
tion and pharmaceutical properties of compounds in the
prescription, and form a relatively complete chemical com-
ponent library. To some extent, they can reflect the pharma-
codynamic ingredients of LXTYF that may play a role in the
clinical medication. Results of the active component-target
network of LXTYF to treat AICH showed that most compo-
nents affected multiple targets. Quercetin, alanine, and
kaempferol from MDP/SQ, SNJ, and MDP/SCP acted on
112, 104, and 39 targets, respectively. They are of high OB
and DL values and regulated most targets for AICH treat-
ment, also with anti-inflammatory, antioxidant, and antia-
poptotic properties. The findings were consistent with
previous studies as follows. Alanine was reported to have
antioxidant and procoagulant efficacy [10, 43]. D-alanine
D-leucine enkephalin (DADLE) has anti-inflammatory, anti-
oxidant, neuroregenerative, and antiapoptotic properties
[44]. Quercetin can promote neuronal and behavioral recov-
ery by its antioxidant activity and restraining inflammatory
response and apoptosis in a rat model of ICH [45, 46].
Kaempferol can effectively prevent nitrosative-oxidative
stress after ischemia/reperfusion via the mechanism of inhi-
biting the nitrotyrosines and preventing apoptosis by degrad-
ing caspase-9 activity and poly-(ADP-ribose) polymerase in
model rats [47]. On the other hand, kaempferol glycosides
suppress brain injury and inflammation by inhibiting the
activation of NF-κB and STAT3 in stroke rats [48]. So, quer-

cetin, alanine, and kaempferol might reasonably be regarded
as crucial active compounds of LXTYF to treat AICH.

Numerous constituents make up the complexed TCM
system, and combinations of them play a role in the treat-
ment of diseases. From the H-C-T-P network, the com-
pounds of animal herbs like xanthine and guanidine in DL
and guanidine, arginine and alanine in SNJ play vital role
in the putative mechanisms of LXTYF to treat AICH. SNJ
has been a good substitute for Rhinoceri Asiatici Cornu (a
highly endangered species) since the 1970s because it is
abundant, has low price and with similar inorganic, amino
acid constituents, and comparable pharmacological proper-
ties [10]. Thus, it is favorable to keep the balance between leg-
islation and apparent indispensability of Rhinoceri Asiatici
Cornu in TCM. The research and discovery of the active
ingredients in this study will contribute to find alternative
medicines of endangered animals to better protect animals
and treat diseases.

Via evaluating topological paramters, among all the
putative targets of LXTYF associated with AICH, PTGS2,
Bax, TNF, JUN, IL1B, and NOS2 are examples of relatively
important targets which are involved in MAPK, PI3K-Akt,
TNF, and apoptosis signaling pathways, while RNA-seq
analysis showed that the LXTYF administration signifi-
cantly regulated 583 gene transcriptions in AICH rat
models. Combined with putative targets in network phar-
macology, a total of 14 genes were verified. PTEN, CTH,
PTGS2, PTAFR, FOS, and NOS1 are six upregulated genes,
and NOS2, PGR, MMP3, PON1, NEDD4, ACADSB, KL, and

Table 5: Details of connections of important nodes in the H-C-T-P network.

Connections Node 1 Node 2

Herb-Cpmpound CS

(+)-Catechin, (2R,3R)-4-methoxyl-distylin, 1-o-beta-d-
glucopyranosyl-8-o-benzoylpaeonisuffrone_qt, 1-o-beta-d-

glucopyranosylpaeonisuffrone_qt, baicalein,
benzoylpaeoniflorin, beta-sitosterol, evofolin B,

isobenzoylpaeoniflorin, lactiflorin, paeoniflorigenone,
paeoniflorin_qt, paeonol, 4-ethyl-paeoniflorin_qt, 4-o-

methyl-paeoniflorin_qt, 8-debenzoylpaeonidanin, 9-ethyl-
neo-paeoniaflorinA_qt, albiflorin, albiflorin_qt,

stigmasterol

Herb-Cpmpound DaH
(-)-Catechin, aloe-emodin, beta-sitosterol, crysophanol,
emodin, EUPATIN, mutatochrome, physcion, rhein,

toralactone

Compound-target

1-O-beta-d-glucopyranosyl-8-o-benzoylpaeonisuffrone_
qt, 1-o-beta-d-glucopyranosylpaeonisuffrone_qt, 4-ethyl-
paeoniflorin_qt, 4-O-methylpaeoniflorin_qt, 4-o-methyl-

paeoniflorin_qt, 9-ethyl-neo-paeoniaflorinA_qt,
albiflorin, albiflorin_qt, benzoylpaeoniflorin,

ginsenosidef2, isobenzoylpaeoniflorin, lactiflorin,
mutatochrome, paeoniflorigenone

PTAFR

Compound-target
Aloe-emodin, baicalein, beta-sitosterol, catalpol, emodin,

ginsenosiderh2, kaempferol, quercetin
CASP3

Target-pathway
CACNA1H, CASP3, DUSP1, FGF14, FOS, GADD45G,

MEF2C, NLK, NR4A1, SRF, TAOK2
MAPK signaling pathway

Target-pathway
CACNA1H, PTAFR, DRD1, NOS1, NOS2, PHKA2,

RYR2, RYR3, SLC8A2, VDAC1, VDAC3
Calcium signaling pathway
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CASP3 are eight downregulated genes. Especially CTH,
PTAFR, PGR, PON1, NEDD4, ACADSB, and KL are 7 new
genes compared with our previous study [49]. And PPI net-
work of them showed that FOS, PTEN, and CASP3 were core
genes playing important roles among the differently
expressed genes.

PTGS2 and PTGS1 (Prostaglandin G/H synthase,
PTGS) are genes that code for the COX-2 and COX-
1(COX enzymes, cyclooxygenase) proteins, respectively
[50]. COX enzyme is a key therapeutic target, and its
inhibitors such as NSAIDs are widely used in clinical
treatment for inflammation, pain, fever, and son on [50].
But inhibition of COX-2 conveys a definite risk of myo-
cardial infraction and stroke due to thrombosis and hyper-
tensive effects [51]. Therefore, upregulation of the PTGS2
gene indicates that LXTYF may reduce the risk of blood
pressure elevation, which is conducive to antihypertensive
therapy in the early stage of an intracerebral hemorrhage.

Phosphatase and tensin homolog deleted on chromo-
some 10 (PTEN) is a tumor suppressor, a proapoptotic gene
mainly via inactivation of PI3K/AKT signaling pathway, and
PTEN conditional knockouts have become a potentially
approach targeting cancer and obesity treatment [52]. But
in stroke treatment, PTEN is a double-edged sword [53].
The previous study showed that PTEN was upregulated in
AICH stage, and its inhibition has been reported to be neuro-
protective against ischemic stroke in experimental models
[53, 54]. While it has been demonstrated that PTEN deletion
can lead to cognitive impairment and PTEN loss in neurons
and astrocytes is, respectively, unfavorable to long-term
functional recovery, exacerbates damage, enhances astroglio-
sis, and induces inflammation [53]. So, upregulation of
PTEN in our study may show that LXTYF treatment has
no harm on cognition function and play roles on neuronal-
damage recovery after AICH.

Nitric oxide synthases (NOS), with 3 isoforms called
neuronal NOS (nNOS/NOS1), inducible NOS (iNOS/-
NOS2), and endothelial NOS (eNOS/NOS3), form NO
and play dual roles of damage and protection in ICH
[55]. NO formed via NOS1 and NOS3 gives rises to vaso-
dilatation, hypotension, inhibitions of platelet aggregation,
and adhesion, and as an antioxidant, it exerts other bene-
ficial actions. NOS1 has great significance in controlling
salt-water balance, and blood pressure, especially the
long-term blockade of NOS1 by 7-NI, a specific inhibitor
of NOS, leads to hypertension in rats [55], while NO
through NOS2 during inflammation increases oxidative
and nitrative stress, causing neurodegeneration and
enhancement of apoptosis [56]. Selective NOS2 inhibitors
that exhibit neuroprotective properties can be candidate
treatments for acute ischemic stroke [57]. So, LXTYF
may play function of vasodilatation and antihypertension
via upregulation of NOS1 and supress oxidative stress
and apoptosis via downregulation of NOS2 to treat AICH.

FOS is one of the components of AP1, the inducer of cell
proliferation. It can activate nerve growth factor and has gene
repair activities after neuronal death in the stroke model.
Knockdown of c-fos enhances necrosis significantly [58].
But serving as an immediate-early gene, its role of expression

is complex and has neurotoxic and neuroprotective effects.
Especially its neuroprotective effect is mainly on gene repair
activities after neuronal death, with intact c-fos transcript
playing roles in the necrosis core and oxidative DNA lesions
[58]. So, upregulated changes of FOS in RNA-seq showed
that LXTYF may have neuroprotective effect and attenuated
oxidative DNA lesions and necrosis after AICH, similar to
7-nitroindazole (7-NI). 7-NI is a specific inhibitor of NOS
and can increasec-fos mRNA levels and attenuate oxidative
DNA lesions, nitric oxide, and necrosis after stroke [58].
But several previous reports showed that upregulation of c-
Fos after AICH leads to neuronal apoptosis, and FOS is
regarded to be neurotoxic. So, role of FOS in AICH also
needs further study.

Caspase 3, a member of caspases family involved in cell
death, has been recognized as a crucial mediator of neuronal
apoptosis [59]. Stroke is usually of great neuronal cell death
and serum caspase-3 concentrations rise in rat models and
AICH patients [59–61]. Downregulation of Caspase 3 after
administration in this study shows that LXTYF may treat
AICH via apoptosis inhibition.

4.2. Pathway Analysis of LXTYF for AICH Treatment.Multi-
component, multitarget, and multipathway are general fea-
tures of TCMs, and LXTYF has therapeutic effects by
making contributions to several pathways. In this present
work, putative targets were enriched significantly in 72
KEGG pathways, and the two most important enriched path-
ways were the MAPK signaling pathway and PI3K-Akt sig-
naling pathway. Our previous study has verified that
LXTYF inhibited the apoptosis to treat AICH based on the
PI3K-AKT pathway on the level of transcription and protein
[14]. Meanwhile, MAPK (mitogen-activated protein kinase)
signaling pathway is the most important enriched and veri-
fied pathway in our RNA-seq analysis, which plays roles in
modulating oxidative stress, inflammatory action, and cell
death [62]. It can response to extracellular stimuli, then
sequential phosphorylation of kinase cascades MAPKK
kinases (MAPKKKs), MAPK kinases (MAPKKs), dual phos-
phorylation of the tripeptide motif (Thr-X-Tyr), and MAPK
were activated, thus transmitting signals to the nucleus [63].
MAPK family consists of four subfamilies: extracellular
signal-regulated kinase 1/2 (ERK1/2), p38 kinase, c-Jun
amino terminal kinase (JNK), and ERK5. It has been viewed
as a potential therapeutic target for stroke and hemorrhagic
cerebral vascular disease [64]. Studies have found that the
balance of MAPK activities determines cell fate. ERK is acti-
vated by various growth factors and shows benefits to cell
growth and cellular survival. In contrast, p38 and JNK are
activated by stress conditions, leading to inflammation and
apoptosis via various mechanisms [65]. Some preclinical
researches proved that MAPK inhibition (MAPKi) can dra-
matically increase the efficacy of immunotherapy, especially
in cancer types [66]. Proinflammatory cytokines (interleu-
kin-1beta (IL-1β), tumor necrosis factor-alpha (TNF-α))
and transforming growth factor-beta (TGF-β) activate p38
MAPK, and its specific inhibitors were used as the treatment
of peripheral inflammatory diseases [64]. It is known that
p38s and ERK5 can trigger phosphorylation of MEF2c and
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then increase c-Jun expression [67, 68], which is distinct
among several diseases like brain ischemia, injury, cell death,
neuro-inflammatory, and neurodegenerative disease [69].
MEF2C, a member of the myocyte-enhancer factor 2
(MEF2) group of transcription factors, was verfied to be
downregulated. Thus, it is reasonable to speculate that p38
MAPK was inhibited; phosphorylation of MEF2C and c-jun
mRNA transcription was decreased to prevent inflammatory
response and apoptosis for treatment of AICH after LXTYF
administration [70, 71]. Proteins of the Fos and Jun families
can form homodimers or heterodimers called AP-1 (activat-
ing protein-1) to mediate transcriptional activation and
DNA binding activity on target genes, involved in apoptotic
functions and cell proliferation [66, 72]. Most time c-Fos is
a necessary inducer of cell proliferation during the cell cycle
phases in growing cells [67]. FOS and FOSB, verified to
upregulated, are possible to play the proliferative role and
induce compensatory cell proliferation via JNK and ERK
pathways for the treatment of AICH after LXTYF adminis-
tration. Dual-specificity protein phosphatase (DUSP) is an
antiapoptotic phosphatase, which can dephosphorylate and
inactivates the downstream effectors such as JNK, p38, and
ERK [65, 73]. Downregulation of DUSP1 and increase of
JNK phosphorylation were observed in the IR injury of the
heart. Reproduction of DUSP1 can not only reduce the cellu-
lar death and shows the protective effects but also limit
inflammatory responses upon LPS stimulation [65, 73, 74].
So, upregulation of DUSP1 shows that LXTYF may have a
decrease in MAPKs phosphorylation and inactivates JNK
and p38 pathways, suppressing inflammation and apoptosis
to treat AICH.

Moreover, the other pathways such as the calcium signal-
ing pathway, apoptosis, TNF signaling pathway, cGMP-PKG
signaling pathway, cAMP signaling pathway, and HIF-1
signaling pathway are the common signaling pathways of dif-
ferentially expressed genes and putative targets in LXTYF.
The calcium signaling pathway generates Ca2+ signals to
regulate physiological processes [75]. Research progress
shows that low blood calcium leads to increased hematoma
volume and poor prognosis of AICH, and calcium intake in
the diet can lower the risk of stroke by about 24% [76]. Blood
calcium on reducing stroke is mainly from several mecha-
nisms such as inhibition of fat synthesis, lowering of blood
pressure, and stability of blood glucose [76]. Activation of
the apoptosis pathway is known to contribute to neuronal
loss and become the core problem in the pathogenesis of
stroke [77]. Bcl-2 family proteins and caspase proteins regu-
late neuronal apoptosis via mitochondria and ER. What is
more, oxidative and nitrosative stress after stroke injury will
lead to apoptotic cell death [77]. DIABLO (direct IAP-
binding protein with low pI) is released from mitochondria
into the cytosol, interacts with multiple IAPs, and removes
IAP-mediated inhibition of caspases [78]. So, when it comes
to the downregulation of DIABLO, Caspase-3, and Caspase-6
in RNA-seq data, it is reasonable to speculate the mechanism
that LXTYF can help to decrease mRNA expression of DIA-
BLO, then reduced inhibition of IAPs and promoted inhibi-
tion of caspase-3 and caspase-6. The TNF signaling
pathway plays pleiotropic roles in the CNS [79]. Tumor

necrosis factors (TNF) consists of soluble TNF (solTNF)
and transmembrane TNF (tmTNF), which has a preference
for TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2),
respectively [79]. Observations have suggested that in acute
stroke and reduce injury, solTNF action can be inhibited by
intraventricular infusion of the TNFR1 decoy receptor, but
in the aspect of hippocampal repair and neurogenesis after
ischemic injury, tmTNF action through TNFR2 is crucial
[79]. Therefore, the adverse effects of anti-TNF therapies in
the CNS may be reduced by selectively supressing TNFR1-
mediated signaling while sparing TNFR2 activation [79].
BAG4/SODD is an antiapoptotic protein and identified as a
silencer of death domain that can bind to TNFR1. High levels
of SODD/BAG-4 protect against TNFa-induced cell death.
So, elevation of BAG-4 indicates the control of LXTYF on
the TNF signaling pathway.

4.3. Limitations of the Research. Compared to the previous
two papers published in Frontiers in Pharmacology and
Journal of Ethnopharmacology, all studies used reasonable
models and reliable validation data to detect the network
effect of LXTYF to treat AICH and verified some compo-
nents, targets, and pathways [14, 78]. But our current
work is different in the following aspects. We think that
comprehensive ingredients in the prescription, the method
with low false positive for pathway enrichment, and
detailed differential mRNA expression can more systemat-
ically and efficiently validate the network pharmacology
effects. Results in our study can supplement the mecha-
nisms of LXTYF on AICH in a more systematic and com-
prehensive way. We collected compounds of all 8 herbs;
more ICH targets and PPI network were analyzed in
detail. A more structured and detailed network pharmacol-
ogy approach via packages in R was also applied in our
study. Also, compared with the predictive network and
RNA-seq analysis results, new genes and new pathways
(14 genes and MAPK signaling pathway) were verified
and enriched. In the future, more targets and pathways
will be explored deeply, conformed, and fully depict the
pharmacology mechanism of TCM on AICH.

There are still some limitations to our study. The
insufficient research on medicine composition of this pre-
scription, especially the animal herbs, cannot completely
dig into all the effective components. Further progress of
chemical component separation technology is in great
need to fully clarify all chemical components in the pre-
scription. Also, results of PPI network prediction showed
that STAT3 may play an important role of the bridge to
connect other proteins among the pharmacological actions,
but it did not verify in RNA-seq and needs to investigate
in the next future. More subsequent experiments on differ-
ently expressed mRNA and enriched pathways are neces-
sary to be investigated deeply. Moreover, it is common
to see that some genes have dual effects and play opposite
roles in different physical conditions, especially some are
unsure and need further study. Critical insight for targets
and pathways are necessary for mutual promotion between
pharmacological research and physiological/pathology
research.
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5. Conclusion

Taken together, network pharmacology method and enrich-
ment analysis in R were applied in our study to identify the
76 active components and 376 putative targets of LXTYF
alleviating AICH. Compared with RNA-seq results of AICH
rat models and enrichment analysis, we found that LXTYF
attenuates AICH partially by regulating the targets involved
MAPK, calcium, apoptosis, and TNF signaling pathway and
plays antioxidation, anti-inflammatory, antiapoptosis and
lowers blood pressure roles in the treatment mechanisms.
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Background. Diabetes-associated cognitive decline (DACD) is one of the nervous system dysfunctions induced by diabetes mellitus
with cognitive impairment as the major symptom. In a previous preliminary proteomic study, we found that endoplasmic
reticulum processing and PI3K-Akt signaling pathway might be impaired in DACD pathogenesis. In addition, growth factor
receptor-bound protein 2 might be a crucial protein as a molecular target of the neuroprotective effects of ZiBuPiYin recipe
(ZBPYR). Methods. In this study, 6-8 weeks aged db/db mice were treated with excipients or ZBPYR for 6 weeks. Body weight
and RBG were recorded weekly. Oral glucose tolerance and insulin tolerance tests were used to assess insulin sensitivity. Morris
water maze (MWM) tests were used to assess memory function. The expression of Grb2, Gab2, Akt, and GSK3β in mouse
hippocampus and cerebral cortex were analyzed by Western blotting. Results. ZBPYR not only significantly reduced RGB and
improved glucose tolerance and insulin resistance, but also improved spatial cognition in DACD mice. The expression of Grb2
and Gab2 in hippocampus and cerebral cortex of db/db mice was upregulated after treated with ZBPYR, and then affected the
PI3K/Akt signaling pathway, and inhibited GSK3β overactivity. Conclusions. This study showed that ZBPYR could enhance the
memory and learning ability of db/db mice. Such neuroprotective effect might be related to the activation of Grb2-PI3K/Akt
signaling which might provide a novel therapeutic target for the clinical treatment of DACD.

1. Introduction

Diabetes mellitus (DM) is the most common chronic meta-
bolic disease with a high global prevalence. The global prev-
alence of diabetes has been increasing over recent decades.
It was estimated that there were approximately 451 million
people with DM worldwide in 2017 and was predicted to rise
to 700 million in 2045 [1]. Diabetes-associated cognitive
decline (DACD), also known as diabetes encephalopathy, is
one of the most common neurological complications in
DM patients [2]. The brain aging and neurodegenerative
processes of DACD are similar to those of Alzheimer's dis-
ease (AD) [3]. Recent epidemiological studies suggested that
people with DM have been associated with an increased risk
of cognitive decline and dementia, including AD [4]. How-

ever, at present, the underlying pathophysiological mecha-
nisms of DACD are not fully understood, and there is still
no efficient cure or prevention [5]. Therefore, it is of great
significance to study the pathogenesis of DACD and explore
effective treatment options [6]. Animal studies may help to
identify the mechanisms that underlie the adverse impact of
diabetes on cognition and advance our understanding of its
pathophysiology and may provide potential treatment on
DACD. The leptin receptor-deficient db/db mice, one of
the most widely used type 2 diabetes mellitus (T2DM) animal
models, showed a series of diabetic symptoms such as obe-
sity, hyperglycemia, hyperinsulinemia, insulin resistance,
and diabetic complications like DACD as leptin plays a crit-
ical role in memory and learning [7, 8]. Therefore, db/db
mice were used as DACD animal model in this study.
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Traditional Chinese medicine (TCM) provides unique
advantages in the treatment of complex metabolic diseases
such as diabetes and its complications due to its multicom-
ponent and multitarget characteristics [9]. ZiBuPiYin rec-
ipe (ZBPYR) is derived from a modification of ZiCheng
decoction, a TCM recipe recorded in a TCM monograph
named Bujuji written by Wu Cheng during Qing dynasty.
Our preliminary study suggested that ZBPYR improved
learning and memory ability in multiple animal models
of diabetes [10–12]. We also found that ZBPYR protected
hippocampal neurons against glutamate and amyloid
beta-peptide- (Aβ-) induced neurotoxicity through block-
ing the serum-inducible kinase and spine-associated Rap
GTPase-activating protein (SNK-SPAR) pathway [13, 14].
Moreover, in a previous preliminary proteomic study, we
found that endoplasmic reticulum processing and PI3K-
Akt signaling pathway might be impaired in DACD patho-
genesis. In addition, growth factor receptor-bound protein
2 (Grb2) might be a crucial protein as a molecular target
of the neuroprotective effects of ZBPYR [15].

Grb2 is an adaptor protein that transmits downward
growth factor signals, consisting of an SH2 domain
flanked by N- and C-terminal SH3 domain [16]. Grb2
recruits and mediates the interaction with the adaptor pro-
tein Grb2-associated binder Gab2, and the SH2 domain
could bind tyrosine-phosphorylated proteins, such as
tyrosine-phosphorylated Gab2 [17, 18]. Gab2 has been
reported as an activator of phosphatidylinositol 3-kinase
(PI3K) signaling pathway, since the interaction of SH2
domain of Grb2 with Gab2 recruited p85, which is the regu-
latory subunit of PI3K [19–21]. It has been demonstrated
that PI3K activates its downstream effector Akt, which then
promotes glycogen synthasekinase-3 (GSK3) phosphoryla-
tion [22]. Impaired PI3K/Akt/GSK3β signaling pathway
modulates abnormal hyperphosphorylation of Tau protein
which is one of the most important pathological lesions in
AD [23–25]. The pathology of DACD is particularly similar
to that of AD. Therefore, based on our previous study, we
hypothesized that the cognitive dysfunction in diabetic mice
might be related to the inhibition of the PI3K/Akt signaling
pathway and neuroprotective effects of ZBPYR may be
related to its upregulation of Grb2 in the brain and then acti-
vation of PI3K/Akt signaling pathway.

In this study, db/db mice (6 weeks old of age) were uti-
lized to explore the improvement in memory and learning
ability of ZBPYR and investigate its impact on Grb2 and
PI3K/Akt signaling in the brain of db/db mice in order to
interpret the neuroprotective effects and related mechanisms
of ZBPYR.

2. Materials and Methods

2.1. Reagents. Primary antibodies p-Tyr452 Gab2 (#3882,
1 : 1000), PI3 kinase p85 (#4257, 1 : 1000), Akt (#9272,
1 : 1000), p-Ser473Akt (#4058, 1 : 1000), p-Ser9GSK3β
(#9323, 1 : 1000), and beta-actin (#3700T, 1 : 2000) were pur-
chased from Cell Signaling Technologies (Danvers, MA,
USA). Primary antibody directed against Grb2 (#ab32111,
1 : 1000) and GSK3β (#ab131356, 1 : 1000) were from Abcam

PLC (Cambridge, UK). Primary antibody Gab2 (sc-365590,
1 : 500) was from Santa Cruz (Santa Cruz, USA). Secondary
antibodies were goat anti-rabbit (BA1054, 1 : 2000) (Boster
Biological Technology Co. Itd, Wuhan, China) or anti-
mouse (BA1050, 1 : 2000).

2.2. Animals. Male C57BLKS/J-db/db mice (6 weeks old of
age) and age-matched nondiabetic littermates’ db/m mice
were obtained from Nanjing Qingzilan Technology Co.,
Ltd. (Nanjing, Jiangsu Province, China). Mice were housed
in the Specific Pathogen Free (SPF) Animal Laboratory of
Dalian Medical University. Specifically, mice were housed
in a 12 h light/dark cycle (24°C ± 2°C and 65% ± 5% humid-
ity) and received food and water ad libitum. All animal
experiments were conducted in accordance with the NIH
Principles of Laboratory Animal Care and the institutional
guidelines for the care and use of laboratory animals at
Dalian Medical University. All experiments were approved
by the Committee on the Ethics of Animal Experiments of
Dalian Medical University. All surgery was performed under
anesthesia with ether (the usage of ether was approved by the
Committee on the Ethics of Animal Experiments of Dalian
Medical University), and all efforts were made to minimize
suffering.

2.3. Preparation and Administration of ZBPYR. ZBPYR is
consists of 12 Chinese Herbal Medicines: red ginseng (Radix
Ginseng Rubra), common yam rhizome (Rhizoma Dioscor-
eae Oppositae), Indian Buead (PORIA), white peony root
(Radix Paeoniae Alba), Dan shen root (Radix Salviae Miltior-
rhizae), white hyacinth bean (Semen Lablab Album), lotus
seed (Semen Nelumbinis), grassleaf sweetflag rhizome (Rhi-
zoma Acori Tatarinowii), thinleaf milkwort root (Radix Paly-
galae), sandalwood (Lignum Santali Albi), tangerine red
epicarp (Exocarpium Citri Rubrum), and liquorice root
(Radix Glycyrrhizae). All herbs were purchased from Dalian
Metro Pharmaceutical Co., Ltd., Dalian, Liaoning, China (the
drug meets the 2015 National Pharmacopoeia Standard). The
mixtures were soaked in distilled water (Milli-Q Integral
Water Purification System, Millipore Corporation, Billerica,
MA, USA) for 30min and boiled in 8 volumes of water
(v/w) for 90min. The decoction was then concentrated to
3.29 g/ml and finally stored at 4°C.

We had done some works about the chemical compo-
nents and quality control of the ZBPYR in the previous
studies. For the quality control of ZBPYR, we combined
high-performance liquid chromatography (HPLC) and elec-
trospray ionisation quadrupole time-of-flight tandem mass
spectrometry (HPLC-Q-TOF-MS) for fingerprint analysis
and qualitative analysis. Seven common peaks (liquiritin,
naringin, 3,6-disinapoylsucrose, 3,4,5-trimethoxycinnamic
acid, rosmarinic acid, isoliquiritin apioside, and salvianolic
acid B) were identified and detected [26]. In this experiment,
ZBPYR was prepared according to the process described in
the previous paper.

After one week of adaptive feeding, the db/db and db/m
mice were randomly assigned to three groups: control group,
DM group, and DM/ZBPYR group with 4 mice in each
group. At 6th week, oral administration of ZBPYR treated
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with DM/ZBPYR group at a dose of 10ml/kg body weight
per day, while an identical dose of ultrapure water (Milli-Q
Integral Water Purification System, Millipore Corporation,
Billerica, MA, USA) was administered to DM and control
groups.

2.4. Random Blood Glucose and Fasting Serum Insulin. Body
weight and random blood glucose (RBG) were measured
weekly during the whole treatment to verify the development
of diabetes in the db/db mice. At the end of the administra-
tion, mice were starved for 12h and blood samples were
obtained from the inner canthus vein of the eye after being
anesthetized with ether. Blood samples were then centrifuged
(4°C, 3000 rpm) for 15min, and serum samples were
obtained and stored at -80°C until measuring fasting serum
insulin (FSI). FSI levels were assayed using an insulin radio-
immunoassay kit (Atom High-tech, Beijing, China).

2.5. Oral Glucose Tolerance Test and Insulin Tolerance Test.
Oral glucose tolerance test (OGTT) and insulin tolerance test
(ITT) were performed at the end of the administration
period. Mice received oral administration of 2 g/kg body
weight of 50% (wt/wt) glucose solution after fasted for 14h.
Blood samples were collected at 0, 30, 60, and 120min from
tail vein after glucose administration. In insulin tolerance
test, mice were injected intraperitoneally with regular human
insulin (Novolin, Novo Nordisk Pharmaceutical Co., Ltd.,
Tianjin, China) at a dose of 0.75U/kg body weight after
fasted for 6 h. Glucose levels were monitored at 0, 15, 30,
60, 90, and 120min after insulin injection. OGTT and ITT
were determined using a strip-operated blood glucose sensor
(Roche, Mannheim, Germany).

2.6. Morris Water Maze Test.Morris water maze test was per-
formed for 6 days to assess spatial learning and memory per-
formance of the mice. The water maze is consisted of a round
tank (Institute of Materia Medica, Chinese Academy of Med-
ical Sciences, Beijing, China), which was 100 cm in diameter,
50 cm in height, and filled with water and milk powder main-
tained at 26°C ± 1°C, a transparent platform, which was 9 cm
in diameter, 29 cm in height, and located at 30 cm from the
edge of the tank and hidden under water, and an automatic
photographic recording and analysis system (EthoVision,
Noldus Information Technology b.v., Wageningen, Nether-
lands). On the 1st day, mice were permitted to swim freely
in the pool for 120 s without the platform. During the follow-
ing 4 days, mice were trained on 4 trials per day at intervals of
60 s. The platform location was submerged 1 cm below the
water surface, and the starting points were changed every
trial. Each trial lasted until the mice swam to the platform
or for a maximum observation time of 120 s. If the mice failed
to swim to the platform within 120 s, they were guided to the
platform. On the day after the last acquisition training ses-
sion, mice were tested in a single 120 s probe test without
the platform. Over this period, time in seeking the platform
location (escape latency), time in the target quadrant where
the platform had been located, and the number of platform
location crossings were all measured automatically. On the
6th day, mice were trained on a visible-platform test. The

platform was located 1 cm over the water surface and fixed
at a position different from the previous ones. During this
test, the experimental procedures were performed as same
as previous tests, and escape latency and swimming distance
were recorded.

2.7. Sample Preparation. The mice were anesthetized with
ether and decapitated for Western blotting analysis. Hippo-
campus and cerebral cortex were rapidly dissected via sur-
gery on ice. All samples were immediately frozen in liquid
nitrogen and stored at -80°C until required. Hippocampus
and cerebral cortex samples were homogenized in ice-cold
lysis buffer (0.125M Tris HCl (pH6.8), 0.2M DTT, 4%
SDS, and 20% glycerol). The lysates were sonicated for
10min and centrifuged (4°C and 15,000 rpm) for 5min to
remove insoluble debris. Protein concentrations in the super-
natants were measured by a Minim Spectrophotometer
(NanoVueTM Plus, GE Healthcare, Amersham Place, Little
Chalfont, Buckinghamshire, HP79NA, UK).

2.8. Western Blotting. Protein (50mg per sample) was loaded
per line and separated on 8%–15% tris-glycine polyacryl-
amide gels and transferred to nitrocellulose membranes.
Immunoblots were blocked for 2 h in Tris-buffered saline
Tween-20 (TBST, 20mM Tris-HCl, 150mM NaCl, pH7.5,
and 0.05% Tween 20) containing 5% skim milk. The blots
were then incubated with primary antibodies in TBST at
4°C overnight. Membranes were washed three times with
TBST and then incubated with secondary antibody for 2 h
at room temperature. Membranes were washed again and
developed with enhanced chemiluminescence (ECL) and
detected with X-ray films. The blots were visualized with
ImageQuant TL 1D (GE Healthcare, USA). Primary antibod-
ies used from Cell Signaling Technologies (Danvers, MA,
USA) were as follows: p-Tyr452 Gab2 (#3882, 1 : 1000), PI3
kinase p85 (#4257, 1 : 1000), Akt (#9272, 1 : 1000), p-
Ser473Akt (#4058, 1 : 1000), p-Ser9GSK3β (#9323, 1 : 1000),
and beta-actin (#3700T, 1 : 2000). Primary antibody directed
against Grb2 (Abcam PLC, Cambridge, UK, #ab32111,
1 : 1000), GSK3β (Abcam PLC, Cambridge, UK, #ab131356,
1 : 1000), and Gab2 (Santa Cruz, USA, sc-365590, 1 : 500)
were also used in the experiments. Secondary antibodies were
goat anti-rabbit (BA1054, 1 : 2000) (Boster Biological Tech-
nology Co. Itd, Wuhan, China) or anti-mouse (BA1050,
1 : 2000).

2.9. Statistical Analysis. Statistical analysis was performed
using SPSS 17.0. All experimental data were statistically ana-
lyzed by one-way ANOVA and Student’s t-test to compare
all groups. The difference was considered to be statistically
significant when p < 0:05.

3. Results

3.1. Effects of ZBPYR on Peripheral Glucose Homeostasis and
Insulin Sensitivity. As shown in Figure 1(a), body weight of
DMmice was significantly heavier compared to control mice
while ZBPYR administration had no significant effects on
body weight. RBG levels of DM/ZBPYR mice were signifi-
cantly lower than DM mice from the 3rd week to the 6th
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week of treatment (Figure 1(b)). The OGTT results revealed
that ZBPYR significantly reduced the blood glucose levels at
30min (0.80 times) and 60min (0.72 times) after glucose
load (Figure 1(c)). Additionally, the administration of

ZBPYR also significantly decreased the blood glucose levels
at 60min (0.64 times) after insulin injection (Figure 1(d)).
DM mice exhibited impaired glucose tolerance and insulin
sensitivity which are associated with the development of

0 1 2 3 4 5 6
0

10

20

30

40

50

Time (days)

Bo
dy

 w
ei

gh
t (

g)

Control
DM
DM/ZBPYR

⁎
⁎

⁎
⁎ ⁎⁎ ⁎

⁎ ⁎
⁎ ⁎⁎ ⁎⁎

(a)

1 2 3 4 5 6
0

5

10

15

20

25
RBG

Time (minutes)

#

Bl
oo

d 
gl

uc
os

e (
m

m
ol

/L
)

Control
DM
DM/ZBPYR

⁎

⁎ ⁎

⁎ ⁎

⁎
⁎

#⁎
#

#
⁎

⁎

(b)

0

10

20

30

40
OGTT

Bl
oo

d 
gl

uc
os

e (
m

m
ol

/L
)

0 30 60 90 120
Time (minutes)

Control
DM
DM/ZBPYR

⁎

⁎
⁎

#⁎
⁎

#⁎
⁎

⁎

(c)

0 30 60 90 120
0

5

10

15

20

25

Time (minutes)

Bl
oo

d 
gl

uc
os

e (
m

m
ol

/L
)

ITT

Control
DM
DM/ZBPYR

#⁎

⁎
⁎

⁎
⁎

⁎

⁎
⁎

⁎ ⁎
⁎⁎

(d)

Control DM DM/ZBPYR
0

10

20

30

40
FSI

Se
ru

m
 in

su
lin

 (p
m

ol
/L

) ⁎

⁎

(e)

Figure 1: The antidiabetic effects of ZBPYR on db/db mice. (a) Body weight was recorded weekly. (b) RBG level was measured every
week in the three groups during ZBPYR administration. (c–e) OGTT, ITT and FSI level were measured at the end of treating period.
Values are means ± S:D: from 4 mice in each group. ∗p < 0:05 compared to control; #p < 0:05 compared to DM.
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cognitive decline and poor cognitive performance [27].
Treatment with ZBPYR could improve the impaired glucose
tolerance and insulin sensitivity of DMmice. However, there
was no significant difference in FSI levels between
DM/ZBPYR and DM mice (Figure 1(e)).

3.2. ZBPYR Improves Spatial Learning and Memory
Performance. Lesions in animals’ brain regions, such as hip-

pocampus and cerebral cortex, have an impairment on
Morris water maze performance [22]. The results of Morris
water maze test revealed that DMmice required significantly
longer escape latency than the control ones between day 3
and day 5 (day 3 1.92 times, day 4 2.31 times, and day 5
5.41 times, respectively). The latency of DM/ZBPRY mice
was shorter than that of DM mice on day 4 (0.70 times)
and day 5 (0.59 times) (Figure 2(a)). In the visible platform
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Figure 2: Effects of ZBPYR on DACD mice in Morris water maze test. (a) escape latency, (b) escape latency in the visible platform test, (c)
time in searching original platforms, (d) time in target quadrant, (e and f) platform location crossings and swimming distance in spatial probe
test. Values are means ± S:D: from 4 mice in each group. ∗p < 0:05 compared to control; #p < 0:05 compared to DM.
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test on the 6th day, there was no significant difference among
the three groups in escape latency (Figure 2(b)).

In the spatial probe test, the swimming time of
DM/ZBPYR mice in seeking platform location was shorter
(0.75 times) than that of DM mice (Figure 2(c)). And the
moving time of DM/ZBPYR mice in the target quadrant
was longer (1.25 times) than that of DM mice (Figure 2(d)).
DM/ZBPYRmice exhibited more times (1.72 times) of cross-
ing the platform location than DM mice (Figure 2(e)). Also,
the swimming distance of DM/ZBPYR mice was enhanced
1.29 times compared to DM mice (Figure 2(f)).

3.3. ZBPYR Administration Increases the Expressions of Grb2
and Gab2 and Affects PI3K/Akt Signaling Pathway in the
Hippocampus of db/db Mice. The hippocampus plays an
especially important role on cognition and memory in mam-
mals [28]. The result showed that expressions of Grb2, Gab2,
p85, and Akt were different in hippocampus among the three
groups. An obvious reduction in Grb2 expression was
observed in the hippocampus of DM group compared with
control group. Treatment with ZBPYR could significantly
increase Grb2 expression. In addition, the expression of
Gab2 showed no significant changes among the three groups
(Figure 3(a)). As Tyr452 of Gab2 is a potential binding site of
p85, the regulatory subunit of PI3 kinase [29], we detected
the expression of p-Gab2 (Tyr452). Results revealed that
the expression of p-Gab2 (Tyr452) modestly increased in
the hippocampus of DM/ZBPYR mice compared to DM
mice (Figure 3(a)). Moreover, ZBPYR affected PI3K/Akt sig-
naling pathway in the hippocampus of db/db mice. Specifi-
cally, the levels of p85 and p-Akt (Ser473) were both
decreased in the hippocampus of DM (Figure 3(b)) when
compared to the control group, while ZBPYR treatment
could enhance p85 (Figure 3(b)) and Akt hyperphosphoryla-
tion (Figure 3(b)).

3.4. ZBPYR Increases the Expressions of Grb2 and Gab2 and
Affects PI3K/Akt Signaling Pathway in the Cerebral Cortex
of db/db Mice. The cerebral cortex is also closely related to
cognitive function [30, 31]. In this study, we did observe an
obvious reduction in Grb2 and p-Gab2 (Tyr452) expressions
in the cerebral cortex of DM mice compared to control
(Figure 4(a)), and ZBPYR showed an ability to provide
Grb2 and p-Gab2 (Tyr452) with varying degrees of increase
(Figure 4(a)). Similarly, results revealed no statistically signif-
icant changes in the total levels of Gab2 (Figure 4(a)) and Akt
(Figure 4(b)) in the cerebral cortex among the three groups.
However, an apparent reduction in expression of p-Akt
(Ser473) was detected in the cerebral cortex of DM mice
when compared with control mice (Figure 4(b)), with an evi-
dent increase in DM/ZBPYR mice (Figure 4(b)). We also
observed a significantly increased p85 in the cerebral cortex
of DM/ZBPYR group compared to DM group (Figure 4(b)).

3.5. ZBPYR Inhibits GSK3β Overactivity. It has been clear
that PI3K/Akt signaling pathway affects GSK3β activity in
the brain [32]. In our study, we observed the alteration of
GSK3β activity. However, we did not detect the statistically
significant alterations in total GSK3β expressions among

the three groups. Additionally, Western blotting results
showed different extent of reduction in phosphorylated
GSK3β at Ser9 in the hippocampus (Figure 3(c)) and cerebral
cortex (Figure 4(c)) of DM group, while the levels of p-
GSK3β (Ser9) increased in the hippocampus (Figure 3(c))
and cerebral cortex (Figure 4(c)) of DM/ZBPYR group.

4. Discussion

As DACD is a common complication of diabetes, the patho-
genesis and effective treatment strategies of DACD have
attracted increasing attention from researchers. DACD is
associated with blood glucose and serum insulin level. Phar-
maceutical therapy targeted on diabetic symptoms such as
hyperglycemia, hyperinsulinemia, and insulin resistance
and also treats some diabetic complications [33, 34]. Many
studies have revealed that TCM has antidiabetic effects, pro-
viding multiple therapeutic effects on blood glucose and
serum insulin level [35]. Here, we explored the effects of
ZBPYR on blood glucose and serum insulin level. The results
revealed that ZBPYR exhibited promising antidiabetic effects
by moderating the increased RBG levels during the 3rd to 6th
weeks of treatment and significantly improving the impaired
glucose tolerance and insulin sensitivity.

Morris water maze test is widely used for testing spatial
learning and memory [36]. T2DMmice exhibited severe cog-
nitive deficits, seriously impair their Morris water maze per-
formance [37]. Our results demonstrated that DM mice had
severe cognitive impairment, and ZBPYR was able to
improve these cognitive impairment and inferior learning
and memory performance of DM mice, which could be seen
in the training test (4th and 5th days) and spatial probe test.

Our previous studies have found that endoplasmic retic-
ulum processing and PI3K-Akt signaling pathway might be
impaired in DACD pathogenesis [15]. In addition, Grb2
might be a crucial protein as a molecular target of the neuro-
protective effects of ZBPYR. The PI3K/Akt signaling path-
way regulates cell proliferation, differentiation, metabolism,
and cytoskeletal reorganization, leading to apoptosis and
cancer cell survival. The PI3K/Akt pathway is the main path-
way for insulin signal transduction and involved in the regu-
lation of blood glucose [38]. Grb2 is a cytoplasmic connexin,
and studies have shown that Grb2 can prevent AD by bind-
ing to insulin receptors to improve the expression of down-
stream molecules of insulin signaling to prevent diabetic
peripheral neuropathy and interacting with NOX4 to protect
the cytoskeletal disassembly [39, 40].

These studies indicated that Grb2 might play a key role in
degenerative neuropathy. In the present study, we investi-
gated the expression of Grb2, Gab2, p85, Akt, and GSK3β
in the hippocampus and cerebral cortex, which are associated
with cognitive function in humans and animals. Western
blotting analysis results showed that ZBPYR affects the
PI3K/Akt signaling pathway and increases the expression of
p85 and p-Akt (Ser473) by enhancing the expression of
Grb2 and Gab2 hyperphosphorylation in the hippocampus
and cerebral cortex of db/db mice. Our study also found that
ZBPYR could inhibit the downstreamGSK3β over activity. All
these results indicated that ZBPYR exerts a neuroprotective
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Figure 3: The effect of ZBPYR on the expression of Grb2, Gab2, Akt, p-Akt, and GSK3β in mouse hippocampus. (a) Compared with the
control group, the expression of Grb2 in the hippocampus of the DM group was reduced. However, Grb2 levels increased after ZBPYR
administration. The total level of Gab2 in the hippocampus did not change significantly between the three groups. The expression of p-
Gab2 (Tyr452) in the hippocampus of DM/ZBPYR mice was moderately increased. (b) The levels of p85 and p-Akt (Ser473) were reduced
in DM, while ZBPYR enhanced p85 and Akt hyperphosphorylation. The total Akt level was not different in the hippocampus between the
three groups. (c) DM group hippocampus Ser9-phosphorylated GSK3β decreased, while p-GSK3β (Ser9) levels in the DM/ZBPYR group
hippocampus increased. Values are means ± S:D: from 3 mice in each group. ∗p < 0:05 and ∗∗p < 0:01 compared to control; #p < 0:05,
##p < 0:01, and ###p < 0:01 compared to DM.
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Figure 4: The effect of ZBPYR on the expression of Grb2, Gab2, Akt, p-Akt, and Gsk3β in mouse cerebral cortex. (a) The expression of
Grb2 and p-Gab2 (Tyr452) in the cerebral cortex of DM mice was significantly reduced, and Grb2 and p-Gab2 (Tyr452) were increased
to varying degrees after ZBPYR treatment. There were no statistically significant changes in the total levels of Gab2 and Akt in the
three groups. (b) Compared with control mice, p-Akt (Ser473) expression in the cerebral cortex of DM mice was significantly
reduced, while that of DM/ZBPYR mice was significantly increased. Compared with the DM group, p85 was significantly increased
in the cerebral cortex of the DM/ZBPYR group. (c) The degree of Ser9 phosphorylation of GSK3β in the cerebral cortex of the DM
group was reduced to varying degrees, and the level of p-GSK3β (Ser9) was increased in the cerebral cortex of the DM/ZBPYR
group. Values are means ± S:D: from 3 mice in each group. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:01 compared to control; #p < 0:05
and ##p < 0:01 compared to DM.
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effect via PI3K-Akt signaling pathway by activating Grb2 on
the brain of db/db mice.

5. Conclusions

In the present study, we investigated the neuroprotective
effects of ZBPYR on db/db mice. The results demonstrated
that ZBPYR could improve the learning and cognitive func-
tions in DACD mice. The underlying mechanism may be
related to the regulation of PI3K-Akt signaling pathway by
activating Grb2.
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Depression is a common neurological disease that seriously affects human health. There are many hypotheses about the pathogenesis
of depression, and the most widely recognized and applied is the monoamine hypothesis. However, no hypothesis can fully explain the
pathogenesis of depression. At present, the brain-derived neurotrophic factor (BDNF) and neurogenesis hypotheses have highlighted
the important role of plasticity in depression. The plasticity of neurons and glial cells plays a vital role in the transmission and
integration of signals in the central nervous system. Plasticity is the adaptive change in the nervous system in response to changes
in external signals. The hippocampus is an important anatomical area associated with depression. Studies have shown that some
antidepressants can treat depression by changing the plasticity of the hippocampus. Furthermore, caloric restriction has also been
shown to affect antidepressant and hippocampal plasticity changes. In this review, we summarize the latest research, focusing on
changes in the plasticity of hippocampal neurons and glial cells in depression and the role of BDNF in the changes in hippocampal
plasticity in depression, as well as caloric restriction and mitochondrial plasticity. This review may contribute to the development
of antidepressant drugs and elucidating the mechanism of depression.

1. Introduction

According to the latest epidemiological survey, the incidence
of depression worldwide is 4.7%, and the incidence in China
is 4%; depression is a serious disease, and only 10% of
patients respond effectively to treatment [1]. Depression
severely affects human health and quality of life, including
but not limited to excessive negative emotions, anhedonia,
and cognitive impairment. The hippocampus is a key ana-
tomical brain region associated with depression. Numerous
studies have confirmed that changes in hippocampal plastic-
ity (hippocampal volume, number of synapses, synaptic
plasticity, changes in glutamate receptors, neurogenesis,
and glial cell plasticity) occur in patients with depression
[2]. It has been reported that the volume of the hippocam-
pus in patients with major depression disorder (MDD) is
significantly reduced [3]. After using antidepressant drugs,

patient hippocampal tail volume increases in proportion to
symptom relief [4]. The change in volume could be due to
changes in neurons and glial cells.

Studies have shown that stress (especially chronic stress
and early life stress) is closely related to the development of
depression [5]. Chronic stress can cause apoptosis in hippo-
campal subregions and affect the integrity of hippocampal
cells [6]. Long-term potentiation (LTP) and long-term
depression (LTD) are the two main forms of synaptic plastic-
ity changes. Stress causes changes in synaptic efficacy and
stimulates the hypothalamic-pituitary-adrenal (HPA) axis
to increase the levels of glucocorticoid (cortisol in human,
corticosterone in rodents), resulting in a decrease in hippo-
campal LTP [7] that contributes to LTD [8]. Cell-level studies
have found that stress leads to decreases in dendritic com-
plexity and dendritic spine density [9]. On the other hand,
excitatory synaptic neurotransmission is also affected in
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chronically stressed animals [10]. Central nervous system
neurotransmitter dysfunction is one of the aspects of the
pathogenesis of depression. Glutamate is widely distributed
in the central nervous system and is an important excitatory
neurotransmitter. Glutamate works by binding to the corre-
sponding glutamate receptors, and pharmacological studies
have shown that glutamate receptor modulators have antide-
pressant effects.

There are many hypotheses about the pathogenesis of
depression, but the biological mechanisms remain unclear.
The monoamine hypothesis is the most widely accepted
hypothesis, and most current treatments for depression are
based on the monoamine hypothesis. However, there are
many limitations to the monoamine hypothesis. For exam-
ple, the latency of antidepressant drugs cannot be explained,
not all drugs that enhance monoamine functions have anti-
depressant activity, and a reduction in monoamines does
not induce depression in healthy humans [11]. The neuroen-
docrine hypothesis proposes that abnormal function of the
HPA axis leads to depression. Patients with depression often
exhibit excessive secretion of glucocorticoids [12]. In a
rodent model of chronic stress (classic depression model),
plasma corticosterone levels are significantly increased [13].
Long-term administration of exogenous corticosterone can
cause depression-like behavior in rodents [14]. With the
development of immunological research, clinical studies have
shown that chronic inflammation and some viral infectious
diseases can significantly increase the incidence of depres-
sion, and the neuroinflammatory response hypothesis has
thus been proposed. Studies have shown that the levels of
proinflammatory cytokines in patients with depression are
significantly increased [15]. Proinflammatory cytokines can
affect the metabolism of monoamine transmitters and can
also act on the HPA axis, impairing the negative feedback
regulation of the HPA axis [16].

In recent years, people have gradually realized that infor-
mation processing in the brain is not just the transfer of che-
micals between neurons, but the result of the complex effects
of neural networks. This finding puts forward the concept of
neuroplasticity, that is, the ability of the nervous system to
adapt and respond to the environment, including neurogen-
esis, neuronal remodeling, and synapse formation. The the-
ory proposes that neuroplasticity disorders are involved in
the pathological process of depression and that neurotrophic
factors are important indicators for evaluating neuroplasti-
city. Brain-derived neurotrophic factor (BDNF) is a kind of
neurotrophic factor. BDNF plays a key role in regulating syn-
apse, hippocampal LTP, and neurogenesis [17].

Unfortunately, there is no single hypothesis that can
explain the pathogenesis of depression. Moreover, the cur-
rent clinical antidepressant treatment method is simplistic,
the cure rate of antidepressant drugs is low, their side effects
are high, and they are costly. The role of calorie restriction
(CR) in depression has recently been revealed [18]. Previous
research confirmed that CR is positively correlated with life-
span and negatively correlated with neurological diseases
[19]. Studies have shown that CR can increase hippocampal
neurogenesis and BDNF expression [20]. Neurogenesis is
closely related to depression. Mitochondria are the sites at

which cells metabolize energy and control programmed cell
death [21]. The mitochondrial network plays a key role in
CR [22]. Therefore, in addition to exploring the effect of
CR on hippocampal plasticity, we also discuss the role of
mitochondrial plasticity of the hippocampus.

At present, there have been many studies on antidepres-
sants, and there are also different views on the pathogenesis
of depression. However, the shortcomings of antidepres-
sants are obvious to everyone. Because CR is simple to
implement and has almost no side effects, it may be used
to treat depression or to assist with existing antidepressant
treatments to improve their efficacy. In this review, we intro-
duce the various changes in hippocampal plasticity in
depression and discuss the role of BDNF and CR in the
treatment of depression. This review of hippocampal neuro-
plasticity may contribute to the development of new drugs
and treatments.

2. Changes in Hippocampal
Plasticity in Depression

The hippocampus is part of the limbic system and plays a
vital role in depression. Numerous changes in hippocampal
plasticity can be seen in both human depression patients
and rodent depression models. There is a significant reduc-
tion in hippocampal volume. Depression can cause changes
in various subregions, glutamate receptors, and glial cells in
the hippocampus. Stress exists at the core of the many
influencing factors. Some antidepressants also act through
plasticity regulation. The different structures and functions
of different hippocampal subregions may help to better
understand hippocampal plasticity.

2.1. Hippocampal Volume. Clinical studies and neuroimaging
results have shown that the hippocampal volume of patients
with depression is reduced [23]. Similar results were
observed in rodent models [24]. Both unipolar and bipolar
depression (BD) patients have decreased hippocampal vol-
ume [25]. Telomere length is positively correlated with hip-
pocampal volume, and reduced telomere length increases
the risk of BD [26]. Chronic stress reduces hippocampal vol-
ume and inhibits neurogenesis in rats [27]. Early life stress
increases the risk of MDD, which is associated with reduced
left hippocampal volume [28]. The relationship between hip-
pocampal volume and depression seems very complicated.
Electroconvulsive therapy (ECT) increases the volume of
the left hippocampus in patients, but there is no positive cor-
relation with the treatment effect on depression [29]. The
reduction in the hippocampus is not only caused by depres-
sion but is also a cause of depression [30]. Moreover, changes
in hippocampal volume in depression are regulated by gene
polymorphisms and gene expressions such as oxytocin
receptor genes [31], monoamine-related genes [32], and neu-
roinflammatory genes [33].

2.2. Hippocampal Synaptic Neuroplasticity in the Different
Subregions. In depression, the changes in hippocampal syn-
aptic plasticity are also reflected in the hippocampal subre-
gions, especially the cornu ammonis 3 (CA3) and the
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dentate gyrus (DG). In this section, we summarize the rela-
tionship between different hippocampal subregions and
LTP and LTD and introduce some antidepressant drugs or
methods to improve depression (based on the plasticity of
the different subregions).

2.2.1. Cornu Ammonis (CA1-CA3). CA1 neurons accept 2
different glutamatergic inputs: temporoammonic- (TA-)
CA1 and the CA3 region and the Schaffer collateral- (SC-)
CA1. The JAK-STAT signaling pathway plays a role in the
LTD induced by both pathways [34]. Chronic unpredictable
stress (CUS) and corticosterone administration can reduce
the excitatory signaling of TA-CA1 in rats [35]. Long-term
plasticity in CA1 is induced by GABAergic interneurons
(parvalbumin-expressing (PV+), nitric oxide synthase-
expressing (NOS+)) [36]. Acute stress activates μ-opioid
receptors on GABAergic neurons to facilitate low-frequency
stimulation-induced LTD at SC-CA1 glutamatergic synapses
in mice [37]. Electroacupuncture (EA) can improve depres-
sion by restoring CA1 synaptic plasticity, which may be
mediated by regulating 5-HT receptor levels [38]. The peri-
neuronal net (PNN) restricts LTD in the CA1 area in mice
[39]. Interlaminar CA1-CA1 networks exhibit NMDA
receptor-dependent LTP rather than LTD [40].

CA2 is a region that tends to be overlooked. The volume
of CA2 is negatively correlated with depressive symptoms
[41]. It is difficult to induce LTP and LTD in the CA2 region,
which showed unique synaptic stability compared with that
of other regions. A study showed that neurons in CA2
require more current to generate action potentials [42]. The
function of CA2 in regulating synaptic plasticity may be
different from other CA regions. The inhibitory LTD of PV
+ interneurons in the CA2 region does not exist in young
mice and may require the maturation of PNN and ErbB4
[43]. The plasticity of PV+ neurons is mediated by δ-opioid
receptors [44].

CA3 pyramidal cells receive three types of excitatory syn-
aptic afferent neurons: mossy fibers (MFs), perforant paths
(PPs), and associational/commissural (AC) fibers. The MF-
CA3 synapse has been reported to play a role in antidepres-
sant drugs [45]. Novel spatial learning contributes to hippo-
campal plasticity and is termed learning-facilitated plasticity
(LFP). When rats explore different environments, the MF-
CA3 and AC-CA3 synapses show different responses to
LTD. However, when exploring a new empty environment,
both synapses promote LTP [46]. LFP-induced LTD and
LTP in the MF-CA3 synapse require the activation of β-
adrenergic receptors [47]. In addition, ECT treatment can
increase dopamine regulation inMF [48]. The antidepressant
drugs can enhance D1 receptor-dependent synaptic potenti-
ation in the MF-CA3 [49]. Vagus nerve stimulation (a treat-
ment for depression) can cause an increase in PP-CA3
synaptic transmission [50]. In an animal model of depression
induced by chronic unpredictable mild stress (CUMS), LTP,
basal synaptic transmission, and dendrite spine density were
decreased in the CA3-CA1 synapse [51]. The CA3-CA1
synapse is also thought to be involved in the acquisition of
associative learning [52]. CA3-CA3 synapses are widely dis-
tributed [53] and have strong plasticity [54]. Studies have

shown that the spike timing-dependent plasticity of the
CA3-CA3 synapses contributes to information storage and
retrieval [55].

2.2.2. Dentate Gyrus. Apoptosis in the CA1 and CA4 regions
and the DG can be observed in patients with MDD [56].
Patients with ECT treatment that had larger right CA4/DG
volumes were associated with symptom remission [57]. DG
plasticity changes are also involved in the mechanism of
some antidepressant drugs. Tianeptine is a special tricyclic
antidepressant. It mainly acts on the 5-HT system, which
can increase the activity of hippocampal pyramidal cells
and the reuptake of 5-HT by hippocampal neurons (as
opposed to traditional antidepressants) [58]. Tianeptine
was reported to reduce DG apoptosis in a tree shrew model
of depression [59]. Maternal separation (MS) can impair
learning and memory and cause depression-like behavior.
Studies have shown that MS can induce the apoptosis in
the DG and reduce cell proliferation in rats [60]. The expres-
sion of glutamate receptor 1 and protein kinase B phosphor-
ylation in the DGwere also decreased [60]. These factors may
be involved in depression caused by MS. Fluoxetine, a selec-
tive 5-HT reuptake inhibitor widely used in clinical practice,
can selectively inhibit 5-HT transporter and block the reup-
take of 5-HT by the presynaptic membrane, thereby produc-
ing antidepressant effects. A study has shown that after 2
weeks of MS in rats, 7 days of fluoxetine treatment can
reverse cell apoptosis, increase cell proliferation (reduce the
number of terminal deoxynucleotidyl transferase-mediated
dUTP gap terminal marker-positive cells), and has an antide-
pressant effect [61]. Chronic stress can damage LTP in the
DG of rats, but this effect is reversible [62].

The effect of sirtuin (SIRT) 2 knockdown in the DG is
similar to that of chronic stress, and both downregulate
plasticity-related genes [63]. In addition, chronic stress
reduces SIRT1 activity in mice, leading to depression-like
behavior [64]. Physical activity can modulate LTP and
LTD in DG of rodents, but the effects are complex and
depend on the studies and the conditions (exercise regime,
duration, and intensity) [65]. Both acute stress and dexa-
methasone injection increased the release of somatostatin
(SST) in DG hilar cells [66]. Several studies have shown that
SST promotes LTP in the DG [67]. However, the opposite
effect has also been reported [68]. The reason for this phe-
nomenon may be that SST has different effects on different
hippocampal synapses.

There are other factors, such as dopamine [69], 5-HT
[70], sex hormones (estradiol, testosterone) [71], paracrine
signaling factor (Wnt [72], Notch1 [73]), proinflammatory
cytokines [74], and epigenetic changes [75], that are also
involved in regulating DG plasticity, which we will not
elaborate here.

2.3. Glutamate Receptor Involvement in Synaptic Plasticity.
Glutamate receptors are mainly divided into two categories:
one is ionic receptors including the N-methyl-d-aspartate
receptor (NMDAR), the α-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid receptor (AMPAR), and the kainite
receptor (KAR), and the metabolic receptor, mGluR. These
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receptors are closely related to hippocampal plasticity to
varying degrees.

2.3.1. N-Methyl-d-aspartate Receptor (NMDAR). NMDAR
has multiple subtypes, including NR1 and NR2A-D. The
function of NMDAR is determined by the different func-
tions, structure and distribution of various subunits, and dif-
ferent combinations of subunits [76]. Generally, NR1 is
considered to be an important component of NMDAR func-
tionality [77]. NMDAR ligand-gated ion channels are regu-
lated by glycine [78], and glycine has a binding site on NR1
[79]. Previous studies have shown that NMDAR is mainly
distributed in the postsynaptic density (PSD) of the postsyn-
aptic membrane. Studies in recent years have confirmed that
NMDAR is also distributed in the presynaptic membrane
and non-PSD areas [80]. PSD95 participates in NMDA
receptor regulation [81]. PSD95 expression promotes the
maturation of excitatory (glutamatergic) synapses, increasing
the number and size of dendritic spines [82]. PSD95 stabi-
lizes NMDAR by binding to GluN2B or degrading STEP61
[83]. The activity-dependent regulation of STEP61 and its
substrates GluN2B and GluA2 (a subunit of AMPAR) may
contribute to the homeostasis of excitatory synapses [84].
In the absence of stimulation, the NMDA ion channel is
not opened due to the blocking ofMg2+. Under various stim-
uli, the postsynaptic membrane depolarizes. The blocking
effect of Mg2+ disappears, and Ca2+ and Na+ enter the cell,
increasing free Ca2+ in the cell and producing various
biochemical reactions. NMDAR-dependent LTP is widely
reported in the hippocampus [85]. Ketamine is an NMDAR
antagonist, and its rapid antidepressant mechanism has been
confirmed in human and animal models. Ketamine can
reverse the decrease of hippocampal CA3 and DG dendritic
spine density in depressed mice, activate AMPAR, and
increase BDNF expression and release and activation of the
mammalian target of rapamycin (mTOR) [86]. Depressed
rats treated with ketamine exhibit increased LTP and levels
of EPSCs mediated by NMDA receptors in the hippocampus
[87]. In addition to PSD95, NMDAR also binds with multi-
ple molecules including CaMKII [88] and microtubule-
associated protein 2 [89], to form a multiprotein complex,
which plays a role in plasticity, learning, and memory.

2.3.2. α-Amino-3-hydroxy-5-methyl-4-isoxazole Propionic
Acid Receptor (AMPAR). AMPAR regulates synaptic plastic-
ity through changes in the number of postsynaptic mem-
branes (insertion or removal of AMPAR). AMPAR regulates
synaptic transport during LTP through two ways: lateral
movement and exocytosis [90]. Lateral diffusion exchanges
AMPAR at the dendritic spines, depending on the spinal mor-
phology [91]. AMPAR surface diffusion is the key to hippo-
campal LTP and learning [92]. Acute stress can increase the
AMPAR phosphorylation and surface expression in the
hippocampal CA1 region of mice and alleviate LTP impair-
ment [93]. Another way to recruit AMPAR to the synapse
is through exocytosis [94]. Cyclin Y inhibits AMPAR exocy-
tosis of dendritic spines, thereby inhibiting LTP [95]. This
exocytosis in LTP passes through the RAS/ERK signaling
pathway [96]. In addition, the silent synapses (the synapse

only expresses NMDAR before inducing LTP) express
AMPAR after inducing LTP and then, they become a func-
tional synapse [97]. Several studies have suggested that hip-
pocampal LTD is associated with AMPAR endocytosis.
Calcyon can regulate endocytosis, and knocking out the gene
that encodes calcyon leads to the LTD disappearance in the
hippocampal CA1 region [98]. Inhibition of AMPAR endo-
cytosis can increase the AMPAR level and decrease LTD
[99]. However, one study suggested that AMPAR-induced
LTD was the result of inhibiting exocytosis rather than
enhancing endocytosis [100].

2.3.3. Kainate Receptor (KAR). There has been less focus on
KAR than on the other two ionic glutamate receptors. How-
ever, the function of KAR associated with plasticities such
as the modulation of excitability [101], transmitter release
[102], neuronal development [103], and neurogenesis
[104]. The neto protein is an important auxiliary protein
that regulates the KAR in many interneurons [105]. The
distribution of KAR also shows some differences, and it is
expressed in the presynaptic regions, in addition to the
postsynaptic regions [106]. Furthermore, the bidirectional
regulation of KAR is also considered to play an important
role in plasticity [107]. Several studies have found a link
between KAR subtypes and depression. GluR7 is a suscepti-
bility gene associated with recurrent MDD [108]. GluK4 (a
KAR subunit) deficiency is associated with increased cogni-
tive ability [109]. Rodent models have also confirmed that
GRIK4 (GluK4 gene) knockout causes an antidepressant
phenotype [110].

Chronic stress and corticosteroids increase KAR subunit
mRNA expression in rats [111]. KAR is reported to be
involved in glutamate release in the CA1 and CA3 regions
[112]. The short-term and long-term potentiation of KAR
participation in the hippocampal MF synapse has been gen-
erally confirmed, in which presynaptic KAR plays a central
role [113]. Similarly, KAR is also involved in the induction
and expression of hippocampal LTD [114]. KAR regulates
not only the glutamatergic system but also the GABAergic
system. KAR inhibits GABA release and the synaptic trans-
mission to CA1 [115]. However, another study came to the
opposite conclusion. KAR increased the efficacy of GABAer-
gic synapses [116]. This effect could be related to the agonist
concentration, but the specific mechanism is still unclear.

2.3.4. Metabolic Receptor (mGluR). mGluR is a type of G-
protein-coupled receptor and is divided into three categories
(I, II, and III) with 8 subtypes (mGluR1-8). Type I mGluRs
include two subtypes: mGluR1 and mGluR5. Chronic stress
can increase type I mGluR-mediated LTD in the hippocam-
pal CA1 region [117], while acute stress has only a promoting
effect [118]. This phenomenon indicates that type I mGluR-
mediated plasticity changes require repeated stress stimula-
tion. Besides, DHPG (a type I glutamate receptor agonist)
induced synaptic plasticity of the Schaffer collateral NMDAR
(induced LTD) [119]. Studies on type I mGluRs mainly
focus on the feedback circuit of the hippocampal stratum
oriens, in which type I mGluRs induce LTP [120]. The type
I mGluRs induced anti-Hebbian LTP in interneurons of rat
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hippocampal stratum oriens [121]. Type I mGluRs are also
involved in TEA-induced LTP in rat MF-CA3 synapses
[122]. Studies have shown that type I mGluR-mediated syn-
aptic plasticity occurs via the β-arrestin signaling pathway
[123]. The TRPC1 channel plays a critical role in the process
of mGluR5-regulated plasticity [124].

Although type II and III mGluRs are rarely reported in
terms of hippocampal plasticity, their important role cannot
be ignored. Fluoxetine combined with a low-dose ly379268 (a
mGluR2/3 agonist) can increase cell proliferation and neuro-
genesis of cultured cerebellar granule neurotransmitters and
shorten the incubation period required for the downregula-
tion of hippocampal β-adrenergic receptors [125]. The study
of type III mGluRs showed that MS significantly reduced the
expression of mGluR4 in the hippocampus of rats, while
fluoxetine reversed the changes induced by MS [126]. Behav-
ioral pharmacology studies have shown that LSP4-2022 (a
selective agonist of mGluR4) has a strong effect in promoting
depression in mice. This effect does not exist in mGluR4-
knockout mice, but whether an mGluR4 antagonist can
induce an antidepressant effect needs further verification
[127]. In mGluR4-knockout mice, improved spatial learning
is associated with hippocampal LTP [128]. AMN082 (an
mGluR7 allosteric agonist) produces antidepressant-like
effects by regulating glutamatergic signaling [129]. mGluR7-
knockout mice show antidepressant phenotype, causing
HPA axis dysregulation and increasing hippocampal BDNF
protein levels [130].

2.4. Hippocampal Apoptosis and Neurogenesis. The neuro-
genesis hypothesis is to some extent an extension of the
BDNF hypothesis. Apoptosis of hippocampal neurons has
been observed in MDD patients and rodent depression
models [131, 132]. Apoptosis of hippocampal neurons may
be one of the causes of depression. Venlafaxine is a dual
inhibitor of 5-HT and norepinephrine reuptake, which can
inhibit the reuptake of NA and 5-HT and slightly inhibit
the reuptake of dopamine. Venlafaxine also inhibits hippo-
campal neuron apoptosis in depression by upregulating the
expression of BDNF in the hippocampus of rats [133].

Hippocampal neurogenesis is the process by which adult
neural stem cells become progenitor cells and then func-
tional DG cells, providing functional and structural plasticity
[134]. Although the number of newborn neurons is much
smaller than that in the hippocampal granular cell layer,
these cells have important implications in hippocampal
function. Increased adult hippocampal neurogenesis can
reduce depression-like behavior in mice [135]. Chronic cor-
ticosterone injection reduced the neurogenesis of DG in rats
[136] and the dendritic complexity of mature granule cells
[137]. Adult neurogenesis altered the excitability of the DG
[138] and enforced chronic stress adaptability by inhibiting
mature granulosa cells in the ventral DG [139]. Ketamine
increased DG cell proliferation in depressed rats [140].
Stress and corticosterone also inhibit progenitor cell prolif-
eration, possibly by increasing nitric oxide levels [141].

2.5. Glial Cell Plasticity. Glial cells are another prominent cell
type in nerve tissue and are widely distributed in the central

and peripheral nervous systems. The glial cells in the central
nervous system mainly include astrocyte, oligodendrocyte,
and microglia. There is evidence that astrocytes affect adult
neurogenesis in hippocampal DG [142]. The activity of
p38αmitogen-activated protein kinase (MAPK) in astrocytes
is required for hippocampal LTD [143]. Chronic mild stress-
induced depression may be related to a decrease in the num-
ber of astrocytes and the activation of microglia [144]. The
pruning of synapses by microglia is necessary for brain devel-
opment [145]. Microglia reshape synapses through presyn-
aptic phagocytosis and spine head filopodia induction.
Microglial inhibitors can eliminate the decrease in hippo-
campal LTP and LTD caused by peripheral inflammation
[146]. In CUS-induced depression model rats, the number
of oligodendrocytes in the hippocampal CA3 and DG regions
is decreased [147]. Oligodendrocyte depolarization can
induce short-term and long-term plasticity in hippocampal
white matter [148]. Oligodendrocytes can regulate axonal
excitability and nerve conduction [149]. The inhibition of
oligodendrocyte formation impairs memory consolidation
in mice [150]. Myelin basic protein is a marker of mature oli-
godendrocytes. Chronic social frustration stress can cause
changes in the plasticity of ventral hippocampal myelin, but
this effect depends on genetic background [151].

3. Role of Brain-Derived Neurotrophic
Factor in Depression

The neurotrophic factor and neurogenesis hypotheses con-
nect BDNF with plasticity and depression. Clinical studies
have shown that plasma BDNF levels are reduced in patients
with depression [152], and antidepressant treatment can
increase BDNF levels [153]. BDNF is an indispensable factor
in the antidepressant effects of ketamine [154]. BDNF plays
an important role in regulating hippocampal plasticity.
BDNF regulates LTP in the hippocampus by enhancing syn-
aptic responses [155]. In addition, BDNF also affects the
expression of monoamine genes in the hippocampus [156].
Current studies have mainly focused on BDNF and its
precursor (proBDNF) and mature forms (mBDNF) [157].
CUMS caused a decrease in the BDNF/proBDNF ratio in
the rodent’s hippocampus: BDNF rescued CUMS-induced
behaviors and spine loss, while proBDNF resulted in a
decrease in spine density [158]. The high-affinity receptor
of BDNF is tropomyosin receptor kinase B (TrkB), which
has low affinity for p75 [159]. Furthermore, BDNF activates
multiple signaling pathways (Figure 1). Therefore, in this sec-
tion, we focus on these signaling pathways and discuss the
role of the BDNF signaling pathway in hippocampal plastic-
ity in depression and antidepressant drugs.

3.1. Mitogen-Activated Protein Kinase (MAPK) Pathway.
After binding to TrkB, BDNF phosphorylates Shc and alters
the conformation of the TrkB-Shc complex [160]. Phos-
phorylated Shc then acts on the downstream growth factor
receptor-bound protein 2 (GRB2) and the son of sevenless
(SOS), which in turn activate the MAPK signaling pathway,
leading to ERK1/2 phosphorylation [161]. BDNF may
increase nuclear CREB activity through 2 main pathways:
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p38 phosphorylation and 90 kDa ribosomal S6 kinase
(p90RSK) phosphorylation [162, 163]. CREB is an important
hub in neuroplasticity and neuroprotection [164]. Many
examples of antidepressants work through the BDNF/MAPK
pathway. For example, the plant Centella asiatica supposed
to have antidepressant properties improves the memory of
chronic electrical stress rats (increased hippocampal BDNF
levels) via the BDNF/TrkB/ERK pathway [165]. The plant
Angelica sinensis plays a neuroprotective effect through
the BDNF/CREB/p90RSK signaling pathway [162]. Imip-
ramine, a selective inhibitor of monoamine reuptake, can
exert neuroprotective effects via the BDNF/MAPK/Bcl-2
pathway [166].

3.2. Phospholipase Cγ (PLCγ). Activated PLC hydrolyzes the
membrane component phosphatidylinositol 4,5-bispho-
sphate (PIP2) to produce a second messenger inositol tri-
phosphate (IP3). IP3 promotes the release of Ca2+ from the
cellular calcium reservoir and increases the concentration

of Ca2+ in the cytoplasm. Ca2+ then binds to calmodulin
(CAM) to transmit the signal. The signal transduction mole-
cule downstream of the Ca2+/M complex is a protein kinase
that can be activated by the Ca2+/CAM complex called
CAM-dependent protein kinase [167]. One study showed
that the TrkB/PLC pathway mediated mouse hippocampal
LTP and regulated CREB activity [168].

3.3. Phosphoinositide 3-Kinase (PI3K) Pathway. Activated
PI3K can catalyze the production of phosphatidylinositol
3,4,5-triphosphate (PIP3). PIP3 activates AKT by binding
to its pleckstrin homology (PH) domain and can also activate
AKT by activating 3-phosphoinositide-dependent protein
kinase 1 (PDK1) [169]. BDNF has been reported to inhibit
autophagy through the PI3K-Akt signaling pathway [170].

Most studies on downstream molecules of the BDNF-
mediated PI3K-Akt signaling pathway have focused on mam-
malian target of rapamycin (mTOR). The BDNF/mTOR sig-
naling pathway is involved in the rapid antidepressant
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Figure 1: Diagrams of the BDNF-relevant signaling pathways. BDNF: brain-derived neurotrophic factor; ER: endoplasmic reticulum; TrkB:
tropomyosin receptor kinase B; PLC: phospholipase C; IP3: inositol triphosphate; CAM: calmodulin; CAMK: CAM-dependent protein
kinase; p90RSK: 90 kDa ribosomal S6 kinase; ERK1/2: extracellular-regulated kinase 1/2; PI3K: phosphoinositide 3-kinase; AKT: protein
kinase B; mTOR: mammalian target of rapamycin; CREB: cAMP-response element binding protein; JNK: c-Jun N-terminal kinase; Bax:
Bcl-2-associated X protein ; NF-κB: nuclear factor-κB; IκB: an inhibitor of NF-κB.

6 Neural Plasticity



mechanism of the antidepressant drug ketamine [154], and
ketamine enhances the structural plasticity of dopaminergic
neurons through the AMPA receptor-driven BDNF/mTOR
signaling pathway [171]. S 47445 (positive allosteric modu-
lator of AMPAR) reduced the motor activity of olfactory
bulb-excised mice, showing an antidepressant effect, and
reversed the changes in the expression of BDNF/mTOR
[172]. Hypidone hydrochloride (YL-0919) showed a faster
antidepressant effect than fluoxetine and also reversed the
activity of BDNF/mTOR signaling and some key synaptic
proteins [173]. Sulforaphane can play an antidepressant
effect in chronic mild stress mice and can block the elevation
of corticosterone, corticotropin, IL-6, and TNF-α in serum
of mice [174]. The antidepressant effect of sulforaphane
may be through inhibition of the HPA axis and inflamma-
tory response. Furthermore, sulforaphane can reverse the
decrease of BDNF and dendritic spine density in depressed
mice [175]. Knockdown of hyperpolarization-activated cyclic
nucleotide-gated channel 1 (HCN1) increased the excitability
of cells in the mouse CA1 region, resulting in showing an
antidepressant phenotype [176]. Inhibition of HCN1 can
reduce depression and improve learning ability in rats
[177]. These effects are all related to the upregulation of
the BDNF/mTOR signaling pathway and synaptic trans-
mission. Studies on the binding of mTOR with different
proteins to form functional polymer complexes suggested
that BDNF/mTOR1 can be used as a research focus for
a new generation of antidepressant drugs [178]. The
BDNF/mTOR1 signaling pathway may be the target of the
antidepressant effect of traditional prescriptions (lily bulb
and Rehmannia decoction) [179].

4. Caloric Restriction as a Putative
Treatment in Depression

The antidepressant effect of CR has been confirmed in rodent
depression models (Figure 2). During aging, neuroinflamma-
tion and oxidative stress increase in the hippocampus, and
synaptic plasticity and neurogenesis decrease, but these
adverse reactions can be alleviated by CR [180]. CR reduces
cell death in the hippocampal CA3 area after kainate admin-
istration [181]. At the genetic level, CR reduces basic DNA
loss [182] and affects the expression of genes associated with
synaptic plasticity in the hippocampal CA1 and CA3 region
[183]. CR can stabilize the gene expression of presynaptic
proteins [184] and prevent the reduction in key synaptic pro-
teins in the CA3 [185]. In terms of neuroendocrine, CR
increased the expression of adiponectin in rodent adipose tis-
sue and blood adiponectin levels [186]. Patients with BD
often have decreased plasma adiponectin levels [187]. Adipo-
nectin and antidepressant drugs can improve the symptoms
of depression [188]. Adiponectin has a beneficial effect in
fighting neuroinflammation [189] and also plays an impor-
tant role in the remodeling and neurogenesis of dendrites
and dendritic spines of mouse hippocampal neurons [190].
All of these factors have beneficial effects on depression. Fur-
thermore, CR can also lead to reduced leptin levels [191].
There have been different research results on the relationship
between leptin and depression. Studies have shown that

patients with depression have reduced leptin levels [192],
and the same conclusions have been reached in animal
models of depression [193]. However, in another study, it
was found that patients withMDD had increased leptin levels
[194]. Leptin is considered to be a proinflammatory factor,
and the reduced level caused by CRmay have a positive effect
on depression [195]. CR also increases hippocampal synaptic
plasticity by changing the morphology and function of astro-
cytes [196]. A study has confirmed that CR can preserve LTP
that is lost in the hippocampus of aging rats [197]. cAMP and
its response element-binding protein CREB are involved in
the CR-mediated regulation of plasticity [198]. However,
the regulation of plasticity by CR is bidirectional, as long-
term CR decreased hippocampal neurogenesis and granulosa
cell density [199] and leads to reduced levels of some lipids in
the DG, impairing spatial memory [200], whereas short-term
CR has beneficial effects on hippocampal plasticity. Proteo-
mics analysis showed that CR could improve glutamate dis-
orders, impaired protein synthesis, and mitochondrial
dysfunction [201].

Depression may be related to impaired hippocampal
mitochondrial plasticity, which is restored by antidepressant
treatment [202]. Mitochondria contribute to increasing den-
dritic spines, synapse regeneration, and synaptic plasticity
[203]. When mitochondria increase synaptic plasticity,
BDNF levels increase [204]. Chronic stress leads to mito-
chondrial dysfunction and mitochondrial protein imbalance
[205]. Importantly, LTP requires a rapid burst and fission
of dendritic mitochondria [206]. In terms of treatment, phys-
ical exercise can improve posttraumatic stress disorder
through an increase in hippocampal mitochondrial function
[207]. Mitochondria are associated with BDNF-mediated
synapses and vascular plasticity in ECT [208].

5. Conclusion

Different degrees of hippocampal plasticity changes have
been observed in clinical depression patients and rodent
depression models (Figure 3). BDNF plays a central role in
hippocampal neuroplasticity, and a variety of changes
involve the activation or inhibition of the BDNF signaling
pathways. The downstream mTOR signaling pathway has
received widespread attention since it was discovered to have
a role in the antidepressant mechanism of ketamine. BDNF
also promotes neurogenesis and remodeling of synaptic mor-
phology and structure through the activation of the mTOR
signaling pathway. However, due to the many side effects of
ketamine and the fact that the direct activation or inhibition
of the mTOR signaling pathway may have adverse effects on
humans, the research on mTOR has been restrained to a cer-
tain extent. However, this does not affect its potential as a
new generation, fast-acting antidepressant treatment target.
The positive effects of CR on a variety of neurological dis-
eases (including depression) have been confirmed. Because
CR has almost no side effects and is simple to perform, it does
not burden patients further with discomfort or treatment
costs. CR may be used as a physical form of clinical antide-
pressant treatment in the future and support other antide-
pressant treatments to further reduce the suffering of
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patients with depression. However, the deeper molecular and
cellular mechanisms of CR need to be further explored, and
its possible defects should be clarified.
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Microglia activation contributes to Alzheimer’s disease (AD) etiology, and microglia migration is a fundamental function during
microglia activation. The repressor element-1 silencing transcription factor (REST), a powerful transcriptional factor, was found
to play a neuroprotective role in AD. Despite its possible role in disease progression, little is known about whether REST
participates in microglia migration. In this study, we aimed to explore the function of REST and its molecular basis during
microglia migration under Aβ1-42-treated pathological conditions. When treated by Aβ1-42 REST was upregulated through
JAK2/STAT3 signal pathway in BV2 cells. And transwell coculture system was used to evaluate cell migration function of
microglia-like BV2. Small interfering RNA (siRNA) targeting progranulin (PGRN) were delivered into BV2 cells, and results
showed that PGRN functions to promote BV2 migration. REST expression was inhibited by sh-RNA, which induced BV2 cell
migration obviously. On the contrary, REST was overexpressed by REST recombinant plasmid transfection, which repressed
BV2 cell migration, indicating that REST may act as a repressor of cell migration. To more comprehensively examine the
molecular basis, we analyzed the promoter sequence of PGRN and found that it has the potential binding site of REST.
Moreover, knocking-down of REST can increase the expression of PGRN, which confirms the inhibiting effect of REST on
PGRN expression. Further detection of double luciferase reporter gene also confirmed the inhibition of REST on the activity of
PGRN promoter, indicating that REST may be an inhibitory transcription factor of PGRN which governs microglia-like BV2
cell migration. In conclusion, the present study demonstrates that transcription factor REST may act as a repressor of microglia
migration through PGRN.

1. Introduction

Alzheimer’s disease, the first leading cause of senile demen-
tia, is characterized by amyloid-β deposition and tau hyper-
phosphorylation. Increasing evidence indicates that over
activation of microglia plays an important role in the devel-
opment of Alzheimer’s disease [1]. Microglia, the resident
immune cell of the brain, are considered to be the first line
defense and respond quickly to infectious, inflammatory,

and pathophysiological stimuli [2, 3]. As the guardian of
the central nervous system, microglia are constantly sam-
pling their environment to maintain homeostasis and
respond to immune challenges [4].

The migration of microglia is mediated by the interaction
of chemokine and its receptor. Previously published data
showed that progranulin (PGRN), a multifunctional growth
factor expressed in various tissues, may act as a chemoattrac-
tant for microglia that over expression of progranulin in
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C57BL/6 mice lead to an increase of microglia around the
injection site, and progranulin alone was sufficient to pro-
mote migration of primary mouse microglia in vitro [5].

The repressor element-1 silencing transcription factor
(REST/NRSF) is a master transcriptional factor which played
an important role in neurogenesis and neurodegenerative
diseases. In the aging human brain, REST potently protects
neurons from oxidative stress and amyloid β (Aβ) toxicity,
while in AD brain, neuronal REST is lost from the nucleus
resulting in the decline of cognitive function [6]. Abundance
of study was focused on neuronal REST while function of
REST in microglia remains unknown.

In this study, we reported that Aβ-induced REST upreg-
ulation in microglia-like BV2 cells and microglial REST
represses migration. And we further show that REST regu-
lated microglia migration through PGRN.

2. Methods

2.1. Preparation of Aggregated Aβ1-42. It is generally believed
that oligomer Aβ is more toxic than fibrillary Aβ. Therefore,
in recent years, the research on the pathogenesis of AD is
mainly based on oligomer Aβ stimulation. However, due to
the poor stability of the oligomer Aβ which is easy to trans-
form into fibrillary Aβ [1], the operation time window
in vitro is relatively short of oligomer Aβ. So, in this study,
fibrillary Aβ1-42 was choosing to stimulate BV2 cells. And
aggregated Aβ1-42 was formed as previously described [7].
Synthetic human Aβ1-42 peptides (ChinaPeptides, Shanghai,
China) were dissolved in 0.4% DMSO-water to a concentra-
tion of 100μM, then incubated at 37°C for 72h to form fibril-
lary Aβ1-42. Fibrillary Aβ1-42 was frozen at -80°C for storage.

2.2. Cell Culture. BV-2 cells (Saiqi, Shanghai, China), PC12
cells (Chinese Academy of Sciences, Shanghai, China), and
293T cells (Chinese Academy of Sciences, Shanghai, China)
were cultured in a humidified incubator with 5% CO2 at
37°C. The culture medium was Dulbecco’s modified Eagle
medium (Gibco, New York, America) supplemented with
5% low-endotoxin fetal bovine serum (Gibco, New York,
America), 100 units/ml penicillin (Gibco, New York, Amer-
ica), and 100μg/ml streptomycin (Gibco, New York,
America).

2.3. Transwell Migration Assay. BV-2 cells (3:5 × 10 [4]) were
seeded in the inserts of transwells (Corning Costar Corp.,
Cambridge, MA, USA, 8.0μm pore size). The transwell assay
was performed as described. The insert was transferred into a
well containing serum-free DMEMwith or without Aβ1-42 in
the lower compartment and incubated for 24 h in 5% CO2 at
37°C. Microglia that migrated to the lower surface were
stained with Gentian Violet. Images were taken from four
random fields with a florescent microscope at 4x magnifica-
tion. The number of microglia on the lower surface of the
insert was quantified. The experiments were repeated at least
three times.

2.4. Plasmid Transfection. BV-2 cells were replanted 24 hours
before transfection in 2ml of fresh culture medium in a 6-
well plastic plate. Plasmid were transfected when the cell den-

sity reached 70-80% by Lipofectamine 3000 (Thermo Fisher
Scientific) according to the manufacturer’s instructions.
Before transfection, DMEM was removed and instead by
Opti-MEM media. BV-2 cells were transfected with
2500 ng/well of the plasmid pCMV6XL4+sh-REST (Bio-link,
Shanghai, China). Alternatively, the mock plasmid pcDNA
3.1 (Bio-link, Shanghai, China) was used as a control instead
of the sh-REST plasmid. Six hours after transfection Opti-
MEM media was removed, and BV-2 cells were culture for
48 h in DMEM before collecting for further Western blotting
or qPCR.

2.5. Western Blotting. Before harvest, BV-2 cells were
washed with cold PBS and then lysed with lysis buffer
containing protease inhibitors for 30min on ice. The sam-
ples were centrifuged at 12000 rpm, 4°C for 15min. Then,
the protein concentrations were determined by using a
BCA protein assay kit (Beyotime Insititute of Biotechnol-
ogy, Haimen, China). Proteins were electrophoresed using
sodium dodecyl sulfate/polyacrylamide gel electrophoresis
(SDS-PAGE Bio-Rad, CA, USA) and transferred electro-
phoretically to PVDF membranes. Then, the membranes
were blocked with 5% skim milk at room temperature
(RT) for 1 h and were incubated with primary antibodies
overnight at 4°C. Subsequently, membranes were washed
and incubated with the appropriate HRP-conjugated sec-
ondary antibodies at room temperature for 1 h. Finally,
membranes were washed and detected with enhanced
chemiluminescence. Primary antibodies were as follows:
anti-β-tubulin (1 : 2000; Sangon Biotech, China), anti-
REST (1 : 1000; Abcam, USA) [8], anti-lambin 1 (1 : 2000,
Proteintech, China), Jak2 (1 : 5000, Abcam, USA), p-JAK2
(1 : 1000, abcam, USA), STAT3 (1 : 1000, Abcam, USA),
p-STAT3 (1 : 1000, Abcam, USA), PGRN (1 : 1000; R&D
systems, USA), and lamin B1 (1 : 1000, Abcam, USA).

2.6. qPCR. Total RNA was isolated from the BV2 cells using
Trizol Reagent (Invitrogen Life Technologies, Carlsbad, CA,
USA) according to the manufacturer’s protocol. 1mg of
RNA was reverse-transcribed to cDNA using PrimeScript™
RT reagent Kit (TaKaRa Bio Inc., Beijing, China). Quantita-
tive RT-PCR analysis was performed using a SYBR Green
PCR Kit (KAPA Biosystems, South Africa) with 1μl of cDNA
template in 20μl reaction mixture. Results were analyzed
using the comparative CT method. Data are expressed
throughout the study as 2−ΔΔCT for the experimental gene
of interest normalized to β-actin [9]. The gene specific
primer pairs were as follows: mouse REST gene forward 5′
-GGCAGATGGCCGAATTGATG-3′ and reverse 5′-CTTT
GAGGTCAGCCGACTCT-3′; β-actin gene forward 5′
-ATCATGTTTGAGACCTTAAA-3′ and reverse 5′-CATC
TCTTGCTCGAAGTCCA-3′.

2.7. Dual Luciferase Assay Experiments. PGRN 3′ UTR
(2000 bp) containing REST target sequences was amplified
from the BV-2 DNA with primers (forward: 5′-CGGGGT
ACCCAGCCTGGTCTACAAAGTGAG-3′; reverse: 5′
-GAAGATCTCTGGCGGTCAGCTCCAGG-3′) and cloned
into pGL3 Luciferase Reporter Vectors (Promega, Madison,
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USA). pRL-TK-SV40 control plasmid was used as internal
control. 293T cells were replanted in a 24-well plate. When
the cell fusion degree reached 70%, REST constructed plas-
mids; the GRN gene promoter plasmids and the control plas-
mid PRL TK were cotransfected (pGL3 basic recombinant
plasmid : PRL TK control plasmid transfection amount =
10 : 1). Luciferase activity was detected with a Dual-Luciferase
Reporter Assay System (Promega, Madison, USA) 48h after
transfection. Luciferase reporter activity in relative light units
(RLU) was expressed as firefly-to-renilla ratio.

2.8. Statistical Analysis. For the analysis among more than
two experimental conditions, one-way ANOVAwith Tukey’s
post hoc test was used, whereas for the analysis between two
experimental groups, unpaired Student’s t test was used. p
< 0:05 was considered statistically significant.

3. Results

3.1. The Promoting Effect of PGRN on Migration of BV-2
Cells. To explore the mechanism of microglia migration,
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Figure 1: PGRN promotes BV-2 cell migration. (a–c) Different concentration of Aβ1-42 (0-5μM) contained in DMEM did not induced
significant BV-2 cell migration. (d, e) Knocking down PGRN by siRNA repressed BV-2 cell migration. KD: knock down. ∗p < 0:05, ∗∗p <
0:01.

3Neural Plasticity



in vitro transwell coculture system of BV-2 cells and PC12
was performed. In the transwell system, BV-2 cells were
seeded in on the upper insert, and cell migration was ana-
lyzed by crystal violet staining. Results showed that DMEM
cell culture medium in the bottom dish with different con-
centration of Aβ1-42 did not cause a significant increase in
the transmigration (Figures 1(a) and 1(b)). And PC12 cells
cultivated in bottom dish treated with different concentration
of Aβ1-42 induced transmigration of BV2 cells significantly
(Figures 1(a) and 1(c)). These results indicated that com-
pared with Aβ1-42 itself, impaired neurons are more likely
to promote microglia migration.

Existing studies confirmed that PGRN may act as a che-
moattractant to promote microglia migration [2]. In order
to verify the effect of PGRN on the migration of microglia,
small interfering RNA (siRNA) targeting PGRN were deliv-
ered into BV2 cells in the upper transwell dishes. Results were
shown in Figures 1(d) and 1(e) that compared with the con-
trol group, silencing PGRN has repressed BV2 cell migration
significantly, indicating the effect of PGRN on promoting
BV-2 cell migration.

3.2. Aβ1-42 Induced REST Expression through JAK2/STAT3
Pathway. Previous work established that REST is a master
transcription factor of neurogenesis, which plays an impor-
tant role in neuron. And Ilaria Prada’s work found that, in
microglia, REST is highly expressed in the nucleus [10]. In
this study, when BV-2 cells were treated with Aβ1-42, REST
mRNA and protein expression was upregulated with the
increase of concentration of Aβ1-42 (Figures 2(a) and 2(b)),
which indicated that REST may involve in Aβ-induced acti-
vation of microglia.

Meanwhile, a significant induction of JAK2 and STAT3
phosphorylation were observed when BV-2 cells were treated
with Aβ1-42 although JAK2 and STAT3 total protein level did
not change significantly (Figures 3(a)–3(d)), which was con-
sistent with previous researches [11, 12]. In order to verify
whether the increase of REST expression is induced by
JAK2/STAT3 pathway, we treated BV-2 cells with Aβ1-42,
and meanwhile, different concentrations of JAK2/STAT3
pathway-specific inhibitor WP1066 was added, and then,
REST protein level was analyzed by Western blotting. The
results showed that compared with the control group, REST
in BV-2 cells treated with Aβ1-42 was upregulated which
was consisting with previous data. And with the existing of
WP1066 at 4μM or 6μM, Aβ1-42-induced REST upregula-
tion was inhibited (Figures 3(e) and 3(f)), which suggested
that Aβ1-42 might induce REST upregulation through JAK2/-
STAT3 pathway.

3.3. REST Repressed BV2 Cell Migration. In order to study the
effect of REST on the migration function of BV-2 cells, sh-
RNA was used to knock down REST in BV-2 cells in a trans-
well migration assay. As shown in Figures 4(a) and 4(b) that
REST was downregulated about 75% compared with the con-
trol group by treatment with sh-RNA. And knocking down
of REST induced BV2 cell migration (Figure 4(d)). This
result indicated that REST may act as a repressor of BV-2 cell
migration. On the contrary, when REST was overexpressed
by recombinant plasmid, BV-2 cell migration was repressed
significantly (Figures 4(c) and 4(e)).

3.4. REST Repressed PGRN Expression. The previous experi-
mental results confirmed the inhibition of REST on cell
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migration [13]. Since REST is a powerful transcription factor
regulating various neural functions, we speculated REST
might inhibit the migration of BV-2 cells by silencing the
expression of PGRN. Searching from JASPAR database
(http://jaspar.genereg.net/), putative REST binding
sequences in genomic regions upstream of the PGRN gene
coding sequences was identified (Figure 5(a)).

In order to verify the regulatory effect of REST on PGRN,
Western blotting was performed to analyze PGRN expres-
sion when REST was knocked down by sh-RNA transfection
and overexpressed by REST recombinant plasmid transfec-

tion. Results were shown in Figures 5(b) and 5(c) that knock-
ing down of REST induced PGRN protein while
overexpression of REST leads to downregulation of PGRN.
And, meanwhile, PGRN in culture supernatant PGRN pro-
tein level was upregulated when REST was knocked down
(Figure 5(b)). Ultimately, these observations suggest that
REST may repress PGRN expression and secretion.

3.5. REST Repress PGRN Promoter Activity. To more com-
prehensively examine the molecular mechanism of PGRN
transcription regulation by REST, dual-luciferase reporter
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gene assay was performed. The first base of the transcription
start site (TSS) of PGRN was numbered +1, and 2000 BP
(-1959~+41) upstream of TSS was selected as the promoter.
Then, using BV-2 cell genomic DNA as template, we cloned
the 5′ noncoding region (-1959~+41, PGRN promoter) of
PGRN gene, and then, we insert the PGRN promoter into
pGL3. Basic plasmid. Results were shown in Figure 5(d) that
the luciferase activity of PGRN promoter transfected cells
was significantly higher than that of the control group, which
means gene segment we had cloned from BV-2 cells contains
the functional region of PGRN promoter.

To investigate whether PGRN transcriptional activity
could be regulated by REST, REST recombinant plasmid
and PGRN promoter plasmid were cotransfected into 293T
cells, and then, changes of luciferase activity were examined.

Results were shown in Figure 5(e) that compared with the
control group, overexpression of REST reduced luciferase
activity significantly, which means that REST may repress
PGRN promoter transcriptional activity.

4. Discussion

Overactivation of microglia is closely related to the progres-
sion of Alzheimer’s disease, and microglial migration plays
an important role in the activation of microglia. In Alzhei-
mer’s disease, microglial migration towards soluble Aβ is
an important process of phagocytosis [14]. Furthermore,
microglia migrate to senile plaques constituting a barrier
which prevents outward plaque expansion and limits inward
accumulation of protofibrillar Aβ aggregates [15]. Besides,
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synaptic pruning function of microglia is also carried out in a
migration-dependent manner [16, 17]. And when neuronal
damage occurs, the migration function facilitates microglial
phagocytosis of unwanted self-debris, which is critical to
maintain homeostasis in the brain [18, 19]. In this study,
transwell system was used to explore the role of REST on
Aβ-induced microglial migration, and our data suggested
that REST repressed microglial migration through PGRN.

Microglial migration is regulated by many mechanisms;
some of which promote migration while others inhibit
migration. Microglial migration is dependent on interaction
between cell surface receptors and diverse external stimuli.
The mechanisms related to the microglial migration have
been studied, including P2Y receptor-mediated Ca(2+) sig-

nalling [20], calcium-dependent purinergic signalling [21],
TRPM7 and KCa2.3/SK3 channels [22], and TREM2/β-
catenin signaling pathway [23]. It has been reported that
ATP released from injured neurons and nerve terminals
can affect the motor ability of microglia. ATP/ADP can
induce the chemotaxis of microglia through P2Y12 or
P2Y13 receptors [24]. In this study, REST was observed as
a suppressor of migration.

REST is a powerful transcription factor which binds to a
conserved 23 bp DNA motif known as repressor element 1
(RE1) blocking transcription of downstream genes [25]. Pre-
vious work established that REST also participates in cell
migration and plays diverse roles both in the physiological
and pathological condition. Mandel et al. have reported that
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REST blocks radial migration during neurogenesis [13]. And
in medulloblastoma (MB), REST is elevated promoting MB
cell migration [26]. Beyond that, in glioblastoma (GBM)
downregulation of REST by siRNA silencing could inhibit
the migration of GBM cells [27]. Up to now, the role of REST
in microglial migration in Alzheimer’s disease is unclear. In
this study, a significant induction of JAK2 and STAT3 phos-
phorylation were observed when BV-2 cells were treated with
Aβ1-42, and with the existing of WP1066, Aβ1-42-induced
REST upregulation was inhibited, which suggested that
Aβ1-42 might induce the increase of REST expression
through JAK2/STAT3 pathway. And knocking-down of
REST weakened the migration of BV2 cells, which indicated
that REST may have played a role of repressor during Aβ1-42-
induced BV-2 cell migration.

In addition to REST, progranulin (PGRN) also regu-
lates microglial migration. PGRN is a secreted glycoprotein
expressed in peripheral organs and the central nervous
system, which was reported to implicate in embryonic
development, tumorigenesis, wound defense, and inflam-
mation, and PGRN was proved to promote cell migration
as well. Previous work established that PGRN promotes
migration of epithelial ovarian cancer cells [28], breast
cancer cells [29], and H. pylori infected gastric cell migra-
tion [30]. In this study, PC12 cells stimulated by Aβ1-42
were observed to promote microglial migration, which
was consisting with previous study. And PGRN-specific
siRNA was used to knockdown PGRN, which results in
decreased BV2 cell migration. These data showed that
PGRN can promote BV2 cell migration under the condi-
tion of treatment with Aβ1-42. This observation was not
surprising as previously published data showed that PGRN
acts as a chemoattractant in the brain to recruit or activate
microglia [2].

By analyzing the promoter sequence of PGRN, we found
that it has the potential binding site of REST. Moreover, the
knockdown of REST can increase the expression of PGRN,
which confirms the inhibiting effect of REST on PGRN. Fur-
ther detection of double luciferase reporter gene also con-
firmed the inhibition of REST on the activity of PGRN
promoter, indicating that REST may be an inhibitory tran-
scription factor of PGRN which governs microglia-like BV2
cell migration. In conclusion, the present study demonstrates
that PGRN can promote microglia migration and transcrip-
tion factor REST may act as a repressor of microglia migra-
tion through PGRN.

5. Conclusions

Our findings raise the possibility that Aβ1-42-induced REST
expression has a repressing effect on BV-2 cell migration
through PGRN.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon reasonable request.

Disclosure

Tongya Yu, Yingying Lin, and Yuzhen Xu are co-first
authors.

Conflicts of Interest

The authors declare that they have no competing interests.

Authors’ Contributions

Tongya Yu, Yingying Lin, and Yuzhen Xu contributed
equally to this work.

Acknowledgments

This work was supported by grants from the National Natu-
ral Science Foundation of China (81771131), the Major Pro-
jects of Science and Technology Commission of Shanghai
Municipality (17411950100), and Shanghai Municipal Key
Clinical (shslczdzk06102).

References

[1] T. Yu, H. Quan, Y. Xu et al., “Aβ-induced repressor element 1-
silencing transcription factor (REST) gene delivery suppresses
activation of microglia-like BV-2 cells,” Neural Plasticity,
vol. 2020, Article ID 8888871, 8 pages, 2020.

[2] Q. Wang, W. Yang, J. Zhang, Y. Zhao, and Y. Xu, “TREM2
overexpression attenuates cognitive deficits in experimental
models of vascular dementia,” Neural Plasticity, vol. 2020,
Article ID 8834275, 10 pages, 2020.

[3] X. Du, Y. Xu, S. Chen, and M. Fang, “Inhibited CSF1R allevi-
ates ischemia injury via inhibition of microglia M1 polariza-
tion and NLRP3 pathway,” Neural Plasticity, vol. 2020,
Article ID 8825954, 11 pages, 2020.

[4] Q. Wang, Y. Xu, C. Qi, A. Liu, and Y. Zhao, “Association study
of serum soluble TREM2 with vascular dementia in Chinese
Han population,” The International Journal of Neuroscience,
vol. 130, no. 7, pp. 708–712, 2020.

[5] F. Pickford, J. Marcus, L. M. Camargo et al., “Progranulin is a
chemoattractant for microglia and stimulates their endocytic
activity,” The American Journal of Pathology, vol. 178, no. 1,
pp. 284–295, 2011.

[6] T. Lu, L. Aron, J. Zullo et al., “REST and stress resistance in
ageing and Alzheimer's disease,” Nature, vol. 507, no. 7493,
pp. 448–454, 2014.

[7] D. Roy, G. J. Steyer, M. Gargesha, M. E. Stone, and D. L. Wil-
son, “3D cryo-imaging: a very high-resolution view of the
whole mouse,” Anatomical Record, vol. 292, no. 3, pp. 342–
351, 2009.

[8] Y. Xu, Q.Wang, Z.Wu et al., “The effect of lithium chloride on
the attenuation of cognitive impairment in experimental hypo-
glycemic rats,” Brain Research Bulletin, vol. 149, pp. 168–174,
2019.

[9] Y. Xu, Q. Wang, D. Li et al., “Protective effect of lithium chlo-
ride against hypoglycemia-induced apoptosis in neuronal
PC12 cell,” Neuroscience, vol. 330, pp. 100–108, 2016.

[10] I. Prada, J. Marchaland, P. Podini et al., “REST/NRSF governs
the expression of dense-core vesicle gliosecretion in

8 Neural Plasticity



astrocytes,” The Journal of Cell Biology, vol. 193, no. 3, pp. 537–
549, 2011.

[11] M. Eufemi, R. Cocchiola, D. Romaniello et al., “Acetylation
and phosphorylation of STAT3 are involved in the responsive-
ness of microglia to beta amyloid,” Neurochemistry Interna-
tional, vol. 81, pp. 48–56, 2015.

[12] J. Xiong, C. Wang, H. Chen et al., “Aβ-induced microglial cell
activation is inhibited by baicalin through the JAK2/STAT3
signaling pathway,” The International Journal of Neuroscience,
vol. 124, no. 8, pp. 609–620, 2014.

[13] G. Mandel, C. G. Fiondella, M. V. Covey, D. D. Lu, J. J.
Loturco, and N. Ballas, “Repressor element 1 silencing tran-
scription factor (REST) controls radial migration and tempo-
ral neuronal specification during neocortical development,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 108, no. 40, pp. 16789–16794, 2011.

[14] Y. Fang, J. Wang, L. Yao et al., “The adhesion and migration of
microglia to β-amyloid (Aβ) is decreased with aging and
inhibited by Nogo/NgR pathway,” Journal of Neuroinflamma-
tion, vol. 15, no. 1, p. 210, 2018.

[15] C. Condello, P. Yuan, A. Schain, and J. Grutzendler, “Microg-
lia constitute a barrier that prevents neurotoxic protofibrillar
Aβ42 hotspots around plaques,” Nature Communications,
vol. 6, no. 1, article 6176, 2015.

[16] H. Kettenmann, F. Kirchhoff, and A. Verkhratsky, “Microglia:
new roles for the synaptic stripper,” Neuron, vol. 77, no. 1,
pp. 10–18, 2013.

[17] C. N. Parkhurst, G. Yang, I. Ninan et al., “Microglia promote
learning-dependent synapse formation through brain-derived
neurotrophic factor,” Cell, vol. 155, no. 7, pp. 1596–1609, 2013.

[18] A. F. Lloyd, C. L. Davies, and V. E. Miron, “Microglia: origins,
homeostasis, and roles in myelin repair,” Current Opinion in
Neurobiology, vol. 47, pp. 113–120, 2017.

[19] M. Fricker, A. Vilalta, A. M. Tolkovsky, and G. C. Brown,
“Caspase inhibitors protect neurons by enabling selective
necroptosis of inflamed microglia,” The Journal of Biological
Chemistry, vol. 288, no. 13, pp. 9145–9152, 2013.

[20] A. Langfelder, E. Okonji, D. Deca, W. C. Wei, and M. D.
Glitsch, “Extracellular acidosis impairs P2Y receptor-
mediated Ca(2+) signalling and migration of microglia,” Cell
Calcium, vol. 57, no. 4, pp. 247–256, 2015.

[21] A. Sunkaria, S. Bhardwaj, A. Halder, A. Yadav, and R. Sandhir,
“Migration and phagocytic ability of activated microglia dur-
ing post-natal development is mediated by calcium-
dependent purinergic signalling,” Molecular Neurobiology,
vol. 53, no. 2, pp. 944–954, 2016.

[22] T. Siddiqui, S. Lively, R. Ferreira, R. Wong, and L. C. Schlich-
ter, “Expression and contributions of TRPM7 and KCa2.3/SK3
channels to the increased migration and invasion of microglia
in anti-inflammatory activation states,” PLoS One, vol. 9, no. 8,
article e106087, 2014.

[23] H. Zheng, L. Jia, C. C. Liu et al., “TREM2 promotes microglial
survival by activating Wnt/β-catenin pathway,” The Journal of
neuroscience : the official journal of the Society for Neurosci-
ence, vol. 37, no. 7, pp. 1772–1784, 2017.

[24] P. Jiang, F. Xing, B. Guo et al., “Nucleotide transmitters ATP
and ADP mediate intercellular calcium wave communication
via P2Y12/13 receptors among BV-2 microglia,” PLoS One,
vol. 12, no. 8, article e0183114, 2017.

[25] J. A. Chong, J. Tapia-Ramírez, S. Kim et al., “REST: a mamma-
lian silencer protein that restricts sodium channel gene expres-
sion to neurons,” Cell, vol. 80, no. 6, pp. 949–957, 1995.

[26] K. Callegari, S. Maegawa, J. Bravo-Alegria, and
V. Gopalakrishnan, “Pharmacological inhibition of LSD1
activity blocks REST-dependent medulloblastoma cell migra-
tion,” Cell Communication and Signaling, vol. 16, no. 1,
p. 60, 2018.

[27] D. Zhang, Y. Li, R. Wang et al., “Inhibition of REST suppresses
proliferation and migration in glioblastoma cells,” Interna-
tional Journal of Molecular Sciences, vol. 17, no. 5, p. 664, 2016.

[28] T. Dong, D. Yang, R. Li et al., “PGRN promotes migration and
invasion of epithelial ovarian cancer cells through an epithelial
mesenchymal transition program and the activation of cancer
associated fibroblasts,” Experimental and Molecular Pathology,
vol. 100, no. 1, pp. 17–25, 2016.

[29] M. Swamydas, D. Nguyen, L. D. Allen, J. Eddy, and D. Dréau,
“Progranulin stimulated by LPA promotes the migration of
aggressive breast cancer cells,” Cell Communication & Adhe-
sion, vol. 18, no. 6, pp. 119–130, 2011.

[30] H. Wang, Y. Sun, S. Liu et al., “Upregulation of progranulin by
Helicobacter pylori in human gastric epithelial cells via
p38MAPK and MEK1/2 signaling pathway: role in epithelial
cell proliferation and migration,” FEMS Immunology and
Medical Microbiology, vol. 63, no. 1, pp. 82–92, 2011.

9Neural Plasticity



Review Article
Stress-Sensitive Protein Rac1 and Its Involvement in
Neurodevelopmental Disorders

Xiaohui Wang ,1 Dongbin Liu ,1 Fangzhen Wei ,2 Yue Li ,3 Xuefeng Wang ,3

Linjie Li ,4 Guan Wang ,5 Shuli Zhang ,6 and Lei Zhang 7

1Department of General Surgery, Xuanwu Hospital, Capital Medical University, Beijing 100053, China
2Peking University Hospital, Beijing 100870, China
3Guangwai Community Health Service Center of Xicheng District, Beijing 100055, China
4Department of Epidemiology, Emory University, Atlanta, GA, USA
5School of Pharmaceutical Sciences, Tsinghua University, Beijing, China
6State Key Laboratory of Brain and Cognitive Sciences, Institute of Biophysics, Chinese Academy of Sciences, Beijing 100101, China
7Neurological Research Unit, Staidson (Beijing) Biopharmaceuticals Co., Ltd., Beijing 100176, China

Correspondence should be addressed to Guan Wang; wangguan@bu.edu, Shuli Zhang; shulizhang@ibp.ac.cn,
and Lei Zhang; leizhang3030@hotmail.com

Received 4 July 2020; Revised 1 November 2020; Accepted 12 November 2020; Published 24 November 2020

Academic Editor: Fushun Wang

Copyright © 2020 Xiaohui Wang 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.

Ras-related C3 botulinum toxin substrate 1 (Rac1) is a small GTPase that is well known for its sensitivity to the environmental stress
of a cell or an organism. It senses the external signals which are transmitted from membrane-bound receptors and induces
downstream signaling cascades to exert its physiological functions. Rac1 is an important regulator of a variety of cellular
processes, such as cytoskeletal organization, generation of oxidative products, and gene expression. In particular, Rac1 has a
significant influence on certain brain functions like neuronal migration, synaptic plasticity, and memory formation via
regulation of actin dynamics in neurons. Abnormal Rac1 expression and activity have been observed in multiple neurological
diseases. Here, we review recent findings to delineate the role of Rac1 signaling in neurodevelopmental disorders associated with
abnormal spine morphology, synaptogenesis, and synaptic plasticity. Moreover, certain novel inhibitors of Rac1 and related
pathways are discussed as potential avenues toward future treatment for these diseases.

1. Introduction

As a member of the Ras-homologous (Rho) small GTPase
family, Rac1 is well known for its versatility in mediating
the response of cells or organisms when facing external dis-
turbances or environmental challenges, such as heat shock
[1], oxidative stress [2], mechanical stress [3], genotoxic
stress [4], hypoxic stress [5], or even higher-level mental
stress from social confrontation and fear [6–9]. In the last
decade, Rac1 has gained increased attention in the field of
neuroscience with its roles in brain structure and function

becoming more widely appreciated. It is commonly accepted
that Rac1 and related signaling pathways are prominently
involved in the maintenance and regulation of basic nervous
system functions including neurite outgrowth, neuronal
migration, synaptogenesis, synaptic plasticity, and learning
memory [10–13]. Moreover, Rac1 is believed to contribute
to the formation of addictive behavior [14]. However, not
until recently have studies revealed that Rac1 may be relevant
for certain inherited neurodevelopmental disorders, likely
due to its essential role in the regulation of neuronal cell
structure and development [15–19]. In this review, we aim
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to sketch a picture of the newly identified roles of Rac1 in
these diseases and to shed light on the potential of specific
inhibitors for Rac1 as novel therapeutics.

2. Basic Molecular Mechanism of
Rac1 Signaling

Rac1 belongs to the Rac subfamily of Rho small GTPases
(~21 kDa), whose primary function is to transduce external
signals to the inside of a cell. Rac proteins are among the
frontline responders to external stress signals [20]. To date,
three Rac proteins (Rac1–3) have been identified in verte-
brates, which share a high degree of homology in amino acid
sequences (88–92%) [21]. Rac1 participates in a wide spec-
trum of physiological processes, including actin cytoskeleton
organization, cell adhesion and migration, gene expression,
neurodevelopment, and synaptic plasticity [12, 22–24].
Rac1 was first identified in the human leukemia cell line HL-
60 as a substrate of botulinum C3 ADP-ribosyltransferase
[25, 26]. Similar to other small GTPases, Rac1 possesses a G
core domain and an effector binding domain [27]. It is
expressed in both the eukaryotic cytoplasm and the nucleus
and cycles between the GTP-bound and GDP-bound states,
marking the active and inactive forms of Rac1, respectively.
To enter the active form, the bound GDP on Rac1 is replaced
by GTP which is catalyzed by specific guanine nucleotide
exchange factors (GEFs). Conversely, bound GTP is hydro-
lyzed to GDP by GTPase-activating proteins (GAPs) to pro-
duce the inactive form of Rac1 [28, 29]. Rac1 shares an
identical amino acid sequence between murine, bovine, and
human [30, 31]. The high degree of conservation with Rac1
protein structure and its downstream signaling cascades high-
lights its physiological relevance across different species. Rac1
exerts its functional impacts mainly via a downstream effector
named p21-activated kinase (PAK). PAK directly phosphory-
lates and activates the LIM kinase (LIMK), which in turn
phosphorylates and inactivates the actin-depolymerizing fac-
tor, cofilin, leading to actin depolymerization and cytoskeleton
reorganization (Figure 1). In addition to the PAK-LIMK-
cofilin pathway, Rac1 can also act directly through the
WAVE1 and actin-related protein 2/3 (Arp2/3) complex to
regulate actin nucleation and thus cellular structure, move-
ment, and functions [32–36].

3. Rac1 and Neurodevelopmental Disorders

Given the vital role that actin dynamics plays in multiple key
physiological processes in the brain, it is no surprise that
Rac1 influences a wide variety of nervous system functions,
including synaptogenesis, neuronal migration, neurite out-
growth, synaptic transmission and plasticity, memory, and
addictive behavior formation [14, 37–41]. Aberrant Rac1
expression or activity regulation or even small alterations to
its downstream signaling may lead to severe neurodevelop-
mental disorders (Figure 2). Here, we briefly summarize
recent findings on a few hereditary neurodevelopmental dis-
orders that involve dysregulated Rac1 expression/activity,
which have not been systemically covered previously in
other reviews.

3.1. Autism Spectrum Disorders. Autism spectrum disorders
(ASD) refer to a group of neurodevelopmental disorders
characterized by impaired social interaction and communi-
cation along with restricted or repetitive behaviors [16, 42].
ASD can be diagnosed at any age; however, they are
described as developmental disorders because they become
apparent mostly in the first two years of life. A number of
high-risk genes linked to the etiology of ASD have been iden-
tified and characterized, including the Autism susceptibility
candidate 2 (AUTS2), SH3 and multiple ankyrin repeat
domains 3 (SHANK3), Ubiquitin-protein ligase E3A
(UBE3A), and Methyl-CpG-binding protein 2 (MECP2)
[19, 43–49]. Some of these autism-risk genes were recently
found to be linked to ASD via the Rac1-associated signaling
network in the brain.

The AUTS2 gene was first found to be disrupted by a de
novo balanced translocation in two monozygotic twins with
ASD [50]. It was later found to contribute to ASD by
influencing synaptogenesis and neuron migration via Rac1.
The AUTS2 protein activates Rac1 by interacting with differ-
ent GEFs, such as P-Rex-1 and Elmo2/Dock180 complex, to
promote the formation of lamellipodia in neurons [18, 43,
44]. Rac1 is also essential for AUTS2-mediated neuronal
migration and neuritogenesis in the process of corticogen-
esis. At the early stages of cerebral cortex development,
AUTS2 deficiency in mice results in retarded cortical neuro-
nal migration that can be rescued by the overexpression of
wild-type Rac1 [18, 44].

SHANK3 is another highly studied risk gene for ASD.
The link between SHANK3 haploinsufficiency and ASD has
been extensively studied in human and animal models [42,
51, 52]. SHANK3-deficient mice exhibit typical autistic cellu-
lar and behavioral phenotypes [52]. It was recently shown
that the social deficits and diminished synaptic N-methyl-
D-aspartate (NMDA) receptor function in SHANK3-defi-
cient mice resulted from actin filament disorganization,
caused by reduced Rac1/PAK activity and increased cofilin
activity in the prefrontal cortex. To support this conclusion,
it was found that both behavioral deficits and NMDA recep-
tor malfunction were rescued by restoring Rac1/PAK activity
in these mice [16, 45].

Impaired reversal learning caused by behavioral inflexi-
bility is another hallmark symptom of ASD [53]. In a recent
study with fruit flies (Drosophila melanogaster), Rac1 was a
functional converging point for multiple autism risk genes,
including Fragile X mental retardation 1 (FMR1), UBE3A,
Neurexin-1 (Nrx-1), Neuroligin-4 (Nlg4), and Tuberous scle-
rosis complex 1 (TSC1). Mutations on these genes all caused
similar autistic behavioral inflexibility related to Rac1-
dependent memory impairment, which led to impaired
reversal learning [47].

3.2. Schizophrenia. Schizophrenia is an inherited, severe psy-
chiatric disorder that is thought to be associated with distur-
bances in neural network connectivity [54, 55]. An
examination of postmortem brains from schizophrenia
patients revealed the reduced density of dendritic spines
and fewer glutamatergic synapses [56]. In the past decade,
several schizophrenia risk genes have been reported, such
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as Disrupted-in-Schizophrenia 1 (DISC1), NMDA receptor
subunit genes, Neuregulin 1/ErbB4 (NRG1/ErbB4), and
Brain-derived neurotrophic factor (BDNF), which participate
in the regulation of neuroplasticity and neural connectivity
[15, 57–60]. Rac1 functions mostly as a downstream signal-
ing hub molecule of these genes [11, 15, 57, 61].

Kalirin 7 (Kal-7) is a Rac1 GEF that was found to be tran-
scriptionally downregulated in the prefrontal cortices of
patients with schizophrenia [56]. Multiple lines of evidence
support a critical role for Kal-7 in the modulation of spine
morphology, driven mainly by the Rac1-dependent regula-
tion of actin cytoskeleton [61–63]. Kal-7 interacts with
DISC1 as a signalosome to control the duration and intensity
of Rac1 activation in response to NMDA receptor activation.
In rodent primary cortical neurons, DISC1 deficiency acti-
vates Rac1 and leads to rapid spine growth, while the overex-
pression of DISC1 suppresses Rac1 activity to reduce spine

size [15]. Kal-7 also interacts with NR2B, an NMDA receptor
subunit extensively involved in nervous system function and
neurological diseases [10, 64–66]. It was noted that the
NR2B-dependent NMDA receptor currents are diminished
in neurons lacking Kal-7 [10, 61]. Additionally, Kal-7 is also
involved in signaling cascades mediated by synaptic recep-
tors like Ephrin B (EphB), Erb-B2 receptor tyrosine kinase
4 (ErbB4), and 5-Hydroxytryptamine (serotonin) receptor
2A (5HT2A), which regulate structural and functional plas-
ticity of synapses [60, 62, 67, 68].

Like Kal-7, TIAM1 (TIAM Rac1-associated GEF 1) is a
Rac1 GEF that colocalizes with the NR1 subunit of NMDA
receptors. TIAM1 deficiency leads to reduced spine size, a
result of TIAM1 binding to NMDA receptors and induction
of local Rac1-dependent spine morphogenesis [69]. More-
over, other studies suggest that the inhibition of PAK pre-
vents the progressive synaptic deterioration in rodent
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Figure 1: Regulation and interaction of Rac1-related signaling pathways at the postsynaptic terminal. Effectors of FXS and Huntington’s
disease, such as FMRP and HTT, can directly activate or inhibit Rac1 activity to modulate its downstream signaling cascades, mainly via
the Rac1-PAK-cofilin pathway, which subsequently influences synaptic plasticity. In schizophrenia, NMDA receptors activate Kal-7 via
TIAM1, while DISC1 and NRG1/ErbB4 interact with Kal-7 to activate or inhibit Rac1. In ASD, SHANK3 directly modulates Rac1 activity,
while other effectors like AUTS2, P-Rex-1, and Elmo2/Dock180 form a complex to modulate Rac1 activity and then affect NMDA
receptor activity through the PAK pathway. In Rett syndrome, BDNF activates TrkB receptors to modulate the activity of CDKL5 and
MECP2 that further regulate the function of the Rac1-cofilin pathway. Abnormalities of these proteins in any pathways may affect
neuroplasticity and cause neurodevelopmental disorders.
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models of schizophrenia [57, 70, 71]. These studies collec-
tively demonstrate a role for Rac1 and its regulators/effec-
tors in the pathogenesis of schizophrenia, suggesting that
Rac1 and related signaling pathways can be novel thera-
peutic targets.

3.3. Fragile X Syndrome. Fragile X syndrome (FXS) is a
hereditary neurodevelopmental disability that results from
an abnormal expansion of the CGG trinucleotide repeat in
the FMR1 gene on the X chromosome. The expansion leads
to promoter hypermethylation and transcriptional silencing
that prevents the expression of FMR1 protein (FMRP). FXS
is characterized by abnormalities in dendritic spine structure,
learning disabilities, and cognitive impairment. As an X-
linked disorder, FXS occurs in males about two times more
frequently compared to females [72–77].

Rac1 is found physically and functionally associated with
FMRP. FMRP acts as a negative regulator of Rac1 synthesis
[78]. Abnormally high Rac1 activity has been observed in
the neocortices of FXS patients and animal models [79]. In
the actin ring of murine fibroblasts, Rac1 colocalizes and
interacts with FMRP and its partners, which serve as regula-
tors of Rac1-dependent actin remodeling [80]. In developing
Drosophila brains, Rac1 interacts with the homolog of FMRP
to influence the cytoskeletal dynamics and neuronal out-
growth as well as synaptic morphology at neuromuscular
junctions (NMJ). Loss-of-function mutations in FMRP
increase the number of higher-order dendritic branches.
Conversely, expression of normal FMRP dramatically
decreases dendritic branching in Drosophila dendritic arbor-
ization (DA) neurons [81]. Comery et al. generated FMR1
knockout (KO) mice and observed a larger proportion of
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Figure 2: Putative schematic of the Rac1 signaling pathways involved in different neurodevelopmental disorders. The upstream effector, such
as Kal-7, AUTS2, NMDAR, or FMRP, activates or inhibits Rac1 activity to modulate its downstream signaling cascades, primarily via the
PAK-cofilin pathway, which orchestrates neuronal cell migration, spinogenesis, and synaptic plasticity. Abnormalities in this Rac1-related
signaling complex are common features of neurodevelopmental disorders. The dashed lines indicate certain mechanisms that remain
unclear and require further investigation.
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long but thin dendritic spines in the occipital cortex with ele-
vated Rac1, similar to what was observed in humans [79].
Another study demonstrated that Rac1 expression levels are
unusually high in brain stems, hippocampi, and cortices of
3-month-old mice lacking FMR1 [78].

Rac1-related signaling pathways have also been exten-
sively investigated in FXS animal models. When Rac1 is
absent in the synapses of certain brain regions, PAK activity
is also downregulated. Partial inhibition of PAK by introduc-
ing dominant-negative PAK in mice results in a shift in the
overall spine distribution toward shorter spines with a lower
proportion of longer spines relative to wild-type neurons
[82]. Opposite phenotypes have been observed in FMR1
KO mice [78]. In a separate study, the application of a
small-molecule PAK inhibitor FRAX486 rescued most of
the FXS phenotypes in FMR1 KO mice [83]. The activity of
cofilin was also found to be suppressed in the somatosensory
cortex of FMR1 KO mice, due to the hyperactivity of Rac1
[84]. These studies revealed a previously unappreciated role
for impaired Rac1-PAK1-cofilin-LIMK1 signaling in abnor-
mal spine morphology and density associated with FXS and
pointed to Rac1 as a promising target for these specific
abnormalities.

3.4. Rett Syndrome. Rett syndrome (RTT) is a severe progres-
sive developmental intellectual disability that affects almost
exclusively girls [85, 86]. Autopsy studies of six girls that died
between the ages of 2.9 and 35 revealed excessive amounts of
immature dendrites in the motor and frontal cortices [87].
Two high-risk genes linked to RTT have been identified:
MECP2 and the X-linked cyclin-dependent kinase-like 5
(CDKL5). It was reported that mutations onMECP2 account
for ~20% of classical RTT along with 60~80% of RTT vari-
ants [88, 89], while mutations on CDKL5 were identified in
patients with the Hanefeld variant of RTT [90, 91].

In patients with MECP2 mutations, significant
decreases in spine density were observed in hippocampal
CA1 pyramidal neurons. Similarly, reductions of spine
density were observed in the motor cortices and hippo-
campi of mice lacking MECP2 [92–94], which was found
to be at least partially attributed to the deregulation of
BDNF, a protein well known for its vital role in spine
growth and synaptogenesis by binding and activating the
tropomyosin-receptor kinase B (TrkB) receptor and its
downstream signaling pathways [95–99]. Although more
evidence is needed, Rac1 has been proposed to act as a
downstream signaling effector of BDNF [100, 101]. More-
over, in the brains of RTT model mice, activation of cer-
tain Rac1 downstream proteins such as PAK and cofilin
directly activates mTOR in MECP2 mutant neurons,
which is responsible for the translational control of altered
proteins in RTT [102].

Patients with CDKL5 mutations exhibit prominent intel-
lectual disabilities. Knocking down CDKL5 in the rat brain
results in delayed neuronal migration and severely impairs
dendritic arborization. Overexpression of Rac1 rescues the
dendritic growth inhibited by CDKL5 knockdown. More-
over, CDKL5 is required for the BDNF-induced activation
of Rac1 [103, 104].

Taken together, Rac1 mediates the dendritic develop-
ment through BDNF regulation, which may be a common
mechanism in cases of RTT involving MECP2 or CDKL5
mutations. Rac1 is also responsible for the posttranslational
control of altered proteins in cases of RTT involvingMECP2
mutations. The modulation of Rac1-dependent spine devel-
opment is potentially beneficial as a treatment for RTT.

3.5. Huntington’s Disease. Huntington’s disease (HD) is a
hereditary and progressive nervous system disorder that is
caused by a CAG trinucleotide repeat expansion in the first
exon of theHTT gene, which encodes for the huntingtin pro-
tein (HTT) [105]. HD patients manifest with progressive
motor, cognitive, and emotional impairments, coupled with
abnormal spine morphogenesis in the cortex and striatum
[106–108].

Recent studies suggest that Rac1 may contribute to the
pathogenesis and symptoms of HD. In a large-scale screening
study with the yeast two-hybrid system, over 2000 HTT-
interacting proteins were analyzed. A few Rho GTPase sig-
naling components, including Rac1 and PAK2, were identi-
fied as modifiers of mutant HTT toxicity, which implicates
Rac1 and related signaling cascades in the onset of HD
[109]. Consistent with this screen, Rac1 activity was found
to be drastically enhanced in both primary human fibroblasts
lacking HTT and the striatum of 1.5-month-old HD
Q140/Q140 knock-in mice [110, 111]. Moreover, consistent
with the conventional role of Rac1 in oxidative stress, multi-
ple recent studies suggest that Rac1 modulates the generation
of reactive oxygen species (ROS) in HD models [112, 113].
Nevertheless, even though studies suggest that Rac1 is
involved in actin-dependent morphological changes of neu-
rons during the pathogenesis of HD [110], whether Rac1
contributes to the crucial early development of HD remains
unclear and requires further investigation.

4. Screening Novel Rac1 Inhibitors for the
Treatment of Neurodevelopmental Disorders

Due to the multifaceted roles that Rac1 plays in brain func-
tion and neurodevelopmental disease etiology, enormous
efforts have been made to screen for effective Rac1 inhibitors
with the hope to develop novel medications for relevant neu-
rodevelopmental diseases (Table 1). A good number of small-
molecule compounds targeting Rac1 and related signaling
pathways have been developed. NSC23766 and its derivatives
have been extensively investigated in multiple disease
models, both in vitro and in vivo. NSC23766 inhibits Rac1
activity by disrupting its physical binding with its interacting
proteins, such as GEFs, TIAM1, and triple functional domain
protein (TRIO), without affecting RhoA or Cdc42 activity.
Preclinically, NSC23766 has demonstrated positive effects
in several disease models, including in models of cancers,
cognitive disorders, brain injuries, and neurodegenerative
and kidney diseases [112–118]. Based on its structure and
characteristics, further optimization of NSC23766 has been
performed. AZA1 is a compound structurally based on
NSC23766 that has greater inhibitory potency on Rho
GTPase activity, which was shown to inhibit both Rac1 and
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Cdc42 activity in prostate cancer cells and improve the sur-
vival rate of mice bearing human prostate cancer xenografts
[119]. EHop-016 is another potent Rac inhibitor derived
from NSC23766 that targets the association between Rac1
and the Rac GEF Vav2. EHop-016 is highly effective at inhi-
biting Rac1 activity and suppressing Rac-directed lamellipo-
dia formation in MDA-MB-435 metastatic cancer cells and
MDA-MB-231 metastatic breast cancer cells [120].

Even though much work has been done to optimize
NSC23766-based molecules, a big gap still remains with fur-
ther development into clinical testing, possibly due to their
low binding capacity to the target proteins.

Unraveling the crystal structures of Rac1 and its interact-
ing proteins opened another door to identify inhibitory com-
pounds [121]. ITX3 was identified as a selective inhibitor of
TRIO and N-terminal TRIO-dependent cell structures
in vitro based on the crystal structures and characteristics
of the target proteins. However, the efficacy of ITX3 in ani-
mal models appears to be not ideal [122]. A thorough screen-
ing of the ZINC database containing more than 200,000
compounds led to the discovery of a number of novel Rac1
inhibitors. 1A-116 shows a robust antimetastatic effect by
blocking Rac GEF P-Rex-1 (PIP3-dependent Rac exchanger
1) binding to suppress Rac1 activation [123]. In addition,
ETH 1864 was identified to be a potent suppressor of Rac1a
and its GEF, TIAM1, as well as the other Rac1 isoforms,
Rac1b, Rac2, and Rac3. ETH 1864 has been demonstrated
to decrease the NMDAR current density in rat cortical neu-
rons and reduce spine density in the early stages of hippo-
campal neuronal development [124]. Consistent with this,
LTP and LTD were both abolished by the treatment of
ETH 1864 and NSC23766, respectively, on mouse hippocam-
pus slices [11]. The downstream effectors of Rac1, such as
PAK, have also been targets for novel inhibitor screening.
Through a traditional, two-part structure-activity relation-
ship approach, a series of PAK inhibitors were found in a
library of 12,000 compounds using a FRET-based assay.
Among them, FRAX486 was identified to show a potent
inhibitory effect to PAK with good PK properties and brain
penetration. The small molecule was demonstrated to reverse
the spine abnormalities seen in animal models of FXS and
schizophrenia. Behavioral phenotypes, such as hyperactivity
and repetitive movements, were also rescued after treatment
with FRAX486 [71, 83].

So far, although no small-molecule inhibitors have
moved into clinical trials, recent alternative approaches to

targeting Rac1 offer more optimism for this approach. A
polypeptide that inhibits Rac1 and a few other RhoA
GTPases is in preclinical testing with positive effects shown
on treating neurodegenerative diseases and cancer [125].
An antisense RNAi oligonucleotide drug for Kaposi’s sar-
coma developed by researchers from the University of Miami
has also been reported [126]. Although no drugs have been
tested in humans at this moment, the application of these
Rac1 inhibitors in neurodevelopmental disease models may
provide new leads for diseases featuring synaptic
abnormalities.

5. Conclusions

The dysregulation of Rac1 has been indicated in the processes
of neuronal morphogenesis, migration, and synaptic plastic-
ity in neurodevelopmental disorders such as schizophrenia,
ASD, and FXS, as highlighted in the review. Given the lack
of effective medications for these diseases, Rac1 presents an
opportunity for therapeutic intervention by targeting the
abnormalities in synaptic morphology and plasticity. Further
exploration of the expression and modulation of specific
Rac1 regulators as well as Rac1 itself under physiological
and pathological conditions will be beneficial to our under-
standing of the underlying mechanisms of these diseases as
well as the development of novel therapeutic approaches.
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Astrocytes are a major constituent of the central nervous system (CNS). Astrocytic oxidative stress contributes to the development
of Parkinson’s disease (PD). Maintaining production of antioxidant and detoxification of reactive oxygen and nitrogen species
(ROS/RNS) in astrocytes is critical to prevent PD. Study has illuminated that ascorbic acid (AA) stimulates dopamine synthesis
and expression of tyrosine hydroxylase in human neuroblastoma cells. However, the role and regulatory mechanisms of AA on
detoxification of astrocytes are still unclear. The purpose of our study is in-depth study of the regulatory mechanism of AA on
detoxification of astrocytes. We found that AA pretreatment decreased the expression of ROS and inducible nitric oxide
synthase (iNOS) in MPP+-treated astrocytes. In contrast, the expression levels of antioxidative substances—including superoxide
dismutase (SOD), glutathione (GSH), and glutamate-cysteine ligase modifier (GCLM) subunit—were upregulated after AA
pretreatment in MPP+-treated astrocytes. However, inhibition of NF-κB prevented such AA induced increases in antioxidative
substances following MPP+ treatment in astrocytes, suggesting that AA improved antioxidative function of astrocytes through
inhibiting NF-κB-mediated oxidative stress. Furthermore, in vivo studies revealed that AA preadministration also suppressed
NF-κB and upregulated the expression levels of antioxidative substances in the midbrain of MPTP-treated mice. Additionally,
pretreatment of AA alleviated MPTP-induced PD-like pathology in mice. Taken together, our results demonstrate that
preadministration of AA improves the antioxidative function of astrocytes through suppressing NF-κB signaling, following
alleviated the pathogenesis of PD which induced by MPTP. Hence, our findings elucidate a novel protective mechanism of AA
in astrocytes.

1. Introduction

Parkinson’s disease (PD) is the second-most prevalent neu-
rodegenerative disease following Alzheimer’s disease and is
the most common movement-disorder disease worldwide
[1]. Approximately 2% of individuals over 65 years old are
afflicted with PD. The prevention situation of PD is very
grim. The motor symptoms of PD include bradykinesia,
cogwheel rigidity, resting tremor, a slow shuffling gait, and
difficulty maintaining balance. Nonmotor symptoms of PD

include cognitive decline, depression, anxiety, and sleep
disturbances [2]. The pathological hallmarks of PD include
depigmentation of the substantia nigra, dopaminergic neuro-
nal loss in the pars compacta of the substantia nigra, and for-
mation of Lewy bodies/cytoplasmic inclusions containing
fibrillar α-synuclein in the substantia nigra compacta (SNpc)
[3]. Currently, levodopa coupled with a DOPA decarboxylase
inhibitor is the most effective therapy for PD. However, there
are some side effects during levodopa therapy, such as
dizziness and gastrointestinal disturbances. Thus, there is a
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continued need to further identify and develop novel
therapeutic agents for PD [4].

Astrocyte is the major class of glial cells in the CNS, pro-
viding critical structural and metabolic support for neurons.
However, growing evidence shows that oxidative stress of
astrocytes contributes to PD pathogenesis. Astrocytes may
play a key role in the pathogenesis of PD via oxidative and
nitrosative stress [5]. Postmortem analysis of the brains of
PD patients and experimental animal models indicate that
astrocyte activation and elevated ROS/RNS levels are the
pathogenic features of PD [6]. Toxins can trigger excessive for-
mation of reactive oxygen species (ROS), the byproducts of
oxygen metabolism including superoxides, hydroxyl radicals,
and nitric monoxide, play essential roles in cell signaling, gene
transcription, and microbial defense [7]. When the levels of
ROS exceed the detoxification capacity of the astrocytic anti-
oxidant system, it leads to pathological oxidative stress [8].
Exposure to environmental toxicants such as 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP), rotenone, and man-
ganese (Mn) may induce reactive astrogliosis and subsequent
astrocytic oxidative/nitrosative stress [9–11]. Therefore, elu-
cidating the role of astrocytic oxidative/nitrosative stress in
the pathogenesis of PD may greatly expand our understand-
ing of PD. Although the contribution of astrocytic oxidative
stress to PD needs to elucidated, the presence of oxidative
metabolites in PD patients is related to the in vitro aggrega-
tion of α-synuclein [12]. In the SNpc of PD patients, the
level of the antioxidant molecule GSH secreted mainly by
astrocytes is significantly decreased, and the activities of
astrocyte-secreted antioxidant enzymes such as SOD, GSH
peroxidase (GSH-Px), and catalase (CAT) are significantly
decreased compared to healthy controls [13]. Taken together,
these findings suggest that there is a need to continue to
explore treatments for PD by targeting oxidative/nitrosative
stress in astrocytes.

Ascorbic acid (AA) has many different functions in the
CNS, including the following: (1) it crosses the blood-brain
barrier and has been tested as a potential drug for treating
degenerative diseases; (2) it promotes neuronal differentia-
tion, maturation, and survival; and (3) it participates in cate-
cholaminergic synthesis and modulates neurotransmission
[14]. However, its role in the astrocytic oxidative stress is still
clear. Lee et al. found that AA promoted differentiation of
astrocytes by enhancing the expression of NeuroD, Notch,
bone morphogenetic protein 2 (BMP2), and bone morphoge-
netic protein 7 (BMP7) [15]. Secretion of brain-derived neu-
rotrophic factor (BDNF) by astrocytes is also increased after
administration of AA in vitro, which contributes to cellular
survival by enhancing the expression of SOD and GSH
[16]. However, there are some different views, Kao et al.
found that rat brain astrocytes (RBA-1 cells) incubated with
AA for 2 days or 7 days, the SOD activity, SOD mRNA level,
and SOD protein level were significantly decreased [17]. But
Sanchez-Moreno et al. found that AA has a protective effect
against the ethanol-mediated toxic effects on human brain
glial cells by reducing the expression of cyclooxygenase-2
(COX-2) and synthesis of prostaglandin E2 (PGE2) [18].
Thus, we hypothesize that AA may have a protective effect
on PD by inhibiting astrocytic oxidative stress.

In the present study, we revealed that AA decreased ROS
production in astrocytes in vitro via inhibition of NF-κB-
mediated oxidative stress. Pretreatment of AA improved
behavioral performance and restored tyrosine dehydroge-
nase expression in MPTP-treated mice in vivo. Thus, our
findings demonstrated that pretreatment of AA alleviated
MPTP-induced PD symptoms through inhibiting astrocytic
oxidative stress. Collectively, our findings unveil a protective
role of AA in astrocytic oxidative stress and suggest that AA
may represent a therapeutic drug for PD.

2. Materials and Methods

2.1. Animals and Treatments. The protocols used for animal
experiments were approved by the Institutional Animal
Care and Use Committee of Southern Medical University.
All procedures involving animals were approved by the
Animal Ethics Committee of Southern Medical University.
Male C57BL/6 mice (8-week old) were used in our exper-
iments. The mice were from Guangdong Medical Animal
Laboratory (Foshan, China). All animals were provided
food and water ad libitum, under a 12/12-hour light/dark
cycle. Age- and weight-matched animals were randomly
assigned to each group. Animal experiments were con-
ducted in the following four groups (n = 20 for each
group): a saline-treated control group, AA-treated group,
MPTP-treated group, and AA+MPTP-treated group. AA
(Sigma, A7506, MO, US) was dissolved in saline solution.
Mice received intraperitoneal injections of AA at
100mg/kg every three days for 60 days. After supplemen-
tation with AA for two months, mice simultaneously
received AA and intraperitoneal injections of MPTP
(Sigma, M0896,MO, US) every three days (25mg/kg in saline)
for 35 days, the animals received AA during MPTP injection.
After MPTP lesion, behavioral experiments were conducted.
Subsequently, mice were euthanized, and their midbrains were
quickly dissected for analyses in various assays. The mortality
rate in the MPTP-treated group was approximately 20%;
however, no mice died in any of the other groups.

2.2. Cell Culture. Primary midbrain astrocytes were obtained
from one-day-old C57BL/6 pups, as previously described by
our group [19]. Mice pups were anesthetized with isoflurane
and then the cerebral hemispheres were removed, after which
midbrains were collected in ice-cold phosphate-buffered solu-
tion (PBS). Tissue was thoroughly chopped with scissors and
was then incubated in 0.25% trypsin–EDTA for 10min at
37°C. DMEM/F12 (Gibco, 11330057, MA, US) supplemented
with 10% fetal bovine serum (FBS) (Gibco, 26010074, MA,
US) was then added to stop digestion. After centrifugation
(1,000 rpm) for 5min, each pellet was resuspended and seeded
into a T75 flask (Corning, 43072, NY, US). The culture
medium was changed every three days. Cells were cultured
for seven days, and the microglia and oligodendrocytes were
then removed by thermostatic oscillation at 200 rpm for
18h. Astrocytes were identified by immunofluorescence with
an antibody against glial fibrillary acidic protein (GFAP)
(CST, #3670, MA, US).
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2.3. Detection of Intracellular Reactive Oxygen Species. Intra-
cellular ROS were detected by a 2,7dichlorodi-hydrofluorescein
diacetate (DCFH-DA) fluorescence assay (Beyotime, S003M,
Shanghai, China). Briefly, astrocytes were seeded into confocal
dish at a density of 2 × 105 cells/well and were cultured over-
night. After treatment with AA and/or MPTP, cells were incu-
bated in serum-free medium containing 10mM of DCFH-DA
at 37°C in an incubator for 6h. Each dish was subsequently
washed three times with cold PBS to remove unbound
DCFH-DA. Images were acquired vial laser-scanning confocal
microscopy (Leica, SP8, Wetzlar, Germany), and the same set-
tings were used for all samples in each experiment. Fluorescent
intensities were calculated using the Image-Pro Plus 6.0
software (Silver Spring, MD, US).

2.4. Immunohistochemistry. For immunohistochemistry, mice
were anesthetized and transcardially perfused with both
freshly prepared PBS and, subsequently, 4% paraformalde-
hyde (Sangon, E672002, Shanghai, China) in PBS. After mice
were decapitated, their brains were dissected. Brain tissue sam-
ples were embedded in optimum-cutting temperature com-
pound (Leica, DJ-LDB-004, Nussloch, Germany) and stored
at -80°C. Serial 10μm-thick coronal tissue sections were cut
using a freezing microtome (Leica, CM1950, Nussloch, Ger-
many). Citrate buffer (Sangon, E673002, Shanghai, China)
was added to the sections to retrieve antigens. Sections were
treated with 3% hydrogen peroxide (Sigma, 323381, MO,
USA) for 10min to enable penetration and were then blocked
with 5% BSA (Sangon, E661003, Shanghai, China) for 30min
at room temperature. Sections were incubated overnight at
4°C with primary antibodies as follows: tyrosine hydroxylase
(TH) antibody (Santa Cruz, sc-25269). After washing three
times with PBS (5min each wash). Sections were incubated
sequentially in HRP-conjugated goat anti-mouse (Beyotime,
A0208) and goat anti-rabbit secondary antibody (Beyotime,
A0216) for 2h at 37°C. Sections were visualized with a 3,3-
diaminobenzidine (DAB) peroxidase substrate kit (Boster,
AR1022). Integrated optical density (IOD) was determined
using an Image-Pro Plus 6.0 photogram analysis system (IPP
6.0; Media Cybernetics, Bethesda, MD, US).

2.5. Western Blotting. Cells or midbrain tissues were added to
100μl/106 cells or 500μl/g tissue of RIPA buffer (Beyotime,
P0013E) containing 1mM of phenylmethanesulfonyl fluo-
ride (PMSF) (Beyotime, ST506) and were then lysed for 1 h
on ice. Extracts were centrifuged for 10min at 14,000 rpm.
Protein concentrations were measured by BCA assays (Beyo-
time, P0012S). Samples were diluted with protein loading
buffer and heated to 95°C for 10min and were stored at
-80°C prior to Western blotting. Protein extracts were sepa-
rated by SDS-PAGE on 12% polyacrylamide gels and were
subsequently electrophoretically transferred to a PVDF
membrane (Millipore, GVHP29325). After blocking with
5% (w/v) BSA in Tris-buffered saline with tween (TBST) at
room temperature for 2 h, membranes were then incubated
with an appropriate specific primary antibody from Santa
Cruz (anti-TH, sc-25269; anti-SOD1, sc-101523; anti-
gp91phox, sc-130543; anti-p47phox, sc-17844; anti-GCLM,
sc-55586; anti-HO-1, sc-390991; anti-PGC-1α, sc-518025;

anti-pp65, sc-166748; anti-p65, sc-8008; anti-piκBα, sc-
52943; anti-iκBα, sc-1643; anti-pp38, sc-166182; anti-p38,
sc-81621; anti-p-ERK1/2, sc-81492; anti-ERK1/2, sc-
135900; anti-pJNK1/2, sc-293136; anti-JNK1/2, sc-137019;
and anti-β-actin, sc-8432) at 4°C overnight, followed by
incubation with an HRP-conjugated secondary antibody
[anti-mouse, -rabbit, or -goat (Beyotime, A0208; A0216); or
anti-sheep, (Abcam, ab6764)]. Detection was performed using
an enhanced chemiluminescence kit (Thermo Scientific,
32106) according to the manufacturer’s instructions. For anal-
ysis of phosphorylated protein, total protein was set as a load-
ing control, and for other protein, β-actin was set as a loading
control. Protein-band density values of total proteins were
normalized to β-actin, and protein-band density values of
phosphorylated proteins were normalized to their total pro-
teins. Protein-band densities were measured using the ImageJ
software. Data were collected from at least three independent
experiments.

2.6. Determination of Intracellular Superoxide Dismutase and
Glutathioneactivity. Total SOD and GSH activities in cell cul-
ture supernatants were determined using total SOD and GSH
assay kits with WST-8 (Beyotime, S0101M; S0053), based on
the protocols provided by the manufacturer [20].

2.7. Open-Field Test. Locomotion behavior was evaluated in a
square open field [21]. The open-field apparatus consisted of
a black PVC box (Ugo Basile, Italy) with the following
dimensions: 44 cm ðlÞ × 44 cm ðwÞ × 30 cm ðhÞ. The floor
was divided into nine equal squares using brightly colored
tape to facilitate quantification of locomotion. Mice were
transported to the testing room before testing. For each test,
pups were placed in the center of the box and allowed to
explore the arena for 1min.

2.8. Rotarod Test. Motor coordination and balance were
assessed by an automated four-lane rotarod unit (Ugo Basile,
Italy) every three days after MPTP lesion. The mice were pre-
trained for three days (at 8 rpm on day 1, at 10 rpm on day 2,
and 12 rpm on day 3) to reach a stable performance. The mice
were placed on the rod, and the rotation speed was started at
4 rpm and was then accelerated to 40 rpm within 2min. The
latency to fall from the rod was automatically recorded.

2.9. Grip Strength Test. Muscle strength in all four limbs was
determined using a grip strength meter (Ugo Basile, 47200,
Italy) after MPTP-induced lesions.

2.10. Pole Test. Mice were placed on the peak of a foam ball
(diameter: 2.0 cm) fixed on a stick (diameter: 1.0 cm; length:
50 cm). The climbing time from the peak to the bottom of
the stick was then recorded for each mouse, and each mouse
had to have at least three successful trials.

2.11. Statistical Analysis.All experimental results are expressed
as themean ± standard deviation (SD) and were plotted using
the GraphPad Prism 7 software (IBM Corp., Armonk, NY,
US). Statistical analysis of data was performed by LSD or Dun-
nett’s posttests based on the ANOVA for multivariate data
analysis using SPSS 22.0 (SPSS Inc., Chicago, IL, US). A P
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value of less than 0.05 was considered statistically significant
(∗ denotes significance compared to control: ∗P < 0:05, ∗∗P
< 0:01, and ∗∗∗P < 0:001; # denotes significance compared
to MPTP or MPP+: #P < 0:05, ##P < 0:01, and ###P < 0:001).

3. Results

3.1. Ascorbic Acid Reduces MPP+-Induced Reactive Oxygen
Species and Inducible Nitric Oxide Synthase Production and
Enhances Antioxidant Expression in Astrocytes In Vitro.

MPP+ is known to induce oxidative stress in vitro. After
MPP+ treatment, a large quantity of ROS accumulated in
primary astrocytes in vitro. To examine whether AA pre-
vents the production of ROS after MPP+ treatment, the
accumulation of ROS in astrocytes was measured using
the fluorescent probe, DCFH-DA. We found that 1mM of
MPP+ induced increased intracellular ROS production in
astrocytes after 24 h of treatment. However, pretreatment
with AA inhibited MPP+-induced production of ROS
(Figure 1(a)). Oxidative stress plays an important role in
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Figure 1: Ascorbic acid reduces MPP+-induced reactive oxygen species (ROS) and inducible nitric oxide synthase (iNOS) production and
increases antioxidant expression in astrocytes in vitro. Primary astrocytes were treated with 1mM of AA for 24 h and/or 1mM of MPP+

for another 24 h. (a) Intracellular ROS was measured using the carboxy-H2DCFDA method (scale bar, 20μm) (n = 3). (b) The expression
of iNOS was detected by Western blotting (n = 3). (c) The expression of SOD1 was detected by Western blotting (n = 3). (d) The
concentration of SOD in the supernatant from primary astrocytes was detected by ELISAs (n = 3). (e) The concentration of GSH in the
supernatant from primary astrocytes was detected by ELISAs (n = 3). Data were obtained from three independent experiments. One-way
ANOVAs followed by LSD pairwise comparisons were performed. ∗ was considered significant compared to control (∗P < 0:05, ∗∗P < 0:01
, and ∗∗∗P < 0:001). # was considered significant compared to MPTP or MPP+ (#P < 0:05, ##P < 0:01, and ###P < 0:001).
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the onset of PD, as it induces glial cells to overexpress
inducible nitric oxide synthase (iNOS), which results in
the production of toxic levels of NO in neurons. In our
present study, we found that after MPP+ treatment, the
iNOS expression was significantly increased. However, AA
pretreatment significantly decreased MPP+-induced iNOS
expression compared to that of the MPP+ group not receiv-
ing AA (Figure 1(b)). The antioxidant system is responsible
for removing oxidizing substances. The main antioxidant
enzymes are SOD, POD, and glutathione reductase. We
found that the expression of SOD1 was decreased in astro-
cytes after MPP+ treatment. In contrast, AA pretreatment
significantly increased SOD1 expression compared to that
of the MPP+ group not receiving AA (Figure 1(c)). We also
detected antioxidants in the supernatant of astrocytes. We
found that the released levels of SOD and GSH from astro-
cytes in the AA-pretreated MPP+ group were higher than
those in the MPP+ group (Figures 1(d) and 1(e)). These
results indicate that AA improved antioxidative function
in MPP+-treated astrocytes.

3.2. Ascorbic Acid Inhibits MPP+-Induced Nicotinamide
Adenine Dinucleotide Phosphate (NADPH) Activation and
Enhances the Expression of Antioxidative Proteins in
Astrocytes In Vitro. Many glial enzymes are involved in the
formation of ROS. NADPH oxidase plays an important role
in producing ROS in the brain. In our present study, we found
that the NADPH oxidase subunit, gp91phox, was activated
after MPP+ treatment. In contrast, AA pretreatment reduced
the MPP+-induced expression of gp91phox. However, the
expression of another NADPH oxidase subunit, p47phox,
was not changed from any treatment (Figures 2(a) and 2(b)).
These results suggest that AA decreased MPP+-induced
NADPH oxidase activity through inhibiting gp91phox
expression. Glutamate-cysteine ligase modifier (GCLM) sub-
unit belongs to the aldo/keto reductase family. GCLM cata-
lyzes the first step of GSH synthesis. In our present study,
we found that MPP+ treatment decreased the expression of
GCLM in astrocytes after 24h of stimulation, which was
reversed by AA pretreatment (Figure 2(c)). Heme
oxygenase-1 (HO-1) is expressed in many cell types,
including astrocytes, and has been identified as an impor-
tant endogenous protective factor induced by various stim-
ulants, such as oxidative stress, heat shock, and endotoxins.
Herein, we found that the expression of HO-1 in astrocytes
exposed to MPP+ was significantly increased. Compared to
that in the MPP+ group, the expression of HO-1 was
significantly increased in the AA-pretreated MPP+ group
(Figure 2(d)). Peroxisome proliferator-activated receptor
gamma coactivator-1 alpha (PGC-1α) is a newly characterized
transcriptional regulator that plays a key role in antioxidant
stress systems. To investigate the effect of AA on PGC-1α,
we examined the protein level of PGC-1α in astrocytes. Treat-
ment with 0.5mM of MPP+ increased the expression of PGC-
1α. Preadministration of AA could further enhanced MPP+-
induced expression of PGC-1α (Figure 2(e)). These results
indicate that AA inhibited NADPH oxidase and upregulated
the expression of antioxidative proteins in MPP+-treated
astrocytes in vitro.

3.3. Ascorbic Acid Inhibits MPP+-Induced Nuclear Factor-κB
(NF-κB) Activation but Does Not Affect Mitogen-Activated
Protein Kinasep38/Extracellular-Regulated Protein Kinases
(ERK) or c-Jun N-Terminal Kinase (JNK) Signaling in
Astrocytes In Vitro. In our present study, we found that AA
decreased the MPP+-induced activation of NADPH oxidase,
which inhibited the production of ROS and eventually led to
increased expression of antioxidant proteins. However,
which signal pathways are involved in this process remain
unclear. Therefore, we next assayed the classical MAPK
signaling pathway and its downstream NK-κB signaling
pathway. We found that MPP+ stimulation elevated the
expression levels of phosphorylated p65 and iκBα. However,
preadministration with AA reversed the MPP+-induced
expression of phosphorylated p65 and iκBα (Figures 3(a)
and 3(b)). MPP+ treatment elevated the expression levels
of phosphorylated JNK, ERK, and p38, but pretreated with
AA did not change any of these MPP+-induced changes
in expression levels (Figures 3(c)–3(e)). These results
indicate that AA administration decreased the MPP+-
induced activation of p65, decreasing the level of astro-
cytic oxidative stress.

3.4. Inhibition of NF-κB Signaling Blocks the Antioxidative
Effects of Ascorbic Acid and Perpetuates Cytotoxicity in
MPP+-Treated Astrocytes In Vitro. To determine the role of
NF-κB in the antioxidation of AA in MPP+-treated astro-
cytes, we administrated QNZ (Selleck, EVP4593) to inhibit
NK-κB activation. We found that after QNZ administration,
MPP+-induced expression of phosphorylated p65 was
decreased significantly (Figure 4(a)). Next, we tested whether
inhibition of NF-κB affected the production of ROS in
astrocytes. We found that after QNZ administration, the
production of ROS in astrocytes was significantly reduced
in the MPP+ group but AA-pretreatment MPP+ group
was unaffected in the control group and AA group
(Figure 4(b)). We also detected the expression of iNOS in
astrocytes with or without NF-κB inhibition. The results
showed that the expression of iNOS was decreased in the
AA-pretreatment MPP+ group compared to that in the
MPP+ group. However, the expression of iNOS was compa-
rable between the AA-pretreatment MPP+ group and MPP+

group after NF-κB inhibition (Figure 4(c)). Since the
MPP+-induced productions of ROS and iNOS were reduced
after NF-κB inhibition, we next investigated whether inhibi-
tion NF-κB disturbs the expression of antioxidative
enzymes in MPP+-treated astrocytes. We found that the
MPP+-induced expression of SOD1 was reduced after NF-
κB inhibition. Additionally, there was no significant differ-
ence in SOD1 expression between the AA-pretreatment
MPP+ group and MPP+ group following NF-κB inhibition
(Figure 4(d)). Furthermore, we determined whether NF-
κB inhibition changed the release of SOD and GSH from
astrocytes. We found that the MPP+-induced levels of
released SOD1 and GSH were decreased after NF-κB inhi-
bition. Furthermore, there was no difference in SOD and
GSH levels between the AA-pretreatment MPP+ group and
MPP+ group following NF-κB inhibition (Figures 4(e) and
4(f)). These results indicate that AA exerted antioxidative
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effects in MPP+-treated astrocytes in vitro through NF-κB
signaling.

3.5. Inhibition of NF-κB Signaling Blocks the Protective Effects
of Ascorbic Acid in MPP+-Induced Astrocytes In Vitro
through Suppressing the Expression of Antioxidative
Proteins. We demonstrated that AA exerted its role in inhi-
biting MPP+-induced oxidative stress via the NF-κB path-
way. Next, we assessed whether blocking NF-κB disrupted
the expression of antioxidative proteins. We first inhibited

p65 phosphorylation by QNZ, and then administered AA
and/or MPP+ to primary astrocytes in vitro. Finally, we col-
lected the total protein from each group and detected the
expression of GCLM, HO-1, and PGC-1α via Western blot-
ting. We found that inhibition of NF-κB did not affect the
expression of these proteins under control conditions. How-
ever, inhibition of NF-κB eliminated the differences in
expression levels of GCLM, HO-1, and PGC-1α between
the AA-pretreatment MPP+ group and MPP+ group
(Figures 5(a)–5(c)). These results suggest that blocking NF-

(a) (b) (c)

(d) (e)

Figure 2: Ascorbic acid inhibits MPP+-induced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activation and enhances the
expression of antioxidative proteins in astrocytes in vitro. Primary astrocytes were treated with 1mM of AA for 24 h and/or 1mMofMPP+ for
another 24 h. (a) The expression of total gp91phox was detected byWestern blotting (n = 3). (b) The expression of total p47phox was detected
by Western blotting (n = 3). (c) The expression of GCLM was detected by Western blotting (n = 3). (d) The expression of HO-1 was detected
by Western blotting (n = 3). (e) The expression of PGC-1α was detected by Western blotting (n = 3). Data were obtained from three
independent experiments. One-way ANOVAs followed by LSD pairwise comparisons were performed. ∗ was considered significant
compared to control (∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001). # was considered significant compared to MPTP or MPP+ (#P < 0:05,
##P < 0:01, and ###P < 0:001).
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κB signaling occluded the protective effects of AA in MPP+-
treated astrocytes through suppressing the expression of
antioxidative proteins.

3.6. Ascorbic Acid Enhances Antioxidant Function through
Decreasing NK-κB Activation in the Midbrain of MPTP-
Treated Mice. Our in vitro experiments demonstrated that

AA pretreatment improved antioxidant function and
reduced oxidative stress in MPP+-treated astrocytes via
increasing expression levels of GCLM, HO-1, and PGC-
1α via inhibition of the NK-κB signal pathway. However,
the molecular mechanisms for such AA-induced neuro-
protection in vivo remained unclear. Hence, we next
assayed relevant signaling molecules in the midbrains of
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Figure 3: Ascorbic acid inhibits MPP+-induced nuclear factor-kappaB (NF-κB) activation but does not affect p38/ERK or JNK signaling in
astrocytes in vitro. Primary cells were treated with 1mM of AA for 24 h and/or 1mM of MPP+ for another 24 h. (a) The expression of
phosphorylated p65 (pp65) was detected by Western blotting (n = 3). (b) The expression of phosphorylated iκBα (piκBα) was detected by
Western blotting (n = 3). (c) The expression of phosphorylated JNK (pJNK) was detected by Western blotting (n = 3). (d) The expression
of phosphorylated ERK (pERK) was detected by Western blotting (n = 3). (e) The expression of phosphorylated p38 (pp38) was detected
by Western blotting (n = 3). Data were obtained from three independent experiments. One-way ANOVAs followed by LSD pairwise
comparisons were performed. ∗ was considered significant compared to control (∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001). # was
considered significant compared to MPTP or MPP+ (#P < 0:05, ##P < 0:01, and ###P < 0:001).
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mice from each experimental group. We found that the
expression of iNOS was significantly elevated in the MPTP
group, whereas this MPTP-induced increase was signifi-
cantly reduced in the AA-pretreatment MPTP group
(Figure 6(a)). On the contrary, the expression the antioxi-
dant protein, SOD1, in the AA-pretreatment MPTP group
was significantly higher compared to that in the MPTP
group (Figure 6(b)). We further detected the expression
levels of several antioxidant proteins—namely, GCLM,
HO-1, and PGC-1α—via Western blotting and found that
MPTP treatment increased these expression levels, while
AA pretreatment further increased the MPTP-induced
expression levels of GCLM, HO-1, and PGC-1α

(Figure 6(c)). These results indicated that AA pretreatment
enhanced the expression levels of antioxidant proteins and
reduced oxidative stress in MPTP-treated mice. We further
explored the molecular mechanisms underlying this AA-
induced phenotype in MPTP-treated mice. Interestingly,
we found that AA pretreatment also inhibited MPTP-
induced NF-κB activation in the midbrain (Figure 6(d)).
However, AA did not alter MPTP-induced changes in
the expression levels of components of the JNK, ERK,
and p38 signaling pathways (Figure 6(e)). Collectively,
these results indicate that AA inhibits MPTP-induced
activation of NF-κB and enhances antioxidant function
to protect MPTP-treated mice.
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Figure 4: Inhibition of NF-κB signaling blocks the antioxidative effects of ascorbic acid and perpetuates cytotoxicity in MPP+-treated
astrocytes in vitro. Primary astrocytes were copretreated with 1mM of AA and 0.5mM of QNZ (EVP4593) for 24 h and/or 1mM of
MPP+ for another 24 h. (a) The NF-κB-inhibition efficiency was detected by measuring the phosphorylation of p65 by Western blotting
(n = 3). (b) Intracellular ROS was measured using the carboxy-H2DCFDA method (scale bar, 100μm) (n = 3). (c) The expression of iNOS
was detected by Western blotting (n = 3). (d) The expression of SOD1 was detected by Western blotting (n = 3). (e) The concentration of
SOD in the supernatant from primary astrocytes was detected by ELISAs (n = 3). (f) The concentration of GSH in the supernatant from
primary astrocytes was detected by ELISAs (n = 3). Data were obtained from three independent experiments. One-way ANOVAs followed
by LSD pairwise comparisons were performed. ∗ was considered significant compared to control (∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001).
# was considered significant compared to MPTP or MPP+ (#P < 0:05, ##P < 0:01, and ###P < 0:001).
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3.7. Ascorbic Acid Ameliorates MPTP-Induced Behavioral
Deficits and Pathophysiology in Mice. To explore the effects
of AA on behavioral performance in MPTP-treated mice, we
tested mice in the rotarod test, grip power test, pole test, and
open-field test. Mice were assigned to the following four treat-
ment groups: saline+vehicle (control), AA+vehicle (AA),
MPTP+vehicle (MPTP), and AA+MPTP (AA+MPTP). AA
treatment alone had no effects compared to those of control
treatment. In contrast, MPTP treatment induced poor behav-
ioral performance, including a reduced holding time in the
rotarod test, decreased grip strength in the grip strength test,
prolonged pole-climbing time in the pole test, and shortened
the movement distance in the open-field test. AA pretreat-
ment in MPTP-treated mice ameliorated MPTP-induced
behavioral deficits compared with performances in vehicle-
treated MPTP mice (Figures 7(a)–7(d)). We also explored
whether AA ameliorated MPTP-induced pathology. We
detected tyrosine hydroxylase- (TH-) positive cells in the
SNpc via immunohistochemistry. We found that AA pre-
treatment in MPTP-treated mice significantly reversed
MPTP-induced loss of TH-positive cells in the SNpc com-
pared to that of vehicle treatment in MPTP-treated mice
(Figure 7(e)). We also confirmed this result by measured
total TH expression in the midbrain. The expression of
TH in the vehicle-treated MPTP group was significantly
lower than that in the control group. In contrast, AA pre-
treatment restored expression of TH in MPTP-treated mice
(Figure 7(f)). These results confirm the protective effects of
AA in MPTP-treated mice.

4. Discussion

The current understanding of the pathogenesis of PD involves
the formation of ROS and the onset of oxidative stress leading
to oxidative damage in the SNpc [22]. Extensive postmortem

studies have provided evidence to support the involvement
of oxidative stress in the pathogenesis of PD; in particular,
these forms of oxidative stress include alterations in brain iron
content, impaired mitochondrial function, alterations in anti-
oxidant protective systems, and oxidative damage to lipids,
proteins, and DNA [23, 24]. Therefore, use of antioxidants is
considered to represent a promising approach for inhibiting
astrocytic oxidative stress and slowing the progression of PD.

AA is an important antioxidant in the human brain. A
previous study reported that frequent AA supplementation
can reduce 20% of oxidative damage in the body [14]. During
central nervous system (CNS) injury or disease, the overpro-
duction of ROS and/or insufficient detoxification can result
in the activation of a coordinated astrocytic response, which
involves a series of biochemical and morphological changes
collectively referred to as reactive astrogliosis [25]. Reactive
astrocytes respond to acute cellular stress and work to limit
CNS damage, but chronic astrogliosis can result in the
sustained production of ROS and the release of proinflam-
matory molecules, which promote neuronal injury and
neurotoxicity. Our present study found that AA pretreat-
ment reduced MPP+-induced ROS production and iNOS
expression in astrocytes in vitro. Further results indicated
that AA pretreatment increased the expression of the antiox-
idant molecules, SOD and GSH, in MPP+-treated astrocytes.
These findings indicate that AA reduced MPP+-induced
excessive ROS levels by increasing antioxidant activities in
astrocytes in vitro.

A significant source of ROS in PD-like pathology derives
from NADPH oxidase, which is a multimeric enzyme com-
posed of gp91phox, p47phox, p22phox, p67phox, and
p40phox subunits. Upon cellular activation, p47phox assem-
bles with gp91phox and p22phox, thus forming a NADPH-
oxidase entity capable of reducing oxygen to superoxide rad-
icals [26]. A previous study found that the expression of
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Figure 5: Inhibition of NF-κB signaling suppresses the expression of antioxidative proteins and blocks the protective effects of ascorbic acid to
perpetuate cytotoxicity in MPP+-treated in astrocytes in vitro. Primary astrocytes were copretreated with 1mM of AA and 0.5mM of QNZ
(EVP4593) for 24 h and/or 1mM of MPP+ for another 24 h. (a) The expression of GCLM was detected by Western blotting (n = 3). (b) The
expression of HO-1 was detected by Western blotting (n = 3). (c) The expression of PGC-1α was detected by Western blotting (n = 3). Data
were obtained from three independent experiments. One-way ANOVAs followed by LSD pairwise comparisons were performed. ∗ was
considered significant compared to control (∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001). # was considered significant compared to MPTP or
MPP+ (#P < 0:05, ##P < 0:01, and ###P < 0:001).
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gp91phox was increased in the midbrain of MPTP-treated
mice [27]. Additionally, inhibition of gp91phox may prevent
MPTP-associated ROS production. A previous study found
that NADPH oxidase plays an important role in ROS pro-
duction [28]. Another study found that NADPH oxidase
(NOX2) was upregulated in a rotenone-induced cellular
model of PD. Furthermore, inhibition of NOX2-dependent

oxidative stress attenuates aberrant autophagy and cellular
death in a rotenone-induced cellular model of PD [29]. Lv
et al. found that GCLM deletion led to a decrease in GSH
in the striatum, indicating that GCLM is important for main-
taining GSH expression in the midbrain. Growing evidence
has indicated that induction of HO-1 expression via activa-
tion of Nrf2 signaling exerts neuroprotection against
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Figure 6: Ascorbic acid enhances antioxidant function and decreases NK-κB activation in the midbrains of MPTP-treated mice. Wild-type
mice were intraperitoneally treated with 500mg/kg of AA for 60 days, following by coinjected with 25mg/kg of MPTP every 3.5 days for five
weeks. After behavioral testing, midbrains were removed and total proteins were extracted. (a) The expression levels of iNOS and SOD1 were
detected by Western blotting (n = 3). (b) The expression of gp9phox and p47phox was detected by Western blotting (n = 3). (c) The
expression levels of PGC-1α, HO-1, and GCLM were detected by Western blotting (n = 3). (d) The expression levels of phosphorylated
p65 and iκBα were detected by Western blotting (n = 3). (e) The expression levels of phosphorylated JNK, ERK, and p38 were detected by
Western blotting (n = 3). Data were obtained from three independent experiments. One-way ANOVAs followed by LSD pairwise
comparisons were performed. ∗ was considered significant compared to control (∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001). # was
considered significant compared to MPTP or MPP+ (#P < 0:05, ##P < 0:01, and ###P < 0:001).
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oxidative injury in neurons [30]. Recent studies have
highlighted important roles of PGC-1α in neurodegenerative
diseases. One such study found that overexpression of PGC-

1α improved in motor behavior and increased in TH expres-
sion in the substantia nigra of MPTP-treated mice [31]. Our
present results demonstrated that AA facilitated the
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Figure 7: Ascorbic acid pretreatment ameliorates PD-like behavioral deficits and pathophysiology in an MPTP-induced mouse model of PD.
(a) Holding times in the rotarod test were recorded after training mice for three days (n = 6). (b) Grasping strengths were measured using a
grip meter after training mice for three days (n = 6). (c) Pole-climbing times were recorded after training mice for three days (n = 6). (d)
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). Data were obtained from three independent experiments. One-way ANOVAs followed by LSD pairwise comparisons were performed. ∗
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clearance of MPP+-induced excessive ROS in astrocytes
in vitro by reducing the expression of gp91phox and increas-
ing the expression of the antioxidant molecules, GCLM, HO-
1, and PGC-1α.

Which signaling pathways are involved in AA-induced
enhancement of antioxidative function in MPP+-treated
astrocytes? A previous study found that rosmarinic acid
attenuated inflammatory responses through suppressing the
HMGB1/TLR4/NF-kappaB signaling pathway, which may
have contributed to its anti-PD-like activity [32]. Glaucoca-
lyxin B has been shown to suppress LPS-induced PD-like
symptoms via modification of TLR/NF-kappaB and
Nrf2/HO-1 pathways both in vivo and in vitro [33]. In the
present study, we found that AA pretreatment significantly
reduced MPP+-induced expression of NF-κB in astrocytes
in vitro, whereas there was no significant effect on the phos-
phorylation levels of JNK, ERK, or p38. From these findings,
we hypothesized that AA enhanced antioxidant function in
MPP+-treated astrocytes via inhibition of NF-κB expression.
Hence, we subsequently inhibited the NF-κB signaling path-
way and explored whether the protective effects of AA
remained. We found that the MPP+-induced expression of
ROS and iNOS decreased after inhibition of NF-κB, which
also eliminated any such differences between the AA-
pretreatment MPP+ group andMPP+ group. The antioxidant
system also exhibited similar effects after NF-κB inhibition in
MPP+-treated astrocytes, in which AA pretreatment no lon-
ger restored the MPP+-altered expression of SOD1 and
GSH. Interestingly, inhibition of NF-κB did not significantly
inhibit GCLM, HO-1, or PGC-1α. However, inhibition of
NF-κB eliminated the differences in these levels between
the AA-pretreatment MPP+ group and MPP+ group.

In vitro experiments have shown that AA increases the
antioxidative activity of MPP+-treated astrocytes. One study
found that plasma rich in growth factors-Endoret (PRGF-
Endoret) improved motor performance in MPTP-treated
mice [34]; these effects were associated with a robust reduc-
tion in NF-κB activation and nitric oxide (NO) expression
in the substantia nigra. Quercetin has been demonstrated to
play an important role in altering the progression of neuro-
degenerative diseases by protecting against oxidative stress
[35]. Furthermore, dietary vitamin C intake is significantly
associated with reduced PD risk [36]. However, Martinovits
et al. found that systemic administration of AA for a short
time (two days) does not protect mice against the dopami-
nergic neurotoxicity of MPTP [37]. But many researchers
reported that AA exerts neuroprotective effects against
MPTP-induced neurotoxic [38, 39]. Our present study dem-
onstrated that AA alleviated pathology and behavioral defi-
cits in MPTP-treated mice. We found that AA pretreatment
increased the expression of TH in the midbrain of MPTP-
treated mice. Behavioral studies—including assessments in
the rotarod test, grasping strength test, pole-climbing test,
and open-field test—showed that AA pretreatment amelio-
rated behavioral deficits in MPTP-treated mice. We found
that AA pretreatment reduced oxidative stress in MPP+-
treated primary astrocytes in vitro. Pretreatment with AA
reduced MPP+-induced ROS and iNOS production in
astrocytes in vitro, which may have been due to decreasing

MPP+-induced expression of the NADPH oxidase subunit,
gp91phox. Finally, we found that inhibition of MPP+-
induced NF-κB activation led to an increase in the expression
levels of antioxidant molecules, such as SOD, GSH, GCLM,
HO-1, and PGC-1α. Hence, our present study reveals a new
role of AA in inhibiting astrocytic oxidative stress.

5. Conclusion

Taken together, our present study demonstrates that AA
inhibits astrocytic oxidative stress inMPP+-treated astrocytes
through suppressing NF-κB, which ultimately leads to
increased expression levels of antioxidant proteins to scav-
enge ROS to further decrease MPTP/MPP+-induced apopto-
sis. Thus, AA may represent a potential therapeutic agent for
ameliorating PD symptoms. However, further research is
needed to elucidate the antioxidative capacity of AA in a pri-
mate model of PD and, if efficacious, in human PD patients.
Collectively, our present findings provide insight into the role
of AA in ameliorating MPTP-induced PD-like behavioral
deficits and pathophysiology in mice. This data suggests that
AAmay be advantageous in exerting neuroprotection to slow
the progression of PD in humans.
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Chemotherapy-induced peripheral neuropathy (CIPN) is a dose-limiting side effect caused by chemotherapy drugs, and its
existence seriously affects the quality of life of patients. We first established an oxaliplatin-induced peripheral neuropathy
(OIPN) model and then measured and evaluated mechanical hyperalgesia, thermal nociception, cold allodynia, and
intraepidermal nerve fiber (IENF) density to determine Siwei Jianbu Decoction’s role in preventing OIPN. Then, we conducted
a systematic pharmacological study that revealed important roles for the MAPK signaling pathway and proinflammatory
immune pathway and confirmed these roles by western blot, immunofluorescence, and qPCR. The data show that Siwei Jianbu
Decoction can effectively prevent oxaliplatin-induced neuroinflammation by inhibiting an increase in NF-κB expression via
downregulation of p-ERK1/2 and p-p38. The present study showed that SWJB may be beneficial in preventing oxaliplatin-
induced peripheral neuropathy.

1. Introduction

Currently, colorectal cancer has become a common type of
cancer, and its present global incidence and mortality rate
are among the highest. Oxaliplatin is an antitumor drug com-
bined with 5-fluorouracil (5-FU) and leucovorin (LV), which
is used as an adjuvant treatment for patients with colon can-
cer reoperation [1, 2]. However, severe peripheral neuropa-
thy is induced in approximately 90% of patients during the
course of treatment [3]. Common symptoms include allody-
nia, hyperalgesia, dysesthesia, and paranaesthesia [4]. These
side effects limit the use of oxaliplatin. It has been shown that
the activation of glial cells and the upregulation of proinflam-
matory cytokines play a crucial role in the occurrence and
development of chemotherapy-induced neuropathic pain
[5]. In particular, oxaliplatin induces neuropathic pain via
astrocyte-activated cosignaling and the mitogen-activated
protein kinase (MAPK) pathway [6, 7]. We know that the

MAPK signaling system is activated by extracellular stimuli,
leading to an intracellular response. These stimuli provide
links between transmembrane signal transduction and tran-
scriptional changes in different environmental signals, such
as cytokines, growth factors, oxidative stress, and inflamma-
tion [8]. In our study, we found that inflammation may be
related to nuclear factor kappa-B (NF-κB) and extracellular
regulated protein kinases (ERK/p38) MAPK signaling path-
ways in mouse models of oxaliplatin-induced peripheral neu-
ropathic pain (OIPN). Similarly, studies have found that
celecoxib reduces oxaliplatin-induced hyperalgesia by inhi-
biting ERK1/2 signaling in the spinal cord [9], and the major
drugs used clinically for the prevention and treatment of
OIPN, such as glutathione, vitamin E, amifolin, amantadine,
mannitrite, and norepinephrine reuptake inhibitors, are not
effective against neuroinflammation in OIPN [10, 11].

As a result of the overall concept of traditional Chinese
medicine theory and the historical clinical practice of treating
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complex diseases, traditional Chinese medicine (TCM) is
attracting attention worldwide. Siwei Jianbu Decoction is a
well-known recipe created by Professor Huang Huang of
Nanjing University of Chinese Medicine. In the following,
J12 will be used as an abbreviation for Siwei Jianbu Decoc-
tion. This recipe is made up of four herbs: Paeonia veitchii
Lynch, Salvia miltiorrhiza Bge, Achyranthes bidentata
Blume, and Dendrobium nobile Lindl, and its main effect is
to activate blood circulation, relieve stasis and pain, improve
blood supply to the lower limbs, and restore lower limb func-
tion. J12 is commonly used in the treatment of diabetic
peripheral neuritis, diabetic foot, lower extremity thrombo-
sis, and other diseases [12]. However, the therapeutic mech-
anism of J12 is not clear, and there are few studies on the
analgesic effect of J12 on OIPN.

Therefore, the purpose of our present study was to eluci-
date the roles of J12 in peripheral neuropathic pain caused by
oxaliplatin and whether the MAPK and ERK/p38 signaling
pathways of oxaliplatin are related to the preventive effect
of J12 on OIPN. First, the oxaliplatin-induced neuropathy
model was established. The OIPN prevention effect of J12
was then confirmed by measurement of mechanical hyperal-
gesia, measurement of thermal nociception, measurement of
cold allodynia, and plantar nerve fiber (IENF) density deter-
mination. In addition, because of the complexity and diver-
sity of traditional Chinese medicine formula ingredients, we
adopted a systematic approach to study the possible mecha-
nisms, and it was finally determined that the major pathways
of MAPK and proinflammatory immunity play an important
role. Based on the findings of systemic pharmacology, we also
validated the prediction of systemic pharmacology on the
mechanism of J12 prevention and treatment of OIPN by
studying the expression of NF-κB and proinflammatory fac-
tors (TNF-α, IL-1β, IL-6).

2. Materials and Methods

2.1. Reagents. Oxaliplatin (Sigma, USA) was dissolved in 5%
glucose and formulated to a final concentration of
0.4mg/mL. J12, containing four Chinese herbs, was pur-
chased from Jiangsu Provincial Hospital (Nanjing, Jiangsu,
China) and deposited at Nanjing University of Chinese Med-
icine. The component herbs were decocted twice, each for
1 h. The decoction was filtered, and the filtrates were com-
bined and concentrated by rotary evaporation under reduced
pressure to 120mL, which is equivalent to 1 g/mL of the orig-
inal drug. To ensure its quality and stability, we purchased
different batches of raw medicinal materials, divided them
into ten parts of the same specification, made the original liq-
uid according to the same decoction method, and tested its
fingerprint. The results are shown in the supplementary
material (Figure S1-S2).

2.2. Animals. Male adult C57BL/6 mice between 6 and 8
weeks of age were purchased from Qinglong Mountain Ani-
mal Breeding Farm (Nanjing, China) and were kept under
specific pathogen-free conditions with air conditioning and
a 12h light/dark cycle. The mice were housed in cages with
free access to food and water at a constant temperature

(20°C ± 2). The experimental protocols were approved by
the Animal Committee of Nanjing University of Chinese
Medicine. All experiments were tested in a blinded manner.

After one week of adaptation to the environment, thirty-
two C57 mice were randomly divided into 4 groups as fol-
lows: normal control group (normal saline), OXA group
(4mg/kg of body weight), and O+J12 (H) and O+J12 (L)
groups (daily dose 10 g/kg and 5 g/kg of body weight, respec-
tively). The O+J12 (L, H) group was given J12 by oral enema
for 6 weeks. From the third week, the OXA group and O+J12
(L, H) group received i.p. injections of 100μL/10 g oxaliplatin
(Sigma, USA) solution (prepared with 5% glucose) on Mon-
days and Thursdays (1 hour after J12) for 4 weeks [13]. A
total of 8 injections at a cumulative dose of 32mg/kg of
OHP were given. The dose of the J12 decoction was con-
verted from Professor Huang Huang’s outpatient medical
records and combined with the equivalent dose conversion
between humans and animals [12].

2.3. Animal Behavior Tests. Behavioral tests were performed
on days 0, 7, 14, 21, 28, 35, and 42. Body weight was recorded
before the beginning of each behavioral study. Measurements
were repeated three times for each mouse, and the mean was
the behavioral threshold for each mouse. The investigators
were unaware of the treatment group.

2.3.1. Measurement of Mechanical Hyperalgesia. A dynamic
plantar aesthesiometer (DPA, Ugo Basile, Italy) was used to
measure the mechanical retraction threshold of the mice.
The mice were placed in a plexiglass box on a metal sieve
for 30 minutes, and the tactometer was calibrated with a
0.5mm filament. The intensity of the stimulus to the middle
of the plantar foot of the mouse was increased (the setting
frequency was 1 g/s, the maximum force was 10 g) while
slowly increasing the stimulus pressure. When a foot
withdrawal reaction occurs, the system records the
latency time and the animal’s foot withdrawal reaction
pressure. Each mouse was repeatedly measured 3 times,
and the average value was the mechanical withdrawal
threshold of each mouse.

2.3.2. Measurement of Thermal Nociception. A plantar stimu-
lation pain meter (37370, Ugo Basile Plantar Test Apparatus,
Italy) was used to measure the reflex threshold of heat pain
and contraction. The mice were placed in a plexiglass box
on a glass plate for 30 minutes. The response time to irradia-
tion until the mice withdraw their feet was measured. To pre-
vent the skin of the mice from being burned, the automatic
cut-off time was set to 30 s. Each mouse was repeatedly mea-
sured 3 times, and the average value was the heat pain thresh-
old of each mouse.

2.3.3. Measurement of Cold Allodynia. Determination of cold
pain threshold: the upper body of the mouse was fixed, and
1/3 of the tail tip was placed in an ice water bath at 4°C.
The time from the tail tip entering the water to tail swing
was recorded. To prevent the tail from frostbite, the cut-off
time was set to 30 s. Each mouse was repeatedly measured 3
times, and the average value was the cold pain tail flick
threshold of each mouse.
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2.4. Intraepidermal Nerve Fiber (IENF) Density
Determination. According to reports, the lack of IENFs plays
a key role in neuropathy caused by various chemotherapy
drugs (such as oxaliplatin) [14]. On the last day of the
sixth week, the plantar skin tissues of the mice were
removed, fixed in a periodate-lysine-paraformaldehyde
(PLP) solution for 18-22 hours, and then transferred to a
30% sucrose-containing PBS solution to dehydrate until
the tissue subsided, and frozen sections were made within
one week. The tissue was embedded with optimal cutting
temperature compound (OCT) and sectioned frozen (contin-
uously cut perpendicular to the epidermis) with a thickness
of approximately 30μm. The sections were subsequently
stained, and the state of the epidermal nerve fibers was
observed under an inverted microscope.

2.5. Acquisition of Compounds in J12. The compounds of four
herbs in J12 were gathered from the Traditional Chinese
Medicine Systems Pharmacology Database and Analysis
Platform (TCMSP, https://tcmspw.com/tcmsp.php) and
Shanghai Institute of Organic Chemistry of CAS, Chemistry
Database [DB/OL] (http://www.organchem.csdb.cn) for fur-
ther screening [15].

2.5.1. Screening of Parameters of Active Compounds. J12 is
composed of four medicinal herbs, including Achyranthes
bidentata, Akabane, Salvia miltiorrhiza, and Dendrobium.
Therefore, we combined drug half-life (t1/2) (HL), drug-
likeness (DL), oral bioavailability (OB), and blood–brain
barrier (BBB) screening with Caco-2 permeability (Caco-2)
evaluation to identify the active compounds in J12 [16].

Ultimately, we screened the active compounds by setting
the following parameters: HL ≥ 4, DL ≥ 0.18, OB ≥ 30%, BBB
≥ −0.3, and Caco-2 ≥ −0.4 [17].

2.5.2. Drug Target Prognostication for J12 and Construction of
Compound–Target. To predict the potential targets of the
active compounds in J12 screened above, we employed a sys-
tematic drug targeting method developed by Yu and others
[18]: that is, we combined computer prediction model (com-
bining two effective methods: support vector machine and
random forest), SEA search tool (http://sea.bkslab.org/),
and TCMSP database (http://lsp.nwu.edu.cn/tcmsp.php)
and finally obtained the potential of the J12 target.

To gain a deeper understanding of the relationship
between compounds and targets, we used Cytoscape
(https://cytoscape.org/) software to build a composite target
network.

2.5.3. Recognition of OIPN Targets. To further analyze
known targets associated with oxaliplatin-induced periph-
eral neuropathy, we searched five databases: DrugBank
(http://www.drugbank.ca/), OMIM (http://www.omim.org/),
GAD (http://geneticassociationdb.nih.gov/), PharmGKB
(https://www.pharmgkb.org/index.jsp), and TTD (http://
database.idrb.cqu.edu.cn/TTD/) [15]. We searched these
databases using the keyword “oxaliplatin-induced peripheral
neuropathy” and collected oxaliplatin-induced peripheral
neuropathy-related targets.

2.5.4. Construction of the Protein–Protein Interaction (PPI)
Network and Recognition of Topological Features. An interac-
tive network for potential J12 targets was constructed using
the Cytoscape built-in plugin, Bisogenet, and Cytoscape soft-
ware was used for visualization (version 3.7.1) [19]. In the
same way, we built an interactive network for OIPN-related
targets. The two networks were then combined to form a core
protein-protein interaction (CPPI) network. To identify the
necessary proteins in this PPI network, subsequent concen-
tration analysis was performed using the Cytoscape plugin
CytoNCA [20]. We filtered the major hubs of the network
by the following six topology characteristics: “degree center
(DC),” “intermediate center (BC),” “compact center (CC),”
“feature vector center (EC),” “network center (NC),” and
“local average connection (LAC).” These parameters are
defined and computed in predefined formulas that represent
the topological significance of the nodes in the network.

2.5.5. Pathway Enrichment Analysis. We then applied the
DAVID database (http://david.ncifcrf.gov) and the Metas-
cape database (https://metascape.org/) for KEGG annotation
of nodes in J12 and Omicshare Tools to construct visual
enrichment results to analyze potential targets, signaling
pathways, and related biological processes in the gene net-
work that may be involved in the regulation of active compo-
nents in J12.

2.6. Western Blotting. Extraction of total tissue protein: all
operations were performed on ice. Mouse DRG tissue and
sciatic nerve tissue were removed from the -80°C ultralow
temperature refrigerator, and 500μL RIPA strong lysate
and 5μL protease were added to the tissue of each mouse at
a ratio of 100 : 1 inhibitor (PMSF) mixture. After grinding
the homogenate, centrifugation was performed in a low tem-
perature centrifuge at 12000 rpm and 4°C for 15min, the
supernatant was slowly removed, and the protein concentra-
tion was measured using a BCA kit (P0010; Beyotime, China)
on a microplate reader (Infinite M200 Pro; Tecan, Switzer-
land). The proteins were analyzed by 8-12% SDS-PAGE gels
and transferred to polyvinylidene fluoride membranes (Milli-
pore, Billerica, MA). Nonspecific binding sites were blocked
with 5% (w/v) BSA (4240GR100; BioFroxx), and the mem-
branes were incubated with the primary antibodies NF-κB,
ERK1/2 (Abcam), phospho-p38, phospho-SAPK/JNK, phos-
pho-ERK1/2, p38, SAPK/JNK, and GAPDH (Cell Signaling
Tech). The membranes were washed 4 times in TBST and
then incubated with the secondary antibodies for 1 h at room
temperature on a shaker. Protein expression was measured
by using an ECL system (UV200R; Tanon).

2.7. Immunofluorescence. At the end of week 6, L4 and L5
DRGs were taken from mice for immunohistochemical anal-
ysis. The sample tissue was placed in a paraformaldehyde fix-
ative solution and placed at a temperature of 4°C. The tissue
was then transferred to 20% sucrose for dehydration for 24 h,
and then, the DRG was cut to a thickness of 10μm and
mounted on a glass slide. Briefly, sections were blocked for
1 hour at room temperature in 5% normal goat serum and
0.5% Tween-20 in PBS and incubated overnight at 4°C with
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a primary antibody containing NF-κB (1 : 1000; Abcam). The
sections remained overnight at 4°C. After being washed three
times with PBS, sections were incubated with FITC-
conjugated secondary antibodies (1 : 100) in the dark at room
temperature for 1 hour. After extensive washing, the sections
were stained with DAPI. The immunostained DRGs were
then observed under an inverted fluorescence microscope.

2.8. Real-Time Quantitative Polymerase Chain Reaction
(PCR). Total RNA was extracted from DRG tissue using a
TRIzol extraction kit (Invitrogen, Carlsbad, USA). CDNA
was synthesized using the reverse transcription kit TransStart
Top Green qPCR SuperMix (TransGen Biotech, China).
Real-time PCR was performed using an Applied Biosystems
7500 RealTime PCR System (Life Technologies, USA). Due
to different species, qPCR-related primers were provided by
Shanghai Shenggong Co., Ltd. The sequences are as follows:

GAPDH (forward: 5′ TTCCTACCCCCAATTATCCG 3′;
reverse: 5′ CATGAGGTCCACCACCCTGTT 3′).
TNF-α (forward: 5′ GCGACGTGGAACTGGCAGAAG3′;
reverse: 5′ GAATGAGAAGAGGCTGAGACATAGGC3′).
IL-6 (forward: 5′-AGACTTCCATCCAGTTGCC TTCT
TG-3′
reverse: 5′-CATGTGTAATTAAGCCTCCGACTTGTG-3′).
IL-1β (forward: 5′ TTCAGGCAGGCAGTATCACTC
ATTG 3′;
reverse: 5′ ACACCAGCAGGTTATCATCATCATCC 3′).
NF-κB (forward: 5′ CTGGTGCATTCTGACCTTGC 3′;
reverse: 5′ GGTCCATCTCCTTGGTCTGC 3′).

2.9. ELISA Measurements. Approximately 200μL of blood
sample was collected from the eye socket of the mouse, and
the supernatant of the blood sample was gathered after
centrifugation at 3,000 × g for 15 minutes. According to
the manufacturer’s instructions, ELISA analysis kits (NF-
κB, MBE10044; TNF-α, MBE10037; IL-6, MBE10288; and
IL-1β, MBE10289) were used to measure the concentra-
tion of IL-1β, NF-κB, TNF-α, and IL-6 in the supernatant
of the blood.

3. Statistical Analysis

All the experimental data are presented as the mean ±
standard deviation (SD) and were analyzed with GraphPad
Prism 8. The p values were tested by one-way analysis of var-
iance (ANOVA) with the Tukey post hoc test for multiple
comparisons. Data comparisons were considered to be signif-
icant if p < 0:05.

4. Results

4.1. J12 Prevents Oxaliplatin-Induced Hypersensitivity to Pain
in Mice. To verify whether J12 prevented oxaliplatin-induced
peripheral neuropathy, we followed the behavioral experi-
ment plan, as shown in Figure 1(a). There was a significant
difference in the paw withdrawal threshold between the
OXA group and the CONTROL group from the third week.
In the line chart, J12 was effective from the third week by

comparing the treatment groups and the OXA group. How-
ever, the preventive treatment groups and the OXA group
showed significant differences in weeks 5 and 6 from the data
analysis (Figure 1(a)).

The data on heat hyperalgesia of mice in each group
showed significant differences in the sixth week. The OXA
group mice were more sensitive than the control. Moreover,
the difference between the OXA group and O+J12(L) group
demonstrated that the prophylactic administration of J12
could attenuate oxaliplatin-induced heat hyperalgesia
(Figure 1(b)).

The line chart shows subtle differences between the
groups from the fourth week to the sixth week. The O
+J12(L) group showed better preventive effects than the O
+J12(H) group (Figure 1(c)). In summary, these results indi-
cated that J12(L) successfully prevented OXA-induced neu-
ropathic pain in mice.

4.2. J12 Prevented Oxaliplatin-Induced Loss of IENFs. The
immunofluorescence detection of PGP9.5 (a marker of
IENFs) showed that compared with the control group
(Figure 2(a)), the IENF density of the OXA group obviously
decreased (Figure 2(b)). However, the prophylaxis groups
reflected significant preventive effects, preventing the loss of
epidermal innervation (Figures 2(c) and 2(d)). The results
of our study demonstrated that J12 could prevent the loss
of epidermal nerve fibers induced by oxaliplatin.

4.3. Systems Pharmacology Revealed Potential Therapeutic
Effects of the MAPK Signaling Pathway in OIPN. J12 contains
four herbs, but the mechanism of J12 treatment of OIPN
remains unclear because of the multicomponent, multitarget
nature of the herbal component. Therefore, we conducted a
systematic approach to investigate the possible pharmacolog-
ical mechanisms of J12.

A total of 471 compounds were collected from J12 to
screen for active compounds by indicator, including drug
half-life (HL), drug similarity (DL), oral bioavailability
(OB), blood-brain barrier (BBB), and Coco-2 permeability
(Coco-2) with the following criteria: HL ≥ 4, DL ≥ 0.18,
OB% ≥ 30%, BBB ≥ -0.3, and Caco-2 ≥ -0.4 [17]. Finally,
64 potential compounds were screened. TCM compounding
can play a therapeutic role through multiple targets. There-
fore, we adopt a systematic approach to predict the potential
targets of J12, and 88 potential targets were predicted: 49 for
Salvia miltiorrhiza Bge, 73 for Achyranthes bidentata Blume,
62 for Paeonia veitchii Lynch, and 39 for Dendrobium nobile
Lindl. It is worth noting that some herbs have similar targets;
for example, four herbs can affect mitogen-activated protein
kinase 14 (a key enzyme in the p38-MAPK signaling path-
way), which is a key regulator of proinflammatory cytokine
biosynthesis, making different components of the pathway
a therapeutic potential target for autoimmune and inflamma-
tory diseases.

Then, we erected a compound-target network from the
selected active compounds and their potential targets to iden-
tify the complex interactions between them (Figure 3).
Throughout the network, we found that most compounds
are involved in the regulation of multiple targets (for
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example, beta-sitosterol, stigmasterol, 1,2,5,6-tetrahydrotan-
shinone, sugiol, and wogonin). They may be the key multief-
fect compounds of J12 and play a pharmacological role in
OIPN and other diseases.

We used the screened active compounds and potential
targets to construct a compound-target network to elucidate
the complex interactions between them. Eighty-seven genes
were gathered from five databases (GAD, PharmGKB, Drug-
Bank, TTD, and OMIM) and recognized as CIPN-related
targets. Genes and proteins do not act by acting indepen-
dently of each other but through interconnected molecular
networks and pathways acting at multiple levels [21]. There-
fore, we selected proteins as nodes to generate the network
(Figure 4). First, through previous screening and prediction,
we constructed a protein-protein interaction (PPI) network
for J12-related targets (3955 nodes and 96391 edges)
(Figure 4(a)). Next, we constructed a PPI network of
OIPN-related targets (3877 nodes and 88138 edges)
(Figure 4(b)). We then combined the two networks to form
a core protein-protein interaction (CPPI) network. To deter-
mine the important proteins in the CPPI network, the Cytos-
cape plugin CytoNCA was then used for concentration
analysis [22]. .DC,” “BC,” “CC,” “EC,” “NC,” and “LAC”

are set to medians of 80, 3398.987, 0.474, 0.0169, 20.668,
and 14.984, respectively. Finally, we considered the 170 can-
didate targets as the main hubs (Figure 4(c)).

Through the DAVID and Metascape databases, further
research on potential pathways involving candidate targets,
the results were divided into two categories, namely, molecu-
lar functions/biological processes and signaling pathways. As
shown in Figure 5, gene ontology (GO) analysis showed that
J12 participation in the biological process ranked top: protein
ubiquitination was involved, including in ubiquitin-
dependent protein catabolic process, MAPK cascade, apo-
ptotic process, positive regulation of ERK1 and ERK2 cas-
cade, and negative regulation of neuron death. The analysis
showed that the molecular functions involved were protein
binding, protein kinase binding, and NF-kappaB binding.

The results of KEGG annotation analysis showed that J12
participates in signaling pathways, including the MAPK sig-
naling pathway, ubiquitin-mediated proteolysis, and neuro-
trophin signaling pathway (Figure 6). Based on these data,
we speculate that J12 may inhibit OIPN by participating in
the regulation of the MAPK pathway. Therefore, to verify
the influence of J12 in the MAPK pathway, we conducted rel-
evant molecular biological assays.

0

Pa
w

 w
ith

dr
aw

l t
hr

es
ho

ld
(g

)

3

4

5

6

7

8

1 2 3

Time (w)

CONTROL
OXA

OXA+J12(H)
OXA+J12(L)

4 5 6

⁎⁎⁎ ⁎⁎⁎
⁎⁎⁎

⁎⁎⁎

Mechanical allodynia

(a)

Pa
w

 w
ith

dr
aw

al
 la

te
nc

y 
(s

)

Time (w)

CONTROL
OXA

OXA+J12(H)
OXA+J12(L)

⁎⁎⁎10

20

0 1 2 3 4 5 6

Heat hyperalgesia

(b)

Time (w)

CONTROL
OXA

OXA+J12(H)
OXA+J12(L)

0 1 2 3 4 5 6

45

40

35

30

Ta
il-

fli
ck

(s
)

Cold hypersensitivity

(c)

Figure 1: J12 treatment prevented OXA-induced inflammatory pain. J12 treatment prevented OXA-induced mechanical allodynia (a), heat
hyperalgesia (b), and cold hypersensitivity (c). ∗∗ vs. Control, p < 0:01; ∗∗∗ vs. Control, p < 0:001; ^ vs. OXA, p < 0:05; ^^ vs. OXA, p < 0:01;
^^^ vs. OXA, p < 0:001, α = 0:05; n ≥ 6.
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4.4. J12 Prevents Oxaliplatin-Induced p-ERK1/2, p-p38 and
NF-κB Activation in DRGs. Based on the above analysis,
to verify whether the MAPK signaling pathway and NF-
κB are involved in oxaliplatin-induced neuroinflamma-
tion, western blot analysis was performed to detect the

protein expression levels of MAPK and NF-κB in the
DRG. Compared to control mice, p-p38, p-ERK1/2, and
NF-κB were activated in the OXA group. Compared to
the OXA group, most of the same proteins were reduced
in the treatment group (Figures 7(a), 7(b), and 7(d)).

(a) (b)

(c) (d)

Figure 2: Animals were sectioned and stained with PGP9.5. Hindpaw skin tissue from control (a), OXA (b), O+J12 (L) (c), and O+J12 (H) (d)
demonstrated that J12 could prevent oxaliplatin-induced loss of intraepidermal nerve fiber (IENF) density (scale bar = 20μm).

Figure 3: Construction of the J12 compound-putative target network. The candidate compounds of the four herbs and their putative targets
were connected to construct a putative target network of compounds. The nodes representing the candidate compounds are shown as
multicolored quadrilateral, and the targets are represented by blue circles.
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Immunofluorescence results also revealed the role of NF-
κB in oxaliplatin-induced neuropathic pain (Figure 8).
These results suggest that J12 prevents oxaliplatin-
induced neuropathic pain by activating p38, ERK1/2,
and NF-κB signaling pathways without activating p-
JNK/JNK (Figure 7(c)).

4.5. J12 Attenuates Oxaliplatin-Induced TNF-α, IL-6, and IL-
1β Activation in DRGs. By measuring quantitative RT-PCR,
we found that the mRNA of TNF-α, IL-6, and IL-1β were
activated in the OXA group comparing with control group.
However, the prophylactic administration of J12 could effec-
tively prevent these upregulations, and the preventive effect
of the low-dose (5 g/kg) prophylaxis group was significantly
better than that of the high-dose (10 g/kg) group
(Figures 9(a), 9(b), and 9(c)).

4.6. J12 Prevents the Increase in Oxaliplatin-Induced
Inflammatory-Related Factors in the Serum of Mice. ELISA
results show that compared with the control group,
inflammatory-related factors of the mouse serumwere signif-
icantly elevated by injecting oxaliplatin. This phenomenon
was significantly improved in the preventive treatment group
(Figure 10). However, it is interesting to find that in the
serum, the preventive effect of the high-dose (10 g/kg) pro-
phylaxis group was significantly better than that of the low-
dose (5 g/kg) group. This is different from the results of those
factors in DRG.

5. Discussion

Oxaliplatin is still one of the main treatments for colorec-
tal cancers [23]. However, its anticancer efficacy is related
to adverse drug reactions, especially chemotherapy-
induced peripheral neuropathy (CIPN), which is the main
dose-limiting toxicity of this therapy [24]. OIPN presents
specific sensory disturbances, pain induced by cold and
warmth, and decreased vibration perception of the hands
and feet [25]. Therefore, finding a way to protect against
this neuropathic pain is critical. According to an analysis
of the literature, despite many neuron disease therapeutic
clinical trials, no standard evidence-based treatment exists.
In 2012, ASCO reported that the antidepressant duloxetine
can slow down the associated numbness and tingling
symptoms caused by Taxol or platinum but lacks system-
atic research evidence. However, colorectal cancer survi-
vors now account for the third largest group of cancer
survivors [26], and efficient strategies are needed to
improve the prevention and/or treatment of OIPN. There-
fore, we started to explore Chinese herbal medicine, which
is much less toxic.

J12 has been proven to strengthen bones and tendons,
to promote blood circulation, and to remove blood stasis
in the clinic. Moreover, J12 is often used to treat the
symptoms of weakness, pain, and edema of the lower
limbs, which result from blood stasis [12]. J12 could pre-
vent oxaliplatin-induced peripheral neuralgia based on
our behavioral tests. However, there are no articles on

Intersection
Network centrality analysis

Main hubs

cba

Figure 4: Network centrality analysis: prediction of compound targets and construction of known OIPN-related targets (a, b). Identification
of advertising and screening therapeutic targets for J12 (c).
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the roles of J12 in the prevention and treatment of
oxaliplatin-induced neuroinflammation.

Considering the complexity and diversity of herbal for-
mulation components, it may be difficult to elucidate the
mechanism of J12 treatment for CIPN; hence, the systematic
approach was carried out first. First, we gathered a batch of
active compounds in J12 by screening absorption, distribu-
tion, metabolism, and excretion (ADME). After that, the tar-
get of J12 is predicted, and a composite target network is
constructed to further understand the interaction of compos-
ite targets, to further identify the key regulatory factors that
these targets play as an important role in CIPN therapy.
We combined two PPI networks to generate a CPPI network,
one for J12 targets and the other for CIPN-related targets. By
screening the topological characteristics of the CPPI net-
work, we obtained key proteins that may contribute to CIPN
therapy. Using the DAVID database and Omicshare soft-

ware, the MAPK signaling pathway was identified as the
main pathway.

Nuclear factor kappa light chain enhancer of activated
B cells (NF-κB) is a ubiquitous transcription factor well
known for its role in the innate immune response. As
such, NF-κB is a transcriptional activator of inflammatory
mediators, such as cytokines. It has been reported that
downregulating NF-κB can reduce inflammation [27].
Tumor necrosis factor α (TNF-α) is a master cytokine that
mediates inflammatory responses and innate immunity.
Guadalupe Sabio [28] has reviewed the mechanisms that
mediate this dual role of MAP kinases in signal transduc-
tion mediated by TNF-α. It was stated that the activation
of MAP kinases and TNF-α is synchronized. Interestingly,
p38 MAP kinases can also inhibit NF-κB activity following
exposure to TNF-α [29, 30]. It has long been proven that
reducing IL-6 and IL-1β expression can reduce

(a) (b)

10

Gene Number

RichFactor

Pa
th

w
ay

Top 20 of KEGG Enrichment
pvalue

0.075

0.033

0.025

0.20.10.1

20

30

(c)

Figure 6: Pathway enrichment analysis: Enriched representative signal transduction pathways. Nodes in the same enriched network are
colored with p values. The darker the color is, the more statistically important the node is. The larger the Rich factor is, the higher the
enrichment degree is.
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inflammation [31, 32], similar to the data in this article.
Another interesting finding is that in our results, it was
shown that the prevention and treatment effects of J12
low-dose and high-dose groups are completely different
in DRG and serum. Our hypothesis is that chemotherapy
drugs affected this result in mice because chemotherapeu-
tic drugs can accumulate in the dorsal root ganglia (DRG)

[33, 34] and are considered to be used to deliver noxious
stimuli [35, 36].

6. Conclusions

In our study, we investigated the effect of J12 on
oxaliplatin-induced inflammatory pain and the potential
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Figure 7: Compared with mice in the CONTROL group, p-p38, p-ERK1/2, and NF-κB in the OXA group were activated. Compared with the
OXA group, the same proteins in the treatment groups were mostly decreased (a, c, and d). The O+J12(L) group showed better preventive
effects than the O+J12(H) group in p-p38 (d). Otherwise, the high-dose group was better than the NF-κB (a) group. In conclusion, J12
prevents oxaliplatin-induced NF-κB (a), p-ERK1/2 (b), and p-p38 (d) activation in the DRG. ∗ vs. Control, p < 0:05; ∗∗ vs. Control, p <
0:01; # vs. OXA, p < 0:05; ## vs. OXA, p < 0:01, ### vs. OXA, p < 0:001, α = 0:05.
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underlying mechanisms. The results suggested that J12
had an anti-inflammatory effect in mice, inhibited by
the activation of p38/NF-κB and/or ERK/NF-κB induced
by oxaliplatin. J12 could reduce the oxaliplatin-induced
production of TNF-α, IL-6, and IL-1β in the dorsal root

ganglion. Overall, these data suggested that J12 may be
effective in attenuating neuroinflammation in mice.
These findings may aid in further exploration of the
mechanism of J12 prevention of oxaliplatin-induced
inflammation.

Control

DAPI

NF-κB

Merge

OXA O+J12(L) O+J12(H)

Figure 8: In general, the expression of NF-κB in normal nerve cells is rare. From the figure, we found that the activation of NF-κB was
induced by OXA. The immunofluorescence results demonstrated that J12 could prevent oxaliplatin-induced NF-κB activation in the DRG
(scale bar = 50μm).
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Figure 9: Quantitative RT-PCR showed that J12 could prevent oxaliplatin-induced TNF-α (a), IL-6 (b), IL-1β (c), and NF-κB (d) activation in
the DRG. ∗ vs. Control, p < 0:05; ∗∗ vs. Control, p < 0:01; ∗∗∗ vs. Control, p < 0:001; # vs. OXA, p < 0:05; ## vs. OXA, p < 0:01; ### vs. OXA,
p < 0:001, α = 0:05.
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Figure S1: fingerprint of Siwei Jianbu Decoction and its com-
mon pattern. Taking the shared model as a reference, taking
the shared model as a reference, the similarities between S1
and S10 are 0.930, 0.951, 0.937, 0.943, 0.834, 0.931, 0.936,
0.958, 0.886, and 0.919, respectively. Figure S2: fingerprint
common peak and reference spectrum: 14 main common
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Compelling evidence from basic molecular biology has demonstrated the crucial role of microglia in the pathogenesis of
Alzheimer’s disease (AD). Microglia were believed to play a dual role in both promoting and inhibiting Alzheimer’s disease
progression. It is of great significance to regulate the function of microglia and make them develop in a favorable way. In the
present study, we investigated the function of repressor element 1-silencing transcription factor (REST) in Aβ1-42-induced BV-2
cell dysfunction. We concluded that Aβ1-42 could promote type I activation of BV-2 cells and induce cell proliferation,
migration, and proinflammation cytokine TNF-α, IL-1β, and IL-6 expression. Meanwhile, REST was upregulated, and nuclear
translocalization took place due to Aβ1-42 stimulation. When REST was knocked down by a specific short hairpin RNA (sh-
RNA), BV-2 cell proliferation, migration, and proinflammation cytokine expression and secretion induced by Aβ1-42 were
increased, demonstrating that REST may act as a repressor of microglia-like BV-2 cell activation.

1. Introduction

Alzheimer’s disease (AD), a chronic and neurodegenerative
disease, is currently the most prevalent cause of dementia of
aging people. The neuropathological hallmarks of AD
include extracellular Aβ deposits, intracellular neurofibrillary
tangles, and marked inflammation [1, 2]. As a chronic and
degenerative disease, Alzheimer’s disease progress is coupled
with continuous activation of microglia [3]. Microglia, the
main innate immune cells in the central nervous system, play
a pivotal role in the process of AD including secretion of
proinflammation cytokines, clearance of amyloid plaques,
and synaptic pruning [4–6]. In the pathogenesis of AD,
microglia have both advantages and disadvantages. Selective
modulation of microglia phenotype function could be a
promising strategy in AD.

Repressor element 1-silencing transcription factor
(REST), also named neuron-restricted silencing factor
(NRSF), is a zinc finger protein which binds to a 21 bp repres-
sor element-1 (RE-1) to keep silence of hundreds of genes,
many of which are neurally expressed genes [7, 8]. REST is
known to play a key role in neuronal differentiation, includ-
ing neurogenesis, synaptogenesis, excitability, and synaptic
transmission [9, 10]. Importantly, REST dysregulation has
been associated with neurodegenerative diseases, such as
Alzheimer’s disease [11–13]. In an aging neuron, REST is
induced strikingly in the nucleus of cortical and hippocam-
pus neurons to repress genes associated with cell death and
AD pathology and protects neurons from oxidative stress
and amyloid β-protein (Aβ) toxicity, while REST is almost
absent from the nucleus in AD leading to neuron damage
thus cognitive impairment [12]. Up to now, existing studies
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are mainly about functions of REST in neurons or astrocytes;
nevertheless, the function of REST protein in microglia
remains unknown even though REST also has high expres-
sion abundance in microglia [14]. In this study, we evaluated
the levels of REST protein in Aβ1-42-treated BV-2 cells and
characterized the effect of REST on the function of microglia
including proliferation, cell migration, and expression and
secretion of proinflammation cytokines.

2. Materials and Methods

2.1. Cell Culture and Treatment. Mouse microglia-like BV-2
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS) at 37°C
in an atmosphere containing 5% CO2. BV-2 cells were
cultured for 24h or 48h with different concentrations of
Aβ1-42 oligomers (ChinaPeptides, Shanghai, China). Syn-
thetic Aβ1-42 power was dissolved in 0.4% DMSO water to
100μM, then incubated at 37°C for 72 h for oligomerization.

2.2. Cell Viability Assay. BV-2 cells were seeded into 96-well
plates in 100μL complete media at a density of 4 × 105
cells/mL and treated with Aβ1-42 (0, 1, 2.5, or 5μM) for 24
or 48 h. Cell viability was evaluated by Cell Counting Kit-8
(CCK8, Beyotime, Haimen, China) on the basis of our previ-
ous studies [15]. After incubation at 37°C in 5% CO2 for 24 or
48 h, the 10μL CCK8 reagent was added to each well under a
lightproof condition, and incubation continued for a further
2 h. The cell viability was evaluated by measuring absorbance
at 450nm using a microplate reader. The experiments were
carried out at least three times.

2.3. Western Blot. Before harvest, BV-2 cells were washed
with cold PBS and then lysed with lysis buffer containing
protease inhibitors for 30min on ice. The samples were cen-
trifuged at 12000 rpm, 4°C for 15min. Then, the protein con-
centrations were determined by a BCA protein assay kit
(Beyotime Institute of Biotechnology, Haimen, China) as
previously described [16]. Proteins were electrophoresed
using sodium dodecyl sulfate/polyacrylamide gel electropho-
resis (SDS-PAGE, Bio-Rad, CA, USA) and transferred elec-
trophoretically to PVDF membranes. Then, the membranes
were blocked with 5% skim milk at room temperature (RT)
for 1 h and then incubated with primary antibodies overnight
at 4°C. Subsequently, membranes were washed and incu-
bated with the appropriate HRP-conjugated secondary anti-
bodies at room temperature for 1 h. Finally, membranes
were washed and detected with enhanced chemilumines-
cence. Primary antibodies were as follows: anti-GAPDH
(1 : 2000; Sangon Biotech), anti-β-actin (1 : 2000; Santa
Cruz), anti-REST (1 : 1000; Abcam), anti-MHC II (1 : 1000,
Abcam), and anti-Arg1 (1 : 1000; Sigma).

2.4. Real-Time RT-PCR. Total RNA was isolated from the
BV-2 cells using the TRIzol reagent (Invitrogen Life Technol-
ogies, Carlsbad, CA, USA) according to the manufacturer’s
protocol. 1mg of RNA was reverse-transcribed to cDNA
using a PrimeScript™ RT reagent kit (TaKaRa Bio Inc., Bei-
jing, China). Quantitative RT-PCR analysis was performed
using a SYBR Green PCR Kit (KAPA Biosystems, South

Africa) with 1μL of cDNA template in 20μL reaction mix-
ture. Results were analyzed using the comparative CT
method. Data are expressed throughout the study as 2−ΔΔCT

for the experimental gene of interest normalized to β-actin.
The gene-specific primer pairs were as follows: mouse REST
gene forward 5′-GGCAGATGGCCGAATTGATG-3′ and
reverse 5′-CTTTGAGGTCAGCCGACTCT-3′, actin gene
forward 5′-ATCATGTTTGAGACCTTAAA-3′ and reverse
5′-CATCTCTTGCTCGAAGTCCA-3′, TNF-α gene for-
ward 5′-CCTCTCTCTAATCAGCCCTCTG-3′ and reverse
5′-GAGGACCTGGGAGTAGATGAG-3′, IL-1β gene for-
ward 5′-CCAGGGACAGGATATGGAGCA-3′ and reverse
5′-TTCAACACGCAGGACAGGTACG-3′, and IL-6 gene
forward 5′-AAGCCAGA GCTGTGCAGATGAGTA-3′
and reverse 5′-TGTCCTGCAG CCACTGGTTC-3′.

2.5. Transwell Assay. BV-2 cells (2 × 104) were seeded in the
inserts of transwells (Corning Costar Corp., Cambridge,
MA, USA, 8.0μm pore size), and the insert was transferred
into a well with PC12 cells seeded in the lower chamber.
PC12 cells were treated with or without Aβ, and the transwell
system was incubated for 24 h in 5% CO2 at 37

°C. BV-2 cells
that migrated to the lower surface were stained with gentian
violet. Images were taken from four random fields at 40x
magnification. The number of BV-2 cells on the lower surface
of the insert was quantified. The experiments were repeated
at least three times.

2.6. Plasmid Transfection. BV-2 cells were replanted 24 hours
before transfection in 2mL of fresh culture medium in a 6-
well plastic plate. Plasmids were transfected when the cell
density reached 70-80% by Lipofectamine 3000 (Thermo
Fisher Scientific), according to the manufacturer’s instruc-
tions. Before transfection, DMEM was removed, and Opti-
MEM media were used instead. BV-2 cells were transfected
with 2500 ng/well of the pLenR-GPH vector carrying sh-
RNA against REST (bio-link, Shanghai, China). Alterna-
tively, the mock plasmid pLenR-GPH (bio-link, Shanghai,
China) was used as a control instead of the sh-REST plasmid.
Six hours after transfection, Opti-MEMmedia were removed
and BV-2 cells were cultured for 48 h in DMEM before col-
lecting for further Western blotting or qPCR. The specific
primer pairs were as follows: forward: 5′-GATCCGCAAGC
TTCTGAAGGGAAACACTTCCTGTCAGATGTTTCCC
TTCAGAAGCTTGCTTTTTG-3′ and reverse 5′-AATTCA
AAAAGCAAGCTTCTGAAGGGAAACATCTGACAGGA
AGTGTTTCCCTTCAGAAGCTTGCG-3′.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA). Proin-
flammation cytokine TNF-α, IL-1β, and IL-6 levels of cellular
supernatant were measured with commercial mouse ELISA
kits according to the manufacturer’s instructions
(eBioscience Inc., CA, USA). The concentration of target
proteins was indexed by absorbance measured at 450nm.

2.8. Statistical Analyses. Results were expressed as the mean
± standard deviations ðSDÞ. Student’s t-test was used for
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the determination of statistical significance among groups.
The level of statistical significance was P < 0:05.

3. Results

3.1. Aβ1-42 Induced BV-2 Cell Activation.We investigated the
effect of synthetic Aβ1-42 on BV-2 cell proliferation using the
CCK8 assay. BV-2 cells were treated with different concen-
trations of synthetic Aβ1-42 (0-5μM) for 24 and 48 hours.
When BV-2 cells were treated for 24 h, 1 or 2.5μM Aβ1-42
did not induce cell proliferation while 5μMAβ1-42 promotes
cell proliferation significantly (P < 0:05). When BV-2 cells
were treated with Aβ1-42 for 48h, 1μMAβ1-42 did not induce
cell proliferation while 2.5 and 5μM Aβ both promote cell
proliferation significantly (P < 0:05 and P < 0:05)
(Figure 1(a)).

In addition to cell proliferation, morphological changes
were observed in BV-2 cells treated with Aβ1-42. As shown
in Figure 2(b), in the control group, BV-2 cells presented oval
or round with short branches. When treated with 1μM Aβ1-
42, short branches of BV-2 cells prolonged and the cell body
enlarged. When treated with 2.5μM Aβ1-42, BV-2 cell
branches further extended appearing amebic morphology
with extended pseudopodia (Figure 1(b)). When treated with
5μM Aβ1-42, amebic cell proportions were increased
(Figure 1(c)).

After BV-2 cells were treated with Aβ1-42 for 24 h, West-
ern blotting was used to analyze the changes of MHC II and
Arg1 protein levels which represent different activation
phenotypes of microglia. MHC II was upregulated in a
concentration-dependent manner while Arg1 was downreg-
ulated (Figures 1(d) and 1(e)) indicating that BV-2 cells dem-
onstrated an acute M1-like response to Aβ1-42 after 24 hours’
treatments.

3.2. Aβ Induced REST Expression and Nuclear
Translocalization. REST expression was analyzed byWestern
blotting and qPCR after 24 hours of treatment with 0, 1, 2.5,
and 5μMAβ1-42. The results showed that compared with the
control group, both the REST protein level and mRNA level
of the Aβ1-42 treatment group increased gradually with the
increase of Aβ1-42 concentration (Figures 2(a) and 2(b)).
Consistent with the total REST protein level, intranuclear
distribution of REST protein increased significantly with
the increase of Aβ1-42 concentration, indicating that Aβ1-42
could promote REST nuclear translocalization (Figure 2(c)).

3.3. REST Repressed Aβ-Induced BV-2 Cell Proliferation. To
study the effect of REST on cell proliferation, a specific short
hairpin RNA (sh-RNA) was used to knock down the REST
gene in BV-2 cells confirmed by Western blotting and qPCR.
As shown in Figures 3(a) and 3(b), REST was downregulated
for about 75% compared with the control group. Then, we
treated BV-2 cells with Aβ1-42 for 24 hours and detected
the proliferation of BV-2 cells by a CCK8 kit. The results
showed that cell proliferation in the control group was simi-
lar to that in Figure 1(a) that the cell proliferation increased
in a concentration-dependent manner with statistical differ-
ence at 5μM. And compared with the control group, Aβ1-42

induced a marked increase in cell proliferation in the
REST-knockdown group, indicating that REST may repress
Aβ-induced BV-2 cell proliferation (Figure 3(c)).

3.4. REST Repressed BV-2 Cell Migration. As the main innate
immune cells in the brain, microglia always detect the
changes in the surrounding environment through continu-
ous contraction and extension [17]. When there are adverse
factors to activate microglia, chemokines in the microenvi-
ronment can promote the migration of microglia to lesions
[18–20]. The migration ability of glial cells plays a major role
in the function of microglia. In order to study the effect of
REST on cell migration, BV-2 cell migration was tested by
the transwell assay while REST was knocked down by sh-
RNA in the experimental group. PC12 cells were inoculated
in the lower chamber of the transwell system and treated with
5μM Aβ1-42 while BV-2 cells were inoculated in the upper
chamber. Results are shown in Figure 3(d) that compared
with the control group, migration of BV-2 cells with REST
low expression was increased significantly (P < 0:001, P <
0:001) regardless of whether the PC12 cells in the lower
chamber were treated with Aβ1-42 or not, suggesting that
REST may function as a repressor of BV-2 cell migration.

3.5. REST Repressed the Expression and Secretion of
Proinflammatory Cytokines. As a chronic and progressive
disease, AD is characterized by neuroinflammation through-
out the disease. Expression of inflammatory cytokines is a
major feature of AD [21]. To evaluate inflammation cytokine
gene expression changes induced by Aβ1-42, qPCR was used
to analyze mRNA levels of proinflammatory cytokines in
BV-2 cells. Results are shown in Figure 4(a) that Aβ1-42 pro-
moted proinflammatory cytokine TNF-α, IL-1β, and IL-6
expression. As shown in Figure 4(a) that with the increase
of concentration of Aβ1-42, the TNF-α mRNA level was
induced; upregulation was statistically significant when con-
centration of Aβ1-42 reached 5μM (P < 0:01). The mRNA
levels of IL-1β in the three Aβ1-42 treatment groups were sig-
nificantly higher than those in the control group (P < 0:01,
P < 0:001, and P < 0:01). So was IL-6 that the mRNA levels
of IL-6 in the three Aβ1-42 treatment groups were signifi-
cantly higher than those in the control group (P < 0:05, P <
0:05, and P < 0:01).

When REST gene was knocked down, proinflammatory
cytokine TNF-α, IL-1β, and IL-6 mRNA levels were signifi-
cantly upregulated compared with the control group
(Figure 4(b)). And ELISA analysis showed that downexpres-
sion of REST gene leads to significant upregulation of proin-
flammation cytokines TNF-α, IL-1β, and IL-6 secreted to cell
supernatant (Figure 4(c)). These observations suggest that
REST may repress the expression and secretion of proinflam-
matory cytokines TNF-α, IL-1β, and IL-6.

4. Discussion

Alzheimer’s disease is a common neurodegenerative disease
and the most common type of senile dementia, whose main
symptoms are progressive cognitive decline and memory
loss. Extracellular beta-amyloid (Aβ) plaques and
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Figure 1: Aβ1-42 induced BV-2 cell activation. (a) Aβ1-42 promotes BV-2 cell proliferation. The proliferation of BV-2 cells increased with the
increase of Aβ1-42 treatment time and concentration. Both 24 h and 48 h treatment of Aβ1-42 could induce the proliferation of BV-2 cells. Only
5μMAβ1-42 induced BV-2 cell proliferation significantly at the treatment time of 24 h, while both 2.5 μM and 5 μM could promote BV-2 cell
proliferation at the treatment time of 48 h. (b) Aβ1-42 induced morphological changes in BV-2 cells. Under the action of Aβ1-42, BV-2 cells
presented shortening of the processes and swelling of the soma. (c) Quantitative statistics of the increase of ameba-like cell proportion
under treatment of Aβ1-42. (d, e) Under the treatment of Aβ1-42, MHC II protein levels were upregulated while Arg1 was downregulated
with the increase of concentration of Aβ1-42.

∗P < 0:05 vs. control; ∗∗∗P < 0:001 vs. control.
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Figure 2: Aβ induced REST expression and nuclear translocalization. (a, b) Under the treatment of Aβ1-42, both the REST protein level and
the mRNA level were upregulated. (c) With the increase of concentration of Aβ1-42, intranuclear distribution of REST protein increased.
∗∗∗P < 0:001 vs. control.
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intracellular neurofibrillary tangles in the brain are two clas-
sical pathological features of AD.With the gradual deepening
of the understanding of the toxicity of Aβ, Hardy and
Higgins put forward the “Aβ theory” of the etiology of AD
in the 1990s, which suggests that the central mechanism of
AD is the corresponding neurotoxicity caused by abnormal
deposition of Aβ in the brain and has a profound impact
on the later research [22]. Besides Aβ toxicity, scientists also
noticed that there was obvious microglia proliferation in the
brain of AD patients and extensive activation of microglia in
AD [23, 24]. The proliferation and activation of microglia
were proved to have important effects on the course of AD
[5]. In this study, BV-2 cells treated with synthetic Aβ1-42
presented obvious proliferation and activation. Active BV-2
cells presented shortening of the processes and swelling of

the soma, as well as activation phenotype marker alteration
that MHC II expression was significantly upregulated,
suggesting that microglia were activated to become antigen-
presenting cells. Arginase 1 (Arg1) which has inhibitory
effect on microglia activation due to its ability to decompose
arginine which was necessary for microglia activation was
significantly downregulated by the stimulation of Aβ1-42,
suggesting that Aβ1-42 can promote type I activation of
microglia but inhibit type II activation.

RE-1 silencing transcription factor (REST) has been
proved to play an important neuroprotective role in AD
[11, 12]. Normal elderly neurons have a high level of REST
in order to inhibit the expression of genes related to neuronal
death and AD progression, while in AD patients and animal
models, neuronal REST is significantly downregulated, or
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Figure 3: Knockdown of REST by short hairpin RNA increased Aβ1-42-induced BV-2 cell proliferation and migration. (a, b) REST gene was
knocked down by short hairpin RNA about 75% at the mRNA level and 50% at the protein level. (c) Knockdown REST gene by short hairpin
RNA promoted Aβ1-42-induced cell proliferation. (d, e) When PC12 cells were inoculated in the lower chamber of the transwell system,
knockdown REST gene promotes BV-2 cell migration in the upper chamber no matter if PC12 cells were treated with Aβ1-42 or not.

∗P <
0:05 vs. control, ∗∗P < 0:01 vs. control, and ∗∗∗P < 0:001 vs. control.
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even missing, leading to a large number of neuronal death
and cognitive decline [12]. In this study, synthetic Aβ1-42
induced microglial REST upregulation and nuclear translo-
calization in BV-2 cells, which was observed to play an
important role in microglia.

Microglia, the innate immune cells in the brain, have
been constantly moving to detect the changes of the microen-
vironment in the brain and play a role as a guardian of the
central nervous system [25, 26]. The migration function is
of great importance to microglia. In this study, PC12 cells
were used as an alternate of neurons to coculture with BV-
2 cells in the transwell system. PC12 cells are a cell line cloned
from rat adrenal pheochromocytoma, which were widely
used in the in vitro study of nervous system diseases due to
their similar characteristics to neurons. Previous studies have
revealed that Aβ can promote microglia migration. And in
this study, when PC12 cells in the lower chamber were
treated with Aβ1-42, BV-2 cells migrate more than the control
group, indicating that PC12 cells suffering from Aβ1-42 can
promote BV-2 cell migration. That is, both Aβ1-42 and
PC12 suffering from Aβ1-42 can promote BV-2 cell migra-
tion. In this study, knocking down REST promoted the
migration of BV-2 cells no matter if PC12 cells in the lower
chamber were treated with Aβ1-42, suggesting that REST
has the function of inhibiting migration of BV-2 cells. In
AD brains, microglia are often found near Aβ plaques [5,
27]. One explanation might be that microglia and neurons
stimulated by Aβ release chemokines to recruit microglia or
macrophages in the blood while the REST is upregulated as
a result of Aβ neurotoxicity in the recruited microglia or
macrophages, which limit the migration of microglia in turn.
Thus, microglia stay around the Aβ plate limiting the spread
of senile plaque. In addition, chronic monocyte transmigra-

tion could also result in subtle damage to the blood-brain
barrier (BBB) [28]; the function of repressing migration of
microglia has a protective effect on the blood-brain barrier
(BBB) to some extent.

As a chronic and progressive disease, chronic neuroin-
flammatory response exists throughout the course of AD
[29–31]. In this study, the expression of TNF-α, IL-1β, and
IL-6 increased significantly in Aβ1-42-treated BV-2 cells.
Long-term sustained inflammatory factors can damage the
brain and strengthen synaptic degeneration and neuronal
apoptosis [32]. In this study, knocking down REST can pro-
mote the expression and secretion of proinflammatory cyto-
kines TNF-α, IL-1β, and IL-6 suggesting that REST may play
a protective role in the course of AD by inhibiting the expres-
sion and secretion of inflammatory factors.

5. Conclusions

Our findings raise the possibility that Aβ-induced REST
expression in microglia has a protective effect of repressing
microglia activation including cell proliferation, migration,
and inflammation cytokine secretion.
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Figure 4: REST repressed proinflammation cytokine TNF-α, IL-1β, and IL-6 expression and secretion. (a) Aβ1-42 induced proinflammation
cytokine TNF-α, IL-1β, and IL-6 upregulation and anti-inflammation cytokine IL-12 downregulation. (b) Knockdown REST gene induced
proinflammation cytokine TNF-α, IL-1β, and IL-6 mRNA upregulation with the treatment of Aβ1-42. (c) Knockdown REST gene
increased secretion of proinflammation cytokines TNF-α, IL-1β, and IL-6. ∗P < 0:05 vs. control, ∗∗P < 0:01 vs. control, and ∗∗∗P < 0:001
vs. control.
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Extant studies mostly focused on the buffering role of social and external organizational resources and personal mental resources.
However, there is no research exploring the moderating role of personal physiological resources (e.g., stress reactivity). The present
study is aimed at examining the interactive effect of emotional labor and stress reactivity on job burnout. The present study utilized
cortisol content in a 1 cm hair segment as the biomarker of total stress reactivity in one month. The participants were 229 female
hospital nurses randomly recruited from city hospitals, China. They self-reported their emotional labor strategies and job burnout
syndromes and provided 1 cm hair segments closest to the scalp two weeks later after the survey. Hair cortisol content was
determined with high-performance liquid chromatography-tandem mass spectrometry. The results revealed that hair cortisol
can moderate the associations of surface acting with emotional exhaustion and personal burnout; of deep acting with emotional
exhaustion, depersonalization, and personal burnout; and of expression of naturally felt emotions with professional inefficacy. In
particular, nurses with high cortisol levels not only showed higher emotional exhaustion than those with low cortisol levels
under high surface acting but also showed lower emotional exhaustion under low surface acting. A similar situation was true for
nurses’ emotional exhaustion and depersonalization in the context of deep acting. Nurses with low hair cortisol levels not only
showed higher professional inefficacy than those with high hair cortisol levels under low expression of naturally felt emotions
but also showed lower professional inefficacy under high expression of naturally felt emotions. Additionally, nurses with high
hair cortisol levels showed lower personal burnout than those with low hair cortisol levels under low surface acting or high deep
acting. In summary, the interaction pattern between stress reactivity and emotional labor was varied with the nature of
emotional labor strategy and job burnout.

1. Introduction

Job burnout is a typical syndrome that results from chronic
stress elicited by high job demands [1, 2]. Emotional labor
is a particular aspect of job demands, requiring employees
to modify their affective displays at work [3]. Intense emo-
tional labor in a long time has been associated with higher
job burnout [4] as work tasks with highly physical and other

mental demands do [1]. Nevertheless, the relationship
between emotional labor and job burnout may vary with
the nature of emotional labor strategy that is required across
numerous occupations and with employees’ personal
resources. Among various personal resources, stress reactiv-
ity conceptualized as a high biological sensitivity to context
[5] may be one of the important personal physiological
resources improving employees’ sensitivity to organizational
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requirements in emotional labor. However, it is unclear yet
whether stress reactivity can buffer the deleterious effect of
high emotional labor as personal mental resources buffer
the deleterious effect of high job demands, such as self-
esteem, self-efficacy, and optimism [6, 7]. Thus, determining
the buffering role of stress reactivity will be helpful for under-
standing more fully the importance of the biological pro-
cesses in employees dealing with job-related emotional
labor. Therefore, the current study is aimed at examining
how an emotional labor strategy interacts with employees’
stress reactivity in predicting employees’ job burnout.

Emotional labor has been conceptualized as a three-
dimensional structure separating three strategies: surface act-
ing, deep acting, and the expression of naturally felt emotions
[8, 9]. Surface acting refers to employees hiding felt emotions
or faking unfelt emotions without shaping inner feelings (act-
ing in bad faith) to fit the desired emotion display at the
workplace, and deep acting refers to employees modifying
their actual inner emotion states (acting in good faith) while
the expression of naturally felt emotions refers to employees
spontaneously and genuinely experiencing and displaying
the felt emotions [8]. Surface acting entails the consumption
of a substantial amount of energy and resources in suppress-
ing the true emotions at the behavioral level. Thus, surface
acting perhaps leads to an imbalance between emotional
demands and the resource expenditure because employees
have strong motivations to conserve and establish their
resources to minimize the extent to which they spend
resources in their emotional labor at work as suggested by
the conservation of resources model [10]. In contrast, deep
acting spends very limited resources in the internalization
of job demands on one’s emotion, and natural feelings are
often consistent with the expression normally demanded by
the work. Therefore, surface acting is more likely positively
associated with burnout symptoms and negative stressful
reactions than deep acting and the expression of naturally felt
emotion. Indeed, previous empirical studies mostly demon-
strated positive associations of surface acting with burnout
syndromes (e.g., emotional exhaustion and depersonaliza-
tion) [11–17] and negative associations of the expression of
naturally felt emotion with burnout syndromes [14, 16].
However, the association between deep acting and job burn-
out was less consistent in the previous, with studies demon-
strating negative, positive, or no associations [11, 13, 14,
16–20]. One of the main reasons for the inconsistency might
be that the amount and nature of emotional labor demand
that employees face varied across numerous occupations
requiring employees to perform the form of emotional labor
differing in interpersonal interactions, such as mass service
and high commitment service [21]. For example, nurses have
little chance to establish stable relationships with their mas-
sive outpatients during short-term and one-off encounters,
thereby having less autonomy to express naturally felt emo-
tions than teachers who can establish relatively stable rela-
tionships with the students they well know. Another reason
might be that the amount and form of emotional labor strat-
egy employees perform varied with employees’ stress reactiv-
ity or their sensitivity to organizational requirements in
emotional labor. Therefore, it is necessary to separately vali-

date the relationship between each emotional labor strategy
and job burnout and examine whether the relationship shows
the pattern differing in three emotional labor strategies and
whether the relationship is moderated by stress reactivity.

As one of the stress-sensitive nervous systems, the
hypothalamic-pituitary-adrenal (HPA) axis is responsible
for the cortisol secretion to help organs adapt to stressful
events [22]. Naturally, cortisol is considered as a biomarker
of the HPA activity. It is also regarded as one of the reliable
biomarkers for assessing an individual’s stress reactivity
[5, 23]. Salivary cortisol levels within one day were ever
utilized as a biomarker of stress reactivity [23]. However,
salivary or urinary cortisol levels reflect the acute or
short-term activity of the HPA axis (or stress reactivity)
over several hours or up to one day [24]. These traditional
biomarkers do not reliably reflect long-term HPA activity
(or stress reactivity) enough to match the time span (e.g.,
one-month period) that most psychological measurements
cover in their questions. Alternatively, hair cortisol has
been proven to be a novel biomarker reliably assessing basal
cortisol levels and the long-term activity of the HPA axis
[25]. That is, if the hair growth rate is 1 cm per month
[26], the cortisol content in the 1 cm hair segment would
reliably reflect the HPA activity over one month or the total
reactivity to all daily stressful events over one month.
Moreover, it shows high consistency with the average level
of multiple-day salivary cortisols within one month [27,
28]. We therefore used the hair cortisol content as a bio-
marker of one-month stress reactivity to better match the
time span that psychological measurements cover.

Previous empirical studies on this topic were done under
the Job Demands-Resources (JDR) model [1] and mostly
demonstrated that job resources can buffer the harmful effect
of job demands [29, 30]. As health-protecting factors, job
sources refer to those physical, psychological, social, or orga-
nizational aspects of the job that may be functional in achiev-
ing work goals, or reduce job demands at the associated
physiological and psychological costs, or stimulate personal
growth and development [1]. Moreover, it is emphasized that
job resources can be catalogued into external resources (i.e.,
organizational and social resources) and internal personal
resources, such as cognitive features and action patterns
[31]. As aspects of the self at the cognitive level, emotional
level, and biological level, personal resources that are gener-
ally linked to resiliency refer to individuals’ sense of their
ability to control and impact their environment successfully
[32, 33]. Traditionally, regarding the job resources buffering
the deleterious effect of job demands, extant studies mostly
focused on the external organizational resources related to
job characteristics, such as social support, job autonomy,
quality of the relationship with the supervisor, and perfor-
mance feedback [1, 29, 34]. Comparatively, limited studies
have examined the buffering role of personal mental
resources, such as organizational-based self-esteem, self-effi-
cacy, optimism, compassion satisfaction, and recovery expe-
rience as resource replenishment [6, 7, 12, 15, 31, 35, 36].
However, to date, there is little research exploring the moder-
ating role of stress reactivity in the association between job
demands (e.g., emotional labor) and job burnout.
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Stress reactivity as personal physiological resources
might play a moderating role as personal mental resources
do. This theoretical hypothesis on stress reactivity possibly
obtains additional support from recent empirical studies
finding that stress reactivity can moderate the relationship
between environmental factors and psychological adapta-
tions [23, 37–40]. It found that compared to those with lower
cortisol levels (i.e., lower stress reactivity), adolescents with
higher cortisol levels (i.e., higher stress reactivity) not only
showed less prosocial behaviors and worse execute functions
under more family adversities [23, 37] and more internaliz-
ing problems under more stressful events [38, 40] but also
showed more prosocial behaviors and better execute func-
tions under less family adversities and less internalizing
problems under less stressful events, which was consistent
with the differential susceptibility model recently developed
by Belsky and collaborators [41, 42]. These results implied
that high stress reactivity is a plasticity factor (i.e., it is not
only a risk factor under adverse environments but also a pro-
moting factor under supportive environments) or that low
stress reactivity is a protective factor under adverse environ-
ments. Of course, whether the notions are true in the context
of high emotional labor demands is needed to be validated.

Taken together, the present study is aimed at indepen-
dently examining the interactive effects of three emotional
labor strategies and stress reactivity on job burnout under
the frame of the JDR model where emotional labor is a par-
ticular aspect of job demands and stress reactivity might be
the most representative personal physiological resources.
The cortisol content in the 1 cm hair segment was utilized
as the biomarker of one-month stress reactivity, ensuring
that the time span the hair cortisol content reflects matched
that the measurements of psychological variables cover. We
focused our study on Chinese hospital nurses. This is because
the nursing profession is an emotionally demanding occupa-
tion. Hospital nurses currently in China utilize emotional
labor and control their emotional expressions tomeet patients’
needs in the increasing demand for quality health care services
[43]. In order to make the results more generalized, we exam-
ined job burnout syndromes that are measured with compul-
sory questionnaires, Maslach Burnout Inventory-General
Survey (MBIGS) [44] and Copenhagen Burnout Inventory
(CBI) [45] where MBI focuses on the long-term consequences
under continuous job stress in emotions and interpersonal
relationships, such as emotional exhaustion, depersonaliza-
tion, and professional efficacy, and CBI on the different
domains of burnout itself, such as personal burnout, work-
related burnout, and client-related burnout. Based on the
above background, we expected that each emotional labor
strategy and hair cortisol would interact to predict nurses’
job burnout syndromes and that high hair cortisol (i.e., high
stress reactivity) would be the plasticity factor or that lower
hair cortisol (i.e., lower stress reactivity) would be a protective
factor in the context of high emotional labor demands.

2. Method

2.1. Participants. The initial sample consisted of 500 female
nurses randomly recruited from nine hospitals in Nanjing

City, China. All participants provided written informed con-
sent before inclusion. This study followed the Declaration of
Helsinki and was approved by the Health Science Research
Ethics Board of Southeast University.

Among them, 456 nurses (91.20%) completed all the
questionnaires including demographic information, emo-
tional labor strategy, and job burnouts. 341 out of 456 nurses
provided their hair strands and the hair-related information.
112 participants were excluded because they were smokers,
alcoholics, or obese (bodymass indexes ≥ 30), or with shorter
hair (<1 cm) or treated hair (e.g., coloring, perm, or
bleached), or had medicine intake (e.g., glucocorticoid and
antibiotic drugs) or diseases (e.g., canker sores and inflam-
mation), which might influence the contents of cortisol in
hair [46]. Finally, 229 nurses participated in the present
study. They worked in different types of working depart-
ments: intensive care unit (ICU, 20.96%), emergency inten-
sive care unit (EICU, 8.30%), emergency department
(33.62%), radiotherapy department (6.99%), rehabilitation
department (16.59%), and others (13.54%) including paedi-
atrics, internal medicine, department of medical psychology,
Chinese medicine surgery, neurology, neurosurgery, struma,
dental department, orthopaedics, endocrine department, and
operating theatre over the past one year. They gave a range of
years of working as a nurse, in which 50.22% served less than
5 years, 34.06% served 5-15 years, and 15.72% served over 15
years. Of those, 83.84% nurses were in the 8 h three-shift
scheduling and 16.16% nurses in the 12 h two-shift
scheduling.

2.2. Procedures. After signing the informed consent, partici-
pants self-reported with the questionnaires their demo-
graphic information including the working department,
working duration and shift scheduling, emotional labor strat-
egy, and the status of job burnout over the past one month. In
order to match survey data in time span, hair samples (about
20mg in weight) were collected by a well-trained research
assist two weeks later after the questionnaires’ collection.
This is because 1-3mm of the hair strands embeds in the skin
and the 1-2mm hair strands closest to the scalp cannot be
completely cut with scissors [47] if the hair growth rate is
1 cm per month. As-collected hair samples were sealed with
foil to avoid from direct irradiation of the sunlight and then
were stored in a dry and dark environment at room temper-
ature until the analysis.

2.3. Measures

2.3.1. Emotional Labor Strategy. The 14-item emotional labor
strategy scale developed by Diefendorff and his colleagues [8]
and translated into Chinese by Bai [48] and Cheung and
Tang [49] was used to measure three types of emotional labor
strategies: surface acting (7 items), deep acting (4 items), and
expression of naturally felt emotions (3 items). These items
were slightly modified to make the wording match the job
characteristics and context of nurses, for example, “put on
an act to deal with patients in an appropriate way” (surface
acting), “try to actually experience the emotions that I must
show to patients” (deep acting), and “the emotions I express
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to patients are genuine” (expression of naturally felt emo-
tions). Each item is rated on a 5-point Likert scale ranging
from 1 (strongly disagree) to 5 (strongly agree). Higher scores
indicate a higher emotional labor strategy. The scale was
proven to have good reliability and validity in Chinese
workers (e.g., Bai, 2006 for employees in supermarkets,
hotels, and hospitals; Cheung and Tang, 2009 for human ser-
vice professionals; and Yin et al., 2012 for teachers). In the
present study, the average score for each subscale was uti-
lized, and Cronbach’s alpha coefficient was 0.86, 0.76, and
0.85 for the three subscales.

2.3.2. Job Burnout. Job burnout was measured with Maslach
Burnout Inventory-General Survey (MBIGS) developed by
Schaufeli et al. [44] and translated into Chinese by Li and
Shi [50] and with Copenhagen Burnout Inventory (CBI)
developed by Kristensen et al. [45] and translated into Chi-
nese by Yeh et al. [51]. The Chinese version of MBIGS
includes 16 items assessing the frequency of nurses
experiencing burnout and consists of three subscales measur-
ing emotional exhaustion (5 items), depersonalization (5
items), and professional efficacy (6 items) which we renamed
and rated as professional inefficacy for the convenience and
consistency with the other five burnout subscales in the
results’ description. Each item is rated on a 7-point Likert
scale ranging from 1 (never) to 7 (always), higher scores indi-
cating heavier burnout. The scale was proven to have good
reliability and validity in Chinese workers [50]. In the present
study, the average score for each subscale was utilized, and
Cronbach’s alpha coefficient was 0.94, 0.86, and 0.81 for the
three subscales.

The Chinese version of CBI also contains 16 items asses-
sing the degree of physical and psychological fatigue and
exhaustion perceived by the nurses in three different aspects,
personal burnout (5 items), work-related burnout (5 items),
and client-related burnout (6 items). The items in the
client-related burnout subscale were slightly modified to
make the wording match the job context of nurses. Each item
is rated on a 5-point Likert scale ranging from 0 (never) to 4
(always), higher scores indicating heavier burnout. The scale
was proven to have good reliability and validity in Chinese
workers [51]. In the present study, the average score enlarged
25 times for each CBI subscale was utilized to distinguish
MBI and CBI, and Cronbach’s alpha coefficient was 0.92,
0.90, and 0.90 for the three subscales.

2.3.3. The Analysis of Hair Cortisol Contents. The detailed
procedures of analyzing hair cortisol contents (HCC) were
described elsewhere [28]. Briefly, the 1 cm hair strands closest
to the scalp were treated by a standard protocol: washing with
methanol, cutting into pieces, incubation in methanol, cen-
trifugation, solid-phase extraction, and drying at pure nitro-
gen gas. The dried residue was redissolved in 50-microliter
methanol for cortisol analysis that was done on a Qtrap
3200 liquid chromatography-tandem mass spectrometer
(ABI, USA). Cortisol was ionized with atmospheric pressure
chemical ionization and identified in the positive ion mode
using the multiple reaction monitoring mode. The assay
method had good linearity in the range of 0.8-250.0 pg/mg,

showing the square coefficient of correlation at 0.99. It also
had good sensitivity, accuracy, and precision, showing limits
of detection and quantitation at 0.3 and 0.8 pg/mg and intra-
day and interday coefficients of variation less than 15% and
recovery ranging between 85 and 115% [28], which fit the
requirements of hair cortisol measurement.

2.4. Data Preparation and Analysis Procedures. Prior to anal-
yses, all variables were examined for accuracy of data entry,
missing data, data normality, and common-method bias.
Data were analyzed by the statistical package SPSS 22.0 for
windows. Confirmatory factor analysis was performed by
Lisrel 8.70. Percentages of missing data were less than 1.0%
for all the predictive and outcome variables, and there was
no missing data for the moderating variable. Missing data
for all the predictive and outcome variables were handled
using the expectation-maximization algorithm [52]. The data
distribution normality was examined with a one-sample
Shapiro-Wilk test. HCC showed nonnormally distributed
(p < 0:001) and became normally distributed (p = 0:200) after
a log transformation that could effectively reduce the skew-
ness and kurtosis. The log-transformed HCC data were used
for the next Pearson’s correlation analysis and the hierarchi-
cal multiple regression analysis. All hierarchical multiple
regression analyses were conducted controlling for the
nurse’s working department, shift pattern, and work dura-
tion for nursing.

3. Results

3.1. Descriptive Statistics. Harman’s single-factor test was
performed to assess the common method variance biases
[53]. An exploratory factor analysis (EFA) (principal compo-
nents extraction) showed that items on surface acting and
each subscale of job burnouts did not generate the unique
factor with the explained variance more than 40% for all six
subscales of job burnouts. A confirmatory factor analysis
(CFA) also demonstrated that the items did not converge
on a single factor for all six subscales of job burnouts
(RMSEAs > 0:150). Similarly, the other predictors and out-
come variables did not generate a single factor. Thus, it was
assumed that the common method variance bias was not
serious in the present study. The details on EFA and CFA
were seen in Tables S1 and S2 in the supplemental materials.

As listed in Table 1, surface acting showed significantly
positive correlations with emotional exhaustion, depersonal-
ization, personal burnout, work-related burnout, and client-
related burnout (p’s < 0:01) but did not correlate with profes-
sional inefficacy (p > 0:05). Deep acting showed significantly
negative correlations with all six aspects of job burnouts
(p’s < 0:01). Expression of naturally felt emotion also showed
significantly negative correlations with all six aspects of job
burnouts (p’s < 0:05). There were no correlations between
emotional labor strategies and hair cortisol content and
between hair cortisol content and six aspects of job burnouts
(p’s > 0:05). Additionally, these variables were not correlated
with working duration as a nurse (p’s > 0:128). Expression of
naturally felt emotion, emotional exhaustion, depersonaliza-
tion, personal burnout, work-related burnout, and client-
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related burnout were varied with the working department
(p’s < 0:05), but it was not true for surface acting, deep acting,
HCC, and professional inefficiency (p’s > 0:05). Emotional
exhaustion, personal burnout, and work-related burnout
were varied with shift scheduling patterns (p’s < 0:05), but
it was not true for emotional labor strategies, HCC, and the
other burnouts (p’s > 0:246). The details are seen in
Table S3 in the supplemental materials.

3.2. Multiple Linear Regression Analyses. A total of eighteen
4-step moderated hierarchical regressions were conducted
to examine the unique effects of emotional labor strategies
and interactive effects between emotional labor strategies
and hair cortisol content on six aspects of job burnouts. Prior
to the regression analyses, all the predictors except for type
variables and moderator were centralized to reduce multicol-
linearity [54]. Demographic variables (i.e., working depart-
ment, shift pattern, and working duration as a nurse) were
entered into the regression in Step 1 to control for their
respective effects. The emotional labor strategy as the predic-
tive variable was separately entered into the equation in Step
2. Hair cortisol content as the moderator variable was entered
in Step 3. Lastly, the interaction term between each emotional
labor strategy and hair cortisol content was separately
entered in Step 4. The amount of an additional explained var-
iance was estimated after each step. The collinearity diagno-
ses revealed that tolerance was more than 0.2 and the
variance inflation factor was less than 5 for all the regression
equations, indicating that collinearity was not serious in the
present models [55]. Subsequently, the nature and direction-
ality of the significant interactions were investigated using
the simple slope analyses proposed by Aiken et al. [54] where
the effect of high and low levels (i.e., 1 SD above the mean,
M + 1 SD, and 1 SD below the mean,M − 1 SD) of emotional

labor was done in female nurses with high and low levels (i.e.,
M + 1 SD and M − 1 SD) of hair cortisol content.

The regression results revealed that surface acting could
positively predict emotional exhaustion, depersonalization,
personal burnout, work-related burnout, and client-related
burnout (p’s < 0:01), but it was not true for professional inef-
ficacy (p > 0:05) as listed in Tables 2 and 3. Deep acting could
negatively predict all six aspects of job burnouts (p’s < 0:01)
as listed in Tables 4 and 5. Expression of naturally felt emo-
tion could also negatively predict all six aspects of job burn-
outs (p’s < 0:01) as listed in Tables 6 and 7. HCC could not
predict any aspects of job burnouts (p’s > 0:05). Moreover,
the Fisher Z test on the regression coefficients revealed that
the impact patterns of surface acting on emotional exhaus-
tion, depersonalization, professional inefficacy, personal
burnout, work-related burnout, and client-related burnout
were distinctly different from those of deep acting and
expression of naturally felt emotion (Z = 5:611, Z = 4:083, Z
= 5:842, Z = 4:202, Z = 5:148, and Z = 6:417, p’s < 0:05 and
Z = 5:666, Z = 2:649, Z = 6:465, Z = 3:367, Z = 5:215, and Z
= 6:546, p’s < 0:05), but there were no differences between
deep acting and expression of naturally felt emotion
(Z’s < 1:96, p’s > 0:05). Additionally, surface acting showed
the association pattern differing between professional ineffi-
cacy and the other two MBIGS dimensions, emotional
exhaustion and depersonalization (Z = 3:74, Z = 3:09, p’s <
0:05), and deep acting between professional inefficacy and
emotional exhaustion (Z = 2:26, p < 0:05).

Notably, the interaction terms between surface acting
and HCC could positively predict emotional exhaustion
and personal burnout (p’s < 0:05) as listed in Tables 2 and
3. The interaction terms between deep acting and HCC could
negatively predict emotional exhaustion, depersonalization,
and personal burnout (p’s < 0:05) as listed in Tables 4 and

Table 1: Means, standard deviations, and coefficients of correlations for the study variables (n = 229).

1 2 3 4 5 6 7 8 9 10

1 Surface acting — — — — — — — — — —

2 Deep acting -0.100 — — — — — — — — —

3 Natural expressiona -0.425∗∗ 0.554∗∗ — — — — — — — —

4 HCCb 0.067 -0.001 0.036 — — — — — — —

5 Emotional exhaustion 0.383∗∗ -0.201∗∗ -0.194∗∗ 0.035 — — — — — —

6 Professional inefficacy 0.002 -0.363∗∗ -0.246∗∗ -0.006 0.108 — — — — —

7 Depersonalization 0.306∗∗ -0.265∗∗ -0.311∗∗ -0.046 0.654∗∗ 0.190∗∗ — — — —

8 Personal burnout 0.234∗∗ -0.253∗∗ -0.168∗ -0.072 0.658∗∗ 0.175∗∗ 0.472∗∗ — — —

9 Work-related burnout 0.285∗∗ -0.265∗∗ -0.259∗∗ 0.013 0.699∗∗ 0.282∗∗ 0.566∗∗ 0.858∗∗ — —

10 Client-related burnout 0.329∗∗ -0.330∗∗ -0.333∗∗ 0.010 0.567∗∗ 0.284∗∗ 0.562∗∗ 0.621∗∗ 0.754∗∗ —

Mc 2.59 3.13 3.44 3.2 3.59 3.00 2.63 52.45 46.63 41.45

SDc 0.65 0.63 0.74 0.8-48.7 1.45 1.22 1.32 21.40 20.74 19.28

Notes: ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001. aNatural expression referred to expression of naturally felt emotions. bHCC was log-transformed for Pearson
correlation analysis. cHCC was presented as median and range (pg/mg) because HCC has nonnormal distribution, and the other variables were presented as
M and SD where M was mean and SD was standard deviation. Subscales, surface acting, deep acting, and expression of naturally felt emotions in emotional
labor, and three subscales, emotional exhaustion, depersonalization, and professional inefficacy, in Maslach Burnout Inventory (MBI) were presented with
average scores, but three subscales, personal burnout, work-related burnout, and client-related burnout, in Copenhagen Burnout Inventory (CBI) were
presented with 25 times average scores each subscale to distinguish MBI and CBI throughout the text.

5Neural Plasticity



5. The interaction terms between expression of naturally felt
emotion and HCC could negatively predict professional inef-
ficacy (p < 0:05) as listed in Tables 6 and 7. Subsequently,
examination of simple slopes revealed that association of
emotional labor with job burnout varied across different
levels of hair cortisol as shown in Figure 1. A stronger cor-
relation between surface acting and emotional exhaustion
was observed in nurses with high cortisol levels (B = 1:030,
p < 0:01) than those with low cortisol levels (B = 0:488,
p < 0:05) although the positive correlation was significant
for both nurses with high and low cortisol levels (p’s < 0:05).

Nurses with high cortisol levels showed higher emotional
exhaustion than those with low cortisol levels in the con-
text of high surface acting under which nurses in both
groups showed elevated emotional exhaustion but had
lower emotional exhaustion in the context of low surface
acting (Figure 1(a)). Surface acting was significantly related
to higher personal burnout for nurses with high cortisol
levels (B = 9:984, p < 0:01), but it was not true for nurses
with low cortisol levels (B = 1:784, p > 0:05). In compari-
son to those with low cortisol levels, nurses with high cor-
tisol levels showed lower personal burnout in the context

Table 2: Coefficients of multiple linear regression of surface acting, hair cortisol content, and their interaction against Maslach job burnout
(n = 229).

Independent variable Emotional exhaustion Professional inefficacy Depersonalization
Predictive variable ΔR2 β B SE ΔR2 β B SE ΔR2 β B SE

Step 1

Demographic variablesa 0.105∗∗ 0.015 0.068∗

ICU 0.268∗∗ 0.955 0.339 0.073 0.217 0.299 0.232∗ 0.751 0.315

EICU 0.228∗∗ 1.199 0.434 -0.008 -0.037 0.383 0.173∗ 0.828 0.403

Emergency 0.364∗∗ 1.116 0.299 -0.004 -0.010 0.264 0.219∗ 0.610 0.278

Radiotherapy 0.065 0.368 0.430 -0.011 -0.053 0.379 -0.076 -0.391 0.400

Rehabilitation 0.071 0.276 0.339 -0.083 -0.273 0.299 0.047 0.167 0.315

Shift pattern 0.068 0.269 0.278 0.005 0.016 0.245 -0.045 -0.160 0.258

Working duration 0.011 0.003 0.015 0.006 0.001 0.013 0.065 0.014 0.014

Step 2 Surface acting 0.110∗∗ 0.340∗∗ 0.762 0.137 0.000 -0.002 -0.003 0.129 0.077∗∗ 0.285∗∗ 0.581 0.131

Step 3 HCCb 0.000 -0.011 -0.045 0.259 0.000 -0.000 -0.001 0.243 0.005 -0.070 -0.271 0.245

Step 4 SA×HCCc 0.014∗ 0.123∗ 0.801 0.396 0.004 0.063 0.344 0.376 0.000 0.014 0.081 0.379

Notes: ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001. ΔR2 was the change of R square, β was standardized regression coefficients, B was unstandardized regression
coefficients, and SE was standard error of mean (the same below). aDemographic variables include type variables, working department, and shift pattern
(i.e., the 8 h three-shift or 12 h two-shift scheduling pattern) and continuous variable (i.e., working duration as a nurse). Because the working department
containing six types of departments was a dummy variable, the intensive care unit (ICU), emergency intensive care unit (EICU), emergency department,
radiotherapy department, and rehabilitation department were coded as 1 in turn while the other departments as a reference were coded as 0. The 8 h three-
shift and 12 h two-shift scheduling patterns were coded as 0 and 1, respectively. bHCC referred to hair cortisol content. cSA×HCC referred to the
interaction between surface acting and hair cortisol content.

Table 3: Coefficients of multiple linear regression of surface acting, hair cortisol content, and their interaction against Copenhagen job
burnout (n = 229).

Independent variable Personal burnout Work-related burnout Client-related burnout
Predictive variable ΔR2 β B SE ΔR2 β B SE ΔR2 β B SE

Step 1 Demographic variablesa 0.120∗∗ 0.095∗∗ 0.127∗∗

ICU 0.227∗ 11.912 4.955 0.185∗ 9.391 4.871 0.262∗∗ 12.377 4.446

EICU 0.167 12.926 6.350 0.105 7.890 6.241 0.059 4.121 5.697

Emergency 0.408∗∗ 18.454 4.373 0.286∗∗ 12.515 4.298 0.361∗∗ 14.683 3.923

Radiotherapy 0.062 5.153 6.295 -0.015 -1.227 6.188 -0.075 -5.647 5.648

Rehabilitation 0.090 5.141 4.958 0.035 1.971 4.873 0.132 6.837 4.448

Shift pattern 0.130 7.543 4.067 0.148 8.349 3.998 0.057 2.998 3.649

Working duration 0.045 0.152 0.220 -0.005 -0.016 0.216 0.132∗ 0.400 0.198

Step 2 Surface acting 0.028∗∗ 0.173∗∗ 5.701 2.111 0.057∗ 0.245∗∗ 7.831 2.042 0.018∗∗ 0.291∗∗ 8.673 1.834

Step 3 HCCb 0.013 -0.118 -7.366 3.944 0.000 -0.018 -1.029 3.844 0.000 -0.011 -0.644 3.453

Step 4 SA×HCCc 0.016∗ 0.127∗ 12.251 6.040 0.004 0.062 5.821 5.930 0.001 0.035 3.028 5.335

Notes: ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001. aThe same coding as Table 2. bHCC referred to hair cortisol content. cSA×HCC referred to the interaction
between surface acting and hair cortisol content.
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of low surface acting but showed slightly higher personal
burnout in the context of high surface acting under which
nurses in both groups showed elevated personal burnout
(Figure 1(b)).

Deep acting was significantly related to lower emotional
exhaustion, depersonalization, and personal burnout for
nurses with high cortisol levels (B = −0:683, B = −0:869, and
B = −12:183, p’s < 0:01), but it was not true for nurses with

Table 4: Coefficients of multiple linear regression of deep acting, hair cortisol content, and their interaction against Maslach job burnout
(n = 229).

Independent variable Emotional exhaustion Professional inefficacy Depersonalization
Predictive variable ΔR2 β B SE ΔR2 β B SE ΔR2 β B SE

Step 1 Demographic variablesa

Step 2 Deep acting 0.028∗∗ -0.172∗∗ -0.393 0.147 0.130∗∗ -0.368∗∗ -0.708 0.122 0.061∗∗ -0.251∗∗ -0.524 0.134

Step 3 HCCb 0.000 0.002 0.010 0.272 0.000 -0.002 -0.008 0.227 0.003 -0.060 -0.231 0.247

Step 4 DA×HCCc 0.017∗ -0.133∗ -0.845 0.400 0.001 0.026 0.137 0.337 0.030∗∗ -0.174∗∗ -1.010 0.362

Notes: ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001. aDemographic variables showed the same results as Table 2. bHCC referred to hair cortisol content. cDA×HCC
referred to the interaction between deep acting and hair cortisol contents.

Table 5: Coefficients of multiple linear regression of deep acting, hair cortisol content, and their interaction against Copenhagen job burnout
(n = 229).

Independent variable Personal burnout Work-related burnout Client-related burnout
Predictive variable ΔR2 β B SE ΔR2 β B SE ΔR2 β B SE

Step 1 Demographic variablesa

Step 2 Deep acting 0.045∗∗ -0.217∗∗ -7.313 2.123 0.051∗∗ -0.230∗∗ -7.530 2.082 0.083∗∗ -0.295∗∗ -8.959 1.860

Step 3 HCCb 0.012 -0.112 -6.988 3.904 0.000 -0.009 -0.562 3.855 0.000 0.001 -0.060 3.445

Step 4 DA×HCCc 0.024∗ -0.155∗ -14.564 5.727 0.011 -0.107 -9.733 5.700 0.001 -0.030 -2.537 5.125

Notes: ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001. aDemographic variables showed the same results as Table 3. bHCC referred to hair cortisol content. cDA×HCC
referred to the interaction between deep acting and hair cortisol content.

Table 6: Coefficients of multiple linear regression of expression of naturally felt emotions, hair cortisol content, and their interaction against
Maslach job burnout (n = 229).

Independent variable Emotional exhaustion Professional inefficacy Depersonalization
Predictive variable ΔR2 β B SE ΔR2 β B SE ΔR2 β B SE

Step 1 Demographic variablesa

Step 2 Natural expressionb 0.030∗∗ -0.177∗∗ -0.347 0.126 0.058∗∗ -0.246∗∗ -0.406 0.110 0.088∗∗ -0.305∗∗ -0.544 0.113

Step 3 HCCc 0.000 0.007 0.031 0.271 0.000 0.006 0.020 0.236 0.003 -0.051 -0.198 0.244

Step 4 NE×HCCd 0.014 -0.122 -0.725 0.377 0.024∗ 0.159∗ 0.793 0.326 0.002 -0.042 -0.229 0.341

Notes: ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001. aDemographic variables showed the same results as seen in Table 2. bNatural expression referred to expression of
naturally felt emotions. cHCC referred to hair cortisol content. dNE×HCC referred to the interaction between expression of naturally felt emotions and hair
cortisol content.

Table 7: Coefficients of multiple linear regression of expression of naturally felt emotions, hair cortisol content, and their interaction against
Copenhagen job burnout (n = 229).

Independent variable Personal burnout Work-related burnout Client-related burnout
Predictive variable ΔR2 β B SE ΔR2 β B SE ΔR2 β B SE

Step 1 Demographic variablesa

Step 2 Natural expressionb 0.019∗∗ -0.141∗∗ -4.095 1.857 0.053∗∗ -0.236∗∗ -6.611 1.791 0.089∗∗ -0.306∗∗ -7.968 1.596

Step 3 HCCc 0.011 -0.107 -6.711 3.969 0.000 -0.002 -0.150 0.852 0.000 0.008 0.431 3.433

Step 4 NE×HCCd 0.013 -0.115 -10.038 5.513 0.000 -0.019 -1.640 5.389 0.000 0.017 1.310 4.804

Notes: ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001. aDemographic variables showed the same results as seen in Table 3. bNatural expression referred to expression of
naturally felt emotions. cHCC referred to hair cortisol content. dNE×HCC referred to the interaction between expression of naturally felt emotions and hair
cortisol content.
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low cortisol levels (B = −0:095, B = −0:169, and B = −2:211,
p’s > 0:05). Nurses with high cortisol levels showed higher
emotional exhaustion and depersonalization than those with
low cortisol levels in the context of low deep acting under

which nurses in both groups showed elevated emotional
exhaustion and depersonalization but had lower emotional
exhaustion and depersonalization in the context of high deep
acting (Figures 1(c) and 1(d)). In comparison to those with
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Figure 1: The moderating role of hair cortisol in the relationship between emotional labor strategies and job burnout: (a) surface acting and
emotional exhaustion, (b) surface acting and personal burnout, (c) deep acting and emotional exhaustion, (d) deep acting and
depersonalization, (e) deep acting and personal burnout, and (f) expression of naturally felt emotions and professional inefficacy.
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low cortisol levels, nurses with high cortisol levels had lower
personal burnout in the context of high deep acting but
showed slightly higher personal burnout in the context of
low deep acting under which nurses in both groups showed
elevated personal burnout (Figure 1(e)). Expression of natu-
rally felt emotions was significantly related to lower profes-
sional inefficacy for nurses with low cortisol levels
(B = −0:702, p < 0:01), but it was not true for nurses with
high cortisol levels (B = −0:140, p > 0:05). Nurses with low
cortisol levels showed higher professional inefficacy than
those with high cortisol levels in the context of low expres-
sion of naturally felt emotions under which nurses in both
groups showed elevated professional inefficacy but had lower
professional inefficacy in the context of high expression of
naturally felt emotions (Figure 1(f)).

4. Discussions

The present study found that stress reactivity interacted with
emotional labor in predicting emotional exhaustion, deper-
sonalization, professional inefficacy, and personal burnout
among Chinese female hospital nurses. Their interaction pat-
terns were varied with the nature of emotional labor strategy
and job burnout. Specifically, stress reactivity interacted with
surface acting in predicting emotional exhaustion and per-
sonal burnout, and with deep acting in predicting emotional
exhaustion, depersonalization, and personal burnout, and
with the expression of naturally felt emotion in predicting
professional inefficacy. The present study further found that
low stress reactivity might be a protective factor for Chinese
nurses’ emotional exhaustion and depersonalization in the
context of high job stress due to high surface acting or low
deep acting, and high stress reactivity might be a protective
factor for Chinese nurses’ professional inefficacy in the con-
text of high job stress due to low expression of naturally felt
emotions. These findings provided new evidence for the
extension of the JDR model to personal physiological
resources from social and organizational resources and per-
sonal mental resources previous studies had already verified
[1, 6, 7, 12, 15, 29, 30, 34–36].

Nurses with high cortisol levels (i.e., high stress reactiv-
ity) not only showed higher emotional exhaustion than those
with low cortisol levels (i.e., low stress reactivity) when they
underwent more stress experience resulting from high sur-
face acting but also showed lower emotional exhaustion
when undergoing less stress experience from low surface act-
ing. Similarly, nurses with high stress reactivity not only
showed higher emotional exhaustion and depersonalization
than those with low cortisol levels under high job stress due
to low deep acting but also showed lower emotional exhaus-
tion and depersonalization under low job stress due to high
deep acting. Nurses with low stress reactivity not only
showed higher professional inefficacy than those with high
stress reactivity under high job stress due to low expression
of naturally felt emotions but also showed lower professional
inefficacy under low job stress due to high expression of nat-
urally felt emotions. These results together with the above-
mentioned previous findings on the interaction between
stress reactivity and stressful environmental factors in pre-

dicting adolescents’ psychological adaptations [23, 37, 38,
40] supported the differential susceptibility model. It implied
that stress reactivity might be the plasticity factor for Chinese
nurses’ emotional exhaustion, depersonalization, and profes-
sional inefficacy inMBI burnouts.Nevertheless, stress reactiv-
ity showed the moderating patterns differing between the
expression of naturally felt emotions and the other two emo-
tional labor strategies in association with MBI burnout syn-
dromes. For Chinese nurses’ emotional exhaustion and
depersonalization, high stress reactivity might be the plastic-
ity factor in the context of surface acting and deep acting; that
is, high stress reactivity might be a risk factor in the context of
high job stress from high surface acting or low deep acting
but be a promotive factor in the context of low job stress from
low surface acting or high deep acting. In contrast, for Chi-
nese nurses’ professional inefficacy, low stress reactivity
might be the plasticity factor in the context of the expression
of naturally felt emotions. We discuss each of these findings
in turn below.

The strengthening effect of high stress reactivity on the
association of emotional labor and burnout is possibly attrib-
uted to the fact that individuals with higher stress reactivity
are more sensitive to the context [5] and are more frequently
in the allostasis upon the occurrence of stress [56], thereby
being in a relatively higher stress-related arousal state. This
might make them more easily influenced by external factors,
for example, more easily suffer from adverse environments,
thereby undergoing more stress experiences [40, 57]. In the
present study, nurses with higher stress reactivity are also
more susceptible to the context related to job demands and
are more easily affected by job stress, such as stressful emo-
tional labor demands in work environments. This explana-
tion obtains the support from previous findings
demonstrating that individuals with high stress reactivity
are more likely to show more maladaptive outcomes (e.g.,
lower prosocial behaviors and more anxiety symptoms)
under adverse environments but more adaptive outcomes
under supportive environments [23, 37, 38, 40]. However,
the explanation is held for associations of surface acting
and deep acting with emotional exhaustion and depersonali-
zation, but not for the association between the expression of
naturally felt emotions and professional inefficacy. This is
perhaps because both surface acting and deep acting need
to consume resources to some extent [8]. Surface acting con-
sumes a substantial amount of resources in order to suppress
the true emotions at the behavioral level. Deep acting also
spends considerable resources in the internalization of job
demands on one’s emotion through a cognitive regulation
and reappraisal although its consumption in resources is rel-
atively limited. In contrast, the expression of naturally felt
emotions spends few resources because natural feelings are
often consistent with the expression normally demanded by
the work. When higher surface acting is exerted, the heavier
imbalance between emotional demands and the resource
expenditure happens, thereby giving rise to higher stress
experience [14] and higher cortisol secretion [58] and more
negative outcomes, such as more burnout syndromes as
demonstrated in the current study. The resulting major
resource’s consumption and relatively more burnout
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syndromes make employees greatly reduce resources to put
into improving professional efficacy as suggested by the con-
servation of resources model [10], thereby weakening the
association of surface acting with professional inefficacy as
observed in the current study. A similar situation occurs in
the context of deep acting that consumes relatively fewer
resources than surface acting, but not for the expression of
naturally felt emotions. Moreover, because their sensitivity
and attention bias to the stressful context, nurses with high
stress reactivity would put more physical and cognitive
resources to cope with higher stressful emotional labor
demands, thereby providing relatively fewer resources to
improve their professional efficacy, especially in the context
of surface acting and deep acting. On the contrary, because
of their insensitivity to job stress, nurses with low stress reac-
tivity would maintain more physical and cognitive resources,
thereby having excess resources for improving their profes-
sional efficacy, especially in the context of the expression of
naturally felt emotions. Additionally, according to the MBI
definition of burnout [44], emotional exhaustion, deperson-
alization, and professional inefficacy are conceptualized as
three dimensions that simultaneously occur. Actually, they
are independently measured as three distinct and different
dimensions as confirmed by many empirical studies [59].
In particular, professional inefficacy is largely independent
of the other two dimensions [59]. Emotional exhaustion is
seen as an individual state, depersonalization as a coping
strategy, and professional inefficacy as one of many conse-
quences of long-term stress as argued in previous studies
[45]. Thus, they might have their own characteristic precur-
sors, thereby showing the pattern of associations with emo-
tional labor strategies differing between professional
inefficacy and the other two dimensions, such as their associ-
ation with surface acting as demonstrated in the current
study. Therefore, high stress reactivity strengthens the associ-
ation of surface acting with emotional exhaustion and associ-
ations of deep acting with emotional exhaustion and
depersonalization and weakens the association of the expres-
sion of naturally felt emotions with professional inefficacy as
found in the present study. By contrast, low stress reactivity
strengthens the association of the expression of naturally felt
emotions with professional inefficacy.

Notably, although nurses with high stress reactivity
showed lower personal burnout than those with low stress
reactivity under low surface acting or high deep acting, there
might be no marked difference between the two groups in the
context of high surface acting or low deep acting under which
both groups showed elevated personal burnout. These results
were not consistent with the differential susceptibility model
but might be consistent with the vantage sensitivity model
positing that individuals with vantage sensitivity are more
positively responsive to supportive environments to which
they are exposed but are not vulnerable to the negative influ-
ence of adverse environments [60]. It implied that for Chi-
nese nurses’ personal burnout, high stress reactivity might
be a promotive factor in the context of low job stress due to
low surface acting and high deep acting while high stress
reactivity might be not a risk factor or low stress reactivity
might be not a protective factor in the context of high job

stress due to high surface acting and low deep acting. Obvi-
ously, the interaction of stress reactivity with surface acting
and deep acting showed the pattern differing in CBI personal
burnout and MBI emotional exhaustion and depersonaliza-
tion even though both types of syndromes are measured as
burnout indices. This might be because the sensitivity to
job stress differs between CBI personal burnout and MBI
emotional exhaustion and depersonalization. The MBI burn-
out is defined as a syndrome of emotional exhaustion, deper-
sonalization, and professional inefficacy that can occur
among individuals who do the human service work [61].
The core definition remains not changed in BMI-GS where
some items were slightly revised to be widely applied across
a variety of occupations rather than be restricted to the
human service sector [44]. This definition implies that the
MBI burnout is directly and primarily caused by the charac-
teristic stress in human service work, the high emotional
labor demands. Thus, the MBI burnout has relatively high
sensitivity to high emotional labor demands. In the CBI, the
core of burnout remains fatigue and exhaustion. However,
CBI is designed as a questionnaire with three subdimensions,
personal burnout, work-related burnout, and client-related
work closely associated with three specific domains in a per-
son’s life. Among them, personal burnout is defined to be
“the degree of physical and psychological fatigue and exhaus-
tion experienced by the person” [45], and its questions are
formulated in a way so that all human beings can answer
them. Thus, personal burnout as a truly generic syndrome
is relatively insensitive to the high emotional labor demands
although there are associations between them. Therefore,
high stress reactivity might be a risk factor under high job
stress from high surface acting and low deep acting for nurses
with higher emotional exhaustion and depersonalization, but
not for those with higher personal burnout.

The current study has several limitations. First, the study
was a cross-sectional design, limiting the understanding of
the directionality on the association between variables. Sec-
ond, the study was based on a sample of Han Chinese female
nurses in city hospitals, China. The generalization of the
present findings to other occupations and other ethnic
groups in China and non-Chinese populations in other coun-
tries with collectivistic cultures and even western countries
with individualistic cultures needs to be cautious. Third, the
study only utilized a single index, hair cortisol as the bio-
marker of stress reactivity. Multiple biomarkers of stress
reactivity would be recommended in future research. Finally,
the study did not consider the influence of other job demands
(e.g., work load, mental load, and task complexity) and of
socioeconomic status, such as family income, education
degree, and nurse’s rank although these variables showed
strong associations with working duration as a nurse.

In summary, stress reactivity interacted with emotional
labor in predicting emotional exhaustion, depersonalization,
professional inefficacy, and personal burnout among Chinese
hospital nurses. Their interaction patterns were varied with
the nature of emotional labor strategy and job burnout. High
stress reactivity might be the plasticity factor for Chinese
nurses’ emotional exhaustion and depersonalization in the
context of surface acting and deep acting, and low stress
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reactivity might be the plasticity factor for Chinese nurses’
professional inefficacy in the context of the expression of nat-
urally felt emotions, which supported the differential suscep-
tibility model. Additionally, high stress reactivity might be a
promoting factor for Chinese nurses’ personal burnout in
the context of low surface acting or high deep acting, which
might support the vantage sensitivity model.
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(1) The common method bias: an exploratory factor analysis
(principal components extraction) showed that the emo-
tional labor scale and job burnout scale did not generate the
unique factor with the explained variance more than 40%
(28.63% for two job burnout scales, 19.31% and 31.77% for
MBI and CBI). Similarly, it was true for three subscales of
the emotional labor scale and six subscales of job burnout
(details seen in Table S1). A confirmatory factor analysis also
demonstrated that the emotional labor scale and two job
burnout scales did not converge on a single factor
(χ2 = 7251:69, df = 989, χ2=df = 7:332, NFI = 0:82, CFI =
0:85, GFI = 0:42, RMSEA = 0:17). Similarly, it was true for
three subscales of emotional labor and six subscales of job
burnout (details seen in Table S2). (2) The influences of
demographic variables on the study variables. As listed in
Table S3, the variables in this study were not significantly
correlated with working duration as a nurse (p’s > 0:128).
Expression of naturally felt emotion, emotional exhaustion,
depersonalization, personal burnout, work-related burnout,

and client-related burnout were varied with the working
department (F5,223=2.363, p = 0:041; and F5,223= 5.028,
p = 0:001, but it was not true for surface acting, deep act-
ing, HCC, and professional inefficiency p’s > 0:05 . Emo-
tional exhaustion, personal burnout, and work-related
burnout were varied with shift-work scheduling pattern
(F1,227 =4.232, p = 0:041; F1,227=6.032, p = 0:015; and
F1,227=7.628, p = 0:006, but it was not true for emotional
labor strategies, HCC, and the other burnouts (p’s > 0:246).
(Supplementary Materials)
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Lipopolysaccharides (LPS) are proinflammation mediators that can induce the inflammatory model of the hippocampal neuron,
and neuroinflammation participates in the pathophysiology of depression. Xiaoyao Pill is a classical Chinese medicine formula
that has been used for the treatment of mental disorders such as depression in China since the Song dynasty. We established a
hippocampal neuronal cell inflammation model by LPS and investigate the intervention effect and mechanism of Xiaoyao Pills.
The expression levels of IL-6, TNF-α, IDO, 5-HT, brain-derived neurotrophic factor, and β-nerve growth factor were detected
by enzyme-linked immunosorbent assay. mRNA levels of IL-6, TNF-α, 5-HT1A, IDO-1, brain-derived neurotrophic factor,
nerve growth factor, tropomyosin receptor kinase B, tropomyosin receptor kinase A, and cAMP response element-binding
protein were detected by reverse transcription-polymerase chain reaction. To further validate, protein expression was
determined by western blot and immunofluorescence. Lipopolysaccharide-induced neuroinflammatory state resulted in the
release of IL-6, TNF-α, and IDO and a decrease of BDNF, NGF, TrkB, TrkA, CREB, p-CREB, p-CREB/CREB, and SYP and
inhibited hippocampal neurogenesis in the hippocampal neuron. Xiaoyao Pills significantly decreased the levels of IL-6, TNF-α,
and IDO in cell supernatant and increased the expression of BDNF, NGF, TrkB, TrkA, CREB, p-CREB, p-CREB/CREB, and
SYP as well as the average optical density of BrdU/NeuN double-labelled positive cells. Our study shows that
lipopolysaccharides induce inflammation and nerve damage in hippocampal neurons, which are closely related to the
pathological mechanism of depression. Xiaoyao Pills (XYW) play an important neuroprotective effect, which is related to its
inhibition of neuronal inflammation and promoting the recovery of nerve injury. These results provide a pharmacologic basis
for the treatment of depression of XYW in clinical application.

1. Introduction

Depression is a devastating psychiatric disease that prevails
throughout the world and has profound effects on neural
structure and function. It is characterized by psychophysio-
logical changes, such as low mood, loss of self-feeling, sad-
ness, irritability, and loss of interest in all activities [1]. The
incidence of depression in every generation worldwide is
increasing. Numerous studies have identified genetic factors,
environmental factors, and stress as major risk factors for
depression [2].

Although depression has been explained with many
theories, such as the monoamine theory, hypothalamus–
pituitary–adrenal (HPA) axis theory, neurotrophic hypoth-
esis, and neuroinflammation theory, it is far more multifac-

torial. In a sense, inflammation is a static load involving the
immune, endocrine, and nervous systems. Initially, the inves-
tigations focused mostly on the effects of systemic inflamma-
tion on the central nervous system (CNS). However, current
research focuses on neuroinflammation that occurs within
the CNS; these findings suggest that cytokine-mediated
interventions may be valuable for treating depression in this
population [3]. The process of neuroinflammation involves
sentinel immune cells in the CNS, resident macrophages
called microglia [4]. The activation of microglia could trigger
neuroinflammation, further causing a variety of neuropsy-
chiatric diseases, such as depression [5], Alzheimer’s disease
[6], and schizophrenia [7]. Neuroinflammation participates
in the pathophysiology of depression by increasing proin-
flammatory cytokines, activating the hypothalamus–
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pituitary–adrenal axis, increasing glucocorticoid resistance,
and affecting serotonin synthesis and metabolism, neuronal
apoptosis and neurogenesis, and neuroplasticity [8]. The
current research finds that proinflammatory cytokines
inhibit the negative-feedback regulation of the HPA axis
and cause the depletion of serotonin [9]. It also plays a key
role in neuroendocrine, neurotransmitter depletion, neural
plasticity, and local brain activity. Lipopolysaccharide
(LPS) challenge could stimulate the acute inflammatory
response that causes depressive symptoms in humans and
rodents. Therefore, based on the close relationship between
neuroinflammation and depression, LPS is often used to pre-
pare depression-like models induced by inflammatory
responses [10, 11].

Hippocampal atrophy is often observed in depressed
patients and is considered a biomarker of depression risk
[12]. The hippocampus is susceptible to neuroinflammatory.
Numerous studies have shown that the proneurogenic effect
of microglia cells is related to chronic neurodegeneration,
and the activation of microglia cells plays a key role in inhi-
biting the hippocampus neurogenesis under stress and
inflammatory conditions [13, 14]. Stress could also reduce
neuronal dendrite branching and plasticity in the hippocam-
pus neurons [15]. Hippocampal plasticity in depression
involves hippocampal volume, hippocampal neurogenesis,
and apoptosis of hippocampal neurons. Hippocampal neuro-
genesis in humans may be critical to the therapy of
depression.

Xiaoyao San is included in the Chinese Pharmacopoeia
[16], which is a classical Chinese medicine formula. It is a
prescription for Xiaoyao Pills. Xiaoyao San decoction com-
prises eight commonly used herbs Bupleurum chinense DC.,
Angelica sinensis Diels., Paeonia lactiflora Pall., Atractylodes
macrocephala Koidz., Mentha haplocalyx Briq., Poria cocos
Wolf., Glycyrrhiza uralensis Fisch., and Zingiber officinale
Rosc. And if it is used for in vitro cell experiments directly,
it will interfere with the experiment. Therefore, according
to the concept of “serum pharmacology” proposed by Japa-
nese scholar Hiroko Iwama, we used drug serum as the drug
for in vitro experiments; it can reduce the interference of tra-
ditional Chinese medicine preparations on experiments
in vitro, and it also meets the physiological process of phar-
macological effects of Chinese medicine after being digested
and absorbed by the body and biological metabolism [17].
At present, there have been many reports on the ingredients
that may exist in the serum of Xiaoyao San: a total of 55
blood-containing components, including 16 original compo-
nents, were identified in the rat-containing serum adminis-
tered by the extracts of Bupleurum chinense DC. and
Paeonia lactiflora Pall. The metabolic components are
derived from saponin metabolites in Bupleurum chinense
DC. and paeoniflorin metabolites in Paeonia lactiflora Pall
[18].. The relative content of ligustilide was found in the
drug-containing serum of Angelica sinensis Diels. And the
extract is significantly higher than that in the original drug
[19]. Metabolism components of 6 parent ingredients and 5
metabolic ingredients were found in the medicated serum
of male rats administered with Poria cocos Wolf. extract
[20]. Therefore, it is reliable to use drug serum for the study

of Chinese medicine in vitro. Xiaoyao San has been used
for the treatment of mental disorders such as depression for
about nine hundred years in China since the Song dynasty.
The antidepressant potential may be closely related to its
pharmacological activity for invigorating the spleen, soothing
the liver, nourishing the blood, and clearing away the liver
fire due to blood deficiency [21]. Xiaoyao San improved the
abnormalities of the tryptophan-kynurenine metabolic path-
ways in depressed rats and exerted antidepressant effects,
changing biological indicators in rat hippocampus [22]. The
modified Xiaoyao San can improve hippocampal neurogen-
esis by modulating cerebral oxygen-dependent fMRI signals
in the brain of mice to play an antidepressant role [23]. Clin-
ically, Xiaoyao Pills can improve symptoms of depression
and enhance the quality of life in patients. It has a good ther-
apeutic effect on depression and is worthy of clinical applica-
tion [24, 25]. Previously, we found that Xiaoyao San was a
highly effective formula to prevent depression by suppressing
the HPA axis signal and improving the BDNF pathway signal
in CUMS rats. However, whether Xiaoyao San can attenuate
the release of proinflammatory cytokines, activate the BDNF
signaling pathway, and promote neurogenesis during neu-
roinflammatory still remains unknown.

Our previous studies found that XYW ameliorated the
depression-like behavior, decreased the levels of inflamma-
tory indicators, increased those of neurotrophic factors and
synaptic proteins, and restored Nissl bodies in acute stress
mice and rat, thus improving depression in vivo [26]. In this
study, an inflammatory model of hippocampal neuronal cells
was established by LPS to simulate the occurrence of
depression which was induced by hippocampal neuronal
inflammation. The model showed increased proinflamma-
tory cytokines, abnormal tryptophan metabolism, downreg-
ulation of the BDNF pathway, and neuronal injury. So we
have measured the levels of the proinflammatory cytokines
TNF-α and IL-6, the expression of IDO and 5-HT, and the
expression of BDNF, NGF, TrkB, TrkA, CREB, p-CREB,
and SYP in the hippocampal neuronal cell. Measurement
of BrdU/NeuN further confirmed the neuroprotective
effects of XYW on depression in the hippocampal neuronal
cell inflammation model induced by LPS.

2. Materials and Methods

2.1. Xiaoyao Pill Quality Control (QC). The analysis was
performed by High-Performance Liquid Chromatography
(HPLC) (Thermo, US). The column was C18 column
(4:6 × 250mm, 5μm), and the chromatographic separation
conditions were as follows: column temperature: 30°C; flow
rate: 1.0mL/min; mobile phase: acetonitrile+0.1% phospho-
ric acid (15 : 85); stock solutions of Xiaoyao Pills were pre-
pared by dissolving 0.4 g of analyte in 25mL dilute ethanol
[21]. The content in Xiaoyao Pills was determined by quanti-
tation paeoniflorin (C23H28O11). Paeoniflorin content should
not be less than 4.0mg in 1.0 g of concentrated pills [11]. The
content of paeoniflorin in 1.0 g Xiaoyao Pills is 27.5mg.

2.2. Drugs and Reagents. Xiaoyao Pills (TaiJi, China), LPS
(Escherichia coli 055:B5), fluoxetine hydrochloride (FLX),
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and DAPI were provided by Sigma (St. Louis, MO). Rabbit
anti-NeuN antibody (1 : 50; Cat. No. #24307S), mouse anti-
BrdU antibody (1 : 1400; Cat. No. #5292S), rabbit anti-TrkB
antibody (1 : 1000; Cat. No. #4603), rabbit anti-CREB anti-
body (1 : 1000; Cat. No. #9197S), rabbit anti-p-CREB anti-
body (1 : 1000; Cat. No. #9198S), and rabbit anti-β-tubulin
antibody (1 : 1000; Cat. No. #2128) were all from Cell Sig-
naling Technology. Rabbit anti-synaptophysin polyclonal
antibody (1 : 1000; Cat. No. #17785-1-AP) was from Pro-
teintech. Rabbit anti-GAPDH antibody (1 : 1000; Cat. No.
#GB11002) was from Servicebio. Goat anti-mouse IgG-
FITC (1 : 100; Cat. No. #10) and goat anti-rabbit IgG/Cy3
(1 : 100; Cat. No. #AG04017512) were both from Absin.

2.3. Preparation of Xiaoyao Pill Serum.Male Sprague-Dawley
rats that weighed 220–240 g were purchased from Chengdu
Dashuo. All animals were raised in standard cages in a room
of constant temperature and humidity (22 ± 1°C; 40–60%)
with a 12 : 12 dark/light cycle (lights on at 8:00 a.m.; off at
8:00 p.m.). The animals were given free access to food and
water throughout the experiment. Rats in the XYW group
were intragastrically administered XYW (Xiaoyao Pills,
1.86 g·kg-1) daily for 14 days; meanwhile, rats in the control
groups were intragastrically administered equivoluminal
saline daily to ensure isocaloric intake. Rats were anesthe-
tized after 1 h for the last lavage. Then, blood was taken from
the abdominal aorta, centrifuged, in a water bath, sterilized
with a filter membrane, and stored in a −80°C refrigerator,
avoiding repeated freezing and thawing.

2.4. Cell Culture and Treatment. Embryonic brains were dis-
sected, and single-cell suspensions of the hippocampus were
obtained by mechanical dissociation from Sprague-Dawley
rats which were purchased from Chengdu Dashuo. Primary
hippocampal neurons were plated at a density of 5 × 105
cells/mL in polylysine-coated culture plates and cultured in
DMEM supplemented with 10% FBS at 37°C in a humidified
atmosphere of 5% CO2/95% air using standard cell culture
methods for 24h. Then, for differentiation of neural stem
cells, replace medium with Neurobasal-A medium contain-
ing 2% B-27 and 1% L-glutamine. The medium was changed
every 3 days. After the 10th day, LPS was added to the
medium. Then, 24 h later, hippocampal neurons were incu-
bated with Xiaoyao Pill serum (4% and 8% concentration)
in Neurobasal-A medium without 2% B-27 for 48 h. After a
preliminary experiment, it was found that Xiaoyao Pill serum
concentrations of 4% and 8% had no effect on cell viability.

2.5. Cell Identification. The primary hippocampal neurons
were cultured in a laser confocal petri dish for 13 days
according to item 2.4. After the completion of culture,
abandon the culture medium and add 4% paraformaldehyde
to fix for 30min. Add 0.25% Triton X-100 to permeabilize for
15min, then incubate with 5% BSA-PBST for 1 h. Cells were
incubated overnight after adding rabbit anti-NeuN antibody
diluent (1 : 50; Cell Signaling Technology; Cat. No. #24307S),
then adding goat anti-rabbit IgG/Cy3 diluent (1 : 100; Absin;
Cat. No. #AG04017512), and incubating for 1 h. Images were
captured at 20x using a confocal microscope. NeuN is a

specific marker for neurons, which can be marked red by
NeuN-CY3. After the double staining of NeuN and DAPI,
the distribution of red fluorescence and blue fluorescence of
the cells cultured for 13 days was basically consistent, indicat-
ing that the cultured cells were neurons (Figure 1).

2.6. Mechanism Detection

2.6.1. ELISA Analysis for IL-6, TNF-α, IDO, 5-HT, BDNF,
and β-NGF. The levels of IL-6, TNF-α, BDNF, and β-NGF
in cell supernatant and IDO and 5-HT in cell lysate were
detected by ELISA, according to the manufacturer’s instruc-
tions, and the optical density was measured at 450 nm by a
microplate reader.

2.6.2. Total RNA Expression in the Hippocampus and Cortex
via RT-PCR. The total RNA was used to synthesize cDNA
using the FastQuant RT kit (Tiangen, Beijing, China); subse-
quently, the amplification reactions were carried out in 96-
well reaction plates with 20μL reaction volume (Bio-Rad).
The gene primer sequences of β-actin, IL-6, TNF-α, 5-
HT1A, IDO1, BDNF, NGF, TrkB, TrkA, and CREB used in
this study are listed in Table 1.

2.6.3. Western Blotting Analysis. RIPA lysate buffer contain-
ing 1mM PMSF was added to each sample to collect the total
protein. The total protein concentration of each sample was
determined by the BCA method and adjusted all samples to
the same concentration. The protein samples were mixed
with a 5x loading buffer and denatured at 95°C. The proteins
were separated by SDS-PAGE (8% or 15%) and electropho-
retically transferred onto polyvinylidene fluoride mem-
branes. The membranes were probed with rabbit anti-TrkB
antibody (1 : 1000; Cell Signaling Technology; Cat. No.
#4603), rabbit anti-CREB antibody (1 : 1000; Cell Signaling
Technology; Cat. No. #9197S), rabbit anti-p-CREB antibody
(1 : 1000; Cell Signaling Technology; Cat. No. #9198S), rabbit
anti-β-tubulin antibody (1 : 1000; Cell Signaling Technology;
Cat. No. #2128), rabbit anti-synaptophysin polyclonal anti-
body (1:1000; Proteintech; Cat. No. #17785-1-AP), and rab-
bit anti-GAPDH antibody (1 : 1000; Servicebio; Cat. No.
#GB11002) overnight at 4°C and then incubated with Anti-
rabbit IgG HRP-Linked Antibody (1 : 3000; Servicebio; Cat.
No. #GB23303) at 37°C for 1.5 h. Detection was performed
using a ChemiDoc XRS+ (Bio-Rad, USA) image analysis
system.

2.6.4. Immunostaining. Cultured cells were fixed in a PBS
solution containing 4% paraformaldehyde for 15min and
washed 3 times with PBS. A PBS solution containing 0.25%
Triton was added to the cells for 15min at room temperature
and then incubated with 5% bovine serum albumin for 1 h.
After removing this blocking reagent, cells were incubated
in a humidified chamber at 4°C overnight with primary anti-
bodies: mouse anti-BrdU antibody (1 : 1400; Cell Signaling
Technology; Cat. No. #5292S), rabbit anti-NeuN antibody
(1 : 50; Cell Signaling Technology; Cat. No. #24307S), and
rabbit anti-NeuN antibody (1 : 50; Cell Signaling Technology;
Cat. No. #24307S) diluted in blocking reagent. Then, cells
were washed 3 times with PBS and incubated for 1 h in the
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dark at room temperature in the presence of the fluorescent
secondary antibodies: goat anti-mouse IgG-FITC (1 : 100;
Absin; Cat. No. #10) and goat anti-rabbit IgG/Cy3 (1 : 100;
Absin; Cat. No. #AG04017512). Finally, the coverslips were
mounted onto slides in PBS. The preparations were analysed
under a fluorescent microscope (Olympus FV1200).

2.7. Statistical Analysis. All analyses were performed using
SPSS. Data are presented as themean ± SD. All analyses were
performed using one-way ANOVA, t-test analysis, or Mann-
Whitney test rank-sum analysis. The level of significance was
set at p ≤ 0:05.

3. Results

3.1. Xiaoyao Pills Prevent LPS-Induced Inflammation. As
shown in Figures 2(a) and 2(c) and Table 1, after treatment
with LPS, inflammatory cytokines, including IL-6 (Figure 1(a),

F = 2:746, p < 0:001) and TNF-α (Figure 1(c), p = 0:009),
are released from hippocampal neuronal cells. Treatment
with fluoxetine hydrochloride (FLX) could reduce the IL-6
level in supernatant (Figure 2(a), F = 3:291, p < 0:001) and
downregulate IL-6 mRNA expression in cells (Figure 1(b),
p = 0:009) and TNF-α mRNA expression (Figure 2(b), F =
8:377, p = 0:001). Treatment with Xiaoyao Pill serum (8%)
could decrease the levels of IL-6 (Figure 2(a), 8%: F = 4:133,
p = 0:010) and TNF-α (Figure 2(c), 8%: p = 0:009) in super-
natant, while Xiaoyao Pill serum (4%) also decreased the level
of IL-6 in supernatant (Figure 2(a), F = 1:262, p < 0:001).
Furthermore, in cell lysates, Xiaoyao Pill serum (4% and 8%)
reduced the expression of IL-6 mRNA (Figure 2(b), 4%:
p = 0:009; 8%: p = 0:009) and TNF-α mRNA (Figure 2(b),
4%: F = 42:007, p < 0:001; 8%: F = 47:912, p < 0:001).
Although the serum of 4% and 8% Xiaoyao Pills could signif-
icantly reduce the IL-6 level in the supernatant, there was no
obvious dose correlation, which may be related to the

NeuN (20⨯) DAPI (20⨯) Merged (20⨯)

Figure 1: Identification of rat primary hippocampal neurons (20x). The hippocampal neuronal cells were incubated with anti-NeuN antibody
(red) and DAPI (blue) and were observed by a laser scanning confocal microscope.

Table 1: Gene primer sequence.

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

β-Actin
Forward primer CACCCGCGAGTACAACCTTC

207
Reverse primer CCCATACCCACCATCACACC

IL-6
Forward primer AGAGACTTCCAGCCAGTTGC

115
Reverse primer CTGGTCTGTTGTGGGTGGTA

TNF-α
Forward primer GATCGGTCCCAACAAGGAGG

138
Reverse primer GCTTGGTGGTTTGCTACGAC

5-HT1A
Forward primer TGATCTCGCTCACTTGGCTC

145
Reverse primer AAAGCGCCGAAAGTGGAGTA

IDO1
Forward primer GCATCAAGACCCGAAAGCAC

154
Reverse primer GTTGCCCTTCCAACCAGACA

BDNF
Forward primer TAGGCAGAATGAGCAATGTC

178
Reverse primer CCCAAGAGGTAAAGTGTAGAAG

NGF
Forward primer TGGAGATAAGACCACAGCCA

197
Reverse primer TGACAAAGGTGTGAGTCGTG

TrkB
Forward primer TGCTCAAGTTGGCGAGACAT

151
Reverse primer GTCCCAGGAGTTCAGCTCAC

TrkA
Forward primer CCCTCCTGATGTCTACGCCA

139
Reverse primer CTCCTAGCCCAGAACGTCCA

CREB
Forward primer AGCCGGGTACTACCATTC

244
Reverse primer GCTGCTTCCCTGTTCTTC
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complexity of the components of traditional Chinese med-
icine or the interaction between the components. In con-
clusion, FLX and the serum of Xiaoyao Pills could inhibit
the inflammatory reaction of hippocampal neuronal cells
induced by LPS.

3.2. Xiaoyao Pills Prevent LPS-Induced Limited 5-HT and
IDO.We further proved that, in vitro experiments, LPS could
increase the protein (Figure 3(c), F = 0:709, p = 0:006) and its
mRNA expression (Figure 3(d), p = 0:009) of IDO in hippo-
campal nerve cell lysate and downregulate the 5-HT level
(Figure 3(a), F = 0:772, p = 0:039) and its mRNA expression
(Figure 3(b), F = 18:479, p < 0:001) compared with the con-
trol group. FLX improved the levels of 5-HT (Figure 3(a),
F = 0:368, p = 0:005) and its mRNA (Figure 3(b), F = 0:061,
p < 0:001) in cell lysate and decreased the levels of IDO
(Figure 3(c), F = 0:081, p < 0:001) and its mRNA
(Figure 3(d), p = 0:009) in cell lysate. Xiaoyao Pill serum
(8%) also improved the levels of 5-HT (Figure 3(a), F =
0:053, p = 0:007) and its mRNA expression (Figure 3(b), F
= 7:652, p = 0:034) in cell lysate, while decreasing the expres-
sion of IDO mRNA (Figure 3(d), p = 0:009) in cell lysate.
Xiaoyao Pill serum (4%) decreased the level of IDO protein
(Figure 3(c), F = 2:793, p = 0:035) and its mRNA expression
(Figure 3(d), p = 0:009) in cell lysate. These results showed

that Xiaoyao Pills could resist the abnormal upregulation of
IDO induced by LPS and the abnormal downregulation of
5-HT, thus playing an inhibitory role in the inflammatory
response of hippocampal nerve cells.

3.3. Xiaoyao Pills Prevent LPS-Induced Reduction of
Neurotrophic Factor. In primary hippocampal neuron cells,
the production of neurotrophic factors and related factors
decreased after LPS treatment in hippocampal neurons,
including BDNF (protein expression: Figure 4(b), F = 8:856,
p = 0:008; mRNA expression: Figure 4(d), F = 12:023, p =
0:024) and NGF (protein: Figure 4(c), F = 37:075, p = 0:017;
mRNA: Figure 4(e), F = 14:076, p = 0:018), as well as its
high-affinity tropomyosin-related kinase, such as TrkB (pro-
tein: Figure 4(h), F = 4:221, p < 0:001; mRNA: Figure 4(f),
F = 4:157, p < 0:001), TrkA (mRNA: Figure 4(g), F = 0:010,
p < 0:001), and CREB (protein: Figure 4(k), F = 2:506, p =
0:001; mRNA: Figure 4(i), F = 5:582, p = 0:001), p-CREB
(Figure 4(j), F = 0:115, p < 0:001), and the ratio of p-CREB/-
CREB (Figure 4(l), F = 1:118, p = 0:005). Xiaoyao Pill serum
(4% and 8% concentrations) and FLX could increase the
levels of BDNF (Figure 4(b), FLX: F = 4:186, p = 0:034; 4%
serum: F = 8:666, p = 0:028; 8% serum: F = 5:504, p = 0:030)
and β-NGF (Figure 4(c), FLX: F = 3:389, p < 0:001; 4% serum:
F = 5:779, p = 0:034; 8% serum: F = 3:777, p = 0:003) in the

C
on

tro
l

2000
Hippocampal neuron cells

&&
1500

1000

500

0
IL

-6
 le

ve
ls 

(p
g/

m
L)

LP
S

LP
S+

FL
X

LP
S+

4%
 co

nt
ro

l s
er

um

LP
S+

8%
 co

nt
ro

l s
er

um

LP
S+

4%
 X

YW
 se

ru
m

LP
S+

8%
 X

YW
 se

ru
m

⁎⁎

⁎⁎

⁎

(a)

Hippocampal neuron cells
10

8

6

4

2

0

IL
-6

/𝛽
-a

ct
in

 m
RN

A

C
on

tro
l

LP
S

LP
S+

FL
X

LP
S+

4%
 co

nt
ro

l s
er

um

LP
S+

8%
 co

nt
ro

l s
er

um

LP
S+

4%
 X

YW
 se

ru
m

LP
S+

8%
 X

YW
 se

ru
m

&&

## $$

⁎⁎

⁎⁎
⁎⁎

(b)

Hippocampal neuron cells

50

30

40

10

20

0

TN
F-
𝛼

 le
ve

ls 
(p

g/
m

L)

C
on

tro
l

LP
S

LP
S+

FL
X

LP
S+

4%
 co

nt
ro

l s
er

um

LP
S+

8%
 co

nt
ro

l s
er

um

LP
S+

4%
 X

YW
 se

ru
m

LP
S+

8%
 X

YW
 se

ru
m

&&

⁎⁎

(c)

Hippocampal neuron cells
15

10

5

0
TN

F-
𝛼

/𝛽
-a

ct
in

 m
RN

A

C
on

tro
l

LP
S

LP
S+

FL
X

LP
S+

4%
 co

nt
ro

l s
er

um

LP
S+

8%
 co

nt
ro

l s
er

um

LP
S+

4%
 X

YW
 se

ru
m

LP
S+

8%
 X

YW
 se

ru
m

&&

## $

⁎⁎

⁎ ⁎

⁎⁎ ⁎⁎

(d)

Figure 2: Xiaoyao Pill serum (final concentration of 4% and 8%) reduced the expression of IL-6 and TNF-α in hippocampal neuronal cells.
The protein levels of IL-6 in supernatant (a). The relative mRNA expression of IL-6 in cell lysate (b). The protein levels of TNF-α in
supernatant (c). The relative mRNA expression of TNF-α in cell lysate (d). The results were expressed as the mean ± SD (n = 4‐5).
&&p < 0:01 compared to the control group. ∗p < 0:05 and ∗∗p < 0:01 compared to the LPS group. ##p < 0:01 compared to the LPS+4%
control serum group. $$p < 0:01 compared to the LPS+8% control serum group.
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supernatant, while increasing the transcription level of BDNF
(Figure 4(d), FLX: F = 0:890, p < 0:001; 4%: F = 0:751, p <
0:001; 8%: F = 0:116, p < 0:001), NGF (Figure 4(e), FLX: F
= 33:082, p = 0:002; 4% serum: F = 0:231, p < 0:001; 8%
serum: F = 1:288, p = 0:001), TrkB (Figure 4(f), FLX: F =
4:221, p = 0:001; 4% serum: F = 8:976, p = 0:045; 8% serum:
F = 0:220, p = 0:003), TrkA (Figure 4(g), FLX: F = 5:901,
p = 0:034; 4% serum: F = 9:288, p = 0:019; 8% serum: F
= 4:224, p = 0:004), and CREB (Figure 4(i), FLX: F = 0:537,
p = 0:004; 4% serum: F = 15:732, p = 0:024; 8% serum: F =
5:745, p = 0:006) in the cell lysate, and the protein expression
of TrkB (Figure 4(h), FLX: F = 4:221, p = 0:001; 4% serum:
F = 4:221, p = 0:007; 8% serum: F = 4:221, p < 0:001), CREB
(Figure 4(k), FLX: F = 2:506, p = 0:021; 4% serum: F = 2:506,
p = 0:049; 8% serum: F = 2:506, p = 0:033), and p-CREB
(Figure 4(j), FLX: F = 0:024, p < 0:001; 4% serum: F = 2:741,
p < 0:001; 8% serum: F = 3:851, p = 0:008) in the cell lysate,
as well as the ratio of p-CREB/CREB (Figure 4(l), FLX: F =
1:291, p = 0:024; 4% serum: F = 0:079, p = 0:011; 8% serum:
F = 0:053, p = 0:021).

The regulation of neurogenesis and synaptic plasticity of
neurons is closely related to BDNF. BDNF could self-release
from neurons into the extracellular space and bind to TrkB,
in turn phosphorylating CREB and playing a neuroprotective

role. In this study, we mainly observed the extracellular
BDNF level and the protein expression levels of intracellular
TrkB, CREB, and p-CREB. The results indicated that Xiaoyao
Pills prevented the reduction of neurotrophic factor induced
by LPS and activated the BDNF/TrkB/CREB molecular
pathway.

3.4. Xiaoyao Pills Promote LPS-Damaged Synaptic Growth.
Synaptophysin (SYP) is widely regarded as scaffold proteins,
involved in the regulation of synaptic function. The level of
SYP in neuron cells could reflect whether neuronal synapses
are damaged. In hippocampal neuron cells, LPS induced syn-
aptic dysfunction (Figure 5(b), F = 9:506, p = 0:011). Xiaoyao
Pill serum and FLX ameliorated synaptic dysfunction by pro-
moting the expression of synaptophysin (Figure 5(b), FLX:
F = 4:430, p < 0:001; 4% serum: F = 1:106, p = 0:006; 8%
serum: F = 7:353, p = 0:003), suggesting Xiaoyao Pills could
promote synaptic growth damaged by LPS.

3.5. Xiaoyao Pills Prevent the LPS-Induced Decrease in the
Proliferation of Hippocampal Neurons. BrdU, also known as
deoxyuridine bromide, is a synthetic thymidine analogue that
substitutes thymine nucleosides for selective binding to cellu-
lar DNA during the S phase. Thus, cell DNA synthesis and
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Figure 3: Xiaoyao Pill serum improved the expression of 5-HT and lowered the expression of IDO in hippocampal neuronal cells. The
protein levels of 5-HT in cell lysate (a). The relative mRNA expression of 5-HT in cell lysate (b). The protein levels of IDO in cell lysate
(c). The relative mRNA expression of IDO in cell lysate (d). The results were expressed as the mean ± SD (n = 4‐6). &&p < 0:01 compared
to the control group. ∗p < 0:05 and ∗∗p < 0:01 compared to the LPS group.
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cell division and apoptosis were detected. BrdU is often used
as a marker of cell proliferation. BrdU immunofluorescence
chemistry has been used to study the development of the ner-
vous system and to identify neurogenesis in the brain. The
average optical density of BrdU/NeuN double-labelled posi-
tive cells in the model group was significantly lower than that

in the control group (Figure 6(b), F = 6:939, p = 0:013), and
the ratio of BrdU/NeuN was significantly higher in the
Xiaoyao Pill serum (4%) group than that in the LPS group
(Figure 6(b), F = 7:754, p = 0:019). It indicated that Xiaoyao
Pills could prevent the decrease in the proliferation of hippo-
campal neurons induced by LPS.
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Figure 4: Xiaoyao Pills prevent LPS-induced reduction of neurotrophic factor. Representative blots of relative protein expression of TrkB,
CREB, and p-CREB (a). Xiaoyao Pill serum (4% and 8%) improved the levels of BDNF (b) and β-NGF (c) in supernatant and increased
the transcription level of BDNF (d), NGF (e), TrkB (f), TrkA (g), and CREB (i) and the translation levels of TrkB (h), CREB (k), and p-
CREB (j) in cell lysate, as well as the ratio of p-CREB/CREB (l) higher than the LPS group. The results were expressed as the mean ± SD
(n = 5‐6). &&p < 0:01 compared to the control group. ∗p < 0:05 and ∗∗p < 0:01 compared to the LPS group. ##p < 0:05 and ##p < 0:01
compared to the LPS+4% control serum group. $p < 0:01 and $$p < 0:01 compared to the LPS+8% control serum group.
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4. Discussion

Neurons are the basic structural and functional units of the
nervous system; the role of neurons is to integrate and trans-
mit signals. And the changes of neuronal structure and func-
tion in the brain in response to various stimuli, including
stress and inflammation, cause nerve damage and eventually
lead to depression. Depression is one of the most common
mental illnesses. It is a multifactorial disease with both

genetic and environmental factors contributing to its patho-
genesis. And it affects multiple behavioral areas and presents
a variety of symptoms, namely, depressed mood, anhedonia,
anxiety, and cognitive impairments, leading to severe disabil-
ity and impaired quality of life in patients.

Neuroinflammation is considered to be an important
pathological cause of depression. It is related to the cytokine
hypothesis; patients with major depression have been found
to display enhancive inflammatory biomarkers, including
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Figure 5: Xiaoyao Pill serum improved the levels of SYP in cell lysates. Representative blots and statistical graphs of relative protein
expression of SYP (a, b). The results were expressed as the mean ± SD (n = 6). &&p < 0:01 compared to the control group. ∗∗p < 0:01
compared to the LPS group. $$p < 0:01 compared to the LPS+8% control serum group.
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Figure 6: Xiaoyao Pills promote LPS-damaged synaptic growth. The hippocampal neuronal cells were incubated with anti-NeuN antibody
(red) and anti-BrdU antibody (green) and were observed by a laser scanning confocal microscope (20x) (a). The statistical graphs of the
ratio of BrdU’s average optical density/NeuN’s average optical density (b). Data were the mean ± SD (n = 4). &p < 0:05 compared to the
control group. ∗p < 0:05 compared to the LPS group. #p < 0:05 compared to the LPS+4% control serum group.
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inflammatory cytokines. And activation of the inflammatory
pathway in the brain reduces neurotrophic support and
altered glutamate release/reuptake, as well as oxidative stress,
leading to excitotoxicity, consistent with neuropathological
findings of depression characteristics [27]. The proinflamma-
tory cytokines can cause sickness behavior and cellular dam-
age [28, 29]. An increase of inflammation can lead to negative
emotion, which was also supported by studies that induced
inflammation through the injection of LPS. Stimulated
increases in proinflammatory cytokines such IL-1β, IL-6,
and TNF-α were associated with depressive symptoms, and
proinflammatory cytokines have been recently shown to
interact with the brain, affecting neurotransmission, neuro-
endocrine activity, and brain structure and function, thereby
changing emotion, cognition, and behavior. One of the
molecular mechanisms that can contact the inflammation
with emotional cognition is the proinflammatory cytokine
effect on the serotonergic system. Proinflammatory cytokines
activate IDO, an enzyme involved in the synthesis of kynur-
enine from tryptophan. Central and peripheral activation of
IDO causes increased catabolism of tryptophan, leading to
5-HT deficiency and neurotoxic metabolite production.
Depressive-like behaviors are associated with the reduced
synthesis of 5-HT and the production of neurotoxic metabo-
lites in the limbic-cortical-striatal-pallidal-thalamic (LCSPT)
circuit [30]. Our study revealed the hippocampal neuron
contents of IL-6. TNF-α and IDO in the LPS group were sig-
nificantly higher than those in the control group. And the
levels of 5-HT in the LPS group were significantly less than
those in the control group. Xiaoyao Pills and FLX inhibited
the increase of IL-6, TNF-α, and IDO levels in hippocampal
neurons induced by LPS and the decrease of 5-HT levels in
hippocampal neurons, showing a protective effect on the
damage of model cells.

Additionally, there is abundant evidence that depressed
patients are associated with the reduction of hippocampal
volume, neuronal atrophy, and neuronal loss. The cause
may be the lack of neurotrophic factors [31, 32]. LPS can
induce neuronal death, decrease neurogenesis, and impair
synaptic plasticity and memory. Studies have shown that
LPS influenced neurotrophin levels in the brain; the neuro-
protection mediated by neurotrophins is compromised by
systemic immune activation induced by LPS [33]. BDNF
belongs to the family of nerve growth factors and plays an
important role in neuronal development, including growth,
differentiation, and survival. Preclinical studies have shown
that exposure to stress causes hippocampal atrophy and cell
loss, as well as decreased neurotrophic/growth factor expres-
sion. Therefore, it supports the neurotrophic/neurogenic
hypothesis of depression and antidepressant effects [34].
BDNF exerts its neurotrophic effects by activating the TrkB
[35]; the phosphorylation of TrkB can activate the transcrip-
tion factor CREB’s gene expression and then play an antide-
pressant effect [36], promote neuronal survival [37], and
strengthen synaptic plasticity [38]. BDNF is abundantly
expressed in the brain and plays a role in maintaining the
structure of adult brain cells [39]. And in rodents, direct infu-
sion of BDNF in the hippocampus showed antidepressant-
like effects by increased levels of TrkB, ERK, CREB, and

phosphorylated ERK [40]. NGF is a growth factor first
described as a neurite outgrowth factor [41]. And it was
involved in the survival of neurons and the proliferation of
neural stem cells in rats [42]. BDNF and NGF have also been
shown to represent an important factor in the regulation of
neurogenesis and synaptic plasticity [43]. In this study, we
observed that the expression levels of NGF, BDNF, TrkA,
TrkB, CREB, p-CREB, and p-CREB/CREB in hippocampal
neurons of the LPS group were significantly decreased, while
Xiaoyao Pills could improve the expression levels of the
above indicators. The results suggest that the antidepressant
effect of Xiaoyao Pills may be related to activating the
NGF/BDNF-TrkA/TrkB-CREB pathway.

The BDNF signaling pathway regulates synaptic plastic-
ity in the hippocampus, and BDNF infusion of rat hippo-
campus induces LTP and triggers synaptic enhancement
[44]. As demonstrated by previous studies, BDNF plays a
critical role in the action of antidepressants through neuro-
nal plasticity. Synaptic plasticity represents one of the most
important functions of the brain, including the ability to
collect, evaluate, and store information. This function is
associated with depression, including loss of neurotrophic
factor support and elevation of inflammatory cytokine.
Synaptophysin is now widely accepted as scaffold proteins,
which are involved in the regulation of synaptic function.
In our present study, LPS induces a decrease in synaptic
protein expression in hippocampal neurons that the treat-
ment of Xiaoyao Pills significantly ameliorated synaptic
protein reduction.

Neurogenesis has been widely described as a key function
of the hippocampus. The reduction of neurogenesis increases
innate anxiety-like and approach-avoidance behavior [45].
Most animal studies have found that hippocampal neurogen-
esis could be achieved by directly targeting the HPA axis and
related neuropeptides, thereby regulating depressive-like
behaviors by promoting neurogenesis [46]. Increasing adult
hippocampal neurogenesis is sufficient to reduce anxiety
and depression-like behaviors [47]. In clinical research,
patients with depression also exhibit decreased levels of neu-
rogenesis [48]. Therefore, increased neurogenesis may be a
potential therapeutic strategy for treating depression. To elu-
cidate whether the impairment of hippocampal neurogenesis
was related to depression, we quantified BrdU-positive cell
numbers in hippocampal neuron cells and observed that
infection of LPS significantly decreased survival of newborn
cells and immature neurons which were consistent with pre-
vious reports. The serum of Xiaoyao Pills has a protective
effect on LPS-induced damage of newborn cells and imma-
ture neurons.

Our previous studies have shown that Xiaoyao Pills
administered intragastrically could reduce the levels of
cytokines and mediators related to inflammation, enhance
the expression of neurotrophic factors and synaptic proteins,
and improve nerve injury, so as to exert the inhibitory effect
on behavioral abnormalities in depression-like model rats
induced by lipopolysaccharide [26]. In this study, the pri-
mary hippocampal neurons of rats were used as the experi-
mental carrier, and the Xiaoyao Pill-containing serum of
rats was used as the observation subject to further study the
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effect of Xiaoyao Pills on the inflammatory response of hip-
pocampal neurons in vitro.

In this study, the serum concentrations of Xiaoyao Pills
selected were 4% and 8%, and the above concentrations did
not affect the cell activity and had some pharmacological
effects. In the experiment, there was no significant dose-
response relationship between the two concentrations, which
may be related to the complexity of Chinese herbal com-
pound components or the interaction between components
[49], which needs to be further explored in combination with
the research work of serum drug chemistry. In addition,
traditional Chinese medicine compounds are suitable for
individualized treatment plans for different body conditions,
and the therapeutic effects are not judged by dosage [50, 51].
However, the efficacy of the two concentrations of the serum
containing Xiaoyao Pills was similar, at least suggesting that
Xiaoyao Pills may alleviate depressive symptoms by sup-
pressing the inflammatory response or activating the
NGF/BDNF-TRKA/TrkB-CREB pathway after entry into
the body.

In conclusion, this study showed that LPS could increase
the level of proinflammatory cytokines in neuronal cells,
thereby increasing the IDO level, promoting tryptophan
metabolism to kynurenine resulting in a reduction in 5-HT
levels. In addition, LPS could induce the decrease of synaptic
protein level in neuron cells, as well as block BDNF and NGF
pathways, then inhibit the hippocampal neurogenesis. All the
above pathological mechanisms are closely related to the
occurrence of depression [52–54] (Figure 7). Pretreatment
with Xiaoyao Pills significantly reduced the level of cytokines
and mediators related to inflammation, increased the expres-
sion of neurotrophic factors and synaptic proteins, and alle-
viated nerve injury. These findings suggest that Xiaoyao
Pills could play a neuroprotective role by inhibiting the neu-
roinflammatory response, promote the recovery of injured
nerves, and thus reduce the symptoms of depression

(Figure 7), providing possible treatment basis for its clinical
application for depression.
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Background. Previous researches indicate that Itpr2-/- mice (inositol 1,4,5-trisphosphate receptor type 2 knockout mice) show
depressive-like symptoms; however, little is known regarding the in vivo neurobiological effect of Itpr2 as well as the specific
pattern of brain abnormalities in Itpr2-/- mice. Methods/Materials. First, behavioral tests, structural magnetic resonance imaging
(MRI), and resting-state functional MRI were performed on Itpr2-/- mice and matched healthy controls. Voxel-based
morphometry and seed-based voxel-wise functional connectivity (FC) were, respectively, calculated to assess the gray matter
volume and the functional activities of the brain in vivo. Second, the sample of relevant changed brain regions was extracted to
detect the expression of BDNF. Finally, to further validate the relationship between Itpr2 deficiency and the observed brain
abnormalities, we performed Western blotting to detect the expression of pro-BDNF and mBDNF in Itpr2-/- C8-D1A (a type
of astrocyte). Results. Compared with controls, Itpr2-/- mice showed depressive-like behaviors as well as significantly lower gray
matter volume in striatums mainly, periaqueductal GM, and the right frontoparietal cortices as well as lower striatal-
hippocampal and striatal-right parietal cortex (mainly for the primary and secondary somatosensory cortex) FC. Moreover,
decreased expression of mBDNF was found in both sample tissues of the striatum in Itpr2-/- mice and Itpr2-/- C8-D1A.
Conclusion. By combining biochemistry and MR analyses, this study provides evidences to support that the Itpr2-related
neuropathological effect is possibly mediated by the striatal abnormality associated with dysfunctional astrocytes in Itpr2-/-

mice in vivo, thus may help us better understand underlying mechanisms of Itpr2 deficiency as well as its relation to
depressive-like behavior.

1. Introduction

Inositol 1,4,5-trisphosphate receptor type 2 (IP3R2) is a cal-
cium channel receptor located in the endoplasmic reticulum,
which is mainly expressed in astrocytes other than other
types of cell in the brain [1]. It is considered to be necessary
to maintain the normal function in astrocytes especially the
exocytosis by which BDNF and ATP are released to extracel-
lular matrix [2]. In fact, a series of neuropsychological abnor-
mal states have been found in Itpr2-/- mice [3, 4]. Notably,
previous studies have found that Itpr2-/- mice exhibited

depression-like behaviors which are considered to be attrib-
uted to deficiencies in astrocytic ATP release [5].

There are a lot of research that indicates structural brain
abnormalities in major depressive disorder (MDD) [6, 7],
while the mechanisms of these abnormalities remain unclear.
In vivo magnetic resonance imaging (MRI) studies have
exhibited that particular areas involved in emotional regula-
tion, such as the hippocampus, amygdala, cingulate cortex,
basal ganglia, and prefrontal cortex (PFC) may go through
structural changes in MDD patients [8, 9]. Functional mag-
netic resonance imaging (fMRI) is one of the most important
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tools for studying the in vivo brain activity and anatomy [10],
and functional connectivity is one of the most common anal-
ysis ways of fMRI [11, 12]. Both the structural and functional
abnormalities in depression have been found in a series of
brain regions.

Astrocytes can release a variety of neurotrophins under
normal conditions [13]. Previous studies indicate that the
reduction of neurotrophins, especially brain-derived neuro-
trophic factor (BDNF), which are the most widely distributed
neurotrophin in the CNS and provided by astrocytes mainly
in the brain, is a mediator involved in neuronal survival and
plasticity of dopaminergic, cholinergic, and serotonergic
neurons[14]. BDNF are involved in the pathogenesis of
depression, with decreased growth and survival of neurons,
and thus possibly leads to gray matter atrophy shown on
magnetic resonance imaging [15–17]. BDNF is synthesized
as a precursor called proBDNF, which is proteolytically
cleaved to generate mature BDNF [18]. Many previous stud-
ies have demonstrated stress could decrease the expression of
brain-derived neurotrophic factor (BDNF) in limbic struc-
tures including the amygdala, hippocampus, and prefrontal
cortex. Furthermore, the reduction of BDNF could contrib-
ute to the atrophy of certain limbic structures [19], and the
stress-induced reduction in BDNF may result in brain tissue
loss [10].

To date, little is known about the in vivo neurobiolog-
ical effect of Itpr2 as well as the specific pattern of brain
abnormalities in Itpr2-/- mice. Based on existing findings,
we hypothesize that Itpr2-/- mice have the tendency of
depressive-like behavior and can be observed with specific
structural and functional abnormalities in the brain in vivo,
which are possibly associated with decreased BDNF levels
produced by astrocytes owing to the effect of Itpr2 deficiency.
To this end, we combined animal magnetic resonance imag-
ing techniques and biochemical experimental methods to test
the hypothesis in this study.

2. Materials and Methods

2.1. Mice. Itpr2-/- mice were generated by crossing germline-
heterozygous-null mutant Itpr2+/- mice, which was a gift by
Prof. Tian-Ming Gao [5]. The offspring were genotyped by
PCR using mouse tail DNA and wild-type (5′-GCTGTG
CCCAAAATCCTAGCACTG-3′; 3′-CATGCAGAGGTCG
TGTCAGTCATT-5′) and mutant allele-specific primers
(neospecific primer 5′-AGTGATACAGGGCAAGTTCATA
C-3′; 3′-AATGGGCTGACCGCTTCCTCGT-5′). The PCR
products were visualized with ethidium bromide staining.

2.2. Cell. C8-D1A (astrocytic type I clone, GFAP positive)
was cloned from mice cerebellum [20]. Cells were main-
tained in Dulbecco’s modified Eagle medium (DMEM; Bio-
chrome, Berlin, Germany) containing glucose, 10% heat-
inactivated fetal calf serum (FCS; Sigma, St. Louis, MO),
and 1% L-glutamine (Gibco, Auckland, New Zealand).
Itpr2-/- C8-D1A was constructed by lentivirus transfection
knocking down protein expression of IP3R2, and the target
sequence was GCCCAGAAGCAATACTGGAAA.

2.3. Behavioral Test

2.3.1. Sucrose Consumption Test. Sucrose Consumption Test
was conducted on Itpr2-/- mice (n = 28) and healthy controls
(n = 20). Two bottles were placed in each cage simulta-
neously, both of which contained 1% sucrose water 25ml,
and the mice could drink freely for 24h. Then, one bottle
contained 1% sucrose water 25ml with the other one con-
taining 25ml of tap water. Mice were given free choice for
24 h. After that, the test was conducted by providing the mice
with a free choice between the two bottles (one bottle con-
taining a 1% sucrose solution and the other bottle containing
tap water) for 2 h. The consumption of sugar water and tap
water was calculated simultaneously in both groups by
weighing the bottles containing the liquids. The preference
for sucrose was calculated according to the percentage of
consumed sucrose solution with respect to the total amount
of liquid consumed.

2.3.2. Tail Suspension Test (TST). TST was implemented on
Itpr2-/- mice (n = 28) and healthy controls (n = 20). This exper-
iment referred to the experimental model established by Steru
et al. [21]. Briefly, the mice were acoustically and visually iso-
lated and suspended 60cm above the floor in an inverted posi-
tion by sticking amedical adhesive cloth on roughly 2 cm of the
tail of the mouse about 2 cm. The time during which the mice
remained immobile was determined during a test period of
6min. Mice were considered immobile only when the mice
gave up any struggle and remained motionless.

2.3.3. Forced Swim Test (FST). FST was implemented on
Itpr2-/- mice (n = 28) and healthy controls (n = 20). This test
was carried out according to the method described by Porsolt
et al. [22]. Each mouse was placed in a cylindrical container
(diameter, 10 cm; height, 25 cm) filled with water up to
9 cm at 22± 1°C. The immobility time was recorded during
the last 4min of the 6-min testing period. Immobility time
was defined as the absence of struggle and only slight body
movements keep its head afloat.

2.3.4. Open-Field Test (OFT). The OFT experiment was car-
ried out on 16 control mice and 28 Itpr2-/- mice. The volun-
tary movement and behaviors of the mice were evaluated
using the OFT. The OFT box is a square box with the follow-
ing dimensions: height, 35 cm; length, 60 cm; and width,
60 cm, which is divided into 4 quadrants; each quadrant is
divided into 36 equilateral quadrants. The experiment was
conducted in a quiet laboratory room under 60 watts of light.
Each mouse was gently placed at the center of the square box
and observed at 5min intervals. The apparatus used was
wiped with 75% ethanol and dried before each mouse was
tested. Motion detection software (EthoVision 7.0; Noldus,
Wageningen, The Netherlands) was used to record the center
time (CTRTIME) for each mouse.

2.4. Magnetic Resonance Scanning. All MRI scans were per-
formed on 14 control mice and 15 Itpr2-/- mice using a 7T
Bruker scanner (Pharmascan 70/16 US) equipped with a
86mm birdcage transmit-only RF coil and a receive-only
quadrature surface coil. Before scanning, the mice were
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anesthetized with 3% isoflurane and then mechanically ven-
tilated with 1-1.5% isoflurane. During the examination, the
mice were placed on a plastic cradle with the head fixed with
a tooth bar and plastic screws in the ear canals. A water cir-
culation system was used to maintain the body temperature
of the animals. The level of anesthesia was monitored, and
the respiratory rate was kept above 60 breaths per min. For
the structural MRI, a 3D T2-weighted images (3D-T2WI)
were scanned using a Turbo RARE sequence with the follow-
ing parameters: TR/TE = 1800/45, flip angle = 90°, matrix =
256 × 256, voxel size = 0:078 × 0:078 × 0:512mm, 32 slices,
and slice thickness/gap = 0:512/0mm. For the resting-state
fMRI, a spin-echo echo-planar imaging (SE-EPI) sequence
was used with 500 time points, TR/TE = 1500/21:2ms, flip
angle = 90°, matrix = 96 × 96, voxel size = 0:156 × 0:156 ×
0:7mm, 15 slices, and slice thickness/gap = 0:7/0mm.

2.5. MRI Preprocessing and Analysis. Prior to preprocessing,
all the structural and functional MRIs were resized by a factor
of 10. The 3D T2-WI images of all the mice were processed
using the SPM12 software (Wellcome Department of Cogni-
tive Neurobiology, University College of London, UK) for
VBM analysis. First, the images were linearly registered
(12-parameter affine) to approximate the brain space of
C57Bl6, which is a previously established template specific
for the brain anatomy of C57mice [23]. Thereafter, the struc-
tural images were segmented into GM, white matter, and
cerebrospinal fluid images based on the tissue probability
maps provided with the C57Bl6 template. Then, based on
the segmentation results, the GM images were spatially nor-
malized to the template, and then Jacobian modulated.
Finally, the resultant GM images were smoothed using an
8mm FWHM Gaussian kernel.

For the analysis of rs-fMRI, the first 10 volumes of
resting-state scans were discarded. The resulting 490 volumes
were corrected for slice timing and for the head motion (a
least-squares approach and a six-parameter spatial transfor-
mation). Then, the brain fMRIs were spatially normalized
to the template in accordance with the transformation estab-
lished by the normalization of 3D T2-WI images, with the
voxel size resampled into 4× 4× 4mm3. Thereafter, an
8mm FWHM Gaussian kernel was used to smooth the
fMRIs, and voxel-wise detrending, filtering with a bandpass
filter of 0.01-0.08Hz, and regression of the white matter sig-
nal, cerebrospinal fluid signal, mean global signal, and head
motion (Friston 24) was done successively.

Calculation of the seed-based FC maps was done as fol-
lows. First, the seed region of interest (ROI) was selected by
referring to the VBM results as well as the previously estab-
lished atlas of the mouse brain [24]. Second, the whole-
brain resting-state FC map was created by calculating the
Pearson correlation coefficient between the resting-state time
series extracted from the seed ROI and the time series from
all other brain voxels. Here, a Fisher Z-transformation was
done to increase the normality of FC data, and the calculation
was restricted to positive correlation.

2.6. Immunofluorescence Staining of Mouse Brain Tissues.
Mouse brains were first fixed with 4% PFA at 4°C for 24

hours, and the brains were later cryoprotected in 15% and
20% sucrose in PBS for 24 hours at 4°C. Coronal sections
(40μm) were cut in a crystal. Sections were blocked with goat
serum containing Triton X-100 for 2 h at room temperature
and then incubated with rabbit BDNF antibodies (1:500 dilu-
tion; Abcam; ab108319) overnight at 4°C. Sections were
washed and later incubated with a 1:500 dilution of Alexa
488-conjugated goat antirabbit antibodies for 1 h at room
temperature.

2.7. Western Blot. The separated striatum and cells were
homogenized in RIPA lysis buffer with Protease Inhibitor
Cocktail at 4°C and quantified using the BCA protein assay
kit (Beyotime Biotechnology). Sixty micrograms of protein
was separated via sodium dodecyl sulfate polyacrylamide
gel electrophoresis and was transferred to PVDF membranes
(Millipore). Immunolabeling was performed using rabbit
BDNF antibodies (1:1000 dilution; Abcam; ab108319), mouse
IP3R2 antibodies (1:1000 dilution; Santacruz; sc398434),
mouse monoclonal actin antibodies (1:400 dilution; BOS-
TER; BM0627), and rabbit monoclonal tubulin antibodies
(1:1000 dilution; BOSTER; BM3885). The results were visu-
alized by enhanced chemiluminescence (GE Healthcare
Bio-Science, Uppsala, Sweden). Images were captured and
documented with a charge-coupled device system (Image
Station 2000MM; Kodak, Rochester, NY, USA). Quantitative
analysis of the images was performed using Molecular Imag-
ing Software (version 4.0, as part of the Kodak 2000MM
System).

2.8. Statistical Analysis. The data were analyzed using the
SPSS statistical software package (version 17.0; IBM Corp.,
Armonk, NY, USA). Mean values were compared using
unpaired t-test; Welch’s correction is used when variance is
unequal. P values <0.05 were considered statistically signifi-
cant. The voxel-wise statistical comparisons of the GM
images and FC maps were done using SPM12. A two-
sample t-test was adopted for the between-group compari-
sons with a significance threshold of P < 0:01 (with AlphaSim
correction of P=0.05).

3. Results

3.1. Itpr2-/- Mice Exhibit Depressive-Like Behaviors.We firstly
tested whether Itpr2-/- mice exhibited depressive-like behav-
iors by performing behavioral tests on both the Itpr2-/- mice
and controls. Results revealed that the Itpr2-/- mice exhibited
less sucrose consumption (P = 0:017, P < 0:05, t = 2:920,
df = 9, F = 1:817) (Figure 1(a)) and increased duration of
immobility both in tail suspension test (P = 0:0385, P < 0:05,
t = 2:381, df = 10, F = 1:943) (Figure 1(b)) and forced swim
test (P < 0:0001, t = 7:652, df = 10, F = 1:900) (Figure 1(c))
compared with controls. In the open-field test, we firstly ana-
lyzed the movement speed of the two groups of mice to rule
out the effect of locomotor ability on behavior performance,
and there was no significant difference between the two
groups (Supplementary materials Figure 1). Although there
was a decreased central retention time in Itpr2-/- mice, the
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difference was not statistically significant (P = 0:4602, t =
0:7758, df = 8, F = 1:643) (Figure 1(d)).

3.2. Reduced Volume of Gray Matter in Itpr2-/- Mice. VBM
analysis showed that the Itpr2-/- mice group was found to
have significantly reduced gray matter volumes in bilateral
striatums, the periaqueductal gray matter, and the right fron-
toparietal cortices compared with the control group (P < 0:01,
AlphaSim corrected) (Figure 2), whereas no region was
found with significantly increased gray matter volume in
Itpr2-/- mice.

3.3. Abnormal Functional Connectivity Related to the
Striatum in Itpr2-/- Mice. Based on the results in Section
3.2, the striatum was selected as seed ROI for further FC anal-
ysis (Figure 3(a)), since this region was considered highly rel-
evant to the emotion regulation and depression in previous
studies. The RSFCmaps of the bilateral striatums were highly
relevant to each other. Therefore, to limit the number of
statistical tests and for easy interpretation of the results,
the RSFC maps of the bilateral striatums were averaged
for each mouse and subsequently compared between
groups. Compared with controls, significantly decreased
striatal FC was found in the bilateral hippocampus and
right parietal cortex (mainly for the primary and secondary
somatosensory cortex) in the Itpr2-/- mice (P < 0:01, Alpha-
Sim corrected); however, no region was identified with
increased FC (Figure 3(b)).

3.4. Decreased Expression of BDNF in the Striatums of Itpr2-/-

Mice and Itpr2-/- C8-D1A. Immunofluorescence staining
showed a declined level of BDNF in the striatums of Itpr2-/-

mice (Figure 4(a)). And the striatums of both Itpr2-/- mice
and controls (Figure 4(b)), as well as cells including Itpr2-/-

C8-D1A and controls (Figure 4(c)), were later subjected to
Western blotting using anti-BDNF antibodies. In all samples
tested, we detected 14- and 28 kDa BDNF-immunoreactive
bands representing pro- and mature BDNF, respectively.
The intensity of the pro-BDNF band was not significantly
different between Itpr2-/- samples and controls both in mice
and astrocytes, while the expression of mature BDNF
decreased clearly in the Itpr2-/- sample as compared with con-
trols both in mice (P = 0:0368, P < 0:05, t = 5:067, df = 2,
F = 653:0) and astrocytes (P = 0:002, P < 0:01, t = 13:04,
df = 4, F = 1:068).

4. Discussion

This paper confirmed the previous finding that Itpr2-/- mice
exhibit depressive-like symptoms as shown inmost behavioral
tests except in OFT. However, OFT is mainly used to test
whether the mice perform obvious anxiety and exploratory
intentions, which suggests Itpr2-/- mice did not perform these
symptoms. On this basis, we further revealed in vivo brain
abnormalities including a reduced striatum volume and rele-
vant functional connectivity in Itpr2-/- mice. Additionally, to
further study the in vivo MR findings, we performed
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Figure 1: Behavior test of Itpr2-/- mice and controls. (a) Sucrose preference. (b) Tail suspension test immobile time. (c) Forced swim test
immobile time. (d) Open-field test center time. Data are expressed as the mean ± SD. Asterisk indicates P < 0:05 and number sign
indicates P < 0:01 when compared with the controls.
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biochemistry analyses and found decreased BDNF expression
in both the sample tissues of the striatum in the Itpr2-/- mice
and Itpr2-/- C8-D1A. Thus, these findings may jointly support
the relationship between the genetic deficiency of Itpr2 and
the currently observed in vivo brain abnormalities.

As one of the crucial roles of reward and emotion regula-
tion networks, the striatum receives cortical and dopaminer-
gic projections; it is located at the center of functional circuits
that influence motor and cognitive aspects of behavior [25–
27] and has been frequently discussed in studies of emotion

VBM analysis between Itpr2-/- mice and controls

L –2 –6 RT-value

(a)

Bilateral striatums Periaqueductal GM Right frontoparietal cortices

(b)

Figure 2: Abnormal volume of the gray matter in Itpr2-/-mice as compared with controls. (a) The regions of decreased volume of gray matter
shown on the coronal plane. (b) The regions of decreased volume of gray matter shown on the three-dimensional images.

Striatum seeds

(a)

Decreased FC

(b)

Figure 3: Abnormal resting-state functional connections between other regions of the whole brain with the bilateral striatum in both groups.
Whole-brain RSFC map is created based on the blood oxygen level-dependent time series from spherical seed regions of the striatum. (a)
Positions of striatum seeds. (b) Decreased FC between the striatums and other brain regions in Itpr2-/- mice.
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regulation strategies and was found to contribute directly to
decision-making [28, 29]; the relationship between depres-
sion and the striatum is extensively studied. Previous
research reported volumetric abnormalities of the striatum
or part of the striatums such as the lentiform nucleus in
major depression disorder (MDD) patients. Matsuo et al.
have indicated that treatment-naive MDD patients have sig-

nificantly smaller right striatum and right caudate (part of
the striatum) volumes compared to the healthy subjects
[30], suggesting that depression closely depends on the struc-
ture and functioning of the striatum [31–34].

Reduction of BDNF in the brain has been proposed as a
candidate for possible involvement in depression [35]. Previ-
ous studies indicated that increased levels of BDNF in the
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Figure 4: Detection of BDNF level in Itpr2-/- samples and controls. (a) BDNF immunofluorescence staining and expression in the striatum
(×100). (b) Analysis of BDNF expression in the striatum by Western blotting. (c) Analysis of BDNF expression in C8-D1A by Western
blotting. Data are expressed as the mean ± SD. Number sign indicates P < 0:01 when compared with the controls.
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striatum is related to improved depressive-like behavior [36].
Moreover, this study found the decreased expression of
mature BDNF in the striatum, which possibly contributes
to the reduced volume of the striatum and depressive-like
behaviors in Itpr2-/- mice; this is since, decreased BDNF can
lead to tissue loss.

As mentioned above, IP3R2 is mainly expressed in astro-
cytes in the brain and BDNF is mainly generated and released
by astrocytes. For this reason, we further detected the expres-
sion level of BDNF in astrocytes lacking Itpr2 (Itpr2-/- C8-
D1A) and found it decreased. So, being consistent with our
findings in tissue, this result supported that the decline of
BDNF in the striatums in Itpr2-/- mice is induced by the
reduced BDNF expression of astrocyte lacking Itpr2.

The strength of memory generated by the hippocampus
is related to the level of FC between the hippocampus and
the striatum [37]. Previous research has revealed that the
FC between the hippocampus and the striatum increased sig-
nificantly after a period time of memory training, promoting
the changed FC is responsible for the formation of long-term
memories [38]. Our results suggest the decreased FC the hip-
pocampus and the striatum can lead to the weakened ability
of memory which is a common symptom in depression.
Besides, lower FC between the striatum and right parietal
cortex (mainly for the primary and secondary somatosensory
cortex) may participate in the painful physical symptoms
which are usually present in depression.

MRI as a noninvasive tool can provide clues about
in vivo functional connectivity and volume abnormalities,
which were then combined with biochemical analyses to
validate and explain the possible pathogenesis in Itpr2-/-

mice from the perspective of dysfunctional astrocytes. Such
kind of combined studies is of some value, especially for the
psychiatric disorders like depression, since it may shed light
on the neuropathological mechanism from the perspective
of in vivo neural abnormalities, and could be a strength of
this work. However, in this paper, we did not further study
the specific mechanism by which the absence of Itpr2 leads
to the decreased expression of BDNF in astrocyte, and we
also lack research on the learning and memory abilities of
mice related to decreased FC of striatums-hippocampus
and painful physical symptoms related to decreased FC of
striatums-right parietal cortex. So, in the future, we should
go on to study the underlying mechanism in astrocytes
lacking Itpr2 and supplement other experiments to com-
plete the study.

5. Conclusion

By combining biochemistry and MR analyses, this study
revealed that the Itpr2-related neuropathological effect is
possibly mediated by the relevant brain especially striatum
structural and functional abnormality in Itpr2-/- mice
in vivo, which is associated with decreased BDNF in the stri-
atum due to a decline production of BDNF from astrocyte
lacking Itpr2; thus, it may help us better understand underly-
ing mechanisms of Itpr2 deficiency as well as its relation to
depressive behavior.
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Ischemia cerebral stroke is one of the common neurological diseases with severe inflammatory response and neuron death. The
inhibition of colony-stimulating factor 1 receptor (CSF1R) which especially expressed in microglia/macrophage exerted
neuroprotection in stroke. However, the underlying neuroinflammatory regulation effects of CSF1R in ischemia stroke are not
clear. In this study, cerebral ischemia stroke mice model was established. The C57/B6J mice were administered with Ki20227, a
CSF1R inhibitor, by gavage for 7 consecutive days (0.002mg/kg/day) before modeling. The Rota-Rod test and neurobehavioral
score test were investigated to assess neurobehavioral functions. The area of infarction was assessed by 2, 3, 5-
triphenyltetrazolium chloride (TTC) staining. The mRNA expressions of M1/M2 microglia markers were evaluated by real-time
PCR. Immunofluorescence and Western blot were utilized to detect the changes of Iba1 and NLRP3 pathway proteins. Results
showed that neurobehavioral function improvement was demonstrated by an increased stay time on the Rota-Rod test and a
decreased neurobehavioral score in the Ki20227 treatment group. The area of infarction reduced in Ki20227 group when
compared to the stroke group. Moreover, the mRNA expression of M1 microglia markers (TNF-α and iNOS) decreased while
M2 microglia markers (IL-10 and Arg-1) increased. Meanwhile, compared to the stroke and stroke+PBS group, Ki20227
administration downregulated the expression of NLRP3, active caspase 1, and NF-κB protein in the ischemia penumbra of
Ki20227 treatment group mice. In short, the CSF1R inhibitor, Ki20227, played vital neuroprotective roles in ischemia cerebral
stroke mice, and the mechanisms may be via inhibiting microglia M1 polarization and NLRP3 inflammasome pathway
activation. Our study provides a potential new target for the treatment of ischemic stroke injury.

1. Introduction

Cerebral ischemic stroke remains the leading cause of the
death and disability worldwide, despite progress in reper-
fusion therapies. Considerable empirical evidence has
demonstrated that inflammatory response of microglia/-
macrophages to cerebral ischemia acts a vital part in
varied phases of stroke pathobiology and outcome [1].
Excessive activation of proinflammatory cytokines, neural
cell death, the blood-brain barrier, and neurogenesis dis-
ruption jointly lead to postischemic brain injury [2].

Colony-stimulating factor 1 receptor (CSF1R) is a class of
tyrosine/serine kinases which especially expressed in micro-

glia/macrophage and mainly responsible for regulating the
proliferation and differentiation of microglia/macrophages
[3]. Researches demonstrated the inhibition of CSF1R could
regulate neurological function and exert neuroprotection in
brain injury via inhibition of microglial activation [4].
Short-term elimination of microglia by CSF1R inhibitor,
PLX5622, during the chronic phase of TBI disease led to
long-term improvements in neurological function through
decrease in NOX2 and NLRP3 inflammasome-associated
neuroinflammation and improvement in the persistent
neurodegenerative processes [5]. CSF1R inhibitor treat-
ment significantly attenuates CSF1R activation and mini-
mizes microglia cell proliferation with mRNA levels of
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proinflammatory factors and then enhances motor func-
tions [6]. In global cerebral ischemia, Ki20227 as a specific
inhibitor of CSF1R effectively protect the dendritic spine
density and dendritic structure of neurons from brain
injury [7]. And Ki20227 could inhibit the phosphorylation
of CSF1R and played an important role in microglia acti-
vation [8]. However, the underlying neuroprotective mech-
anism of Ki20227 in brain ischemia injury is still unclear.

NOD-like receptor 3 (NLRP3) inflammasome plays an
important role in neuroimmune responses including
microglial-dependent activation. Regulating NLRP3 inflam-
matory response may be in favor of neurofunction improve-
ment in ischemia stroke [9]. ATP reduction and rapid ROS
increase and other diverse endogenous danger signals caused
by ischemic injury of brain tissue could mediate the activa-
tion of the NLRP3 inflammasome in the pathophysiological
process of ischemia stroke [10]. Immune cells including
microglia could be recruited by sudden increase of inflamma-
tory cytokines released after the NLRP3 inflammasome to
clear the damage-associated molecular patterns (DAMPs)
and affect microglia phenotypic M1/M2 transformation by
initiating the inflammatory mechanisms after ischemia
stroke. For example, high level of TNF-α released from the
microglia M1 phenotype activation was disadvantaged in
brain tissue and neuron recovery after stroke [11], while the
microglia M2 factors exerted a neuroprotective role in var-
ious stages of acute ischemia stroke [12]. Microglial M1
inhibition and microglial M2 polarization activation could
protect against ischemic stroke and have the potential to
improve neurogenesis [13]. Meanwhile, several researches
reported the NLRP3 inflammasome overactivation could
give rise to secondary brain injury following reperfusion
due to sustained inflammation release and brain damage
aggravation which could be improved by the inhibition
of NLRP3 inflammasome [14]. Studies demonstrated
RNAi-mediated NLRP3 transcript knockdown decreased
microglia-related inflammatory response and neuronal
injury to alleviate brain injury and improve neurological
outcomes in ischemia stroke [15]. However, the regulation
mechanism of CSF1R inhibitor on microglia phenotype
and NLRP3 pathway in ischemia stroke is still not clear.
To address this question, we probed into the neuroinflamma-
tory regulation role of Ki20227 in postischemic brain injury
mice, and we elaborated the regulation of Ki20227 to NLRP3
pathway in mice subjected to cerebral ischemic injury.

2. Material and Methods

2.1. Animals. 20–30 g weight C57BL/6 male mice were pur-
chased from the Zhejiang Medical Academy. Before
experiment, all animals were kept in pathogen-free sepa-
rated clean cages with enough food and water under a
constant temperature of 24°C and a 12 hours light/dark
cycle. The Guide for Care and Use of Animal Center of
Zhejiang University was followed, and the Ethics Com-
mittee for Use of Experimental Animals in Zhejiang Univer-
sity Animal treatment formally permitted animal treatment
in this study.

2.2. Experimental Groups and Drug Administration. The fifth
male C57BL/6 mice were stochastically split into 5 exper-
imental groups: normal group (n = 10), sham group
(n = 10), stroke group (n = 10), stroke+PBS group (n = 10),
and stroke+Ki20227 group (n = 10). In stroke+Ki20227
group, Ki20227 (0.002mg/kg/day dose, by gavage) was
administered for 7 days [7]. After 7 days of Ki20227 admin-
istration, cerebral ischemia was established, and the Ki20227
administration was given once for the next 24 hours. Mice in
stroke+PBS group underwent the same way of injection with
equal volumes of PBS solution simultaneously.

2.3. Establishment of Cerebral Ischemic Mice Model. The cere-
bral ischemic model was established as previously described
[16]. In short, Rose Bengal dye (Sigma-Aldrich, # 330000)
was dissolved in 0.1M PBS solution with a final concentra-
tion of 10mg/mL, filtered through 0.45m filters, and placed
in the dark until use. At the beginning of the establishment
of the model, Rose Bengal dye (100mg/kg) was injected
intraperitoneal. The mice were all anesthetized with inhaled
isoflurane (RWD, China) when building the model. After 5
minutes, the target area (1.75mm lateral to Bregma,
+0.5mm, left hemisphere) was exposed directly under the
flexible cool light attached to a light-emitting diode cold light
source (OPLENIC, M-IL-HAL 3001), and the continuous
cool light irradiation was continued for 15 minutes to induce
focal cerebral ischemia, and finally, the wound was sutured.

2.4. Behavioral Tests

2.4.1. Rota-Rod Test. The Rota-Rod test was employed to
measure the motor coordination and antifatigue ability of
mice before and after cerebral ischemia treatment. The
Rota-Rod test comprises a rotating rod with a diameter of
3 cm (this rod was divided into 5 tracks with a width of
6 cm), an infrared detector, and a computer. In the test, mice
were positioned on the horizontally oriented, rotating rod.
The infrared sensor sensed whether mice stayed on the stick,
so as to obtain the time mice stayed on the rod and the rota-
tion speed of the rod when they fell. The total test time was
set to 300 seconds, and the rotation speed of rod was expe-
dited from 8 rpm to 40 rpm. Each group mice were trained
3 times a day with a 10-minute rest each time. The mice stay-
ing on the rotating rod track for more than 200 seconds were
used to establish the stroke model. The times of each group
on the rotating rod instrument two days before the model
establishment and one day after stroke were recorded.

2.4.2. Neurobehavioral Score. The neurological scores were
descripted previously [17]. There are 4 grades for neurobe-
havioral function evaluation. The higher score, the worse
behavioral function. Number 4 represented unidirectional
circling and consciousness reduction. Number 3 is unidirec-
tional circling. Number 2 stands for forelimb flexion and
resistance to lateral thrust reduction. Number 1 means fore-
limb flexion. Number 0 stands for no observable defects of
mice. The above behavioral observation was performed in a
blinded process. The score of each group was recorded at
24 h after stroke.
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2.5. TTC Staining. Animals in different groups were sacri-
ficed at 24 hours after building ischemia stroke model for
brain infarct formation evaluation. TTC staining purchased
from Sigma-Aldrich Company was used to measure the
change of infract areas. Fresh brains were removed and kept
at -20°C for 30min and then were sliced into 2mm coronal
sections rapidly. 5% TTC in physiological saline solution
was used to incubate every slice at 37°C for 20min in dark.
And then 4% buffered formalin fixed the slice for 1 hour at
room temperature. The infract areas were showed as the
complexionless areas and presented in the figures. Infarct
areas were measured using ImageJ software (NIH, Bethesda,
MD, USA). The total infarction volume for each slice was cal-
culated. The infarction volume of every mouse was calculated
from the infarcted area of the ipsilateral hemisphere/total
area (from both the ipsilateral and contralateral hemi-
spheres) [17].

2.6. Immunofluorescence Staining. Brains of every group
mouse were perfusion by 0.9% saline solution and fixed in
4% paraformaldehyde PBS solution at 4°C overnight. After
dehydrated in 30% sucrose solution for one week, brains were
sectioned coronally with embedding them with OCT. Rabbit
anti-Iba1 (1 : 500; Abcam, #ab178847) and rabbit polyclonal
to anti-NLRP3 (1 : 100; BOSTER, BM4490) as primary anti-
bodies were applied. Secondary antibody including goat
anti-rabbit Alexa Fluor 488 (1 : 500, EARTHOX, San
Francisco, # E031220-01) was employed after primary anti-
bodies. Before being covered with coverslips, the slides were
added the antiquenching solution with DAPI dye (VECTA-
SHIELD, USA) for observation. Images were taken in 5-
vision/section stochastically to count the immunoreactive
cells under Olympus BX51 fluorescence microscope [15].

2.7. Western Blot. Total proteins of ischemic brain tissue in
each group were extracted by RIPA buffer containing
EDTA-free protease inhibitor and phosphate inhibitor
(Rocher, Switzerland). After measuring the protein concen-
tration, 30μg of each sample was subjected to electrophoresis
on 15% SDS-PAGE gel at 200V. The protein was transferred
into the PVDF membrane at 100V in Bio-Rad TransBlot
apparatus. 5% skimmed milk diluted by TBST solution was
used to block PVDF membranes containing proteins for 2.5
hours at room temperature, and then, the primary antibody,
rabbit anti-GADPH (1 : 1000, Abcam, ab181602), NLRP3
(1 : 1000, Abcam, ab181602), caspase 1 (1 : 1000, Abcam,
ab181602), and NF-κB (1 : 1000, Abcam, ab181602), were
used to incubate PVDF membranes at 4°C overnight. And

then, the second antibody HRP-conjugated goat anti-rabbit
(1 : 5000; EarthOx, USA) was used to incubate membranes
for 2.5 hours after washing three times per 5mins with TBST
solution. Finally, after incubating with enhanced chemilumi-
nescence, the membranes were exposed in ChemiDoc Touch
Imaging System. ImageJ software was applied to the quanti-
fication analysis of protein bands. Each experiment was per-
formed three times [16].

2.8. Real-Time PCR. After extracting total RNA with Trizol
(Invitrogen) reagent, it was reverse transcribed into comple-
mentary deoxyribonucleic acid (cDNA) according to the
instructions of BestarTM qPCR RT kit (DBI-2220, Ger-
many). Real-time PCR protocol was carried out under the
guidance of BestarR SybrGreen qPCR master mix (DBI-
2044, Germany). The results were interpreted in Bio-Rad
CFX manager program 3.0 software. The microglia M1/M2
type factor primers are shown in Table 1.

2.9. Statistical Analysis. SPSS 22.0 software was used to per-
form statistical analysis. The one-way ANOVA with Tukey
test evaluated the difference between the drug treatment
and nondrug treatment group in stroke mouse models. For
the data of multiple groups in the Rota-Rod test, the differ-
ence was analyzed by the two-way ANOVA with Bonferroni
posttest. Values are presented asmeans ± SEM. For all of the
tests, three levels of significance were determined: ∗P < 0:05,
∗∗P < 0:01, ∗∗∗P < 0:001.

3. Results

3.1. Ki20227 Administration Reduced Neurological Deficits.
Neurological scores and Rota-Rod test were classical
methods and used to evaluate the neurobehavioral damage
in each group. The increase neurological deficit score or the
decrease time in Rota-Rod indicated the severe impairment
of motor function of mice. Results showed animals in the
stroke group and stroke+PBS group had the increased neuro-
logical score indicating more neurological deficits when com-
pared to the sham group (∗∗∗P < 0:001) in Figure 1(a).
However, Ki20227 pretreated could significantly decrease
neurological score to improve neurological impairment in
the stroke+Ki20227 group when compared to the stroke
and stroke+PBS groups (##P < 0:01, ^P < 0:05). In the Rota-
Rod test of Figure 1(b), animals in every group showed the
average different time was close to 1 in pre-1 day and 2 days.
After building stroke model, the average different time of ani-
mals in the stroke group and stroke+PBS group on the Rota-

Table 1: Sequence of primer of microglia M1 and M2 type factors.

Gene name Forward primer (5′-3′) Reverse primer (5′-3′)
TNF-α GATCGGTCCCCAAAGGGATG CCACTTGGTGGTTTGTGAGTG

Arg-1 CATGGGCAACCTGTGTCCTT TCCTGGTACATCTGGGAACTTTC

IL-10 GTCATCGATTTCTCCCCTGTG CCTTGTAGACACCTTGGTCTTGG

iNOS TGGTGAGGGGACTGGACTTT CCAACTCTGCTGTTCTCCGT

β-Action CGTGCGTGACATCAAAGAGAAG CAAGAAGGAAGGCTGGAAAAGA

Arg: arginase-1; TNF-α: tumor necrosis factor-α; IL-10: interleukin 10.
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Rod significantly less than that of the normal and sham
groups (∗∗∗P < 0:001). Meanwhile, mice in stroke+Ki20227
group had significantly more time on the Rota-Rod than that
of the stroke and stroke+PBS groups (###P < 0:001,
^^P < 0:01). And there is no significant difference between
stroke group and stroke+PBS group considering the results
in the behavioral tests.

3.2. Ki20227 Administration Reduced the Brain Infarction
Volume. The infarct volume of brain sections of every group
is analyzed by TTC staining after 24 hours of the ischemic

insult. In stroke and stroke+PBS groups, the infarct vol-
ume was significantly increased compared to that of nor-
mal and sham groups (∗∗∗P < 0:001). There was no
significant difference in the infarction volume between
the stroke and stroke+PBS groups (Figures 2(a) and
2(b)). However, compared to the stroke and stroke+PBS
groups, Ki20227 treatment reduced the infarct volume of
stroke+Ki20227 group mice (###P < 0:001, ^^^P < 0:001).

3.3. Ki20227 Administration Reduced Iba1 Expression after
Stroke. Iba1 immunofluorescent analysis was used to
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Figure 1: Ki20227 administration reduced neurological deficits. Statistical analysis of behavior tests. Statistical analysis of (a) neurobehavioral
score and (b) the total average difference time in Rota-Rod test for normal, sham, stroke, stroke+PBS, and stroke+Ki20227 groups. Normal
group vs. stroke group, ∗∗∗P < 0:001; normal group vs. stroke+PBS group, ∗∗∗P < 0:001; stroke+PBS vs. stroke+Ki20227 groups, ^P < 0:05,
^^P < 0:01; stroke+Ki20227 group vs. stroke group, ##P < 0:01, ###P < 0:001.
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Figure 2: Ki20227 administration reduced the brain infarction volume. (a) The representative images of TTC staining in each group. (b)
Statistic analysis of infarction volume in normal, sham, stroke, stroke+PBS, and stroke+Ki20227 groups. Normal group vs. stroke group,
∗∗∗P < 0:001; normal group vs. stroke+PBS group, ∗∗∗P < 0:001; stroke+Ki20227 group vs. stroke group, ###P < 0:001; stroke+PBS vs.
stroke+Ki20227 groups, ^^^P < 0:001.
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investigate the rest and activation of microglia in the pen-
umbral area of stroke mice. As shown in Figure 3, in the
stroke group and stroke+PBS group, Iba1 expression is sig-
nificantly more than that of the sham group (∗∗∗P < 0:05).
However, Iba1 expression significantly decreased in stroke
+Ki20227 group, when compared with stroke and stroke
+PBS group (#P < 0:05, ^P < 0:05). Results demonstrated
Ki20227 could inhibit the Iba1-positive microglia in ische-
mia stroke model mice.

3.4. Ki20227 Administration Inhibited Microglia M1
Phenotype and Activated M2 Phenotype. To further explore
the anti-inflammation effects of Ki20227, microglia M1 and
M2 factors expression in the penumbra of stroke mice were
illuminated by real-time PCR as shown in Figure 4. The
low levels of microglia M1 phenotype (TNF-α and iNOS)
were revealed in the brain of sham group mice (Figures 4(a)
and 4(b)). After building stroke model, the mRNA levels of
TNF-α and iNOS of penumbra of stroke and stroke+PBS
groups were markedly upregulated (∗∗∗P < 0:001). In con-
trast, Ki20227 treatment could significantly decrease the
mRNA expression of TNF-α and iNOS based on building
stroke model with PBS treatment (## P < 0:01, ### P < 0:001,
^^ P < 0:01, ^^^ P < 0:001). Meanwhile, the mRNA expres-
sion of microglia M2 phenotype factors with anti-
inflammatory effects was clarified to further explore the neu-
roprotection role of Ki20227. In Figures 4(c) and 4(d), the
low mRNA expression of Arg-1 and IL-10 as microglia M2
phenotype was observed in the penumbra of sham group

mice. The decrease mRNA levels of Arg-1 and IL-10 were
markedly showed in stroke and stroke+PBS groups and less
than that of the sham group (∗∗P < 0:01, ∗∗∗P < 0:001). How-
ever, Ki20227 administration significantly increased Arg-1
and IL-10 mRNA expression in Ki20227+stroke group when
compared to stroke and stroke+PBS groups (#P < 0:05,
###P < 0:001, ^P < 0:05, ^^P < 0:01).

3.5. Ki20227 Administration Inhibited NLRP3 Pathway
Activation. We further investigated the expression changes
of NLRP3 signaling pathway proteins caused by ischemic
injury. NLRP3 inflammatory response is associated with
microglia activation which maybe contributed to the neuron
recovery after stroke though NF-κB and caspase 1 activation.
Western blot results showed the low protein expression of
NLRP3 in sham and normal groups in Figure 4. Compared
with sham and normal groups, the NLRP3, NF-κB, and
cleaved caspase 1 protein expression increased significantly
in both stroke group and stroke+PBS group (∗∗∗P < 0:001).
In contrast, Ki20227 treatment could decrease the NLRP3,
NF-κB, and cleaved caspase 1 protein expression in stroke
+Ki20227 group after building stroke model with PBS treat-
ment (##P < 0:01, ###P < 0:001, ^^P < 0:01, ^^^P < 0:001)
in Figures 5(b)–5(d).

3.6. Ki20227 Administration Inhibited NLRP3 Inflammasome
Activation.Meanwhile, the NLRP3 immunofluorescent anal-
ysis was implemented to examine NLRP3 inflammasome in
the penumbral area of stroke mice as displayed in Figure 6.
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Figure 3: Ki20227 administration reduced Iba1 expression after stroke. (a) In normal, sham, stroke, stroke+PBS, and stroke+Ki20227 groups,
Iba1 protein immunofluorescence staining was showed into green fluorescence. Blue fluorescence represented and was labeled as the cell
nucleus. Merged pictures are showing positive cells. Bar = 50 μm. (b) Statistical analysis results of Iba1 expression in each group. The
IOD/area of proteins expression assumed the comparative expression. Normal group vs. stroke group, ∗∗∗P < 0:001; normal group vs.
stroke+PBS group, ∗∗∗P < 0:001; stroke+Ki20227 group vs. stroke group, #P < 0:05; stroke+PBS vs. stroke+Ki20227 groups, ^P < 0:05.
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Results revealed NLRP3 inflammasome was activated in the
ischemic brain of stroke and stroke+PBS groups with high
NLRP3 protein expression (∗∗∗P < 0:001). Ki20227 adminis-
tration significantly prevented ischemia-induced NLRP3
expression when compared to stroke and stroke+PBS groups
(##P < 0:01, ^^P < 0:01).

4. Discussion

In the present study, our results indicated that the Ki20227,
as CSF1R inhibitor administration, could improve
ischemia-induced behavioral deficits of mice and attenuate
microglia-related inflammation, which is validated by the
downregulation of mRNA expression in both microglia M1
phenotype factors and Iba1 protein expression, meanwhile,
increase of microglia M2 phenotype expression shown as in
Figure 7. The inhibition of NLRP3 pathway involved the neu-
roprotective mechanism of Ki20227 in ischemia stroke mice.

Once stroke occurs, the disruption of neural circuits
including dysfunction between the different cell types could

destructively affect the learning, memory, sensory, and
motor abilities of mice [18]. Evaluating the behavioral per-
formance of mice after stroke could reflect neural function
injury and recovery. Meanwhile, reported data showed the
upregulation of microglial-related protein is closely associ-
ated with repetitive behavior, social deficits, and synaptic
dysfunction of mice. Treatment with colony-stimulating
factor 1 receptor inhibitors that induced microglial deple-
tion and repopulation could correct behavioral abnormali-
ties by modulating neurogenic molecules in microglia [19].
Our results showed Ki20227 has no influence on the
behavioral function when compared to normal group
before building stroke model in Rat-Rot test. Meanwhile,
animals showed significantly less time on the Rota-Rod
test and higher neurological scores followed stroke. Using
Ki20227 inhibitor in mice has an efficient effect to
improve the behavioral function which is obviously
showed through increasing the time on Rota-Rod and
reducing behavioral defect score as well as decreasing
Iba1 expression.
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Figure 4: Ki20227 administration inhibited microglia M1 phenotype and activated M2 phenotype. Real-time PCR statistical analysis of (a)
TNF-α, (b) iNOS, (c) IL-10, and (d) Arg-1 for normal, sham, stroke, stroke+PBS, and stroke+Ki20227 groups. Normal group vs. stroke group,
∗∗∗P < 0:001; normal group vs. stroke+PBS group, ∗∗∗P < 0:001; stroke+Ki20227 group vs. stroke group, #P < 0:05, ##P < 0:01; stroke+PBS vs.
stroke+Ki20227 groups, ^P < 0:05, ^^P < 0:01, ^^^P < 0:001.
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Microglial activation was initiated from hours after
stroke and could develop in the next couple of days. The ther-
apeutic intervention is presented with a much longer window
for neuroprotection [20]. Some evidence demonstrated that
the inflammation including microglia activation and the
release of cytokines and trophic factors could reach the peak
and exert significant role in the first few days after stroke
[21]. In our previous studies, intracellular signal pathway
including autophagy and inflammation significantly dysreg-
ulated at 24 hours after building middle cerebral artery occlu-
sion (MCAO) model and could be revised by the drug
administration. For example, triptolide exerted neuroprotec-
tion in cerebral ischemia stroke through downregulating NF-
κB- and iNOS-induced inflammation and upregulating
autophagy at the 24-hour timepoint after building MCAO
model [17, 22]. In this study, we also did the detail experi-

ment at the 24-hour timepoint after building stroke model.
Meanwhile, microglia-related inflammatory responses take
a critical part in the pathological processes of ischemia injury
including microglia phenotype transformation and inflam-
matory factors release [1]. Numerous works indicated that
activating microglia M1 phenotype response has a negative
effect on the process of cerebral ischemia [23]. Inhibiting
microglia M1 phenotype and activating M2 phenotype have
a broad prospect in treating stroke [24]. In ischemic brain
injury, the inflammatory response can prompt the massive
release of microglia M1 factors such as TNF-α and iNOS
[25]. Overexpression of TNF-α can aggravate brain injury,
while the upregulation of iNOS expression will increase the
nitric oxide (NO) synthesis and secretion, which in turn
promotes the aggregation of microglia to the injury site. As
a result, a toxic effect on the nervous system and an
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Figure 5: Ki20227 administration inhibited NLRP3 pathway activation. Western blot of (a) NLRP3, NF-κB, cleaved caspase 1, pro-caspase 1,
and GADPH for normal, sham, stroke, stroke+PBS, and stroke+Ki20227 groups. Statistical analyses of (b) NLRP3, (c) NF-κB, and (d) cleaved
caspase 1/pro-caspase 1. Normal group vs. stroke group, ∗∗∗P < 0:001; normal group vs. stroke+PBS group, ∗∗∗P < 0:001; stroke+Ki20227
group vs. stroke group, ##P < 0:01, ###P < 0:001; stroke+PBS vs. stroke+Ki20227 groups, ^^P < 0:01, ^^^P < 0:001.
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exacerbated brain injury might be occurred. Overexpres-
sion of S100B which is expressed in microglia could
aggravate cerebral ischemia through activating NF-κB
expression and inhibiting M2 stimuli expression to pro-
mote microglia M1 polarization [26]. Inhibited microglia
M1 and activated M2 polarization by treating with curcu-
min and dihydrolipoic acid-gold nanoclusters prevents
ischemic stroke and has the potency to ameliorate neuro-
genesis [27]. In this study, the expression of TNF-α and
iNOS mRNA induced by focal cerebral ischemic injury
was increased significantly, and the number of microglial
cells at the injured site increased as well. The Ki20227
drug could effectively reduce Iba1 expression and inhibit
microglia M1 factor expression (i.e., TNF-α and iNOS)
expression. In the same manner, activating microglia M2
factor expression could improve the neuron connection
of stroke mice along with reductions in elevated proin-
flammatory molecules and standardization of synaptophy-
sin and PSD-95 expression [28, 29]. Moreover, IL-4 as
cytokine anti-inflammatory factor could induce microglia
M2 polarization including increasing IL-10, TGF-β, YM1,
Arg-1, and IGF-1 secretion. This role might facilitate the
reforming and regeneration of neurons through GSH and
NGF upregulation and apoptosis inhibition [30]. Results
showed a significant decrease of IL-10 and Arg-1 expres-
sion after ischemic injury of mice; meanwhile, the number
of microglial cells at the injury site was increased. This
implies that the Ki20227 drug can effectively increase
microglia M2 factor IL-10 and Arg-1 expression.

NLRP3 inflammasome participated critical part in
neuroimmune response including microglial-dependent acti-
vation [31]. This protein can be induced by various endoge-
nous and exogenous danger signals and subsequently
activate caspase 1. This action may promote the maturation
and release of IL-1β and IL-18 [32]. In this regard, several
previous studies have found that the activation of NLRP3
could increase the expression of inflammatory genes includ-
ing NF-κB and TNF-α, which consisted with our results [33].
Recent findings demonstrated that NLRP3 inflammasome
play a crucial role in regulating inflammatory responses in
the pathological process of ischemic stroke. Not only that a
growing number of studies have shown that the NLRP3 sup-
pression serves as neuroprotective role in ischemia stroke
through alleviating infarction volumes and neurovascular
damages to improve ischemia outcomes [34]. Inhibited
NLRP3 proteins using special antagonist attenuate brain
injury and inflammation after hemorrhagic stroke [35]. Liu
and his research team found that the NLRP3 inflammasome
inhibitor provides a neuroprotection effect in stroke through
TLR4/NF-κB/NLRP3 signaling pathway [36]. Genetic modu-
lations of NLRP3 impression in the stroke animal model
bring out significant protection against microglia-related
inflammatory responses [37]. Moreover, gene silencing of
microglia P2X7R or TMEM proteins reduced NLRP3 activa-
tion to attenuate brain edema and neurological deficits [38].
The link between microglia inflammatory signaling and
NLRP3 activation was indicated by our results. CSF1R inhib-
itor could reduce the mRNA expression of TNF-α and
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Figure 6: Ki20227 administration inhibited NLRP3 inflammasome activation. (a) NLRP3 protein in immunofluorescence staining is labeled
with green fluorescence in normal, sham, stroke, stroke+PBS, and stroke+Ki20227 groups. Blue fluorescence represented and was labeled as
cell nucleus. Positive cells are showed in merged pictures. Bar = 20μm. (b) Results of Iba1 protein expression statistical analysis. Normal
group vs. stroke group, ∗∗∗P < 0:001; normal group vs. stroke+PBS group, ∗∗∗P < 0:001; stroke+Ki20227 group vs. stroke group, ##P < 0:01
; stroke+PBS vs. stroke+Ki20227 groups, ^^P < 0:01.
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protein expression of NF-κB and activate caspase 1 to inhibit
the NLRP3 inflammasome activation.

The more widely held view is that the CSF1R signaling or
CSF1R-dependent microglial signaling suppression would
perform protective function for several diseases including
cancer therapy, neurodegenerative disease, and ischemia
stroke [39, 40]. A randomised phase 3 trial for tenosynovial
giant cell tumour with aberrantly expressing colony-
stimulating factor 1 (CSF1) showed pexidartinib as CSF1R
inhibitor could improve patient symptoms and functional
outcomes [41]. The underlying mechanism was indicated as
the proinflammatory function activation of CSF1R signaling;
however, CSF1R blockade antibody significantly minificated
the inflammatory reaction and alleviated disease related
symptoms [42]. In neurodegenerative disease, CSF1R signal-
ing might activate proinflammatory processes through regu-
lating CSF1 and IL34 signaling [43]. Inhibition of CSF1R
signaling may provide an intervention approach or therapeu-
tic due to the inhibition of the process of amyloid deposition
formation at the very earliest stages of Alzheimer’s disease
[44]. It may be related with CSF1 participated in ameliorated
memory deficits and regulated IL34 release to significantly
reduce excitotoxic-induced neuronal loss [45]. In ischemia
stroke, CSF1R expression upregulated with neuron death
and behavioral deficit. Our results indicated Ki20227 exerted
neuroprotective via improving ischemia-induced behavioral
deficits and reducing the infarction volume. The inhibition

of NLRP3 pathway and microglia-related factor release
reduction could prove the neuroprotective role of CSF1R.
The precise mechanism was also revealed that microglial
density and survival were dependent on CSF1R signaling
and inhibition of CSF1R in microglia contributed to the den-
dritic spines and neurons recovery in ischemia stroke [29].

Taken together our findings, Ki20227 takes the neuro-
protective and anti-inflammatory roles via inhibiting
microglia M1 phenotype and activating M2 polarization
under NLRP3 inflammasome and NLRP3 signaling pathway
inhibition in focal cerebral ischemia mice model. Hence,
Ki20227 holds a promise as a promising drug target for clin-
ical acute ischemia stroke patient therapy in the future.

5. Conclusion

The acute inflammatory reaction especially in microglia-
mediated pathways displays an important role in regulat-
ing pathology processing after stroke. No theory has sug-
gested a single pathway underlying stroke neuropathology
to account for CSF1R inhibitor regulation on microglia.
Besides, the effect of inhibited microglia in stroke is unde-
fined. Our findings support that Ki20227 made neuropro-
tection through downregulating microglia M1 phenotype
and NLRP3 pathways with microglia M2 phenotype acti-
vation to improving neuron behavioral recovery in stroke.
Inhibited microglia CSF1R factor is indispensable in ische-
mic stroke to validate the evaluation of CSF1R inhibitors
in clinical trials for ischemic brain diseases.
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attenuate microglia-related inflammation, which is verified by a
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expression. The downregulation of the NLRP3 pathways and
inflammasome activation involved the neuroprotective mechanism
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Background. Increasing evidence has revealed that mesenchymal stromal cell (MSC) transplantation alleviates hypoxic-ischemic
brain damage (HIBD) induced neurological impairments via immunomodulating astrocyte antiapoptosis effects. However, it
remains unclear whether MSCs regulate neuron autophagy following HIBD. Results. In the present study, MSC transplantation
effectively ameliorated learning-memory function and suppressed stress-induced hippocampal neuron autophagy in HIBD rats.
Moreover, the suppressive effects of MSCs on autophagy were significantly weakened following endogenous IL-6 silencing in
MSCs. Suppressing IL-6 expression also significantly increased p-AMPK protein expression and decreased p-mTOR protein
expression in injured hippocampal neurons. Conclusion. Endogenous IL-6 in MSCs may reduce autophagy in hippocampal
neurons partly through the AMPK/mTOR pathway.

1. Background

Hypoxic-ischemic brain damage (HIBD) in neonates may
cause permanent brain damage, resulting in nervous system
disability or even infantile mortality [1]. The hippocampus
is easily damaged during the early stages of ischemia [2].
Necrosis, apoptosis, and autophagy are the main pathways
of neuron death [3]. Recently, increased autophagy levels
have been demonstrated following cerebral ischemia [4,
5]. It was reported that activation of autophagy after ische-
mia/reperfusion could be induced in neurons and astro-
cytes [6].

In the neuronal system, moderate autophagy is thought
to be neuroprotective because it clears aggregated proteins
associated with neurodegeneration, but both defective

autophagy and excess autophagy may result in neuronal
death [7–9]. More and more studies have demonstrated the
involvement of autophagy in cerebral ischemic stroke; how-
ever, it remains unclear what effects transplanted mesenchy-
mal stromal cells (MSCs) have on autophagy following
ischemic cerebral injury.

Stem cells have potential biofunctions that induce tissue
repair and regeneration. Numerous studies have demon-
strated that MSC transplantation is neuroprotective in HIBD
[10, 11]. MSCs could induce autolysosome formation and
autophagy-dependent Aβ clearance in an Alzheimer’s dis-
ease animal model to exert neuroprotective effects [12]. What
is more, the results of our previous study indicated that IL-6
in the coculture medium was from MSCs, not injured neu-
rons to play a neuroprotective role in HIBD rats [11].
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Therefore, we speculated that the neuroprotective func-
tion of MSCs might partially regulate hippocampal autoph-
agy in HIBD rats via IL-6 secretion. A series of experiments
were designed to verify the above hypothesis. First, we evalu-
ated the effects of MSCs on hippocampal neuron autophagy
both in vivo and in vitro. Second, IL-6-silenced MSCs were
used to verify the role of IL-6 in regulating autophagy.
Finally, we tried to reveal the potential mechanisms of
MSC-derived IL-6 to regulate hippocampal autophagy. This
study may provide an experimental basis for the clinical
application of MSCs.

2. Experimental Procedures

2.1. Animal Groups. Specific pathogen-free (SPF) grade Spra-
gue Dawley (SD) rats (8 weeks old) were obtained from the
Animal Center of Chongqing Medical University (Chong-
qing, China), and all animal experimental procedures
followed the rules of the Animal Ethics Committee of Chong-
qing Medical University. The rats were fed in an SPF room at
25°C and 55-65% humidity with a 12h light/dark cycle. At
postnatal day 7, the pups were divided into a sham group
(n = 24) and a HIBD group (n = 76) by the random number
method. The HIBD group was subjected to HIBD injury as
reported previously [13]. Briefly, the left carotid artery was
ligated continuously, after two hours, the pups were then
exposed to 8% oxygen at 37°C for 2.5 h. The pups in the sham
group were subjected to only a cervical skin incision and sub-
sequently sutured. The HIBD pups received intracerebroven-
tricular transplants of 2 × 105 MSCs, siIL-6 MSCs, or GFP
MSCs in 5μl phosphate-buffered saline (PBS) (HyClone,
USA) following HIBD for 30min [14]. The intracerebroven-
tricular injection was carried out 1.2mm posterior to the
bregma and 1.2mm to the left of the lambdoid suture with
a needle depth of 3.5mm at a rate of 1μl/min for 5min.
The needle was kept in place for 2min and then withdrawn
slowly. The HIBD pups were injected with the same volume
of PBS as the transplant negative control group. All of the
operative SD rats were anesthetized at a dose of 40mg/kg
(intraperitoneal injection), and the concentration of pento-
barbital sodium was 2%. To collect fresh hippocampal tissue,
the rats were deeply anesthetized with 20% urethane at a dose
of 1 g/kg (intraperitoneal injection), while the rats were per-
formed to euthanasia by inhalation of CO2 at a 20% volume
displacement per minute after the Morris water maze
experiment.

2.2. Morris Water Maze. Four weeks after HIBD, the rats of
the sham group (n = 10), the HIBD group (n = 10), and the
HIBD+MSC group (n = 10) were evaluated for their spatial
learning-memory functions with the Morris water maze task
(MWM SLY-WMS 2.0, China) as previously described [15].
Briefly, the entire procedure was performed for six days.
The first day, the rats’ visual capabilities were assessed by vis-
ible platform tests, and from the 2nd to 5th days, the learning-
memory function of the rats was trained with an invisible
platform. On the 6th day, a probe trial was performed without
the platform, and the number of times that the rats crossed
the former platform location in 60 s was recorded.

2.3. Preparation of MSCs and Treatment. PrimaryMSCs were
isolated from rats and amplified with plastic adherence
methods. The rat siIL-6-transduced recombinant lentivirus
was constructed by NeuronBiotech Co., Ltd. The 4 different
shRNA sequences were designed (GR425, GR426, GR427,
and GR428) in a vector expressing green fluorescent protein
(GFP), and the control sequence (TTCTCCGAACGTGTCA
CGT) served as a negative control (GFP MSCs) [16]. The
siIL-6- and GFP-transduced recombinant lentiviruses were
infected into the MSCs with virus titer of 3:47 × 108 and IL-
6 concentration was decreased by 70-80% [11].

2.4. Primary Hippocampal Neuron Injury. Primary cultures
of hippocampal neurons were prepared from SD rats at
embryonic days 17-18. The hippocampal neurons were cul-
tured for 5 days in an incubator with 5% CO2 (Thermo,
USA). For oxygen-glucose deprivation (OGD) injury, the
hippocampal neurons were subjected to EBSS medium and
exposed to 5% O2/5% CO2 for 1.5 h as described previously
[17]; then, the EBSS was changed to standard neuronal cul-
ture medium. Cells cultured with standard neuronal culture
medium in the presence of ambient (16%) O2/5% CO2 served
as a control. The injured neurons were placed in Transwell
inserts (Millipore, USA) for separate coculture with either
(1) neural basal medium as a control or (2) MSCs subjected
to the different treatments described above. After 12h and
24 h, total protein was extracted using an extraction kit (Bio-
Teke, China).

We found that the levels of Beclin 1 and LC3 II protein
expressions were significantly increased in the rat hippocam-
pus at 12-24 h following HIBD [18]. Meanwhile, OGD treat-
ment upregulated autophagy-associated protein expression
in primary neurons in vitro at 12 h.

2.5. Western Blotting. Total protein was extracted from the
primary neurons and hippocampus for western blotting.
The membranes were incubated in primary antibodies
against Beclin 1 (1 : 1000, Abcam, USA), anti-LC3 II, anti-
p62 (1 : 1000, Sigma, USA), anti-p-mTOR, anti-p-AMPK
(1 : 1000, CST, USA), anti-IL-6 (1 : 500, R&D, China), and
anti-β-actin (1 : 500, Santa Cruz, USA) at 4°C overnight.
After incubation with HRP-conjugated secondary antibodies
(Santa Cruz, USA) at room temperature for 1 h, the protein
bands were developed using a chemiluminescent HRP sub-
strate (Millipore, USA). Images were captured with a Syn-
gene GBox Imaging System (Syngene, Europe Oxford, UK).
The expression level of each protein was analyzed according
to β-actin normalization.

2.6. Transmission Electron Microscopy. Primary neurons
were digested with 0.1% trypsin and collected by centrifuga-
tion at 1200 rpm for 10min. The neuron pellets were fixed in
4% glutaraldehyde and then postfixed in 1% osmium tetrox-
ide. Following dehydration in a graded ethanol series, the
samples were cut into ultrathin slices (40-60 nm thick), dou-
ble stained with uranyl acetate and lead citrate, and observed
by TEM (H-7500).

2.7. Statistical Analyses. Statistical analyses were performed
using Statistical Product and Service Solutions 20 software.
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The values are presented as the mean ± standard error of
themean (SEM). Each experiment was repeated at least three
times and analyzed by Student’s t-test or one-way ANOVA
with the least significant difference post hoc test. The escape
latencies of the rats in the three groups were determined
using ANOVA for repeated measurement. The least signifi-
cant difference test was used to compare the mean of two
or more groups. P < 0:05 was considered statistically
significant.

3. Results

3.1. MSC Transplantation Downregulates Hippocampal
Autophagy. Beclin 1 is a positive regulator of autophagy,
LC3 II can reflect autophagical activity, and p62 is one
of the selective substrates for autophagy. To evaluate the
effect of MSCs on autophagy in the hippocampal neurons
of neonatal rats with HIBD, we measured the autophagy-
related proteins Beclin 1, LC3 II, and p62 in the hippo-

campus 12h and 24h after MSC transplantation. As
shown in Figures 1(a) and 1(b), MSC transplantation sig-
nificantly decreased Beclin 1 expression levels in the hip-
pocampus of HIBD rats, whereas these levels were
markedly increased in HIBD rats. The changes in LC3 II
expression levels were highly consistent with those of
Beclin 1 (Figures 1(a) and 1(c)). However, the levels of
p62 protein expression were significantly increased in the
HIBD hippocampus at 12 h and 24h after MSC transplan-
tation (Figures 1(a) and 1(d)). The above results demon-
strated that MSC transplantation may regulate the level
of hippocampal autophagy.

3.2. MSC Transplantation Alleviates Cognitive Impairment in
HIBD Rats. Impairment in learning-memory function is one
of the major changes after HIBD. To confirm the effects of
MSC transplantation on memory damage in HIBD rats, we
conducted MWM tests. As shown in Figures 2(a) and 2(b),
the escape latency and path length to locate the platformwere
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Figure 1: MSC transplantation reduced the expression levels of the autophagy-related proteins Beclin 1 and LC3 II and increased p62
expression levels in the hippocampus. (a) Representative western blots of Beclin 1, LC3 II, and p62 protein expressions in the
hippocampus of the sham, HIBD, and HIBD+MSC groups following damage for 12 h and 24 h. (b–d) Quantification analysis of
hippocampal protein expression levels normalized to β-actin. (n = 7, ∗∗P < 0:01, ∗∗∗P < 0:001).
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not significantly different among the sham, HIBD, and HIBD
+MSC groups on the first day, which indicates that neither
HIBD nor MSC transplantation affected the motility or
vision of the rats. During the training period with the hidden
platform from the 2nd to 5th day, the escape latencies
decreased progressively for all groups. However, the rats in
the HIBD+MSC group spent less time locating the platform
than those in the HIBD group but more time than those in
the sham group (Figure 2(c)). Pairwise comparisons between
different treatment groups showed statistically significant
differences (∗∗∗P < 0:001 vs. the sham group; ##P < 0:01 vs.
the HIBD+MSC group). The difference between days was
significant (∗∗∗P < 0:001). There was no interaction between
group and day (P > 0:05). In the spatial probe test on the 6th

day, the number of times passed through the original plat-
form region was higher for HIBD+MSC rats than for HIBD
rats, which passed through the original platform region the
least number of times among the three groups
(Figure 2(d)). These results suggest that MSC transplantation
may regulate the level of hippocampal autophagy to alleviate
memory impairment in HIBD rats.

3.3. MSC Coculture Reduces Autophagy and Decreases the
Autophagosome Number in Primary Hippocampal Neurons
following OGD. To clarify the role of MSCs in regulating

autophagy, we separately cocultured OGD-injured primary
hippocampal neurons with MSCs. As shown in
Figures 3(a)–3(d), OGD treatment obviously increased the
Beclin 1 and LC3 II protein expression levels in primary neu-
rons, while MSC-separated coculture significantly decreased
Beclin 1 and LC3 II protein expression levels and induced
p62 protein expression levels after OGD injury for 12 h and
24 h. These data were consistent with the changes in vivo.
In addition, transmission electron microscopy was used to
observe the numbers of autophagosomes in the OGD-
damaged neurons following coculture with MSCs. The num-
ber of autophagosomes was significantly increased at 12h
and 24 h in the neurons with OGD injury. Interestingly, the
increase in autophagosomes was decreased after separate
MSC coculture (Figure 3(e)). The above results suggest that
MSC-separated coculture could downregulate autophagy in
neurons with OGD injury at the acute stage through para-
crine secretion.

3.4. Silencing IL-6 Attenuated MSC Inhibition of Autophagy
in OGD-Injured Neurons. Our previous study revealed that
the neuroprotective function of MSCs was closely associated
with IL-6 secretion and that siIL-6 lentivirus could effectively
inhibit IL-6 release in MSCs [11]. To confirm the effect of
endogenous IL-6 in MSCs on neuronal autophagy after
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Figure 2: MSC transplantation improved the spatial learning-memory function of HIBD rats. (a, b) Escape latencies and path lengths to reach
the visible platform for the sham, HIBD, and HIBD+MSC rats on the 1st day of the MWM test. (c) Escape latencies of each group to locate the
invisible platform from the 2nd to the 5th day in the MWM test (n = 10, ∗∗∗P < 0:001 vs. the sham group; ##P < 0:01 vs. the HIBD+MSC
group). (d) Number of times passing through the former platform region for each group on the 6th day of the MWM test (n = 10, ∗∗∗P <
0:001 vs. the sham group; ∗∗P < 0:01 vs. the HIBD+MSC group).
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Figure 3: MSCs cocultured separately partly rescued the expression levels of the autophagy-associated proteins Beclin 1, LC3 II, and p62 and
decreased the autophagosome numbers in primary hippocampal neurons with OGD injury. (a) Representative western blots of neuronal
Beclin 1, LC3 II, and p62 protein expressions in the control, OGD, and OGD+MSC groups following injury for 12 h and 24 h. (b–d)
Quantification analysis of the above protein expression levels normalized to β-actin in the primary neurons. (e) Number of
autophagosomes in the neurons according to transmission electron microscopy (yellow arrows); quantification of the autophagosome
numbers in the three groups. Scale bars = 2 μm (n = 6, ∗∗∗P < 0:001).

5Neural Plasticity



12 h

kDa
26 IL6

𝛽-Actin

𝛽-Actin

𝛽-Actin

𝛽-Actin

Beclin 1

LC3 I
LC3 II

p62

43

60

43
16
18

43

62

43

OGD+GFP MSCs OGD+si-IL6 MSCs OGD+GFP MSCs OGD+si-IL6 MSCs

24 h

(a)

1.5

N
eu

ro
n 

IL
6/

ac
tin

1.0

0.5

0.0
12 h 24 h

⁎⁎⁎

⁎⁎⁎

OGD+GFP MSCs
OGD+si-IL6 MSCs

(b)

2.5

N
eu

ro
n 

Be
cl

in
 1

/a
ct

in

1.0

0.5

0.0
12 h 24 h

⁎⁎⁎

1.5

2.0
⁎⁎⁎

OGD+GFP MSCs
OGD+si-IL6 MSCs

(c)

1.5

N
eu

ro
n 

LC
3 

II
/a

ct
in

1.0

0.5

0.0
12 h 24 h

⁎⁎⁎
⁎⁎⁎

OGD+GFP MSCs
OGD+si-IL6 MSCs

(d)

1.5

N
eu

ro
n 

p6
2/

ac
tin

1.0

0.5

0.0
12 h 24 h

⁎⁎⁎

⁎⁎⁎

OGD+GFP MSCs
OGD+si-IL6 MSCs

(e)

Figure 4: Continued.
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injury, siIL-6 MSCs or GFP MSCs were cocultured with pri-
mary hippocampal neurons injured by OGD. As shown in
Figures 4(a) and 4(b), the IL-6 levels at 12 h and 24 h after
OGD were significantly lower in neurons with siIL-6 MSC-
separated coculture than in those with GFP MSC coculture.
Moreover, the expression levels of Beclin 1 and LC3 II were
significantly higher in the OGD-damaged neurons following
coculture with siIL-6 MSCs, and the p62 protein expression
levels were significantly decreased (Figures 4(c)–4(e)). How-
ever, the number of autophagosomes at 12 h and 24 h was sig-
nificantly increased in the siIL-6 MSC group compared with
the GFP MSC group (Figure 4(f)). These results demonstrate
that IL-6 secreted from MSCs could regulate autophagy in
OGD-damaged neurons.

3.5. siIL-6 MSC Transplantation Weakened the Suppressive
Effects of MSCs on Autophagy in the Hippocampus of HIBD
Rats. When IL-6 expression levels were significantly
decreased in the rat hippocampus following siIL-6 MSC
transplantation (Figures 5(a) and 5(b)), the changes in Beclin
1, LC3 II, and p62 protein expressions completely mirrored
the in vitro results (Figures 5(c)–5(e)). The results in vivo
and in vitro indicate that endogenous IL-6 from MSCs can
regulate autophagy in HIBD hippocampus neurons during
the acute phase.

3.6. Effect of siIL-6 MSC Transplantation on AMPK/mTOR
Signaling in the Rat Hippocampus after HIBD. Furthermore,
to explore the possible mechanism of IL-6-mediated autoph-
agy, we investigated the AMPK/mTOR signaling pathway,
which is downstream of IL-6 and involved in autophagy.
Hippocampal p-AMPK protein expression levels were signif-
icantly increased, and p-mTOR protein expression levels
were significantly reduced in the HIBD+siIL-6 MSC group
compared with the HIBD+GFP MSC group (Figures 6(a)–

6(c)). Similarly, p-AMPK expression levels were significantly
higher, and p-mTOR levels were significantly lower in the
OGD+siIL-6 MSC group than in the OGD+GFP MSC group
(Figures 6(d)–6(f)). The above results suggest that IL-6 secre-
tion from MSCs may inhibit the AMPK/mTOR signaling
pathway to regulate autophagy in HIBD hippocampal
neurons.

4. Discussion

The present study investigated whether MSCs regulate
autophagy in hippocampal neurons to alleviate the
learning-memory impairment of HIBD rats through endoge-
nous IL-6 secretion. The current study demonstrated that IL-
6 from MSCs reduced neuron autophagy by suppressing the
AMPK/mTOR signaling pathway. This effect consequently
improved the learning-memory function in HIBD rats.

Increasing evidence indicates that MSCs have potent
therapeutic benefits for functional recovery after brain dam-
age [11, 19], which improved overall neurobehavioral in both
sensorimotor and cognitive testing [20]. In the present study,
we also revealed that MSC transplantation ameliorated the
learning-memory deficit in HIBD rats. The potential mecha-
nisms of the MSC-induced neuroprotective effects following
brain injury include cell replacement, trophic support from
MSCs, immunomodulation, and endogenous brain restora-
tion stimulation. An increasing number of studies have indi-
cated the immunomodulatory function of MSCs in the
damaged microenvironment after HIBD [19, 21, 22]. Some
studies have shown that MSCs display neurorestorative
effects through enhancing autolysosome formation to induce
Aβ clearance in Aβ-treated ADmodels [12] or modulating a-
synuclein expression in neurotoxin-treated Parkinson’s dis-
ease (PD) models [23]. These findings suggest that MSCs
play a protective role by regulating autophagy following
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Figure 4: Separate siIL-6 MSC coculture increased Beclin 1 and LC3 II protein expression levels and reduced IL-6 and p62 protein expression
levels, as well as increased the number of autophagosomes in hippocampal neurons injured by OGD, following damage for 12 h and 24 h. (a)
Representative western blots of IL-6, Beclin 1, LC3 II, and p62 protein expression levels in the OGD-injured neurons cocultured with siIL-6
MSCs or GFPMSCs for 12 h and 24 h. (b–e) Quantification analysis of the neuron protein expression levels normalized to β-actin for the two
groups. (f) Observation of autophagosomes in neurons from the two groups according to transmission electron microscopy (yellow arrows);
quantification analysis of the autophagosome numbers in neurons from the two groups. Scale bars = 2 μm, (n = 6, ∗∗∗P < 0:001).
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injury, but autophagy regulation by MSCs in the hippocam-
pal neurons of neonatal rats with HIBD has rarely been
reported. According to our results, bothMSC transplantation
and separate coculture ameliorated the increased Beclin 1
and LC3 II expression levels and the decreased p62 protein
levels induced by HIBD or OGD damage. Additionally, the
number of autophagosomes in the neurons with OGD injury
was reduced at the acute stage by MSCs coculture. Our

results strongly indicate that MSCs suppress hippocampal
neuron autophagy in HIBD rats, in contrast to the reports
by Shin et al. and Park et al. [12, 23]. This difference is due
to the different disease models, experimental animal ages,
insult severity, ischemia stages, and autophagy degrees. Both
PD and AD are chronic diseases of the nervous system, but
the model used in our study is neonatal HIBD, which is an
acute brain injury disease in the neonatal period.
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Figure 5: siIL-6 MSC transplantation impaired the effects of MSCs on Beclin 1, LC3 II, and p62 protein expression levels at 12 and 24 h after
HIBD injury. (a) Representative western blots of hippocampal IL-6, Beclin 1, LC3 II, and p62 in HIBD rats following siIL-6 MSCs or GFP
MSC transplantation for 12 h and 24 h. (b–e) Quantification analysis of hippocampal protein expression levels normalized to β-actin
(n = 7, ∗∗∗P < 0:001).
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Figure 6: siIL-6 MSC transplantation increased hippocampal neuron p-AMPK protein expression levels and decreased p-mTOR levels
following damage for 12 h and 24 h. (a) Representative western blots of hippocampal p-AMPK, AMPK, p-mTOR, and mTOR protein
expression levels in the HIBD+siIL-6 MSC and HIBD+GFP MSC groups. (b, c) The ratio of p-AMPK/AMPK and p-mTOR/mTOR
protein expression levels in the hippocampus (n = 7, ∗∗∗P < 0:001). (d) Representative western blots of the p-AMPK, AMPK, p-mTOR,
and mTOR protein expression levels in the OGD+siIL-6 MSC and OGD+GFP MSCs group. (e, f) The ratio of p-AMPK/AMPK and p-
mTOR/mTOR protein expression levels in the two groups (n = 6, ∗∗∗P < 0:001).
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In our previous study, we found that both transplanting
MSCs and coculture in vitro could facilitate IL-6 release into
the injured microenvironment. It was also shown that IL-6 in
the damaged hippocampal microenvironment was primarily
due toMSC transplantation, even though the IL-6 concentra-
tion was slightly increased after HIBD [11]. In the central
nervous system (CNS), the IL-6 secretion level is low under
normal conditions but is significantly induced under disease
conditions [24]. However, the role of IL-6 in the damaged
brain is controversial. IL-6 upregulation might increase
harmful factors and mediate inflammatory cascades to effect
the vascular endothelium and exacerbate cerebral ischemic
damage [25]. However, IL-6 facilitates posttraumatic healing
of the CNS via enhancing angiogenesis [26]. Both in vivo and
in vitro results revealed that blocking IL-6 in MSCs signifi-
cantly increases the levels of the autophagy-associated pro-
teins Beclin 1 and LC3 II in both HIBD rat hippocampi and
OGD-injured neurons; IL-6 silencing also reduced p62 pro-
tein expression levels. Moreover, the number of autophago-
somes was significantly increased in the OGD-injured
neurons following separate coculture with siIL-6 MSCs.
These results are consistent with the findings of Chang
et al. and Delk and Farach-Carson [27, 28], which demon-
strate that endogenous IL-6 from MSCs can regulate hippo-
campal neuron autophagy following HIBD.

Mammalian AMPK has been confirmed to be a down-
stream target of IL-6. IL-6 can suppress mTOR, which is a
pivotal factor in the autophagic signaling pathway, in an
AMPK-dependent and STAT3-independent manner [29].
Under physiological and disease conditions, AMPK is acti-
vated by increased AMP and/or decreased ATP in the cyto-
plasm [30]. In this study, we found that IL-6 suppression
significantly increased p-AMPK protein expression levels
after siIL-6 MSC transplantation or coculture, suggesting
that IL-6 in the damaged microenvironment can negatively
regulate AMPK phosphorylation levels. Therefore, we specu-
lated that IL-6 may inhibit the nonclassical AMPK pathway
via the gp130-IL-6R receptor complex [27]. However, the
details of this molecular mechanism require further study.
mTOR is negatively regulated by AMPK signaling and plays
multiple biological functions in the CNS, particularly in
autophagy [31]. A decrease in the ATP concentration during
ischemia activates AMPK, which subsequently suppresses
mTOR activity to induce autophagy [32]. Our in vivo and
in vitro observations indicate that phospho-mTOR protein
expression levels were significantly decreased by siIL-6
MSCs. These results indicate that silencing IL-6 can suppress
mTOR phosphorylation levels through p-AMPK activation.
Active AMPK leads to the phosphorylation and activation
of TSC1/2 and the inhibition of mTORC1 activity through
Rheb [33]. The above findings demonstrate that MSCs sup-
press autophagy in hippocampal neurons to ameliorate the
functional outcomes of HIBD, and this neuroprotective effect
may partly involve the biofunction of endogenous IL-6 to
reduce the AMPK/mTOR signaling pathway.

In the current study, we demonstrate the biological effect
of endogenous IL-6 of mesenchymal stem cell on hippocam-
pal autophagy after HIBD injury. Combined with our previ-
ous finding of IL-6 in MSCs facilitating antiapoptosis of

injured astrocytes [11], we can conclude that MSC transplan-
tation regulates injured microenvironment to ameliorate
learning-memory dysfunction through both repressing neu-
ron autophagy and enhancing antiapoptosis of astrocytes.
Of course, our study had some limitations. The experimental
data was mainly displayed in western blotting, no combined
with the results of IHC or IF to confirm the regional change
after injury with or without MSCs treatment, because the
hypothesis of the present study was whether endogenous
IL-6 of mesenchymal stem cell could suppress on hippocam-
pal neuron autophagy after HIBD injury, rather than the
localization of autophagy. Therefore, at first, we measured
the levels of autophagy-associated protein expressions in
the hippocampus of rats following HIBD with or without
MSCs transplantation, as well as in the hippocampal neurons
after OGD with or without MSCs coculture. Secondly, the
autophagosomes were observed in the hippocampal primary
neurons injured by OGD with or without MSCs or siIL-6-
MSC coculture by transmission electron microscopy. In fact,
autophagy occurs in all parts of the brain during the acute
stage of HIBD injury, while our study only focused on hippo-
campal neuronal autophagy.

5. Conclusion

This study revealed for the first time that endogenous IL-6 in
MSCs may suppress autophagy in hippocampal neurons
through inhibiting the AMPK/mTOR signaling pathway
(Figure 7).
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Figure 7: Summary diagram showing the role of IL-6 fromMSCs in
regulating hippocampal neuron autophagy in HIBD rats. In the
current study, IL-6 from MSCs decreased p-AMPK protein
expression levels to activate mTOR pathway phosphorylation,
which in turn downregulated autophagy in the damaged
hippocampal neurons.
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Objective. This study was aimed at identifying the potential outcome predictors, comparing the efficacy in patients with different
tremor characteristics, and summarizing the adverse effect rates (AERs) of deep brain stimulation on the ventral intermediate
nucleus (VIM-DBS) for essential tremor (ET). Methods. An extensive search of articles published to date in 2019 was conducted,
and two main aspects were analyzed. Improvement was calculated as a percentage of change in any objective tremor rating scale
(TRS) and analyzed by subgroup analyses of patients’ tremor characteristics, laterality, and stimulation parameters.
Furthermore, the AERs were analyzed as follows: the adverse effects (AEs) were classified as stimulation-related, surgical-related,
or device-related effects. A simple regression analysis was used to identify the potential prognostic factors, and a two-sample
mean-comparison test was used to verify the statistical significance of the subgroup analyses. Results. Forty-six articles involving
1714 patients were included in the meta-analysis. The pooled improvement in any objective TRS score was 61.3% (95% CI:
0.564-0.660) at the mean follow-up visit (20:0 ± 17:3 months). The midline and extremity symptoms showed consistent
improvement (P = 0:440), and the results of the comparison of postural and kinetic tremor were the same (P = 0:219). In
addition, the improvement in rest tremor was similar to that in action tremor (OR = 2:759, P = 0:120). In the simple regression
analysis, the preoperative Fahn-Tolosa-Marin Tremor Rating Scale (FTM-TRS) scores and follow-up time were negatively
correlated with the percentage change in any objective TRS score (P < 0:05). The most common adverse event was dysarthria
(10.5%), which is a stimulation-related AE (23.6%), while the rates of the surgical-related and device-related AEs were 6.4% and
11.5%, respectively. Conclusion. VIM-DBS is an efficient and safe surgical method in ET, and the efficacy was not affected by the
body distribution of tremor, age at surgery, and disease duration. Lower preoperative FTM-TRS scores likely indicate greater
improvement, and the effect of VIM-DBS declines over time.

1. Introduction

Essential tremor (ET), also known as primary tremor, is
defined as an isolated tremor syndrome consisting of a bilat-
eral upper extremity action tremor for at least 3 years with or
without tremor in other locations and without other neuro-
logical signs [1]. Currently, the management of this disorder
focuses on controlling the symptoms, and pharmacotherapy
is the primary therapy. Unfortunately, drug therapy is only
effective in 50% of ET patients [2]. Surgical options include

stereotactic radiofrequency thalamotomy, gamma knife tha-
lamotomy, and deep brain stimulation [3–5] Among these
options, deep brain stimulation in the ventral intermediate
nucleus (VIM-DBS) is more easily reversed than thalamot-
omy and can effectively suppress tremors while avoiding
the common complications of thalamotomies [6, 7]. The pos-
terior subthalamic area/caudal zona incerta and subthalamic
nucleus, except for the VIM, are also targets of DBS; however,
thus far, studies are still limited with a short follow-up period
compared to that in studies investigating VIM [8].
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Although the effect of DBS on essential tremor is defini-
tive, several factors influence the therapeutic effect. As
reported by Putzke et al., the significant predictive factors
associated with increased tremor severity at the initial clinical
visit include an older age and a longer disease duration [9]. In
addition, in most cases of ET, the tremor score worsens over
time, and the average tremor severity increases each year
[10]. Previous studies have found that the benefits of DBS
are affected by laterality and stimulation parameters [11,
12]. Ondo et al. concluded that unilateral thalamic DBS is less
effective than bilateral DBS in controlling appendicular and
midline ET [11]. Moreover, a previous study found that to
optimize tremor control, the stimulation parameters, includ-
ing the voltage, frequency, and pulse width, need to be
adjusted [12].

Similar to all surgical interventions, DBS may cause
potential perioperative and postoperative adverse effects
(AEs), such as infection, hemorrhage/hematoma, and pneu-
monia [13], affecting the prognosis of many patients. There-
fore, further analysis of AE rates (AERs) is urgently needed.

A large meta-analysis is also imperative to provide a compre-
hensive assessment of the prognostic factors, safety, and
efficacy of VIM-DBS in the treatment of ET.

2. Methods

2.1. Search Strategy. Three electronic databases (PubMed,
Embase, and the Cochrane Library) searched following the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guideline. We searched all articles
related to DBS treatment for ET. We did not limit the age,
sex, or operative time. A flow chart of the literature search
is shown in Figure 1(a). We searched the literature using
the keywords “essential tremor”, “ventral intermediate
nucleus”, “deep brain stimulation”, and “adverse effect”. In
addition, we registered the protocol of this meta-analysis in
PROSPERO under the number CRD42020147313.

2.2. Inclusion Criteria and Exclusion Criteria. The inclusion
criteria for eligible studies were as follows: (1) the study

634 records
identified through
PumMed database

1050 additional
records identified
through Embase

and the Cochrane
Library.

1311 records removed
for not randomized,
controlled trials or

observational studies

373 records
screened

190 articles
assessed for

eligibility

46 of studies included in quantitative
synthesis (26 studies were included to
identify the efficacy of VIM-DBS, in

which 7 studies and additional 20
studies were used to summarize the

AEs) 

183 records excluded with
reasons: not related to the

theme of the efficacy and the
adverse effect rates of DBS in

the treatment of essential
tremor

144 full-text articles excluded,
with reasons: duplicate

studies, incomplete information
(preoperative and postoperative

scores, follow-up time, age,
complications, etc.), and case

reports with one patient.

(a)

–4 –3 –2 –1 0 1 2 3 4 5–5

3

2

1

0

(b)

Figure 1: The PRISMA flowchart and funnel plot: (a) the PRISMA flowchart; (b) the funnel plot of the studies evaluating TRS scores. The plot
shows an equal distribution of studies and has no presence of bias.
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subjects were ET patients treated with VIM-DBS; (2) the
studies were randomized, controlled trials or observational
studies published in English; (3) the studies reported any
objective Tremor Rating Scale (TRS) scores at baseline
and the last follow-up visit to determine the efficacy of
VIM-DBS; (4) the studies specified the number of AEs in
the ET patients; and (5) the studies described the tremor
characteristics, such as midline (head/voice) tremor, extrem-
ity (arms/legs) tremor, rest tremor, or action (postural and
kinetic) tremor. Regarding the efficacy of DBS, the studies
had to meet criteria (1), (2), and (3), but the other criteria
were optional. Regarding the adverse effects, the studies had
to meet criteria (1), (2), and (4), but the other criteria were
optional.

Conference presentations, editorials, reviews, non-
English studies, and duplicate publications were excluded.

Controlled studies that included cohorts subjected to dif-
ferent surgical procedures were regarded as studies involving
separate cohorts. For example, if a study included two
cohorts that compared DBS and lesion surgery, the cohorts
undergoing DBS were included in our study, and the other
cohorts were excluded. Not all included studies performed
follow-up evaluations or recorded the mean age, laterality,
and stimulation parameters; hence, only studies that reported
the same information could be combined for the data analy-
sis. For instance, 46 original studies were included in our
study, but only 13 studies reported the pulse width, and we
combined these 13 studies for the statistical analysis.

2.3. Data Extraction. A data extraction template was used to
build an evidence table that included the following items:
author, publication year, number of patients, age, duration
of disease in years, stimulation site, follow-up time, laterality
(right, left, or bilateral), stimulation parameters (pulse width
and voltage), any objective TRS scores (mainly including the
Fahn-Tolosa-Marin Tremor Rating Scale [14], Essential
Tremor Rating Assessment Scale, and Modified Unified
Tremor Rating Scale) at baseline and the last follow-up visit,
tremor characteristics (midline (head/voice) tremor, extrem-
ity (arms/legs) tremor, rest tremor, and action tremor (pos-
tural and kinetic)), and number of postoperative AEs.

Two authors (Luo Linfeng and Liu Maolin) indepen-
dently extracted the data. If there was any disagreement or
doubt, consensus was reached by consulting a third party
(Lu Guohui).

2.4. Statistical Analysis. The statistical analysis was performed
using Comprehensive Meta-Analysis (CMA) software (ver-
sion 3.3.070) and Stata/SE 12.0. A meta-analysis of propor-
tions was performed [15], and only 26 studies in Table 1
were included in the test of heterogeneity. The I2 value and
Q statistic were evaluated. If I2 ≥ 50%, a random effects anal-
ysis using the DerSimonian-Laird model was employed to
pool the data. Otherwise, a fixed effects model was used.
The primary outcome was improvement, which was calcu-
lated as a percentage of change in any objective TRS scores
[16], and the safety of DBS for ET was evaluated mainly
based on adverse events of particular interest, such as dysar-
thria, paresthesia, hemiparesis/paresis, and headache.

To detect significant differences in the baseline character-
istics shown in Table 2 and compare all subgroup analyses of
patients’ tremor characteristics, laterality, and stimulation
parameters, two-sample mean-comparison tests were per-
formed in Stata/SE 12.0, which could calculate the P values
based on the mean, standard deviation, and sample size. In
addition, the potential predictive factors of the percentage
of change in any objective TRS score were tested using a sim-
ple regression analysis in CMA software [17], and P ≤ 0:05
was defined as statistically significant. Publication bias was
assessed using a funnel plot (Figure 1(b)) and Begg’s test.

Regarding the efficacy of DBS, subgroup analyses were
performed according to laterality (unilateral vs. bilateral)
[18] and stimulation parameters (voltage and pulse widths)
[19–21]. After we identified that the follow-up time is a pre-
dictive factor, the data from Barbe et al. [22] were excluded
because the patients underwent the operation at least 3
months before their trials to optimize the efficacy of DBS,
causing strong heterogeneity based on the sensitivity analy-
sis, and we could not identify the detailed follow-up time
after the first surgery.

2.5. Quality Evaluation. Two examiners independently con-
ducted a review of the literature to eliminate bias. We used
the Newcastle-Ottawa Scale [23] to assess the quality of the
nonrandomized studies, including the following evaluations:
adequacy of the case definition, representativeness of the
cases, selection of controls, definition of controls, compara-
bility of cases/controls, the same method of ascertainment,
and nonresponse rate (Table 3). The Newcastle-Ottawa Scale
is an easy-to-use, convenient tool for quality assessment, and
the total score ranged from 0 (lowest quality) to 8 (highest
quality), with one star representing one point. A study with
6 or more stars was classified as a high-quality study.

3. Results

3.1. Search Results. In total, 46 studies involving 1714 patients
were assessed for eligibility by reviewing the full text of the
articles. After excluding the articles that did not conform to
the eligibility criteria, 4 randomized controlled trials (RCTs)
and 42 observational studies were included (Figure 1). More-
over, the 26 studies shown in Table 1 were included to iden-
tify the efficacy of VIM-DBS; additionally, 7 of these studies
and the 20 additional studies shown in Table 4 were used to
summarize the AEs.

3.2. Outcome Results

3.2.1. Overall. In total, the 26 included studies involved 439
patients (Table 1). The percentage change in any objective
TRS score in all included studies was 61.3% (P < 0:001).

3.2.2. Subgroup Analysis of Laterality. To compare the
outcomes of DBS treatment with unilateral and bilateral pro-
cedures, a subgroup analysis was performed based on lateral-
ity. Nine studies involving 165 patients were included in the
unilateral procedure group, while six studies involving 72
patients were included in the bilateral procedure group.
The unilateral and bilateral improvement was 57.6% and
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67.8%, respectively; moreover, the efficacy did not signifi-
cantly differ between the unilateral and bilateral procedure
groups (P = 0:139). In addition, the baseline characteristics
did not significantly differ between the unilateral and bilat-
eral procedures (Table 2).

3.2.3. Subgroup Analysis of the Stimulation Parameters (Pulse
Width and Voltage). The pulse width data were divided into
60-90μs (125 patients) and 90-120μs (142 patients). The
improvement in these two subsets was 68.4% (60-90μs)
and 60.2%, respectively (90-120μs) (P = 0:164). Then, the
voltages were classified into the following two groups:
≥3.5V (61 patients) and <3.5V (236 patients). The improve-
ment by voltages was 61.7% (<3.5V) and 69.3% (≥3.5V)
(P = 0:272). The effect of VIM-DBS was not affected by the
stimulation parameters (P > 0:05). In addition, the age at sur-
gery and baseline characteristics did not significantly differ
between the subgroups (Table 2).

3.2.4. Subgroup Analysis of the Tremor Characteristics. On
the one hand, in total, 52 ET patients were included in the
analysis of midline (head/voice) and extremity (arms/legs)
tremor. However, the improvement in midline and extremity
symptoms did not significantly differ (OR = 0:716, 95% CI:
0.307-1.670; P = 0:440). On the other hand, in total, 45 ET
patients were included in the analysis of rest tremor and
action tremor, and the improvement in rest tremor did not
significantly differ from that in action tremor (OR = 2:759,
95% CI: 0.768-9.913; P = 0:120). Action tremor was divided
into postural and kinetic tremor, and in total, 107 patients
were included in this subgroup analysis (postural action: 52
patients, kinetic action: 55 patients). The improvement in
the group with postural tremor (94.2%) was higher than that
in the group with kinetic tremor (46.5%), but there was no
statistical significance (P = 0:219). All detailed data are
shown in Supplementary 1, 2, and 3.

3.2.5. Outcome Predictive Factors. To identify the potential
outcome predictors, the clinical and demographical factors
were tested separately. As shown in Figure 2, the preoperative
FTM-TRS scores (P = 0:010) and follow-up period
(P = 0:021) were significantly negatively correlated with the
clinical outcomes. There were no significant correlations
between the outcomes and other continuous clinical vari-
ables, such as age at surgery (P = 0:802) and disease duration
(P = 0:052).

Table 3: Summary of critical appraisal of included studies using the
Newcastle-Ottawa Scale for assessing the quality of observational
studies.

Study Selection Comparability Outcome

Koller W.C et al. 2001 ★★ ★ ★

Ondo et al. 2001 ★★★ ★ ★★

Pahwa R et al. 2001 ★★★ ★★ ★★

Fields J.A et al. 2003 ★★ ★

Papavassiliou E et al. 2004 ★★ ★

Kuncel A.M et al. 2006 ★★ ★★ ★★

Van den Wildenberg WP
et al. 2006

★★ ★ ★

Pahwa et al. 2006 ★ ★

Blomstedt et al. 2007 ★★ ★ ★

Ellis TM et al. 2008 ★★ ★ ★★

Zhang K et al. 2010 ★★ ★

Morishita T et al. 2010 ★ ★

Graff-Radford J et al. 2010 ★ ★ ★

Barbe et al. 2011 ★ ★★

Vassal F et al. 2012 ★★ ★ ★★

Zahos P.A. et al. 2013 ★★ ★ ★★

Felicitas Ehlen et al. 2014 ★★ ★ ★

Rodríguez, C et al. 2016 ★ ★★

Isaacs D.A et al. 2018 ★ ★★

Paschen S et al. 2018 ★ ★

Barbe M.T et al. 2018 ★★ ★ ★★★

Akram H et al. 2018 ★★ ★★

Fenoy, A.J et al. 2018 ★★★ ★ ★★

Paschen S et al. 2019 ★★ ★★★

Morishita T et al. 2019 ★★ ★★

Reich M et al. 2017 ★ ★★

Hubble J.P. et al. 1996 ★★ ★ ★

Koller W.C et al. 1999 ★★ ★ ★

Taha J M. et al. 1999 ★★ ★ ★★

Rehncrona S et al. 2003 ★★ ★ ★★

Lee J Y.K. et al. 2005 ★★ ★ ★

Törnqvist A. L et al. 2007 ★★ ★ ★★

Lind G et al. 2008 ★★ ★ ★★

Blomstedt P et al.2010 ★★ ★ ★

Baizabal Carvallo JF et al.
2012

★★ ★ ★★

Carballal C.F. et al. 2013 ★★ ★ ★★

Borretzen M.N. et al. 2014 ★★ ★ ★

Baizabal Carvallo JF et al.
2014

★★ ★ ★

Hariz G-M et al. 2015 ★★ ★ ★

Verla T. et al. 2015 ★★ ★ ★

Sharma V.D et al. 2015 ★★ ★ ★★

Silva D et al. 2016 ★★ ★ ★★

Klein J et al. 2017 ★★ ★ ★★

Wharen R E. et al. 2017 ★★ ★ ★

Table 3: Continued.

Study Selection Comparability Outcome

Chen T et al. 2018 ★★ ★ ★★

Koller W.C et al. 1999 ★★★ ★★ ★★

Kuncel A.M et al. 2006 ★★★ ★★ ★★

Felicitas Ehlen et al. 2014 ★★★ ★★ ★

Barbe M.T et al. 2018 ★★★ ★★ ★★

Each of these three categories has further subcategories and gives stars. The
studies with the maximum number of stars are of higher quality than those
with fewer stars. Empty cells show that no stars are available for this category.
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Table 4: Summary of all adverse effects.

Study
Adverse event

Stimulation Surgical Device

Hubble J.P.
et al. 1996

Paresthesia (10), dysarthria (1), headache
(2), face-arm pain (1), right-sided weakness
(3), face weakness (1), decreased range of

motion left shoulder(1)

0 0

Koller W.C
et al. 1999

Mild paresthesia (24), mild headache (9),
mild dysarthria (7), mild paresis (6),

attention/cognitive deficits (2), gait disorder
(2), facial weakness (2), dystonia (1),

hypophonia (1), nausea (1), mild depression
(1), dizziness (1)

Subdural hematoma (1),
intraparenchymal hemorrhage
(1), asymptomatic bleeds (3),

seizures (1)

Loss of effect (8), lead replacement (2),
devices explanted (2), reprogrammed (1),

broken lead (1), lead extension
replacements (2), IPG replacement (1)

Taha J M.
et al. 1999

Disequilibrium (7), mild short-termmemory
loss (1), mild shock (4), dysarthria (7)

0 0

Koller W.C
et al. 2001

Paresthesia (21), headache (15), paresis (6),
dysarthria (4), nausea (4), disequilibrium (3),

facial weakness (3), gait disorder (2),
dystonia (2), mild attention/cognitive deficit
(2), dizziness (2), hypophonia (1), anxiety

(1), depression (1), syncope (1), vomiting (1),
shocking sensation (1), drooling (1)

Asymptomatic bleeds (3),
postoperative seizures (1)

Lead replacement (7), lead reposition (3),
extension wire replaced (3), IPG replaced

(4), entire system explanted (1)

Ondo et al.
2001

Paresthesia (3), headache (5), dysarthria (7),
neck pain (2), mouth pain (1), increased
saliva (1), balance and gait difficulty (10)

0 0

Pahwa R
et al. 2001

Headache (9), paresthesia (10), dysarthria
(1), disequilibrium (1), dizziness (2)

Seizures (1) 0

Rehncrona S
et al. 2003

0 0 Lead fracture (1)

Lee J Y.K.
et al. 2005

Hand tingling (3)
Temporary erythema of the

incision (1)
Lead fracture (1), electrode migration (1)

Kuncel A.M
et al. 2006

Dysarthria (9), posturing (7), jaw deviation
(3), eye closure (2), voice affected (2)

0 0

Blomstedt
et al. 2007

0 0 IPG exchange (12), lead fracture (6)

Törnqvist A.
L et al. 2007

0 Infections (2) Lead fracture (1)

Ellis TM
et al. 2008

0 0 Lead fracture (1), lead migrated (1)

Lind G et al.
2008

Speech disorder (3), balance and gait difficult
(2)

Infections (2) Battery replacement (6)

Blomstedt
et al. 2010

Aphasia (8), clumsy (1) 0 0

Baizabal
Carvallo JF
et al. 2012

0 Infections (3)
Misplacements (4), migrations (5),

fractures (5)

Zahos P.A.
et al. 2013

0 Wound dehiscence (2) Lead fracture (1)

Carballal
C.F. et al.
2013

Headache (9), paresthesia (6), dysarthria
(17), dizziness (5), reduced balance (4)

Infections (1) 0

Borretzen
M.N. et al.
2014

Dysarthria (17), headache (9), paresthesia
(6), abnormal taste (8), dizziness (5),

discomfort tongue (4), reduced balance or
coordination (4)

0 0

Baizabal
Carvallo JF
et al. 2014

Incoordination (7), dysarthria (6) 0 Vasovagal reaction (1)
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Table 4: Continued.

Study
Adverse event

Stimulation Surgical Device

Hariz G-M
et al. 2015

Headache (1), voice affected (5),
deterioration of balance (4), tiredness (1),

tearful (1), felt discomfort (1)
0 0

Verla T.
et al.2015

0
Hemorrhagic complication (10),

infection (20), pulmonary
embolism (4), pneumonia (16)

Lead revision (2), generator revision (7)

Sharma V.D
et al. 2015

Incoordination (1), dysarthria (1), paresis
(1), asthenia (1), reduced balance (1)

0 0

Silva D et al.
2016

Paresis (2), dysarthria (6), transient cognitive
alter (1), facial numbness (1)

Hemorrhage (1), infections (1) 0

Klein J et al.
2017

0 Infections (1)
Wound revision (3), electrode dislocation

(1)

Wharen R
E.et al. 2017

Speech disturbances (12), gait/postural
disorder (5), cognitive changes (8),

dysphagia (2), tinnitus (1), shocking or
jolting sensation (3), discomfort (17),
headache (8), paresis (1), dystonia (2),

dysarthria (1), hemiparesis (1)

Seizures (1), intracranial
hemorrhage (3), wound

dehiscence (4), infections (5),
pocket hematoma (2)

Misplaced lead (6), IPG malfunction (4),
extension malfunction (6), battery check (9)

Barbe M T
et al. 2018

Right hemiparesis (1), dysarthria (11),
aphasia (1), nausea (1)

Intracerebral hemorrhage (1) 0

Chen T et al.
2018

Mental status change (9), speech disturbance
(7), balance or gait disturbance (6), speech &

balance disturbances (5)

Hemorrhage (1), wound
breakdown (1)

0

The number in brackets means the number of AE events.
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Figure 2: Potential predictive factors for percentage change in any TRS score (%). There were no significant correlations between percentage
change in any TRS score (%) and (c) age at surgery (P = 0:052) as well as (b) disease duration (P = 0:802). There were significant negative
correlations between percentage change in any TRS score (%) and a preoperative FTM-TRS score (P = 0:010) as well as (d) follow-up period
(P = 0:021); dots: each study mean percentage change in any TRS score (%); red line of dashes: linear regression line; TRS: Tremor Rating Scale.
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3.2.6. Publication Bias. A funnel plot of the comprehensive
outcomes of 26 studies was drawn, and Begg’s test found no
significant publication bias (P = 0:261).

3.2.7. Common Adverse Effects. The frequent events are sum-
marized in Supplementary 4. The incidence of stimulation-
related AEs (23.6%) was higher than the incidence of
device-related AEs (11.5%) and the incidence of surgical
AEs (6.4%). The most common stimulation-related AEs were
dysarthria (10.5%), paresthesia (6.3%), hemiparesis/paresis
(6.3%), and headache (6.7%).

Rare events were classified as miscellaneous, and the
specific details are shown in Supplementary 5.

4. Discussion

Our study provides the largest systematic review based on a
large sample size, i.e., 46 studies involving 1714 patients, to
summarize the efficacy and adverse effect rates of DBS for
the treatment of essential tremor. The evidence provided in
our meta-analysis shows that DBS targeting the VIM is effec-
tive in the treatment of ET, with a pooled improvement of
61.3% in any objective TRS score at 20:0 ± 17:3 months. In
addition, our simple regression analysis indicated that the
preoperative FTM-TRS scores and follow-up time likely pre-
dict the clinical outcomes. The most common adverse event
was dysarthria, which is a stimulation-related AE. Based on
the results of our study, it is possible to identify patients
who are most likely to benefit from this surgical procedure
and ultimately improve the quality of life of these patients.

4.1. Analysis of Subgroups. In our analysis, the efficacy in rest
tremor was not more significant than that in action tremor.
Two studies included in the analysis showed 100% improve-
ment, although a ceiling effect may exist [24]. A previous
publication reported that the efficacy in terms of tremor of
action/intention declined and was less stable over time, while
the effect on resting tremor showed limited change [25].
Moreover, Morishita et al. [26] stated that the microlesion
effect did not affect resting tremor and, thus, showed a sus-
tained improvement at 6 months after DBS, although the
mechanisms leading to the significant improvement in rest-
ing tremor are unclear in advancing disease. One study stated
that bilateral electrolytic lesions in the cerebellar dentate and
interpositus nuclei resulted in tremor at rest [27]. The VIM,
which is a target in the surgical treatment of ET, receives cer-
ebellar afferents, and this surgery results in improvement in
rest tremor in ET [28]. Hence, VIM-DBS could also be an
effective strategy for ET patients with rest tremor.

In accordance with the anatomical distribution of tremor,
our results revealed that similar improvements were
observed in midline and extremity tremor. In a study con-
ducted by Putzke et al., midline tremor showed significant
improvement compared with baseline tremor, while head
and voice tremor showed the most consistent improvement
[29]. However, the effects on head tremor have been incon-
sistent according to an analysis conducted by Moscovich
et al. [20]. Relatedly, the effect of thalamic stimulation on
midline tremor tends to increase with symptom severity

[29]. The significant effect of the stimulation on extremity
tremor was maintained for 1 year, but the voltage had to be
increased in a European trial [30]. Furthermore, it has been
reported that midline tremor, including head and voice
tremor, showed greater improvement after a bilateral proce-
dure because of the bilateral innervation of neck muscles
[29–31]. However, unilateral stimulation is equally effective
in the treatment of contralateral hand tremor [32]. Hence,
after a series of stimulation adjustments, the second implan-
tation, and short follow-up in the included studies, the
improvement in midline and extremities showed no signifi-
cant difference.

4.2. Predictive Factors. Much attention has been paid to the
clinical factors that may predict outcomes in patients under-
going DBS for tremor, while a few studies identified potential
prognostic factors. It is important for clinicians to evaluate
the variables that may influence the clinical outcomes of sur-
gery and predict the therapeutic effects of surgery as accu-
rately as possible [33]. In our simple regression analysis, we
concluded that lower preoperative scores indicated greater
improvement and that the effect of VIM-DBS declines over
time based on 439 ET patients.

A published study retrospectively investigated the clinical
features of tremor, including Parkinson’s disease, essential
tremor, cerebellar tremor, and dystonic tremor, that might
predict the outcome of DBS and reported that patients with
higher baseline scores had a greater DBS response [34].
Nevertheless, other recognized publications showed that a
higher preoperative tremor severity predicted a worse out-
come [35, 36]. According to Blomstedt et al. [37], ET
patients with a more severe tremor might produce a higher
level of residual tremor upon stimulation after surgery,
resulting in a worse outcome. Several studies have described
the loss of efficacy during a long follow-up following DBS
among ET patients [12, 38, 39]. For instance, Paschen
et al. concluded that the tremor severity and effect of
VIM-DBS significantly deteriorate over a decade in ET
patients [38]. A combination of factors has been proposed
for the loss of the clinical efficacy of VIM-DBS in ET,
including natural disease progression [25, 40], tolerance
[25, 41], suboptimal electrode placement [42], increased
impedance in brain tissue over time [7], loss of the micro-
thalamotomy effect [7], and long-term, stimulation-induced
effects [39]. However, tolerance and the natural progression
of the disease are considered the most possible explanations
for the gradual loss of efficacy of VIM-DBS over time [12,
25]. The need for the continuous adjustment of the stimula-
tion parameters during the follow-up period was likely the
result of tolerance. With the progression of ET, the difficulty
to control tremor is associated with a severe limb action
tremor in these patients with already high scores at baseline
[43]; moreover, the loss of effectiveness might be corrected
by modulating the synchronized oscillatory cerebellothala-
mocortical pathway induced by high-frequency stimulation
of the VIM [12]. Some investigators have reported that
applying stimulation during waking hours or alternating
stimulation protocols without increasing the stimulation
strength can improve tolerance [25, 40].
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4.3. Adverse Effects. Among the included studies, the inci-
dence of stimulation-related AEs, surgery-related AEs, and
device-related AEs was analyzed. Among the three types of
AEs, the incidence of stimulation-related AEs (23.6%) was
the highest, and these types of AEs were usually mild and
easily improved by adjusting the stimulation parameters.
Consistent with previous reports [44, 45], dysarthria, dis-
equilibrium, motor disturbances, and paresthesia were the
most common AEs [46]. Our analysis showed that the
surgical-related AEs included infections (3.4%), asymptom-
atic bleeding (2.9%), intraoperative intracerebral hemorrhage
(2.4%), and wound dehiscence (2.6%). Moreover, postopera-
tive infection, hemorrhagic complications, pneumonia, and
death associated with DBS are rare but often serious [13, 47].
Device-related AEs were common and bothersome after
DBS of the VIM. In different reports, the complication rate
ranged between 6.7% and 49% and often required additional
surgery [48–51]. In our study, the device-related AE rate was
6.4%, and these types of AEs mainly included lead fracture
(5.3%) and lead repositioning (3.8%). The device-related
AER significantly decreased after 2003 [48]. Our rates were
similar to those reported in the literature, and most included
studies were published after 2003. We are convinced that the
key factors responsible for lowering the complication rates of
VIM-DBS are technical and hardware-related improvements
and surgeon experience.

5. Limitations of the Study

Our meta-analysis had some limitations. First, most included
studies were observational studies, and only four studies were
RCTs, which has a certain impact on the quality of the
incorporated resulting report. Larger randomized trials and
prospective studies are required. Second, the potential prog-
nostic factors are predicted through a univariate regression
analysis rather than a multivariate regression analysis due
to incomplete information in the included studies, such as
follow-up time and disease duration. Thus, to evaluate the
predictive factors of DBS using a more advanced method,
authors reporting clinical trials should provide comprehen-
sive data. Third, regarding the summary of tremor character-
istics, all conclusions are based on a small sample, and more
studies including an analysis of tremor characteristics are
needed. Finally, regarding the methodology, our review was
limited to the English literature and excluded some old pub-
lications that could not be retrieved.

6. Conclusions

DBS is an effective and safe treatment for patients with ET,
but we need to be aware of the AEs. The efficacy was not
affected by the body distribution of tremor, age at surgery,
and disease duration. Moreover, VIM-DBS could be an effec-
tive strategy for ET patients with rest tremor, and the efficacy
was similar not only between midline and extremity symp-
toms but also between postural and kinetic tremor. Lower
preoperative FTM-TRS scores likely indicate larger improve-
ments, and the effect of VIM-DBS declines over time. The age
at surgery and disease duration may be prognostic factors of

DBS in ET, but this hypothesis could not be confirmed based
on our data. Clinical studies involving large samples of ET
patients and prospective, randomized clinical studies are
warranted to predict the potential prognostic factors in the
future.
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Neuroinflammation plays a prominent role in the pathogenesis of vascular dementia (VD). Triggering receptor expressed on
myeloid cells 2 (TREM2) is a transmembrane receptor mainly expressed on microglia and has been known for its anti-
inflammatory properties during immune response. However, data evaluating the effects of TREM2 in VD are lacking. Therefore,
the present study is aimed at investigating the role of TREM2 in VD. In this study, the mouse model of VD was induced by
transient bilateral common carotid artery occlusion (BCCAO). We compared the hippocampal gene and protein expressions of
TREM2 between the VD mice and sham-operated mice at different time points. The TREM2 mRNA and protein expression
levels in the VD mice were higher than those in the sham-operated mice. The cognitive deficits of VD mice were observed in
the Morris water maze test. Interestingly, overexpression of TREM2 by intracerebroventricular injection of a lentiviral vector
that encoded TREM2 (LV-TREM2) significantly improved the spatial learning and memory and attenuated the hippocampal
neural loss in VD mice. Further mechanistic study revealed that overexpression of TREM2 significantly inhibited microglia M1
polarization by decreasing inducible nitric oxide synthase (iNOS) and proinflammatory cytokines expression levels and
conversely enhanced microglia M2 polarization by increasing Arginase-1 (Arg-1) and anti-inflammatory cytokine expression
levels. These results strongly suggest that TREM2 provides a protective effect in VD via modulating the phenotype of activated
microglia and may serve as a novel potential therapeutic target for VD.

1. Introduction

Vascular dementia (VD) describes a combination of the loss
of cognitive functioning and memory associated with vari-
able brain lesions of vascular origin [1]. As is well known,
VD is widely considered as one of leading forms of dementia
only after Alzheimer’s disease (AD), accounting for 15-20%
of all cases. With the advent of global aging, the incidence
of VD is increasing steeply [2]. There are currently an esti-
mated 50 million people living with dementia worldwide,
and the number will rise to 82 million by 2030 and 150 mil-

lion by 2050. VD poses a heavy financial burden on families
and societies [3]. The global annual cost for dementia is
expected to reach $2.54 trillion in 2030 and $9.12 trillion in
2050 [4]. Despite much progress on VD research over the
past several decades, the exact mechanism still remains
obscure. Thus, it is imperative to determine the etiology of
VD and search for an effective treatment.

The triggering receptor expressed on myeloid cells 2
(TREM2) protein is a type I transmembrane innate immune
receptor of the TREM family. TREM2 is expressed exclu-
sively by myeloid cells, and in the brain, TREM2 is
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predominantly expressed in microglia. TREM2 has been
implicated in a wide range of functions including cell prolif-
eration, phagocytosis, maturation, and inflammatory
response [5]. Recently, several studies have also shown that
TREM2 plays an important role in microglia cell activation
and survival [6]. Microglia are one of the main cell types
which are involved in the inflammatory responses in the cen-
tral nervous system [7]. However, microglia-induced inflam-
mation is a double-edged sword, which has both beneficial
and detrimental effects on neurons according to different dis-
eases and status.

Neuroinflammation is defined as activation of the innate
immune system in response to different brain injuries.
Microglial activation in the brain parenchyma is the hall-
mark of neuroinflammation and is thought to be a critical
determinant of neuronal fate [8]. Neuroinflammation is
closely related to the pathogenesis of various cerebrovascular
diseases including VD [9]. Though TREM2 has been widely
reported to regulate neuroinflammation, its role in VD has
rarely been reported. In our previous study, we found that
serum levels of soluble TREM2 are lower in VD patients
than in healthy controls and TREM2 may be a potential pre-
dictive biomarker of cognitive decline in VD [10]. The pur-
pose of our present study was to determine whether TREM2
plays a neuroprotective role by regulating inflammation in a
mouse model of VD. The neuroprotective role of TREM2 in
VD, if confirmed, may represent a potential therapeutic tar-
get for VD.

2. Materials and Methods

2.1. Animals.Adult male C57BL/6 mice (8-10 weeks old, pur-
chased from Shanghai SLAC Laboratory Animal Co., Shang-
hai, China) were used for the experiments. All mice were
accommodated in a controlled environment and free access
to water and food. Animals were accommodated in steel
cages under standard housing conditions in a room kept at
22 ± 1°C with a 12h light, 12 h dark cycle. All animal experi-
mental procedures were performed in accordance with the
approved animal protocols and guidelines established by
Shandong First Medical University & Shandong Academy
of Medical Sciences.

2.2. Mouse Model of VD Induction. The transient bilateral
common carotid artery occlusion (BCCAO) surgery was per-
formed as previously described with minor modifications
[11]. Briefly, mice were anesthetized with 2% isoflurane in
30% oxygen, then both the right and left common carotid
arteries were isolated from the adjacent vagus nerve and a silk
was passed below each carotid artery for closure. The bilat-
eral carotid arteries were locked by silk strings for 15min
and then released for 15min, and this was repeated three
times. The strings were then removed and the incision was
sutured. Throughout the experiment, mice were placed in
an automatic temperature-controlled chamber (World Preci-
sion Instruments, Sarasota, Florida, USA) to keep their body
temperature at 37°C. After surgery, the mice were then
moved to their original cages after 2 h and allowed to recover
for 24h before the start of subsequent operation.

2.3. Experimental Groups. Following 24 h of recovery from
surgery, mice were randomly divided into the following three
groups with 10 animals in each group. (1) Sham group: mice
were given the same surgical procedure without carotid
artery occlusion and the control lentivirus (LV-control) was
injected into the right lateral ventricle; (2) VD+LV-control
group: mice were subjected to the transient BCCAO
modeling surgery and the control lentivirus (LV-control)
was injected into the right lateral ventricle; (3) VD+LV-
TREM2 group: mice were subjected to the transient BCCAO
modeling surgery and the lentivirus overexpressing TREM2
(LV-TREM2) was injected into the right lateral ventricle.

2.4. Lentiviral Vector Preparation and Administration. The
lentiviral vector that encoded TREM2 and control lentiviral
vector were prepared by GENECHEM Biotech. Co. Ltd.
(Shanghai, China). Stereotactic intracerebral injection of
lentiviral vector was conducted by technicians who were
blinded to the experimental groups as previously described
[12, 13]. Briefly, mice were anesthetized and fixed on a
stereotactic frame, then the lentiviral vector was injected
into the right lateral ventricle (stereotaxic coordinates:
1.0mm near the midline, 0.2mm posterior to the bregma,
and 3.0mm below the skull). The injections were performed
in a volume of 2μl for 5min, and the infusion microsyringe
(Hamilton, Reno, NV) was maintained for diffusion for an
additional 5min.

2.5. Morris Water Maze Test. Four weeks after the intra-
cerebroventricular administration, cognitive deficits were
assessed by the Morris water maze (MWM JK001 type, Bei-
jing, China), which was performed as previously described
[12, 14]. The MWM apparatus consists of a black cylindrical
pool (diameter:150 cm; height:60 cm), a video camera, and a
computerized system (EthoVision, Version 8.5, Noldus
Information Technology, Wageningen, the Netherlands).
The MWM was filled with water at 24 ± 1°C, which was
divided into four quadrants and made opaque by the addi-
tion of skim milk powder. The MWM test included an acqui-
sition training phase and a probe phase to assess memory. All
the data was measured by an automated analysis system.

In the acquisition training phase, the escape platform
with a diameter of 10 cm was fixed in the center of one
quadrant and submerged 1 cm beneath the water surface.
The acquisition training phase was repeated for four consec-
utive days, and a total of four trials were conducted per day.
In each trial, the mice were released from the four quad-
rants, respectively, and given a 90 s (max) to find the sub-
merged platform. If the mice could not find the platform
in 90 s, the mice were guided onto the platform. The mice
were allowed to remain on the platform for 30 s. The swim
speed and the swimming time to the hidden platform
(escape latency) were recorded.

In the probe phase, the platform was removed from the
pool. The mice were released from the four quadrants,
respectively, and allowed to swim freely for 90 s. The time
spent in the target quadrant (the quadrant time) and the fre-
quency of crossing the target quadrant (passing quadrant
times) were recorded.
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2.6. Real-Time PCR. Total mRNA was harvested from
mouse brain tissues using TRIZOL reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
instructions [15]. Synthesis of cDNA was performed using
a ReverTra Ace qPCR RT kit (Toyobo Co., Osaka, Japan).
The sequences of the specific primers for target genes are
listed in Table 1. For reverse transcriptase qPCR assays, the
SYBR Green Real-Time PCR Master Mix kit was used. The
real-time PCR was conducted by ABI StepOnePlus Systems
(Applied Biosystems, Foster City, CA, USA). The data of
real-time PCR were analyzed as 2-ΔΔCt; β-actin was used as
the internal control.

2.7. Western Blotting.Western blots were performed to mea-
sure the protein expression levels of TREM2, nitric oxide
synthase (iNOS), and Arginase-1 (Arg-1) as previously
described [16]. Protein was collected from brain tissues using
RIPA buffer (50mMTris (pH 7.4), 150mMNaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS) supplemented with
protease inhibitors and Halt Phosphatase Inhibitor Mixture
(Beyotime Biotech, Jiangsu, China). Protein extracts were
denatured and subjected to 10% sodium dodecyl sulfate-
polyacrylamide electrophoresis (SDS-PAGE, Beyotime Bio-
tech, Jiangsu, China). After electrophoresis, protein was
transferred onto a polyvinylidene difluoride (PVDF) (Milli-
pore, Billerica, MA, USA) membrane. 5% fat-free milk was
used to block the membranes for 2 h at room temperature
and then incubated with primary antibodies (TREM2, iNOS,
and Arg-1; ABclonal Biotech, Hubei, China) overnight at
4°C. After washing with TBST, the membranes were incu-
bated with secondary antibody (Beyotime Biotech, Jiangsu,
China) for 1 h at room temperature. The images were cap-
tured using Odyssey infrared fluorescence imaging system
(Odyssey, LI-COR Bioscience, Lincoln, NE, USA).

2.8. Immunohistochemistry Assays. Immunohistochemistry
(IHC) staining was performed to examine iNOS and Arg-1
protein expression in the hippocampal CA1 subregion in
mice as previously described [17]. The hippocampal CA1
coronal sections were incubated with primary antibodies
against iNOS and Arg-1 (1 : 200, ABclonal Biotech, Hubei,
China) at 4°C overnight. Then, the sections were incubated
with a secondary antibody (Beyotime Biotech, Jiangsu,
China), followed by nucleus counterstaining stained with

DAPI (1 : 1000, Sigma, St Louis, MO, USA) for 10min.
Microscopy (Olympus, Tokyo, Japan) was performed,
and images were obtained at 40x. For all IHC experi-
ments, control sections without primary antibodies were
routinely used.

2.9. Nissl Staining. Nissl staining was used to detect neuronal
injury as reported previously [18]. Three hippocampal CA1
coronal sections at different depths were imaged for each
mouse, and three fields of the hippocampus on each coronal
section were then randomly selected for quantitative analysis.
Neurons with intact morphology and dark violet nucleus
were identified as Nissl staining-positive neurons, and the
numbers of Nissl staining-positive neurons were counted
under a microscope (Olympus, Tokyo, Japan) by observers
who were blinded to the experimental groups. The data are
presented as the number of Nissl staining-positive neurons
in the hippocampus.

2.10. Statistical Analysis. All data are represented as mean
± SD. The MWM data were analyzed by two-way repeated-
measures analysis of variance (ANOVA). And other data
were analyzed by one-way ANOVA followed by Tukey post
hoc test. Statistical tests were performed using statistical soft-
ware package SPSS version 22.0 (SPSS Inc., Chicago, IL), and
p < 0:05 was considered significant differences.

3. Results

3.1. TREM2 Is Upregulated in a Mouse Model of VD. In order
to study the role of TREM2 during VD pathogenesis, we first
detected the time course of TREM2 expression in a mouse
model of VD. We examined TREM2 gene and protein levels
using RT-PCR and western blot, respectively. The mRNA
level of TREM2 was upregulated in the hippocampus of VD
mouse model, and the peak of TREM2mRNA occurred three
days after surgery (Figure 1(a)). TREM2 protein level, consis-
tent with the mRNA level expression, showed the similar
pattern (Figure 1(b)). Together, these results suggest that
TREM2 is involved in the pathogenesis of VD.

3.2. TREM2 Overexpression Attenuates Cognitive Deficits in
VD Mice. To determine the therapeutic potential of TREM2,
the lentiviral vector that encoded TREM2 was used in the lat-
eral ventricle of VD mice and the MWM test was performed

Table 1: Sequences of primers used in real-time PCR.

Gene name Forward primer (5′-3′) Reverse primer (5′-3′) Accession number Size (bp)

TREM2 ACAGCACCTCCAGGAATCAAG AACTTGCTCAGGAGAACGCA NM_031254.3 82

IL-1β TGCCACCTTTTGACAGTGATG TGATGTGCTGCTGCGAGATT NM_008361.4 138

IL-6 GACAAAGCCAGAGTCCTTCAGA TGTGACTCCAGCTTATCTCTTGG NM_001314054.1 76

TNF-α GATCGGTCCCCAAAGGGATG CCACTTGGTGGTTTGTGAGTG NM_001278601.1 92

IL-4 CCATATCCACGGATGCGACA AAGCACCTTGGAAGCCCTAC NM_021283.2 166

IL-10 GCTCTTGCACTACCAAAGCC CTGCTGATCCTCATGCCAGT NM_010548.2 112

TGFβ AGGGCTACCATGCCAACTTC CCACGTAGTAGACGATGGGC NM_011577.2 168

MIP-1α TCTGCGCTGACTCCAAAGAG CTCAAGCCCCTGCTCTACAC NM_011337.2 130

MCP-1 TGCCCTAAGGTCTTCAGCAC AAGGCATCACAGTCCGAGTC NM_011333.3 150
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4 weeks after the lentivirus injection. There was no statistical
difference in swimming speed among the three groups
(p > 0:05, Figure 2(a)). Compared with LV-control VD mice,
LV-TREM2 VD mice showed reduced escape latency during
the acquisition training phase (p < 0:05, Figure 2(b)). During
the probe trial phase, the quadrant time (p < 0:05, Figure 2(c))
and passing quadrant times (p < 0:05, Figure 2(d)) were
increased.

3.3. TREM2 Overexpression Modifies Microglia Phenotype in
VDMice.Microglia play different roles depending on its phe-
notype in the progression of many diseases including VD. It
is generally believed that M1 phenotype microglia play a pro-
inflammatory role, while M2 phenotype microglia play an
anti-inflammatory role. In order to detect the effect of
TREM2 on microglia phenotype, we used immunohisto-
chemistry and western blotting to detect the expression of
M1 microglia markers iNOS and M2microglia markers
Arg-1 by TREM2 overexpression in VD mice. As indicated
in Figure 3, TREM2 overexpression significantly reduced
the protein levels of iNOS and increased the protein levels
of Arg-1 (p < 0:05, Figures 3(a)–3(e)).

3.4. TREM2 Overexpression Attenuated Inflammatory
Response in VD Mice. To examine the effect of TREM2
overexpressed on inflammatory response, mRNA levels of
proinflammatory mediators (IL-1β, IL-6, and TNF-α),
anti-inflammatory mediators (IL-4, IL-10, and TGFβ), and
chemokine cytokines (MIP-1α, MCP-1) were measured by
RT-PCR in VD mice. The proinflammatory mediators and
anti-inflammatory mediators are considered secretions of
the M1 and M2 phenotype microglia, respectively. We
found that TREM2 overexpression significantly downregu-
lated mRNA levels of proinflammatory mediators (p < 0:05,
Figure 4(a)), while it significantly upregulated mRNA levels
of anti-inflammatory mediators (p < 0:05, Figure 4(b)) and
chemokine cytokines (p < 0:05, Figure 4(c)).

3.5. TREM2 Overexpression Prevents Neuronal Loss in VD
Mice. Loss of neurons in the hippocampus is associated with
cognitive deficits. In order to detect neuronal injury, we
observed hippocampal neurons with Nissl staining. As
indicated in Figure 5, TREM2 overexpression significantly
attenuated neuronal loss in the hippocampus of VD mouse
(p < 0:05, Figures 5(a) and 5(b)).
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Figure 1: Expression of TREM2 in a mouse model of VD. (a) RT-PCR analysis of TREM2 mRNA level in the hippocampus at different time
points of VD; (b, c) western blot analysis of TREM2 protein level in the hippocampus at different time points of VD. Compared to the sham
group, ∗p < 0:05.
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4. Discussion

In the present study, our results showed that TREM2 gene
and protein levels were upregulated in the brains of VD mice
compared with the sham mice, indicating that TREM2 may
be involved in the pathogenesis of VD, which was consistent
with our previous study [10]. Further investigation revealed
that TREM2 overexpression attenuates cognitive deficits
and neuronal loss. Moreover, TREM2 may regulate the
release of inflammatory factors by modifying the microglia
phenotype, which may partly explain the protective effects
of TREM2 against cognitive deficits and neuronal loss in
the mouse models of VD. To our knowledge, our present
study is the first to elucidate the important role of TREM2-
mediated microglial phenotypic polarization and inflamma-
tory response in the pathogenesis of VD.

Accumulating evidence suggests that inflammation is a
major contributor in the pathogenesis of many neurological
diseases including VD. Neuroinflammation in VD is charac-
terized by elevated levels of inflammatory mediators released
from activated microglia [19]. In an animal study, Sun and
his colleagues found that Rehmannioside A could attenuate
cognitive deficits in rats with VD through reducing the

release of proinflammatory cytokines, including TNF-α,
IL-1β, and IL-6 [20]. Several other drugs, such as resveratrol,
cannabinoid receptor agonist, and vanillic acid, have also
been shown to play a neuroprotective role in different ani-
mal models of VD by reducing the inflammatory response
[21–23]. Interestingly, a study suggests that acupuncture, a
traditional Chinese treatment, may also improve cognitive
function by reducing neuroinflammation [24]. The above
animal studies suggest that inflammation is involved in
the pathogenesis of vascular dementia. Apart from animal
models, the important role of inflammation in the patho-
genesis of VD has also been found in clinical studies.
We previously found that Helicobacter pylori may aggra-
vate atherosclerosis and cognitive impairment in VD
patients by increasing the serum levels of inflammatory
mediators [25, 26]. Although the role of inflammation in
VD has been widely reported, its upstream and down-
stream mechanisms have not been fully elucidated.

Recently, several studies have revealed that TREM2 is
involved in the inflammatory pathology of a variety of neuro-
logical disorders [27, 28]. One study showed that LPS-treated
APP/PS1 transgenic mice had decreased TREM2 levels and
increased TLR4 levels, indicating that TLR4/TREM2 may

VD
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Figure 2: TREM2 overexpression attenuates cognitive deficits in VD mice: (a) swimming speed; (b) escape latency; (c) quadrant time; (d)
passing quadrant times. Compared to the sham group, ∗p < 0:05; compared to the LV-control group, #p < 0:05.
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Figure 3: TREM2 overexpression modifies microglia phenotype in VD mice. (a) IHC staining of M1 microglia phenotype marker iNOS and
M2 microglia phenotype marker Arg-1 in the hippocampus of VD mice. Scale bars = 50μm. (b–e) Western blot analysis of iNOS and Arg-1
protein level in the hippocampus of VD mice. Compared to the sham group, ∗p < 0:05; compared to the LV-control group, #p < 0:05.
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Figure 4: TREM2 overexpression attenuated inflammatory response in VD mice. (a) mRNA levels of proinflammatory mediators in the
hippocampus of VD mice; (b) mRNA levels of anti-inflammatory mediators in the hippocampus of VD mice; (c) mRNA levels of
chemokine cytokines in the hippocampus of VD mice. Compared to the sham group, ∗p < 0:05; compared to the LV-control group,
#p < 0:05.
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be a potential link between AD and systemic inflammation
and TREM2 can serve as a potential therapeutic target for
treating systemic inflammation in AD [29]. Another study
revealed that TREM2 inhibited the activation of TNF-α-
induced inflammation response in rheumatoid arthritis via
the p38 pathway [30]. Moreover, the studies of Ren et al.
suggested that TREM2 has a neuroprotective effect in Parkin-
son’s disease by reducing neuroinflammation and the apo-
ptosis of dopamine neurons [31]. Taken together, TREM2
may be an upstream regulator of inflammation in a variety
of neurological disorders.

Neuroinflammation is primarily driven by microglia,
which are the innate immune cells of the central nervous sys-
tem and play a central role in many aspects of brain metabo-
lism and physiology [32]. There are two main types of
activated microglia: the proinflammatory M1 phenotype
and the anti-inflammatory M2 phenotype. Different acti-
vated statuses of microglia secrete completely different arrays
of cytokines. On the one hand, microglia cause neuronal
injury via secreting proinflammatory cytokines, and on the
other hand, they execute beneficial effects via releasing anti-
inflammatory mediators. Thus, microglia are considered a
double-edged sword. In recent years, the relationship
between TREM2 and microglia has attracted much attention
[33]. One study found that TREM2 modified microglial phe-
notype in P301S tau transgenic mice [34]. The other study
demonstrated solution TREM2 against attenuated amyloid
pathology and related toxicity, suggesting that TREM2 plays
a neuroprotective role in the body and can be explored as a

therapeutic target for AD [35]. A study found that TREM2
has the potential to maintain endothelial cell homeostasis
as a microglial receptor and signaling hub, suggesting an
underlying link between immune response and vascular dis-
ease [36]. However, the involvement of TREM2-mediated
neuroinflammation in the pathogenesis of VD has not been
previously reported.

In our previous study, we found that the expression of
serum soluble TREM2 was decreased and serum soluble
TREM2 levels were an independent risk factor for cognitive
impairment in VD patients [10]. However, the results of
our current study showed that the gene and protein levels
of TREM2 were elevated in VD model mice. The two results
seem conflicting. I think there are two reasons for this differ-
ence. The one is the different periods of inflammation. Acute
inflammation is thought to have a protective effect on the
body, while chronic inflammation is thought to be harmful
[8]. The inflammation in VD patients is mostly in the chronic
phase, whereas the inflammation in VD mice is in the acute
phase. In the acute inflammatory phase of VD mice, higher
TREM2 levels may be an organism’s self-protection mecha-
nism. The other is the different molecular structure and
localization. Solution TREM2 (sTREM2) is a proteolytic
product of TREM2 released to the extracellular space, which
can be detected in the serum [37]. Assume that the total
amount of sTREM2 and TREM2 is constant, there may exist
a certain dynamic equilibrium between sTREM2 in the
serum and TREM2 in the brain parenchyma. These two dif-
ferences might partly explain the conflicting outcomes. In
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Figure 5: TREM2 overexpression prevents neuronal loss in VD mice. (a) Nissl staining was performed to detect neuronal loss in the
hippocampus of VD mice. (b) The percentage of Nissl-positive neurons in the hippocampus of VD mice. Scale bars = 50 μm. Compared to
the sham group, ∗p < 0:05; compared to the LV-control group, #p < 0:05.
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future studies, we will detect levels of sTREM2 in the periph-
eral blood of VD mice and investigate the different roles of
sTREM2 and TREM2 in the pathogenesis of VD.

5. Conclusion

Taken together, in our current study, we provide novel evi-
dence that TREM2 overexpression attenuates cognitive def-
icits and neural loss through modulating the phenotype of
activated microglia and reducing inflammatory reaction.
These findings shed new light on the role of TREM2 in
the pathogenesis of VD and indicate that TREM2 may rep-
resent a promising novel target for VD. The relationship
between TREM2 and VD, if confirmed by future large mul-
ticenter studies, may have crucial clinical and therapeutic
implications.
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