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Children with strabismus and
amblyopia presented abnormal
spontaneous brain activities
measured through fractional
amplitude of low-frequency
fluctuation (fALFF)

Xiao-Qin Hu1†, Yi-Dan Shi2†, Jun Chen3†, Zhipeng You1*,

Yi-Cong Pan2, Qian Ling2, Hong Wei2, Jie Zou2, Ping Ying2,

Xu-Lin Liao4, Ting Su5, Yi-Xin Wang6 and Yi Shao2*

1Department of Strabismus and Amblyopia, A�liated Eye Hospital of Nanchang University,

Nanchang, China, 2Department of Ophthalmology, Jiangxi Branch of National Clinical Research

Center for Ocular Disease, The First A�liated Hospital of Nanchang University, Nanchang, China,
3Department of Ophthalmology, The First A�liated Hospital of Nanchang University, Jiangxi Branch

of National Clinical Research Center for Ocular Disease, Nanchang, China, 4Department of

Ophthalmology and Visual Sciences, The Chinese University of Hong Kong, Shatin, Hong Kong SAR,

China, 5Department of Ophthalmology, Massachusetts Eye and Ear, Harvard Medical School,

Boston, MA, United States, 6School of Optometry and Vision Sciences, College of Biomedical and

Life Sciences, Cardi� University, Cardi�, United Kingdom

Purpose: Based on fMRI technology, we explored whether children with

strabismus and amblyopia (SA) showed significant change in fractional

amplitude of low-frequency fluctuation (fALFF) values in specific brain regions

compared with healthy controls and whether this change could point to

the clinical manifestations and pathogenesis of children with strabismus to a

certain extent.

Methods: We enrolled 23 children with SA and the same number matched

healthy controls in the ophthalmology department of the First A�liated

Hospital of Nanchang University, and the whole brain was scanned by rs-fMRI.

The fALFF value of each brain area was derived to examine whether there is a

statistical di�erence between the two groups. Meanwhile, the ROC curve was

made in a view to evaluate whether this di�erence proves useful as a diagnostic

index. Finally, we analyzedwhether changes in the fALFF value of some specific

brain regions are related to clinical manifestations.

Results: Compared with HCs, children with SA presented decreased fALFF

values in the left temporal pole: the superior temporal gyrus, right middle

temporal gyrus, right superior frontal gyrus, and right supplementary motor

area. Meanwhile, they also showed higher fALFF values in specific brain

areas, which included the left precentral gyrus, left inferior parietal, and

left precuneus.

Conclusion: Children with SA showed abnormal fALFF values in di�erent brain

regions. Most of these regions were allocated to the visual formation pathway,

the eye movement-related pathway, or other visual-related pathways,

suggesting the pathological mechanism of the patient.

KEYWORDS

amblyopia, fALFF, visual pathway, strabismus, children
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Introduction

Strabismus links to improper eye position, including

esotropia and exotropia (1). The prevalence of strabismus

varies in different regions or nations, but what is in common

is the case that its incidence is increasing year by year (2).

Refractive differences between the eyes, hyperopia, related

family history, and improper behaviors during the gestation

period (drinking, smoking, or drug dependence) are all clear

risk factors for strabismus. Infants with congenital squint are

often associated with the possibility of amblyopia, and the

contemporary mainstream views are increasingly emphasizing

the correction of amblyopia in children with strabismus. At

the same time, strabismus constitutes one of the important

reasons for the occurrence of amblyopia. The preferred practice

pattern (PPP) (3) also pointed out that the correction of

strabismus can promote the treatment of amblyopia. The

increasing number of children with strabismus and amblyopia

(SA) has grown up as a serious public health problem. Eyes are

an imperative tool for directly perceiving the world. Ophthalmic

abnormalities and obstacles have a profound influence on the

growth process of children, and this impact is reflected in both

physical development and mental development (4). Therefore,

a comprehensive understanding of strabismus and amblyopia is

very eminent.

Traditionally, the examinations prescribed for the diagnosis

of SA were limited to optical function and acuity examinations,

but a large number of studies have shown that patients with

SA still have changes in the structure and function of the

nervous system (5–7). However, the evaluation of this part

rarely participants in clinical studies. The rapid development

of the field of medical imaging in recent years suggests that

we may take advantage of it to take a more intuitive and

comprehensive view of SA. Among them, fMRI has become

an important examination method to study the pathogenesis

of SA patients at the neurological level and predict possible

complications because it can evaluate the brain from many

aspects such as morphology, metabolism, blood perfusion, and

functional changes at the same time.

The fMRI is a noninvasive post-processing imaging

technology for functional brain areas. Blood-oxygen level-

dependent (BLOD) signals are obtained as being dependent

upon the differences in the metabolic levels of discrete brain

regions. Among them, the rs-fMRI examination is performed

when the subject is awake, with closed eyes, resting, and shielded

from external stimuli. The result of rs-fMRI can determine the

spontaneous neural activity of the subject’s brain (8).

Low-frequency oscillations (LFOs) are deemed to be

caused by the spontaneous activity of brain neurons (9).

When a person is in a resting state and not stimulated by

the peripheral environment, there will be synchronous low-

frequency vibrations in specific brain areas. This vibration can

be considered by the BOLD signal, and moreover, it can be

detected, recorded, and presented by rs-fMRI. On this basis,

ALFF was proposed as an index of rs-fMRI. ALFF is defined

as the disparity between low-frequency oscillation of BOLD

signal and average fluctuation amplitude of the spontaneous

brain neuron activity baseline in a specific time (10), which

can be helpful to some researchers to reprocess the rs-fMRI

result data for the spontaneous activity of functional brain areas

(11, 12). However, in practical applications, the interference of

physiological noise on the consequences of ALFF increases the

uncertainty of the research results, and the improved fALFF

based on ALFF can deal with this issue and remove the signal

artifacts caused by non-specific brain neuronal activities.

Due to its unique advantages, fALFF has been widely

used in the research of many diseases, including pure

major depression disorder (13), migraine (14), post-stroke

depression (15), Parkinson’s disease (16), and premenstrual

syndrome (17).

This study adopted rs-fMRI to detect aberrant autogenic

activities in specific brain areas of patients through fALFF

to explore the possible neural mechanisms and potential

pathological changes in the disease. To the best of our

knowledge, this is the first time that this method has been used

to study SA in children.

Materials and methods

Subjects

The study included 23 patients (no more than18 years

of age) who were diagnosed with strabismus and amblyopia

and 23 healthy controls (HCs). All participants came from the

Ophthalmology Department of the First Affiliated Hospital of

Nanchang University.

The inclusion criteria of patients (PAT) were as follows: (1)

under 18 years old; (2) being diagnosed with strabismus and

amblyopia by a doctor who has obtained medical practitioner

qualification strictly in accordance with the PPP diagnosis of

strabismus and amblyopia (no distinction between monocular

or binocular, esotropia and exotropia); (3) ophthalmoscopy

showing the suppression of the macular center; and (4) lack

of stereopsis.

The inclusion criteria of the healthy controls (HCs) were

as follows: (1) under 18 years old; (2) non-conforming to

the diagnostic criteria of strabismus and/or amblyopia; (3)

could cooperate with MRI examination; (4) no history of

other ophthalmic diseases; and (5) head MRI scanning showing

no abnormality.

The exclusion criteria for all participants were as follows: (1)

having a history of surgery, especially eye surgery; (2) having

a history of eye trauma or brain trauma; (3) being born with

abnormal neurological development; (4) having diseases that

cannot cooperate with MRI examinations (from wearing a heart
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pacemaker or severe mental illness; and (5) having a history of

using medications that can impact the central nervous system.

The procedure for this study was approved by the Ethics

Committee of the First Affiliated Hospital of Nanchang

University. All participants had known the purpose, content,

and risks of this research, and written informed consent was

obtained from all participants before the start of the experiment.

MRI parameters

The MRI scan was taken using a 3.0T Siemens Trio Tim

MRI Scanner (Siemens, Munich, Germany). During scanning,

all participants kept their eyes closed and awake with relaxed

breathing and refraining from thinking on purpose or receiving

external stimulation. The supine position was maintained

throughout the scan. Scanning technical parameters were as

presented: repetition time (TR) = 2,000ms, echo time (TE)

= 40ms, flip angle = 90◦, acquisition matrix = 240 × 240,

thickness= 4mm, and field of view (FOV)= 240× 240. Finally,

240 functional images were generated. The entire scanning time

went on for 8min. The scanning range covered the entire brain.

fMRI data analysis

The MRIcro software was adopted to classify, identify, and

delete incomplete data from the MRI scan for the integrity

and validity of the data. The utilization of Statistical Parametric

Mapping software8 (SPM8) was used for data preprocessing,

which includes (1) abandon the first 15 functional images,

convert the remaining data to the NIFTI format, and perform

time layer correction and head movement correction (retaining

the data with head movement ≤1.5mm and head rotation

≤2◦); (2) taking into account the difference in brain volume

of different subjects, standardize and resemble the fMRI images

using echo plane imaging templates [using the Montreal

Institute of Neurology (MNI) spatial standard; voxel = 3mm

× 3mm × 3mm]; (3) eliminate the linear trend of the time

series and perform low-frequency filtering (0.01–0.08Hz) on it

to reduce low-frequency drift and high-frequency noise; and (4)

use full width and half height (FWHM: 6× 6× 6mm) to smooth

the image.

The covariance referenced in the regression analysis

contains the 6 parameters of head movement, the average frame

displacement [FD], the overall brain signal, and the average

signal of white matter and cerebrospinal fluid.

Calculation of fALFF values

The value of fALFF is equal to the ratio of the power

spectrum in a specific low-frequency range of a certain brain

area to the power spectrum of the entire frequency range, which

can reduce the interference caused by the normal physiological

activities of other brain areas to a certain extent. The REST

software was selected for the calculation, conversion of time

series data and a restricted frequency range, and calculation

of the power spectrum. The specific low-frequency range is

set to 0.01–0.08Hz, and the entire frequency range is set to

0–0.25 Hz.

Correlation analysis

Correlation analysis was carried out to evaluate the

relationship between typical autonomous activities and

clinical performance. Indexes we adopted included the

minimum resolution angle logarithmic vision (LogMAR),

which is based on the value of best-corrected visual acuity

(BCVA); and the hospital anxiety and depression scale

(HADS), which could quantify and evaluate the level of

anxiety. With the application of the REST software, we

defined brain regions in PAT with different fALFF values

as regions of interest (ROI) and analyzed the correlation

between mean fALFF values of ROI and one of the indexes

through linear correlation analysis (α = 0.05, p < α is

statistically significant).

Statistical analysis

The statistical analysis involved in the experiment was

carried out using SPSS 20.0 (SPSS, IBM Corp, USA). General

information and clinical characteristics of the subjects were

statistically tested by independent sample t-test and chi-square

test (α = 0.05, p < α suggests that the difference is statistically

significant). The difference of fALFF between PAT and HCs

was verified by two independent sample t-tests to determine

if it is statistically significant, and the value of this difference

as a diagnostic indicator was analyzed by the ROC curve.

The correlation analysis between the fALFF value and clinical

manifestations of specific brain areas in the PAT group was

performed by Pearson’s correlation analysis (α = 0.05, p < α is

statistically significant).

Results

Demographics and visual measurements

There was no significant difference in gender (p > 0.99), age

(p= 0.322), and BCVA (p= 0.276 for domain eyes and P= 0.295

for the fellow eye). More details are given in Table 1.
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TABLE 1 The conditions of participants included in the study.

Condition SA HCs t-value P-value*

Male/female

Age (years)

Weight (kg)

Handedness

Best-corrected VA-DE

Best-corrected VA-FE

Duration of SA (years)

Esotropia/exotropia

15/8

10.46± 1.29

28.53± 3.64

23R

1.15± 0.15

1.10± 0.15

10.46± 1.29

13/10

15/8

11.61± 1.32

29.64± 3.54

23R

1.10± 0.10

1.15± 0.10

N/A

N/A

N/A

−1.056

−0.784

N/A

1.875

1.864

N/A

N/A

>0.99

0.322

0.595

>0.99

0.276

0.295

N/A

N/A

Angle of strabismus (PD) 37.39± 9.24 N/A N/A N/A

Independent t-tests comparing two groups (p < 0.05 represented statistically significant differences).

DE, dominant eye; FE, fellow eye; HCs, healthy controls; N/A, not applicable; PD, prism diopter; SA, strabismus and amblyopia; VA, visual acuity.

fALFF di�erences

Children with SA had decreased fALFF values in

Temporal-Pole-Sup-L, Temporal-Mid-R, Frontal-Sup-R,

and Supp-Motor-Area-R. Moreover, they also presented higher

fALFF values in specific brain areas, which included Precentral-

L, Precental gyrus, Parietal_Inf-L, and Precuneus-L. More

detailed information is shown in Figure 1 and Table 2. In the

meantime, Figure 2 depicts the mean of changed spontaneous

brain activity between PAT and HCs.

ROC analysis

Due to the difference in fALFF values in some brain regions

between PAT and SA, we wonder whether this discrepancy

could be considered as a diagnostic criterion for SA, and thus

we chose the receiver operating characteristic (ROC) curve

as a common method to explore the diagnostic value of this

difference. We focused on the area under the curve (AUC) of

the ROC curve, because this indicator can simultaneously take

sensitivity and specificity into account. We divided the accuracy

into low (AUC0.5–0.7) and high (AUC0.7–0.9) levels to evaluate

its diagnostic value more accurately. The AUC value is 0.745

for Temporal-Pole-Sup-L (p= 0.005); 0.755 for Temporal-Mid-

R (p = 0.003); 0.887 for Frontal-Sup-R (p < 0.001); 0.773 for

Supp-Motor-Area-R (p = 0.002); 0.69 for Precentral-L (p =

0.001); 0.68 for Parietal-L (p < 0.001); and 0.73 for Precuneus-L

(P = 0.003) (Figure 3).

Correlation analysis

Mean fALFF values of temporal-pole-sup-L showed a

negative correlation with log MAR (r = −0.665, p = 0.001).

Meanwhile, a familiar correlation was found between temporal-

mid-R and HADS (r =−0.535, p= 0.009) (Figure 4).

Discussion

Analysis of the increased fALFF in
children with SA

The superior temporal gyrus is associated with language

comprehension (18), visual search (19), and other functions. The

bilateral superior temporal gyrus and middle temporal gyrus are

also known as the V5/MT area (visual area 5/middle temporal

gyrus), and the functional connections in the hippocampus play

an important role in visual memory (20). The V5/MT area

is also the core area of the global motion perception (GMP)

(21), that is, in a specific visual scene, the motion trajectory

of a single element is integrated to form a comprehensive

three-dimensional stimulus. In many diseases, there are certain

pathological changes in the superior temporal gyrus, including

schizophrenia (22), Alzheimer’s disease (23), adult common

exotropia (24) and unilateral acute open eye injury (25). Wang

et al. (26) found that the thickness of the intra cellular in

the V5/MT area of patients with high intraocular pressure

glaucoma was reduced, which may be related to the decrease

in the high intraocular pressure and visual stimulation caused

by the disease (27, 28). The study of Cai et al. (29) showed

that the stimulation of the V5/MT area may cause the subjects

to discriminate the overall direction of movement. Like this

result, the increase in the fALFF value in this experiment

indicates that the V5/MT area of SA patients is overactive,

which may be related to the compensatory overestimation of

this area caused by the obstacle of SA patients’ judgment of

spatial location.

The frontal lobe is one of the main functional areas of

the cerebral hemisphere, and there are aberrant immunological

changes in the superior frontal gyrus in many ophthalmological

diseases. Huang et al. (30) showed that the ALFF value of the

superior frontal gyrus of patients with primary angle-closure

glaucoma (POAG) decreased, and the increase in the ALFF

value of the superior frontal gyrus was also discovered in
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FIGURE 1

Spontaneous brain activity in children and HCs. (A) The brain regions presented sensible di�erences in fAlFF values between SA and HCs. (B)

Children with SA would be observed some abnormal brain activities in specific regions. Compared with HCs, red regions trend to mean higher

fALFF values. Regions marked by blue presented delegated regions presenting decreased fALFF values. fALFF, fractional amplitude of

low-frequency fluctuation; HCs, healthy controls; SA, strabismus and amblyopia.

patients with corneal ulcer (31). Adults with SA also showed

that the ALFF on the right forehead is worth increasing

(6). This phenomenon may be due to the frontal eye field

(FEF) (23, 32) formed by the autophagy of the frontal gyrus,

which is related to saccade movement, visual perception (32),

and pain (33). In this study, children with strabismus and

amblyopia also showed an increase in the fALFF value of

the right superior frontal gyrus, suggesting that compared

with HCs, the spontaneous activities of the right superior

frontal gyrus of PAT were more active and caused eye
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TABLE 2 Brain regions with significant di�erences in fALFF between PAT and HC groups.

Brain areas MNI coordinates fALFF ROI sequence

X Y Z BA Peak voxels t-value

HCs>PAT

Temporal_Pole_Sup_L −15 9 −24 47 77 3.28 Cluster 1

Temporal_Mid_R 60 −51 9 22 89 3.54 Cluster 3

Frontal_Sup_R 21 33 45 8 65 5.49 Cluster 5

Supp_Motor_Area_R 3 0 54 6 59 3.37 Cluster 6

HCs<PAT

Precentral_L −30 −3 21 6 99 −4.23 Cluster 2

Parietal_Inf_L −39 −39 39 40 64 −4.16 Cluster 4

Precuneus_L −9 −60 60 7 66 −3.2 Cluster 7

α = 0.05 for multiple comparisons through Gaussian random field theory (z > 2.3, p < 0.01, cluster size > 40 voxels, alphasim corrected).

PAT, patients; HCs, healthy controls; MNI, Montreal Neurological Institute; BA, Brodmann area; ROI, region of interest; L, left; R, right; Temporal-Pole-Sup, Temporal pole: superior

temporal gyrus; Temporal-Mid, middle temporal gyrus; Frontal-Sup, superior frontal gyrus; Supp-Motor-Area, supplementary motor area; Precentral, precentral gyrus; Parietal_Inf,

inferior parietal, but supramarginal and angular gyri.

FIGURE 2

The mean fALFF values between children with SA and HCs.

movement disorders and vision problems in patients with

SA. The ability to receive and integrate stimuli decreases as

the outcome of compensatory hyperfunction of the superior

frontal gyrus.

The supplementary motor area (SMA) includes a part of

the side of Brodmand 6 and 8. The anterior extremity is the

supplementary eye-field (SEF) and is next to the supplementary

sensory area. Stimulating SEF under laboratory conditions

could cause eye movement and combined eye movement (34).

It shows that spontaneous brain activities of SEF could be

detected before the movement of the unilateral eyeball (35),

and there will be SMA activation after showing the intention to
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FIGURE 3

ROC curve analysis for the mean fALFF values of altered brain regions. (A) The area under ROC curve was 0.745 for Temporal-Pole-Sup-L (p =

0.005, 95%CI:0.603–0.887); 0.755 for Temporal-Mid-R (p = 0.003, 95%CI:0.621–0.898); 0.887 for Frontal-Sup-R (p < 0.001, 95%CI:

0.787–0.988); 0.773 for Supp-Motor-Area-R (p = 0.002, 95%CI: 0.635–0.910). (B) The area under ROC curve was 0.69 for Precentral-L (p =

0.001, 95%CI:0.659–0.930); 0.68 for Parietal-L (p < 0.001, 95%CI: 0.675–0.941); 0.73 for Precuneus-L (p = 0.003, 95%CI: 0.616–0.902).

FIGURE 4

The result of correlation analysis. The values of LogMAR(BCVA-R) of PAT presented a significant correlation with the fALFF values of

Temporal-Pole-Sup-L. The scores of HADS showed a negative correlation with fALFF values of temporal_mid_R (r = −0.535, p = 0.009).

change the existing combined eye movement state (36). Discrete

lesions of SEF and SMA can cause abnormal eye movements

in patients (37). In addition, activation of SMA can also be

observed in sequence learning (38). Studies believe that this

activation is explained by the visual cues and responses required

during the learning process (39). At present, it is believed

that the post-spinal inhibition of the supplemental exercise

area involved in exercise is closely connected with diseases

such as Parkinson’s disease (40). The SMA area, especially

the SEF area, is closely connected with the movement of

the eyeball. In this study, we found that there is a decrease

in fALFF value in the SMA area in children with SA,

which may indicate that in the early stages of the course of

strabismus in children, there is a functional compensation in
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FIGURE 5

Increase and decrease areas of fla� of children with SA.

TABLE 3 The function of brain regions with altered fALFF values and its clinical significance.

Brain region Experiment result Function Anticipated results

Temporal-Pole-Sup-L HC>PAT Auditognosis; Language; emotion

processing

Depression; anxiety; visual

impairment

Temporal-Mid-R HC>PAT Forming DMN; recognition and

processing of color and shape

Depression; anxiety

Frontal-Sup-R HC>PAT Memory; processing of cognitive

information

Damaged spatial cognitive ability

and eye-hand coordination

Supp-Motor-Area-R HC>PAT Action inhibition; modulating

interhemispheric interactions

Epilepsy; depression; motor neglect

Precentral-L HC<PAT Somatic movement controlling Damaged visual function

Parietal-Inf-L HC<PAT Part of DMN; Advanced cognitive

function

Depression; anxiety

Precuneus-L HC<PAT Visuospatial imagery; attention;

episodic memory; Functional core

of DMN; consciousness

Pain felling; dysfunction of spatial

orientation

PAT, patient; HC, healthy controls; DMN, default-mode network.

this brain area due to abnormal eye movements, thus showing

unusually active.

Analysis of the decreased fALFF in PAT

The precentral gyrus is part of the primary motor cortex

(41), which receives proprioception and regulates autonomous

movement. Studies have found that in many ophthalmological

diseases, changes in the structure and function of the precentral

can be observed. Huang et al. (30) found that the ALFF value of

precentral in PACG patients decreased, and analogously, Chan

et al. (42) showed that the gray matter volume (GMV) of the

right precentral gyrus was increased in patients with strabismus.

The study by Lin et al. (43) observed more active spontaneous

brain activities in the precentral gyrus in anisometropia patients.

Those conclusions are in agreement with the results of our

study, suggesting that children with SA have spontaneous eye

movement disorders.

The parietal lobe is related to higher cognitive functions

and thinking processing (44), while the inferior parietal

lobules are thought to be related to the oculomotor
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nerve, the forming and maintaining of attention, hand-

eye coordination recalibration (45), and language learning

in real life (46). Meanwhile, it was also reported to be

greatly helpful to choose information, which is related to

visual space (47). In this study, the fALFF value of the

inferior parietal reduced, which may be related to the

abnormal ocular function increasing the obstacles of language

learning in children, leading to the lack of reading and

spelling ability.

The default mode network (DMN) refers to a functional

network composed of brain regions that are spatially separated

but show a high degree of temporal correlation at rest. DMN

involves numerous brain regions, including the subcortical

region of the parietal lobe, middle frontal gyrus, frontal gyrus,

and precuneus (48).

The precuneus plays an essential role in DMN and

participates in the formation of optical network pathways. It

also plays an irreplaceable role in the visual spatial imaging

(49), self-processing (50), episodic memory extraction (51),

spatial position coding (52), etc. We reviewed the studies

of other researchers and found that many eye diseases have

been observed to change the structure or connection function

and spontaneous activity of the precuneus. In patients with

binocular blindness, the volume of local gray matter in the

precuneus boils down (17). Further studies have shown that

in normal-tension glaucoma (53), diabetic retinopathy (54),

primary angle-closure glaucoma (30), and other diseases, the

precuneus shows spontaneous reduction of brain activity, which

is consistent with our research. The conclusions are the same,

and the results of the study are also consistent with the clinical

manifestations of SA children with eye movement disorders

and abnormal visual spatial imaging. However, Tan et al.

(55) found that with withdrawnness lobe injury (OGI), the

ALFF value associated with recuneus was increased, which

was negatively related to the duration of OGI. This result

strongly suggested that in the primary stage of eye injury, the

damage will be compensated by more vigorous spontaneous

brain activities of the precuneus. However, as the course

of the disease continues, this compensatory effect may be

lowered. This hypothesis can also explain the consequences of

some parallel studies that are contrary to the results of our

study (30).

In addition, due to the superficial anatomical position

of the eyes, it is not difficult to notice in daily life and

interpersonal communication. Therefore, some scholars believe

that strabismus is actually a cosmetic disease (4), and childhood

is an important period of character formation and interpersonal

communication. Therefore, congenital SA may influence the

physical and mental health of children. Studies have proved

that SA may cause patients to feel destructive emotions such as

low self-esteem and anxiety (56). In our study, the HADS was

used for evaluating the anxiety of children, and it was found

that the HADS score of SA patients was negatively correlated

with the spontaneous brain activity of the middle temporal

gyrus. This anxiety may be secondary to the decreased activity

of the middle temporal gyrus area in SA disease, or it may be

attributable to the disease making children become unconfident

and anxious in everyday life and social activities (Figure 3 and

Table 3).

It should be noted in particular that there are still some

limitations in this study, including (1) samples included in the

study are not adequate; (2) the subjects were younger, and there

may be a low degree of coordination in the process of fMRI

examination; and (3) mixed bias is unavoidable.

Conclusion

In this study, we found that children with SA presented

abnormal spontaneous brain activities in the visual

pathway or visual-related brain regions. These abnormal

spontaneous activities may impact on the patient’s clinical

manifestations or be attributed to compensatory eye

movement dysfunction. Besides, correlation analysis also

showed that SA in childhood may cause undesirable emotions

in patients.
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hemorrhage patients after
surgical treatment: A
retrospective analysis of 128
patients
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3Department of Neurosurgery, Dianjiang People’s Hospital of Chongqing, Chongqing, China

Objective: The purpose of this study was to explore the predictive value of

the neutrophil-to-lymphocyte ratio (NLR) on 30-day outcomes in patients with

spontaneous intracerebral hemorrhage (ICH) after surgical treatment.

Methods: This retrospective study utilized data from patients with ICH who

underwent craniotomy or minimally invasive puncture and drainage (MIPD)

between January 2015 and June 2021. The patients meeting the inclusion

criteria were divided into two groups according to 30-day outcomes, namely,

the favorable outcomegroup and the poor outcomegroup. Sex, age, time from

onset to admission, vital signs at admission, admission Glasgow Coma Scale

(GCS) score, diabetes mellitus, hypertension, hematoma volume, hematoma

location, surgical approach, and NLR at di�erent time points were all recorded

and analyzed.

Results: A total of 128 patients were finally enrolled in this study, including

32 and 96 patients in the favorable outcome group and the poor outcome

group, respectively. During the course of ICH, the changing trend of NLR

was to increase first and then decrease and peaked within 48h after surgery.

In the univariate analysis, systolic blood pressure, admission GCS score,

hematoma volume, surgical approach, and NLR within 48h after surgery

were statistically significant. In the multivariable analysis, NLR within 48h

after surgery (odds ratio [OR] = 1.342, p < 0.001) was an independent

risk factor of the 30-day outcomes in patients with ICH after surgical

treatment. The receiver operating characteristic (ROC) analysis showed that

the best predictive cut-o� value for NLR within 48h after surgery was

12.35 [sensitivity 82.9%, specificity 81.8%, and area under the curve (AUC)

0.877] and 14.46 (sensitivity 55.1%, specificity 87.5%, and area under the

curve 0.731) for the MIPD group and the craniotomy group, respectively.
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Conclusions: In the process of ICH, the value of NLR was increased first and

then decreased and peaked within 48h after surgery. NLR within 48h after

surgery was an independent risk factor of the 30-day outcomes in patients with

ICH. The peak NLR >12.35 or 14.46 in patients receiving MIPD or craniotomy

reflected a poor prognosis, respectively.

KEYWORDS

neutrophil-to-lymphocyte ratio, spontaneous intracerebral hemorrhage, craniotomy,

minimally invasive puncture and drainage, prognosis

Introduction

Spontaneous (non-traumatic) intracranial hemorrhage

(ICH) is a fatal illness with a high risk of morbidity and

mortality of global importance, which affects approximately

2 million people in the world each year (1). Some of these

patients require timely surgical management and the prognosis

of patients with ICH after a surgery is of great concern for both

neurosurgeons and patients. However, there are several different

shortcomings in the current prognostic indicators for patients

with ICH who have received surgery (2).

The neutrophil-to-lymphocyte ratio (NLR) has emerged as

a potential and readily available inflammation indicator and has

played an increasingly important role in many clinical contexts,

such as glioma, infective endocarditis, colorectal cancer, and

acute ischemic stroke (3–6). Since the inflammatory response is

involved in the secondary brain injury following ICH (7), NLR,

a marker of inflammation, may be an indicator of prognosis

for patients with ICH. Recent evidence suggested that NLR is a

more convincing indicator of inflammation than other markers

(8) and is closely associated with 30 and 90-day outcomes in

patients with ICH (9, 10). However, as an important part of

treatment, surgery was not considered in these studies. Surgical

treatment may prevent hematoma expansion, block the release

of inflammatory products from hematomas, and thus intervene

in the pathological processes after disease onset (11). Several

studies reported that NLR was independently associated with

a 90-day poor outcome and 30-day mortality of patients with

ICH after hematoma evacuation (12, 13). However, these studies

neglected the severity of the brain tissue damage caused by

different surgical. The prognostic value and trend of NLR in

different surgical methods are also not clear.

Abbreviations: NLR, neutrophil-to-lymphocyte ratio; ICH, spontaneous

intracerebral hemorrhage; MIPD, minimally invasive puncture and

drainage; GCS, Glasgow Coma Scale; ANC, absolute neutrophil count;

ALC, absolute lymphocyte count; CT, computed tomography scan; ROC,

receiver operating characteristic analysis; mRS, modified Rankin Scale

score; IQR, interquartile range.

The aim of this study was to analyze the variation rule of

NLR and evaluate the relationship between NLR and short-

term prognosis of patients with ICH undergoing craniotomy

and minimally invasive puncture and drainage (MIPD).

Materials and methods

This study was approved by the Medical Ethics Review

Committee of the First Affiliated Hospital of ChongqingMedical

University and the Dianjiang People’s Hospital of Chongqing.

All participants provided written informed consent. The work

has been reported in line with the Standards for Reporting of

Diagnostic Accuracy Studies (STARD) criteria.

Patient selection

This current retrospective study collected data from 128

patients with ICH treated with craniotomy or minimally

invasive surgery at the First Affiliated Hospital of Chongqing

Medical University and the Dianjiang People’s Hospital of

Chongqing from January 2015 to June 2021. Among them, 83

patients were from the First Affiliated Hospital of Chongqing

Medical University and 45 patients were from the Dianjiang

People’s Hospital of Chongqing.

Inclusion criteria: (1) Patients over the age of 18 years;

(2) patients diagnosed with spontaneous ICH confirmed by

computed tomography (CT) scan within 24 h from symptoms

ictus; and (3) patients who underwent either craniotomy or

MIPD within 24 h of admission.

Exclusion criteria: (1) Patients who had an infection

for 2 weeks; (2) patients who had comorbidity that might

affect the value of NLR, such as cancer, autoimmune

disease, hematological disease, chronic heart disease, and

renal or liver diseases; (3) patients who had been treated

with immunomodulatory treatments; (4) patients who had

been evaluated as Glasgow Coma Scale (GCS) score ≤5

at admission, or disability before disease onset; (5) patients

who had incomplete follow-up data; and (6) patients who
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had the dissatisfied effect of the evacuation of hematoma or

received re-operation.

Preoperative management

All patients enrolled in the study were treated according

to the guidelines of management from the American

Heart Association/American Stroke and were divided into

the craniotomy group and the MIPD group. When the

patients arrived at the hospital, emergency CT was performed

immediately to evaluate the size and location of the hematoma,

diagnosing the level of consciousness was performed using

GCS, and peripheral blood was collected for examination. The

neurosurgical procedure for each patient was customized by

experienced neurosurgeons based on the clinical conditions of

patients with ICH at admission, including entry point, surgical

approach, and bone window size.

Surgery

Craniotomy group

The patients in the craniotomy group underwent

conventional craniotomy operations to clear the hematoma.

The location of the bone window was determined according

to the site of hematoma reflected by brain CT of the patient’s

preoperative condition. Once entering the hematoma cavity,

suction and bipolar cautery were used to eliminate the

hematoma as much as possible. A drainage tube was inserted

into the hematoma cavity to prevent residual hematoma.

Retaining bone flap or not for the craniotomy group was

depended on the judgement of the neurosurgeon according to

the intraoperative situation.

MIPD group

According to the preoperative CT image, the puncture

point was marked on the scalp and the puncture angle and

catheter depth were planned. About 2% lidocaine was injected

to anesthetize the skin around the puncture point. After the

scalp was cut open with the puncture point as the center,

the bone foramen was formed with an electric drill, and the

stereotactic apparatus was installed and debugged. According

to the puncture target, the hematoma was pricked by the

used drainage tube according to the pre-designed direction and

depth. After the bloody fluid flowed out, drainage gently with

a syringe, the drainage tube was fixed and then connected with

the drainage bag. After the patients of the MIPD group returned

to the ward, they were injected with 10,000–20,000 units of

urokinase/2–5ml of saline solution to liquefy the hematoma for

1–2 times/day for 2–3 h.

Postoperative care

The evacuation effect of hematoma was evaluated by brain

CT every day after surgery. When the hematoma vanished or

the remaining volume was<10ml, the drainage tube was closed.

After 24 h, the drainage tube was removed if the vital signs of

the patient were steady and no increased intracranial pressure

were observed. Peripheral blood samples were collected for

examination at 7 a.m. every day after surgery. Follow-ups in the

outpatient department or by telephone were performed at the

30-day functional outcome after diagnosis. The functional status

at 30-days was evaluated for prognostic outcomes. A modified

Rankin Scale score (mRS) was used to assess the prognosis

of patients.

Outcomes

We retrospectively collected demographic and clinical

information of all patients enrolled in the current study from

electronic medical records, such as demographic characteristics,

vital signs at admission, Glasgow Coma Scale (GCS) score

at admission, medical history of hypertension and diabetes,

lifestyle history of smoking and/or drinking, hematoma

volume, hematoma location (supratentorial or infratentorial

hematoma), surgical approach (craniotomy or MIPD), and

clinical laboratory tests.

Clinical laboratory tests included absolute neutrophil count

(ANC) and absolute lymphocyte count (ALC) at admission,

within 48 h after surgery and at 3–7 days after surgery. The NLR

was calculated by the ratio of ANC to ALC at different time

points. The hematoma characteristics were recorded within 24 h

after admission based on brain CT, such as hemorrhage location

(supratentorial or infratentorial hemorrhage) and volume

[calculated using the ABC/2 software (14)], intraventricular

hemorrhage, and subarachnoid hemorrhage.

The appearance of functional independence was defined as

favorable outcome (mRS< 3), whereas dead or severely disabled

were defined as a poor outcome (mRS ≥ 3) (15).

Statistical analysis

The SPSS 25.0 (IBM Corporation, Armonk, New York,

USA) and GraphPad Prism 9 (GraphPad Software, San Diego,

California, USA) were used for statistical analysis and graph

plotting, respectively. All continuous data are presented as

median (interquartile range, IQR) and were analyzed using

Student’s t-test or the Mann–Whitney test, as appropriate.

Categorical variables were expressed as frequency (percentage)

and were analyzed using the chi-squared test. Baseline

variables considered clinically relevant or showed a univariate
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TABLE 1 Baseline characteristics related to the 30-day outcome in surgical patients with ICH.

Characteristic Total, (n = 128) Favorable Outcome (n = 32) Poor Outcome (n = 96) P

Demographics

Male, n (%) 88(68.8%) 23(71.9%) 65(67.7%) 0.660

Age, IQR, Y 60(50.0–67.0) 52(47.3–66.5) 62.5(51.3–67) 0.056

Time from onset to admission, IQR, h 3(2.0–8.75) 3.5(2–8) 3(2–8.5) 0.958

Vital signs at admission

Temperature, IQR, ◦C 36.6(36.4–36.8) 36.6(36.3–36.7) 36.6(36.4–36.8) 0.571

Heart rate, IQR, bpm 80(71–90) 80(70–92) 80(71–88) 0.643

Respiratory rate, IQR, bpm 20(18–21) 20(18–21) 20(18–21) 0.806

Systolic blood pressure, IQR, mmHg 169(151–191) 161(143–177) 172(153–198) 0.032*

Diastolic blood pressure, IQR, mmHg 99(89–110) 96(90–110) 99(88–110) 0.934

Admission GCS score, IQR, 10(7–12) 10.5(9–13) 9(7–11) 0.002*

Diabetes mellitus, n (%) 19(14.8%) 3(9.4%) 16(16.7%) 0.315

Hypertension, n (%) 95(74.2%) 22(68.8%) 73(76.0%) 0.414

Alcohol use, n (%) 29(22.7%) 8(25.0%) 21(21.9%) 0.715

Current smoking, n (%) 37(28.9%) 10(31.3%) 27(28.1%) 0.736

Hematoma volume, IQR, mL 35.9(26.0–48.5) 29.4(19.7–41.6) 36.3(29–63.4) 0.006*

Hematoma location 0.328

Supratentorial

Lobar, n (%) 33(25.8%) 10(31.2%) 23(24.0%)

Deep, n (%) 88(68.7%) 19(59.4%) 69(71.9%)

Infratentorial

Cerebellum, n (%) 7(5.5%) 3(9.4%) 4(4.1%)

Intraventricular hemorrhage, n (%) 47(36.7%) 11(34.4%) 36(37.5%) 0.751

Surgical approach 0.010*

Craniotomy n (%) 57(44.5%) 8(25.0%) 49(51.0%)

MIPD, n (%) 71(55.5%) 24(75.0%) 47(49.0%)

NLR1, IQR 13.7(10.2–16.9) 8.8(7.3–13.0) 14.8(12.8–19.6) 0.001*

GCS, Glasgow coma scale; MIPD, minimally invasive puncture and drainage; NLR1, neutrophil-to-lymphocyte ratio within 48 h after surgery; IQR, interquartile range; n, number;

*P < 0.05.

relationship with the outcome (P<0.1) were included in

a multivariate logistic regression to determine independent

variables associated with a 30-day unfavorable outcome.

The receiver operating characteristic analysis (ROC) was

used to evaluate the threshold values for NLR in different

surgical groups. The value of p <0.05 was considered as

statistically significant.

Results

In the current study, a total of 128 patients (88 men and 40

women) with a median age of 60 years (IQR: 50–67 years) were

enrolled (Table 1). In the overall participants, the median time

from onset to admission was 3 h (IQR: 2–8.75 h). The admission

GCS score was 10 (IQR: 7–12). The hematoma volume was

35.9ml (IQR: 26.0–48.5ml). The proportion of 94.5% patients

for the hematoma location was supratentorial. In addition, 57

(44.5%) patients with ICH were treated with craniotomy and 71

(55.5%) were treated with MIPD.

According to Figure 1A, the changing trend of NLR was

to increase first and then decrease and peaked within 48 h

after surgery (T1). When grouped by surgery (Figures 1B,C),

the same trend emerged both in the MIPD group and the

craniotomy group. NLR1 (NLR within 48 h after surgery) in the

craniotomy group was higher than in theMIPD group (p< 0.05)

(Figure 1D).

A univariate analysis showed that age, systolic blood

pressure, admission GCS score, hematoma volume, surgical

approach, and NLR1 were all risk factors for 30-day

outcomes (Table 1). In the multivariate logistic analysis

(Table 2), baseline variables included the risk factors

considered clinically relevant (16–18) and the above

significant characteristics. NLR1 was an independent risk

factor of the 30-day outcomes in patients with ICH after

surgical treatment.
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FIGURE 1

The median neutrophil-to-lymphocyte ratio (NLR) value over time between patients with a di�erent surgical approach. The NLR of di�erent time

points in all patients (A), in the MIPD group (B) and in the craniotomy group (C). The di�erence of NLR between the MIPD group and the

craniotomy group (D) (NLR, neutrophil-to-lymphocyte ratio; T0, at admission; T1, within 48h after surgery; T2, at 3–7 days after surgery; *

p < 0.05).

TABLE 2 The multivariate logistic regression analysis of variables

associated with the 30-day poor outcome.

Characteristic OR 95%CI P

Male 0.603 0.174–2.087 0.425

Age 1.049 0.999–1.102 0.057

Systolic blood pressure 1.012 0.992–1.033 0.243

Admission GCS score 0.866 0.683–1.096 0.231

Hematoma volume 1.025 0.984–1.068 0.242

Hematoma location 0.370 0.034–4.034 0.414

IVH 0.711 0.206–2.459 0.590

Surgical approach 1.816 0.538–6.344 0.329

NLR1 1.342 1.156–1.558 <0.001*

GCS, Glasgow coma scale; IVH, Intraventricular hemorrhage; NLR1, neutrophil-to-

lymphocyte ratio within 48 h after surgery; OR, odds ratio; CI, confidence interval;

*P < 0.05.

From the results of ROC (Figure 2), the best predictive

cut-off value was 12.35 (sensitivity 82.9%, specificity

81.8%, positive predictive value, 4.55; and negative

predictive value, 0.21) in the MIPD group and 14.46

(sensitivity 55.1%, specificity 87.5%, positive predictive

value, 4.41; and negative predictive value, 0.51) in the

craniotomy group.

Discussion

In this study, the dynamic trend of NLR was to increase

first and then decrease and peaked within 48 h after surgery.

Moreover, NLR within 48 h after surgery was an independent

risk factor of the 30-day outcomes in patients with ICH after

surgical treatment. We also detected that the peak NLR >12.35

or 14.46 in patients receiving MIPD or craniotomy suggested a

poor prognosis, respectively.

The inflammatory response starts immediately after

hematoma formation in the brain. Microglia are stimulated by

hematoma components and promote peripheral inflammatory

cell infiltration through the release of pro-inflammatory

cytokines and chemokines (19, 20). Neutrophils are the earliest

subtypes of leukocytes that infiltrate the hemorrhagic brain

by the blood-brain barrier (21). In a study of patients with
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FIGURE 2

Receiver operating characteristic (ROC) curves of NLR1 in

di�erent surgery. The area under the curve (AUC) 0.877 (95%

confidence interval [CI], 0.791–0.963; p < 0.0001) for NLR1 in

the MIPD group; area under the curve 0.731 (95% CI,

0.539–0.923; p = 0.038) for NLR1 in the craniotomy group.

ICH, the surrounding tissue of brain hematoma in patients

confirmed that leukocyte infiltration occurred within 8 h after

intracerebral hemorrhage and further increased within 1 day

after onset (22). Another study showed that the number of

neutrophils increased in peripheral blood may lead to central

neutrophils infiltration, which may cause adverse outcomes

(23). In addition, lymphocytes are apoptotic and deactivated

by overactivation of the sympathetic nervous system and the

hypothalamic-pituitary-adrenal axis in the immunodepression

induced by stroke (24). Moreover, lymphocyte is a major

component of the cellular immune system, and the decrease of

lymphocyte is considered a marker of brain damage within 12 h

after injury (24). Since inflammation is closely related to ICH

pathophysiology, NLR, which reflects the information on both

the innate and adaptive compartments of the immunity, may

reasonably represent a surrogate biomarker of the likelihood

of secondary brain injury and vulnerability to post-stroke

complications (25). From the clinical perspective, although

there was no evidence of infection, a significant proportion of

patients with ICH in the acute stage is often observed to display

an increase in peripheral white blood cells. At this moment,

the local and systemic inflammatory response and the level of

patients with acute ICH may be reflected by NLR (26).

The main finding of the present study was that the dynamic

change of NLR in patients with ICH who underwent surgery

was to increase first and then decrease, and reached a peak

value within 48 h. A similar trend of NLR in patients with

ICH undergoing surgery had not been reported in the pervious

study, but was observed in patients with severe traumatic brain

injury who underwent surgery (27). This change may be caused

by many underlying factors. It is speculated that the process

of the occurrence and progression of ICH, the inflammatory

response was intense gradually, and the NLR value increased

accordingly. As the disease improves, the inflammatory response

fades away, and the NLR decreases accordingly (18, 27). In

addition, surgical treatment may prevent hematoma expansion,

block the release of inflammatory products from hematomas,

and thus intervene the pathological processes after disease onset

(11). Those may result in the peak NLR within 48 h after surgery.

Considering secondary damage to brain tissue and the influence

of inflammatory response caused by surgery (28), our study

suggested that the NLR within 48 h after the surgery has more

predictive value for the prognosis of patients with ICH who have

undergone surgery than the NLR at other time points.

Our univariate analysis showed that the admission GCS

score, hematoma volume, and NLR1 were correlated with 30-

day outcomes of surgically treated patients. After multivariate

logistic analysis, only NLR1 was found to be associated with

prognosis. In previous studies, the admission GCS score

and hematoma volume have been considered the predictors

of prognosis in patients with ICH (16, 18). However, they

are not completely satisfactory, and NLR may be used as

a supplementary indicator. From a clinical perspective, the

standardization for assessment of the admission GCS score

is difficult to achieve and the accuracy of the GCS score

is often affected by various factors, such as intubation (2).

As for hematoma volume, it is not possible to follow-up

frequently due to the exorbitant cost and radioactivity of CT.

In comparison, NLR is cheaper and relatively easy to obtain

from blood samples and more easily to observe dynamically.

In addition, the peak NLR reflects the changes in inflammatory

response in patients with ICH, which is helpful to timely

adjust the treatment regimens. Therefore, NLR, especially the

peak value of NLR, should be paid more attention during

treatment. However, inconsistent with the previous study (12),

the admission GCS score and hematoma volume were not

associated with poor outcomes of patients with ICH in our

study. The admission GCS score is highly subjective, which may

be the reason for the different correlation between GCS score

and prognosis in different studies. Since the hematoma volume

is one of the bases to determine the surgical method, patients

with different hematoma volumes have received appropriate

treatment. Therefore, the influence of hematoma volume on

prognosis may be relatively weak in this study.

In this study, the peak NLR >12.35 or 14.46 in patients

treated with MIPD or craniotomy suggested a poor prognosis,

respectively. The cut-off values in our study were similar to

previous studies, which reported that range from 4.58 to 12.97

in previous studies (8, 13). The area under the curve (0.877

and 0.731) also suggested a satisfactory predictive power for

the cut-off values of NLR in this study. Clinically, patients with
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ICH in the acute stage often need a dynamic routine blood

examination, so it is convenient to obtain the peak value of

NLR without additional costs. The treatment of patients with

ICH at the acute stage is of great significance for prognosis, and

the occurrence of peak NLR can help clinicians to judge the

therapeutic effect of intervention measures, so as to formulate

a more beneficial treatment plan for patients. Early measures to

reduce the inflammatory response may be helpful to improve

prognosis, such as therapeutic hypothermia (29). More than

that, the current prognostic evaluation model of patients with

ICH, such as ICH score, is mainly based on clinical information

and lacks corresponding attention to laboratory biomarkers.

Our study on the prognostic value of NLR provided new

ideas for exploring new prognostic indicators with clinical

significance (30).

Several limitations in the study should be taken into account.

First, this was a retrospective study with a small sample. Second,

the follow-up time was short. Third, although those known

factors related to prognosis were concerned in the multivariate

logistic regression analysis, other potential confounding factors

might be ignored in the current study.

Conclusion

The dynamic trend of the NLR of patients with ICH was

to increase first and then decrease and peaked within 48 h after

surgery. The peak NLR was an independent risk factor of the

30-day outcomes in patients with ICH after surgical treatment.

The peak NLR >12.35 or 14.46 in patients receiving MIPD or

craniotomy represented a poor prognosis, respectively. Further

high-quality studies with large samples and multicenter are

needed to verify the above results in the future.
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Cerebral small-vessel disease (CSVD) has been found to have a strong

association with vascular cognitive impairment (VCI) and functional loss in

elderly patients. At present, the diagnosis of CSVD mainly relies on brain

neuroimaging markers, but they cannot fully reflect the overall picture

of the disease. Currently, some biomarkers were found to be related

to CSVD, but the underlying mechanisms remain unclear. We aimed to

systematically review and summarize studies on the progress of biomarkers

related to the pathogenesis of CSVD, which is mainly the relationship

between these indicators and neuroimaging markers of CSVD. Concerning

the pathophysiological mechanism of CSVD, the biomarkers of CSVD have

been described as several categories related to sporadic and genetic factors.

Monitoring of biomarkers might contribute to the early diagnosis and

progression prediction of CSVD, thus providing ideas for better diagnosis and

treatment of CSVD.

KEYWORDS

cerebral small-vessel disease, biomarker, blood-brain barrier, white matter

hyperintensities, lacunes, enlarged perivascular spaces, cerebral microbleeds

Introduction

Cerebral small-vessel disease (CSVD) is a series of clinical, imaging, and pathological

syndromes resulting from the injury of cerebral microvessels, such as 2–5mm cerebral

parenchyma around small vessels and vascular structures in the subarachnoid space

(1). As a highly age-related disease, CSVD is not only closely related to vascular

cognitive impairment (VCI), but also a common risk factor for depression, neurological

impairment such as gait disorder, and stroke recurrence.

At present, the diagnosis of CSVD mainly depends on neuroimaging. The

neuroimaging features of CSVD include recent small subcortical infarcts, lacunes,

white matter hyperintensities (WMH), enlarged perivascular spaces (EPVS), cerebral

microbleeds (CMB), and brain atrophy (2). Studies have shown that subcortical WMH

and paraventricular WMH are present in 100 and 95%, respectively, of the elderly older

than 80 years. Moreover, advanced imaging modalities, such as 7-T MRI, additional

metrics, and amyloid PET provide new insights into the diagnosis and study of

CSVD (3–5).
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Despite the advances in neuroimaging and biological

detection in recent years, the pathogenesis of CSVD remains

unsolved. Blood–brain barrier (BBB) injury seems to be one

of the recognized pathogenesis of sporadic CSVD (6–8), and

with the discovery of genetic factors, CSVD is thought to

be divided into common sporadic and rare familial forms,

there are still amyloidal and non-amyloidal subtypes among

sporadic forms. The amyloidal form includes cerebral amyloid

angiopathy (CAA), which is considered a chronic degenerative

disease characterized bymultiplemicrobleeds (9), while the non-

amyloidal is often associated with common vascular risk factors,

such as hypertension. Concerning familial forms, cerebral

autosomal-dominant arteriopathy with subcortical infarcts and

leukoencephalopathy (CADASIL), for example, has been widely

recognized. Therefore, studies on the pathological mechanism of

CSVD mainly focus on sporadic and genetic types.

Based on the ongoing exploration of the pathogenesis of

CSVD, related biomarkers have attracted attention, especially

their role in the early stage of CSVD. Thus, we mainly reviewed

and discussed the biomarkers involved in the pathogenesis

of CSVD and their association with neuroimaging markers

(Figure 1).

Sporadic cerebral small-vessel
disease

Sporadic CSVD is divided into two main forms. One of

them, CAA, is a chronic degenerative disease and another one is

the non-amyloid form, which is often associated with common

vascular risk factors, such as old age, hypertension, diabetes, and

many other vascular risk factors.

Cerebral amyloid angiopathy

The main pathological changes of CAA are vascular

destruction, bleeding, and product deposition caused by the

deposition of β-amyloid protein on small arteries. Moreover,

amyloid infiltration of cerebrovascular may also lead to luminal

stenosis, hyaline of arterioles, intimal hyperplasia of stenosis,

fibrinoid degeneration, and fibrous obstruction, resulting in

focal cerebral ischemia, infarction, and softening.

Apolipoprotein E (APOE) genotype, especially APOE-ε4, a

genetic marker for sporadic CAA, has been used as a genetic

risk factor for CAA and Alzheimer disease (AD). APOE-ε4

was found to be associated with a high burden of EPVS in the

centrum semiovale (10). While the APOE-ε2 allele appears to

be more prevalent in patients with CAA-associated intracerebral

hemorrhage (11).

Non-amyloidal cerebral small-vessel
disease

Non-amyloidal CSVD is less specific and usually refers to

hypertensive CSVD, although it may be associated with a variety

of vascular risk factors, such as diabetes. The pathological

changes are mainly atherosclerosis, arteriolosclerosis, and

lipohyalinosis. The exact pathogenesis remains unclear.

Increased BBB permeability and endothelial dysfunction are

important pathological features of sporadic CSVD. Therefore,

related circulatory biomarkers may play a crucial role in the

diagnosis and treatment of CSVD.

Biomarkers of BBB and endothelial
dysfunction

The BBB, which consists of endothelium, pericytes,

basement membrane, and astrocytes, plays a complex and

crucial role in maintaining material transport and fluid balance.

In this process, at the cellular level, the endothelium is crucially

important. In addition, damaged endothelial cells have been

found to inhibit oligodendrocyte precursor cell maturation,

which then affects the production of oligodendrocytes,

leading to myelination impairment (12, 13). Dysfunction of

endothelial and BBB function is usually due to chronic ischemia,

inflammation, oxidative stress-induced lipid peroxidation,

matrix metalloproteinase (MMP) activation, and DNA damage,

and is reflected in an increase in related metabolites in blood

or cerebrospinal fluid (CSF) (14). There has been a lot of

evidence that these biomarkers are associated with CSVD

neuroimaging markers.

White matter hyperintensities

Inflammatory biomarkers

C-reactive protein (CRP) has previously been associated

with neurodegenerative diseases and poor cognitive outcomes

in normal aging (15). In recent years, CRP has been found

to be related to WMH severity and brain atrophy, and higher

CRP levels were significantly associated with greater cognitive

impairment (16–19). And in a study of 130 patients with

CSVD, IL-1α and IL-6 was found a significant association

with recurrent stroke and other vascular events, and there

was a correlation between IL-6 and deep WMH (19, 20).

Moreover, as an early marker of inflammation, procalcitonin

(PCT) has previously been considered a prognostic biomarker

for cardiovascular diseases (21). In recent years, Li et al. found

that higher levels of PCT were closely associated with WMH

(22), suggesting a monitoring role of PCT for CSVD. For

vascular inflammation/endothelial dysfunction, homocysteine

(HCY) has been proposed to be a risk factor, most widely

investigated in conjunction with imaging burden, including
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FIGURE 1

Hypothesis about the pathogenesis of cerebral small-vessel disease (CSVD). BBB, blood–brain barrier; CSVD, cerebral small-vessel disease; CBF,

cerebral blood flow.
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WMH in patients with CSVD (23–26). Also, studies on VCAM-

1 and von Willebrand factor (vWF) revealed their prominent

associations with WMH (27–30).

Coagulation markers

It is well-known that prothrombotic status is associated with

vascular risk events, and the role of coagulation biomarkers in

CSVD has been increasingly discovered. A strong correlation

between higher levels of thrombomodulin (TM) and WMH was

found especially in the patients with microalbuminuria (31).

Similarly, it was reported that higher thrombin–antithrombin

values and D-dimer were associated with the presence of WMH

in the previous studies (20). Moreover, vWF, synthesized by

endothelial cells, was found to be related to periventricular

WMH andWMH burden (32).

BBB integrity-related metabolites

Endothelial-derived exosomes (EDE) play a significant

role in maintaining endothelial function and inflammatory

regulation (33). It has been reported that plasma levels of

EDE cargo proteins GLUT1, LAT1, P-GP, and NOSTRIN

were significantly higher in patients with WMH, especially

AD patients with WMH (34). EDE may be suggested as a

biomarker associated with cerebral endothelial pathogenesis,

which contributes to BBB dysfunction and degenerative changes,

such as CSVD. Matrix metalloproteinases (MMPs) are involved

in sustaining neuronal remodeling, BBB integrity, and have

been found to be related to higher WMH grades and vascular

dementia (35, 36). Among MMPs, detectable plasma matrix

metalloproteinase-9 (MMP-9) is associated with the severity of

CSVD andWMH (37, 38). In addition, high-density lipoprotein

and triglyceride (TG) levels were found to be risk factors for

new lacunes in a 3-year follow-up study (39). There were also

studies that suggested that increasing triglycerides levels were

associated with largerWMHvolume, and increasing low-density

lipoprotein (LDL) cholesterol tended to be associated with a

decreased frequency and severity of MRI markers of CSVD (40).

Moreover, lipoprotein-associated phospholipase A2 (LP-PLA2)

was reported to be an independent risk factor associated with

WMH and cognitive impairment in CSVD (41).

CSF and serum albumin

Elevated CSF and serum albumin that reflect albumin

extravasation and BBB leakage have been found in patients with

vascular dementia (42). Increased albumin CSF/serum ratio, a

marker of BBB breakdown, has also been reported in patients

with vascular dementia and WMH on neuroimaging (43).

Lacunes

A higher level of HCY has been proposed to be a risk

factor most widely investigated in conjunction with the imaging

burden of progression of lacunes in patients with CSVD (23–

26). Li et al. also found that higher levels of PCT were closely

associated with silent lacunar infarctions (22). However, no

relationship was found between lacunes and CRP (24, 44). TM

and fibrinogen were significantly associated with the risk of

lacunes (31, 45). In addition, as the natural inhibitor of the

exogenous coagulation pathway and the marker of endothelial

activation, elevated factor pathway inhibitor (TFPI) were

found in lacunar stroke patients than in controls, supporting

the hypothesis that endothelial dysfunction is involved in

the pathogenesis of lacunar stroke (46). Finally, high-density

lipoprotein and triglyceride (TG) levels were found to be risk

factors for new lacunes in a 3-year follow-up study (39).

Enlarged perivascular spaces

High levels of CRP and PCT have been reported to be

associated with EPVS (22, 47, 48), and plasma HCY level

was correlated with EPVS in basal ganglia (49). There is

also a significant association between neutrophil count and

EPVS in basal ganglia in a community-based study (50),

neutrophil-to-lymphocyte ratio (NLR), and EPVS in a patient

study (51). Furthermore, serum cortisol levels were found to

be independent predictors of moderate-to-severe EPVS and

cognitive dysfunction (52).

Cerebral microbleeds

Elevated levels of CRP and interleukin-6 were associated

with an increased CMB burden in the stroke cohorts and

more pronounced in APOE-ε4 carriers (53). Besides, higher

HCY levels may result in the accumulation of amyloid protein

because HCY impedes the clearance of amyloid protein through

the glymphatic pathway (54), which may be the cause of its

association with lobar CMB. Evidence of the studies on vascular

endothelial growth factor (VEGF) also provides support for

vascular inflammatory involvement in CMB formation in AD

and stroke patients (55, 56).

Genetic cerebral small-vessel
disease

The discovery of genetic factors revealed a considerable

impact of them on CSVD although CSVD is more often

a sporadic disease. The estimated heritability for WMH as

a biomarker of CSVD ranged between 50 and 80% (57).

There are several hereditary forms of CSVD that have been

identified, including CADASIL, cerebral autosomal recessive

arteriopathy with subcortical infarcts and leukoencephalopathy

(CARASIL), cathepsin A-related arteriopathy with strokes

and leukoencephalopathy (CARASAL), hereditary diffuse

leukoencephalopathy with spheroids (HDLS), COL4A1/2-

related disorders, and Fabry disease. The numbers and in-depth

investigations on the genetic loci are growing in recent years
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to achieve the improved diagnosis and treatment of these rare

single-gene disorders, as well as sporadic CSVD (58).

Cerebral autosomal-dominant arteriopathy with subcortical

infarcts and leukoencephalopathy is the most common

hereditary CSVD, which is caused by a mutation of cysteine-

altering in the NOTCH3 gene on chromosome 19, mainly due

to mutations in the NOTCH3 extracellular domain (NOTCH3
ECD). The NOTCH3 gene encodes the key molecular of

transmembrane receptor protein during notch signaling and

embryonal development (59), and NOTCH3 plays an essential

role in the development of the vascular system in adults. There

were also several reports that have described non-cysteine-

related mutations and a single-particle in vitro aggregation

assay might evaluate the clinical significance of the non-cysteine

variants, but it was still a debatable point (60).

The next known rare hereditary CSVD is CARASIL, which

pathogenic gene is HTRA1, located on chromosome 10q

(10q25.3-q26.2). Themutation could result in the loss of HTRA1

protease activity, leading to the upregulation of TGF-β family

signaling (61), resulting in the degeneration of smooth muscle

cells in the cerebral small vessels.

There are several other rare hereditary forms of CSVD

as follows: colony-stimulating factor 1 receptor [CSF1R,

MIM∗164770] mutations cause HDLS (62); CTSAmutations are

the cause of CARASAL through the degradation of endothelin-1

and downregulation of oligodendrocyte (13); and Fabry disease

is caused by the genetic mutations in the alpha-galactosidase-A

gene (GLA-gene), located on the long arm of the X-chromosome

(Xq22.1) (63). There is still COL4A1/2-related CSVD.

Furthermore, genome-wide association studies (GWAS)

found several possible genetic factors that might be related to

WMH, such as NEURL1, PDCD11, and SH3PXD2A. Mutations

in TREX1, FOXC1, and PITX2 were also related to dysfunction

of the vascular system, and usually present with WMH on MRI,

lacunar infractions, and EPVS (64). Hence, the genetic factors

play a vital role in terms of revealing the molecular mechanism

of CSVD and may also bring new ideas for the prevention and

treatment of CSVD.

Besides, as mentioned above, APOE-ε4 allele is associated

with increased amyloid β-protein (Aβ) deposition and may lead

to the formation and progression of WMH, especially in the

frontal lobe. There is not only an increased risk of developing

AD but also the prevalence of CAA in APOE-ε4 carries (65).

Besides, Luo et al. found significantly more frontal WMH

burden and basal ganglia EPVS at baseline and greater cognitive

progression in APOE-ε4 carriers (66).

Cerebral small-vessel disease
associated diseases

Some of the biomarkers of CSVD are also risk

factors for other diseases, including cerebral and

non-cerebral diseases. Cerebral diseases are mainly

neurodegenerative diseases, and non-cerebral diseases

mainly include chronic kidney disease and retinal disease.

They are directly or indirectly related to the pathogenesis

of CSVD.

Relationship between cerebral
small-vessel disease and
neurodegenerative diseases

White matter hyperintensities

As the significant component of the neuronal cytoskeleton,

neurofilament (NfL) provides structural support for axons

(67). Thus, higher serum and CSF NfL levels could be

a more direct biomarker to reflect neuronal damage and

neurodegeneration diseases (68), such as AD (69). CSF NfL

light polypeptide was thought to be involved in increasedWMH

volume in dementia-free, AD, subcortical ischemic disease,

and mild cognitive impairment (MCI) patients (70, 71). As

the extraction of CSF is invasive, plasma NfL is more often

used to evaluate the neuroaxonal damage, and serum NfL is

associated with baseline WMH volume in patients with CSVD

(72, 73).

CSF and plasma Aβ levels are usually used as the biomarkers

of AD, and the toxic effects of Aβ on blood vessel walls are also

causing concern. There have been several studies investigated

the association between Aβ and WMH (74) in which Gurol

et al. reported an association between WMH and plasma Aβ40

and Aβ42 (75), while Kester et al. found a negative correlation

between CSF Aβ42 and WMH in a normal population (76),

indicating Aβ a potential risk factor for CSVD. Similarly, some

studies also found the relationship betweenWMH and CSF total

tau (t-tau) and phosphorylated tau (p-tau) (76–78).

Lacunes

Serum NfL is found to be associated with the baseline

presence of lacunes in CSVD patients (72, 73). In CSVD patients

with higher levels of Aβ1-42, CRP was strongly associated with

lacunes (47).

Enlarged perivascular spaces

Higher levels of P-Tau, T-Tau, and neurogranin in Aβ-

positive individuals were significantly associated with EPVS in

centrum semiovale (79). And CRP was strongly associated with

EPVS in CSVD patients with higher Aβ1-42 (47).

Cerebral microbleeds

The previous studies have found that the CMB is related

to low CSF Aβ42, but there were also studies found that there
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was no correlation between CSF Aβ42 and deep CMB (80,

81). It’s worth noting that Kester et al. found that CMB was

related to CSF Aβ42 only in the presence of APOE ε4 in AD

and normal elderly (76). And there is a significant association

between CMB and tau pathology that is lower tau and p-

tau 181 in APOE ε4 non-carriers, but not in carriers (76, 82,

83).

Relationship between cerebral
small-vessel disease and non-cerebral
diseases

Some extracranial diseases have also been found to

have vascular lesions similar to those in CSVD, such as

arteriosclerosis and endothelial dysfunction. The most common

is chronic kidney disease (CKD). It has been reported that

patients with CKD are more likely to develop CSVD and

more severe WMH, but the pathological mechanism of CKD-

related CSVD remains unclear and might be related to uremic

toxins and chronic inflammation (84–86). As the main feature

of CKD, albuminuria has been proposed as an independent

biomarker for systemic endothelial dysfunction (87). There is

also evidence suggesting an association between albuminuria

and WMH burden (88), and another indicator of kidney

function, lower GFR, could also reflect the advanced stage

of microvascular disease (89). In addition, hyperphosphatemia

was found to be significantly associated with vascular risk

events (90, 91). In recent years, Chung et al. reported that

higher circulatory phosphate levels were associated with severe

WMH and downregulating tight junction proteins in human

brain microvascular endothelial cells (92), suggesting that

hyperphosphatemia might be a novel risk factor for CSVD

and might be involved in BBB impairment. As the early

marker of kidney disease, albuminuria has been proposed as

an independent biomarker for systemic endothelial dysfunction

(87). It’s pretty clear that worse kidney function, associated

with peripheral systemic microvascular disease, has been the

biomarker that could be useful in the evaluation of brain

microvascular damage.

On the other hand, the vascular network of the retina

is physiologically similar to the corresponding cerebral

neurovascular units (93). Therefore, non-invasive evaluation

of retinal neurons and blood vessels may provide new

biomarkers for the diagnosis and evaluation of CSVD (94, 95).

Optical coherence tomography (OCT) showed a significant

correlation between the Wall to Lumen Ratio (WLR) and

WMH (96), and OCT angiography (OCTA) showed that

retinal hypoperfusion was related to MRI markers, such

as WMH and lacunes in CSVD patients (97), suggesting

the potential value that these parameters as biomarkers for

early CSVD.

Other biomarkers

Renin–angiotensin–aldosterone System: The renin–

angiotensin–aldosterone system previously has been studied as

a potential marker in CSVD because it works in the regulation

of vascular smooth muscle constriction and hypertension (98).

And angiotensin-II, the key molecular related to hypertension,

is found to be involved in BBB damage in CSVD (99–101).

Specifically, increased angiotensin-converting enzyme (ACE)

levels have been found in the patients with greater progression

of deep WMH volume but less progression of cortical atrophy,

suggesting a complex role of ACE in the brain (102).

Plasma Brain Natriuretic Peptide (BNP) and NT-proBNP:

BNP and NT-proBNP are considered the diagnostic markers of

cardiovascular diseases and have been linked to cerebrovascular

diseases in recent years (103). Increased levels of plasma BNP

are associated with WMHs and lacunar infarcts, but there was a

negative correlation between BNP and CMB (104), thus it could

be a useful biomarker for identifying ischemic CSVD in patients

with hypertension. In addition, Vilar-Bergua et al. also found a

higher level of NT-proBNP was independently associated with

silent brain infarcts, CMB, EPVS, and WMHs volumes (103).

The possible mechanism is that BNP reduces local blood flow

and blood pressure, thereby reducing cerebral blood flow and

causing ischemic injury.

Conclusion

Despite the severe disease burden of CSVD, its pathologic

mechanisms are not fully understood by clinicians. The basis

for diagnosis and treatment of CSVD is mainly derived from

neuroimaging, such as diffusion tensor imaging, imaging of

the BBB, cerebrovascular reactivity, and cerebral blood flow,

which partly reflect the pathological mechanisms of sporadic

CSVD, such as BBB damage, reduced blood flow, and increased

intracranial vascular pulsation (4, 105). And the advancement of

molecular genetic tests improves diagnostic accuracy in patients

with potential CSVD. Therefore, most studies focus on the

sporadic and genetic types of CSVD.

Study on biomarkers of CSVD has become a promising

field in disease diagnosis and monitoring. Numerous studies

have suggested that APOE genotype is associated with

amyloid angiopathy in sporadic CSVD, and biomarkers

suggesting BBB damage, such as inflammatory factors and

coagulation factors, are closely related to non-amyloidosis

subtypes, especially their close association with neuroimaging

markers. In addition, molecular testing helps us to improve

the detection rate of hereditary CSVD. Moreover, there

are also some diseases with pathological changes similar

to CSVD, such as neurodegenerative diseases and renal

diseases. These known biomarkers reflect the involvement

of several interrelated pathways including but not limited
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to endothelial and BBB dysfunction and genetic factors,

showing the strong association between the possible biomarkers

and CSVD. But their predictive or discriminative ability

regarding diagnosis remains to be established perfectly during

clinical research.

In summary, although the diagnosis of CSVD is still mainly

relied on neuroimaging, the study of biomarkers, especially their

association with neuroimaging markers, can help us better early

identification, prediction, and evaluation of the development of

CSVD, and may find new therapeutic targets.
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This study aimed to explore the potential molecular pathways and targets of

Alzheimer’s disease leading to osteoporosis using bioinformatics tools. The

Alzheimer’s and osteoporosis microarray gene expression data were retrieved

from the Gene Expression Omnibus, and di�erentially expressed genes in the

bloodmicroenvironment related to Alzheimer’s disease and osteoporosis were

identified. The intersection of the three datasets (GSE97760, GSE168813, and

GSE62402) was used to obtain 21 co-expressed targets in the peripheral blood

samples in patients with Alzheimer’s disease and osteoporosis. Based on the

degree algorithm, the top 10 potential core target genes related to these

diseases were identified, which included CLEC4D, PROK2, SIGLEC7, PDGFB,

PTCRA, ECH1, etc. Two di�erentially expressedmRNAs, Prokineticin 2 (PROK2)

and three colony-stimulating factor 3 (CSF3), were screened in the GSE62402

dataset associated with osteoporosis. Protein–protein rigid docking with

ZDOCK revealed that PROK2 and CSF3 could form a stable protein docking

model. The interaction of PROK2 andCSF3, core genes related to osteoporosis

inflammation, plays an important role in the mechanism of osteoporosis

in patients with Alzheimer’s. Therefore, abnormalities or alterations in the

inflammatory pathways in the peripheral blood samples of Alzheimer’s patients

may a�ect the course of osteoporosis.

KEYWORDS

Alzheimer’s disease, osteoporosis, PROK2,CSF3, bio-informatics analysis, biomarkers,

neurovascular

Introduction

Osteoporosis (OP) is a bone metabolic disease that is common and highly prevalent

in the elderly population (1). The prevalence of OP in the elderly increases with age

(2). OP reduces bone strength and increases the risk of fracture in these patients (3, 4).

Globally, osteoporotic fractures are an economic burden on society and the patients’
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families. They are also associated with high disability and

mortality rates in elderly patients, which raise serious concerns

about their health in today’s aging society (5–8).

Alzheimer’s disease (AD), which is yet another concern

in the elderly, has been found to have a high incidence in

the elderly along with OP. Previous studies have shown a

prevalence of osteoporosis of 27% in patients with Alzheimer’s

disease, compared to 16% in residents without dementia (9).

Beta-amyloid, APOE4, vitamin K, and vitamin D may be

important proteins that interconnect AD and OP (10). Vitamin

deficiency significantly increases AD risk. Interestingly, vitamin

levels within a certain range positively correlate with cognitive

performance (11–13). Also, alterations in vitamin D levels in

the serum in middle-aged and elderly populations are associated

with decreased bone mineral density (14). The AD mouse

model, APP/PS1 transgenic mice, had significantly different

bone microarchitecture and bone density parameters compared

to wild-type mice and was more susceptible to OP (15). In vitro

and in vivo studies in AD transgenic mouse models showed an

enhanced amyloid beta (Aβ) peptide expression in bone tissue.

Furthermore, an increase in Aβ peptide levels induces changes

in bone mineral density, affecting the balance between bone

formation and bone resorption, leading to OP (16). In addition,

the Wnt/β-catenin signaling pathway plays an important role in

AD andOP pathogenesis due to its role in inflammation (17, 18).

Therefore, it is tempting to postulate a correlation between AD

and OP. Patients with AD are cognitively impaired and prone to

physical injuries. It is important to understand howAD regulates

OP in patients to prevent OP occurrence and its treatment in

patients with AD.

With the advancement in bioinformatics and high-

throughput sequencing, it is now possible to screen the

differentially expressed genes (DEGs) using microarray gene

expression profiling (19–23). Publicly available databases

and repositories that store information on gene expression,

microarrays, and clinical samples can help understand the

underlying mechanism of the disease and screen potential

molecular targets quickly and efficiently before their use in

clinical settings (24–26). This study aimed to investigate the

molecular mechanism of OP in patients with AD using data

retrieved from the Gene Expression Omnibus (GEO) database.

The potential molecular pathways and biological processes

associated with OP in patients with AD were explored using

bioinformatics tools. Finally, we identified key targets for

preventing and treating OP in patients with AD. This will

provide valuable insights into understanding the pathogenesis

and progression of OP in patients with AD.

Abbreviations: AD, Alzheimer’s disease; OP, Osteoporosis; PPI, Protein–

protein interaction; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of

Genes and Genomes; DEGs, Di�erentially expressed genes.

Materials and methods

Target gene identification

The gene expression microarray data on “Alzheimer’s

disease” and “osteoporosis” were retrieved from the GEO

database (https://www.ncbi.nlm.nih.gov/geo/). The data were

screened using the following criteria: (i) keywords “Alzheimer’s

disease,” “osteoporosis,” (ii) peripheral blood, and (iii) human.

The expressionmatrix data were corrected and normalized using

the Bioconductor R package (R version 4.0.4). The differentially

expressed mRNAs in the peripheral blood samples of patients

with “AD” and “OP,” that is, the differentially expressed genes

(DEGs) associated with AD and OP, were found in compared

to normal healthy adults. The DEGs between the two groups

were calculated using the linear models for the microarray

data (limma package), with the screening criteria of P < 0.05

and absolute value of fold change ≥ 1.41 (|log2 FC| ≥ 0.50).

We used the statistical tests built into the ggpubr package for

statistical testing.

Screening and co-expression of
di�erential genes in AD and OP and PPI
network construction

Using the Venn R package, Venn graphs were created by

intersecting AD-related and OP-related DEGs. The Search Tool

for the Retrieval of Interacting Genes/Proteins database (https://

string-db.org/) was used to construct the protein–protein

interaction (PPI) network and generate PPI relationship data.

The PPI network model was further visualized by Cytoscape

3.7.2. The PPI network was topologically analyzed according to

degree values to screen for the core target proteins.

Gene ontology functional analysis and
KEGG pathway enrichment

The clusterProfiler, an R package, was used to perform

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and

Genomes (KEGG) enrichment analysis on AD-OP-related

DEGs. The species was set to human for this analysis. The

signaling pathways were mapped using the “Pathview: an

R/Bioconductor package.”

Establishment of
OP-inflammatory-related gene
expression matrix

The gene expression matrix of the OP transcriptome profile

was established with the inflammatory response-related genes
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FIGURE 1

Disease target screening. (A) Heat map of di�erentially expressed genes in GSE97760; (B) heat map of di�erentially expressed genes in

GSE168813; (C) heat map of di�erentially expressed genes in GSE62402; (D) volcano map of di�erentially expressed genes in GSE97760; (E)

volcano map of di�erentially expressed genes in GSE168813; (F) volcano map of di�erentially expressed genes in GSE62402.

extracted from the Gene Set Enrichment Analysis (GSEA)

database as previous researches (27–29). The differentially

expressed mRNAs between the OP group and normal healthy

groups were calculated using the limma package. The “heatmap”

package was used to construct maps of gene expression and

cluster the DEGs.

Relative expression of core target genes

The microarray data of the OP-related gene expression

matrix were retrieved from GEO, and the expression of core

DEGs in each sample was derived based on the core targets

obtained from the pre-screening. The “ggpubr package” was

used to analyze the relative expression of the core targets in

the OP expression data. P < 0.05 was considered statistically

significant. A box plot of the relative expression of the core

targets was plotted (R version 4.0.4).

GO and KEGG enrichment analysis of
OP-inflammation-related genes

GO and KEGG pathway enrichment analysis of OP-

inflammation-related genes were done using the Scatterplot3d:

3D graphics, clusterProfiler in R package software, and Perl

software package.

Molecular docking to validate the
interactions between inflammatory
proteins

Rigid protein–protein docking (ZDOCK) was performed

between inflammatory proteins to study the reciprocal

relationships. The PDB format of the protein structural

domain was downloaded from the Protein Data Bank PDB

database (http://www.rcsb.org/). The protein structure was

imported into Discovery Studio 2019 software to dehydrate

and dephosphorylate the proteins. The upstream protein of the

inflammatory pathway was set as the receptor protein, and the

downstream protein was selected as the ligand–protein. The

angular step size was set to 15◦. The ZDOCK module was run

to identify the docking site and calculate the ZDOCK Score.

When molecular dynamics simulation (MDS) finds the docking

site, the two form a stable docking (30–33). The results of

protein–protein molecular docking are shown in 2D format.

Results

Screening for disease targets

Based on the keywords used and screening criteria set,

nine patients with AD and 10 normal healthy individuals from

the GSE97760 dataset retrieved from GEO were included in
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FIGURE 2

Venn diagram of di�erential co-expressed genes in Alzheimer’s disease and osteoporosis in the blood microenvironment.

the study. A total of 7,370 differentially expressed mRNAs,

of which 4,003 upregulated and 3,367 downregulated mRNAs,

were obtained. In the GSE168813 dataset, five patients with

AD and 10 normal healthy individuals were included in the

study. In this dataset, 499 differentially expressed mRNAs were

identified, of which 236 mRNAs were upregulated, and 263

mRNAs were downregulated. In the GSE62402 dataset, five OP

patients and five normal healthy individuals were included in the

study, and 110 differentially expressed mRNAs (94 upregulated

and 16 downregulated mRNAs) were obtained. The heat

map generated is shown in Figures 1A–C. The transcriptome

differential expression data were represented by constructing a

volcano map, as shown in Figures 1D–F.

Detection of AD-OP-related DEGs in
peripheral blood and construction of PPI
networks

Twenty-one AD-OP-related DEGs were obtained from

the intersection of the DEGs of the three microarray datasets

(Figure 2). The AD-OP-target gene network was constructed

by Cytoscape software (Figures 3A–C). Protein–protein

interaction of the AD-OP-related DEGs was constructed

using Cytoscape software. The top 10 potential core target

proteins (Figure 3D), including CLEC4D, PROK2, SIGLEC7,

PDGFB, PTCRA, and ECH1, were obtained using the

CytoHubba plugin in Cytoscape software based on degree

size screening (34).

Results of the GO and KEGG enrichment
analysis

The biological processes (BP) associated with the 21

AD-OP-related DEGs were regulation of calcium ion import,

endothelial cell proliferation, and inositol phosphate-mediated

signaling (Figure 4A). The related cell compositions (CC)

mainly included BLOC-1 complex, eukaryotic 48S preinitiation

complex, and eukaryotic translation initiation factor 3

complex (Figure 4B). The related molecular functions

(MF) mainly enriched were glutamate receptor binding,

superoxide-generating NADPH oxidase activator, and G

protein-coupled glutamate receptor binding (Figure 4C).

Figure 4D shows the GO enrichment features. KEGG pathway

enrichment analysis shows that pathways like transcriptional

dysregulation in cancer, ferroptosis, porphyrin metabolism,

and other immune-related signaling pathways (Figure 5A)

were associated with 21 AD-OP-related DEGs in peripheral

blood. Furthermore, AD-OP-related DEGs in peripheral blood

function were closely related to the ferroptosis signaling

pathway (Figure 5B).
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FIGURE 3

Screening for AD-OP-related DEGs in peripheral blood and construction of PPI networks. (A,B) GSE168813 di�erentially expressed gene

interaction network; (C) GSE62402 di�erentially expressed gene interaction network; (D) top 10 potential core target genes based on degree

values.

Establishment of OP-inflammatory
response-related gene expression matrix

The gene set related to the inflammatory response was

downloaded from GSEA. The OP-related GSE62402 dataset was

retrieved from GEO based on the pre-set filters. R software

was used to organize and analyze the metabolomics-related

expression matrix. According to the screening criteria set earlier,

two differentially expressed mRNAs were identified, PROK2

was upregulated, and CSF3 was downregulated. Figure 6 shows

a heat map of the OP-inflammatory response-related gene

expression matrix.

Relative expression of the core target
genes associated with OP inflammation

The core OP-inflammation-related genes PROK2 and CSF3

were obtained by comprehensive differential expression analysis.

The relative expression of PROK2 and CSF3 in OP was

analyzed. The relevant expression profile of PROK2 and CSF3

in OP patients was downloaded from GEO, analyzed by

the ggpubr package, and visualized using the box expression

map (Figures 7A,B). The results showed that PROK2 was

highly expressed in peripheral blood OP patients compared to

normal healthy individuals and the difference was statistically

significant (P < 0.01). Furthermore, compared to normal

healthy individuals, there was a significant reduction in CSF3

expression in peripheral blood of OP patients (P < 0.01).

GO and KEGG enrichment analysis results
of OP-inflammation-related genes

Enrichment analysis of the two OP-inflammatory response-

related genes enriched BP, such as the regulation of actin

cytoskeleton reorganization, smooth muscle contraction, and

granulocyte differentiation. Their molecular functions enriched

were growth factor receptor binding, growth factor activity,

and cytokine activity (Figures 8A–D). The KEGG pathway

enrichment analysis found that their functions are mainly

associated with malaria, IL-17 signaling pathway, hematopoietic

cell lineage, JAK-STAT signaling pathway, and COVID-19

(Figures 8E,F).

Molecular docking of inflammatory
proteins

The 3D structures of the 1IMT structural domain

of PROK2 protein and the 2D9Q structural domain of

CSF3 protein were downloaded from the PDB database
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FIGURE 4

Results of the GO enrichment analysis for AD-OP-related DEGs. (A) Chord diagram of biological processes functional analysis; (B) chord diagram

of cell component functional analysis; (C) chord diagram of molecular function functional analysis; (D) histogram of GO enrichment analysis.

FIGURE 5

Results of KEGG enrichment analysis. (A) KEGG enrichment analysis bubble chart; (B) ferroptosis signaling pathway.
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FIGURE 6

Heat map for clustering of inflammatory response-related genes in OP.

and exported in PDB format. The ZDOCK module of

Discovery Studio 2019 software was used to rigidly dock

PROK2 protein to CSF3 protein. The ZDOCK Score values

and their best pose interaction were calculated, as shown

in Table 1. The ZDOCK Score of the 1IMT domain of

PROK2 protein and the 2D9Q docking model of CSF3

protein was −85.085. The 1IMT domain of PROK2 proteins

forms hydrogen bond links with amino acid sites such

as B:ARG167:NH1—A:ASP109:OD1, B:ARG167:NH2—

A:ASP112:OD1, B:ARG288:NH2—A:GLU19:OE1,

A:HOH177:O—A:PRO65:O, and other amino acid sites,

whereas A:LYS16:NZ—B:ASP197:O D1, A:LYS16:NZ—

B:ASP200:OD1, B:ARG167:NH1—A:ASP112:OD2,

B:ARG288:NH1—A:GLU19:OE2, A:LEU15—B:LEU291,

and other amino acid sites form electrostatic interactions

and water transport bonds. Comprehensive analysis revealed

that proteins PROK2 and CSF3 formed a stable protein

docking model. Figure 9 demonstrates two-dimensional

molecular docking constructed using Discovery Studio

2019 software.

Discussion

Gene expression microarray datasets on Alzheimer’s disease

and osteoporosis patients’ peripheral blood samples were

retrieved from the GEO database. The results revealed that

two dysregulated proteins, PROK2 and CSF3, were associated

with the occurrence of OP in patients with AD. Using

rigid protein–protein docking by ZDOCK confirmed that

the two proteins form a stable protein docking model,

suggesting that the interaction between the two proteins

plays an important role in the occurrence of OP in patients

with AD.

Prokineticin 2 (PROK2) is expressed throughout

the central nervous system (35). As a new family of

chemokine-like molecules, they are involved in various

physiological and pathological processes, including nerve

and blood vessel regeneration, pain, inflammation, and

neuroinflammation (36–38). A study confirmed that

PROK2 mediates harmful brain injuries (39). In AD,

PROK2 maintains a state of neuroinflammation and
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FIGURE 7

Relative expression levels of core targets involved in OP inflammation. (A) PROK2 relative expression; (B) CSF3 relative expression.

FIGURE 8

GO and KEGG enrichment analysis of OP-inflammation-related genes. (A) BP enrichment bubble diagram; (B) BP enrichment arc diagram; (C)

MF enrichment bubble diagram; (D) MF enrichment arc diagram; (E) KEGG enrichment bubble diagram; (F) KEGG enrichment arc diagram.

causes neurotoxicity (35). Studies show the involvement

of PROK2 in Aβ-induced toxicity, as Aβ peptides increase

PROK2 expression in AD, representing a new class of

pathological markers in AD animal models (40–42).

Consistent with the previous studies, our results show

that PROK2 expression was upregulated in patients with

AD. Furthermore, the PROK2 expression was not only

associated with inflammatory responses in the blood samples

of patients with AD but also was a core gene associated with

inflammation in OP.
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TABLE 1 Results of molecular docking vina, discovery studio 2019.

Receptor Ligand ZDOCK

score

Hydrogen bond

interaction

Electrostatic interaction

PROK2 (1IMT) CSF3 (2D9Q) −85.085 B:ARG167:NH1—A:ASP109:OD1,

B:ARG167:NH2—A:ASP112:OD1,

B:ARG288:NH2—A:GLU19:OE1,

A:HOH177:O—A:PRO65:O. . .

A:LYS16:NZ—B:ASP197:OD1,

A:LYS16:NZ—B:ASP200:OD1,

B:ARG167:NH1—A:ASP112:OD2,

B:ARG288:NH1—A:GLU19:OE2,

A:LEU15—B:LEU291

FIGURE 9

Molecular docking of inflammatory proteins and protein docking model.

Few studies have shown the PROK2 expression and

functions in OP. Interestingly, previous studies have

demonstrated the involvement of PROK2 in Aβ-mediated

toxicity and have a positive correlation with Aβ peptides.

It also alters the bone mineral density, which may affect

the bone formation and resorption balance, leading to the

development of OP (16, 42). Prokineticin receptor 2 (PROKR2)

is the PROK2 and G protein-coupled receptor (GPCR). In

addition, GPCRs affect bone metabolism by influencing the

cytokines and signaling pathways that regulate osteoblasts (OB)

and osteoclasts (OC) (43). In addition, PROK2 is also closely

associated with gastrointestinal (GI) function and GI diseases

(44). Previous studies have also shown that the OP incidences

were significantly higher in patients with GI diseases (45, 46).

Hence, we hypothesized that PROK2 plays an important role in

the development of OP. In this study, we show for the first time

the upregulation of PROK2 expression in OP. Furthermore,

PROK2 was a core gene associated with OP inflammation and

a common gene differentially expressed between AD and OP

patients. Hence, PROK2 could be potentially used as a molecular

marker for predicting the occurrence of OP in patients with AD.

CSF3 is a member of the colony-stimulating factor family.

Together with its receptor CSF3R, CSF3 is involved in regulating

sarcomere cell production, neutrophil function, etc. (47). A

study has reported that neutrophil/lymphocyte ratio could

be used in predicting the occurrence of OP (48). Zhang

et al. demonstrated the expression of RANKL, the osteoclast

differentiation factor on the surface of neutrophils. RANKL

binds to the osteoclast differentiation factor receptor, RANK,

which mediates osteoclast differentiation, thereby enhancing

the osteoclast activity. This disrupts bone metabolism, which

reduces bone mass (49). However, the relationship between

CSF3 and OP has not been established.

In this study, the expression of CSF3 was downregulated in

OP as a core gene related toOP inflammation. Bone resorption is

enhanced during the chronic inflammatory response, reducing

the bone formation and promoting OP (50). Previous studies

show that CSF3 is an anti-inflammatory cytokine that clears

bacterial pathogens and modulates the inflammatory response

(51). Therefore, we postulate the involvement of CSF3 in

inflammation-related biological processes in the progression

of OP.

The core inflammation-related genes PROK2 and CSF3

involved in OP, identified in this study, were associated with

the signal transducer and activator of the transcription (STAT)

pathway. The STAT pathway induces astrocyte proliferation
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and is activated in AD animal models and humans. Previous

studies have demonstrated that reactive astrocyte proliferation

is a hallmark of the AD signaling pathway (52). STAT3 induces

astrocyte proliferation and is activated in human AD and animal

models, and reactive astrocyte proliferation is a hallmark of

AD (52). During acute inflammation and septic inflammatory

conditions, CSF3 mediates STAT3-dependent upregulation of

neutrophil IL-4R (53). Interestingly, an increase in STAT3

phosphorylation was observed in cells stably expressing

PROKR2, which is the receptor for PROK2 (54). In addition,

the STAT signaling pathway plays an important role in the

pathogenesis of OP and AD. Inhibiting STAT3 phosphorylation

attenuates learning and causes memory deficits in AD animal

models (55). Furthermore, the STAT3 signaling pathway is

involved in the progression of OP by altering osteoblast bone

metabolism (43, 56). Consistent with the previous studies,

the KEGG pathway enrichment analysis revealed that both

genes enriched the JAK-STAT signaling pathway and pathways

associated with malaria, IL-17 signaling pathway, hematopoietic

cell lineage, and COVID-19. GeneCards database (https://

ga.genecards.org/#results) shows that both PROK2 and CSF3

were associated with the extracellular region. Furthermore,

GO analysis revealed the involvement of PROK2 and CSF3 in

protein binding and their association with VEGF. In this study,

we identified the combined role of PROK2 and CSF3 in the

pathogenesis of AD and OP. Our results reveal those alterations

in the inflammatory response pathway in the peripheral blood

of patients with AD may affect the occurrence and progression

of OP. The docking results show that proteins PROK2 and CSF3

could form a stable protein docking model, thus confirming the

previous bioinformatics results that the interaction between the

PROK2 and CSF3 could be involved in the inflammatory-related

response to OP in patients with AD.

In this study, using bioinformatics analysis, we

demonstrated that the proteins PROK2 and CSF3 may

be involved in inflammation-related processes in the

development of OP in patients with AD and confirmed

stable protein interactions between them by docking,

thereby verifying the reliability of predictions made by

bioinformatics analysis. However, the study has a few

shortcomings. The primary technique used in this study

was bioinformatics analysis. Hence, further experiments

validating the interaction between PROK2 and CSF3

proteins are required. The results of our study predict

the role of PROK2 and CSF3 protein binding in the

pathogenesis of OP in patients with AD. However, the

mechanism is still unclear and needs further exploration using

appropriate experiments.

Conclusion

AD-related OP may be caused by the interaction

between PROK2 and CSF3, two proteins related to OP

inflammation. Accordingly, abnormalities/alterations

in the inflammatory response in the peripheral blood

of patients with AD could influence the progression

of OP. Further exploration of targets for treating

OP in patients with AD will be facilitated by

our study.
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Objective: This study analyzed the impact of the improved stroke green

channel process on the delay of intravenous thrombolysis in patients

with acute cerebral infarction under coronavirus disease 2019 (COVID-19)

prevention and control measures.

Methods: We included 57 patients from the stroke center of the Seventh

People’s Hospital of Shanghai University of Traditional ChineseMedicine before

the improvement of the stroke green channel process (March–July 2019), as

well as 94 patients during the severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) outbreak (March–July 2020) and 68 patients during theOmicron

variant outbreak (March–July 2022) after the improvement of stroke green

channel process. The door-to-needle time (DNT), door-to-imaging time (DIT),

and door-to-test completion time were compared among the three groups.

We analyzed the impact of this process improvement in the emergency green

channel during the pandemic on the delay of intravenous thrombolysis.

Results: This study included a total of 229 patients with acute cerebral

infarction who went through the green channel for intravenous thrombolysis

(57 in the pre-pandemic group, 94 in the SARS-CoV-2 outbreak group, and

68 in the Omicron outbreak group). The percentages of patients undergoing

intravenous thrombolysis in the pre-pandemic, SARS-CoV-2 outbreak, and

Omicron outbreak groups di�ered significantly (19.32%, 22.27%, and 28.94%,

respectively, P = 0.029). Compared to the pre-pandemic group, the National

Institutes of Health Stroke Scale (NIHSS) score at admission was significantly

higher in the Omicron outbreak group (7.71 ± 7.36 in the Omicron outbreak

group vs. 5.00 ± 4.52 in the pre-pandemic group) (P = 0.026) but not in the

SARS-CoV-2 outbreak group (4.79 ± 5.94 in the SARS-CoV-2 outbreak group

vs. 5.00 ± 4.52 in the pre-pandemic group, P = 0.970). Significantly higher
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proportions of patients undergoing emergency intravenous thrombolysis

came to the hospital by ambulance in the SARS-CoV-2 and Omicron outbreak

groups compared to the pre-pandemic group (38.6% in the pre-pandemic

group, 51.1% in the SARS-CoV-2 outbreak group, and 82.4% in the Omicron

outbreak group, P < 0.001). Compared to the pre-pandemic group, the DIT

was significantly higher in the SARS-CoV-2 outbreak group (22.42 ± 7.62min

in the SARS-CoV-2 outbreak group vs. 18.91 ± 8.23min in the pre-pandemic

group, P =0.031) but not the Omicron outbreak group (20.35 ± 10.38min

in the Omicron outbreak group vs. 18.91 ± 8.23min in the pre-pandemic

group, P = 0.543). The door-to-test completion time was significantly longer

in the SARS-CoV-2 and Omicron outbreak groups compared to that in the

pre-pandemic group (78.37 ± 25.17min in the SARS-CoV-2 outbreak group,

92.60 ± 25.82min in the Omicron outbreak group vs. 65.11 ± 22.35min in

the pre-pandemic group, P < 0.001); however, the DNT in the SARS-CoV-2

and Omicron outbreak groups did not di�er significantly from those in the

pre-pandemic group (both P > 0.05).

Conclusion: During the two periods of the COVID-19 outbreak (SARS-CoV-2

and Omicron), after the improvement of the green channel for intravenous

thrombolysis, there might be some delay in in-hospital DIT during the

SARS-CoV-2 outbreak, however, the in-hospital delay indicator DNT for

intravenous thrombolysis were not a�ected.

KEYWORDS

acute cerebral infarction, COVID-19, improved green channel for intravenous

thrombolysis, intravenous thrombolysis, time delay

Introduction

Acute cerebral infarction is characterized by high incidence,

disability, and mortality rates. Patients are often left with motor-

sensory, language function, and cognitive impairments, which

not only significantly reduce their quality of life but also impose

great burdens on families and society. Currently, intravenous

thrombolytic therapy is the most effective treatment for early-

stage cerebral infarction. This therapy recanalizes the occluded

blood vessels and restores cerebral blood flow, helping to save

damaged neurons in the brain, thus minimizing the degree of

patient disability. However, the administration of intravenous

thrombolytic therapy has a strict time window of 4.5 h after

disease onset, which can be extended to 9 h for patients who pass

a strict screening process (1). Thrombolysis beyond this time

window not only fails to improve neurological function but also

may induce serious complications such as reperfusion injury.

The prognosis of patients with acute cerebral infarction is closely

related to the timing of thrombolysis (2, 3). The construction

of the stroke green channel aims to shorten the time delay for

the administration of intravenous thrombolysis and to achieve a

good patient prognosis.

In December 2019, a pneumonia outbreak caused by a novel

coronavirus occurred in Wuhan City, Hubei Province, China,

and surrounding areas. TheWorld Health Organization (WHO)

announced the name of the novel coronavirus pneumonia,

coronavirus disease 2019 (COVID-19), on February 11, 2020.

At the same time, the International Committee on Taxonomy

of Viruses declared that the novel coronavirus was named

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2). The COVID-19 outbreak spread rapidly across the country,

and Shanghai launched a Level 1 response to major public

health emergencies to control the spread of the virus. After the

WHO announced on November 25, 2021, that the Omicron

(B.1.1.529) variant of SARS-CoV-2 was detected for the first time

in South Africa, this variant has led to a global surge of newly

diagnosed cases of COVID-19. An outbreak of the Omicron

variant occurred in Shanghai in March 2022. To prevent viral

spread within healthcare facilities and ensure that patients

with acute stroke were treated effectively and in promptly,

new requirements were introduced for stroke green channel

management (4). Considering the need for pandemic prevention

and control, our hospital has improved and optimized the

emergency stroke green channel accordingly since March 2020.

Further improvement was implemented in March 2022 to

address the Omicron variant. The present study explored

whether the improvement and optimization of the stroke green

channel process under the prevention and control of the
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COVID-19 pandemic would affect the timing for intravenous

thrombolysis in patients with acute cerebral infarction.

Materials and methods

Subjects

The data of 219 patients with acute ischemic stroke who

were sequentially admitted to the stroke center of the Seventh

People’s Hospital of Shanghai University of Traditional Chinese

Medicine through the stroke green channel process from March

1 to July 31, 2019 (pre-pandemic group), March 1 to July 31,

2020 (SARS-CoV-2 outbreak group), and March 1 to July 31,

2022 (Omicron outbreak group) were included in this study.

The SARS-CoV-2 outbreak group adopted the initial

improved stroke green channel process, while the Omicron

outbreak group adopted the advanced improved stroke green

channel process. The pre-hospital and in-hospital delays of the

patients in these two groups were compared to those of patients

in the pre-pandemic group.

Methods

Inclusion criteria

The inclusion criteria were as follows: acute ischemic stroke

diagnosed by head computed tomography (CT); within 4.5 h

of symptom onset; age ≥18 years; informed consent signed by

family members; patients who met the diagnostic criteria of

the “Chinese Guidelines for Diagnosis and Treatment of Acute

Ischemic Stroke 2018; and underwent intravenous thrombolysis.

The exclusion criteria were patients with acute cerebral

infarction who did not undergo intravenous thrombolysis.

Emergency stroke green channel process

Before green channel improvement

The stroke center was established in 2015. Before the

COVID-19 outbreak, no epidemic prevention measures had

been adopted for the emergency stroke green channel. Upon

patient arrival at the emergency room, the nurse at the reception

desk triaged the patient according to the symptoms, and patients

with suspected stroke were directed into the emergency room.

The emergency physician in the stroke center recorded the

patient medical history and conducted physical examinations

and then prescribed assessments, including head CT scan,

hematology tests, electrocardiogram (ECG), etc. Subsequently,

the emergency physician analyzed the examination results

and confirmed the diagnosis of acute ischemic stroke. In

patients who did not exceed the time window for intravenous

thrombolysis, the current condition was explained in detail

to the patient’s family members, and informed consent for

intravenous thrombolysis was requested. The patients received

thrombolytic therapy in the emergency room under ECG

monitoring and were then admitted to the stroke unit for further

diagnosis and treatment.

After green channel improvement

COVID-19 first emerged in China in November 2019 and

gradually spread across the entire country. On February 20,

2020, we improved the green channel process to prevent the

spread of the virus and to minimize the impact on in-hospital

delays. The improved green channel process was adopted at

the hospital from February 20, 2020 to February 28, 2022.

Upon patient arrival at the emergency room, additional full-

time nurses performed epidemiological investigations, body

temperature measurements, and triage. Patients with suspected

stroke with no travel history to high-risk epidemic areas and

no fever followed the previous stroke green channel process,

with the addition of lung CT scan, novel coronavirus nucleic

acid testing via pharyngeal swab, and serum antibody detection.

Patients with a travel history to epidemic areas or fever were

first admitted to the buffer area in the emergency room. The

buffer area was relatively isolated, with independent nurses and

the medical staff wearing level two protection to enter the buffer

area (work clothes, work cap, medical protective mask, goggles

or face shield, and disposable isolation gown). The emergency

physician in the stroke center recorded the patient’s medical

history and performed physical examinations in the buffer area,

while ECG, blood pressure, pulse, respiration, and blood oxygen

saturation (SPO2) were monitored. ECG, blood sugar test,

hematology tests, pharyngeal swab for novel coronavirus nucleic

acid testing and serum antibody detection were performed at the

bedside. The buffer area could directly access an independent

CT room for head and lung CT scans. Patients eligible for

thrombolysis after examination were returned to the buffer

area. The emergency physician in the stroke center talked

with the patient and family members and requested informed

consent for thrombolysis. The patient then received intravenous

thrombolysis and was observed. Patients diagnosed with or

with suspected COVID-19 based on follow-up findings were

admitted to the negative pressure isolation unit after intravenous

thrombolysis. Patients in whom COVID-19 was excluded were

admitted to the stroke unit for further treatment (Figure 1).

Advanced improvement of the green channel

The Omicron variant outbreak occurred in Shanghai in

March 2022. To address the issues of faster transmission and

higher vaccine resistance associated with the Omicron variant,

further improvement was made to the green channel on March

1, 2022. Based on the original pandemic prevention measures,

the COVID-19 antigen detection was added upon patient

admission to the hospital. Four physicians from the stroke

center were stationed in the emergency room, all of whom were
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FIGURE 1

The improved process of the emergency stroke green channel after the pandemic onset.

required to see patients while wearing level two protection in

shifts every 8 h; the other procedures were consistent with the

improved green channel process in 2.2.2.

Observation indicators

In this study, the door-to-needle time (DNT), door-to-

imaging time (DIT), and door-to-test completion time were

used as the main time indicators of in-hospital delay of the

stroke green channel. The Modified Rankin Scale (mRS) score

at 30 days, incidence of spontaneous intracerebral hemorrhage

(sCIH) and 30-day mortality were adopted as indicators for the

observation of patient outcomes. Indicator variables subjected

to statistical analysis in this study included demographic data

(age and sex); presence or absence of history of hypertension,

diabetes, coronary heart disease, atrial fibrillation, and stroke;

mode of hospital arrival (via the emergency medical service or

other methods); and stroke severity assessed using the National

Institutes of Health Stroke Scale (NIHSS). The main time
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indicators were defined according to international standards

as follows: (1) onset time: time of onset of the current stroke

symptoms of the patient (for patients with an unclear onset time,

the last-known normal time was used); (2) door time: time at

which the patient arrived at the emergency room for registration;

(3) head imaging time: time at which the plain CT scan of the

head had been completed and the images had been obtained;

(4) test completion time: time at which the laboratory provided

all test reports; and (5) intravenous thrombolysis time: time of

initiation of intravenous thrombolytic therapy.

Date collection and patient follow

During the hospital stay of each patient, the following

data were recorded by a neurologist: patient age, sex, past

histories, mode of transportation to the hospital, NIHSS score

at admission, NIHSS score at discharge, DNT, DIT, door-to-

test completion time, and whether sCIH had occurred. For each

patient or patient’s surrogate, reliable contact information was

obtained to assess outcome in person (eg., clinic follow-up) or

by telephone between 30 days from the incident stroke. The

mRS score was obtained at 30 days (+7 days allowed to establish

contact). Patients who were lost to follow-up received the last

recorded mRS or an mRS derived from the last documented

neurological evaluation as their final score.

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics

forWindows, version 25.0. The quantitative data were expressed

as x̄ ± s, and χ
2 tests were used for comparisons among the

three groups. Qualitative data were expressed as frequencies,

and comparisons among the three groups were performed

using Fisher’s exact tests. Pairwise comparisons among the three

groups were performed using Dunnett’s tests. P < 0.05 indicated

statistical significance.

Ethics statement

The studies involving human participants were reviewed and

approved by Seventh People’s Hospital of Shanghai University

of Traditional Chinese Medicine. The patients/participants

provided their written informed consent to participate in

this study.

Results

Basic clinical data of the three patient
groups

A total of 295 patients with acute cerebral infarction were

admitted to our hospital between March and July 2019, before

the pandemic onset. Of these, 57 patients (19.32%) underwent

intravenous thrombolysis in the emergency room. A total of 422

patients with acute cerebral infarction were admitted between

March and July, during the SARS-CoV-2 outbreak. Of these,

94 patients 22.27%) underwent intravenous thrombolysis in the

emergency room. A total of 235 patients with acute cerebral

infarction were admitted between March and July, during the

Omicron outbreak. Of these, 68 patients (28.94%) underwent

intravenous thrombolysis in the emergency room (P= 0.029).

The baseline data of the three groups of patients are shown in

Table 1. Patient age; sex; and histories of hypertension, diabetes,

coronary heart disease, atrial fibrillation, and stroke did not

differ significantly among the groups (all P > 0.05). The NIHSS

TABLE 1 Baseline information of three patients groups undergoing intravenous thrombolysis.

Pre-

pandemic group

N = 57

SARS-CoV-2

outbreak group

N = 94

Omicron outbreak

group

N = 68

P value

Age (years) 65.84± 14.35 66.98± 14.21 66.41± 13.70 0.889

Male sex 36 (63.2%) 52 (55.3%) 49 (72.1%) 0.094

History of hypertension 39 (68.4%) 56 (59.6%) 51 (75.0%) 0.115

History of diabetes 13 (22.8%) 20 (21.3%) 15 (22.1%) 0.975

History of coronary heart disease 10 (17.5%) 18 (19.1%) 15 (22.1%) 0.808

History of atrial fibrillation 2 (3.5%) 10 (10.6%) 8 (11.8%) 0.223

History of cerebral infarction 12 (21.1%) 13 (13.8%) 13 (19.1%) 0.471

NIHSS score at admission 5.00± 4.52 4.79± 5.94 7.71± 7.36 0.007

NIHSS score at discharge 3.84± 4.57 4.73± 7.20 5.22± 7.07 0.501

Taking an ambulance to the hospital 22 (38.6%) 48 (51.1%) 56 (82.4%) <0.001

NIHSS, the National Institute of Health Scale Score.
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scores at admission did not differ significantly between the

SARS-CoV-2 outbreak group and the pre-pandemic group, but

was significantly higher in the Omicron outbreak group than

that in the pre-pandemic group (7.71 ± 7.36 vs. 5.00 ± 4.52, P

= 0.026). The NIHSS scores did not differ significantly among

the three patient groups at discharge (pre-pandemic group 3.84

± 4.57, SARS-CoV-2 outbreak group 4.73 ± 7.20, Omicron

outbreak group 5.22 ± 7.07, P = 0.501). The proportions of

patients undergoing emergency intravenous thrombolysis who

came to the hospital by ambulance were significantly higher

during the COVID-19 pandemic (pre-pandemic group 38.6%,

SARS-CoV-2 outbreak group 51.1%, Omicron outbreak group

82.4%, P < 0.001).

Comparison of the delay indicators for
intravenous thrombolysis in the three
patient groups

The DNT did not differ significantly among the three patient

groups (39.96 ± 10.75min in the pre-pandemic group, 46.07

± 22.83min in the SARS-CoV-2 outbreak group, and 39.92 ±

17.12min in the Omicron outbreak group, P= 0.064).

The DIT in the SARS-CoV-2 outbreak group was

significantly longer than that in the pre-pandemic group

(22.42 ± 7.62 vs. 18.91 ± 8.23min, P = 0.031), but did not

differ significantly between the Omicron outbreak group and

pre-pandemic group (20.35± 10.38min vs. 18.91 ± 8.23min,

P= 0.543).

The door-to-test completion time in the Omicron outbreak

group was significantly longer than that in the pre-pandemic

group (92.60± 25.82min vs. 65.11± 22.35min, P < 0.001) and

also visible between the SARS-CoV-2 outbreak group and the

pre-pandemic group (78.37 ± 25.17min vs. 65.11 ± 22.35min,

P= 0.003) (Tables 2, 3).

Comparison of outcome indicators of the
three groups

At the 1-month follow-up, the proportion of patients with

mRS scores of 0–2 did not differ significantly among the

three groups (82.5% in the pre-pandemic group, 76.6% in

the SARS-CoV-2 outbreak group, and 73.5% in the Omicron

outbreak group, P = 0.488). The incidence of sICH was not

significantly different among the three groups (1.8% in the pre-

pandemic group, 2.7% in the SARS-CoV-2 outbreak group, and

3.2% in the Omicron outbreak group, P = 0.151). Significant

differences in 30-day mortality were also absent among the three

groups (1.8% in the pre-pandemic group, 2.1% in the SARS-

CoV-2 outbreak group, and 2.9% in the Omicron outbreak

group, P= 0.899) (Table 4).

Discussion

The COVID-19 pandemic is the largest public health crisis

in a century, with an estimated 541 million infections and 6.33

million deaths as of June 28, 2022 (5). The novel coronavirus

pneumonia caused by SARS-CoV-2 infection appeared in

December 2019, with its widespread dissemination of SARS-

CoV-2 and the large number of infected patients attracting

global attention. At present, SARS-CoV-2 has evolved into

multiple variants, including α (B.1.1.7), Beta (B.1.351), Gamma

(P.1), Delta (B.1.617.2), and the currently dominant variant

Omicron (B.1.1.529). Due to the global spread of the Omicron

variant, the cumulative number of infections in Shanghai from

March to July 2022 exceeded 600,000. Compared with the

other variants, the Omicron variant is the most highly mutated

variant, spreads faster than the original virus strain and other

VOCs, and poses a higher risk of reinfection than the other

variants (6, 7), thus posing a greater challenge for outbreak

prevention and control.

Emergency medical service resources were heavily utilized

during the COVID-19 pandemic, with a 330% increase in the

number of calls to the emergency medical system in some

places (8). The results of the present study showed an increased

proportion of patients with acute cerebral infarction who visited

the clinic by ambulance during the SARS-CoV-2 outbreak. It was

also observed that the proportion of patients with acute cerebral

infarction who arrived at the hospital via emergency medical

services increased further during the Omicron outbreak, which

may be due to the strict traffic control measures and movement

restrictions imposed in Shanghai during this period.

TABLE 2 Comparisons of in-hospital delay indicators in the three groups of patients undergoing intravenous thrombolysis.

Pre-pandemic group

N = 57

SARS-CoV-2 outbreak

group N = 94

Omicron outbreak

group N = 68

P value

DIT (min) 18.91± 8.23 22.42± 7.62 20.35± 10.38 0.049

DNT (min) 39.96± 10.75 46.07± 22.83 39.92± 17.12 0.064

DNT<60min 54 (94.7%) 80 (85.1%) 62 (91.2%) 0.150

Door-to-test completion time (min) 65.11± 22.35 78.37± 25.17 92.60± 25.82 <0.001

NIHSS, the National Institute of Health Scale Score; DNT, door-to-needle time; DIT, door-to-imaging time.
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TABLE 3 Further comparisons by Dunnett’s test.

Group Group P-value

NIHSS score at admission SARS-CoV-2 outbreak group Pre-pandemic group 0.970

Omicron outbreak group Pre-pandemic group 0.026

DIT SARS-CoV-2 outbreak group Pre-pandemic group 0.031

Omicron outbreak group Pre-pandemic group 0.543

Door-to-test completion time SARS-CoV-2 outbreak group Pre-pandemic group 0.003

Omicron outbreak group Pre-pandemic group <0.001

NIHSS, the National Institute of Health Scale Score; DIT, door-to-imaging time.

TABLE 4 Comparisons of outcome indicators in the three groups of patients undergoing intravenous thrombolysis.

Pre-

pandemic group

N = 57

SARS-CoV-2

outbreak group

N = 94

Omicron outbreak

group N = 68

P-value

MRS 0-2 47 (82.5%) 72 (76.6%) 50 (73.5%) 0.488

sICH 1 (1.8%) 6 (2.7%) 7 (3.2%) 0.151

30 days mortality 1 (1.8%) 2 (2.1%) 2 (2.9%) 0.899

MRS, Modified Rankin Scale; sICH,symptomatic Intracranial Hemorrhage.

The COVID-19 pandemic has an inevitable impact on

the management of stroke patients. Some studies have shown

a decreased rate of stroke patients intravenous thrombolysis

during the pandemic, which might be related to the delayed

access or even reluctance of stroke patients to seek medical care

during this time (9). However, some studies also showed that

the reperfusion therapy rate was not greatly affected during the

pandemic (10). Our study indicates that the number of patients

with acute cerebral infarction and proportion of acute cerebral

infarction patients who received intravenous thrombolytic

therapy were increased during the SARS-CoV-2 outbreak

compared with the pre-pandemic period. Previous studies

have shown that first-line neurologist decision, Laboratory and

neuroimaging in nearest Location can increase the rate of

intravenous thrombolysis (11). In our process improvement,

we set up a separate CT room and access, and arranged a

separate neurologist in the emergency department, which may

have played a role. During the Omicron outbreak, the number

of patients with acute cerebral infarction decreased significantly

compared with the previous period, although the number

of patients who underwent intravenous thrombolysis did not

show a corresponding decrease, resulting in an increase in the

proportion of intravenous thrombolysis. A possible explanation

for this phenomenon is that the number of COVID-19 cases

during the SARS-CoV-2 outbreak period was relatively low,

which did not affect the healthcare seeking behavior of patients.

In addition, health education related to stroke has been ongoing;

previous research has shown that public health education

promotes an increase in the intravenous thrombolysis rate (12).

However, the number of COVID-19 cases in Shanghai showed a

huge surge during the Omicron outbreak period, prompting the

adoption of traffic control measures and movement restrictions

by the Shanghai government. Consequently, some patients,

especially those with mild symptoms and slow progression who

were less likely to experience obstruction of large blood vessels,

avoided seeking medical care due to fear of being infected. This

resulted in a decrease in the number of acute cerebral infarction

patients who sought medical attention, although those with a

more severe condition, who were in genuine need of emergency

intravenous thrombolysis, were still transported to the hospital

via emergency medical services.

SARS-CoV-2 is transmitted primarily through respiratory

and contact transmission. The safe distance between people is

inevitably reduced in a medical setting, which increases the risk

of infection. During the COVID-19 pandemic, the optimization

of the stroke green channel played a great role in protecting

the health environment of medical institutions and the safety

of relevant medical personnel, preventing the spread of SARS-

CoV-2 in medical institutions, and ensuring that patients with

acute stroke received timely and effective treatment. During the

SARS-CoV-2 outbreak, we: (1) arranged for trained full-time

nurses in the stroke green channel to conduct epidemiological

investigations, body temperature measurements, and screening

of stroke patients to screen for patients at risk of COVID-19

infection while performing triage; (2) required all medical staff

working in the stroke green channel to implement level 2 or
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higher protection in the emergency room (wearing work clothes,

a disposable cap, a medical protective mask [N95 or above],

goggles or face shield, a medical protective gown, disposable

gloves, and disposable shoe covers) and also required patients

and their family members to wear a mask throughout the whole

process; (3) set up an independent buffer area in the emergency

room to isolate suspected infected patients from non-infected

patients and reduce transmission; (4) set up an independent CT

room near the emergency buffer area equipped with radiologists.

Lung CT scans were performed in patients with suspected

infection, who reached the independent CT room through an

independent channel; (5) performed pharyngeal swabs for novel

coronavirus nucleic acid testing and serum antibody detection.

During the Omicron outbreak in 2022, we further optimized the

stroke green channel given the highly infectious and insidious

characteristics of this variant: (1) Novel coronavirus antigen

detection was performed additionally in patients at admission

to provide rapid results; (2) a biometric door reader with body

temperature detection was set up to facilitate the detection of

febrile patients at admission; (3) several doctors stationed in

the stroke green channel in shifts were relatively isolated from

other areas of the hospital to reduce the risk of transmission.

These additional protocols were designed to prevent the spread

of the virus inside the hospital and they worked accordingly.

During the pandemic, no patients with acute cerebral infarction

in the stroke green channel were cross-infected in our hospital.

Studies have shown that patients presenting to the hospital with

acute neurological symptoms during the COVID-19 pandemic

may experience delayed treatment due to in-hospital delays

(13, 14). In this study, while the DIT time during the SARS-

CoV-2 outbreak increased, the DIT time during the Omicron

outbreak did not differ significantly from that before the

pandemic, which might be related to the additional COVID-19

screening measures at the beginning of the pandemic. However,

with the continuous improvement of the stroke green channel

after the normalized prevention and control of the pandemic,

and the continuous familiarity of nurses, doctors from the

stroke center, and radiologists with the improved process, the

impact continued to decrease over time. Moreover, the DNT for

intravenous thrombolysis and proportion of DNT<60min in

the new process for the stroke green channel was not affected

by the pandemic, during either the SARS-CoV-2 or Omicron

outbreaks This result indicates that the optimization of the green

channel process to reduce in-hospital virus transmission did not

affect the in-hospital delay of intravenous thrombolysis.

In this study, the door-to-test completion time was

prolonged in patients with acute cerebral infarction during the

SARS-CoV-2 outbreak and the Omicron outbreak compared to

that before the pandemic, a further increase occurred during the

Omicron outbreak compared with the SARS-CoV-2 outbreak,

which may be due to the increase in antigen and antibody

testing for outbreak prevention and control during the SARS-

CoV-2 outbreak period. This might be related to the demand

for medical resources during the Omicron outbreak and the

participation of laboratory physicians in nucleic acid screening

in the community, resulting in a decreased number of laboratory

physicians in the hospital. Although the door-to-test completion

time did not affect the in-hospital delay in intravenous

thrombolysis, reduced platelet count and abnormal coagulation

function are contraindications to intravenous thrombolysis in

some patients (15). Thus, it was necessary to wait for the

laboratory test results before starting intravenous thrombolysis,

which may have affected the thrombolysis timing.

Our results showed that the incidence of sICH after

intravenous thrombolysis and 30-day mortality did not differ

significantly among the three groups of patients and were not

affected by adjustments made to the green channel process

during the pandemic period. To investigate the short-term

outcomes of the patients, we performed a 30-day follow-up of

the mRS scores of patients. It was found that the good outcome

rate (proportion of patients withmRS scores of 0–2) was also not

significantly different among the three groups.

This study has certain limitations. First, this was a single-

center study with a relatively small sample size, which may

not comprehensively reflect the effects of the COVID-19

pandemic on stroke green channels in high-risk areas. However,

the hospital had experienced the SARS-CoV-2 and Omicron

outbreak stages of the COVID-19 pandemic and implemented

corresponding pandemic prevention and control measures

according to the different virus transmission characteristics of

the two stages. Therefore, our results possess certain reference

value, and it is not limited to the COVID-19 virus. Second,

there are certain inherent limitations due to the retrospective

nature of the study, any observed changes may have been subject

to general trends or interventions targeting public health or

individual behavior changing. We hope that future prospective

studies will be conducted to understand the role of green

channel adjustment in epidemic prevention and control. Last,

since arterial thrombectomy was not performed in our hospital

before 2020, there is a lack of impact of improved green access

on in-hospital time delays for arterial thrombectomy during

the pandemic.

In conclusion, the results of this study showed that during

the two outbreaks of the COVID-19 pandemic (SARS-CoV-

2 and Omicron), improvement of the green channel for

intravenous thrombolysis might have caused some delay in the

in-hospital DIT during the SARS-CoV-2 outbreak, however,

it did not affect the in-hospital delay indicator DNT for

intravenous thrombolysis during the pandemic.
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Objective: This study aims to analyze the e�cacy and mechanism of action of

the Shunaoxin pill in preventing cognitive impairment in diabetic patients using

network pharmacology.

Methods: The main active compounds of the Shunaoxin pills and their action

targets were identified via the TCMSP and Batman-TCM databases. The GEO

databasewas used to identify the genes in type 2 diabetic individuals associated

with cognitive impairment. Subsequently, a common target protein-protein

interaction (PPI) network was constructed using the STRING database, and

targets associated with diabetes and cognitive impairment were screened by

performing a topological analysis of the PPI network. The AutoDock Vina

software was used for molecular docking to evaluate the reliability of the

bioinformatic analysis predictions and validate the interactions between the

active ingredients of the Shunaoxin pill and proteins associated with diabetes

and cognitive impairment.

Results: Based on the TCMSP and Batman-Tcm platform, 48 active ingredients

of the Shunaoxin pill were identified, corresponding to 222 potential action

targets. Further analysis revealed that 18 active components of the Shunaoxin

pill might contribute to cognitive impairment in type 2 diabetic patients.

Molecular docking simulations demonstrated that the active ingredients of the

Shunaoxin pill (hexadecanoic acid, stigmasterol, beta-sitosterol, and angelicin)

targeted four core proteins: OPRK1, GABRA5, GABRP, and SCN3B.

Conclusion: Active ingredients of the Shunaoxin pill may alleviate cognitive

impairment in diabetic patients by targeting the proteins OPRK1, GABRA5,

GABRP, and SCN3B.

KEYWORDS

Shunaoxin pill, diabetes, cognitive impairment, network pharmacology, molecular

docking

Introduction

Diabetes mellitus (DM) is a metabolic disorder characterized by hyperglycemia

caused by genetic and environmental factors and is the third most common

non-communicable disease (1–4). DM has become a major health problem worldwide

owing to its increasing prevalence and associated disability and mortality (5–7). The
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global prevalence of diabetes is expected to increase to 7.7%

by 2030 (8, 9), and ∼592 million people are expected to suffer

from diabetes by 2035 (10). Furthermore, diabetic complications

also increase dramatically as the incidence of diabetes increases

(11). Due to inadequate insulin secretion or insulin resistance,

T2DM patients experience hyperglycemia, leading to chronic

damage to blood vessels, neurons, brains, and other organs

(12, 13). Moreover, diabetes may also cause nervous system

complications, such as cognitive impairment (14, 15). Mild

cognitive impairment is estimated to affect 45% of type 2

diabetes patients (16). Learning and memory impairment

are the most distinctive features of cognitive impairment in

DM (17, 18). Diabetic patients may suffer from cognitive

impairment, leading to abnormalities in brain neuroplasticity

and energy metabolism (19). DM is associated with cognitive

impairment in the elderly, a risk factor for dementia, including

Alzheimer’s disease (AD) (20, 21). Cognitive impairment may

also result in brain deterioration or neurodegenerative diseases

(16, 22). In addition, it is estimated that diabetes causes ∼10–

15% of dementia cases, with patients demonstrating poorer

self-management skills and glycemic control (16, 23). The

healthcare costs for dementia patients are 1.5 times higher

than control subjects of the same age group without dementia

(24), and the financial figures indicate a significant burden

for patients with cognitive impairment and society. However,

the pathophysiology of diabetes-induced cognitive impairment

remains poorly understood, and timely and adequate diagnostic

and therapeutic tools are still lacking.

Chinese medicines have multi-faceted and multi-channel

effects (25–28). Network pharmacology enables the exploration

of the active ingredients and potential targets of Chinese

medicine by providing a holistic view of complex systems

interacting with multiple disease targets (29, 30). As a result,

network pharmacology has gained popularity for studying

key disease-related targets and biological functions and

predicting potential synergistic mechanisms against complex

diseases (31, 32). Shunaoxin pills, a drug with significant

therapeutic potential, have been shown to be able to dilate

the thoracic aorta of isolated rats (33). A clinical study

investigating the effects of the Shunaoxin pill has reported

an alleviation in diabetes-induced cognitive decline (34). The

Shunaoxin pill consists of two herbs, Chuanxiong and Angelica,

both of which can improve chronic cerebral ischemia (35).

Researchers have found that the chemical components of the

Shunaoxin pill, including ferulic acid and ligustilide, possess

hypoglycemic, antioxidant, and anti-inflammatory properties

Abbreviations: DM, diabetes mellitus; T2DM, type 2 diabetes mellitus;

SNX, Shunaoxin dropping pills; OPRK1, opioid receptor kappa 1;

GABA, gamma-aminobutyric acid; GABRA5, gamma-aminobutyric acid

type A receptor subunit alpha5; GABRP, gamma-aminobutyric acid

type A receptor subunit pi; SCN3B, sodium voltage-gated channel

beta subunit 3.

(36–38). Furthermore, the Shunaoxin pill can be used to treat

a variety of cardiovascular and cerebrovascular diseases, such as

cerebral ischemia and inadequate blood supply to the vertebral

basilar artery (39). The mechanisms of cognitive impairment

vary across different types of diabetes. Cognitive impairment

in type 1 diabetes is associated with persistent hyperglycemic

states, diabetic ketoacidosis, and hypoglycemic episodes (40,

41). On imaging, type 2 diabetes mellitus (T2DM) patients

with cognitive impairment often exhibit cerebral vasculopathy,

cortical atrophy, and hippocampal volume reduction (18, 42).

In addition, neuroinflammation and oxidative stress are often

observed in diabetes-related cognitive impairment (43–47).

Therefore, the Shunaoxin pill can somewhat alleviate diabetes-

related cognitive impairment. However, it is still unclear how the

Shunaoxin pill prevents cognitive impairment in diabetics.

This study applied network pharmacology and molecular

docking techniques to determine Shunaoxin’s mechanism of

action in improving cognitive impairment in diabetic patients.

The study aimed to provide scientific support for traditional

Chinese medicine as a treatment for cognitive impairment in

diabetics from a modern medical perspective.

Materials and methods

Screening of active ingredients and
drugs’ targets

The active ingredients of Chuanxiong Rhizoma, Angelicae

Sinensis Radix, and the drug composition of the Shunaoxin

pill were searched on the TCMSP with the following screening

conditions: oral bioavailability (OB) ≥30%, drug-likeness (DL)

≥0.18, and half-life (HL) ≥4. The active ingredients of

Chuanxiong Rhizoma and Angelicae Sinensis Radix were

searched in the Batman-Tcm database (http://bionet.ncpsb.org.

cn/batman-tcm/) to obtain potential targets. The score cutoff

was set to 100, and the adjusted P_value cutoff was set to 0.05.

Subsequently, the Uniprot database (https://www.uniprot.org/)

was used to identify the gene names of the matching targets

(48, 49).

Disease target acquisition

The gene microarray data related to “cognitive impairment

in type 2 diabetes” was downloaded from the GEO (gene

expression omnibus) database (https://www.ncbi.nlm.nih.gov/

geo/). The study data were obtained from 19 healthy adults

and 17 patients with type 2 diabetes from the microarray

dataset GSE138260, 15 patients with Alzheimer’s disease, and

18 patients with Alzheimer’s disease combined with type 2

diabetes from the microarray dataset GSE161355. Microarray

data background correction, normalization, and expression
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value calculation were performed using the Bioconductor R

package in R software. The limma package was used to calculate

the differentially expressedmRNAs between the two groups. The

screening criteria for differential genes were set as P < 0.05

and expression change≥1.5-fold (|log2 FC|≥0.58). Upregulated

mRNA expression was defined as log2FC ≥0.58, and down-

regulated mRNA expression was defined as log2FC ≤−0.58.

Finally, the differentially expressed genes (DEGs) for cognitive

impairment in type 2 diabetic patients were finally derived.

The heatmap package was used for cluster analysis of the

screened DEGs, and the P of the differentially expressed data

were transformed to –log10, which was grouped according to

log2 FC.

Common target screening of active
ingredients and diseases and PPI network
construction

The R software (https://www.r-project.org/) and Perl

programs were used to identify the intersection between

disease targets and drug targets, and the Venn diagram was

generated by the Venny 2.1 software (http://bioinfogp.cnb.csic.

es/tools/venny/index.html). The protein–protein interaction

(PPI) was constructed using the STRING database (https://

string-db.org/). The protein species was set to “Homo sapiens,”

medium confidence was set to 0.4, and other parameters

were kept to the default settings. The potential protein-

protein interaction network (PPI network) was obtained

by Cytoscape 3.7.2 software (https://cytoscape.org/), and

topological analysis of the PPI network was performed to screen

the key targets.

Gene ontology biofunctional analysis and
Kyoto encyclopedia of genes and
genomes pathway enrichment

The clusterProfilerGO R package was used to analyze the

common targets of the Shunaoxin pill active ingredients (50).

Gene ontology (GO) analysis is mainly used to characterize

the functions of gene products, including cellular components

(CC), molecular functions (MF), and biological processes

(BP). The Kyoto encyclopedia of genes and genomes (KEGG)

pathway enrichment analysis was also performed by applying

the clusterProfilerKEGG package, while the corresponding

signaling pathways were mapped using the path view package.

Moreover, the degree of core pathway enrichment was analyzed

to investigate the possible biological functions and signaling

pathway mechanisms of the active ingredients of the Shunaoxin

pill in the treatment of cognitive impairment in type 2 diabetic

patients based on the enrichment factor values.

Molecular docking verification

The interactions between the top four core active ingredients

and the core proteins obtained from the preliminary network

pharmacology screening were validated by molecular screening.

The structural formula of the active ingredient was downloaded

from the PubChem database (https://pubchem.ncbi.nlm.nih.

gov/), and the corresponding 3D structure was produced

with Chem3D software (51). The PDB format of the core

protein structural domain was then downloaded from the PDB

database (http://www.rcsb.org/), and protein dehydration and

dephosphorylation were performed by PyMOL software. The

active drug ingredient and core protein gene file were converted

from PDB format to PDBQT format by the AutoDockTools

1.5.6 software, and the active pockets were identified. Finally,

the Vina script was run to calculate the molecular binding

energy and molecular docking results, while docking sites were

identified with Discovery Studio 2019, and the LibDockScore

was calculated for flexible binding. The molecular docking

results were imported into PyMOL software for molecular

docking conformation display. The binding energy of <0

indicates spontaneous binding of the ligand and the receptor.

For the results showing Vina binding energy ≤−5.0 kcal/mol

and LibDockScore >100, the ligand-receptor complexes were

examined in 3D and 2D to evaluate the reliability of the

bioinformatics predictions as per previous research (52–55).

Results

Active drug ingredients and
corresponding targets

The relevant action targets of the Shunaoxin pill active

ingredients were obtained from the TCMSP database, and the

Uniprot database (https://www.uniprot.org/) was used to correct

the matching target gene names. Finally, 48 active ingredients

were obtained, corresponding to 222 potential targets. Cytoscape

3.7.2 software was used to construct the topology of the

Shunaoxin pill active ingredient target network (Figure 1). Eight

active ingredients were identified, namely hexadecanoic acid,

ethanol, 13-methyl pentadecanoic acid, methyl pentadecanoate,

pentadecanoic acid, azelaic acid, decanoic acid, angelicin. These

may be the main active ingredients in Shunaoxin pills.

Screening for disease targets

To screen for protein targets associated with diabetes

and cognitive impairment, 993 differentially expressed mRNAs

were screened in the GSE138260 dataset, including 652

upregulated and 341 downregulated mRNAs. The GSE161355

dataset screened 196 differentially expressed mRNAs, including
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FIGURE 1

Active ingredients of the Shunaoxin pill (SNXDW)-target gene PPI network.

145 upregulated and 51 downregulated mRNAs. Figures 2A,B

display the heat maps based on the p-value screening of the top

100 most significant DEGs. Those processed data were imported

into R to generate volcano plots, as shown in Figures 2C,D.

Diabetes and cognitive impairment may be associated with these

differential mRNAs.

Common target screening and
interaction network construction

All active ingredient targets of the Shunaoxin pill, the

GSE138260 dataset, and the GSE161355 dataset were imported

into the online Venn diagram production site jvenn, and 18

intersecting potential targets of action were obtained (Figure 3).

Cytoscape 3.7.2 was used to construct the target network for

cognitive impairment in type 2 diabetics (Figures 4A,B). The

intersecting target genes were imported into the STRING online

analysis website (https://string-db.org/), and the protein-protein

interaction results were exported (Figure 4C). After that, the

CytoHubba plugin was used to obtain the core 16 potential

target genes based on the degree algorithm as in previous

research (Figure 4D) (56). Therefore, the Shunaoxin pill may

target proteins that have been identified as targets as a result of

these screenings.

GO and KEGG enrichment analysis results

The Bioconductor package and cluster profile package in

R were used to analyze GO and KEGG pathway enrichment

analysis of Shunaoxin pill target proteins. GO analysis revealed
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FIGURE 2

Di�erentially expressed mRNAs were screened in the GSE138260 and GSE161355 datasets. (A) Heat map of di�erentially expressed genes in the

GSE138260 dataset. (B) Heat map of di�erentially expressed genes in the GSE161355 dataset. (C) Volcano plot of di�erentially expressed genes

in the GSE138260 dataset. (D) Volcano plot of di�erentially expressed genes in the GSE161355 dataset.

that the 18 potential targets were mainly enriched in the

biological processes of membrane potential regulation, chloride

transmembrane transport, chloride transport, etc (Figure 5A).

In addition, cell composition (CC) was mainly enriched in

ion channel complexes, transmembrane transporter complexes,

transporter complexes, etc (Figure 5B); molecular function (MF)

was enriched primarily in neurotransmitter receptor activity,

gated channel activity, extracellular ligand-gated ion channel

activity, etc (Figure 5C). These GO enrichment pathways are

shown in Figure 5D.

KEGG pathway enrichment analysis revealed that it was

mainly concentrated in inflammatory signaling pathways such

as neuroactive ligand-receptor interaction, nicotine addiction,

retrograde endocannabinoid signaling, taste transduction, and

GABAergic synapse (Figure 6A). The path view package in

R software was used to display the signaling pathway map

associated with cognitive impairment in Shunaoxin pill-treated

patients with type 2 diabetes (Figure 6B). The neuroactive

ligand-receptor interaction signaling pathway was found to be

enriched in the potential target proteins of the Shunaoxin pill.

Results of molecular docking

The 3D structures of hexadecanoic acid, stigmasterol, beta-

sitosterol, and angelicin were drawn based on their structural
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FIGURE 3

Venn diagram of drug active ingredient-disease intersection targets.
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FIGURE 4

Interaction networks. (A) GSE138260 di�erentially expressed genes interaction network. (B) GSE161355 di�erentially expressed gene interaction

network. (C) PPI network was constructed by Shunaoxin pill-disease-target genes. (D) Core 16 potential target genes were calculated based on

degree values.

formulae using Chem3D software. The 3D structures of the

core proteins OPRK1, GABRA5, GABRP, and SCN3B were

downloaded from the PDB database and exported to PDB

format. The Vina script was used to calculate the binding

energy of ligands and receptors, as shown in Table 1. GABRA5,

GABRP, and SCN3B were all unable to form a stable docking

model with hexadecanoic acid due to binding energies >−5.0

kcal/mol. However, the binding energies of the remaining

dockers were all lower than −5.0 kcal/mol, indicating stable

docking. In addition, the active molecules and corresponding

target proteins were docked using the Discovery Studio 2019

software, and the LibDockScore was calculated, as shown

in Table 1. The results suggested that the active ingredients

hexadecanoic acid, stigmasterol, beta-sitosterol, and angelicin

were able to dock semi-flexibly with the core proteins OPRK1,

GABRA5, GABRP, and SCN3B, revealing the docking sites. The

dockingmodel LibDockScore of core protein OPRK1with active

ingredients hexadecanoic acid, stigmasterol, and beta-sitosterol,

core protein GABRA5 with active ingredient beta-sitosterol, and

core protein SCN3B with active ingredients stigmasterol and

beta-sitosterol were all >100 (Figures 7, 8). The dimer formed

by active ingredient stigmasterol and core protein OPRK1

was the most stable in terms of Root Mean Square Deviation

(RMSD), chemical energy, and docking fraction, while the dimer

formed by active ingredient beta-sitosterol and core protein

SCN3B was the second most stable. Finally, the results of the

compounds exported by Vina and the three-dimensional and

2-dimensional molecular docking presentations with protein

ligands were imported into Pymol using Discovery Studio 2019

software (Figures 7, 8). In this study, it was demonstrated

that the beneficial effects of Shunaoxin pill on diabetic

cognitive impairment are mediated by the active ingredients

hexadecanoic acid, stigmasterol, beta-sitosterol, and angelicin

on the diabetic cognitive impairment-related proteins OPRK1,

GABRA5, GABRP, and SCN3B.

Discussion

In this study, 18 potential targets of the Shunaoxin pill were

obtained, and 16 potential core target genes were identified.

Subsequently, a Shunaoxin pill-disease-target gene PPI network

was constructed. The core proteins identified in PPI were

OPRK1, GABRA5, GABRP, and SCN3B.

The OPRK1 gene encodes an opioid receptor, and

methylation of the gene has been linked to the development

of Alzheimer’s disease. It is considered a drug target for the

treatment of neurological diseases, playing an essential role

in the development of cognitive impairment (57). The opioid

receptors are mainly located in the hippocampal region, where

neuroprotective effects reduce beta-amyloid production (58–

60). Hiramatsu et al. reported that in a mouse model, OPRK1
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FIGURE 5

GO enrichment analysis of 18 potential targets of Shunaoxin pill for the treatment of cognitive impairment in patients with type 2 diabetes. (A)

BP functional analysis chord diagram. (B) CC functional analysis chord diagram. (C) MF functional analysis chord diagram. (D) GO enrichment

analysis histogram.

FIGURE 6

Enrichment analysis. (A) KEGG enrichment analysis bubble diagram. (B) Neuroactive ligand-receptor interaction signaling pathway.
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TABLE 1 Results of simulated molecular docking by Autodock-Vina, Discovery Studio 2019.

Protein Compound Free energy of

Vina

(kcal·mol−1)

RMSD DS(LibDockScore) Hydrogen

bond

interaction

Hydrophobic

interaction

OPRK1

(4DJH)

Hexadecanoic acid −5.0 2.040 107.731 HIS:291, PHE:231 VAL:134

OPRK1

(4DJH)

Stigmasterol −9.0 2.295 120.908 THR:111 TRP:287, ILE:316,

VAL:108, TYR:320,

VAL:134, HIS:291, ILE:294,

ILE:290, MET:142

OPRK1

(4DJH)

Beta-sitosterol −8.1 2.378 118.529 TYR:320 VAL:108,ILE:316, ILE:294,

LYS:227, LEU:295,

PHE:231, HIS:291,

MET:142, ILE:290,

VAL:230, TRP:287

OPRK1

(4DJH)

Angelicin −6.9 2.207 87.6618 HIS:291, PHE:231 MET:142, ILE:290,

ILE:291, VAL:230, LYS:227

GABRA5

(5O8F)

Hexadecanoic acid −2.9 2.157 88.3026 – MET:49

GABRA5

(5O8F)

Stigmasterol −5.7 3.447 96.615 – MET:49, LYS:103,

PHE:105, LYS:102

GABRA5

(5O8F)

beta-sitosterol −5.0 3.624 102.021 – PHE:105, MET:49,

LYS:102, LYS:103

GABRA5

(5O8F)

Angelicin −5.5 1.056 68.2034 LYS:103 PHE:105, LYS:102, LYS:103

GABRP

(4COF)

Hexadecanoic acid −4.9 1.288 71.5379 GLU:52, VAL:53,

SER:51

HIS:267, LEU:268

GABRP

(4COF)

Stigmasterol −7.9 28.196 34.1934 – MET:49

GABRP

(4COF)

Beta-sitosterol −5.8 2.202 44.4127 – LYS:102, MET:49

GABRP

(4COF)

Angelicin −8.0 1.509 57.8331 ARG:68, CYS37 VAL:36

SCN3B

(7TJ8)

Hexadecanoic acid −4.6 1.587 90.199 TRP:144 ASP:1437

SCN3B

(7TJ8)

Stigmasterol −8.9 1.844 111.354 PHE:1433,

THR:1140

PHE:1141, TRP:689,

ALA:351,PHE:347,

ILE:713, MET:350

SCN3B

(7TJ8)

Beta-sitosterol −9.5 2.334 110.397 GLN:352 ALA:1434, PRO:355,

TRP:1144, ILE:1145

SCN3B

(7TJ8)

Angelicin −6.9 13.405 64.1714 GLU:356, ASP:353 GLU:688, PRO:355

agonists slowed the progression of cognitive dysfunction due to

Aβ deposition (61). Diabetes can lead to massive production of

islet amyloid polypeptide (IAPP), which crosses the blood-brain

barrier and is deposited in the brain (hippocampus), further

causing misfolding and aggregation of β-amyloid, resulting in

cognitive impairment (62, 63). Hippocampal volume atrophy is

observed in patients with type 2 diabetes who develop cognitive

impairment (18, 42). Thus, the OPRK1 gene may be involved

in the development of cognitive impairment in diabetes by

affecting β-amyloid. In the present study, the Shunaoxin pill

active ingredient stigmasterol was found to bind the most

stably with the core protein OPRK1 in T2DM-induced cognitive

impairment. This further confirms that OPRK1 plays a vital role

in diabetic cognitive impairment.
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FIGURE 7

Molecular docking 3D models. (A) OPRK1-hexadecanoic acid complex. (B) OPRK1-stigmasterol complex. (C) OPRK1-beta-sitosterol complex.

(D) OPRK1-angelicin complex. (E) GABRA5-Hexadecanoic acid complex. (F) GABRA5-stigmasterol complex. (G) GABRA5-beta-sitosterol

complex. (H) GABRA5-angelicin complex. (I) GABRP-hexadecanoic acid complex. (J) GABRP-stigmasterol complex. (K) GABRP-beta-sitosterol

complex. (L) GABRP-angelicin complex. (M) SCN3B-Hexadecanoic acid complex. (N) SCN3B-stigmasterol complex. (O) SCN3B-beta-sitosterol

complex. (P) SCN3B-angelicin complex.

GABRA5 encodes a receptor for the α5 subunit of

GABA and is highly expressed in pyramidal neurons of the

hippocampus (64). Furthermore, GABRA5 gene expression

levels were correlated with memory function and learning

index (65). In aged rats, GABRA5-encoded receptor protein

expression was also associated with cognitive performance,

spatial working memory, and neuronal apoptosis in aged rats

(66). Moreover, it is involved in the neurophysiological features

of cognitive decline in rats and humans (65). Although the

exact mechanism is unknown, cognitive deficits are mainly

associated with hippocampal damage in T2DM (67). In this

study, GABRA5 was found to be involved in diabetes-related

cognitive impairment as one of the core target proteins of the

Shunaoxin pill, which may be related to its high expression in

the hippocampus.

GABRP is the π-subunit of the amino acid-like inhibitory

neurotransmitter gamma-aminobutyric acid (GABA) A

receptor (68). GABRP was found to improve glucose

tolerance and increase insulin sensitivity in the peripheral

tissues of diabetic mice, interacting with GABA to maintain

normal metabolism and blood glucose stability (69, 70).

This study identified GABRP as one of the core target

proteins of the Shunaoxin pill for preventing diabetes-related

cognitive impairment. Brain insulin resistance and disorders of

intracellular glucose metabolism are associated with abnormal

glucose transport in diabetes (71). Brain insulin resistance in the

brain may fail to stimulate the clearance of Aβ. Accumulating

Aβ in neurons leads to neurodegeneration or neuronal

loss, which causes cognitive impairment (72). According to

previous studies, GABRP may protect against diabetes-related

cognitive impairment by maintaining normal metabolism and

glucose stability.

The sodium channel β3 subunit (SCN3B) is an ion channel

gene that is upregulated in the dorsal root ganglion during

nerve injury, suggesting neuropathic injury (73). Stimulation

of peripheral nerves in diabetic peripheral neuropathy (DPN)

patients was demonstrated to activate cognitive-related areas of

the brain, such as the temporal lobe and hippocampus (74).
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FIGURE 8

Molecular docking 2D models. (A) OPRK1-hexadecanoic acid complex. (B) OPRK1-stigmasterol complex. (C) OPRK1-beta-sitosterol complex.

(D) OPRK1-angelicin complex. (E) GABRA5-hexadecanoic acid complex. (F) GABRA5-stigmasterol complex. (G) GABRA5-beta-sitosterol

complex. (H) GABRA5-angelicin complex. (I) GABRP-hexadecanoic acid complex. (J) GABRP-stigmasterol complex. (K) GABRP-beta-sitosterol

complex. (L) GABRP-angelicin complex. (M) SCN3B-hexadecanoic acid complex. (N) SCN3B-stigmasterol complex. (O) SCN3B-beta-sitosterol

complex. (P) SCN3B-angelicin complex.
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Furthermore, the reduced sensory conduction velocity of the

peroneal nerve is often seen in DPN. In the present study,

beta-sitosterol, an active ingredient in the Shunaoxin pill, was

shown to bind stably to SCN3B, thus possibly playing a role

in the development of diabetes-induced cognitive impairment.

Therefore, we hypothesize that its mechanism of action on

cognition may involve neurotransmission sodium channels.

The findings of this study provide a foundation for

further exploration of TCM therapeutic targets for diabetic

cognitive impairment. Network pharmacology revealed that

the active ingredients in the Shunaoxin pill—hexadecanoic

acid, stigmasterol, beta-sitosterol, and angelicin—could be semi-

flexibly docked to the receptor-ligands of their respective

core proteins, OPRK1, GABRA5, GABRP, and SCN3B. The

active ingredient stigmasterol formed the most stable dimer

with the core protein OPRK1, and the active ingredient beta-

sitosterol formed the second most stable dimer with the core

protein SCN3B. The present study illustrates the action of

the active ingredients—hexadecanoic acid, stigmasterol, beta-

sitosterol, and angelicin—on the diabetic cognitive impairment-

related proteins OPRK1, GABRA5, GABRP, and SCN3B that are

responsible for the beneficial properties of the Shunaoxin pill on

cognitive impairment in diabetic patients.

However, this study also has some limitations. This study

is based on network pharmacology and lacks experiments

exploring the specific mechanism of the Shunaoxin pill’s

active ingredients targeting core proteins in diabetic cognitive

impairment. Further validation of core proteins in clinical

samples of the disease should be performed. Since cognitive

impairment includes multiple disorders, this study focused only

on AD-related datasets; future studies should explore more

cognitive impairment-related datasets.

Conclusion

This study demonstrated that the Shunaoxin pill is

pharmacologically effective for cognitive impairment in diabetic

patients. Its active ingredients, hexadecanoic acid, stigmasterol,

beta-sitosterol, and angelicin, target the proteins OPRK1,

GABRA5, GABRP, and SCN3B associated with diabetic

cognitive impairment. This research provides a foundation for

further exploration of TCM therapeutic targets for cognitive

impairment in diabetic patients.
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patterns in Sevoflurane
anesthesia associated
neurocognitive disorders: A
bioinformatic analysis
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First Medical University, Taian, China

Background: Several studies indicate general anesthetics can produce lasting

e�ects on cognitive function. The commonly utilized anesthetic agent

Sevoflurane has been implicated in neurodegenerative processes. The present

study aimed to identify molecular underpinnings of Sevoflurane anesthesia

linked neurocognitive changes by leveraging publically available datasets for

bioinformatics analysis.

Methods: A Sevoflurane anesthesia related gene expression dataset was

obtained. Sevoflurane related genes were obtained from the CTD database.

Neurocognitive disorders (NCD) related genes were downloaded from

DisGeNET and CTD. Intersecting di�erentially expressed genes between

Sevoflurane and NCD were identified as cross-talk genes. A protein-protein

interaction (PPI) network was constructed. Hub genes were selected using

LASSO regression. Single sample gene set enrichment analysis; functional

network analysis, pathway correlations, composite network analysis and drug

sensitivity analysis were performed.

Results: Fourteen intersecting cross-talk genes potentially were identified.

These were mainly involved in biological processes including peptidyl-serine

phosphorylation, cellular response to starvation, and response to gamma

radiation, regulation of p53 signaling pathway, AGE-RAGE signaling pathway

and FoxO signaling. Egr1 showed a central role in the PPI network. Cdkn1a,

Egr1, Gadd45a, Slc2a1, and Slc3a2 were identified as important or hub

cross-talk genes. Among the interacting pathways, Interleukin-10 signaling

and NF-kappa B signaling enriched among Sevoflurane-related DEGs were

highly correlated with HIF-1 signaling enriched in NCD-related genes.

Composite network analysis showed Egr1 interacted with AGE-RAGE signaling

and Apelin signaling pathways, Cdkn1a, and Gadd45a. Cdkn1a was implicated

in in FoxO signaling, PI3K-Akt signaling, ErbB signaling, and Oxytocin signaling

pathways, and Gadd45a. Gadd45a was involved in NF-kappa B signaling and

FoxO signaling pathways. Drug sensitivity analysis showed Egr1 was highly

sensitive to GENIPIN.
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Conclusion: A suite of bioinformatics analysis revealed several key candidate

hippocampal genes and associated functional signaling pathways that could

underlie Sevoflurane associated neurodegenerative processes.

KEYWORDS

Sevoflurane, anesthesia, neurocognitive disorders, molecular mechanisms,

bioinformatics

Background

Sevoflurane is currently one of the most commonly applied

anesthetic agents with a high safety record of over two decades

(1, 2). It is a volatile anesthetic, which have a low tissue and

blood-gas solubility and partition coefficient as compared to

traditional inhaled anesthetics (3). These support a fast uptake,

control of depth, and fast elimination resulting in faster recovery

time and shorter periods of respiratory depression (4, 5).

Furthermore, it has also shown cardio protective effects when

used in cardiac surgery and also in other organs (6, 7). Therefore

it is frequently applied in both induction and maintenance of

general anesthesia.

Cognitive deficits after general anesthesia and surgery

have been observed since a long time (8, 9). Various forms of

short and long-term cognitive disturbances after anesthesia

and surgery have been extensively documented. These include

postoperative delirium and postoperative cognitive dysfunction

(9, 10). Postoperative cognitive dysfunction can lead to

long-term impairments multiple domains including executive

function, visual-spatial and verbal memory, processing

speed (11).

Increasingly, research has shown that general anesthetics

can induce long lasting brain changes marked by altered

tissue morphology and function, with the elderly and pediatric

groups being the most vulnerable. Experimental studies have

revealed several mechanistic aspects, including apoptotic

cell death, impairment of neurogenesis and synaptic loss (12).

Multiple molecular mechanisms have been implicated in general

anesthetic mediated neurotoxicity, among which the role of

pro-BDNF/p75/RHOA axis leading to actin depolymerization,

synapse loss and apoptosis has been highlighted (13).

Additionally, the role of increased mitochondrial complex

leading to reactive oxygen species production and caspase

activation has been identified as a mechanism leading to

neuronal apoptosis (14).

Repeated Sevoflurane anesthesia has been shown to induce

increased neuroinflammation marked by rise IL-6 levels and

aberrant AKT signaling (15). Sevoflurane anesthesia was also

found to induce phosphorylation of the tau protein, causing

activation of GSK3β signaling and cognitive damage (16). Other

purported mechanisms include increased α5GABAAR activity

(17). Sevoflurane was found to induce higher neurotoxocity,

caspase-mediated apoptosis and amyloid accumulation in

Alzheimer’s disease (AD) transgenic mice, suggesting higher

susceptibility (18). Particularly, aberrant functioning of the

hippocampus has been implicated in anesthesia induced

cognitive dysfunction (19).

Despite available experimental data, many critical gaps

remain in the understanding of general anesthetic induced

neurocognitive disorders (NCD). Among these, specific

differences between different anesthetic agents remain

unclear. Molecular mechanisms and functional signaling

pathway aberrations that can underlie Sevoflurane anesthesia

linked effects on NCD have not been comprehensively and

systematically investigated. Secondary integrative utilization

of available gene expression and other bioinformatic data can

allow exploratory analyses to reveal novel candidate mechanistic

pathways which can direct translational research. Therefore,

in the present bioinformatic study, we hypothesized that

mechanisms implicated in Sevoflurane anesthesia associated

cognitive impairment could be explored by leveraging gene

expression data related to Sevoflurane anesthesia and NCD to

identify shared features.

Materials and methods

Sevoflurane anesthesia related dataset

For the Sevoflurane anesthesia related dataset, we

downloaded GSE139220 (PRJNA578770) (20) from NCBI

GEO (https://www.ncbi.nlm.nih.gov/geo/), which described

Sevoflurane anesthesia related gene expression in the

hippocampus of aged rats. The dataset consists of 3 Cases

and 3 Controls, and the species was Rattus norvegicus. In

addition, we retrieved 314 differentially expressed genes

related to Sevoflurane anesthesia (Mus musculus) through

literature (21) (PRJNA556843). The screening criteria was FDR

< 0.05, |logFC| > 0) which identified 49 up-regulated and

265 down-regulated genes. We also obtained a Sevoflurane

anesthesia-related gene expression dataset and Sevoflurane

anesthesia-related pathway dataset from CTD (http://ctdbase.

org/). Since human genes were obtained from the CTD
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database whereas mouse data was mainly used in this study, the

“biomaRt” package in R project was used to convert gene names

between species.

Neurocognitive disorders (NCD) related
datasets

We downloaded genes associated with neurocognitive

disorders (NCD) from the DisGeNET (https://www.disgenet.

org/) database (selected diseases named Mild Neurocognitive

Disorders and neurocognitive disorders). In addition, we also

obtained NCD-related genes and pathways from CTD. Next,

we combined the NCD-related genes obtained from the two

databases for subsequent analysis. Since the human genes were

obtained from the two databases, and mouse data was mainly

used in this study, the “biomaRt” package in R project was used

to convert gene names between species.

Preprocessing and di�erential expression
analysis of the Sevoflurane anesthesia
dataset

For GSE139220, we converted the probe ids in the chip to

gene symbol based on the platform information. In performing

the transformation, we screened the NCBI refseq database for

annotated genes. Then we filtered the dataset by genes applying

filtering rules: (1) If the expression value of the gene inmore than

50% of the samples was 0, then we removed the gene. (2) If the

same gene hadmultiple expression values in a certain sample, we

deduplicated based on the average.

Differential expression analysis compares the expression

values of different groups of samples in the dataset, and predicts

whether genes are differently expressed between different

groups. For GSE139220, we used the “limma” package in R

project for the differential expression analysis. The parameters

used were Case vs. Control. Genes with P value < 0.05 and

|logFC| > 0 as were selected as differentially expressed genes

(DEGs). A volcano plot depicted the distribution of differentially

expressed genes.

Cross-talk genes between Sevoflurane
anesthesia and NCD

We merged the two sets of differentially expressed

genes (DEGs) associated with Sevoflurane, and then

intersected the merged DEGs with the Sevoflurane

anesthesia-related genes obtained from CTD. The resultant

overlapping genes were considered as the definitive

Sevoflurane anesthesia-related DEGs. Next, we obtained

the intersection of Sevoflurane anesthesia-related DEGs

and NCD-related genes, to identify common DEGs shared

by Sevoflurane anesthesia and NCD, namely, the cross

talk genes.

Functional enrichment analysis was conducted using the

‘clusterprofiler’ package in R to analyze enriched GO Biological

process and KEGG pathways. At the same time, the human

homologous genes corresponding to these cross-talk genes

were extracted and functional enrichment analysis using GO

Biological process and KEGG pathway was performed.

Cross talk gene protein-protein
interaction (PPI) network

To obtain the role of cross talk genes in protein

networks, we extracted the interacting proteins of the

cross talk genes from the STRING database (https://cn.

string-db.org/). Among the proteins interacting with the

cross talk genes, we further screened those that appeared

in any two groups from the three datasets including

Sevoflurane anesthesia related genes and the NCD genes.

Next, we used Cytoscape (version 3.9.1) to construct a PPI

network and explored the the topological properties of

the network.

Screening of hub cross-talk genes

We used LASSO (Least absolute shrinkage and selection

operator) Logistic Regression to perform feature selection

among the Cross talk genes. We first extracted the expression

values of the cross-talk genes from GSE139220, and then

based on the sample type, we used LASSO to build a

model for feature screening. As these feature selected

genes obtained by LASSO analysis could be considered

to play important connecting roles between Sevoflurane

anesthesia and NCD, they were considered as hub cross

talk genes.

The expression values of the hub cross talk gene in

GSE139220 were obtained and t-test was applied to verify

significant group differences in the hub cross talk gene

expression values. In addition, Pearson correlation coefficient

was computed to analyze the correlation between the hub cross

talk gene and other cross talk genes.

Single sample gene set enrichment
analysis (ssGSEA)

ssGSEA is a tool that calculates enrichment scores for pairing

of each samples with a gene set and generates gene enrichment

score for each sample. We obtained Sevoflurane anesthesia and
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NCD-related pathways from the CTD database from KEGG

(https://www.kegg.jp/) and Reactome (https://reactome.org/).

We download all pathways for Rattus norvegicus and the

genes under the pathways from the KEGG and Reactome.

Based on the pathway-gene dataset, we obtained all genes

under the pathways related to Sevoflurane anesthesia and

NCD, each. Then we used the GSVA package in R project

to perform ssGSEA analysis on GSE139220, and calculated

the abundance scores of Sevoflurane anesthesia and NCD-

related pathways, each. For the pathways related to Sevoflurane

anesthesia, we used the limma package in R to perform

differential expression analysis based on the ssGSEA scoring

results, and considered the pathways with P value < 0.05 as

DE-pathways. For the NCD-related pathways, we performed

correlation analysis between the NCD pathways and the DE-

pathways of Sevoflurane anesthesia, and then screened the NCD

pathway highly related to the DE-pathways (marked as NCD

hub pathway).

Hub cross talk gene and pathway
correlation analysis

To further analyze the possible relationship and influence

of Sevoflurane anesthesia on NCD in relation to gene

transcriptome and function, we used Pearson correlation

coefficient to analyze the relationship among hub cross talk gene,

Sevoflurane anesthesia DE-pathways and NCD hub pathways.

Hub cross talk gene and pathway
complex functional network

We extracted genes (marked as Target genes) that interacted

with the hub cross talk genes in the PPI network of

the cross talk genes. Then, we extracted the Pathways

related to hub cross talk genes and Target genes from

the Pathways of Sevoflurane anesthesia and NCD. We

integrated the relationship pairs composed of hub cross talk

genes, Target genes and Pathways, and finally constructed a

composite functional network with pathways and hub cross

talk genes.

Candidate drug prediction

We extracted the human homologous genes of the hub cross

talk genes, and then downloaded drug-related genes (version

2022-Feb) from DGIdb (https://dgidb.genome.wustl.edu/). We

screened the drugs targeting the hub cross talk genes and Target

genes to identify the potentially useful candidate drugs for

Sevoflurane associated cognitive impairment.

FIGURE 1

GSE139220 volcano map. The top 10 genes with the most

significant P values are marked on the graph.

Results

Di�erential expression analysis

We performed differential expression analysis on

GSE139220. We selected genes with P value < 0.05 and

|logFC| > 0 as DEGs, where log2FC > 0 indicated an up-

regulated gene, and log2FC < 0 indicated a down-regulated

gene. Thus, we obtained 392 differentially expressed genes,

including 335 up-regulated genes and 57 down-regulated genes

(Figure 1).

Cross-talk genes of Sevoflurane
anesthesia and NCD

Wemerged the 392 DEGs from GSE139220 (20) and the 314

DEGs from PRJNA556843 (21) and obtained 697 DEGs after

deleting the duplicated genes. Next, we intersected the 697 DEG

and Sevoflurane anesthesia-related genes fromCTDdatabases to

obtain 33 overlapping genes. Subsequently, from the intersection

of 33 overlapping genes related to Sevoflurane anesthesia and

NCD-related genes, we obtained 14 cross-talk genes (Figure 2A).

The differential expression values of these of 14 cross-talk genes

are shown in Table 1.

Then we extracted the expression values of 14 cross-talk

genes in GSE139220 and PRJNA556843. 12 genes were expressed

in GSE139220, and 4 genes were expressed in PRJNA556843.We

used R’s pheatmap package to draw a heatmap of gene expression

in GSE139220 and PRJNA556843 (Figures 2B,C).

Frontiers inNeurology 04 frontiersin.org

72

https://doi.org/10.3389/fneur.2022.1084874
https://www.kegg.jp/
https://reactome.org/
https://dgidb.genome.wustl.edu/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Li et al. 10.3389/fneur.2022.1084874

FIGURE 2

Cross talk genes linking Sevoflurane anesthesia and NCD. (A) Screening of cross-talk genes. PRJNA556843 di�erential gene; (B) heat map of

cross-talk gene expression in PRJNA556843; (C) heat map of cross-talk gene expression in GSE139220.

Functional enrichment of cross talk gene

We used the clusterProfiler package in R to analyze

the GO Biological process and KEGG pathway of mice

for these 14 cross talk genes. We selected functions with

P. adjust < 0.05 as significant and displayed the Top 20

functions (Figures 3A,B). In addition, we also performed

GO Biological process and KEGG pathway analysis on the
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TABLE 1 Di�erence analysis results of 14 cross talk genes.

Gene Data LogFC P value Regulate

Sult5a1 GSE139220 0.38249 0.0140901 Up

Slc3a2 GSE139220 0.2093867 0.0364218 Up

Slc2a1 GSE139220 0.5686387 0.0009515 Up

Sgk1 GSE139220 0.8205483 0.015407 Up

Pdk4 GSE139220 1.316298 0.0050749 Up

Gadd45a GSE139220 0.2703933 0.0171574 Up

Cdkn1a GSE139220 0.692644 0.0004328 Up

Ccl3 GSE139220 0.221027 0.0476096 Up

Arc GSE139220 −0.421316 0.0199493 Down

Agt GSE139220 0.2838157 0.0133006 Up

Egr1 GSE139220 −0.398263 0.0251983 Down

PRJNA556843 −0.63057 0.0012029 Down

Dio2 GSE139220 0.3196857 0.0221334 Up

PRJNA556843 −0.436048 6.91E-05 Down

Ulk1 PRJNA556843 −0.4822 0.000481 Down

Bax PRJNA556843 −0.376606 0.0001761 Down

human homologous genes corresponding to the 14 cross talk

genes, and selected P. adjust < 0.05 as a significant function

(Figures 3C,D).

The results showed that the cross-talk genes were mainly

involved in biological processes including peptidyl-serine

phosphorylation, cellular response to starvation, and response to

gamma radiation. In addition, cross-talk genes were involved in

the regulation of p53 signaling pathway, AGE-RAGE signaling

pathway in diabetic complications and FoxO signaling pathway.

Cross talk gene PPI network

We obtained a total of 231 genes at the intersection of any

two datasets from Figure 2A. Based on the String database, we

extracted the cross-talk genes and the PPIs between these 231

genes, and constructed a PPI network for these relationship pairs

(Figure 4).

Next, we analyzed the topological properties of the network,

and extracted the topological properties of 14 cross talk genes.

The results indicated a dominant role of Egr1 in the network

(Table 2).

Screening of hub cross talk genes

We used LASSO to perform feature screening on the 14

Cross talk genes (Figures 5A,B), and obtained 5 hub cross talk

genes (Cdkn1a, Egr1, Gadd45a, Slc2a1, and Slc3a2). Next, we

extracted the expression values of these five hub cross talk genes

in cases and controls, and performed t-test. The results showed

that the expression levels of Cdkn1a, Slc2a1 and Slc3a2 were

significantly different between case and control (Figure 5C).

Then we used the Pearson correlation coefficient to analyze

the correlation between the hub cross talk genes and the

non-hub cross talk genes in gene expression. The gene pairs

Slc3a2 and Sgk1, Slc2a1 and Cdkn1a were found highly positive

correlated. Slc3a2 and Egr1, Cdkn1a and Arc were negatively

correlated (Figure 5D).

SsGSEA analysis

We obtained all genes under Sevoflurane anesthesia and

NCD-related Pathways from KEGG and Reactome, and used

ssGSEA to calculate the abundance scores of Sevoflurane

anesthesia and NCD-related Pathways in GSE139220,

respectively. For the pathways related to Sevoflurane anesthesia,

we used the limma package to perform differential expression

analysis on the pathway set after ssGSEA analysis, and thus

obtained 11 DE-pathways (pathways with P value < 0.05 were

regarded as DE-PATHWAYS) (Table 3, Figure 6A).

For NCD-related Pathways, we used the Pearson correlation

coefficient to analyze the correlation between Sevoflurane

anesthesia DE-pathway and NCD Pathway. The 7 Sevoflurane

anesthesia DE-pathways and 11 NCD pathways were found

highly correlated (Table 4), and these 11 NCD pathways were

marked as NCD hub pathways.

mTOR signaling pathway, Metabolism and PIP3 activates

AKT signaling were highly expressed in NCD disease group

(Figure 6B).

Correlation analysis between hub cross
talk genes and pathways

We calculated the correlation between the Sevoflurane

anesthesia DE-pathway and the NCD hub Pathway using

the Pearson correlation coefficient. The results showed that

Interleukin-10 signaling and HIF-1 signaling pathway, NF-

kappa B signaling pathway and HIF-1 signaling pathway,

Biological oxidations and Metabolism were highly correlated

(Figure 7A).

We analyzed the relationship among Sevoflurane anesthesia

DE-pathways. The results showed that these pathway pairs

were highly correlated: Frs2-mediated activation and Prolonged

ERK activation events, ascorbate and aldarate metabolism

and Biological oxidations, NF-kappa B signaling pathway

and Interleukin-10 signaling, Prolonged ERK activation events

ARMS and mediated activation (Figure 7B). At the same time,

we analyzed the relationship between Sevoflurane anesthesia

DE-pathway and hub cross talk genes. Results showed that

Egr1 was highly correlated with Biological oxidations, Ascorbate
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FIGURE 3

Enrichment analysis results of Cross talk gene. (A,B) Mouse cross-talk gene enrichment analysis in GO biological process and KEGG pathway;

(C,D) Human homologous cross-talk gene enrichment analysis in GO biological process and KEGG pathway.

and aldarate metabolism, and NF-kappa B signaling pathway

(Figure 7B).

Furthermore, we analyzed the relationship among NCD hub

pathways. The results showed that Immune System and DAP12

interactions, Immune System and HIF-1 signaling pathway,

Insulin resistance m and TOR signaling pathway were highly

correlated (Figure 7C). Finally, we analyzed the relationship

between these NCD hub pathways and hub cross talk genes,

and obtained high correlation between Egr1 and Innate Immune

System and Metabolism (Figure 7C).

The relationships between hub cross talk
genes, target genes and pathways

We obtained the target genes that interacted with the five

hub cross talk genes from the PPI of the cross talk gene.

Then we extracted the related pathways of hub cross talk

gene and target gene in Sevoflurane anesthesia. In addition,

we extracted the related pathways of hub cross talk gene and

target gene in NCD. Based on the above relationship pairs,

we constructed the hub cross talk gene-target gene-pathway

network (Figure 8).

The results showed that Egr1 interacted with AGE-

RAGE signaling pathway in diabetic complications, Apelin

signaling pathway, Cdkn1a and Gadd45a. Furthermore,

Cdkn1a was involved in FoxO signaling pathway, PI3K-

Akt signaling pathway, ErbB signaling pathway and

Oxytocin signaling pathway. In addition, Cdkn1a interacted

with Gadd45a. Moreover, Gadd45a was involved in the

regulation of NF-kappa B signaling pathway and FoxO

signaling pathway.

Candidate drug prediction

We extracted the sensitive drugs of the hub cross talk gene

from the DGIdb database, and obtained 4 hub cross talk genes
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FIGURE 4

Cross talk gene PPI network. The network contains 210 nodes and 1,842 edges.

TABLE 2 The topology character of cross talk gene in PPI network.

Gene Degree Average shortest

pathlength

Betweenness

centrality

Closeness

centrality

Topological

coefficients

Egr1 40 2 0.009451 0.5 0.25731

Agt 34 2.052632 0.002564 0.487179 0.281965

Cdkn1a 33 2.105263 0.011983 0.475 0.287495

Ccl3 26 2.287081 3.08E-04 0.437238 0.354962

Bax 22 2.220096 6.94E-04 0.450431 0.344156

Slc2a1 17 2.215311 0.034202 0.451404 0.208267

Sgk1 16 2.311005 0.00142 0.432712 0.283062

Arc 13 2.430622 5.05E-04 0.411417 0.293956

Gadd45a 13 2.430622 6.61E-04 0.411417 0.367521

Pdk4 6 2.454545 2.33E-04 0.407407 0.387464

Slc3a2 6 2.837321 0.001168 0.352445 0.233974

Sult5a1 4 3.114833 9.29E-06 0.321045 0.558333

Dio2 3 2.77512 1.11E-05 0.360345 0.5

Ulk1 2 2.909091 0 0.34375 0.607843
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FIGURE 5

Hub cross talk gene screening and analysis. (A) LASSO analysis results, each line in the figure represents a gene. When a gene tends to 0, the

larger the value of the abscissa (Log Lambda), the more critical the gene is. (B) Results of model cross-validation. There are two dashed lines in

the figure, one is the λ value lambda.min when the mean square error is the smallest, and the other is the λ value lambda.1se when the distance

from the mean square error is the smallest one standard error, you can choose one of these two values, the dotted line The corresponding

number is the result of the number of screening genes, here we choose lambda.1se as the screening condition for key genes. (C) Hub cross talk

gene expression and t-test. The smaller the P value value of the test result, the more significant the sample di�erence results, and the more “*”

on the graph. The corresponding relationship between the P value and the “*” sign is ns: P > 0.05, *: P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤

0.0001. (D) Correlation between hub cross talk gene and non-hub cross talk gene.

that are sensitive to drugs. We constructed hub cross talk gene-

Drug network for hub cross talk gene and drug (Figure 9). As

a result, Egr1 and the drug GENIPIN were obtained with high

sensitivity. In addition, Gadd45a and Cdkn1a are sensitive to

various drugs.

Discussion

We applied a series of bioinformatic analysis including

feature selection among cross-talk genes and composite network

analysis to identify candidate genes and functional pathways

that might mediate Sevoflurane anesthesia associated cognitive

disturbance and neurological injury. 14 cross talk genes were

identified, among which 5 genes, Cdkn1a, Egr1, Gadd45a, Slc2a1

and Slc3a2, emerged as ‘hub’ genes, suggesting highly relevant

mechanistic roles. Egr 1 also showed a central role in the

PPI network.

The Egr1 ‘Early Growth Response 1’ gene is a transcriptional

regulator, an ‘early gene’ induced rapidly in response to stimulus

and Egr1 is widely documented in the nervous system as

responsive to oxidative stress (22). The Egr1 gene is well

established in playing a role in hippocampal functions including

memory acquisition and potentiation (23). In the hippocampus,

the GABAA receptor subunits are documented as transcriptional

targets of Egr1, which regulates their composition (24), which is
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consistent with our findings. Animal experiments have indicated

a key role of Egr1 in Propofol anesthesia mediated cognitive

dysfunction (25, 26). Sevoflurane has been shown to depress

Egr1 expression during the anesthetic and post anesthetic period

(27). Our results showed Egr1 was implicated in AGE RAGE

signaling in context of Sevoflurane related neurotoxicity. The

TABLE 3 Sevoflurane anesthesia DE-pathway.

Pathway LogFC P value

Retinol metabolism 0.015774 0.002209

AKT phosphorylates targets in the

cytosol

0.013836 0.011622

NF-kappa B signaling pathway 0.012108 0.021568

Ascorbate and aldarate metabolism 0.010656 0.028185

AGE-RAGE signaling pathway in

diabetic complications

0.010799 0.035033

Biological oxidations 0.011121 0.03941

Adipocytokine signaling pathway 0.006232 0.044233

Interleukin-10 signaling 0.022627 0.045018

ARMS-mediated activation −0.0185 0.025965

Frs2-mediated activation −0.01105 0.029621

Prolonged ERK activation events −0.0087 0.045874

role of RAGE (receptor for advanced glycation end-products)

in regulating the blood brain barrier is established along with

a protective role of anti-RAGE antibody in Isoflurane related

cognitive dysfunction (28). Sevoflurane can disrupt the barrier

by damage to brain vascular endothelial cells (29) but the specific

role of AGE-RAGE signaling is yet to be comprehensively

described. Egr1 was also implicated in Apelin signaling, Apelin

being an orphan G-protein-coupled receptor APJ ligand with

anti neuronal apoptotic and neuroprotective roles (30).

Cdkn1a is a cell cycle arrest and senescence marker

gene targeted by the p53 gene (31). In Alzheimer’s disease

Cdkn1a expression marks senescence like phenotype and

inflammation (32). Sevoflurane anesthesia reportedly can

increase p53 signaling along with rise in the apoptosis marker

Caspase-3 (33). The solute carrier transporters (Slc), Slc2a1

and Slc3a2 comprised hub cross talk genes. Slc genes are

regulators of the blood brain barrier (34). The potential

mechanistic role of Sevoflurane in inducing Slc gene mediated

disruption of the blood brain barrier remains to be well

investigated. The hub gene Gadd45a was found involved in

NF-kappa B signaling and FoxO signaling pathways. Gadd45a

(growth arrest and DNA damage-inducible protein 45 alpha)

has been found upregulated in response to Sevoflurane

along with the corresponding long noncoding RNA (35)

and also activates the p53 pathway. Gadd45a is implicated

FIGURE 6

Enrichment abundance of (A) Sevoflurane anesthesia DE-pathway and (B) NCD hub Pathway.
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TABLE 4 Correlation of 7 Sevoflurane anesthesia DE-pathways and 11 NCD hub hub pathways.

Sevoflurane anesthesia_pathway NCD_pathway Correlation

NF-kappa B signaling pathway HIF-1 signaling pathway 0.935044

Ascorbate and aldarate metabolism Metabolism 0.946657

Biological oxidations Metabolism 0.940878

Interleukin-10 signaling HIF-1 signaling pathway 0.966138

Interleukin-10 signaling Type I diabetes mellitus 0.963346

ARMS-mediated activation HIF-1 signaling pathway −0.92007

NF-kappa B signaling pathway Immune system 0.883918

NF-kappa B signaling pathway Innate immune system 0.862379

NF-kappa B signaling pathway Type I diabetes mellitus 0.876083

Ascorbate and aldarate metabolism PIP3 activates AKT signaling 0.850632

AGE-RAGE signaling pathway in diabetic complications COPI-mediated anterograde transport −0.89447

AGE-RAGE signaling pathway in diabetic complications Insulin resistance 0.877234

AGE-RAGE signaling pathway in diabetic complications mTOR signaling pathway 0.875509

Biological oxidations Immune system 0.847582

Biological oxidations Innate immune system 0.869361

Adipocytokine signaling pathway COPI-mediated anterograde transport −0.83779

Interleukin-10 signaling DAP12 interactions 0.826367

Interleukin-10 signaling Immune system 0.9008

Interleukin-10 signaling Innate immune system 0.858116

Interleukin-10 signaling PI3K/AKT activation −0.84829

ARMS-mediated activation Type I diabetes mellitus −0.82896

in hippocampal memory and potentiation (36). Composite

network analysis implicated Gadd45a, a DNA-damage-inducible

gene, in modulating NF-kappa B signaling in Sevoflurane

related cognitive damage. In cancer, Gadd45a was found induce

Gadd45a-dependant apoptosis in response to NF-kappa B

signaling (37) and serves as important links between NF-

kappa B and MAPK signaling (38). Sevoflurane was found

to impair the AMPK/FoxO3a signaling pathway activation

leading to apoptosis of mouse hippocampal neurons (39) and

in mouse cerebral cortex (40). FoxO signaling is implicated in

increased M1 type polarization of macrophages in Sevoflurane

related postoperative cognitive dysfunction (41). Sevoflurane

and NCD related pathways were found highly correlated

and largely supported by existing literature. NF-kappa B was

highly correlated with HIF-1 α in context of Sevoflurane

related NCD. HIF 1 α (Hypoxia-inducible factor-1α) can

be activated by inhalational anesthetics and is implicated in

the disruption of the blood brain barrier in postoperative

cognitive dysfunction induced by Isoflurane (42). We also

performed drug sensitivity analysis for the hub genes and

found a number of candidate drugs. Genipin, a biological

compound derived from Gardenia jasminoides was found

to target Erg1, a key candidate gene. Earlier research has

shown Genipin could modulate the levels of 5-HT genes

and BDNF in the hippocampus (43). The present data

suggests the roles of Apexin and Genipin among others to

counter Sevoflurane related cognitive dysfunction. Several drugs

including dexmedetomidine, ketamine, other anti-inflammatory

and anti-oxidant molecules (44, 45) have been documented

for treatment of post-operative cognitive dysfunction. Our

analysis identified several anti-diabetic drugs as candidates,

which have shown potential in Alzheimer’s disease (46) but

are not documented for post-operative cognitive protection. In

addition progesterone, which has been documented for post

brain surgery cognitive dysfunction (47) was also identified as

a candidate.

Overall the candidate genes and functional pathways

implicated in Sevoflurane related postoperative cognitive

dysfunction was supported by existing experimental data.

Although earlier studies have utilized gene expression analysis

for analysis of postoperative cognitive dysfunction (48, 49)

no studies have focused on Sevoflurane to our knowledge.

Furthermore, as many peri-operative factors can contribute

to postoperative cognitive dysfunction, it is challenging in

to isolate molecular mechanisms attributable to an anesthetic

agent alone. By the in-silico approach adopted in this

study, overlapping mechanisms were identified as candidates

attributed to the anesthetic agent. Future studies should

focus on verifying the roles of specific candidate gene-

signaling axis pathways that might mediate Sevoflurane
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FIGURE 7

Hub cross talk gene and pathway correlation. (A) Correlation of Sevoflurane anesthesia DE-pathway and NCD hub pathway. (B) Correlation

between Sevoflurane anesthesia DE-pathway, and hub cross talk gene and Sevoflurane anesthesia DE-pathway. (C) The correlation between the

NCD hub pathway and the hub cross talk gene and the NCD hub pathway.
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FIGURE 8

Hub cross talk gene-Target gene-pathway network analysis. The network contains 281 nodes and 1,328 edges, including 5 hub cross talk genes,

55 Target genes, 160 Sevoflurane anesthesia Pathway, 18 NCD Pathway, 28 Sevoflurane anesthesia & NCD Pathway, 8 NCD hub Pathway and 7

Sevoflurane anesthesia DE-pathway.

related postoperative cognitive dysfunction. The mechanism of

postoperative cognitive dysfunction is complex. Neuroimaging

studies have identified the role of other areas such as the

thalamus (50), which were not addressed in the present study.

While the present data are limited by lack of experimental

verification, they offer a sound preliminary basis for directing

experimental and clinical research concerning Sevoflurane

related postoperative cognitive dysfunction.

Conclusion

A suite of bioinformatics analysis revealed

several key candidate hippocampal genes including

Cdkn1a, Egr1, Gadd45a, Slc2a1 and Slc3a2

and multiple enriched functional signaling

pathways that could underlie Sevoflurane induced

neurodegenerative processes.
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FIGURE 9

Sensitivity relationship between hub cross talk gene and Drug. In the network, nodes with interaction group score ≥4 are displayed, and other

nodes are hidden. The interaction score is a static score and based on the evidence of an interaction.
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To screen for common target genes in intracranial aneurysms (IA) and type

2 diabetes mellitus (T2DM), construct a common transcriptional regulatory

network to predict clusters of candidate genes involved in the pathogenesis

of T2DM and IA, and identify the common neurovascular markers and

pathways in T2DM causing IA. Microarray datasets (GSE55650, GSE25462,

GSE26969, GSE75436, and GSE13353) from the GEO database were analyzed

in this research. Screening of the IA and the T2DM datasets yielded a

total of 126 DEGs, among which 78 were upregulated and 138 were

downregulated. Functional enrichment analysis revealed that these DEGs

were enriched for a total of 68 GO pathways, including extracellular matrix

composition, coagulation regulation, hemostasis regulation, and collagen

fiber composition pathways. We also constructed transcriptional regulatory

networks, and identified key transcription factors involved in both the

conditions. Univariate logistic regression analysis showed that ARNTL2 and

STAT1 were significantly associated with the development of T2DM and IA,

acting as the common neurovascular markers for both the diseases. In cellular

experiments, hyperglycemic microenvironments exhibited upregulated STAT1

expression. STAT1 may be involved in the pathogenesis of IA in T2DM

patients. Being the common neurovascular markers, STAT1 may acts as novel

therapeutic targets for the treatment of IA and T2DM.

KEYWORDS

intracranial aneurysm, T2DM, STAT1, neurovascular markers, ARNTL2

Introduction

Diabetes mellitus (DM) is a clinical syndrome characterized by high blood glucose

levels due to a combination of genetic and environmental factors. It is categorized as

type 1 (T1DM) or type 2 (T2DM) depending on the underlying cause. T2DM is the more

common type of DM, and it is primarily manifested by insulin resistance or relatively

insufficient insulin secretion (1). Furthermore, T2DM is usually accompanied by micro

andmacroangiopathy, including diabetic eye disease, diabetic nephropathy, diabetic foot,

cerebral infarction, myocardial infarction, and other manifestations, seriously affecting

the quality of life and life expectancy of patients (2–4). However, effective intervention
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in reducing blood glucose reduces the incidence of

cardiovascular events. Daqing et al. found that a 6-year

lifestyle intervention reduced the incidence of diabetes and

cardiovascular events (heart attack, cerebral infarction, and

heart failure) by 49 and 26% over 30 years, in people with

impaired glucose tolerance (5).

Themolecular mechanisms associated with the development

of aneurysms are complex. Although the cause of intracranial

aneurysms (IA) is still poorly understood, it is thought

to be a result of a combination of factors, including

hemodynamic, morphological, and clinical factors (6–8).

Hemodynamic disorders can induce endothelial dysfunction,

induce macrophages to release pro-inflammatory cytokines and

matrix metalloproteinases (MMPs) to digest the extracellular

matrix (ECM), and induce apoptosis of vascular smooth muscle

cells (SMCs), resulting in the loss of vessel wall integrity

and development of aneurysm (9–11). In addition, vascular

morphological factors are also important in the development

of aneurysm. High glucose-induced reactive oxygen species

(ROS) may be involved in the activation of c-Jun N-terminal

kinase (JNK) pathway, which in turn triggers caspase-3 and

promotes apoptosis of vascular endothelial cells, leading to

changes in the vascular structure (12). Additionally, ROS can

induce vascular SMC senescence and aneurysm formation

by activating nuclear factor kappa-light-chain-enhancer of

activated B cells (NF-κB) (13). In contrast, immunosuppressants

can limit aneurysm growth by reducing JNK activation,

decreasing the inflammatory response, and reducing endothelial

cell activation (14).

These studies suggest that T2DM can induce the

development of IA; however, the underlying mechanism is

unclear. The hemodynamic and vascular structural damage

induced by T2DM is considered to be an important factor

in the development of aneurysms. Free fatty acid (FA)

concentrations are elevated in the blood of diabetic patients due

to excessive release of adipose tissue and its reduced uptake by

skeletal muscles (15–17). The liver increases very low density

lipoproteins (VLDL) production and cholesteryl esters synthesis

to eliminate the excess FA. Free cholesterol contributes to

atherosclerosis by activating toll-like receptor proteins (TLRs)

and prolonging the activation of p38 mitogen-activated protein

kinase (MAPK), thereby causing degenerative variations in the

arterial wall and promoting the development of aneurysms

(18, 19). A few studies have shown that platelet reactivity is

elevated in T2DM patients, leading to impaired coagulation

regulation, increasing the risk of cardiovascular events (20).

In addition, an increase in plasma coagulation factors (e.g.,

factor VII and thrombin) and a decrease in endogenous

anticoagulants (e.g., thrombomodulin and protein C) in DM

patients, increases the risk of thrombosis, which can cause

altered hemodynamics and aneurysm development (21, 22). A

decrease in the expression of MMP-2 and 3 and an increase in

the expression of tissue inhibitor of metalloproteinases (TIMP),

in response to high glucose induction, can cause vascular lesions

that induce aneurysm formation (23).

In previous studies, diabetes and IA prevalence and growth

were paradoxically negatively associated, and this protective

effect may have been attributed to diabetes drugs (24). As a

result, the specific relationship between diabetes and IA remains

unclear (25). Diabetes is a risk factor for vascular dysfunction

(26). It is a consequence of vascular dysfunction that IA

occurs (27, 28). Recent developments in bioinformatics have

provided us with an effective method for establishing the link

between diabetes and neurovascular diseases, including IA (29–

36). Transcription factors (TFs) are an important breakthrough

in the study of disease associations (37–40). Currently, it is

unclear whether TFs in peripheral blood can serve as effective

markers for T2DM and IA. Therefore, identifying TFs that are

differentially expressed in peripheral blood of T2DM and IA

patients may provide a new avenue for the prevention and

diagnosis of T2DM and IA.

In order to further explore the association between

T2DM and IA, we analyzed the correlation between the

differentially expressed genes (DEGs) common to IA and T2DM

through multi-omics analyses and constructed a transcriptional

regulatory network by using logistic regression curve analysis.

The results of this analysis provide a theoretical basis for IA

pathogenesis in T2DM patients and provide theoretical support

for its diagnosis and treatment.

Methods

Data acquisition and pre-processing

For the following keywords: diabetes mellitus, type 2

diabetes mellitus, or intracranial aneurysms, we searched the

NCBI GEO database (https://www.ncbi.nlm.nih.gov/geo/). In

order to screen the dataset and ensure that relevant data

was recorded, the following criteria were used: (i) samples

included both normal and disease samples; (ii) the dataset

was capable of completing expression profiling based on the

array method; (iii) the species was restricted to Homo sapiens;

and (iv) raw data was available for analysis. The IA-associated

gene expression microarray datasets (GSE26969, GSE75436, and

GSE13353) and T2DM-associated gene expression microarray

datasets (GSE55650 and GSE25462) were obtained via the

Gene Expression Omnibus (GEO) database. GSE26969 dataset

included three unruptured IA and the corresponding control

samples, GSE75436 included 15 IA and the corresponding

superficial temporal artery samples, and GSE13353 included

eight unruptured IA samples. The GSE55650 dataset included

12 T2DM and 11 control samples with family history of

DM, while the GSE25462 dataset included 10 T2DM and

25 control samples with family history of DM. Thus, we

included a total of 26 disease and 18 control samples for
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TABLE 1 Sources of data related to intracranial aneurysms and T2DM.

ID GSE number Platform Samples Diseases

1 GSE26969 GPL570 3 patients, 3 controls Intracranial arterial aneurysm

2 GSE75436 GPL570 15 patients, 15 controls Intracranial arterial aneurysm

3 GSE13353 GPL570 8 patients Intracranial arterial aneurysm

4 GSE55650 GPL570 12 patients, 11 controls Type 2 diabetes

5 GSE25462 GPL570 10 patients, 25 controls Type 2 diabetes

IA and 22 disease and 36 control samples for T2DM as

show in Table 1.

Di�erential expression analysis

R software (version 4.0.2) was used to process the download

matrix file and platform. Gene symbols were assigned to

the probe names corresponding to the IDs. The mean value

was chosen when multiple probes corresponded to one gene.

In addition, for each of the two disease categories, we

used the ComBat function in the sva (v3.40.0) package to

eliminate batch effects between multiple datasets and retain

the biological differences between the disease and control

samples. Thereafter, we normalized the samples using the

normalize Between Arrays function in the limma (v3.48.3)

package (41). Differential expression analysis (DEA) was

done individually for the IA and the T2DM datasets using

the limma package, and the thresholds for DEGs were

set as |log2FC| > 1 and FDR <0.05. Furthermore, the

intersection analysis is integrated in the dataset using Venn

Analytics (Venn).

Weighted co-expression network
construction and module identification

By analyzing gene expression data, WGCNA (Weighted

Correlation Network Analysis) constructs gene co-expression

networks (42). By analyzing association relationships between

genes, WGCNA categorizes genes into modules. Finally,

correlation analysis between these modules and sample

phenotypes is used to examine molecular features of specific

phenotypes. The expression profiles of the two disease categories

were integrated and the expression distributions of all the

samples were normalized using the normalizeBetweenArrays

function in the limma (v 3.48.3), and the genes in the top 25%

of the standard deviation (Ngene = 5,720) were selected for

subsequent analysis. Thereafter, we conducted weighted gene co-

expression network analysis (WCGNA) using the WGCNA (v

1.70-3) package (43), and the strength of association between

the nodes was determined by using the adjacency matrix. The

pickSoftThreshold function of WGCNA was used to calculate

the scale free fit index (R2) corresponding to different soft

thresholds, and the first soft threshold that marked the R2 > 0.9

was selected. The soft threshold β was set at 8. Subsequently,

we transformed the adjacency matrix into a topological overlap

matrix (TOM), to quantitatively describe the similarity of nodes

by comparing the weighted correlation between two nodes and

other nodes. Thereafter, we performed hierarchical clustering

to identify co-expression modules, each containing at least 50

genes. Lastly, we computed module eigengene (ME) and merged

the similar modules (abline= 0.1).

Identification of significant co-expressed
genes

Pearson correlations between ME and the disease types

were calculated and their significance was calculated using the

corPvalueStudent function. Finally, the intersections between

the gene modules that were significantly associated with both

the disease types and the commonDEGs of the two disease types

were taken as the target genes.

Construction of transcriptional
regulatory networks

We obtained 8,427 human-related transcriptional regulatory

relationships, including 795 TFs from the TRRUST (v2)

database, which collects a large number of manually-calibrated

TF-target regulatory interactions (44). Subsequently, we

extracted the transcriptional regulatory networks associated

with the target genes and visualized them using cytoscape

(v 3.8.0).

Enrichment analyses

The enrichGO function in the clusterProfiler (v 4.2.2)

package was used to enrich the set of genes of interest into GO
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entries, and those with a p-value of <0.05 were considered to be

significantly enriched (45). The samples were divided into high

and low expression groups based on STAT1 expression values.

Then the GSEA function in the clusterProfiler package was used

to screen for activated (p-value< 0.05 and NES> 1) or inhibited

(p-value < 0.05 and NES < 1) biological process (BP) pathways

in the different groups.

Western blot and cell culture for
detecting protein expression

The Shanghai Institute of Cell Biology, Chinese Academy of

Sciences has provided us with human umbilical vein endothelial

cell line (ECV-304). Cells were cultured in RPMI1640 medium

containing 10% FBS at 37◦C in a 5% CO2 incubator. The cells

were cultured in groups and given different concentrations of

D-glucose to stimulate ECV-304 cell line for the same time

(24 h), and the experiment was divided into two groups as

follows: (i) control group: Glucose 5.5 mmol/L; (ii) diabetic

group: Glucose 16.5 mmol/L. By using the BCA method,

total protein was extracted from the cells and quantified.

SDS-PAGE electrophoresis of 12% proteins was used for

separation, PVDF membranes were sealed with 5% skimmed

milk powder for 1 h at room temperature, rinsed three times

with TBST, incubated overnight at 4◦C with the primary

antibody, rinsed with TBST three times, then incubated at

room temperature for 1 h with the HRP-labeled secondary

antibody, rinsed three times, and then ECL-illuminated for color

development. The results were analyzed by chemiluminescence

imaging system.

ComPPI constructs protein interaction
networks

The ComPPI database (version 2.1.1) is a comprehensive,

open source database for analyzing experimental results

in biochemistry, molecular biology, proteomics, as well as

proteomic and interactomic research in bioinformatics and

network science, contributing to cell biology, medicine, and drug

design. STAT1 is the input gene and the result file of ComPPI

is exported. R software imports the program file along with the

input data file and annotates the file after defining the input

parameters. Based on ComPPI, we obtained the STAT1 protein

interactions network map.

Statistical analysis

Each experiment was replicated at least three

times. Means and standard deviations (SDs) are used

to express quantitative data. All statistical tests and

graphs were generated using the Project R software

(version 4.0.2). To detect differentially expressed genes

(DEGs), Bayesian tests were used. P-values < 0.05 were

considered significant.

Results

Identification of genes co-expressed in IA
and T2DM

We selected the GSE26969, GSE75436, GSE13353,

GSE55650, and GSE25462 datasets from the GEO database for

the analysis to include as many disease samples as possible,

while minimizing the impact of batch effects on the analysis.

The number of samples, disease types, and platform information

included in each dataset are shown in Table 1.

DEGs were identified after removing batch effects

between multiple datasets (Figures 1A,B). We screened

822 upregulated and 837 downregulated genes in IA and

1678 upregulated and 1474 downregulated genes in T2DM

(Figures 1C,D).

Screening for target genes

The expression profiles of IA and T2DM were integrated

and normalized, and hierarchical clustering analyses of all the

samples revealed that the different types of samples could be

well distinguished (Figure 2A). We used WGCNA to identify

the gene modules associated with disease types, and set the

soft threshold (β) at 8 for constructing the scale-free network

(Figure 2B). Subsequently, we constructed the adjacency matrix

and TOM to identify the co-expressed gene modules. A total

of 12 gene modules were identified using mean hierarchical

clustering and dynamic tree cropping methods (Figure 2C). The

red and salmon modules were significantly associated with both

IA and T2DM (Figure 2D) and were considered to be clinically

significant for subsequent analysis. DEA demonstrated that, in

both the diseases, 206 and 214 genes were downregulated and

upregulated, respectively (Figure 2E). Furthermore, combined

results of DEA and WGCNA revealed that 78 genes were

downregulated and 138 genes were upregulated in both

the diseases (Figure 2F). These 216 genes showed the same

dysregulation pattern in both the diseases and were significantly

associated with disease onset, suggesting a possible common

pathogenic molecular mechanism between both the diseases;

therefore, they were considered as the target genes for IA

and T2DM. The target genes were significantly enriched to

68 GO pathways (Figure 3A), including ECM composition,

coagulation regulation, hemostasis regulation, and collagen

protofibril composition pathways.
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FIGURE 1

Integration of datasets and di�erential expression analysis. (A) First and second principal components of the intracranial aneurysm

(IA)—GSE13353, GSE26969, and GSE75436 datasets before and after eliminating the batch e�ects. (B) First and second principal components of

the type 2 diabetes mellitus (T2DM)—GSE25462 and GSE55650 datasets before and after eliminating the batch e�ects. (C) Volcano plots of

di�erentially expressed genes (DEGs) in IA and T2DM. (D) Volcano plots of DEGs in T2DM.
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FIGURE 2

Screening of target genes. (A) Dendrogram of clusters for all the samples. (B) R2 of scale-free model fit analysis corresponding to di�erent soft

threshold values; R2 of the red horizontal line is 0.9. (C) Dendrogram of the genes in the top 25% of the standard deviation based on dissimilarity

measure (1-TOM) clustering; color bars are used to mark di�erent modules. (D) Heat map of correlation between module eigengenes (ME) and

clinical phenotypes; red and salmon modules are significantly correlated with both intracranial aneurysm (IA) and type 2 diabetes mellitus

(T2DM). (E) Venn diagram of di�erentially expressed genes (DEGs) for IA and T2DM. (F) Venn diagram of common DEGs for IA and T2DM with

red and salmon modules, in which 216 genes were considered as significant target genes.
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FIGURE 3

Key transcription factors associated with the target genes. (A) 216 target genes enriched to gene ontology (GO) pathways, including 8 molecular

function (MF) pathways, 10 cellular component (CC) pathways, and 50 biological process (BP) pathways. (B) Transcriptional regulatory networks

associated with target genes; the size of nodes is proportional to degree. (C) Transcription factors (TFs) with degree ≥5, including: STAT1, RELA,

NFKB1, SP1, STAT3, SP3, and TP53. (D–J) ROC curves of STAT1, RELA, NFKB1, SP1, STAT3, SP3, and TP53 in intracranial aneurysm (IA) and type 2

diabetes mellitus (T2DM) diagnosis.

Construction of target genes-related
transcriptional regulatory networks and
identification of key TFs

The differential expression of target genes in IA and T2DM

may be related to the regulation of TFs. To identify the key

TFs associated with the occurrence of IA and T2DM, we

constructed a target genes-related transcriptional regulatory

network (Figure 3B), including 130 TFs and 44 target genes,

among which ARNTL2 and STAT1 were both the target genes

as well as TFs. Seven TFs in the network had a degree value

≥5 (Figure 3C), and these TFs may play a key regulatory role
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FIGURE 4

Biological process pathways associated with STAT1 in intracranial aneurysm and type 2 diabetes mellitus. (A) Top 5 biological process (BP)

pathways (BP) that were significantly activated in patients with intracranial aneurysm (IA) and type 2 diabetes mellitus (T2DM) with high STAT1

expression. (B) Top 5 BPs that were significantly inhibited in patients with IA and T2DM with high STAT1 expression. (C) Top 5 BPs that were

significantly activated in patients with T2DM with high STAT1 expression. (D) Top 5 BPs that were significantly inhibited in patients with T2DM

with high STAT1 expression.

in the pathogenic mechanism of both the diseases. We further

explored the potential clinical diagnostic value of these seven

TFs (STAT1, RELA, NFKB1, SP1, STAT3, SP3, and TP53) by

plotting their ROC curves based on univariate logistic regression

in the diagnosis of the two diseases (Figures 3D–J). The results

showed that the AUC values of STAT1 in both diseases were

>0.8 indicating that it was significantly associated with the

occurrence of both the diseases. Determining its biological

functions in IA and T2DM will facilitate the understanding

of the common pathogenic mechanisms between IA and

T2DM. As a result, STAT1 was selected for further functional

pathway analysis.

Functional pathways involved in STAT1 in
IA and T2DM

We screened for the BP pathways associated with STAT1

expression levels in IA and T2DM using gene pooling

enrichment analysis. The results revealed that in both IA and

T2DM, a large number of immune response-related pathways,

including adaptive immune response, lymphocyte-mediated

immunity, and neutrophil chemotaxis were activated in

the high STAT1 expression group (Figure 4A), while the

synaptic-related pathways were inhibited (Figure 4B).

In T2DM, the renal vascular development and posterior
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renal-associated epithelial mesenchymal transition pathways

were activated in the high STAT1 expression group

(Figure 4C), while the calcium transfer-related pathways

were inhibited (Figure 4D). Therefore, STAT1 plays a key

role in immune and vascular function-related pathways in IA

and T2DM.

Analysis of diabetes mellitus-related high
STAT1 expression and its protein
interactions

Experimental studies with WB demonstrated that ECV-304

cells exposed to high glucose expressed STAT1 (p < 0.05)

(Figure 5A). The hyperglycemic microenvironment may

upregulate STAT1 in endothelial cells by upregulating STAT1.

The ComPPI database was used to identify the proteins that

interact with STAT1 at different cell sites (Figure 5B). GO

functions enriched in these STAT1-interacting proteins include

interferon–gamma–mediated signaling pathway, peptidyl–

tyrosine modification, peptidyl–tyrosine phosphorylation,

retromer complex, transcription factor complex, RNA

polymerase II transcription factor complex, non–membrane

spanning protein tyrosine kinase activity, ubiquitin–like

protein ligase binding, and protein tyrosine kinase activity

(Figure 5C). And the STAT1-interacting proteins are mainly

found in the KEGG pathways of Th17 cell differentiation,

JAK–STAT signaling pathway, and Kaposi sarcoma–associated

herpesvirus infection (Figure 5C). In diabetes and IA, ISG15

was upregulated as a co-interacting protein of STAT1, while

PTP4A3 was downregulated as a co-interacting protein of

STAT1 (Figure 5D). Accordingly, ISG15 and PTP4A3 may

interact with STAT1 to affect diabetes and IA, though more

studies are needed (Table 2).

Discussions

T2DM accounts >90% of DM cases globally, and it is

characterized by hyperglycemia, low insulin production, and

insulin resistance. Long-term hyperglycemia is likely to lead

to poor blood flow to the extremities, resulting in reduced

vascular elasticity and blood flow blockage. IA are abnormal

bulges that occur in the walls of intracranial arteries. Although

its etiology is unclear, it is believed that cerebral arteriosclerosis

and rising vascular pressure are related to its development.

Comparative analysis of the symptoms and causative factors

of both the diseases suggested the existence of a common

pathogenesis. Therefore, we used RNA-seq data from public

databases to obtain genetic features as well as regulatory

mechanisms that are common between IA and T2DM. In this

study, a total of 216 DEGs were screened from 5 GSE datasets,

among which 78 were upregulated and 138 were downregulated.

Additionally, 12 gene modules were identified using WGCNA,

two of which were significantly associated with both IA

and T2DM. Furthermore, in the transcriptional regulatory

network constructed using the DEGs, ARNTL2 and STAT1 were

identified to be the target genes as well as TFs in both the

disease samples.

ARNTL2, also known as BMAL2, belongs to the PAS

(Per-Arnt-Sim) superfamily. PAS proteins play an important

role in adapting to the circadian oscillations, and disruption

of circadian rhythms leads to predisposition to metabolic

syndromes, such as obesity and diabetes (46–48). A cohort study

showed that the A/G and A/A genotypes of BMAL2 rs7958822

showed a higher adjusted advantage ratio than the G/G genotype

in obese men (OR = 2.2), suggesting a significant association

between the BMAL2 rs7958822 genotype and T2DM in obese

subjects (49). BAML2 can regulate circadian rhythms, and

interventions in the circadian patterns of activity and feeding

can have significant effects on body weight and metabolism

(47, 50). A study revealed that insulin resistance and blood

glucose concentrations were improved after overexpression of

BMAL2 (51).

STAT1 belongs to the STAT family and mediates the

expression of a variety of genes (52–54). Several studies

have reported that STAT1 gain-of-function mutations induce

the diabetes and multiple autoimmune diseases (55–57).

Furthermore, it has been shown that diabetes risk factors, such

as hyperglycemia and hyperlipidemia can exacerbate diabetes

symptoms by activating NF-κB and STAT1, which together

reduce the number of B cells. Another study indicated that

CD40L, the physiological ligand of TNFR-5, can activate NF-κB

activity in pancreatic islet β-cells, thus inducing islet cell death

(58). In addition, one study found that inhibition of the JAK1-

STAT1 pathway could protect pancreatic β-cells from cytokine-

induced cell death, and improving the T2DM symptoms (59).

STAT1 can also be involved in interferon-γ (IFN-γ), TLR4,

and interleukin-6 (IL-6) activation pathways thereby amplifying

pro-inflammatory signals, leading to increased SMC leukocyte

migration, leukocyte adhesion to endothelial cells, and foam

cell formation, thereby promoting atherosclerosis and atheroma

formation (60).

Through the enrichment analysis of ARNTL2 and STAT1,

target genes were enriched to 68 GO pathways, including ECM

composition, coagulation regulation, hemostasis regulation, and

collagen fiber composition pathways. Among these, BMAL2

regulates the transcription of anticoagulant thrombomodulin

and PAI-1 by forming a heterodimer with CLOCK; therefore,

abnormal expression of BMAL2 may cause coagulation

disorders (61, 62). STAT1 inhibits thrombin-induced STAT-

DNA binding activity and TIMP-1 mRNA expression, thereby

inhibiting the coagulation process and promoting thrombosis

(63). Furthermore, thrombosis can lead to hemodynamic

changes that may promote the development of aneurysms.

Therefore, it may be assumed that BAML2 and STAT1
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FIGURE 5

Interaction and functional analysis of the highly expressed STAT1 protein in diabetes mellitus. (A) WB experimental study to verify the di�erential

expression of STAT1 in ECV-304 cell lines in the high glucose and control groups; (B) Analysis of STAT1 interaction proteins at di�erent cell sites

using the ComPPI database; (C) Protein interactions with STAT1 enrichment; (D) Relationships between proteins interacting with STAT1 and

genes di�erentially expressed in diabetes and IA cross-tabulation analysis. *p < 0.05.

can influence the development of aneurysmal complications

in T2DM.

In summary, we screened ARNTL2 and STAT1 by

constructing a transcriptional regulatory network through

multi-omics analyses, and the gene pathways were enriched for

clotting regulation and ECM-related pathways. Therefore, it is

important to investigate their role in the hemostatic regulatory

pathways in T2DM, which can help in the diagnosis and

treatment of future complications. However, our study is yet to

be validated by in vitro experiments to further clarify the specific

molecular mechanisms.

Conclusions

ARNTL2 and STAT1 are aberrantly expressed in T2DM and

IA and act as common neurovascular markers for both the

diseases. ARNTL2 and STAT1 are involved in hyperglycemic
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TABLE 2 Protein information of PTP4A3 and ISG15 obtained from the ComPPI database.

Source Target Location ComPPI score Expression in diabetes and IA

STAT1

PTP4A3 Cytosol/mitochondrion/nucleus/secretory-pathway/extracellular 0.9974 Common down

ISG15 Cytosol/nucleus/extracellular/extracellular 0.9600 Common up

metabolism and coagulation-related regulation of T2DM,

causing aneurysms. The findings of this study provide novel

diagnostic and therapeutic targets for T2DM complications.

Data source

In the paper, microarray datasets (GSE55650, GSE25462,

GSE26969, GSE75436, and GSE13353) from the GEO database

were analyzed.
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Postoperative red blood cell
distribution width predicts
functional outcome in
aneurysmal subarachnoid
hemorrhage after surgical
clipping: A single-center
retrospective study

Long Zhao1,2,3†, Yi Zhang2†, Ping Lin2, Weida Li2,

Xingyuan Huang4, Hangyang Li2, Mingkai Xia5, Xinlong Chen2,

Xi Zhu6* and Xiaoping Tang1,3*

1Department of Neurosurgery, A�liated Hospital of North Sichuan Medical College, Nanchong,

China, 2School of Clinical Medicine, North Sichuan Medical College, Nanchong, China,
3Neurosurgical Research Center, A�liated Hospital of North Sichuan Medical College, Nanchong,

China, 4School of Psychiatry, North Sichuan Medical College, Nanchong, China, 5School of Medical

Imaging, North Sichuan Medical College, Nanchong, China, 6Outpatient Department, A�liated

Hospital of North Sichuan Medical College, Nanchong, China

Objective: Red blood cell (RBC) parameters are associated with outcomes

following aneurysmal subarachnoid hemorrhage (aSAH), but their predictive

value remains uncertain. This study aimed to detect the association between

RBC parameters and functional outcome in aSAH patients undergoing

surgical clipping.

Methods: This retrospective observational study included aSAH patients who

underwent surgical clipping at A�liated Hospital of North Sichuan Medical

College between August 2016 and September 2019. The functional outcome

following aSAH was assessed by modified Rankin Scale (mRS), and mRS 3–6

was defined as poor functional outcome.

Results: Out of 187 aSAH patients included (62% female, 51–66 years old),

73 patients had poor functional outcome. Multivariate logistic regression

of admission parameters showed that World Federation of Neurosurgical

Societies (WFNS) grade (odds ratio [95% CI]: 1.322 [1.023–1.707], p = 0.033)

and white blood cell (WBC) (odds ratio [95% CI]: 1.136 [1.044–1.236],

p = 0.003) were independently associated with poor functional outcome. In

postoperative parameters, RBC distribution width (RDW) (odds ratio [95% CI]:

1.411 [1.095–1.818], p = 0.008), mean platelet volume (MPV, odds ratio [95%

CI]: 1.253 [1.012–1.552], p = 0.039) and admission WFNS grade (odds ratio

[95% CI]: 1.439 [1.119–1.850], p = 0.005) were independently associated

with poor functional outcome. The predictive model including WFNS grade,

admission WBC, and postoperative RDW and MPV had significantly higher

predictive power compared to WFNS grade alone (0.787 [0.722–0.852] vs.

0.707 [0.630–0.784], p = 0.024). The combination of WFNS grade and

WBC on admission showed the highest positive predictive value (75.5%) and
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postoperative RDW and MPV combined with admission WFNS grade and WBC

showed the highest negative predictive value (83.7%).

Conclusion: Postoperative RDW is independently associated with poor

functional outcome in aSAH patients undergoing surgical clipping. A combined

model containing postoperative RDW may help predict good outcome in

patients with aSAH after timely aneurysm clipping.

KEYWORDS

aneurysmal subarachnoid hemorrhage, red blood cell distribution width, surgical

clipping, functional outcome, predictor

1. Introduction

Aneurysmal subarachnoid hemorrhage (aSAH), a severe

type of hemorrhagic stroke, results from the rupture of

intracranial aneurysms (1). With significant morbidity and

mortality, such disease continues to be a clinical emergency

despite advances in strategies of diagnosis, treatment, and

neurocritical care (2). When a rupture occurs, guidelines

recommend the repair be conducted as soon as possible

(3, 4). Though endovascular coiling is widely performed,

some forms of aSAH are suitable for surgical clipping. This

requires complicated perioperative management and leads to

clinical problems, such as the relationship between anemia,

intraoperative blood loss and outcomes, which are still under

investigation. Therefore, biomarkers predicting outcomes after

surgical clipping are needed for advanced clinical care.

Red blood cell (RBC) parameters have been reported to

predict poor outcomes after an aSAH event. Postoperative

hemoglobin, an anemia biomarker, is observed to be an

independent risk factor of poor neurological outcomes (5). Gong

et al. found that mean corpuscular volume (MCV) and mean

corpuscular hemoglobin (MCH) are predictors of cognitive

impairment (6). Recent studies also have shown that RBC

distribution width (RDW) is associated with outcome indicators

such as functional outcome, mortality, delayed cerebral ischemia

(DCI) and cerebral infarction following aSAH (7–9). Since the

role of blood transfusion in the management of aSAH is still

controversial and there is a lack of practical indicators for

reference in the management of blood volume clinically, it is

of great significance to continue evaluating the role of RBC

parameters in aSAH.

Although several studies discussed the predictive value of

RBC parameters, few considered the craniotomy performed

in relation to the analysis, which may affect RBC parameters

and outcome. Moreover, these studies have not been externally

validated. It is unclear whether these results are broadly

applicable and whether postoperative RBC parameters are

associated with outcomes of aSAH patients after clipping.

Therefore, this retrospective case-control study was conducted

to comprehensively analyze the relationship between RBC

parameters on admission and after surgical clipping and

functional outcome of aSAH patients, and to screen parameters

with independent predictive value.

2. Materials and methods

2.1. Study design and patients

This retrospective observational study included consecutive

patients with aSAH admitted to Affiliated Hospital of North

Sichuan Medical College between August 2016 and September

2019. The inclusion criteria were: (1) age >18 years; (2) patients

with aSAH confirmed by computed tomographic angiography

or digital subtraction angiography; (3) admitted within 24 h

of initial symptom onset; (4) undergoing surgical clipping

within 72 h of the onset; (5) complete blood count (CBC)

test was completed within 24 h after admission and within 6 h

after surgery. The exclusion criteria were: (1) patients with

a history of primary or secondary central nervous system

diseases, acute or chronic infections, or systemic diseases; (2)

patients with trauma, surgery, bleeding events or blood donation

within 3 months; (3) patients with incomplete information.

This study was performed according to the TRIPOD statement

(10), followed the revised Declaration of Helsinki and was

approved by the ethics committee of Affiliated Hospital of North

SichuanMedical College. Patients’ consent was waived due to the

retrospective nature of this study.

2.2. Data collection and definition

Data were collected from the electronic medical records,

including demographics (age, gender), addictions (smoking and

alcohol consumption), medical history (hypertension, diabetes

mellitus), admission clinical grades, aneurysm characteristics,

and admission and postoperative CBC parameters. Clinical

grades included the World Federation of Neurosurgical

Society (WFNS) grade and modified Fisher (mFisher)

grade. Aneurysm characteristics included location and

number. Location was divided into “anterior” and “posterior”

circulation, and number was divided into “single” and
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“multiple”. RBC parameters including hemoglobin, RBC,

hematocrit, MCV, MCH, mean corpuscular hemoglobin

concentration (MCHC), and RDW were collected on admission

and postoperatively. Other CBC parameters reported as

outcome predictors were also collected, including white

blood cell (WBC), neutrophil, lymphocyte, monocyte, platelet

and mean platelet volume (MPV) (11–13). Differences

between admission and postoperative RBC parameters were

calculated by subtracting the admission values from the

postoperative values. For data accuracy and comparability,

only the first CBC results after admission and surgery were

collected separately.

Functional outcome was assessed through telephone

interview or outpatient visit at 3 months by fixed staff who

was blind to laboratory data of patients, following the modified

Rankin scale (mRS) (14). The mRS is scored 0–6: 0 (no

symptoms), 1 or 2 (functional independence), 3 (moderate

handicap), 4 or 5 (moderate to severe handicap) and 6 (death).

We defined good functional outcome as 3-month mRS between

0 and 2 and poor outcome as mRS between 3 and 6 (15). Patients

were dichotomized into two groups (mRS 0–2 vs. mRS 3–6).

2.3. Statistical analysis

Statistical analysis was performed with SPSS Statistics 26

(IBM, Armonk, NY, USA), and p < 0.05 was considered

significant. Categorical variables were presented as number

(percentage) and compared by Chi-square or Fisher’s exact test.

Continuous variables that conformed to normal distribution

were expressed as mean ± standard deviation and compared

by Student’s t-test. Continuous variables that conformed to

skewed distribution were expressed as median with interquartile

range (25th−75th percentile) and compared by the Mann-

Whitney U test, which was also applied to rank variables.

Multivariate logistic regression was performed to identify

the independent predictors of poor functional outcome.

Variables considered clinically relevant or with p < 0.05

in univariate analyses were incorporated into multivariate

logistic regression models. Receiver operating characteristic

(ROC) analysis was conducted to evaluate the predictive

value and to determine the cutoff value by calculating

Youden’s index. Delong’s test compared areas under ROC

curves (AUCs).

FIGURE 1

Flowchart of patients included in the study. aSAH, aneurysmal subarachnoid hemorrhage; CBC, complete blood count; mRS, modified Rankin

Scale.
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3. Results

3.1. Baseline characteristics

A total of 187 patients were included in this study, of

which 114 (61.0%) had good functional outcome while 73

(39.0%) had poor functional outcome, including 15 patients

(8.0%) who died within 3 months of the onset (Figure 1).

Of the included cases, 122 were included in a published

article to establish an early predictive nomogram for DCI after

aSAH (13). Parameters of demographics, addictions, medical

history and aneurysm characteristics showed no significant

differences between two groups. In contrast, parameters of

admission clinical grades differed significantly between two

groups (WFNS grade, p < 0.001; mFisher grade, p = 0.011;

Table 1).

3.2. Admission CBC parameters

Admission CBC parameters showed thatWBC (11.46 [8.90–

14.00] vs. 14.69 [11.81–17.90], p < 0.001), neutrophil (10.30

[7.61–12.92] vs. 13.18 [10.38–15.88], p < 0.001), monocyte

(0.37 [0.23–0.51] vs. 0.60 [0.36–0.84], p < 0.001) and RDW

(13.1 [12.5–13.6] vs. 13.4 [12.8–14.2], p < 0.001) in patients

with poor functional outcome were significantly higher than

those in patients with good functional outcome (Table 1).

Patients with poor functional outcome also had significantly

lower MCHC (328 [321–334] vs. 324 [318–331], p = 0.011;

Table 1). Multivariate logistic regression showed that WFNS

grade (odds ratio [95% CI]: 1.322 [1.023–1.707], p = 0.033)

and WBC (odds ratio [95% CI]: 1.136 [1.044–1.236], p

= 0.003) predicted poor functional outcome independently

(Table 2).

3.3. Postoperative CBC parameters

In postoperative CBC parameters, WBC (10.82 [9.01–

13.80] vs. 12.93 [10.29–16.86], p = 0.001), neutrophil (8.89

[7.46–11.73] vs. 11.77 [8.56–14.72], p < 0.001), monocyte

(0.59 [0.41–0.88] vs. 0.69 [0.51–1.04], p = 0.041), RDW

(13.1 [12.6–13.6] vs. 13.9 [13.1–14.5], p < 0.001) and

MPV (11.3 ± 1.6 vs. 12.0 ± 1.5, p = 0.004) in patients

with poor functional outcome were significantly higher than

those with good functional outcome (Table 1). Results of

multivariate logistic regression revealed that WFNS grade

(odds ratio [95% CI]: 1.439 [1.119–1.850], p = 0.005),

MPV (odds ratio [95% CI]: 1.253 [1.012–1.552], p = 0.039)

and RDW (odds ratio [95% CI]: 1.411 [1.095–1.818], p

= 0.008) independently predicted poor functional outcome

(Table 3).

3.4. Di�erences between admission and
postoperative RBC parameters

The variation of RBC parameters was analyzed and only

RDW showed significant difference. The difference of RDW in

patients with poor functional outcome was higher than those

with good functional outcome (0.2 [−0.2 to 1.0] vs. 0.0 [−0.3

to 0.4], p= 0.010).

3.5. ROC analysis

The AUCs of WFNS grade, admission WBC and

postoperative RDW and MPV were 0.670 (0.589–0.750),

0.704 (0.626–0.781), 0.707 (0.630–0.784) and 0.623 (0.542–

0.704), respectively (Figure 2). The best cutoff point of WFNS

grade predicting poor functional outcome (Youden’s index

= 0.286) was 2.5, where the sensitivity was 57.5% and the

specificity was 71.1%. The positive predictive value (PPV)

was 56.0% and the negative predictive value (NPV) was

72.3%. The best cutoff point of admission WBC predicting

poor functional outcome (Youden’s index = 0.383) was

12.875×109/L, where the sensitivity was 69.9% and the

specificity was 68.4%. The PPV was 58.6% and the NPV

was 78.0%. The best cutoff point of postoperative RDW

predicting poor functional outcome (Youden’s index =

0.383) was 13.65%, where the sensitivity was 60.3% and the

specificity was 78.1%. The PPV was 63.8% and the NPV was

75.4%. The best cutoff point of postoperative MPV predicting

poor functional outcome (Youden’s index = 0.247) was

11.25 fL, where the sensitivity was 71.2% and the specificity

was 53.5%. The PPV was 49.5% and the NPV was 74.4%.

There was no significant difference between the AUCs of

the four ROC curves (WFNS grade vs. admission WBC, p

= 0.462; WFNS grade vs. postoperative RDW, p = 0.477;

WFNS grade vs. postoperative MPV, p = 0.419; admission

WBC vs. postoperative RDW, p = 0.949; admission WBC

vs. postoperative MPV, p = 0.182; postoperative RDW vs.

postoperative MPV, p = 0.112). The AUC of postoperative

RDW was significantly larger than the difference of RDW

(p= 0.020).

Three combined diagnostic models based on WFNS grade,

admission WBC and postoperative RDW and MPV were

established and evaluated to achieve better predictive value.

The AUC of parameter combination A (WFNS grade and

admission WBC) and B (WFNS grade and postoperative RDW

and MPV) was 0.734 (0.657–0.811) and 0.753 (0.685–0.822),

respectively (Figure 3). The sensitivity was 54.8% and the

specificity was 88.6% at the best cutoff point of parameter

combination A (Youden’s index = 0.434). The PPV was

75.5% and the NPV was 75.4%. The sensitivity was 50.7%

and the specificity was 86.8% at the best cutoff point of
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TABLE 1 Univariate analysis of baseline characteristics and CBC parameters associated with poor functional outcome at 3 months.

Characteristics Total mRS at 3 Months p-value

(n = 187) 0–2 (n = 114) 3–6 (n = 73)

Demographics

Female 116 (62.0%) 72 (63.2%) 44 (60.3%) 0.692

Age (year) 59 (51–66) 55 (50–67) 62 (53–66) 0.080

Addictions

Smoking 35 (18.7%) 21 (18.4%) 14 (19.2%) 0.897

Alcohol consumption 28 (15.0%) 17 (14.9%) 11 (15.1%) 0.977

Medical history

Hypertension 101 (54.0%) 59 (51.8%) 42 (57.5%) 0.439

Diabetes mellitus 4 (2.1%) 1 (0.9%) 3 (4.1%) 0.331

Clinical grades

WFNS grade 2 (1–4) 1 (1–3) 3 (1–4) <0.001

mFisher grade 3 (3–4) 3 (2–4) 3 (3–4) 0.011

Aneurysm characteristics

Location 0.780

Anterior 179 (95.7%) 110 (96.5%) 69 (94.5%)

Posterior 8 (4.3%) 4 (3.5%) 4 (5.5%)

Number 0.984

Single 151 (80.7%) 92 (80.7%) 59 (80.8%)

Multiple 36 (19.3%) 22 (19.3%) 14 (19.2%)

Admission CBC

WBC (×109/L) 12.54 (9.64–15.74) 11.46 (8.90–14.00) 14.69 (11.81–17.90) <0.001

Neutrophil (×109/L) 11.32 (8.53–14.49) 10.30 (7.61–12.92) 13.18 (10.38–15.88) <0.001

Lymphocyte (×109/L) 0.81 (0.59–1.16) 0.81 (0.58–1.20) 0.81 (0.62–1.11) 0.812

Monocyte (×109/L) 0.42 (0.28–0.65) 0.37 (0.23–0.51) 0.60 (0.36–0.84) <0.001

Hemoglobin (g/L) 128± 17 130± 14 125± 19 0.069

RBC (1012/L) 4.30 (3.89–4.57) 4.31 (3.96–4.56) 4.30 (3.83–4.59) 0.546

Hematocrit 0.389 (0.358–0.423) 0.392 (0.364–0.423) 0.383 (0.348–0.423) 0.210

MCV (fL) 92.0 (89.8–96.0) 92.0 (89.9–96.1) 93.1 (89.8–95.5) 0.803

MCH (pg) 30.2 (29.1–31.4) 30.5 (29.3–31.5) 30.0 (28.8–31.1) 0.103

MCHC (g/L) 326 (320–333) 328 (321–334) 324 (318–331) 0.011

RDW (%) 13.2 (12.6–13.7) 13.1 (12.5–13.6) 13.4 (12.8–14.2) <0.001

Platelet (×109/L) 186.8± 51.6 186.2± 46.7 187.8± 58.7 0.841

MPV (fL) 11.5± 1.7 11.3± 1.8 11.9± 1.6 0.039

Postoperative CBC

WBC (×109/L) 11.72 (9.43–14.77) 10.82 (9.01–13.80) 12.93 (10.29–16.86) 0.001

Neutrophil (×109/L) 9.80 (7.79–13.01) 8.89 (7.46–11.73) 11.77 (8.56–14.72) <0.001

Lymphocyte (×109/L) 0.85 (0.59–1.23) 0.88 (0.59–1.32) 0.85 (0.59–1.15) 0.655

Monocyte (×109/L) 0.63 (0.45–0.95) 0.59 (0.41–0.88) 0.69 (0.51–1.04) 0.041

(Continued)
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TABLE 1 (Continued)

Characteristics Total mRS at 3 Months p-value

(n = 187) 0–2 (n = 114) 3–6 (n = 73)

Hemoglobin (g/L) 110 (99–118) 111 (101–119) 108 (96–115) 0.081

RBC (1012/L) 3.66± 0.52 3.66± 0.44 3.66± 0.63 0.941

Hematocrit 0.339 (0.310–0.367) 0.340 (0.314–0.367) 0.335 (0.299–0.367) 0.261

MCV (fL) 93.6 (90.6–96.9) 93.7 (91.1–96.8) 92.6 (90.1–96.9) 0.254

MCH (pg) 30.3 (29.2–31.1) 30.3 (29.3–31.3) 30.0 (29.0–30.8) 0.097

MCHC (g/L) 322 (315–328) 324 (316–328) 321 (314–328) 0.116

RDW (%) 13.3 (12.8–14.1) 13.1 (12.6–13.6) 13.9 (13.2–14.5) <0.001

Platelet (×109/L) 144 (115–172) 143 (118–168) 144 (112–177) 0.872

MPV (fL) 11.6± 1.6 11.3± 1.6 12.0± 1.5 0.004

Boldface type represents statistical significance.

Values are n (%), mean± standard deviation or median (25−75%).

CBC, complete blood count; mRS, modified Rankin Scale; WFNS, World Federation of Neurosurgical Societies; mFisher, modified fisher; WBC, white blood cell; RBC, red blood cell;

MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red blood cell distribution width; MPV, mean

platelet volume.

TABLE 2 Multivariate logistic regression of baseline characteristics

and admission CBC parameters associated with poor functional

outcome at 3 months.

Characteristics OR 95% CI p-value

WFNS grade 1.322 1.023–1.707 0.033

mFisher grade 1.165 0.796–1.706 0.432

WBC 1.136 1.044–1.236 0.003

MCHC 0.975 0.939–1.013 0.196

RDW 1.327 0.918–1.919 0.132

MPV 1.199 0.982–1.462 0.074

Boldface type represents statistical significance.

CBC, complete blood count; OR, odds ratio; CI, confidence interval; WFNS, World

Federation of Neurosurgical Societies; mFisher, modified fisher; WBC, white blood cell;

MCHC, mean corpuscular hemoglobin concentration; RDW, red blood cell distribution

width; MPV, mean platelet volume.

parameter combination B (Youden’s index = 0.375). The

PPV was 71.2% and the NPV was 73.3%. The AUC of

parameter combination C (all four parameters) was 0.787

(0.722–0.852) (Figure 3). The sensitivity was 80.8% and the

specificity was 63.2% at the best cutoff point of parameter

combination C (Youden’s index = 0.440). The PPV was

58.4% and the NPV was 83.7%. The AUC of parameter

combination C was higher than parameter combination A and

B with statistical significance (parameter combination A vs.

parameter combination C, p= 0.029; parameter combination

B vs. parameter combination C, p = 0.048). The AUC of

parameter combination A was significantly higher than WFNS

grade (p = 0.018). The AUC of parameter combination B

was significantly higher than WFNS grade and postoperative

TABLE 3 Multivariate logistic regression of baseline characteristics

and postoperative CBC parameters associated with poor functional

outcome at 3 months.

Characteristics OR 95% CI p-value

WFNS grade 1.439 1.119–1.850 0.005

mFisher grade 1.189 0.824–1.718 0.355

WBC 1.083 0.993–1.182 0.073

RDW 1.411 1.095–1.818 0.008

MPV 1.253 1.012–1.552 0.039

Boldface type represents statistical significance.

CBC, complete blood count; OR, odds ratio; CI, confidence interval; WFNS, World

Federation of Neurosurgical Societies; mFisher, modified fisher; WBC, white blood cell;

RDW, red blood cell distribution width; MPV, mean platelet volume.

MPV (parameter combination B vs. WFNS grade, p = 0.005;

parameter combination B vs. postoperative MPV, p = 0.001).

The AUC of parameter combination C was higher than all four

parameters alone (parameter combination C vs. WFNS grade,

p < 0.001; parameter combination C vs. admission WBC, p

= 0.009; parameter combination C vs. postoperative RDW,

p = 0.024; parameter combination C vs. postoperative MPV,

p < 0.001).

4. Discussion

This study showed that admission WBC and postoperative

RDW and MPV were associated with poor functional

outcome in aSAH patients undergoing surgical clipping,

and combining them with WFNS grade could improve

the predictive value. It also revealed that combining RBC
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FIGURE 2

ROC curves of WFNS grade, admission WBC, postoperative RDW

and MPV associated with poor functional outcome at 3 months.

ROC, receiver operating characteristic; WFNS, World Federation

of Neurosurgical Societies; WBC, white blood cell; RDW, red

blood cell distribution width; MPV, mean platelet volume.

FIGURE 3

ROC curves of combined parameters predicting poor functional

outcome at 3 months. ROC, receiver operating characteristic.

Parameter combination A included World Federation of

Neurosurgical Societies (WFNS) grade and admission white

blood cell (WBC). Parameter combination B included WFNS

grade and postoperative red blood cell distribution width (RDW)

and mean platelet volume (MPV). Parameter combination C

included WFNS grade, admission WBC and postoperative RDW

and MPV.

parameters could substantially increase the clinical prediction

of functional outcome.

RDW changes dynamically with the development of aSAH.

When an aSAH happens, body damage is inevitable. Clinicians

and scientists have been investigated pathophysiological

mechanisms following aSAH for decades. Several studies have

found that the rupture of an aneurysm leads to a series of

mechanisms such as cerebral edema, inflammation, oxidative

stress and microthrombosis (16–18). A recent study has shown

that the toll-like receptor (TLR) 4/myeloid differentiation

primary response protein (MyD) 88/nuclear factor (NF)-κB

pathway plays an essential role in the neuroinflammation

following aSAH (19). After the activation of TLR4 by

endogenous ligands with damage-associated molecular

patterns produced after aSAH, the MyD88-dependent pathway

activates the transcription factor NF-κB. It also produces

pro-inflammatory cytokines such as tumor necrosis factor

(TNF)-α, interleukins, intercellular adhesion molecule-1 (19),

etc. According to the research by Wang et al. (20), RDW

predicts significant inflammation in patients with autoimmune

hepatitis. RDW is also associated with serum TLR4 and TNF-α

(21, 22), both belonging to the TLR4/MyD88/NF-κB pathway.

Therefore, it could be inferred that RDW is a biomarker of

inflammation following aSAH. In an animal experiment by

Zhao et al. (21), RDW is associated with serum superoxide

dismutase and malondialdehyde, representing oxidative stress.

Oxidative stress reduces the survival rate of RBCs, causing

immature RBCs to increase in circulation, contributing to an

increase in RDW. Furthermore, RDW is associated with stroke,

cerebral infarction and cerebral vein thrombosis (23, 24). The

release of internal organelles and the externalization of vesicular

contents in the maturation process of the immature RBCs may

lead to the activation of the coagulation system and thrombosis

(25). Studies mentioned above suggest that inflammatory

response, oxidative stress and microthrombosis are all related to

RDW changes after aSAH. Although the admission RDW in the

group of poor outcome was found to be significantly higher than

the group of good outcome, admission RDW did not predict

functional outcome independently in this study. In contrast,

WFNS grade and admission WBC, which were deemed to be

confounders, showed statistical significance in multivariate

logistic regression. Additionally, RDW may not change in such

a short amount of time, and factors like nutritional status can

also affect the level of RDW, which could explain the results of

multivariate logistic regression.

In this study, postoperative RDW was found to

independently predict poor functional outcome at 3 months

after surgical clipping in patients with aSAH, whereas admission

RDW was not a predictor. The elevation of RDW on admission

may reflect pathophysiological damage mediated by bleeding,
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as it is generally known that RDW increases with blood loss.

Since blood loss and occasional RBC transfusions are inevitable

in craniotomy, an increase in RDW is likely to occur (26).

Besides, inflammation, oxidative stress and a hypercoagulable

state of blood are everyday events after craniotomy, all probably

elevating the RDW level. Since these mechanisms also occur

at the initial stage of aSAH, we infer that the disadvantages of

surgical clipping may magnify the pathophysiological changes

present on admission.

RDW has been widely used for the differential diagnosis

of anemia over the past few decades (27, 28). Recent studies

have shown that the function of RDW is mainly applied in

cardiovascular and cerebrovascular diseases (29). In diagnosing

acute myocardial infarction (AMI) among patients with chest

pain and the discrimination of stroke subtypes in young patients,

RDWdemonstrates excellent diagnostic accuracy (30, 31). Other

studies have suggested that RDW could also be a risk and

outcome predictor. In patients with coronary artery diseases,

RDW is associated with myocardial scar burden, impaired left

ventricular function and postoperative cognitive dysfunction

(32, 33). In patients suffering from atrial fibrillation, RDW

enhances the risk of major adverse cardiovascular events,

thromboembolic events and all-cause mortality (34–36). In

patients undergoing ischemic stroke, RDW predicts worse

neurological improvement and mortality (37, 38). RDW also

shows predictive performance in hemorrhagic cerebrovascular

diseases like spontaneous intracerebral hemorrhage (39) and

aSAH (7–9), the latter of which our study focused on.

This study presents the first published analysis investigating

the relationship between postoperative RDW and functional

outcome in aSAH patients undergoing surgical clipping. Three

previous studies performed dynamic monitoring of RDW.

Fontana et al. monitored RDW daily from the day of admission

for a maximum of 7 days during the intensive unit stay (7),

and Siegler et al. (9) and Chugh et al. (15) collected RDW

data continuously for up to 10 days or longer after aSAH

onset. However, these studies did not mention whether patients

received surgical treatment and when the surgical treatment was

performed. As we explained above, admission and postoperative

RDW are different, so evaluating RDW levels by calculating the

maximum or mean throughout the aSAH course is likely to

cause bias. In addition, high RDW levels at different periods

will correspond to different strategies of clinical management.

Hence, the separate assessment of admission and postoperative

RDWmay providemore practical guidance for the perioperative

management of aSAH. Therefore, we selected patients who only

underwent surgical clipping to reduce the confounding bias.

In addition to screening for independent predictors of

poor functional outcome, we evaluated the differentiation

and predictive potential of each predictor individually and in

combination for functional outcome by comparing AUCs and

calculating PPVs and NPVs. The result of AUC comparison

showed that combined models had a higher degree of

differentiation than single predictors and the combined model

of all four predictors was the highest. The PPVs indicated that

the combination of WFNS grade and admission WBC appeared

to provide the best predictive power of poor outcome. However,

the combination of all parameters had the highest NPV, 83.7%,

which could be used to predict good outcome. These results

suggest that adding RDW to the predictive model improves

the predictive power and has greater potential for predicting

good outcome.

The RDW test is an excellent strategy of biomarker

detection because it is easy to implement, inexpensive, and

noninvasive. Since RDW is independently associated with

functional outcome, it could guide clinical decisions in

the perioperative management of aSAH, especially in the

postoperative management. If the application of RDW is

combined with demographics, medical history, clinical grades,

radiological data and other laboratory data, it may contribute

to better assessment, improve functional outcome and bring

great benefit to patients. For example, RBC transfusion is usually

given at the discretion of treating physicians when patients

suffer blood loss in craniotomy or (and) anemia caused by

other factors (40). However, the effect of RBC transfusion in

aSAH can be detrimental. Several studies have shown that RBC

transfusion is associated with unfavorable functional outcome

indicators, such as poor functional outcome, mortality, acute

lung injury, acute respiratory distress syndrome and thrombotic

events (41–43). RDW is elevated during the regeneration of

RBCs after blood loss and help diagnose some types of anemia.

However, there is no specific guideline for RBC transfusion in

aSAH. Thus, we hypothesize that combining hemoglobin and

RDW to adjust transfusion practice may contribute to better

functional outcome.

5. Limitations

This study has several limitations. First, it is a retrospective

study performed at a single center with a small sample size,

which is less persuasive than a large prospective study. Second,

although baseline information regarding demographics,

addictions, medical history, admission clinical grades and

aneurysm characteristics was collected, some data like

nutritional status, reticulocyte count and RBC transfusion

records were not obtained. Third, other outcome indicators

such as mortality, cerebral infarction, cognitive impairment,

etc., were not collected. Finally, dynamic monitoring of RDW

wasn’t performed, which could provide more in-depth analysis.

6. Conclusion

Postoperative RDW is independently associated with poor

functional outcome in aSAH patients undergoing surgical

clipping. Combing postoperative RDW and MPV with WFNS
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grade and WBC on admission may help predict good outcome

more accurately. Further research is demanded to determine the

clinical value and relevant mechanisms.
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Introduction: It is considered that Tupaia chinensis can replace laboratory

primates in the study of nervous system diseases. To date, however, protein

expression in the brain of Tupaia chinensis has not been fully understood.

Method: Three age groups of T. chinensis-15 days, 3 months and 1.5 years—

were selected to study their hippocampal protein expression profiles.

Results: A significant di�erence was observed between the 15-day group

and the other two age groups, where as there were no significant

di�erences between the 3-month and 1.5-year age groups. The Kyoto

Encyclopedia of Genes and Genomes (KEGG) analysis found that di�erentially

expressed proteins could be enriched in several pathways related to

neurovascular diseases, such as metabolic pathways for Alzheimer’s disease

(AD), Huntington’s disease, Parkinson’s disease, and other diseases. The

KEGG enrichment also showed that relevant protein involved in oxidative

phosphorylation in the hippocampus of T. chinensis for 15days were

downregulated, and ribosomal proteins (RPs) were upregulated, compared to

those in the hippocampus of the other two age groups.

Discussion: It was suggested that when the hippocampus of T. chinensis

developed from day 15 to 3 months, the expression of oxidatively

phosphorylated proteins and RPs would vary over time. Meanwhile, the

hippocamppal protein expression profile of T. chinensis after 3 months

had become stable. Moreover, the study underlines that, during the

early development of the hippocampus of T. chinensis, energy demand

increases while protein synthesis decreases. The mitochondria of T. chinensis

changes with age, and the oxidative phosphorylation metabolic pathway of

mitochondria is closely related to neurovascular diseases, such as stroke and

cerebral ischemia.

KEYWORDS

Tupaia chinensis, hippocampal proteomic analysis, di�erent growth stages,

neurovascular disease, neurovascular disease biomarkers
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Introduction

The hippocampus is a critical component of brain research

and memory functions. An injury to the hippocampus is

accompanied by many cognitive disorders, and morphological

and functional changes in the hippocampus are also associated

with pathological changes caused by many diseases of the

nervous system (1–3). Animal brains continue to develop

after birth, and there are certain differences in the growth

characteristics of the hippocampus at different stages of

development. These differences involve not only anatomy but

also molecular biology, that is, gene protein expression (4–

7). An oxidative damage to ribonucleic acid (RNA) increased

significantly with age in all regions of the hippocampus (8). It

could thus suggest some brain development characteristics and

processes, and knowing more about these characteristics would

help us understand the formation of brain research and memory

functions. As neurovascular diseases are usually related to age, it

is necessary to study how their markers change with age.

Tupaia chinensis is well suited for scientific study as a closely

related phylogenetic primate due to its small size and short

breeding cycle. T. chinensis has been found to have a larger brain

than rodents and a more developed nervous system, making it

having a higher application value in the study of neurovascular

diseases (9). In recent years, many scholars have usedT. chinensis

to study themarkers of neurovascular diseases such as stroke and

cerebral ischemia (10–12). T. chinensis has a relatively longer life

span, exceeding 10 years on average (9, 13). When considering

the growth characteristics of T. chinensis, most T. chinensis

used for laboratory experiments are aged between 3 months

and 1.5 years, which corresponds to the human age of 10–20

years. Understanding the physiological features of the brain of

T. chinensis at this growth stage facilitates its use in the study

of neurovascular diseases. As tree shrews are more similar to

humans than developing rodents and have a significantly higher

brain-to-body weight ratio than rats, they are often used in

animalmodels of diseases of the nervous system, such as cerebral

ischemia, stroke, and depression.

Proteins are closely related to life and various forms of life

activities. We expect to find clues concerning the biological

functions of genes, which could be through the study of

proteomes and then reveal their role in the whole functional

network, thus understanding the phenomena and essence of

life. Therefore, proteomics will play an extremely important role

in discovering the mystery of life (14, 15). “Proteome” refers

to the entire set of proteins expressed by the genome through

transcription, translation, and post-translational modifications

(16, 17).

Proteomics is a study of the dynamic changes of all proteins

expressed by the genome of the cells of an organism in a

specific time and space and analyzes the protein composition,

the expression patterns, and the relationships among various

components of the cell, enabling us to understand the unity of

the structure and function of proteins, to further regulate the

vital activities of living organisms, and to reveal the nature of

life phenomena (18). The present study compared hippocampal

protein expression profiles of T. chinensis at three different age

groups from the perspective of bioinformatics to find proteins

that manifest a significant change in the process of neural

development and better explain the role of proteins in the

development of the nervous system. We also hope to find

some age-related markers of neurovascular diseases through

this research.

Materials and methods

Ethics statement

Tupaia chinensis, provided by the Kunming Institute of

Zoology of the Chinese Academy of Sciences for this study, are

standard laboratory animals artificially bred in captivity. Both

the animal transport and the experiment were approved by

the Laboratory Animal Ethics Committee of Guangxi Medical

University and met the requirements of the national standard

GB/T 35892-2018 “Laboratory Animal-Guideline for Ethical

Review of Animal Welfare” of the People’s Republic of China.

Animals

In total, nine male T. chinensis were purchased from the

Kunming Institute of Zoology, Chinese Academy of Sciences

and divided into three age groups: 15 days, 3 months, and

1.5 years. All were in good health with no abnormalities, and

their microorganisms and parasites met the laboratory animal

standards of Yunnan province. All T. chinensis were rapidly

decapitated to obtain their tissue, and hippocampal tissues were

promptly placed in liquid nitrogen for cryopreservation.

Protein extraction

For protein extraction, hippocampal tissue samples from

T. chinensis were combined with 1:50 (W:V) Lysis Buffer (8M

urea, 2mM ethylenediaminetetraacetic acid (EDTA), 10mM

DTT, and 1% protease inhibitor cocktail) and thoroughly

homogenized with a tissue grinder. Samples were sonicated for

3min and centrifuged at 13,000× g at 4◦C for 10min to remove

debris, and then, protein in the supernatant was precipitated

with cold acetone for 3 h at −2◦C. After centrifugation at 4◦C

at 12,000 × g for 10min, the protein deposit was redissolved

with urea buffer [8M urea and 100mM triethylammonium

bicarbonate (TEAB)]. Protein concentration was determined

using a Modified Bradford Protein Assay kit according to the

instructions of the manufacturer, purchased from ABclonal
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Technology Co., Ltd. Cat No of Antibodies: NDUFA9 Polyclonal

Antibody A3196-50 µl, ATP5F1 Polyclonal Antibody A7645-

50 µl, NDUFS3 Polyclonal Antibody A8013-50 µl, RPS21

Polyclonal Antibody A18585-50 µl, RPS18 Polyclonal Antibody

50 µl A11687-50 µl, NDUFS1 Polyclonal Antibody A2592-

50 µl, RPS23 Polyclonal Antibody A17528-50 µl, NDUFA10

Polyclonal Antibody A10123-50 µl, RPS13 Polyclonal Antibody

A15720-50 µl, SOD1 Polyclonal Antibody A0274-50 µl, RPS2

Polyclonal Antibody 50 µl A6728-50 µl, and NDUFB9 A17454-

50 µl.

Trypsin digestion

For digestion, 100 µg of protein from each sample was first

reduced with 10mMDTT at 37◦C for 60min and then alkylated

with 25mM iodoacetamide (IAM) at room temperature for

30min in the dark. The urea concentration of the protein

samples was diluted to <2M by adding 100mM TEAB. The

protein pool of each sample was digested with Sequencing Grade

Modified Trypsin with the ratio of protein:trypsin = 50:1 mass

ratio at 37◦C overnight and 100:1 for the second digestion for

4 h.

Peptide isobaric labeling

After trypsin digestion, the peptide was desalted via a Strata

X SPE column and vacuum-dried. The peptide was reconstituted

in 20 µl of 500mM TEAB and processed according to the

protocol of the manufacturer for the 8-plex iTRAQ kit. Briefly,

one unit of iTRAQ reagent was added to the peptide solution

after it had been thawed and dissolved in 50 µl of isopropanol.

Peptide mixtures were incubated for 2 h at room temperature,

pooled, and dried by vacuum centrifugation.

High-performance liquid
chromatography fractionation

Dried and labeled peptides were reconstituted with high-

performance liquid chromatography (HPLC) solution A [2%

acetonitrile (ACN), pH 10] and then fractionated into fractions

by high-pH reversed-phase HPLC using Waters Bridge Peptide

BEH C18 (130 Å, 3.5µm, 4.6mm × 250mm). Briefly, peptides

were first separated with a gradient of 2–98% ACN with pH 10

at a speed of 0.5 ml/min over 88min into 48 fractions. Then, the

peptides were combined into 16 fractions and dried by vacuum

centrifugation. Peptide fractions were desalted using ZipTip C18

according to the instructions of the manufacturer. Finally, the

samples were dried under vacuum and kept at−20◦C until mass

spectrometer (MS) analysis could be performed.

High-resolution liquid chromatography
with tandem mass spectrometry analysis

Then, the experiment was performed byNanoLC 1000 liquid

chromatography with tandem mass spectrometry (LC-MS/MS)

using a Proxeon EASY-nLC 1000 coupled to Thermo Fisher

Q Exactive. Trypsin digestion fractions were reconstituted in

0.1% formic acid (FA) and loaded directly onto a reverse

phase precolumn (Acclaim PepMap R© 100C18, 3µm, 100 Å,

75µm × 2 cm) at 5 µl/min in 100% solvent A (0.1M acetic

acid in water). Furthermore, the peptides that eluted from

the trap column were loaded onto a reverse phase analytical

column (Acclaim PepMap R© RSLC C18, 2µm, 100 Å, 50µm

× 15 cm). The gradient was composed of an increase from 15

to 35% solvent B (0.1% FA in 98% ACN) over 30min and

from 35 to 98% solvent B for 5min and kept in 98% ACN for

5min at a constant flow rate of 300 nl/min on an EASY-nLC

1000 system. The eluent was sprayed via an NSI source at an

electrospray voltage of 2.0 kV and then analyzed by tandemmass

spectrometry (MS/MS) in Q Exactive. The MS was operated

in data-dependent mode, automatically switching between MS

and MS/MS. Full-scan MS spectra (from m/z 350 to 1,800)

were acquired on the Orbitrap with a resolution of 70,000. Ion

fragments were detected in theOrbitrap at a resolution of 17,500,

and the 20 most intense precursors were selected for subsequent

decision tree-based ion trap HCD fragmentation with a collision

energy of 27% in the MS survey scan with dynamic exclusion

of 40.0 s.

Data processing

The resulting MS/MS raw data were searched against

the T. chinensis proteome database (Taxon identifier: 246,437

including 20,824 protein sequences; Proteome: UP000011518)

downloaded from the UniProt database (https://sparql.uniprot.

org/) using the SEQUEST software integration in Proteome

Discoverer (version 1.3, Thermo Scientific). Trypsin was chosen

as the enzyme, and two missed cleavages were allowed.

Carbamidomethylation (C) was set as a fixed modification

and oxidation (M), and N-terminal acetylation was set as

a variable modification. Searches were performed using a

peptide mass tolerance of 20 ppm and a product ion

tolerance of 0.05 Da, resulting in a false discovery rate (FDR)

of 5%.

Protein functional annotation

Proteins were then classified using the gene ontology

(GO) annotation based on three categories: biological

processes, cellular components, and molecular functions. The
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FIGURE 1

Analysis of a di�erence in protein expression di�erence and a functional cluster. (A) Di�erentially expressed proteins and a visible volcano map

screened out with the di�erential multiple of 1.2 and the di�erential p-value of 0.05. The abscisic coordinate in the figure is the multiple

variation values of a di�erence between the two samples, for which log2 logization is performed. The ordinate is the statistical t-test p-value of

the di�erence in protein expression, which is treated with –log10. The smaller the p-value is, the more significant the di�erence in expression is.

Each dot represents a specific protein: green dots represent downregulated proteins, and red dots represent upregulated proteins. There were

many di�erent proteins between the 15-day age group and the other two age groups (3-month and 1.5-year age groups), whereas there were

only a few di�erent proteins between the 3-month and 1.5-year age groups. (B) Functional enrichment-based clustering for protein groups, and

functional enrichment of the di�erent proteins in the three biological processes, molecular functions, and cellular components. Reddish color

indicates a significant di�erence; there were obvious di�erences between the 15-day age group and the other two age groups (3-month and

1.5-year age groups), whereas there was almost no di�erence between the 3-month and 1.5-year age groups.
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TABLE 1 Quantity sheet of di�erential proteins between di�erent groups at di�erent multiples and P values.

Multiples P-value 2&0.01 2&0.05 1.5&0.01 1.5&0.05 1.3&0.01 1.3&0.05 1.2&0.01 1.2&0.05

15D/1.5Y Up 10 13 45 60 152 207 239 365

Down 6 6 52 76 142 251 258 416

15D/3M Up 6 11 38 58 137 198 220 345

Down 0 4 38 68 164 233 258 403

1.5Y/3M Up 0 0 0 0 0 1 2 7

Down 0 0 0 0 1 1 1 1

GO annotation proteome was derived from the UniProt-

GOA database (http://www.ebi.ac.uk/GOA/). The Kyoto

Encyclopedia of Genes and Genomes (KEGG, https://www.

kegg.jp/) database was used to annotate the protein pathway.

First, KEGG online service tools KAAS (https://www.genome.

jp/tools/kaas/) were used to annotate the protein description in

the KEGG database. The annotation result was then mapped

into the KEGG pathway database using the KEGG online service

tools KEGG mapper.

Functional enrichment

A two-tailed Fisher’s exact test was employed to test

GO (http://geneontology.org/), the KEGG pathway, and the

domain enrichment of differentially expressed proteins against

all identified proteins. Correction for multiple hypothesis tests

was performed using standard FDR control methods, and a

corrected p < 0.05 was considered significant.

Expression-based clustering and
enrichment-based clustering for protein
groups

Expression-based clustering and functional enrichment-

based clustering for different protein groups were used to

explore potential relationships between different protein groups

at protein function (such as the KEGG pathway). We first

collated all protein groups obtained after functional enrichment

analysis along with their p-values and then filtered out those

categories that were enriched for at least one of the protein

groups with a p < 0.05. This filtered p-value matrix was

transformed by the function x = –log10 (p-value). Finally,

these x-values were z-transformed for each functional category.

These z-scores were then clustered using one-way hierarchical

clustering (Euclidean distance, average link age clustering).

Cluster membership was visualized via a heat map using the

“Heat Map” function of the R-package.

Western blot assays

Total proteins were extracted from the hippocampal samples

of T. chinensis from different age groups. The concentration

of the protein samples was determined using the BCA kit.

Protein samples (25 µg/well) were separated by 8–12% sodium

dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)

and transferred to polyvinylidene fluoride (PVDF) membranes.

These membranes were sealed at room temperature for 1 h

in 5% blocking solution, incubated at 4◦C overnight with

diluted primary antibodies, then washed three times with

TBST (10 min/time), incubated with a second antibody at

room temperature for 2 h, washed in the same way as

before, and developed by electrochemiluminescence (ECL).

Except for anti-tubulin, which was purchased from Beyotime

Biotechnology, all primary antibodies were purchased from

ABclonal. Goat anti-rabbit IgG-HRPwas purchased fromZSGB-

BIO Co. Ltd.

Results

Screening of the hippocampal protein
expression of T. chinensis at di�erent
growth stages

For samples from all three age groups, Identify Protein

Num from the database of 27,080 proteins was 6,287, Quantify

Protein Num with reliability q < 0.05 was 5,952, Protein

Num with FDR = 0.01 was 1,051, identifying the ratio of

peptide fragments was 23.4%, and the average protein coverage

was 13.2%.

The volcano plot showed a relatively significant difference

in the hippocampal protein expression between the 15-day age

group, the 3-month age group, and the 1.5-year age group

and a few differentially expressed proteins between the 3-

month and 1.5-year age groups (Figure 1A). Compared with

the 1.5-year age group, there were 781 differentially expressed

proteins in the 15-day age group, including 365 upregulated

and 416 downregulated (Table 1). Compared with the 3-month

age group, there were 748 differentially expressed proteins
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FIGURE 2

Gene ontology (GO) functional analysis of di�erentially expressed proteins. Enrichment classification at the second level of GO analysis. The

length of the histogram indicates the number of functionally rich proteins, the red stripe represents biological processes, the green stripe

represents cellular components, and the blue stripe represents molecular functions. (A) The upregulated protein functional enrichment in the

15-day and 1.5-year age groups, (B) the upregulated protein functional enrichment in the 15-day and 3-month age groups, (C) the

downregulated protein functional enrichment in the 15-day and 1.5-year age groups, and (D) the downregulated protein functional enrichment

in the 15-day and 3-month age groups.

in the 15-day age group, including 345 upregulated and 403

downregulated (when expression multiple > 1.2, p < 0.05).

After the functional enrichment-based clustering

analysis, in the three categories of level 2: biological

processes, cellular components, and molecular functions,

there were certain differences in the hippocampal protein

function between the 15-day age group, the 3-month

age group, and the 1.5-year age group, but there were

no differences between the 3-month and 1.5-year age

groups (Figure 1B).

Gene ontology functional significant enrichment analysis of

differentially expressed proteins may explain their functional
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FIGURE 3

Clusters of orthologous genes (COG) enrichment analysis. The vertical axis represents the number of enriched proteins, and the horizontal axis

is an enrichment function entry. (A) Functional enrichment of di�erentially expressed proteins in the 15-day and 1.5-year age groups, and (B)

functional enrichment of di�erentially expressed proteins in the 15-day and 3-month age groups.

enrichment and illustrate the functional differences of the

samples. This analysis used the DAVID software (https://

david-d.ncifcrf.gov/) and Fisher’s exact test. The GO function

was considered to be significantly enriched when the p ≤

0.05. The enrichment analysis figure (Figure 2) of hippocampal

protein expression was obtained between the 15-day age group,

the 3-month age group, and the 1.5-year age group, and

there was no functional enrichment of differentially expressed

proteins in the 3-month and 1.5-year age groups. When

comparing the 15-day age group with the 3-month age group,

there were 65 upregulated and 133 downregulated proteins

in biological processes, 29 upregulated and 74 downregulated
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FIGURE 4

The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of di�erentially expressed proteins. Each solid circle in the

figure is a KEGG pathway term. The horizontal axis represents a significant p-value of the KEGG pathway enrichment, which is –log10. The

larger the value is, the greater the enrichment is. The ordinate represents the name of the KEGG pathway classification. The size of solid circles

represents the number of di�erent proteins under the KEGG pathway classification, and the larger circles represent a larger number of di�erent

proteins. The color of the solid circle represents the enrichment multiple of the KEGG pathway classification, and the redder the color is, the

greater the enrichment multiple is. (A) The upregulated protein pathway enrichment in the 15-day and 3-year age groups. (B) The upregulated

protein pathway enrichment in the 15-day and 1.5-year age groups. (C) The downregulated protein pathway enrichment in the 15-day and

3-year age groups. (D) The downregulated protein pathway enrichment in the 15-day and 1.5-year age groups.

proteins in cellular components, and 21 upregulated and

98 downregulated proteins in molecular functions. When

comparing the 15-day age group with the 1.5-year age

group, there were 64 upregulated and 139 downregulated

proteins in biological processes, 30 upregulated and 58

downregulated proteins in the cellular component analysis,

and 11 upregulated and 100 downregulated proteins in

molecular functions.

The distribution and amount of differentially expressed

proteins in different clusters of orthologous genes (COG)

categories are shown in Figure 3. When comparing the 15-

day age group with the 3-month age group, 757 differentially

expressed proteins were enriched in 26 COG categories,

including 357 upregulated proteins and 400 downregulated

proteins. When comparing the 15-day age group with the 1.5-

year age group, 783 differentially expressed proteins, including

373 upregulated proteins and 410 downregulated proteins, were

enriched in 26 COG categories.

The KEGG database was used to classify proteins according

to their pathway or function, and an enrichment analysis was

performed on the KEGG pathway of differentially expressed

proteins in each pair within the three age groups. The

enrichment of differentially expressed proteins between the

15-day age group, the 3-month age group, and the 1.5-year

age group can be seen in Figure 4 and Supplementary Table S1.

When comparing the 15-day age group with the 3-month

age group, upregulated proteins were enriched on seven

metabolic pathways, whereas downregulated proteins were

enriched on 50 metabolic pathways. When comparing the

15-day age group with the 1.5-year age group, upregulated

proteins were enriched on seven metabolic pathways,

whereas downregulated proteins were enriched on 47
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FIGURE 5

Di�erentially expressed proteins in oxidative phosphorylation metabolic pathways between the 15-day and 3-month age groups. Di�erentially

expressed proteins are shown in the KEGG pathway map. The rectangular nodes in the figure represent the gene products (such as enzymes or

some RNA regulators). Circular nodes represent compounds (that is, substrates or products). Rectangles with rounded corners on a white

background represent the other pathways associated with this pathway. Arrows indicate the direction of an enzyme reaction direction or

information transfer. The solid line represents a direct action, and the dotted line represents an indirect action. For more details, please refer to:

http://www.genome.jp/kegg/document/help_pathway.html. All gene products with a blue border are background proteins, whereas gene

products with a white background frame represent the proteins that are not identified in this experiment. The gene products with a red border

are upregulated proteins detected in this test, and a green border represents downregulated proteins.

metabolic pathways. Ribosomes and spliceosomes were

enriched in significantly upregulated pathways, while the

metabolic pathways for Huntington’s disease, oxidative

phosphorylation, Parkinson’s disease, Alzheimer’s disease

(AD), and other diseases were enriched in the significantly

downregulated pathways.

When comparing the 15-day age group with the 3-

month age group, 74 differentially expressed proteins were

identified in the oxidative phosphorylation pathway, 40 of

which were downregulated (Figure 5, Supplementary Table S2),

and 96 proteins were identified in the ribosomal protein

(RP) pathway, 43 of which were upregulated (Figure 6,

Supplementary Table S3). When comparing the 15-day age

group with the 1.5-year age group, 74 differentially expressed

proteins were identified in the oxidative phosphorylation

pathway, 45 of which were downregulated, and 96

proteins were identified in the RP pathway, 44 of which

were upregulated.

Domain enrichment analysis and
subcellular distribution of di�erentially
expressed proteins

The structural domain of the protein was annotated based

on sequencing alignment using the InterProScan software tools

in the InterPro database (http://www.ebi.ac.uk/interpro/), and

domain enrichment analysis of differentially expressed proteins

in each pair of age groups was conducted (Figure 7). When

comparing the 15-day age group with the 3-month age group,

upregulated proteins and downregulated proteins changed in

72 and 126 functional domains, respectively. When comparing

the 15-day age group with the 1.5-year age group, upregulated

proteins and downregulated proteins changed in 77 and 113

functional domains, respectively.

To further observe the distribution of differentially

expressed proteins in different subcellular localizations, we

counted the number of differentially expressed proteins in

Frontiers inNeurology 09 frontiersin.org

116

https://doi.org/10.3389/fneur.2022.1083182
http://www.genome.jp/kegg/document/help_pathway.html
http://www.ebi.ac.uk/interpro/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Ouyang et al. 10.3389/fneur.2022.1083182

FIGURE 6

Di�erentially expressed ribosomal proteins between the 15-day and 3-month age groups. The KEGG pathway chart shows di�erentially

expressed proteins; for more details, please refer to: http://www.genome.jp/kegg/document/help_pathway.html. The gene products in a white

background frame represent the proteins that have not been identified in this experiment, the gene products in a blue frame are detected but

have no di�erences, and the gene products in a red frame are upregulated proteins detected in this test.

each subcellular localization and showed the result in a pie

chart (Figure 8). When comparing the 15-day age group

with the 3-month age group, differentially expressed proteins

were concentrated in 11 subcellular locations, and the six

locations with the highest distribution proportion were the

cytosol (32.53%), nucleus (27.18%), mitochondria (13.65%),

and plasma membrane (11.78%). When comparing the 15-day

age group with the 1.5-year age group, differentially expressed

proteins were concentrated in 12 subcellular locations, and

the six locations with the highest distribution proportion

were the cytosol (33.93%), nucleus (26.89%), mitochondria

(13.96%), plasma membrane (11.65%), extracellular (7.17%),

cytosol, nucleus (3.71%), extracellular (8.03%), and cytosol,

nucleus (4.28%).

Western blot showed that the expressions of RPS2 and

RPS18 in the ribosome pathway were upregulated at 15 days

compared to 3 months and 1.5 years and that NDUFA9,

NDUFA10, NDUFB9, ATP5F1, and SOD1 in the oxidative

phosphorylation pathway were downregulated at 15 days

compared to 3 months and 1.5 years, which was consistent with

the sequencing results (Figure 9).

Discussion

It is very necessary to use animals at appropriate ages for

relevant studies in scientific research. T. chinensis can live up

to 10 years and grow quite rapidly, with sexual maturity at

3–4 months and body maturity at 5–6 months (9). Most T.

chinensis used for experiment are older than 3months, and older

ones have a higher feeding cost, so older T. chinensis of greater

months are not usually used unless special requirements are met.

The study result indicates that the cerebral hippocampus growth

of T. chinensis coincides with its stage of sexual maturity, and 3-

month-old T. chinensis is very similar to mature in hippocampal

protein expression, almost the same as 1.5-year-old T. chinensis.
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FIGURE 7

Domain enrichment analysis of di�erentially expressed proteins. Each solid circle is a domain, and a horizontal coordinate represents a

significant p-value of domain enrichment, which is –log10. The larger the value is, the more enriched it is. The ordinate represents the name of

the domain class. The size of the solid circle represents the number of di�erent proteins under the domain classification, and the larger the

circle is, the more di�erent the proteins are. The color of the solid circle indicates the enrichment multiple of the domain classification, and the

redder the color, the greater the enrichment multiple. (A) The upregulated protein domain enrichment in the 15-day and 3-month age groups.

(B) The upregulated protein domain enrichment in the 15-day and 1.5-year age groups. (C) The downregulated protein domain enrichment in

the 15-day and 3-month age groups. (D) The downregulated protein domain enrichment in the 15-day and 1.5-year age groups.

This will be helpful for the study of the nervous system of T.

chinensis. The hippocampal protein content in infantT. chinensis

differs from young and adult T. chinensis, which is manifested

mainly by fewer oxidatively phosphorylated proteins and higher

RPs in infants. There is little difference in the hippocampal

protein content of young and adult T. chinensis.

Brain development includes not only the increase in the

number of cells but also the differentiation and consummation

of cells and tissues, as well as functional maturity or

neurovascular diseases. It is also accompanied by changes in

energy metabolism. Mitochondria, as the energy chamber of

cells, generate a lot of energy through oxidative phosphorylation

for tissue metabolism, which plays an important role in cell

growth, proliferation, differentiation, neurovascular diseases,

and other diseases. According to previous research, the

functional status of mitochondria determines cell survival to

a large extent, and the quantity and quality of mitochondria

directly influence the level of energy metabolism, with the

former being closely related to the mitochondrial protein (19).

Changes in brain mitochondrial protein are not only related

to the mitochondrial global function but also related to aging

and neurovascular diseases (e.g., Parkinson’s disease and AD)

(20, 21). Mitochondria, an organ of energy metabolism, provide

energy for cell activities through oxidative phosphorylation.

Ischemia causes tissue cells to be unable to obtain enough

oxygen, meaning that mitochondria cannot effectively carry

out oxidative phosphorylation, leading to the pH value

falling in the cells and bringing about cellular acidosis

and decreased mitochondrial membrane potential. Along

with the time extension of ischemia, mitochondrial structure

and function would be severely damaged, and cells would

eventually die. Several dementia diseases have been related
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FIGURE 8

Subcellular distribution of di�erent proteins. The pie chart shows the subcellular distribution of di�erentially expressed proteins. The fan area

represents the percentage of the subcellular distribution in the total amount of di�erentially expressed proteins. The larger the fan area, the

higher the percentage. (A) The distribution of di�erent protein subcells in the 15-day and 1.5-year age groups. (B) The distribution of di�erent

protein subcells in the 15-day and 3-month age groups.

to mitochondrial abnormalities, including AD, Huntington’s

disease, Parkinson’s disease, and other diseases (20–24). Recent

research suggested that mitochondria are considered a critical

marker of neurovascular diseases such as cerebral ischemia and

ischemia/reperfusion injury (25, 26).

Earlier studies determined the oxidase activity of brain,

heart, and liver homogenates and cytochrome C in isolated

mitochondria and also found that oxidase activity was inhibited

in the aging process (27). The present study found that

mitochondrial protein expression in the hippocampus of infant

T. chinensis was lower, and oxidative phosphorylation-related

proteins were downregulated at large levels, compared to

adults. This, in turn, showed that the improvement of energy

metabolism in the process of brain development was a gradual

process and that energy metabolism was the lowest in the

hippocampus of young animals. It was suggested that damage

to the mitochondria of young animals might be conducive to

simulating disease models of nervous system abnormalities.

The KEGG pathway analysis showed that differentially

expressed proteins were enriched in the pathways of

Huntington’s disease, oxidative phosphorylation, Parkinson’s

disease, AD, and other diseases. These genes may be further

studied as markers of neurovascular diseases. The main reason

for this is that there are many proteins related to oxidative

phosphorylation in mitochondria, and the changes in oxidative

phosphorylation-related proteins are closely related to the

metabolic pathways for Huntington’s disease, Parkinson’s

disease, and AD (28–32).
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FIGURE 9

Western blot results. (A) Protein expression of NDUFS1, NDUFS3, NDUFA9, NDUFA10, NDUFB9, ATP5F1, SOD1, RPS2, RPS13, and RPS18. (B)

Gray value analysis results of Western blot. With Tubulin as an internal reference, the expression of proteins related to oxidative phosphorylation

pathways, NDUFA9, NDUFA10, NDUFB9, ATP5F1, and SOD1 were significantly lower in the 15-day age group than in the other two age groups.

The expression of ribosome-related proteins RPS2 and RPS18 was significantly higher in the 15-day age group than in the other two age groups,

which was consistent with the proteomic analysis. *P < 0.05 compared with 15 days group, **P < 0.01 compared with 15 days group.

Ribosomes are the sites of protein synthesis in biological

cells. They are composed of RP and ribosomal RNA (rRNA)

and are involved in deoxyribonucleic acid (DNA) and protein

translation, processing and repair of transcribed and duplicated

RNA, and cell proliferation and apoptosis. Ribosomes, as an

important organelle in the cell, consist of a 40S small subunit

and a 60S large subunit in a ratio of 1:1 in the eucell and

have many varieties. Its name is based on the size of the

ribosome subunit, where the large subunit RP is named as L1–

L44 and the small subunit RP as S1–S31. In AD, the number of

ribosomes in neuronal cells is significantly decreased, resulting

in impaired protein synthesis, and the large subunit 60S RP L7

can promote apoptosis and regulate cellular transcription by

interfering in the expression of cell cycle-related proteins (33,

34).

Mammalian cerebral proteins have a very high level of

metabolism. Experiments have proven that more than 90% of

rat cerebral proteins have a half-life of only 4–14 days, and

some proteins even have a half-life of just several hours (35,

36). Studies showed that newly synthesized cerebral proteins

every day during the fetal period account for approximately

47% of total brain proteins, and the rate of synthesis decreases

rapidly after birth (37). The expanded repertoire of ribosome

biogenesis factors is likely to enable multicellular organisms to

coordinate multiple steps of ribosome production in response

to different developmental and environmental stimuli (38).

The present experiment indicated that the RP level in 15-

day-old T. chinensis was evidently high compared to that

of 3-month-old and 1.5-year-old T. chinensis. It has been

suggested that T. chinensis in this period has a large number

of ribosomes in the hippocampus strong protein synthesis

and is constantly growing and developing. The level of

ribosomes in the hippocampus would gradually decrease with

age. Mitochondria gradually increases during hippocampal

development, suggesting that hippocampal energy demand

increases with age. Ribosomes gradually decrease in the

developmental process of the hippocampus, suggesting that

some nerve cell proteins are synthesized in large amounts in

the early stage of development, and the demand for protein

synthesis is reduced aftermaturity. In the future, more studies on

the protein expression profile of different regions of tree shrews,

and single-cell sequencing of nerve cells in the brain should be

carried out to provide more information for the study of diseases

of the nervous system.

Conclusion

In conclusion, the protein expression level in the

hippocampus of 3-month-old T. chinensis begins to stabilize.

When the hippocampus of T. chinensis develops from day 15 to

3 months, the expression levels of oxidatively phosphorylated

proteins and RPs vary over time. Meanwhile, the protein

expression profile in the hippocampus of T. chinensis has

become stable within 3 months. In this research, some age-

related neurovascular disease markers were found, and a

change in their contents was observed in the hippocampus

of tree shrews at different ages. Hence, our study provides

further insights into animal models of neurovascular diseases in

T. chinensis.
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High-fiber-diet-related
metabolites improve
neurodegenerative symptoms in
patients with obesity with
diabetes mellitus by modulating
the hippocampal–hypothalamic
endocrine axis

Ning Luo1*†, Yuejie Guo2†, Lihua Peng3 and Fangli Deng4

1Department of Endocrinology, Chenzhou No. 1 People’s Hospital, Chenzhou, China, 2Department

of Geriatrics, Chenzhou No. 1 People’s Hospital, Chenzhou, China, 3Department of Clinical

Laboratory, Chenzhou No. 4 People’s Hospital, Chenzhou, China, 4Breast Health Care Center,

Chenzhou No. 1 People’s Hospital, Chenzhou, China

Objective: Through transcriptomic and metabolomic analyses, this study

examined the role of high-fiber diet in obesity complicated by diabetes and

neurodegenerative symptoms.

Method: The expression matrix of high-fiber-diet-related metabolites, blood

methylation profile associated with pre-symptomatic dementia in elderly

patients with type 2 diabetes mellitus (T2DM), and high-throughput single-

cell sequencing data of hippocampal samples from patients with Alzheimer’s

disease (AD) were retrieved from the Gene Expression Omnibus (GEO)

database and through a literature search. Data were analyzed using principal

component analysis (PCA) after quality control and data filtering to identify

di�erent cell clusters and candidate markers. A protein–protein interaction

network was mapped using the STRING database. To further investigate the

interaction among high-fiber-diet-related metabolites, methylation-related

DEGs related to T2DM, and single-cell marker genes related to AD, AutoDock

was used for semi-flexible molecular docking.

Result: Based on GEO database data and previous studies, 24 marker genes

associated with high-fiber diet, T2DM, and AD were identified. Top 10 core

genes include SYNE1, ANK2, SPEG, PDZD2, KALRN, PTPRM, PTPRK, BIN1,

DOCK9, and NPNT, and their functions are primarily related to autophagy.

According to molecular docking analysis, acetamidobenzoic acid, the most

substantially altered metabolic marker associated with a high-fiber diet, had

the strongest binding a�nity for SPEG.

Conclusion: By targeting the SPEG protein in the hippocampus,

acetamidobenzoic acid, a metabolite associated with high-fiber diet,

may improve diabetic and neurodegenerative diseases in obese people.
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high-fiber diet, neurodegenerative diseases, obesity, neurovascular, SPEG, AD
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1. Introduction

The incidence of obesity is increasing annually worldwide.

According to the recent data published in NEJM, the incidence

of obesity has been increasing at a high rate since the

1980s, with the incidence rate being 12 and 5% among

adults and children, respectively. The number of individuals

with obesity is highest in China (1, 2). Obesity and type 2

diabetes mellitus (T2DM) significantly increase the incidence

of neurodegenerative diseases such as depression, dementia,

stroke, and memory loss (3–8). Chronic systemic inflammation

throughout the body is a common feature of obesity and

diabetes and may be present in the central nervous system,

suggesting an important relationship among obesity, diabetes,

and neurodegenerative diseases (9). Therefore, examining

the regulation of energy balance in obesity and identifying

biomarkers are major research directions at present.

The central nervous system plays an important role in

regulating energy balance in the body, energy metabolism is

also linked to the health of the central nervous system (10–

14). As the main appetite control center of the hypothalamus,

the arcuate nucleus region (ARC) is one of the most studied

neural circuits for energy balance (10). As the sensors of

peripheral nutrients and hormones, AgRP and POMC neurons

in the ARC are considered key neurons involved in sensing

the global energy status of an organism and playing an

important role in diet and weight regulation (15–18). In a

state of energy surplus, POMC neurons release neuropeptides

such as α-MSH, which have appetite-suppressing effects, to

reduce the energy intake of the body, thereby maintaining body

weight (17). There are network loops in the hypothalamus

that regulate feeding and are precisely interconnected (19).

The hippocampus is part of the limbic nervous system.

In addition to its relevance to cognition and learning, it

has received increasing attention in the study of feeding

and digestion; processing visceral sensory information and

participating in the regulation of energy balance mainly

through connections with the hypothalamus, amygdala and

medulla (20, 21). This phenomenon may be attributed to

the regulation of the hypothalamus via the hippocampal–

hypothalamic neural loop. Direct neural projections from the

ventral pole of hippocampal CA1 to hypothalamic loci are

involved in the control of food intake (22). In a study,

significant alterations in feeding behavior were observed in rats

with a damaged hippocampus. The effects of nesfatin-1 on

GD-responsive neurons in the ventral medial nucleus of the

hypothalamus were significantly reduced after the hippocampal

CA1 region of rats was electrically damaged, thereby affecting

gastric motility (21). However, factors affecting hippocampal

Abbreviations: T2DM, Type 2 diabetes mellitus; AD, Alzheimer’s disease;

SPEG, Striated muscle preferentially expressed protein kinase; GO, Gene

ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.

function are intricate. Previous studies have found that many

hormone receptors are related to feeding and energy regulation

in the hippocampus, such as ghrelin, nesfatin-1, and insulin

(21, 23). The hypothalamic–pituitary–adrenal (HPA) axis and

its neuroendocrine hormones can mediate stressful effects

in the hippocampus (24). In addition, various neurovascular

markers can influence hippocampal function (25). Therefore,

we hypothesized that modulation of hippocampal function can

improve the energy homeostasis function of the hypothalamus

by improving the hippocampal–hypothalamic neural circuit,

thus suppressing obesity.

An increase in dietary fiber intake is associated with a

reduced risk of obesity, and dietary fiber also plays a beneficial

role in obesity-related metabolic diseases (26, 27). High-fiber

and low-glycaemic-index diets with conventional T2DM

treatment can improve the disorder of glucolipid metabolism

and have certain hypoglycaemic effects in elderly patients with

T2DM (28, 29). Consumption of whole grains may prevent

the development of T2DM (30, 31). Consumption of almonds

increases dietary fiber intake, which is beneficial for obesity,

glycaemic control and lipid profile, probably owing to the

presence of fiber, which promotes an antidiabetic microbiome

by increasing the amount of short-chain fatty acids (32–34).

Moreover, high-fiber diet is essentially a low-calorie diet and

consuming foods rich in fiber increases satiety and hence

reduces caloric intake (35). In addition, a high fiber intake

is associated with a reduced risk of Alzheimer’s disease (AD)

(36). Metabolites associated with high-fiber diet are blood

markers that target key genes and suppress obesity. Inulin,

a type of soluble dietary fiber, promotes the production of

glucagon-like peptide-1 (GLP-1) in enteroendocrine cells

and suppresses postprandial blood glucose elevation and

appetite through short-chain fatty acids (SCFAs) produced

by the intestinal microbiota (37, 38). Kimura et al. reported

that SCFA exerts an inhibitory effect on fat accumulation via

GPR43 (39). Therefore, high-fiber diet improves metabolic

status and prevents obesity. However, its effects on the

hippocampal–hypothalamic functional axis remain unknown.

Previous studies have reported that dietary fiber plays a role in

improving insulin resistance (40). Adherence to high-fiber diet

can decrease the plasma levels of ghrelin and GLP-1 (41). Many

hormone receptors related to feeding and energy regulation

are present in the hippocampus, such as ghrelin, nesfatin-1

and insulin (21, 23). Therefore, we speculate that metabolites

from high-fiber diet might act on the hippocampus. In order

to identify new treatment targets for obesity, it is important

to investigate how high-fiber diet work in obesity and the

corresponding complications.

This study examined high-fiber diet’ ability to delay

the progression of obesity complicated by diabetes type 2

and neurodegenerative symptoms using integrated scRNA

transcriptomic and metabolomic analyses, providing new

insights into obesity management.

Frontiers inNeurology 02 frontiersin.org

124

https://doi.org/10.3389/fneur.2022.1026904
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Luo et al. 10.3389/fneur.2022.1026904

2. Materials and methods

2.1. Methylation genes in the peripheral
blood of patients with T2DM–AD

Gene methylation signature matrix data associated with

pre-dementia in elderly T2DM patients were downloaded

from the GEO database. The following search strategy was

used: keywords, “Type 2 diabetes” and “Alzheimer’s disease;”

study subjects, “Homo sapiens;” study type, “Blood methylomic

signatures.” Datasets were obtained using whole-genome

RNA-expression microarrays, and human-derived whole

blood was used for experiments. After fine data screening, the

microarray dataset GSE62003 was eventually selected (Illumina

HumanMethylation 450 BeadChip; HumanMethylation

450_15017482) (42). The platform used for testing samples was

GPL13534, and the dataset contained the expression data of

methylation-related genes from 58 patients with T2DM. Firstly,

samples with >10% missing methylation sites were excluded.

Then, the R package “ChAMP” was used to perform a series of

processes: the missing values were filled in using the ChAMP

(43, 44). Data were extracted and screened for DEGs using the

R package. The probe IDs were converted to standard gene

symbols. Genes with P < 0.05 and |log2FC| > 0.1 were selected

as methylation genes in peripheral blood of T2DM–AD patients.

2.2. Acquisition of metabolomics data for
high-fiber diets

Metabolomic data of the high-fiber diet were obtained

using the GEO database and a literature search, and metabolite

expressionmatrices were created to screen and identify potential

metabolic markers of serum endogenous origin based on

differential expression multiplicity (|log2FC| > 1.00) and t-

test (P < 0.05) results. The MetaboAnalyst 5.0 (http://www.

metaboanalyst.ca/) database was further used to perform

metabolic pathway analysis of the potential metabolic markers

that were significantly back-regulated after the high-fiber diet

intervention and to obtain metabolism related differentially

expressed genes (DEGs) (45).

2.3. Downloading single-cell RNA
sequencing data of hippocampal tissue
from the AD patients

The high-throughput scRNA-seq data of the hippocampal

samples associated with AD were downloaded from the GEO

database with the following screening criteria: (i) Alzheimer’s

disease; (ii) human; (iii) hippocampus; and (iv) single cell RNA-

seq/scRNA-seq. The single-cell sequencing data of hippocampal

samples from patients with AD were extracted from the GEO

database using “Alzheimer’s disease” as the search term, and

the scRNA-seq dataset (GSE163577) was selected for further

analysis (46). The single-cell sequencing data of nine patients

with AD (AD group) and eight healthy individuals (control

group) in the dataset were selected, and cells with gene

counts of 200–10,000 and mitochondrial gene proportion of

<5% were screened using the Seurat package as previous

researches (47–52). Subsequently, the data were normalized

using the “Normalizedata” function of the Seurat package and

the global scaling normalization method “LogNormalize.” To

remove the batch effects of cells include in the analysis and

maximize the preservation of the gene expression data of

these cells, the “ScaleData” function of the Seurat package

was used to regress the variances of “nCount/nFeature_RNA”

and “percent. Mt” (Supplementary Figure 2C). Subsequently,

the “RunPCA” function of the Seurat package was used for

dimensionality reduction and t-SNE clustering. The identified

cells were subjected to top-down clustering analysis and

annotated according to the known human gastric tissue cell

marker genes.

2.4. Single cell sequencing quality control
and data removal

For quality assessment, quality control processing of

sequencing raw expression data, Limma, Seurat, Dplyr, and

Magrittr packages were used. Seurat’s R package is used to

generate objects, remove poor quality data, and calculate the

percentages of gene counts, cell counts, and mitochondrial

sequencing counts from the matrix data. For quality control,

set Seurat’s screening criteria as follows: cells with <3 genes

expressed and <50 genes were rejected. It was necessary to

remove cells with more than 5% mitochondrial genes.

2.5. Cell annotation and screening of
marker genes

In order to obtain the highest principal component in the

cell population, further principal component analysis (PCA)

was conducted after quality control of the sequencing data. The

principal components were determined by P<0.05 screening

and the t-SNE clustering algorithm was used to select the

significant components. We used the Seurat package for the t-

SNE analysis, and all the removed data was classified by setting

the clustering parameter of the FindClusters function in Seurat

to 0.5. The R package by limma was used to adjust P < 0.05,

and the expression change was greater than or equal to twice

the (|log2FC| ≥ 1.00) as the criteria to filter the marker genes.
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In addition, candidate marker genes were found in different

clusters of cells using the ggplot2 package.

2.6. GO/KEGG enrichment analysis of
marker genes

The Gene Ontology (GO) and Kyoto Encyclopedia of Genes

and Genomes (KEGG) signaling pathway analysis of the marker

genes obtained in the previous step was performed in the

R language to further explore the potential mechanisms of

marker genes in specific cell clusters in Alzheimer’s disease (53).

Potential marker genes are categorized by Cellular Components

(CC), Molecular Functions (MF), and Biological Processes (BP).

Pathview is also used to map the corresponding signaling

pathways. GO enrichment and KEGG pathway analyses were

performed using the DAVID (http://david.ncifcrf.gov) and

Metascape databases, and the results were visualized using the

R software (54–58). The DAVID online database was conducted

on methylation genes associated with high-fiber diet, T2DM,

and AD for GO and KEGG enrichment analysis. Based on the

P-value of each item p < 0.05, the best biological process and

enrichment pathway were selected.

2.7. Network involving high-fiber diet,
T2DM, and AD in single cells

To illustrate the relevant target sets of the T2DM-AD-

monocyte marker gene methylation network, the Venn R

package was used to map hippocampus-associated marker

genes in AD to DEGs in high-fiber diets and differentially

methylated genes in T2DM patients, respectively. In order

to map intersecting protein interaction networks and output

protein-interaction relationship data, the STRING database

(https://string-db.org/) was applied (59–63). By analyzing the

topological structure of the protein-protein interaction network

model with Cytohubba plugin of Cytoscape 3.7.2, the top-

ranked core targets were selected, and their degree, closeness,

and betweenness values were visualized (64, 65).

2.8. Molecular docking

The study used AutoDock 4 for semi-flexible molecular

docking of ligands and receptors to investigate the interaction

of differentially metabolized compounds of a high fiber diet

with the T2DM-AD-monocyte marker methylation gene (66,

67). Small molecule ligands are flexible and changeable in

semi-flexible docking, while receptors are robust and difficult

to change. By downloading the 3D SDF file from PubChem,

modifying the structure with Chem Bio3DUltra 14.0, and saving

it as mol2 format, the active ingredient was first processed. Our

next step was to download the 3D protein model of the core

target from the PDB database, dehydrate, hydrogenate, extract

the ligand, and save it as a PDB file using PyMOL. The files

were then converted to pdbqt files using Auto Dock Tools-

1.5.6. The docking results were visualized in PyMOL to map the

“protein-molecule” docking interaction patterns. In addition,

run Discovery Studio 2019 to find the docking site and calculate

the LibDockScore. Analyze the chemical bonds formed between

the docking model and the 2-dimensional image.

3. Results

3.1. Di�erential expression analysis of
metabolites associated with high-fiber
diet

Potential serum endogenous metabolic markers were

identified via differential expression analysis (|log2FC| > 1)

and a t-test (P < 0.05) using data from the GEO database

and previous studies (68, 69). A total of nine upregulated and

seven downregulated metabolites were identified. According

to the MetaboAnalyst 5.0 database, the three most relevant

pathways (P< 0.05) were related to the citrate cycle (TCA cycle);

beta-alanine metabolism and the biosynthesis of neomycin,

kanamycin, and gentamicin (Figure 1A). In addition, the

enrichment analysis of potential metabolic markers revealed

that their functions were mainly related to the Warburg

effect, glycolysis, and beta-alanine metabolism (Figure 1B).

Furthermore, the combined multifunctional analysis of high-

fiber-diet-related metabolic DEGs and differential metabolites

revealed that these metabolites were mainly involved in

the citrate cycle (TCA cycle), beta-alanine metabolism and

the biosynthesis of neomycin, kanamycin, and gentamicin,

which is consistent with the results of the previous pathway

enrichment analysis (Figure 1C). As a result of the above

analysis, we identified differential metabolites associated with

high fiber diets.

3.2. Methylation genes in the peripheral
blood of patients with T2DM–AD

The expression profiles of methylation-related genes in

the peripheral blood of patients with T2DM–AD were

obtained. And a total of 11 upregulated and 10 downregulated

methylation-related genes were identified and visualized on a

heat map (Supplementary Figure 1A). The transcriptomic data

of these DEGs were imported into the R software to construct

a volcano plot (Supplementary Figure 1B). The peripheral

blood of T2DM-AD patients was analyzed for methylation-

related genes.
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FIGURE 1

Metabolomic analysis. (A) Signaling pathways associated with di�erentially expressed metabolites associated with high-fiber diet. (B) Bubble

map of di�erentially expressed metabolites associated with high-fiber diet. (C) Bubble map of the interaction between di�erentially expressed

metabolites associated with high-fiber diet and DEGs.

3.3. Cellular distribution and
characteristics in the hippocampal tissue
of patients with AD

Hippocampal samples from patients with ADwere extracted

from the GEO database using “Alzheimer’s disease” as the search

term, and the scRNA-seq dataset (GSE163577) was selected

for further analysis. The single-cell sequencing data of nine

patients with AD and eight healthy individuals in the dataset

were selected, and cells with gene counts of 200–10,000 and

mitochondrial gene proportion of <5% were screened using the

Seurat package in R (Supplementary Figures 2A, B). To remove

the batch effects of cells include in the analysis and maximize

the preservation of the gene expression data of these cells,

the “ScaleData” function of the Seurat package was used to

regress the variances of “nCount/nFeature_RNA” and “percent.

Mt” (Supplementary Figure 2C). Subsequently, the “RunPCA”

function of the Seurat package was used for dimensionality

reduction and t-SNE clustering (Supplementary Figures 3A, B).

A total of 182,056 cells and 27,005 associated genes were

identified after quality control, integration and normalization

of data and removal of batch effects from the single-cell

sequencing data of patients with AD and healthy individuals.

The identified cells were subjected to top-down clustering

analysis and annotated according to the known human gastric

tissue cell marker genes. A total of 27 cell types were identified

(Supplementary Figure 3B), with uniform scattered distribution

and good integration of batch effects. The expression of

marker genes in each cell type was specific, indicating that

the cell annotation results were accurate (Figure 2). Thus,

hippocampal tissue of AD patients was examined with respect

to its distribution and characteristics.

3.4. Screening and enrichment analysis of
marker genes

Based on the results of cell annotation, different types of

cell subpopulations were identified using the Seurat package,

and DEGs in different cell subpopulations in the hippocampal

tissue of patients with AD and healthy individuals were screened

using the FindMarkers function. A total of 12,610 DEGs were

identified and visualized on a heat map (Figure 3A). GO analysis

revealed that the identified DEGs were mainly enriched in

cellular responses to nitric oxide, muscle cell differentiation,

and RNA polymerase II transcriptional regulation complex

(Figure 3B). KEGG analysis revealed that the genes were

mainly enriched in pathways associated with autophagy, cellular

senescence, AGE–RAGE signaling in diabetic complications and

NF–kappa B signaling (Figure 3C).

3.5. Interaction network of
high-fiber-diet-related metabolites,
methylation-related DEGs associated
with T2DM–AD, and single-cell marker
genes associated with AD

There were 24 high-fiber-diet–T2DM–AD marker genes

identified by intersecting high-fiber-diet-related metabolites

with methylation-related DEGs associated with T2DM

(Figure 4A). The STRING (version 11.0) database was used to

construct a gene interaction network for these marker genes.

The species selected was “Homo sapiens.” To identify hub genes

(Figures 4B–D), the cytoHubba plug-in in Cytoscape 3.7.2

software was used to construct a protein–protein interaction
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FIGURE 2

Annotated distribution maps of cells in tSNE map.

network based on network topology, calculate degree, closeness,

and betweenness values, and select the size of the values

for ranking. Top hub genes included SYNE1, ANK2, SPEG,

PDZD2, KALRN, PTPRM, PTPRK, BIN1, DOCK9, and NPNT.

As a result, we constructed a network of interactions between

high-fiber diet-associated metabolites, methylation-associated

DEGs associated with T2DM-AD, and single-cell marker genes

related to AD. Functional and pathway enrichment analyses

of the 24 high-fiber-diet–T2DM–AD-related marker genes

were performed using Metascape. GO enrichment analysis

revealed a total of 245 biological processes (BPs), 33 cellular

components (CCs), and 26 molecular functions (MFs). BPs

included muscle cell differentiation, muscle cell development,

cell–cell adhesion mediated by integrin, CC assembly involved

in morphogenesis, and nephron development. MFs included

transmembrane receptor protein tyrosine phosphatase activity,

transmembrane receptor protein phosphatase activity, protein

serine/threonine kinase activity, protein tyrosine phosphatase

activity, and cysteine-type endopeptidase activity. CCs included

contractile fibers, cell–cell junction, sarcomere, T-tubules,

and myofibrils (Figures 5A–D). According to KEGG pathway

enrichment analysis, the marker genes were enriched in two

pathways (Figures 5E, F), of which autophagy was the pathway

of interest in this study.

3.6. Molecular docking validation

The most significantly altered metabolic markers, including

phosphoenolpyruvate and acetamidobenzoic acid, as well as

the top three core proteins, SYNE1 (4DXR), ANK2 (5Y4E),

and SPEG (6CY6) (the corresponding structural domains of

the proteins are mentioned in parentheses) were analyzed

with the AutoDock Tools (version 1.5.6) software. Smaller

the binding energy, the stronger the binding capacity. Table 1

shows that phosphoenolpyruvate and acetamidobenzoic acid

had adequate binding affinities for the core proteins SYNE1

(4DXR), ANK2 (5Y4E), and SPEG (6CY6). Acetamidobenzoic

acid had the strongest binding affinity for the core protein SPEG

(6CY6), with an RMSD value of <2.00 (Figure 6). Docking

the active molecule with the corresponding target protein in

Discovery Studio 2019 revealed that acetamidobenzoic acid

binds via hydrogen and hydrophobic bonds to SPEG (6CY6).

Acetamidobenzoic acid forms hydrogen bonds with amino acid

residues at position 31 (ARG) and 123 (ILE) and hydrophobic

bonds with amino acid residues at position 159 (ALA) and 150

(PHE) of the structural domain of SPEG (6CY6) (Figure 6).

Acetamidobenzoic acid, a metabolite associated with high-fiber

diet, may target SPEG in the hippocampus and affect autophagy

related pathway.
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FIGURE 3

Enrichment analysis for the identification of markers genes. (A) Heat map demonstrating the distribution of marker genes. (B) Histogram of GO

enrichment analysis of marker genes. (C) Histogram of KEGG functional analysis of marker genes.

Discussion

In this study, metabolites and signaling pathways associated

with high-fiber diet were identified based on databases. The

GEO database was used to identify 10 core high-fiber-diet–

T2DM–AD-related marker genes, whose functions are mainly

related to autophagy. The results of molecular docking suggested

that high-fiber-diet-associated metabolites can stably bind to

the core high-fiber diet–T2DM–AD-associated proteins, with

the most stable binding observed between SPEG (6CY6) and

acetamidobenzoic acid. These results suggest that high-fiber

diet influences autophagic homeostasis in the hippocampus

through binding of the metabolite acetamidobenzoic acid to

the SPEG (6CY6) protein and regulation of the hippocampal–

hypothalamic endocrine axis, eventually improving the diabetic

and neurodegenerative disease states of patients with obesity.

Autophagy is involved in the regulation of lipid metabolism,

and its dysregulation in adipose tissue is associated with the
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FIGURE 4

Enrichment analysis for the identification of markers genes. (A) Venn diagram demonstrating high-fiber-diet–T2DM–AD-related marker genes.

(B) Potential core target genes identified based on degree values. (C) Potential core target genes identified based on closeness values. (D)

Potential core target genes identified based on between-ness values.

development of metabolic diseases (70, 71). Dysregulation of

autophagy alters energy metabolism in hypothalamic neurons

and white adipose tissue (WAT). Imbalance of autophagy in

hypothalamic neurons can lead to increased caloric intake and

weight gain, resulting in obesity and metabolic disorders (72).

Mitochondrial autophagy is critical for protecting neurons in

the hippocampal CA1 region from ischaemic stress injury (73).

In addition to hippocampal CA1 neuronal deletion leading

to cognitive impairment, direct neural projections from the

ventral pole of hippocampal CA1 to hypothalamic loci are

involved in the control of food intake (22, 74). Furthermore,

the autophagic pathway is closely related to the pathogenic

mechanism underlying the impairment of intestinal mucosal

barrier function (75). Impairment of intestinal barrier structure

and function is an important pathogenic process in T2DM

(76). Autophagy is also involved in the pathological process

of AD through several mechanisms, such as the removal

of misfolded proteins, and is a novel therapeutic target for

AD (77, 78). Therefore, autophagy is closely related to the

pathogenesis of obesity and the associated metabolic diseases

T2DM and neurodegenerative diseases and regulates the

hippocampal–hypothalamic neuroendocrine axis. In the present

study, KEGG pathway enrichment analysis strongly suggested

that the function of high-fiber-diet–T2DM–AD-related DEGs

was mainly related to autophagy, which is consistent with

the results of previous similar studies (79–82). Therefore,

metabolites associated with high-fiber diet may play a role in

the pathological process of T2DM and AD among patients

with obesity by affecting autophagy in the hippocampus

and hypothalamus.

Furthermore, this study demonstrated that the high-fiber-

diet-associated metabolite acetamidobenzoic acid can bind to

the SPEG (6CY6) protein in the hippocampus and affect

autophagic homeostasis in the hippocampus, thus improving

the diabetic and neurodegenerative disease states of individuals

with obesity. Acetamidobenzoic acid is a derivative of benzoic

acid. Benzoic acid derivatives are involved in promoting the

activity of the autophagy–lysosome pathway (83). Benzoic acid is

involved in the composition of the compound Mn (III) tetrakis

(4-benzoic acid) porphyrin chloride (MnTBAP), which reduces
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FIGURE 5

GO and KEGG enrichment analysis. (A) Histogram of BP functional analysis. (B) Histogram of CC functional analysis. (C) Histogram of MF

functional analysis. (D) Histogram of GO enrichment analysis. (E) Histogram of KEGG enrichment analysis. (F) Autophagy signaling pathway.

obesity by reducing adipocyte hypertrophy and adipogenesis

and regulating energy balance and improves insulin function

(84, 85). Benzoic acid derivatives present in garlic shells can

be combined with other compounds to synergistically activate

the PPAR signaling pathway or inactivate the phospholipase D

signaling pathway to exert an anti-T2DM effect (86). In addition,

the bifunctional molecule BPBA synthesized using benzoic acid

can target Aβ and inhibit neuroinflammation, which plays a role
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TABLE 1 Molecular docking and binding energy.

Protein Compound Structure DS (LibDockScore) Vina (kcal·mol−1) RMSD

SYNE1 (4DXR) Phosphoenolpyruvate 67.3832 −2.9 1.276

ANK2 (5Y4E) Phosphoenolpyruvate 44.551 −3.5 1.491

SPEG (6CY6) Phosphoenolpyruvate 57.2527 −4.5 1.011

SYNE1 (4DXR) Acetamidobenzoic acid 90.7005 −4.9 2.728

ANK2 (5Y4E) Acetamidobenzoic acid 56.6351 −4.5 1.450

SPEG (6CY6) Acetamidobenzoic acid 75.5652 −6.0 1.719

in AD (87). To the best of our knowledge, this study is the first

to identify the potential role of acetamidobenzoic acid in the

pathogenesis of obesity–T2DM–AD, thus laying a foundation

for the subsequent development of new drugs.

Striated muscle preferentially expressed protein kinase

(SPEG) is a myosin light-chain kinase containing a double

serine/threonine kinase domain and multiple immunoglobulin

(Ig)-like and proline-rich regions involved in protein–protein

interactions (88). SPEG as a single gene can be alternatively

spliced into several tissue-specific isoforms, including BPEG

(the brain) and SPEGα (skeletal muscle) and SPEGβ (cardiac

muscle) (89–91). Patients with neurodegenerative diseases had

significantly lower levels of SPEGmethylation, which is strongly

associated with obesity. The m6A demethylase FTO may

regulate adipocyte differentiation and adipogenesis by regulating

the expression of proteins such as gastric starvation hormone,

pro-adipogenic factors and peroxisome proliferator-activated

receptor, thereby affecting the development of obesity (92).

Furthermore, FTO plays a major role in the development of

T2DM, as m6A methyltransferases can inhibit adipogenesis,

delay the onset and progression of obesity by inhibiting

autophagosome formation, blocking mitotic clone expansion,

and controlling adipogenic differentiation in mesenchymal stem

cells (93). And missense mutations in SPEG are also closely

associated with the development of T2DM in GK rats (94).

Therefore, acetaminobenzoic acid may target SPEG in the

hippocampus, thereby affecting the autophagic balance of the

hippocampus and regulating the hippocampal-hypothalamic

endocrine axis, improving diabetic and neurodegenerative

disease states.

To the best of our knowledge, this study is the first to report

that the SPEG protein in the hippocampus, a peripheral blood

biomarker in patients with obesity with concomitant T2DM and

neurodegenerative diseases, can bind to acetamidobenzoic acid,

a high-fiber-diet-related metabolite, and plays an important role

in the development of T2DM and neurodegenerative diseases

in patients with obesity. In addition to acetamidobenzoic

acid and SPEG, the metabolite phosphoenolpyruvate, which

is significantly altered by high-fiber diet, was found to have

a strong binding affinity for the core proteins SYNE1 and

ANK2, suggesting that high-fiber diet can benefit individuals

with obesity through multiple targets and pathways.

However, this study has some limitations. This study was

mainly based on bioinformatic analysis of data extracted from

databases and lacks relevant experimental validation. Further

research is needed to determine exactly how acetamidobenzoic

acid binds to hippocampal SPEG proteins.

5. Conclusion

Acetamidobenzoic acid, a metabolite associated with

high-fiber diet, can target SPEG (6CY6) protein in the
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FIGURE 6

Molecular docking analysis. (A) SYNE1 phosphoenolpyruvate (macroscopic) (A1); SYNE1 phosphoenolpyruvate (microscopic) (A2); SYNE1

phosphoenolpyruvate (A3). (B) ANK2 phosphoenolpyruvate (macroscopic) (B1); ANK2 phosphoenolpyruvate (microscopic) (B2); ANK2

(Continued)
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FIGURE 6 (Continued)

phosphoenolpyruvate (B3). (C) SPEG phosphoenolpyruvate (macroscopic) (C1); SPEG phosphoenolpyruvate (microscopic) (C2); SPEG

phosphoenolpyruvate (C3). (D) SYNE1 acetamidobenzoic acid (macroscopic) (D1); SYNE1 acetamidobenzoic acid (microscopic) (D2);

SYNE1–acetamidobenzoic acid (D3). (E) ANK2–acetamidobenzoic acid (macroscopic) (E1); ANK2–acetamidobenzoic acid (microscopic) (E2);

ANK2–acetamidobenzoic acid (E3). (F) SPEG–acetamidobenzoic acid (macroscopic) (F1); SPEG–acetamidobenzoic acid (microscopic) (F2);

SPEG–acetamidobenzoic acid (F3).

hippocampus, thereby affecting autophagic homeostasis

in the hippocampus, regulating the hippocampal–

hypothalamic endocrine axis and eventually improving

the diabetic and neurodegenerative disease states of patients

with obesity.
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(A) Quality control and data removal plots for the GSE163577 dataset.

(B) Distribution of the top 10 most significant genes in the GSE163577

dataset. (C) Distribution of genes before and after normalization of data

in the GSE163577 dataset.

SUPPLEMENTARY FIGURE 3

(A) Principal component analysis distribution map. (B) t-SNE principal

component distribution map.
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Objective: Misdiagnosis and missed diagnosis of migraine are common in clinical

practice. Currently, the pathophysiological mechanism of migraine is not completely

known, and its imaging pathological mechanism has rarely been reported. In this

study, functional magnetic resonance imaging (fMRI) technology combined with a

support vector machine (SVM) was employed to study the imaging pathological

mechanism of migraine to improve the diagnostic accuracy of migraine.

Methods: We randomly recruited 28 migraine patients from Taihe Hospital. In

addition, 27 healthy controls were randomly recruited through advertisements. All

patients had undergone theMigraineDisability Assessment (MIDAS), Headache Impact

Test – 6 (HIT-6), and 15min magnetic resonance scanning. We ran DPABI (RRID:

SCR_010501) on MATLAB (RRID: SCR_001622) to preprocess the data and used REST

(RRID: SCR_009641) to calculate the degree centrality (DC) value of the brain region

and SVM (RRID: SCR_010243) to classify the data.

Results: Compared with the healthy controls (HCs), the DC value of bilateral inferior

temporal gyrus (ITG) in patients with migraine was significantly lower and that of

left ITG showed a positive linear correlation with MIDAS scores. The SVM results

showed that the DC value of left ITG has the potential to be a diagnostic biomarker for

imaging, with the highest diagnostic accuracy, sensitivity, and specificity for patients

with migraine of 81.82, 85.71, and 77.78%, respectively.

Conclusion: Our findings demonstrate abnormal DC values in the bilateral ITG

among patients with migraine, and the present results provide insights into the

neural mechanism of migraines. The abnormal DC values can be used as a potential

neuroimaging biomarker for the diagnosis of migraine.
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1. Introduction

Migraine is a nervous system disease characterized by high attack

frequency and disability, which seriously endangers people’s physical

andmental health and quality of life (1). In recent years, the incidence

of the disease has been increasing gradually, thereby affecting

patients’ normal life and work performance (2). The epidemiological

survey of headaches in China in 2010 showed that the incidence

of migraine in China was 9.3%. However, the pathophysiological

mechanism of migraine is not completely understood, and the

accuracy of its early diagnosis is low (3). In addition to symptomatic

diagnosis, it is necessary to develop auxiliary diagnostic tools

for migraine.

Resting-state functional magnetic resonance imaging (rs-

fMRI) is a tool with the advantages of non-invasive and high

repeatability, which can reveal the spontaneous activity of brain

neurons at the resting state (4, 5). The most commonly used

method to detect the spontaneous activity of brain regions is the

measurement of blood oxygen level-dependent (BOLD) signals

based on differences in magnetic properties of oxyhemoglobin

(diamagnetic) and deoxyhemoglobin (paramagnetic). In the

brain, blood flow and oxygenated hemoglobin fluctuate with the

neuron activity, and thus changes in the BOLD signal can be

recorded. Over the years, the BOLD-fMRI technology has been

widely used to study neuropsychiatric brain diseases, such as

temporal lobe epilepsy (6, 7), depression (8, 9), schizophrenia

(10, 11), and mild cognitive impairment (12). Thus, fMRI can

be used to study the potential imaging mechanisms of various

neuropsychiatric diseases.

With the development of high-definition resolution magnetic

resonance technology, it has been found that patients with migraine

not only manifest organic changes in brain structure (13) but also

show changes in functional connectivity after treatment (14). Recent

studies have found that the topological properties of brain networks

in patients with episodic migraine are altered (15, 16). Among

such properties, the imbalance in the topological structure of brain

networks in female migraine patients is the most pronounced (15,

17), but there are few studies that have explored the degree centrality

of brain networks involved in migraine. Previous rs-fMRI studies

revealed a significant difference in the communication between the

brain Island, frontal cortex, and apex nucleus (18–20). Although the

results are not consistent, it has been shown that migraines are highly

communicative, but other studies found that the communication

betweenmigraines is low. To solve this problem, we used the intuitive

index of the connection state of each spatial unit of the brain. The

number of connections between the voxel in stationary fMRI and

other voxels in the brain was calculated, and the pattern classification

analysis was performed using the degree centrality (DC). A fully

automatic program using 8min of static fMRI can easily obtain DC

and is not limited to the selection of priori region or the network

definition. Therefore, it is reliable and can be obtained without the

need for artificial estimation and image editing features and is widely

used to quantify global connectivity. In recent years, researchers have

applied DC to conduct clinical research on neuropsychiatric diseases,

such as stroke, depression, schizophrenia, and epilepsy (6, 21–23).

Three recent studies reported that migraine patients have abnormal

DC values in the whole-brain network. Moreover, a significant

between-group difference in DC was found using a data-driven

method. Using a data-driven method, Lee et al. found that patients

with migraine have altered DC values (24). Other studies found that

patients with migraines without aura exhibited significantly smaller

DC values in the primary somatosensory cortex and right premotor

cortex (25). Moreover, pain intensity is positively correlated with DC

in the right amygdala (26). These findings demonstrate differences

between migraine patients and bipolar disorder (BD) brain imaging.

However, few studies have investigated indicators for the diagnosis,

and there are no ideal neuroimaging biomarkers and predictive

indicators for the clinical management of migraines. This can be

ascribed due to the lack of strict selection of sample size, small

sample size, and low sensitivity of analytical methods. Therefore, it

is imperative to use DC patterns to explore potential biomarkers

for neuroimaging of migraines. The innovation of our study lies in

the combination of support vector machine (SVM) and DC analysis

methods to identify migraine patients and healthy controls (HCs).

Based on previous studies, we constructed a resting-state

brain function network by combining the DC with SVM analysis

technology. The differences in DC between migraine patients and

HCs were explored to reveal the characteristics of the migraine brain

network and find a new method in order to improve the diagnosis

of migraine.

2. Materials and methods

2.1. Subjects

In total, 30 patients withmigraine were admitted to the outpatient

department and ward of the Department of Psychology of Taihe

Hospital in Shiyan from December 2018 to January 2022. The

enrolled patients underwent neuropsychological scale assessment and

brain resting-state functional magnetic resonance scanning. Among

them, 1 patient refused magnetic resonance scanning, and 2 patients

were excluded because their head movements were greater than

2mm during the scanning. Therefore, 27 patients with migraine were

enrolled in the study. Inclusion criteria for migraine patients were as

follows: (1) The migraine diagnosis was confirmed by the Neurology

Department according to the International Headache Society (HIS)

criteria (27); (2) right handed; (3) aged 18–60 years; (4) migraine

attack interval: no headache attack 3 days before the scan, the day

of the scan, and the day after the scan; and (5) sign the relevant

informed consent form and voluntarily agree to participate in the

research. Exclusion criteria of migraine patients were as follows:

(1) previous chronic physical diseases, including cardiovascular

and cerebrovascular diseases, hypertension, hyperlipidemia, diabetes,

tumors, other types of headache, and other chronic visceral or

somatic pain; (2) having a history of chronic mental diseases,

such as severe anxiety and depression disorder, sleep disorder, and

schizophrenia; (3) history of heroin abuse, alcohol, and other drugs;

(4) contraindication ofMRI; and (5) pregnancy or lactation. For HCs,

30 healthy volunteers who were matched for the age and gender

of migraine patients were enrolled, 2 of whom refused to undergo

MRI scanning. Finally, 28 HCs were included in this study. The

inclusion criteria of HCs were in line with items 2, 3, and 5 of the

inclusion criteria for migraine patients, and the exclusion criteria

were in line with items 1, 2, 3, 4, and 5 of the exclusion criteria for

migraine patients.
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2.2. Scale evaluation

Migraine Disability Assessment (MIDAS) and Headache Impact

Test – 6 (HIT-6) were used to evaluate the headache and quality

of life of all subjects. The MIDAS questionnaire was designed to

assess headache-related disabilities and to improve migraine care.

The headache patient answered five questions and scored the number

of days with limited activity due tomigraine in the past 3months (28).

The HIT-6 measures domains related to pain, social functioning, role

functioning, vitality, cognitive functioning, and psychological distress

(29). The evaluation was performed by two professionally trained

graduate students. The study was approved by the ethics committee of

the Taihe Hospital, HubeiMedical College, and all participants signed

written informed consent forms.

2.3. Magnetic resonance imaging scanning
procedures

Imaging data were recorded with the Philips 3.0T whole-body

MRI scanner. During data acquisition, the participants were required

to lie flat in the MRI scanner, relax, close their eyes, and keep their

brains awake without any qualitative thinking. Earplugs and eye

masks were used to reduce the impact of MRI noise, and foam pads

were applied to minimize head movement. All participants were

examined by a senior professional MRI technician. Rs-fMRI scanning

parameters were as follows: TR= 3,000ms, TE= 30ms, matrix= 64

× 64, FOV = 220 × 220mm, turning angle 90◦, slice thickness =

4mm, slice spacing= 0, a total of 36 layers, scanning the whole brain

for 8min. T1-weighted fast scrambled phase gradient echo sequence

was utilized to obtain structural images, with the following scanning

parameters: TR = 7.1ms, TE = 3.5ms, FOV = 220 × 220mm,

scanning layer thickness= 1mm, turning angle 8◦, matrix 352× 352,

scanning 176 layers. The whole-brain scanning time was 4.2 min.

2.4. Data processing

The software package DPABI (RRID: SCR_010501) (30) was run

on Matlab 2013a to pre-process the static data as follows: time layer

correction, head motion correction, spatial standardization, linear

drift, regression to remove covariates (headmotion parameters, white

matter signals, cerebrospinal fluid signals), and filtering. The images

with head translation >2mm or rotation angle >2◦ were rescanned

on the same day until they met the scientific research needs. The 6×

6 × 6mm FWHM Gaussian filter was used to smoothen the image

data spatially. Finally, in the REST (RRID: SCR_009641) toolkit, the

DC was employed to calculate the Z-valued DC distribution map.

2.5. Statistical analyses

Statistical analysis was performed using SPSS version 22.0.

Gender differences amongmigraine patients andHCswere compared

with the chi-square test; age was tested by two independent samples

t-test, and a p-value of < 0.05 was considered statistically significant.

The measurement data were expressed as x ± s. Using gender,

age, and years of education as covariates, the REST tool was

used to analyze the DC values of migraine patients and HCs by

two independent samples t-test, and brain regions with altered

DC were identified (P < 0.01, cluster > 30, GRF correction).

The DC values of patients with abnormal brain regions were

extracted, and Pearson’s correlation analysis was conducted for the

neuropsychological scale (P < 0.05).

2.6. Classification analyses

The SVM was conducted using a library for SVM (LIBSVM,

RRID: SCR_010243) software package in Matlab (RRID:

SCR_001622). The LIBSVM classifier is trained to learn differences

between groups by providing examples in form of (xi, ci), where x

represents the DC values of abnormal clusters and c standards for the

class label. The grid searchmethod and Gaussian radial basis function

kernels were used for parameter optimization. The “leave-pair-out”

cross-validation approach was applied using the LIBSVM software to

achieve the highest sensitivity and specificity (31).

3. Results

3.1. Demographic data

A total of 28 migraine patients and 27 HCs were enrolled in the

study. There was no significant difference in gender and age between

migraine patients and HCs (Table 1).

3.2. DC analysis and correlation analysis

Compared with HCs, the DC value of the bilateral ITG in

migraine patients was significantly lower and that of left ITG showed

a positive linear correlation withMIDAS scores (r=−0.37, P < 0.05)

(Figure 1 and Table 2).

3.3. Support vector machine results

The SVM analysis was conducted to determine whether DC

values in bilateral ITG can be used to discriminate patients from HCs

with optimal sensitivity and specificity (Figure 2). The best results

were achieved for DC values in the left ITG. This showed a sensitivity

of 85.71%, a specificity of 77.78%, and an accuracy of 81.82%.

4. Discussion

This study aimed to examine the DC between global network in

patients with migraine and HCs. Reduced DC distribution primarily

occurred in the bilateral ITG. We also observed that decreased DC

in the left ITG was significantly correlated with MIDAS deficits. The

SVM classification result suggested that the decreased DC in the

left ITG may be an effective indicator for distinguishing patients

with migraine from HCs with the highest sensitivity, specificity,

and accuracy.

The results of the DC approach indicated that regions with

aberrant cooperation were mainly located in the bilateral ITG.

Frontiers inNeurology 03 frontiersin.org
140

https://doi.org/10.3389/fneur.2022.1105592
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Wang et al. 10.3389/fneur.2022.1105592

TABLE 1 Demographic characteristics of the study groups.

Characteristics Patients (n = 28) Controls (n = 27) x2 or T P value

Gender (male/female) 12/16 12/15 0.89 0.42a

Age (years) 38.11± 6.49 37.37± 5.96 0.48 0.66b

MIDAS (scores) 160.17± 26.45

HIT-6 (scores) 61.54± 10.11

aThe p value for gender distribution was obtained by chi-square test. bThe p value were obtained by two sample t-tests. MIDAS, Migraine Disability Assessment; HIT-6, Headache Impact Test-6.

FIGURE 1

(Left) The degree centrality (DC) value of the bilateral inferior temporal gyrus (ITG) in migraine patients was significantly lower than that in healthy

controls (HCs). (Right) DC value of the left ITG showed a positive linear correlation with MIDAS scores.

TABLE 2 Alterations of DC between patients and controls.

Cluster location Peak (MNI) Number of voxels T-value

X Y Z

Left ITG −54 −12 −27 37 −3.18

Right ITG 45 −24 −24 87 −4.49

DC, degree centrality; ITG, inferior temporal gyrus.

Previous studies reported that continuous pain stimulation can

change the brain microstructure, and this outcome may be reversible

(32). The anatomical distance of the pathway or the changes in

connectivity across some brain regions may also gradually destroy

the cerebral cortex, thereby affecting the entire brain network

(33). A prospective study found that the frequency of migraine

attacks in migraine patients increased yearly and that the density

of gray matter in some brain regions, such as the hippocampus

and supramarginal gyrus, decreased significantly compared with

1 year ago, suggesting that persistent pain can interfere with the

brain’s processing of information, leading to changes in brain

structure (34). These findings demonstrate that patients with

migraine manifest an abnormal brain structure and brain function to

some extent. Furthermore, transcutaneous vagus nerve stimulation

can increase the functional connectivity between the ITG and the

anterior cingulate cortex/medial pre-frontal cortex and decrease the

connectivity between the thalamus subregion and the precuneus (35).

Lai et al. found that the GM of the anterior cingulate cortex of

chronic migraine (CM) patients after trauma decreased. During the

12 month follow-up, they found that when the pain disappeared, the

gray matter of the thalamus and cerebellum increased, suggesting

that the pain processing structure showed adaptive gray matter

changes in terms of neuronal plasticity (36, 37). Among these regions,

the dorsal anterior cingulate gyrus was significantly related to the

course of the disease and was selected as the seed point to perform

functional connections with other brain regions. A previous study

uncovered the functional connection between the bilateral middle

temporal gyrus and the seed regions was enhanced in patients with

migraine (38). Although these findings are inconsistent, they can

be explained by the following three reasons. First, the subtypes

of participants in the studies were inconsistent, and the sample

size selection process was different among the studies. Second, the

analysis methods varied among the studies. Third, the brain is a

complex organ, and thus scanning at different stages of the disease
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FIGURE 2

Visualization of classifications through support vector machine (SVM) using the reduced DC values in the left inferior temporal gyrus (ITG) to discriminate

migraine patients from healthy controls. (Left) SVM parameters result of 3D view. (Right) Classified map of the DC values in the left ITG. *Represents the

subject.

will obtain different outcomes. Nevertheless, findings from these

studies provide valuable information that the brain structure and

function of migraine patients exhibit some abnormalities.

We also found that the DC values in the left ITG were positively

correlated with MIDAS scores. Sequal and colleagues found that the

ITG is abnormally activated in patients with migraine in both task-

related and resting state (39–41). Therefore, the present findings

demonstrated abnormal activity in the ITG and revealed new insights

into the pathomechanisms of migraine patients. The reduced neural

activity in the left ITG showed the potential to be an indicator for

diagnostic neuroimaging of migraine with a high diagnostic accuracy

of 81.82%, a sensitivity of 85.71%, and a specificity of 77.78%. This

result implies that ITG may be involved in the pathophysiological

mechanism of migraine.

5. Limitations

There are several limitations to this study. First, a small

sample size was enrolled, and most patients were using drugs for

symptomatic treatment. Such drugs may affect brain function and

hence will affect the outcomes of this study (11, 42). In the future,

we will enroll a large sample size and recruit participants who not

using drugs to further validate the present findings. Second, the

participants were enrolled at one hospital in one region. We plan to

recruit participants from multiple centers in the future. Finally, we

did not classify migraine patients into subtypes. Different subtypes of

migrainemay have different imagingmechanisms (43, 44). Therefore,

the imaging mechanisms of different subtypes of migraines should be

explored in the future.

6. Conclusion

This study reported the changes in the bilateral ITG of patients

with migraine. The results suggest that normal DC values in the left

ITG can be applied in the clinical diagnosis of migraine.

Data availability statement

The raw data supporting the conclusions of this

article will be made available by the authors, without

undue reservation.

Ethics statement

The study was approved by the Ethics Committee of the

Taihe Hospital, Hubei Medical College, and all subjects signed

the written informed consent. The patients/participants provided

their written informed consent to participate in this study. Written

informed consent was obtained from the individual(s) for the

publication of any potentially identifiable images or data included in

this article.

Author contributions

QW and LX wrote the manuscript. XW, HL, XL, and YZ

collected and analyzed the data. YG and CH conceived and critically

reviewed the manuscript. All authors have read and approved the

final manuscript.

Funding

The study was supported by a grant from the Guided Scientific

Research Project of Shiyan City (No. 21Y21).

Acknowledgments

We thank all the participants and MJEditor (www.mjeditor.com)

for their linguistic assistance during the preparation of this

Frontiers inNeurology 05 frontiersin.org
142

https://doi.org/10.3389/fneur.2022.1105592
http://www.mjeditor.com
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Wang et al. 10.3389/fneur.2022.1105592

manuscript. We also thank all individuals who served as

study subjects.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the reviewers.

Any product that may be evaluated in this article, or claim that may

be made by its manufacturer, is not guaranteed or endorsed by the

publisher.

References

1. Attack Postdrome PAM. Migraine Episodes Can Be Divided into Several Phases:
Prodrome (Also Known as Premonitory), Aura, Migraine Attack and Postdrome.Nat Rev
Dis Primer. (2022) 8:1. doi: 10.1038/s41572-022-00335-z

2. Oie LR, Kurth T, Gulati S, Dodick DW. Migraine and risk of stroke. J Neurol
Neurosurg Psychiatry. (2020) 91:593–604. doi: 10.1136/jnnp-2018-318254

3. Loder E. Migraine diagnosis and treatment. Prim Care. (2004) 31:277–
92. doi: 10.1016/j.pop.2004.02.003

4. Bhattacharyya T, Gale D, Dewire P, Totterman S, Gale ME, McLaughlin
S, et al. The clinical importance of meniscal tears demonstrated by
magnetic resonance imaging in osteoarthritis of the knee. J Bone
Joint Surg Am. (2003) 85:4–9. doi: 10.2106/00004623-200301000-0
0002

5. Gosseries O, Demertzi A, Noirhomme Q, Tshibanda J, Boly M, Op de Beeck M, et al.
Functional Neuroimaging (FMRI, Pet and Meg): what do we measure? Rev Med Liege.
(2008) 63:231–7.

6. Gao Y, Xiong Z, Wang X, Ren H, Liu R, Bai B, et al. Abnormal degree
centrality as a potential imaging biomarker for right temporal lobe epilepsy:
a resting-state functional magnetic resonance imaging study and support vector
machine analysis. Neuroscience. (2022) 487:198–206. doi: 10.1016/j.neuroscience.2022.0
2.004

7. Zhou S, Xiong P, Ren H, Tan W, Yan Y, Gao Y. Aberrant dorsal
attention network homogeneity in patients with right temporal lobe
epilepsy. Epilepsy Behav. (2020) 111:107278. doi: 10.1016/j.yebeh.2020.10
7278

8. Gao Y, Wang M, Yu R, Li Y, Yang Y, Cui X, et al. Abnormal default mode network
homogeneity in treatment-naive patients with first-episode depression. Front Psychiatry.
(2018) 9:697. doi: 10.3389/fpsyt.2018.00697

9. Guo W, Cui X, Liu F, Chen J, Xie G, Wu R, et al. Increased anterior default-mode
network homogeneity in first-episode, drug-naivemajor depressive disorder: a replication
study. J Affect Disord. (2018) 225:767–72. doi: 10.1016/j.jad.2017.08.089

10. Gao Y, Tong X, Hu J, Huang H, Guo T,Wang G, et al. Decreased resting-state neural
signal in the left angular gyrus as a potential neuroimaging biomarker of schizophrenia:
an amplitude of low-frequency fluctuation and support vector machine analysis. Front
Psychiatry. (2022) 13:949512. doi: 10.3389/fpsyt.2022.949512

11. Cui X, Deng Q, Lang B, Su Q, Liu F, Zhang Z, et al. Less reduced gray
matter volume in the subregions of superior temporal gyrus predicts better treatment
efficacy in drug-naive, first-episode schizophrenia. Brain Imaging Behav. (2021) 15:1997–
2004. doi: 10.1007/s11682-020-00393-5

12. Gao Y, Zhao X, Huang J, Wang S, Chen X, Li M, et al. Abnormal regional
homogeneity in right caudate as a potential neuroimaging biomarker for mild cognitive
impairment: a resting-state fmri study and support vector machine analysis. Front Aging
Neurosci. (2022) 14:979183. doi: 10.3389/fnagi.2022.979183

13. Petrovi F, Stojanov D, Aracki-Trenki A, Petrovi J, Petrovi M. Jankovi S. Brain
Magnetic Resonance Spectroscopy in Migraine. Acta Med Medianae. (2021) 60:77–
87. doi: 10.5633/amm.2021.0210

14. Zhang Y, Huang Y, Li H, Yan Z, Zhang Y, Liu X, et al. Transcutaneous auricular
vagus nerve stimulation (tavns) for migraine: an fmri study. Reg Anesth Pain Med. (2021)
46:145–50. doi: 10.1136/rapm-2020-102088

15. Coppola G, Di Renzo A, Tinelli E, Di Lorenzo C, Scapeccia M, Parisi V, et al. Resting
state connectivity between default mode network and insula encodes acute migraine
headache. Cephalalgia. (2018) 38:846–54. doi: 10.1177/0333102417715230

16. Lee MJ, Park BY, Cho S, Park H, Kim ST, Chung CS. Dynamic functional
connectivity of the migraine brain: a resting-state functional magnetic resonance imaging
study. Pain. (2019) 160:2776–86. doi: 10.1097/j.pain.0000000000001676

17. Liu X, Huang L, Lei L, Xu WU, Zuneng LU, Xiao Z, et al. Advances in research
of functional magnetic resonance imaging in migraine patients. Med Recapitul. (2019)
25:149–53. doi: 10.3969/j.issn.1006-2084.2019.01.029

18. Hadjikhani N, Ward N, Boshyan J, Napadow V, Maeda Y, Truini A, et al. The
missing link: enhanced functional connectivity between amygdala and visceroceptive

cortex in migraine. Cephalalgia. (2013) 33:1264–8. doi: 10.1177/033310241349
0344

19. Lei M, Zhang JJ, Neurology DO, Hospital Z, University W, Neurology DO.
Advance of the correlation between insula and migraine. Chin J Clin Neurosci. (2017)
25:470–4. doi: 10.3969/j.issn.1008-0678.2017.04.019

20. Liu HY, Chou KH, Lee PL, Fuh JL, Niddam DM, Lai KL, et al. Hippocampus and
amygdala volume in relation to migraine frequency and prognosis. Cephalalgia. (2017)
37:1329–36. doi: 10.1177/0333102416678624

21. Lin H, Xiang X, Huang J, Xiong S, Ren H, Gao Y. Abnormal degree centrality values
as a potential imaging biomarker for major depressive disorder: a resting-state functional
magnetic resonance imaging study and support vector machine analysis. Front Psychiatry.
(2022) 13:960294. doi: 10.3389/fpsyt.2022.960294

22. Guo X, Wang W, Kang L, Shu C, Bai H, Tu N, et al. Abnormal degree centrality
in first-episode medication-free adolescent depression at rest: a functional magnetic
resonance imaging study and support vector machine analysis. Front Psychiatry. (2022)
13:926292. doi: 10.3389/fpsyt.2022.926292

23. Wang H, Chen N, Kun-Cheng LI, Duan XG, Radiology DO, Hospital X,
et al. Degree centrality in the human functional connectome of basal ganlia stroke
patients. Chin J Magn Reson Imag. (2016) 7:727–31. doi: 10.12015/issn.1674-8034.2016.
10.002

24. Lee MJ, Park BY, Cho S, Kim ST, Park H, Chung CS. Increased connectivity of pain
matrix in chronic migraine: a resting-state functional MRI study. J Headache Pain. (2019)
20:29. doi: 10.1186/s10194-019-0986-z

25. Zhang J, Su J, Wang M, Zhao Y, Zhang QT, Yao Q, et al. The sensorimotor network
dysfunction in migraineurs without aura: a resting-state fMRI study. J Neurol. (2017)
264:654–63. doi: 10.1007/s00415-017-8404-4

26. Ke J, Yu Y, Zhang X, Su Y,Wang X, Hu S, et al. Functional alterations in the posterior
insula and cerebellum in migraine without aura: a resting-state MRI study. Front Behav
Neurosci. (2020) 14:567588. doi: 10.3389/fnbeh.2020.567588

27. Headache Classification Committee of the International Headache S. The
International Classification of Headache Disorders, 3rd Edition (Beta Version).
Cephalalgia. (2013) 33:629–808. doi: 10.1177/0333102413485658

28. Stewart WF, Lipton RB, Dowson AJ, Sawyer J. Development and testing of the
migraine disability assessment (midas) questionnaire to assess headache-related disability.
Neurology. (2001) 56:S20–8. doi: 10.1212/WNL.56.suppl_1.S20

29. Kosinski M, Bayliss MS, Bjorner JB,Ware JE, GarberWH, Batenhorst A, et al. A six-
item short-form survey for measuring headache impact: The Hit-6. Qual Life Res. (2003)
12:963–74. doi: 10.1023/A:1026119331193

30. Yan C, Zang Y. DPARSF: a MATLAB toolbox for “pipeline” data analysis of
resting-state fMRI. Front Syst Neurosci. (2010) 4:13. doi: 10.3389/fnsys.2010.00013

31. Chang CC, Lin CJ. LIBSVM: a library for support vector machines. ACM Trans
Intell Syst Technol. (2011) 2:1–27. doi: 10.1145/1961189.1961199

32. Niddam DM, Lai KL, Tsai SY, Lin YR, Chen WT, Fuh JL, et al. Neurochemical
changes in the medial wall of the brain in chronic migraine. Brain. (2018) 141:377–
90. doi: 10.1093/brain/awx331

33. Zhang X, Wang ZH, Geng ZJ, Zhang Y, Zhang L, Neurology DO. Functional
abnormalities in migraine with aura patients: a resting-state fmri study. J Brain Nerv Dis.
(2016) 24:7–11.

34. Wang Y, Zhang Y, Luo W. Effect of transcutaneous auricular vagus nerve
stimulation on fractional amplitude of low-frequency fluctuation in migraine
without aura. J Clin Radiol. (2019) 38:2010–4. doi: 10.13437/j.cnki.jcr.2019.
11.002

35. Redgrave JN, Moore L, Oyekunle T, Ebrahim M, Falidas K, Snowdon N,
et al. Transcutaneous auricular vagus nerve stimulation with concurrent upper
limb repetitive task practice for poststroke motor recovery: a pilot study. J
Stroke Cerebrovasc Dis. (2018) 27:1998–2005. doi: 10.1016/j.jstrokecerebrovasdis.2018.
02.056

36. Riederer F, Marti M, Luechinger R, Lanzenberger R, von Meyenburg J, Gantenbein
AR, et al. Grey matter changes associated with medication-overuse headache: correlations

Frontiers inNeurology 06 frontiersin.org
143

https://doi.org/10.3389/fneur.2022.1105592
https://doi.org/10.1038/s41572-022-00335-z
https://doi.org/10.1136/jnnp-2018-318254
https://doi.org/10.1016/j.pop.2004.02.003
https://doi.org/10.2106/00004623-200301000-00002
https://doi.org/10.1016/j.neuroscience.2022.02.004
https://doi.org/10.1016/j.yebeh.2020.107278
https://doi.org/10.3389/fpsyt.2018.00697
https://doi.org/10.1016/j.jad.2017.08.089
https://doi.org/10.3389/fpsyt.2022.949512
https://doi.org/10.1007/s11682-020-00393-5
https://doi.org/10.3389/fnagi.2022.979183
https://doi.org/10.5633/amm.2021.0210
https://doi.org/10.1136/rapm-2020-102088
https://doi.org/10.1177/0333102417715230
https://doi.org/10.1097/j.pain.0000000000001676
https://doi.org/10.3969/j.issn.1006-2084.2019.01.029
https://doi.org/10.1177/0333102413490344
https://doi.org/10.3969/j.issn.1008-0678.2017.04.019
https://doi.org/10.1177/0333102416678624
https://doi.org/10.3389/fpsyt.2022.960294
https://doi.org/10.3389/fpsyt.2022.926292
https://doi.org/10.12015/issn.1674-8034.2016.10.002
https://doi.org/10.1186/s10194-019-0986-z
https://doi.org/10.1007/s00415-017-8404-4
https://doi.org/10.3389/fnbeh.2020.567588
https://doi.org/10.1177/0333102413485658
https://doi.org/10.1212/WNL.56.suppl_1.S20
https://doi.org/10.1023/A:1026119331193
https://doi.org/10.3389/fnsys.2010.00013
https://doi.org/10.1145/1961189.1961199
https://doi.org/10.1093/brain/awx331
https://doi.org/10.13437/j.cnki.jcr.2019.11.002
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.02.056
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Wang et al. 10.3389/fneur.2022.1105592

with disease related disability and anxiety. World J. Biol. Psychiatry. (2012) 12:517–25.
doi: 10.3109/15622975.2012.665175.

37. Lai TH, Chou KH, Fuh JL, Lee PL, Kung YC, Lin CP, et al. Gray matter changes
related to medication overuse in patients with chronic migraine. Cephalalgia. (2016)
36:1324–33. doi: 10.1177/0333102416630593

38. Gomez-Beldarrain M, Oroz I, Zapirain BG, Ruanova BF, Fernandez YG, Cabrera A,
et al. Right fronto-insular white matter tracts link cognitive reserve and pain in migraine
patients. J Headache Pain. (2015) 17:4. doi: 10.1186/s10194-016-0593-1

39. Chen C, Yan M, Yu Y, Ke J, Xu C, Guo X, et al. Alterations in regional
homogeneity assessed by fMRI in patients with migraine without aura. J Med Syst. (2019)
43:298. doi: 10.1007/s10916-019-1425-z

40. Schwedt TJ, Chiang CC, Chong CD, Dodick DW. Functional MRI of migraine.
Lancet Neurol. (2015) 14:81–91. doi: 10.1016/S1474-4422(14)70193-0

41. Crowell GF, Stump DA, Biller J, McHenry LC, Toole JF. The
transient global amnesia-migraine connection. Arch Neurol. (1984) 41:75–
9. doi: 10.1001/archneur.1984.04050130081029

42. GuoW, Liu F, Chen J, Wu R, Li L, Zhang Z, et al. Olanzapine modulates the default-
mode network homogeneity in recurrent drug-free schizophrenia at rest. Aust N Z J
Psychiatry. (2017) 51:1000–9. doi: 10.1177/0004867417714952

43. Pisanu C, Lundin E, Preisig M, Gholam-Rezaee M, Castelao E, Pistis G,
et al. Major depression subtypes are differentially associated with migraine subtype,
prevalence and severity. Cephalalgia. (2020) 40:347–56. doi: 10.1177/033310241988
4935

44. Si N, Xu H, Mao JH, Li L, Gu W. Relationships of different migraine
subtypes and severity of balance disorder. China J Mod Med. (2018) 28:104-8.
doi: 10.3969/j.issn.1005-8982.2018.23.023

Frontiers inNeurology 07 frontiersin.org
144

https://doi.org/10.3389/fneur.2022.1105592
https://doi.org/10.3109/15622975.2012.665175
https://doi.org/10.1177/0333102416630593
https://doi.org/10.1186/s10194-016-0593-1
https://doi.org/10.1007/s10916-019-1425-z
https://doi.org/10.1016/S1474-4422(14)70193-0
https://doi.org/10.1001/archneur.1984.04050130081029
https://doi.org/10.1177/0004867417714952
https://doi.org/10.1177/0333102419884935
https://doi.org/10.3969/j.issn.1005-8982.2018.23.023
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


TYPE Review

PUBLISHED 08 February 2023

DOI 10.3389/fneur.2023.1083972

OPEN ACCESS

EDITED BY

Wen-Jun Tu,

Chinese Academy of Medical Sciences and

Peking Union Medical College, China

REVIEWED BY

Raouf Hajji,

University of Sousse, Tunisia

Malgorzata Burek,

Julius Maximilian University of

Würzburg, Germany

Thomas Webster,

Interstellar Therapeutics, United States

*CORRESPONDENCE

Pan Huang

1032857970@qq.com

SPECIALTY SECTION

This article was submitted to

Neurological Biomarkers,

a section of the journal

Frontiers in Neurology

RECEIVED 29 October 2022

ACCEPTED 20 January 2023

PUBLISHED 08 February 2023

CITATION

Huang P (2023) Research progress on the

protective mechanism of a novel soluble

epoxide hydrolase inhibitor TPPU on ischemic

stroke. Front. Neurol. 14:1083972.

doi: 10.3389/fneur.2023.1083972

COPYRIGHT

© 2023 Huang. This is an open-access article

distributed under the terms of the Creative

Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is

permitted, provided the original author(s) and

the copyright owner(s) are credited and that

the original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is

permitted which does not comply with these

terms.

Research progress on the
protective mechanism of a novel
soluble epoxide hydrolase inhibitor
TPPU on ischemic stroke
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Arachidonic Acid (AA) is the precursor of cerebrovascular active substances in the

human body, and its metabolites are closely associated with the pathogenesis

of cerebrovascular diseases. In recent years, the cytochrome P450 (CYP)

metabolic pathway of AA has become a research hotspot. Furthermore, the

CYP metabolic pathway of AA is regulated by soluble epoxide hydrolase (sEH).

1-trifluoromethoxyphenyl-3(1-propionylpiperidin-4-yl) urea (TPPU) is a novel sEH

inhibitor that exerts cerebrovascular protective activity. This article reviews the

mechanism of TPPU’s protective e�ect on ischemic stroke disease.

KEYWORDS

TPPU, ischemic stroke, blood-brain barrier, ischemia reperfusion, arachidonic acid

1. Introduction

Ischemic stroke is a serious condition that endangers human health. The prevalence and

incidence of stroke in China is rising faster than in other countries due to an aging population,

the continued high prevalence of risk factors such as hypertension and diabetes and irregular

management. Studies have shown that the prevalence of stroke among Chinese residents aged

≥40 years is 2.58%, or ∼17.5 million people. The prevalence of stroke in the adult population

(≥18 years) is ∼1.29%, with significantly higher increases in the male population and in urban

areas (male vs. female: 18.1 vs. 7.3%; urban vs. rural: 18.6 vs. 9.9%), and overall China is

facing the greatest stroke challenge in the world (1). Neuroprotective therapy has always been

the primary choice in ischemic stroke treatment. In the past 30 years, various neuroprotective

agents have been developed for the pathophysiology of cerebral ischemia, including antioxidants,

calcium channel antagonists, excitatory amino acid receptor inhibitors, and neurotrophic

factors. Experimental research and over 100 clinical studies, most of which are effective in

animal experiments but ineffective in clinical trials, have resulted in clinical translation failure

(2). Clinical guidelines have not yet suggested an effective neuroprotective agent; however, the

exploration of an effective neuroprotective agent in humans continues (3).

Arachidonic acid (AA) is the precursor of cerebrovascular active substances in the human

heart, and its metabolites are closely associated with the pathogenesis of cerebrovascular

diseases (4). In recent years, the cytochrome P450 (CYP) metabolic pathway of AA has

been a research hotspot (5). AA generates hydroxyeicosatetraenoic acid (HETEs) and

epoxyeicosatrienoic acid (EETs) under the action of CYP hydroxylase and CYP epoxidase,

respectively. Furthermore, EETs undergo the action of soluble epoxide hydrolase (sEH) to

generate dihydroxyeicosatrienoic acids (DHETs) with weak biological activity (Figure 1). HETEs

have potent cerebral vasoconstriction and pro-atherosclerotic effects. EETs possess various

biological functions, including vasodilation, regulation of ion channels, and anti-atherosclerosis,

as well as a protective effect on cardiovascular and cerebrovascular diseases. Previous studies

have shown that the levels of CYP metabolic pathway metabolites (EETs and HETEs) of AA
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FIGURE 1

Brief overview of arachidonate acid cascade.

are closely associated with the deterioration of neurological function

following acute ischemic stroke, implying that they may have a role

in cerebral ischemia (6).

sEH is a key rate-limiting enzyme regulating EETs. Previous

research has shown that the reduction of peripheral blood

EETs is not only closely associated with the deterioration of

neurological function after ischemic stroke but also with the

degree of carotid artery stenosis and plaque instability in patients

with cerebral infarction and is regulated by the gene encoding

sEH (epoxide hydrolase 2, EPHX2) (7–9). Another study has

shown that EPHX2 gene knockout can increase cerebral blood

flow, reduce infarct volume in rats with middle-arterial artery

occlusion, and has a protective effect on cerebral ischemia. sEH

is considered a novel target for ischemic stroke prevention and

treatment (10). 1-trifluoromethoxyphenyl-3(1-propionylpiperidin-

4-yl) urea (TPPU) is a novel sEH inhibitor that exerts a

cerebrovascular protective effect. This article includes national

and international basic original studies on TPPU intervention in

ischaemic stroke, excluding: 1. studies that are more than 20 years

old; 2. previous review studies on TPPU for ischaemic stroke.

This paper provides a comprehensive understanding of the possible

mechanisms of TPPU intervention in ischaemic stroke and hopefully

contributes to the search for new targets for the treatment of

ischaemic stroke.

FIGURE 2

Molecular structure of TPPU.

2. Research status of sEH inhibitors on
cerebral ischemia protection

Neuroprotection against sEH has been a hot topic in recent

years. Although EPHX2 gene knockout has a protective effect

on experimental cerebral ischemia, it is still distant from clinical

prevention and treatment of ischemic stroke. Therefore, sEH

inhibitors R&D has attracted much attention. In 2005, the she

inhibitor 12-(3-adamantan-1-yl-ureido)-dodecanoic acid (AUDA)

was applied to the cerebral ischemic nerve. In protective experimental

studies, it has been confirmed that AUDA has a protective effect

on cerebral ischemia (11). Furthermore, in 2007, she inhibitor,

trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid

(t-AUCB), improved the cerebral blood flow and had a protective

effect on experimental cerebral ischemia. AUDA and t-AUCB have

anti-apoptotic, anti-oxidative, and anti-inflammatory properties,

inhibit Ca2+ influx, protect mitochondria, and antagonize N-

Methyl-D-Aspartate Receptor (NMDAR)-mediated excitotoxicity,

among other mechanisms in brain protection (12). However, these

two traditional sEH inhibitors have shown poor absorption and

bioavailability from the gastrointestinal tract. The drug dose needed

to obtain the effective blood concentration must be substantial

enough because the drugs are easily accumulated in the body, the

side effects are severe, and animal tolerance is poor. These traditional

sEH inhibitors were found to have short half-lives and unstable blood

concentrations in vivo, resulting in the failure of clinical translation

of traditional sEH inhibitors.

3. Overview of TPPU

TPPU is a novel sEH inhibitor synthesized in 2012 by Professor

Bruce from the Molecular Bioscience Center of the University

of California Veterinary Medicine (13). Bruce Hamock is an

entomologist whose research focuses on inhibitors of epoxides in

rodents. In his basic research, Professor Bruce found that TPPu has

therapeutic and protective effects against various diseases and may

be a potential treatment for these diseases. TPPU has a molecular

weight of 359.3, allowing it to easily cross the blood-brain barrier

and bind to sEH in the central nervous system, inhibiting sEH

activity (Figure 2). TPPU has also been proven in animal models of

coronary atherosclerotic heart disease to prevent myocardial fibrosis

following myocardial infarction and has various functions, including

anti-apoptosis, anti-oxidation, and mitochondrial protection (14).
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FIGURE 3

The protective mechanism of TPPU on stroke.

4. The protective mechanism of TPPU
on stroke

4.1. TPPU inhibits inflammatory response
after stroke

Inflammation can not only cause a cerebral infarction, but it can

also further activate the inflammatory response, creating a vicious

circle (15–18). Tu et al. developed a mouse model of cerebral

infarction and found that TPPU could significantly promote the

recovery of neurological function and reduce the infarct volume

and the expression of inflammatory cytokines IL-1βmRNA and

TNF-αmRNA, revealing that TPPU may reduce the inflammatory

response after infarction and promote the recovery of neurological

function (19). Yu et al. used endothelial human Nox4 dominant-

negative (EDN) transgenic mice in an ApoE deficient background to

mimic the dysfunction of endothelial Nox4 in atherosclerosis-prone

conditions. sEH and the inflammatory marker vascular cell adhesion

molecule 1 (VCAM1) were upregulated in EDN aortic endothelium.

TPPU reduced atherosclerotic lesions in EDN mice. In EDN

endothelial cells (ECs), the endoplasmic reticulum stress inhibitor, 4-

phenyl butyric acid (4-PBA), downregulated the expression of sEH

and VCAM1 and suppressed inflammation. Moreover, its application

in vivo reduced atherosclerotic lesions of EDN mice (20). In a study

by Schmelzer et al., lipopolysaccharide (LPS, 10 mg/kg) was injected

into C57BL/6 mice to cause celiac inflammation 24 h before and

after the subcutaneous TPPU injection (20 mg/kg) and at the same

dose of processed palm in the control group. The findings revealed

that all the mice in the experimental group survived, and their

blood pressure was restored to pre-LPS levels 24 h later, while all

the mice in the control group developed severe hypotension (systolic

pressure<40mmHg) and died within 4 days. Studies have shown that

TPPU increases the EET indirect inhibition of nitric oxide synthase,

reduces NO produce, hypotension due to reduce inflammation, and

inhibits non-specific inflammation index COX-2 (Cyclooxygenase-

2) expression. Simultaneously, suppressing TNF alpha, IL-6,

and monocyte chemotactic factor may reduce inflammation,

improve lipid oxygen element A4 production, and increase

inflammation abreaction (21). TPPU can simulate the role of EET in

hemodynamics and anti-inflammatory activities and regulate growth,

utility, and the forecast for new atherosclerosis compounds (22)

(Figure 3).

4.2. TPPU maintains vascular homeostasis

Homeostasis of vascular structure and function is the basis

of human physiological activities. If the vascular homeostasis is

unbalanced, it may lead to the occurrence of various diseases

(23). Vascular injury is one of the reasons for the imbalance of

vascular homeostasis. After cerebral infarction, a vascular injury will

inevitably occur, and the adventitia of blood vessels will undergo

corresponding changes. Studies have shown that neutrophils can be

detected in the adventitia 0.5 h following balloon stretch injury in the

coronary arteries of the pig, while the intima-media can be detected

later. The vascular endothelial growth factor can be detected in the

adventitia at the earliest after balloon-stretch injury to the carotid

artery of rats (24). The above findings suggest that the adventitia is

the origin and active participant of vascular diseases and is one of

the novel targets for treating abnormal vascular function. Protecting

adventitia may reduce the imbalance of vascular homeostasis, thereby

facilitating disease repair. Angiotensin II inhibitor competes with

Ang II for AT1. Furthermore, it inhibits vasoconstriction, promotes

aldosterone secretion, reverses hypertrophic cardiomyocytes, and

lowers blood pressure. However, AngII-related preparations can

result in vascular wall thickening and collagen deposition, affecting

the remodeling of the vascular adventitia and causing an imbalance

in vascular homeostasis. Researchers have found that TPPU
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intervention in AngII model mice could significantly prevent AngII-

induced vascular adventitia damage. Furthermore, in vitro studies

have also found that TPPU may affect collagen synthesis via

the Ca2+-calmodulin/NFATc3 signaling pathway, suggesting that

TPPU may be one of the novel ways to treat vascular adventitial

injury (25).

4.3. TPPU protects the blood-brain barrier

Tight-junction proteins between endothelial cells, basement

membrane, the foot process of astrocytes, and pericytes are the key

structures that maintain the integrity of the blood-brain barrier

(BBB). The main pathogenic changes in the early stages of cerebral

ischemia are increased BBB permeability and damage of tight

junction protein, which causes brain edema, directly or indirectly

leading to neurological function damage. Hence, preventing ischemic

stroke requires protecting the BBB, inhibiting increased permeability,

and alleviating cerebral edema (26). Yi et al. found that TPPU can

significantly reduce BBB damage in model rats following cerebral

infarction by increasing the expression of ZO-1, Occludin, and

Claudin-5, the subunits of tight junction proteins related to BBB

(24). Claudin-5 regulates the normal and disturbed states of the BBB.

The down-regulation of claudin-5 can directly cause an increase

in BBB permeability. ZO-1, a regulator of tight junction proteins,

plays an important role in maintaining cytoskeleton formation, cell

polarity, and paracellular barrier (27). Multiple studies have reported

that tight junction proteins are crucial in regulating BBB integrity

and permeability, and the downregulation of tight junction protein

expression is associated with increased BBB permeability (28, 29).

Yi et al. found that a higher dose of TPPU (2 mg/kg) had a better

protective effect on cerebral edema than a lower dose. However,

the mechanism may be related to the pharmacokinetics of TPPU,

as higher doses did not improve the protective effect (25). TPPU

is readily absorbed and slowly eliminated, allowing it to remain

in the bloodstream longer than other sEH inhibitors due to its

metabolic stability. Previous studies have demonstrated that even at

the lowest dose of 0.1 mg/kg, the concentration of TPPU in vitro is

higher than the IC50 value. When the TPPU dose exceeds 1 mg/kg,

the EET/DHET ratio is lower than the TPPU dose of 1 mg/kg,

indicating that TPPU should not be overused (13). Furthermore,

studies have shown that TPPU can also reduce the damage to the

BBB by reducing the damage to vascular endothelial cells. However,

there are few studies on this aspect, and the detailed mechanism is

unclear (30).

4.4. TPPU increases cerebral perfusion

The decrease in perfusion volume after cerebral infarction is

the primary reason for the aggravation of neurological function.

Low perfusion can not only stimulate the intensification of the local

inflammatory response but also result in the activation of excessive

oxygen free radicals, causing the aggravation of the disease (31).

Hao et al. established a coil-type carotid artery stenosis model.

They found that the neurological function of mice was significantly

improved after TPPU intervention compared with the control group.

Furthermore, basic research has shown that the neuroprotective effect

of TPPU on cerebral hypoperfusion may be associated with the

activation of the Neuregulin-1 (NRG 1)/ErbB 4 signaling pathway,

which can further trigger the PI3K-Akt pathway, implying that TPPU

can play a multi-targeted protective effect and reduce the degree

of nerve damage in mice with chronic cerebral hypoperfusion (32).

However, the increase in cerebral perfusion after cerebral infarction

is a reason for the deterioration of neurological function; hence, it

is particularly important to explore the appropriate dose of TPPU

to achieve a balance between the two. Currently, there are limited

reports on TPPU improving ischemic stroke perfusion, and more

studies are required to demonstrate the specific mechanism in

the future.

4.5. TPPU regulates oxidative stress
responses

Apoptosis is one of the primary reasons for brain injury

after ischemic stroke, and oxidative stress is the main pathway

of apoptosis. Studies have shown that TPPU can reduce the

production of reactive oxygen species (ROS) after ischemic stroke,

increase the expression of Bcl-2 protein, and decrease the expression

of Bax protein, implying that TPPU can inhibit cell apoptosis

after ischemic stroke (33). ROS production plays a key role

in the breakdown of the blood-brain barrier during cerebral

ischemia/reperfusion (34). After cerebral ischemia, the expression of

ROS and inflammatory cytokines increases, causing mitochondrial

damage, activation of pro-apoptotic protein Bax, and stimulation

of cytochrome c cascade reaction. Moreover, the Bcl-2 protein can

inhibit the downstream apoptotic cascade and block the release of

cytochrome C (35).

5. TPPU future transformation

Due to the widespread existence of sEH in the human body, its

metabolic pathway is involved in many diseases, including ischemic

stroke, hypertension, heart disease, kidney disease, etc. In theory, the

development of drugs that inhibit sEH would seem to reverse or treat

the disease. Human drug exploration for sEH has never stopped.

From the early discovery of epoxide sEH inhibitors to the design

and synthesis of the third generation of urea human sEH inhibitors,

the research on human sEH inhibitors has experienced more than

30 years of development. sEH inhibitors have progressed from the

initial sEH inhibitors with only micromolar inhibitory activity in

vitro and poor or no activity in vivo to the current sEH inhibitors

with nanomolar activity in vitro and remarkable pharmacokinetic

properties in vivo (36).

TPPU is a novel sEH with good activity in vivo. It has been

used in basic research in various cardiovascular and cerebrovascular

diseases. It can play a protective role through a variety of

potential mechanisms. However, it has not yet entered the clinical

research stage for cerebrovascular diseases. With the development of

pharmacology, the effects and mechanisms of TPPU are constantly

being discovered and clarified, further proving its rationality and

effectiveness as a treatment for ischemic stroke. As the research
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progresses, TPPU and its derivatives could be novel drugs for treating

ischemic stroke-related diseases.

In conclusion, TPPU can intervene in ischemic stroke in various

ways and may be one of the new targets for treating acute

ischemic stroke. However, the treatment of acute ischemic stroke

with TPPU is still in the exploratory stage, no clinical research

has been carried out yet, and more trials are needed to confirm

its potential.
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of systemic immune-inflammation index for cerebral reperfusion and clinical outcomes

in patients with acute ischemic stroke undergoing endovascular treatment. Eur Rev Med
Pharmacol Sci. (2022) 26:5718–28. doi: 10.26355/eurrev_202208_29507

16. Mosconi MG, Paciaroni M. Treatments in ischemic stroke: current and future. Eur
Neurol. (2022) 85:349–66. doi: 10.1159/000525822

17.Welsh P, Lowe GD, Chalmers J, Campbell DJ, Rumley A, Neal BC, et al. Associations
of proinflammatory cytokines with the risk of recurrent stroke. Stroke. (2008) 39:2226–
30. doi: 10.1161/STROKEAHA.107.504498

18. Tuttolomondo A, Pecoraro R, Pinto A. Studies of selective TNF inhibitors in the
treatment of brain injury from stroke and trauma: a review of the evidence to date. Drug
Des Devel Ther. (2014) 8:2221–38. doi: 10.2147/DDDT.S67655

19. Tu R, Armstrong J, Lee KSS, Hammock BD, Sapirstein A, Koehler RC. Soluble
epoxide hydrolase inhibition decreases reperfusion injury after focal cerebral ischemia.
Sci Rep. (2018) 8:5279–93. doi: 10.1038/s41598-018-23504-1

20. Yu W, Li S, Wu H, Hu P, Chen L, Zeng C, et al. Endothelial
Nox4 dysfunction aggravates atherosclerosis by inducing endoplasmic
reticulum stress and soluble epoxide hydrolase. Free Radic Biol Med. (2021)
164:44–57. doi: 10.1016/j.freeradbiomed.2020.12.450

21. Schmelzer KR, Kubala L, Newman JW, Kim IH, Eiserich JP, Hammock BD. Soluble
epoxide hydrolase is a therapeutic target for acute inflammation. Proc Natl Acad Sci U S
A. (2018) 102:9772–7. doi: 10.1073/pnas.0503279102

22. Imig J. Aspects of soluble epoxide hydrolase inhibitors. Cardiovas Ther. (2010)
24:169–88. doi: 10.1111/j.1527-3466.2006.00169.x

23. Kim HS, Ullevig SL, Zamora D, Lee CF, Asmis R. Redox regulation of MAPK
phosphatase 1 controls monocyte migration andmacrophage recruitment. Proc Natl Acad
Sci USA. (2012) 109:E2803–12. doi: 10.1073/pnas.1212596109

24. Yi XY, Xu CX, Huang P, Zhang LL, Qing T, Li J. et al. 1-Trifluoromethoxyphenyl-
3-(1-Propionylpiperidin-4-yl) urea protects the blood-brain barrier against
ischemic injury by upregulating tight junction protein expression, mitigating
apoptosis and inflammation in vivo and in vitro model. Front Pharmacol. (2020)
11:1197. doi: 10.3389/fphar.2020.01197

25. Li XD, Chen J, Ruan CC, Zhu DL, Gao PJ. Vascular endothelial growth
factor-induced osteopontin expression mediates vascular inflammation and neointima
formation via Flt-1 in adventitial fibroblasts. Arterioscl Throm Vas. (2012) 32:2250–
8. doi: 10.1161/ATVBAHA.112.255216

26. Engelhardt S, Patkar S, Ogunshola OO. Cell-specific blood–brain barrier regulation
in health and disease: a focus on hypoxia. Br J Pharmacol. (2014) 171:1210–
30. doi: 10.1111/bph.12489

27. Park SY. Expression of E-cadherin in epithelial cancer cells increases cell motility
and directionality through the localization of ZO-1 during collective cell migration.
Bioengineering. (2021) 8:65. doi: 10.3390/bioengineering8050065

28. Lochhead JJ, McCaffrey G, Quigley CE, Finch J, DeMarco KM, Nametz N, et al.
Oxidative stress increases blood-brain barrier permeability and induces alterations in
occludin during hypoxiareoxygenation. J Cereb Blood Flow Metab. (2010) 30:1625–
36. doi: 10.1038/jcbfm.2010.29

29. Ye ZY, Xing HY,Wang B, LiuM, Yuan LP. DL–n-butylphthalide protects the blood-
brain barrier against ischemia/hypoxiainjury via upregulation of tight junction proteins.
Chin Med J. (2019) 132:1344–53. doi: 10.1097/CM9.0000000000000232

30. Imig JD. Epoxides and soluble epoxide hydrolase in cardiovascular physiology.
Physiol Rev. (2012) 92:101–30. doi: 10.1152/physrev.00021.2011

Frontiers inNeurology 05 frontiersin.org
149

https://doi.org/10.3389/fneur.2023.1083972
https://doi.org/10.1016/j.lanwpc.2022.100550
https://doi.org/10.1042/CS20110215
https://doi.org/10.1097/01.fjc.0000189600.74157.6d
https://doi.org/10.1001/archneurol.2009.322
https://doi.org/10.1016/j.prostaglandins.2015.12.007
https://doi.org/10.5551/jat.41145
https://doi.org/10.5551/jat.35279
https://doi.org/10.5551/jat.31120
https://doi.org/10.5551/jat.32714
https://doi.org/10.3389/fphar.2014.00290
https://doi.org/10.1002/ana.20741
https://doi.org/10.2217/14796708.4.2.179
https://doi.org/10.1016/j.ejps.2012.12.013
https://doi.org/10.1073/pnas.1221972110
https://doi.org/10.26355/eurrev_202208_29507
https://doi.org/10.1159/000525822
https://doi.org/10.1161/STROKEAHA.107.504498
https://doi.org/10.2147/DDDT.S67655
https://doi.org/10.1038/s41598-018-23504-1
https://doi.org/10.1016/j.freeradbiomed.2020.12.450
https://doi.org/10.1073/pnas.0503279102
https://doi.org/10.1111/j.1527-3466.2006.00169.x
https://doi.org/10.1073/pnas.1212596109
https://doi.org/10.3389/fphar.2020.01197
https://doi.org/10.1161/ATVBAHA.112.255216
https://doi.org/10.1111/bph.12489
https://doi.org/10.3390/bioengineering8050065
https://doi.org/10.1038/jcbfm.2010.29
https://doi.org/10.1097/CM9.0000000000000232
https://doi.org/10.1152/physrev.00021.2011
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Huang 10.3389/fneur.2023.1083972

31. Ng CF, Churilov L, Yassi N, Kleinig JT, Thijs V, Wu YT, et al. Microvascular
dysfunction in blood-brain barrier disruption and hypoperfusion within
the infarct posttreatment are associated with cerebral edema. Stroke. (2022)
53:1597–605. doi: 10.1161/STROKEAHA.121.036104

32. Hao JH, Chen YX, Yao E, Liu XH. Soluble epoxide hydrolase inhibition alleviated
cognitive impairments via NRG1/ErbB4 signaling after chronic cerebral hypoperfusion
induced by bilateral carotid artery stenosis in mice. Brain Res. (2018) 1699:89–
99. doi: 10.1016/j.brainres.2018.07.002

33. Chuang YC, Yang JL, Yang DI. Roles of sestrin 2 and ribosomal protein S6 in
transient global ischemia-induced hippocampal neuronal injury. Int J Mol Sci. (2015)
16:26406–16. doi: 10.3390/ijms161125963

34. Jurcau A, Ardelean AI. Oxidative stress in ischemia/reperfusion
injuries following acute ischemic stroke. Biomedicines. (2022) 10:574–
574. doi: 10.3390/biomedicines10030574

35. Nhu NT Li Q, Liu Y, Xu J, Xiao SY, Lee SD. Effects of Mdivi-1 on
neural mitochondrial dysfunction and mitochondria-mediated apoptosis in
ischemia-reperfusion injury after stroke: a systematic review of preclinical
studies. Front Mol Neurosci. (2021) 14:778569. doi: 10.3389/fnmol.2021.77
8569

36. Yi XY, Han Z, Zhou Q, Lin J, Liu P. 20-hydroxyeicosatetraenoic acid as a predictor
of neurological deterioration in acute minor ischemic stroke. Stroke. (2016) 47:3045–
7. doi: 10.1161/STROKEAHA.116.015146

Frontiers inNeurology 06 frontiersin.org
150

https://doi.org/10.3389/fneur.2023.1083972
https://doi.org/10.1161/STROKEAHA.121.036104
https://doi.org/10.1016/j.brainres.2018.07.002
https://doi.org/10.3390/ijms161125963
https://doi.org/10.3390/biomedicines10030574
https://doi.org/10.3389/fnmol.2021.778569
https://doi.org/10.1161/STROKEAHA.116.015146
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


TYPE Original Research

PUBLISHED 23 February 2023

DOI 10.3389/fneur.2023.1126585

OPEN ACCESS

EDITED BY

Wen-Jun Tu,

Chinese Academy of Medical Sciences and

Peking Union Medical College, China

REVIEWED BY

Zhaohui He,

First A�liated Hospital of Chongqing Medical

University, China

Yuto Uchida,

Johns Hopkins Medicine, United States

*CORRESPONDENCE

Anwen Shao

shaoanwen@zju.edu.cn

Fengqiang Liu

2311009@zju.edu.cn

Jianmin Zhang

zjm135@zju.edu.cn

†These authors have contributed equally to this

work

SPECIALTY SECTION

This article was submitted to

Neurological Biomarkers,

a section of the journal

Frontiers in Neurology

RECEIVED 18 December 2022

ACCEPTED 31 January 2023

PUBLISHED 23 February 2023

CITATION

Zhou J, Wang R, Mao J, Gu Y, Shao A, Liu F and

Zhang J (2023) Prognostic models for survival

and consciousness in patients with primary

brainstem hemorrhage.

Front. Neurol. 14:1126585.

doi: 10.3389/fneur.2023.1126585

COPYRIGHT

© 2023 Zhou, Wang, Mao, Gu, Shao, Liu and

Zhang. This is an open-access article

distributed under the terms of the Creative

Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is

permitted, provided the original author(s) and

the copyright owner(s) are credited and that

the original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is

permitted which does not comply with these

terms.

Prognostic models for survival
and consciousness in patients
with primary brainstem
hemorrhage

Jingyi Zhou1†, Rui Wang1†, Jizhong Mao1†, Yichen Gu1,

Anwen Shao1*, Fengqiang Liu1* and Jianmin Zhang1,2,3,4,5*

1Department of Neurosurgery, Second A�liated Hospital, School of Medicine, Zhejiang University,

Hangzhou, Zhejiang, China, 2Brain Research Institute, Zhejiang University, Hangzhou, Zhejiang, China,
3Collaborative Innovation Center for Brain Science, Zhejiang University, Hangzhou, Zhejiang, China,
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Objectives: Primary brainstem hemorrhage (PBSH) is one of themost catastrophic

spontaneous intracerebral hemorrhage diseases, with a mortality rate of 70–80%.

We explored the predictive factors for survival and consciousness in patients with

PBSH (ClinicalTrials.gov ID: NCT04910490).

Methods: We retrospectively reviewed 211 patients with PBSH admitted to our

institution between January 2014 and October 2020. Clinical outcomes included

the 30-day survival rate and the 90-day consciousness rate as evaluated by the

National Institutes of Health Stroke Scale score.Multiple logistic regression analysis

was performed.

Results: The overall 30-day survival rate of 211 patients with PBSH was 70%.

Several predictive factors including hematoma volume, hematoma location,

activated partial thromboplastin time (APTT) upon admission, and therapeutic

strategy were significantly related to 30-day survival. Compared with conservative

treatment, stereotactic aspiration in our prediction model is strongly associated

with improved 30-day survival (odds ratio, 6.67; 95% confidence interval,

3.13–14.29; P < 0.001). The prognosis prediction model of 90-day consciousness

including factors such as mydriasis, APTT value, hematoma location, and

hematoma volume upon admission has a good predictive e�ect (AUC, 0.835; 95%

confidence interval, 0.78–0.89; P < 0.001).

Conclusion: In patients with PBSH, conscious state upon admission, coagulation

function, hematoma volume, hematoma location, and therapeutic strategy were

significantly associated with prognosis. Stereotactic aspiration could significantly

reduce the 30-day mortality rate.

KEYWORDS

primary brainstem hemorrhage, consciousness, multiple logistic regression, predictive

factors, stereotactic aspiration

1. Introduction

Primary brainstem hemorrhage (PBSH) is one of the most catastrophic spontaneous

intracerebral hemorrhage (ICH) diseases, which accounts for approximately 3.8–6.3% of

ICH cases (1). PBSH is known to have a poor prognosis, with a mortality rate varying

widely from 70 to 80% (2, 3), and the 30-day mortality rate for patients with a Glasgow
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Coma Scale (GCS) score of < 5 and a hematoma volume of

>10ml even reaches 100% (4). Previous studies have found

that the severity of initial neurological symptoms, hydrocephalus,

hematoma volume, and GCS score may be predictors of poor

outcomes for patients with PBSH (5, 6), but the conclusions of

different studies are not uniform. Currently, there is no standard,

widely accepted prognostic model or clinical grading scale for

survival and consciousness outcomes, and there are no strong

recommendations for clinical treatment strategies for PBSH.

Neurosurgical interventions continue to be controversial and

have not been sufficiently investigated because ICH in the posterior

fossa has been excluded from large ICH surgical intervention trials

in the past (7, 8). The American Heart Association/American

Stroke Association Guidelines clearly advise against the surgical

evacuation of brainstem hematoma (9). However, others have

advocated the efficacy of surgical treatment for PBSH or other

brainstem diseases (10, 11). The number of patients with PBSHwho

underwent surgery enrolled in previous studies has been relatively

small, and most studies date back to more than 20 years. Computed

tomography (CT)-guided stereotactic hematoma puncture and

drainage provided a potential treatment for PBSH, which showed

a more favorable outcome than conservative therapy (12, 13). The

option of PBSH treatments including conservative treatment or

stereotactic surgery remains quite challenging for neurosurgeons.

Accordingly, studies on PBSH treatments related to death or a

better outcome are useful in clinical practice.

Here, we conducted a retrospective, observational, explorative,

and single-center study to analyze the prognostic factors affecting

the 30-day survival rate and the 90-day consciousness rate in

211 patients with PBSH undergoing conservative or stereotactic

aspiration therapy. The present study aimed to identify chief

predictors of survival and consciousness after PBSH.

2. Materials and methods

2.1. Study design

Using a retrospective, observational, explorative, and single-

center study design, we aimed to explore the prognostic factors

for survival and consciousness in patients with PBSH. This study

was conducted with the approval of the Ethics Committee of the

Second Affiliated Hospital Zhejiang University School of Medicine.

Due to the retrospective, observational nature of this study and the

anonymity of patients, the need for informed consent was waived.

The objectives of this study were fully explained to patients or

patients’ families during follow-up. Moreover, this study tried to

present the results of an explorative analysis without an a priori

hypothesis for the prognostic factors.

2.2. Patient selection

We retrospectively reviewed the data of 211 patients with

PBSH from 342 consecutive patients admitted to our institution

between January 2014 and October 2020. The inclusion criteria

were as follows: (1) a diagnosis of PBSH confirmed by CT and

(2) complete clinical data (laboratory data, imaging data, and

other clinical data). The exclusion criteria were as follows: (1)

secondary brainstem hemorrhage caused by trauma, thrombolytic

therapy, cavernous hemangioma, or arteriovenous malformation,

(2) surgical treatment of brainstem hemorrhage before admission

to our hospital, (3) admission to our hospital more than 10 days

after symptom onset, and (4) missed follow-up.

2.3. Clinical data

All patients’ clinical data were reviewed including general

characteristics (age, sex, smoking or drinking habits, previous

functional status, and comorbidities), clinical characteristics upon

admission (vital signs, blood pressure, pupillary abnormalities,

GCS score, and emergency treatment), laboratory data, radiological

findings upon admission or during hospitalization, treatment,

and outcomes. Clinical data during hospitalization referred to

the examination data from admission to hospital discharge when

people have recovered sufficiently or can be appropriately

rehabilitated elsewhere or died, except for the first data

upon admission.

Upon admission to the emergency department, head CT

plain scans were performed to assess the severity of the disease.

The features evaluated on CT included the location and the

extension of hemorrhage, hematoma volume, and the presence

of hydrocephalus. Lesions located entirely within the cerebellum,

the thalamus, the basal ganglia, or the ventricle were excluded,

but lesions extending into these regions from the brainstem were

included. Hemorrhage volume is calculated as follows: volume =

(A × B × C)/2 where A is the greatest hemorrhage diameter by

CT, B is the diameter perpendicular to A, and C is the approximate

number of CT slices with hemorrhage multiplied by the slice

thickness (14), as shown in Figure 1. Hydrocephalus on CT was

determined by enlarged ventricles or obstruction to the flow of

cerebrospinal fluid within the ventricular system. Clinical data

were reviewed, and radiological data were assessed by two trained

neurosurgeons blinded to outcome.

2.4. Stereotactic aspiration treatment

The selection criteria for surgery were as follows: hematoma

volume >5ml and GCS <8. All patients included in the study,

who meet the selection criteria mentioned earlier and have no

contraindications of surgery such as severe disorders of blood

coagulation, were offered the option of surgery. Their relatives

either agreed to surgical intervention or refused. Patients whose

families consented to the surgery were allocated to the surgery

group, and those patients whose families refused the surgery were

put into the conservative treatment group.

2.5. Assessments of outcome

The 30-day survival rate and 90-day consciousness rate were

chosen as the primary outcomes. Mortality data were obtained

from medical records or by telephone contact with primary care
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FIGURE 1

The representation of the ABC formula for calculating hemorrhage volume in di�erent hemorrhagic locations. (A) Representative images of dorsal

hematoma. The A value is defined as the longest segment (red arrow) in the largest hematoma slice, the B value is defined as the longest segment,

which is perpendicular to the A segment on the same slice (green arrow), and the C value is defined as the approximate number of CT slices (right

panel) with the slice thickness (being 0.5 cm in this example). For this example, (A × B × C)/2 = [3.2 × 1.9 × (4 × 0.5)]/2 = 6.08 cm3. (B)

Representative images of ventral hematoma. For this example, (A × B × C)/2 = [3.1 × 1.5 × (4 × 0.5)]/2 = 4.65 cm3. (C) Representative images of

hematoma crossing the midline. For this example, (A × B × C)/2 = [3.1 × 1.1 × (5 × 0.5)]/2 = 4.26 cm3. (D) Representative images of hematoma

without crossing the midline. For this example, (A × B × C)/2 = [0.9 × 0.7 × (3 × 0.5)]/2 = 0.47 cm3.

physicians or family members. Consciousness was determined

based on the National Institutes of Health Stroke Scale (NIHSS)

(item 1a: value 0, 1, or 2 for consciousness, value 3 for

unconsciousness), which was obtained from a clinic visit at 90-day

follow-up or by telephone contact by two trained neurosurgeons

blinded to research data.

2.6. Statistical analysis

R (version 4.0.3) and RStudio (version 1.4.1106) were used for

statistical calculations. Normally distributed continuous variables

are presented as mean ± standard deviation (SD), and non-

normally distributed continuous variables are presented as median

with interquartile range (IQR). Normally distributed continuous

variables were compared by the two-sided t-test, and non-

normally distributed continuous variables and ordinal variables

were compared by the Mann–Whitney–Wilcox test. Categorical

variables were compared by the Pearson chi-square test, the

continuity-corrected chi-square test, or Fisher’s exact test (expected

frequency <5). Odds ratios (ORs) and 95% confidence intervals

(CIs) were also reported.

Univariate analysis was used initially to identify possible

relations between outcomes. Variables were only modeled using

multiple logistic regression if they were statistically significant and

biologically related to clinical outcomes. A pre-treatment prognosis

prediction model including only admission indicators and a post-

treatment prognosis prediction model including both admission

and hospitalization indicators were established. The predictive

effect was evaluated by the receiver operating curve (ROC) analysis.

For the area under the ROC curve (AUC), a value of >0.8 or 0.7–

0.8 represents an excellent or good prediction ability, respectively.

The p-values of <0.05 were regarded as statistically significant.

3. Results

3.1. Baseline characteristics

A total of 211 patients with PBSH were included in the final

analysis (Figure 2). Table 1 shows the general characteristics of
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FIGURE 2

Flow chart of patient enrollment.

included patients in the baseline and the variance data according to

survival outcomes. Themedian age of the 211 patients was 49 years.

Of the 175 (83%) male and 36 (17%) female patients, 153 (73%) had

a history of hypertension, 26 (12%) had diabetes, and 21 (10%) had

a history of stroke or myocardial infarction. The mean body mass

index was 24.9± 4.4, suggesting a trend toward being overweight.

The mean blood pressure upon admission was 166/95 ± 31/19

mmHg (Table 2), which was consistent with previous reports that

hypertension was the most common risk factor of PBSH (15, 16).

The median GCS score upon admission was 4 (IQR, 3–5), and 90%

of patients were in a coma upon admission.

The mean hematoma volume on admission CT scans was 11.3

± 7.9ml, and the median volume was 9.6 (IQR, 5.8–14.8) ml. A

hematoma crossing the midline of the brainstem was found in

190 (90%) patients, and a dorsal location was found in 99 (47%)

patients. Intraventricular hemorrhage was found in 125 (59%)

patients, and hydrocephalus was observed in eight (4%) patients on

emergency CT.

The median white blood cell count upon admission was 11.3

(IQR, 9.0–13.7) × 1012 cells/L, and the median C-reactive protein

level was 31 (IQR, 10–77) mg/L, indicating that inflammation may

have appeared in the early course of PBSH.

3.2. Factors upon admission and during
hospitalization influencing 30-day survival

The overall 30-day survival rate of 211 patients was 70%. The

30-day survival outcome was significantly related to the following

factors upon admission (Table 2): mydriasis (P = 0.004; OR, 0.33;

95% CI, 0.16–0.68), pinpoint pupils (P = 0.015; OR, 0.43; 95% CI,

0.23–0.82), hematoma volume (P = 0.006; OR, 0.94; 95% CI, 0.91–

0.98), dorsal brainstem hematoma (P = 0.011; OR, 0.44; 95% CI,

0.24–0.81), extension into the thalamus (P = 0.047; OR, 0.38; 95%

CI, 0.16–0.91), blood creatinine (P< 0.001; OR, 0.99; 95%CI, 0.98–

0.99), troponin T (TnT, P < 0.001; OR, 0.13; 95% CI, 0.03–0.52),

and activated partial thromboplastin time (APTT, P = 0. 045; OR,

0.95; 95% CI, 0.90–0.99).

Among all 211 patients, 113 patients underwent stereotactic

aspiration treatment and 98 patients underwent conservative

treatment (Supplementary Table S1). Univariate analysis showed

that stereotactic aspiration treatment (P < 0.001; OR, 3.13;

95% CI, 1.67–5.88) and changes in blood sodium levels (P

< 0.01) during hospitalization were significantly related to 30-

day survival.

We selected clinically related factors from the significant

factors affecting 30-day survival upon admission and during

hospitalization to construct a prognostic prediction model. In

total, eight factors upon admission were found to be significantly

associated with 30-day survival; of which, three factors were

selected to build the pre-treatment prognosis prediction model:

dorsal brainstem hematoma, showing a close relationship with

survival outcome in previous reports (16, 17); extension into

the thalamus, suggesting a vertically widespread extension of

the hematoma; and APTT, reflecting the state of endogenous

coagulation in the body. The post-treatment model incorporated

four factors both upon admission and during hospitalization,

including hematoma volume, dorsal brainstem hematoma, APTT,

and treatment method. The pre-treatment model showed a
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TABLE 1 General characteristics of study population.

Characteristic 211 patients 30-day survival
group (n = 147)

30-day death group
(n = 64)

P value

Age (years) 49 (42–57) 50 (42–57) 48 (42–57) 0.462

Male 175 (83%) 119 (81%) 56 (88%) 0.335

Hypertension 153 (73%) 111 (76%) 42 (66%) 0.162

Diabetes mellitus 26 (12%) 19 (13%) 7 (11%) 0.860

History of stroke or myocardial infarction 21 (10%) 15 (10%) 6 (9%) 1

Smoking habits (pack-years) 0 (0–14) 0 (0–11) 0 (0–15) 0.816

Drinking habits (alcohol use) 0 (0–0) 0 (0–0) 0 (0–8) 0.311

Hyperuricemia 6 (3%) 3 (2%) 3 (5%) 0.540

Anticoagulant drugs 8 (4%) 5 (3%) 3 (5%) 0.954

Antiplatelet drugs 9 (3%) 9 (6%) 0 (0%) 0.097

Lipid-lowering drugs 5 (3%) 3 (2%) 2 (3%) 0.634

Body mass index 24.9± 4.4 24.9± 3.7 24.9± 5.7 0.997

Data are expressed as n (%), mean± SD, median (IQR), as appropriate.

Body mass index= weight/height2 (kg/m2).

Pack-years of cigarette smoking= Packs per day (one pack contains 20 cigarettes)× Years.

Alcohol use= Drink units of alcohol per week (one unit contains 12 grams of alcohol).

significant predictive effect (AUC, 0.680; 95% CI, 0.60–0.76; P

<0.001; Figure 3A). The post-treatmentmodel, which incorporated

the treatment method as a factor, had a better predictive effect

(AUC, 0.787; 95% CI, 0.71–0.85; P < 0.001; Figure 3B). Compared

with conservative treatment, stereotactic aspiration is strongly

associated with 30-day survival (OR, 6.67; 95% CI, 3.13–14.29; P <

0.001; Figure 3B). Larger admission hematoma volume (OR, 0.92;

95% CI: 0.88–0.97; P = 0.001), higher APTT (OR, 0.94; 95% CI:

0.89–0.99; P = 0.036), and dorsal brainstem hematoma (OR, 0.43;

95% CI: 0.21–0.87; P = 0.019) upon admission are risk factors for

30-day death in the post-treatment model.

3.3. Factors upon admission and during
hospitalization influencing 90-day
consciousness

Among the 211 patients included in the present study, one

patient had not yet reached 90 days at the end of the follow-

up period, and two patients had lost their memory of the 90-day

state. Therefore, we performed statistical analysis on the data of

the remaining 208 patients. Univariate analysis of baseline data

upon admission revealed that mydriasis (P = 0.017; OR, 0.29;

95% CI, 0.11–0.78), abnormal light reflex (P = 0.002; OR, 0.25;

95% CI, 0.11–0.57), GCS score (P < 0.001; OR, 1.40; 95%

CI, 1.22–1.61), emergency mechanical ventilation (P = 0.020;

OR, 0.31; 95% CI, 0.12–0.78), hematoma volume (P < 0.001;

OR, 0.85; 95% CI, 0.80–0.91), dorsal location (P < 0.001; OR,

0.27; 95% CI, 0.14–0.51), hematoma across the midline (P =

0.011; OR, 0.28; 95% CI, 0.11–0.71), hematoma expanding to the

thalamus (P = 0.028; OR, 0.27; 95% CI, 0.08–0.93), extension

into the basal ganglia (P = 0.037; OR, 0.28; 95% CI, 0.08–

0.99), the presence of intraventricular hemorrhage (P < 0.001;

OR, 0.34; 95% CI, 0.18–0.61), hydrocephalus signs (P = 0.047),

TnT (P < 0.001; OR, 0.00; 95% CI, 0.00–0.01), and APTT (P

<0.001; OR, 0.91; 95% CI, 0.85–0.97) upon admission were

significantly associated with the 90-day consciousness outcome

(Supplementary Table S2). Factors during hospitalization including

high fever (P = 0.002; OR, 0.46; 95% CI, 0.25–0.84), myocardial

injury (P = 0.029; OR, 0.31; 95% CI, 0.10–0.93), and blood

potassium reduction (P= 0.042; OR, 1.66; 95% CI, 1.01–2.71) were

significantly associated with the 90-day consciousness outcome

(Table 3).

As before, multiple logistic regression analysis was performed

to construct a prognostic prediction model. We found that the

prognosis prediction model upon admission was consistent with

that during hospitalization, indicating no more risk factors during

hospitalization for the 90-day consciousness outcome. According

to our statistical analysis and potential biological links of the

significant predictive factors with treatment outcome, we selected

five factors out of 19 significant factors to build the prognosis

prediction model: hematoma volume, dorsal brainstem hematoma,

and extension into the thalamus, which may be associated

with the impaired reticular activating system and its projections

posteriorly to the thalamus; APTT, implying the possibility of

rebleeding and imperceptible microbleeds during hospitalization;

and mydriasis, involving the oculomotor nerve or oculomotor

nuclei in the deep brainstem. The 90-day consciousness prognosis

prediction model had an excellent predictive effect (AUC,

0.835; 95% CI, 0.78–0.89; P <0.001; Figure 4). Dorsal brainstem

and thalamus involvement, higher APTT, and mydriasis upon

admission are risk factors for 90-day unconsciousness in the

prediction model.
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TABLE 2 Associations of characteristics upon admission with 30-day survival.

Characteristic All patients
(n = 211)

Survivor
(n = 147)

Non-survivor
(n = 64)

P value OR (95% CI)

Clinical characteristics upon admission

Heart rate 84 (71–101) 82 (71–98) 89 (70–112) 0.149 0.99 (0.98–1.01)

Respiratory rate 12 (4–15) 12 (3–15) 12 (4–15) 0.398 1.02 (0.97–1.06)

Systolic blood pressure (mmHg) 166± 31 164± 29 170± 35 0.211 1.00 (0.99–1.02)

Diastolic blood pressure (mmHg) 95± 19 93± 18 99± 22 0.069 0.98 (0.96–1.01)

Anisocoria 57 (27%) 37 (25%) 20 (31%) 0.456 0.74 (0.39–1.41)

Mydriasis 37 (18%) 18 (12%) 19 (30%) 0.004∗∗ 0.33 (0.16–0.68)

Pinpoint pupils 57 (27%) 32 (22%) 25 (39%) 0.015∗ 0.43 (0.23–0.82)

Abnormal light reflex 182 (86%) 122 (83%) 60 (94%) 0.075 0.33 (0.11–0.98)

GCS score 4 (3–5) 4 (3–5) 3 (3–5) 0.099 1.14 (1.00–1.29)

Emergency hemostatic drugs 78 (37%) 60 (41%) 18 (28%) 0.129 1.75 (0.93–3.33)

Emergency mechanical ventilation 190 (90%) 131 (89%) 59 (92%) 0.664 0.69 (0.24–2.00)

Emergency decompression 123 (58%) 86 (59%) 37 (58%) 1 1.03 (0.57–1.85)

Emergency external ventricular drainage 13 (6%) 10 (7%) 3 (5%) 0.783 1.49 (0.39–5.56)

Image characteristics upon admission

Hematoma volume (ml) 9.6 (5.8–14.8) 9.2 (5.3–14.0) 11.8 (7.7–17.7) 0.006∗∗ 0.94 (0.91–0.98)

Location of hemorrhage

Dorsal location 99 (47%) 60 (41%) 39 (61%) 0.011∗ 0.44 (0.24–0.81)

Crossing the midline 190 (90%) 128 (87%) 62 (97%) 0.053 0.22 (0.05–0.96)

Midbrain 151 (72%) 106 (72%) 45 (70%) 0.920 1.09 (0.57–2.08)

Pons 207 (98%) 143 (97%) 64 (100%) 0.434 NA

Medulla 12 (6%) 7 (5%) 5 (8%) 0.578 0.58 (0.18–1.92)

Extension of hemorrhage

Cerebellum 34 (16%) 20 (14%) 14 (22%) 0.194 0.56 (0.26–1.20)

Thalamus 24 (11%) 12 (8%) 12 (10%) 0.047∗ 0.38 (0.16–0.91)

Basal ganglia 23 (11%) 13 (9%) 10 (16%) 0.225 0.52 (0.22–1.27)

Ventricle 125 (59%) 82 (56%) 43 (67%) 0.162 0.62 (0.33–1.14)

Hydrocephalus 8 (4%) 4 (3%) 4 (6%) 0.399 0.42 (0.10–1.72)

Laboratory blood examinations upon admission

White blood cell count (1012/L) 11.3 (9.0–13.7) 11.0 (8.8–13.5) 11.8 (9.5–15.7) 0.093 0.93 (0.87–1.00)

Hemoglobin (g/L) 133.2± 20.6 131.3± 16.7 137.6± 27.0 0.093 0.99 (0.97–1.00)

Platelet (109/L) 179.8± 60.4 184.8± 57.0 168.4± 66.4 0.094 1.01 (1.00–1.01)

C-reactive protein (mg/L) 31 (10–77) 33 (13–76) 24 (5–75) 0.199 1.00 (1.00–1.00)

Blood glucose (mmol/L) 7.6 (6.5–8.9) 7.5 (6.4–8.8) 8.0 (6.9–9.3) 0.239 1.00 (0.94–1.07)

Blood creatinine (µmol/L) 76 (62–108) 73 (58–96) 91 (70–134) <0.001∗∗∗ 0.99 (0.98–0.99)

TnT (ng/ml) 0.02 (0.01–0.05) 0.02 (0.01–0.04) 0.04 (0.02–0.18) <0.001∗∗∗ 0.13 (0.03–0.52)

APTT (s) 36.3± 6.0 35.7± 5.4 37.7± 7.1 0.045∗ 0.95 (0.90–0.99)

D-Dimer (µg/L) 2,045 (882–4,962) 1,860 (860–3,990) 2,410 (890–5,080) 0.492 1.00 (1.00–1.00)

∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

Data are expressed as n (%), mean± SD, median (IQR), OR (95% CI), as appropriate.

TnT, troponin T; APTT, activated partial thromboplastin time.

NA, not available.
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FIGURE 3

ROC of the prediction model for the 30-day survival outcome. (A) The prediction model for the 30-day survival outcome upon admission. (B) The

prediction model for the 30-day survival outcome during hospitalization.

4. Discussion

In the present study, we found that several factors are

positively or negatively associated with 30-day survival and

90-day consciousness outcome, including clinical variables,

radiological variables, and laboratory variables upon admission

and during hospitalization, in a large database of 211 patients

with PBSH.

4.1. Epidemiology

The incidence of ICH is higher among Chinese and men than

among Caucasians and women, respectively (18). It is noteworthy

that there is a prominent prevalence of male sex in the population

with PBSH. For example, 202 (72%) out of 281 subjects and 59

(79%) out of 75 subjects were male in Korean and Chinese study

populations, respectively (19, 20). In accordance with these results,

the present study also showed a higher prevalence of men (83%).

The reasons underlying the higher incidence of ICH and the higher

risk of PBSH in men in the Chinese population are not clear but

may be related to differences in the prevalence of vascular risk

factors, personal living habits, and health conditions prior to their

illness. Chinese people have been found to have higher rates of

hypertension and higher susceptibility to micro-bleeding events

and intracranial hemorrhage due to anticoagulation medication

compared with other ethnic groups, which are more common

in men (21, 22). Although men had a higher incidence, gender

was not a prognostic factor in this study. A possible explanation

could be that if a brainstem hemorrhage occurred, the clinical

outcome does not differ significantly because of its high rate

of mortality.

4.2. Radiological factors associated with
primary outcomes

4.2.1. Hematoma location
There is currently no unified classification for PBSH. In a study

of 62 cases published in 1992, a close relationship was observed

between overall survival and hematoma location, in which case,

the survival rate is the highest in the small unilateral tegmental

type and the lowest in the massive type with its bilateral spread

into both the basis pontis and the tegmentum (21). Studies using

another classification system emphasized the importance of the

ventral and dorsal sides and reported that dorsal hematoma showed

better recovery than ventral hematoma (6, 16). However, in the

present study, the dorsal location of the hematoma is related to

an unfavorable outcome. This might be explained by the fact that

hematoma of the dorsal type is caused by rupture of the penetrating

and long circumferential vessels that enter the tegmentum dorsally

and coursemedially, resulting in rapid destruction of the brain stem

as well as the reticular activating system in the pontine tegmentum.

4.2.2. Hematoma extension associated with
primary outcomes

Hematoma extension into the midbrain with or without the

thalamus was shown to be independently associated with death (23,

24). Here, thalamic involvement could predict adverse outcomes,

including death and unconsciousness, which might be caused by a

vertically widespread extension of brainstem hematoma. Moreover,

intraventricular extension and acute hydrocephalus were not

correlated with death but were significantly more common in

unconscious patients who survived, indicating a non-lethal but

impaired functional outcome. The possible explanation may be
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TABLE 3 Associations of characteristics during hospitalization with 90-day consciousness.

Characteristic All patients
(n = 208)

Conscious
patients
(n = 67)

Unconscious
patients
(n = 141)

P value OR (95% CI)

Laboratory blood examinations during hospitalization

Blood creatinine increase (µmol/L) 8 (−2 to 33) 4 (−2 to 18) 10 (−1 to 44) 0.156 1.00 (0.99 to 1.00)

Blood sodium increase (µmol/L) 4.8 (1.0 to 10.7) 4.2 (0.6 to 8.5) 5.1 (1.1 to 11.8) 0.097 0.96 (0.93 to 1.00)

Blood sodium decrease (µmol/L) −7.0 (−12.0

to−2.9)

−7.0 (−10.0

to−4.0)

−7.4 (−13.1 to

−2.3)

0.518 1.01 (0.97 to 1.05)

Blood potassium increase (µmol/L) 0.9 (0.4 to 1.4) 0.8 (0.4 to 1.2) 0.9 (0.4 to 1.4) 0.359 0.71 (0.48 to 1.06)

Blood potassium decrease (µmol/L) −0.4 (−0.9 to−0.1) −0.3 (−0.7 to−0.1) −0.4 (−1.0 to−0.1) 0.042∗ 1.66 (1.01 to 2.71)

Treatment method

Stereotactic aspiration 112 (54%) 35 (52%) 77 (55%) 0.864 0.91 (0.51 to 1.64)

Complications during hospitalization

High fever 137 (66%) 36 (54%) 101 (72%) 0.002∗∗ 0.46 (0.25 to 0.84)

Intracranial infection 3 (1%) 0 (0%) 3 (2%) 0.229 NA

Pneumonia 182 (88%) 59 (88%) 123 (87%) 0.470 1.08 (0.44 to 2.63)

Other infections 22 (11%) 3 (4%) 19 (13%) 0.049∗ 0.30 (0.09 to 1.05)

Deep venous thrombosis 12 (6%) 4 (6%) 8 (6%) 0.932 1.05 (0.31 to 3.57)

Myocardial injury 28 (14%) 4 (6%) 24 (17%) 0.029∗ 0.31 (0.10 to 0.93)

Bed sores 30 (14%) 10 (15%) 20 (14%) 1 1.06 (0.46 to 2.44)

Secondary epilepsy 10 (5%) 1 (1%) 9 (6%) 0.123 0.22 (0.03 to 1.79)

Digestive tract hemorrhage 3 (1%) 1 (1%) 2 (1%) 0.967 1.05 (0.09 to 11.11)

∗P < 0.05, ∗∗P < 0.01.

Data are expressed as n (%), mean± SD, median (IQR), OR (95% CI), as appropriate.

NA, not available.

that the primary brain injury to the vital structures within the

brain parenchyma is more important than the secondary injury

consisting of mass effect and toxic effect in the ventricular system,

causing different clinical outcomes in the short and long term.

4.3. Laboratory evaluation

Abnormal coagulation function implies the possibility of

rebleeding where APTT is the main indicator of endogenous

coagulation status in vivo and it changes with coagulation status.

Previous studies have found it to be an independent risk factor for

cerebral micro-bleeding events in patients with ICH (25). Similarly,

we found higher APTT was a significant predictor of death and

unconsciousness in patients with PBSH. Therefore, for PBSH with

prolonged APTT, further imaging examination should be advised

for screening micro-bleeding events, which can further guide the

treatment assessment.

4.4. Surgical management and its impact
on outcomes

Neurosurgical interventions such as hematoma evacuation

remain controversial for PBSH because randomized clinical

studies have failed to demonstrate a clear benefit to surgical

management. The efficacy and safety of surgery for patients

with PBSH remain debatable. With the application of

stereotactic equipment and anticoagulant urokinase, it is

endowed with less invasive damage, higher precision, and a

hematoma clearance rate than traditional surgical methods.

Conceptually, in addition to reducing the space-occupying

effect and intracranial pressure, the evacuation of the hematoma

is also aimed at removing the hemorrhagic products that

cause acute inflammation and degradation of the brain

parenchyma. In the present study, stereotactic aspiration was

found to be a strong protective factor for survival but not for

consciousness. Hematoma clearance by stereotactic aspiration

is effective in removing the lethal factors but does not prevent

subsequent edema and arterial necrosis, which usually begin

and exacerbate the symptoms 6 h after the initial hemorrhage

in the brainstem, which may be the cause of the unimproved

consciousness (26).

4.5. Indicators for short- and long-term
clinical outcomes

In selecting the prognostic indicators, we aimed to cover

both the short-term prognosis and the mid-term to long-term
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FIGURE 4

ROC of the prediction model for the 90-day consciousness outcome.

prognoses of the patients. According to an epidemiological

study based on 20 studies including 1,437 patients, the all-

cause 30-day mortality rate among patients with pontine

hemorrhage was ∼ 48% (6). These results generally seem

to represent the natural course of the condition because

surgery was seldom performed. Moreover, at our institute,

we found that death after 30 days was often not directly

caused by the brainstem hemorrhage itself but rather by

complications (mainly infection), which led to many confounding

factors (nursing level, treatment conditions for subsequent

rehabilitation, etc.) that further affected the long-term survival

rate. Therefore, the 30-day survival was chosen as a suitable short-

term indicator.

Similarly, the 90-day consciousness outcome was selected

as a mid-term to long-term prognostic indicator. Patients with

PBSH are prone to early coma (90% of patients in this study

were in a coma upon admission), and it takes a certain

amount of time to become conscious. The reasons for not

choosing a longer period of time were the lack of follow-up

time for some patients and the smaller difference in the long-

term consciousness rate than in the 90-day consciousness rate

between groups.

4.6. Limitations

The present study had some limitations. First, this retrospective

study was performed using data obtained at a single institute, so

our results may not accurately represent the national situation.

Second, it is debatable to conclude that surgical treatment is the

more effective treatment modality in patients with PBSH due

to the lack of randomization and the selection bias introduced

by choosing treatment modalities. Although our indication for

stereotactic aspiration (hematoma volume > 5ml and GCS <

8) was much more stringent than the selection criteria for

all 211 included patients, stereotactic aspiration was still found

to be a strong protective factor for 30-day survival. Even so,

such a selection bias has affected the generalizability of our

findings. In the future, a prospective, randomized clinical trial

with the involvement of multiple centers and other ethnicities

is necessary for better evaluation of the effect of stereotactic

aspiration in patients with PBSH. Third, the means of determining

clinical outcomes differed from those used in similar studies.

Important functional improvement may have been overlooked

due to the inclusion of a simple primary outcome score to

reduce recall bias.

Frontiers inNeurology 09 frontiersin.org159

https://doi.org/10.3389/fneur.2023.1126585
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Zhou et al. 10.3389/fneur.2023.1126585

To overcome these limitations, a more comprehensive,

comparative, and prospective study is required, with

detailed outcome measures such as functional improvement.

Nevertheless, it is hoped that knowledge of the predictors

of mortality and functional recovery identified in the

present study will improve patient outcomes and individual

patient management.
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Background: Numerous clinical studies have shown that atherosclerosis is one

of the risk factors for intracranial aneurysms. Calcifications in the intracranial

aneurysm walls are frequently correlated with atherosclerosis. However, the

pathogenesis of atherosclerosis-related intracranial aneurysms remains unclear.

This study aims to investigate this mechanism.

Methods: The Gene Expression Omnibus (GEO) database was used to download

the gene expression profiles for atherosclerosis (GSE100927) and intracranial

aneurysms (GSE75436). Following the identification of the common di�erentially

expressed genes (DEGs) of atherosclerosis and intracranial aneurysm, the network

creation of protein interactions, functional annotation, the identification of hub

genes, and co-expression analysis were conducted. Thereafter, we predicted the

transcription factors (TF) of hub genes and verified their expressions.

Results: A total of 270 common (62 downregulated and 208 upregulated)

DEGs were identified for subsequent analysis. Functional analyses highlighted

the significant role of phagocytosis, cytotoxicity, and T-cell receptor signaling

pathways in this disease progression. Eight hub genes were identified and verified,

namely, CCR5, FCGR3A, IL10RA, ITGAX, LCP2, PTPRC, TLR2, and TYROBP. Two TFs

were also predicted and verified, which were IKZF1 and SPI1.

Conclusion: Intracranial aneurysms are correlated with atherosclerosis. We

identified several hub genes for atherosclerosis-related intracranial aneurysms and

explored the underlying pathogenesis. These discoveriesmay provide new insights

for future experiments and clinical practice.

KEYWORDS

intracranial aneurysms, atherosclerosis, bioinformatics, di�erentially expressed genes,

hub genes, transcription factor

1. Introduction

Intracranial aneurysm (IA) is a prevalent disease that affects ∼3% of the population

(1). The rupture of an IA leads to subarachnoid hemorrhage, with a high risk of

morbidity and death. Although the pathogenesis of IA remains unclear, it may be closely

related to atherosclerosis (AS). An increasing number of studies have found that IAs are

frequently complicated by AS, resulting in a worse prognosis. Killer-Oberpfalzer et al.

found atherosclerotic lesions in all their deaths from cystic IA (2). Evidence supports

the hypothesis that atherosclerosis, inflammation, and degenerative changes in aneurysm

walls play considerable roles in the development of IA, and the presence of atherosclerotic

plaques in the aneurysm wall may contribute to the degeneration and rupture of IA (3, 4).
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Aneurysm wall enhancement increases the instability of IA (5); it is

related to an increased level of atherogenic proteins and a decreased

level of anti-atherosclerotic proteins, and atherosclerosis can be

detected when these enhanced arterial walls are observed in vitro

(6, 7). In addition, inflammation-related atherosclerotic changes

and neovascularization of the aneurysm wall have been found

in larger unruptured IAs (4), and increased lipid infiltration was

observed in the ruptured cerebral aneurysm wall (8). In summary,

atherosclerosis-related intracranial aneurysms (AS-related IA) are

more unstable and require further care in clinical practice.

Although atherosclerosis is considered one of the risk factors

for IA, the pathogenic mechanism of the complication of IA and AS

remains unknown but may be connected to inflammation, smooth

muscle cell (SMC) proliferation, and macrophage phagocytosis

(9). Currently, histological studies have demonstrated that the

SMC phenotype, lipoprotein buildup, and production of foam cells

in intracranial aneurysm walls are similar to the alterations in

atherosclerotic artery walls (10–12), indicating that there may be

some common mechanisms leading to the occurrence of these

two diseases and triggering the onset of AS-related IA. The

increased rupture risk of AS-related IA may be mainly caused

by atherosclerosis-induced phenotypic modulation of SMC in

the aneurysm media layer (13). The adventitia of intracranial

aneurysms comprises collagen fibers, encasing the media layer

primarily composed of the SMC and extracellular matrix (ECM),

while the intima is the invasive site of atherosclerotic plaques.

When atherosclerosis occurs on the wall of intracranial aneurysms,

the SMC of the media layer transforms to the matrix remodeling

phenotype, resulting in ECM dysfunctional remodeling and the

destruction of elastic fibers (14). These pathological alterations

reduce the stability of the media layer of the aneurysm wall,

increasing the risk of AS-related IA rupture (Figure 1).

With the gradual revelation of the close association between

IA and AS, there is still a lack of effective treatments, and new

strategies are urgently required to prevent corresponding adverse

prognoses. This study aimed to identify the transcriptome signature

of AS-related IA. We retrieved differentially expressed genes

(DEGs) of IA and AS from the Gene Expression Omnibus (GEO)

database and used integrative bioinformatics tools to uncover

functional pathways, potential hub genes, and transcription

factors. Our findings are expected to shed new insights into

the pathogenic mechanisms and treatments of IAs complicated

with atherosclerosis.

2. Materials and methods

2.1. Data source

GEO (http://www.ncbi.nlm.nih.gov/geo/) is a vast online

database containing various high-throughput sequencing data

types. We downloaded sequencing datasets of IA (GSE75436)

and atherosclerotic vascular specimens (GSE100927) from the

GEO database. GSE75436 comprised 15 IA wall tissues and 15

matched control superficial temporal artery walls. GSE100927

comprised 69 atherosclerotic samples and 35 control arteries

without atherosclerosis.

2.2. Di�erential expression analysis

First, the acquired data were normalized, background adjusted,

and log2 transformed; the probes without gene annotation were

removed, and the values of duplicate probes were averaged. We

performed differential gene expression analysis on GSE75436

and GSE100927 using the “limma” R package (https:/www.

bioconductor.org/packages/3.5/bioc/html/limma.html) (15). DEGs

were identified as genes with an adjusted p-value of <0.05 and a

|logFC| of >1. Subsequently, we used Venny2.1 (http://bioinfogp.

cnb.csic.es/tools/venny/index.html) to generate a Venn diagram of

the intersection of the DEGs in these two datasets. Removing genes

with opposite expression trends, we obtained the common DEGs

(co-DEGs) in these two diseases.

2.3. Enrichment analyses of DEGs

Gene Ontology (GO) is a database that describes the related

biological processes, molecular functions, and cellular components

for gene collections. Kyoto Encyclopedia of Genes and Genomes

(KEGG) is supported by a database containing functional

annotation and gene pathway enrichment across multiple species.

The co-DEGs were submitted to enrichment analyses using the

clusterProfiler package (16), with an adjusted p-value of <0.05

serving as the screening criteria. The results were displayed using

the Ggplot2 package (https://ggplot2.tidyverse.org).

2.4. Protein–protein interaction network
construction and module analysis

The Search Tool for the Retrieval of Interacting Genes

(STRING; http://string-db.org) is a database that can search for

potential relationships between proteins (17) using the STRING

database to construct a PPI network of co-DEGs with a combined

score of >0.40 for meaningful interactions. To visualize the PPI

network, we imported the results into Cytoscape (http://www.

cytoscape.org) (18); subsequently, the MCODE plugin was used

to find the potential meaningful gene modules in co-DEGs.

Finally, we conducted an enrichment analysis on the most valuable

gene modules.

2.5. Selection and analysis of candidate hub
genes

Using the cytoHubba plugin in Cytoscape, we analyzed

the entire PPI network. DEGs were analyzed in cytoHubba

using 12 algorithms (MCC, DMNC, MNC, Degree, EPC,

BottleNeck, EcCentricity, Closeness, Radiality, Betweenness, Stress,

and ClusteringCoefficient), and each algorithm recorded the top 20

genes. Upset charts were constructed, calculating the frequency of

gene registrations. Subsequently, we selected the genes reported six

times or more as potential hub genes. GeneMANIA (http://www.

genemania.org/) (19) is a dependable instrument for determining
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FIGURE 1

Structural alterations of common rupture sites in AS-related IA.

gene correlations. Candidate hub genes were imported into

GeneMANIA for analysis.

2.6. Verification and analysis of hub genes

Two external datasets, GSE43292 (AS) and GSE122897 (IA),

were used to verify the expression of candidate hub genes.

GSE43292 included 32 carotid atherosclerotic plaques paired

with 32 distant macroscopic control tissue samples; GSE122897

included 44 IA samples and 16 control intracranial cortical

arterials. Data between groups were compared using the mean

t-test, with a p-value of <0.05 as the standard for significant

differences. The candidate genes that passed the verification

were considered hub genes, and enrichment analysis was

performed on them.

2.7. Prediction and verification of
transcription factors

ChEA3 (https://maayanlab.cloud/chea3/) is an internet

transcription factor (TF) enrichment analysis instrument

that can predict the regulatory relationship between TFs

and their corresponding target genes (20). The ENCODE

TF target library contains ChIP-seq experiments from

humans and mice. We imported hub genes into the

ChEA3 database, set library = “ENCODE”, and predicted

the top 10 TFs corresponding to them. Thereafter, we

verified the expression levels of these TFs in GSE75436

and GSE100927.

3. Results

3.1. Di�erential expression analysis

Differential expression analysis revealed that GSE75436

included 2,389 DEGs comprising 1,374 upregulated DEGs and

1,015 downregulated DEGs; GSE100927 contained 442 DEGs

consisting of 323 upregulated DEGs and 119 downregulated

DEGs (Figure 2A). DEGs with the same expression trend in IA

and AS were considered co-DEGs. Taking the intersection of

DEGs and removing genes that had opposite expression trends in

the two diseases, we obtained 208 upregulated co-DEGs and 62

downregulated co-DEGs (Figure 2B).

3.2. Enrichment analyses of DEGs

We performed enrichment analysis on 270 co-DEGs to

explore their potential biological functions and pathways.

According to GO analysis, these genes were primarily enriched in

leukocyte-mediated immunity, leukocyte cell-cell adhesion,

immune receptor activity, and endocytic vesicle, which

were related to leukocyte immunity and cell phagocytosis

(Figure 3B). Meanwhile, co-DEGs were substantially related

to the phagosome, lipid, and atherosclerosis, and the B-cell

receptor signaling pathway, as determined by KEGG analysis

(Figure 3C). These results provide additional evidence that

atherosclerosis induces the development of IA and reflect

that immune response, phagocytosis, lipid accumulation, and

other factors are implicated in the onset and progression of

AS-related IA.
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FIGURE 2

Results of di�erential expression analysis and intersection Venn diagram. (A) The volcano map of GSE75436 and GSE100927. Bright red color

indicates upregulated genes; blue color indicates downregulated ones. (B) From the DEGs of the two datasets, 270 co-DEGs were selected.

3.3. Construction and module analysis of
the PPI network

A PPI network of co-DEGs with 227 nodes and 2,379

interaction pairings was established (Figure 3A). Using the

MCODE plugin (set K-core = 2, degree cutoff = 2, max depth

= 100, and node score cutoff = 0.2), we analyzed this network

and identified the most significant gene module (score = 28.857,

36 genes, and 505 interaction pairs) (Figure 4A). Interestingly, all

genes in this module are upregulated co-DEGs, and heatmaps

display their expression levels in GSE75436 (Figure 4B) and

GSE100927 (Figure 4C). Moreover, we performed an enrichment

analysis on this gene module. GO analysis revealed that these genes

were predominantly engaged in immunologic inflammation and

cell response regulation (Figure 4D), and KEGG analysis revealed

their involvement in a toll-like receptor signaling pathway, a

chemokine signaling route, lipid and atherosclerosis, and other

pathways (Figure 4E).
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FIGURE 3

PPI network and enrichment analysis of common DEGs. (A) PPI network of common DEGs. Red signifies upregulated genes, while blue denotes

downregulated genes. (B, C) The outcomes of GO and KEGG pathway enrichment analyses. It was deemed significant if the adjusted P-value of

<0.05.
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FIGURE 4

MCODE-identified genes module and corresponding enrichment analysis results. (A) One essential module of gene clustering. (B, C) Distribution of

gene expression levels in the module. (D, E) The genes module underwent GO and KEGG analysis. It was deemed significant if the adjusted P-value <

0.05.
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FIGURE 5

Candidate hub gene co-expression network and upset plot. (A) The intersection of the top 20 genes within 12 methods of the cytoHubba module.

(B) GeneMANIA was used to analyze candidate hub genes and associated co-expression genes.

3.4. Selection and analysis of candidate hub
genes

We analyzed the PPI network of co-DEGs using 12 algorithms

in the cytoHubba plugin of Cytoscape software, and each

algorithm obtained the top 20 candidate hub genes. According

to the upset plot (Figure 5A), genes simultaneously selected

by six or more algorithms were considered candidate hub

genes, namely, PTPRC, TNF, ITGAM, TYROBP, IL1B, CSF1R,

FCGR3A, IRF8, LCP2, TLR2, CYBB, CCR5, ITGAX, IL10RA,

and C1QA, which were all upregulated genes. Based on the

GeneMANIA database, we created gene co-expression networks

and demonstrated their associated functions. These genes exhibited

a complicated PPI network with 88.81% co-expression, 7.24% co-

localization, 2.45% prediction, and 1.51% shared protein domains

(Figure 5B).
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FIGURE 6

The hub genes expression level in GSE43292. The mean t-test is used for the comparison of the two datasets. Statistical significance was determined

when the P-value < 0.05. AS, atherosclerotic plaque; CON, control artery samples. ***p < 0.001.

3.5. Verification and analysis of hub genes

We verified the expression of 15 candidate hub genes

with GSE43292 (AS) and GSE122897 (IA). All candidate hub

genes were significantly upregulated in GSE43292 (Figure 6).

While eight genes were remarkably upregulated in GSE122897,

and the expression of candidate hub genes showed an overall

upward trend in IA, except for IL1B and TNF (Figure 7). Eight

genes were confirmed as hub genes of AS-related IA, namely,

CCR5, FCGR3A, IL10RA, ITGAX, LCP2, PTPRC, TLR2, and

TYROBP. Supported by the GeneCards database (https://www.

genecards.org/), Table 1 displays their real names and associated

functions. Interestingly, each hub gene corresponds to the

MCODE algorithm’s most significant gene module. Following the

enrichment analysis of these genes, GO analysis demonstrated that

they are mainly involved in the immune response, macrophage

phagocytic function, and cytotoxicity (Figure 8A). Subsequently,

their involvement in natural killer cell-mediated cytotoxicity, FcR-

mediated phagocytosis, and the T cell receptor (TCR) signaling

pathway were revealed by KEGG analysis (Figure 8B).

3.6. Exploration and authentication of TFs

We predicted the top 10 TFs that may regulate hub gene

expression using the ChEA3 database (Figure 9A). Thereafter, we

verified the expression of these TFs in datasets. In total, two

TFs, IKZF1 and SPI1, were significantly upregulated in GSE75436

(Figure 9B) and GSE100927 (Figure 9C). Subsequently, a network

diagram of the TFs and hub genes was constructed. A total of five

hub genes (CCR5, IL10RA, LCP2, TYROBP, and PTPRC) were

coregulated by these two TFs (Figure 9D).
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FIGURE 7

The hub genes expression level in GSE122897. The mean t-test is used for the comparison of the two datasets. Statistical significance was determined

when the P-value < 0.05. IA, intracranial aneurysm samples; CON, control intracranial cortical arterials. *p < 0.05; **p < 0.01. ns, p > 0.05.

4. Discussion

This study determined new targets for preventing and treating

AS-related IA, revealing the potential biological mechanism in

the pathogenesis. A total of 270 co-DEGs were identified, and

then eight hub genes were selected and verified, namely, CCR5,

FCGR3A, IL10RA, ITGAX, LCP2, PTPRC, TLR2, and TYROBP.

After the enrichment analysis of hub genes, we found that these

genes were principally enriched in cytotoxicity, phagocytosis,

and TCR signaling pathways. SPI1 and IKZF1, two transcription

factors, were discovered to be significant for the development of

this disease, and they jointly regulate five hub genes, namely, CCR5,

IL10RA, LCP2, TYROBP, and PTPRC.

The enrichment analysis of hub genes showed that NK cell-

mediated cytotoxicity, FcγR-mediated phagocytosis, and the TCR

signaling pathwaymight play considerable roles in the pathogenesis

of AS-related IA. The atherosclerotic tissue is rich in NK cells that

express many biomarkers, such as IFN-γ. NK cell activation may

play a significant role in the exacerbation of AS (21), suggesting that

the increased cytotoxicity mediated by NK cells may contribute

to the development of AS. Moreover, the migration ability of NK

cells in the peripheral blood of patients with IA is also enhanced

(22). NK cells may aggregate and activate in the aneurysm wall

during the pathogenesis, which mediates cytotoxicity to promote

disease progression. In addition, phagocytosis appears to be

activated during pathogenesis. FcγR is a receptor for the Fc

portion of IgG, which activates the mitogen-activated protein

kinase signaling pathway by mediating low-density lipoprotein

immune complexes (LDL-ICs), thereby activating macrophages

(23, 24). Subsequently, macrophage infiltration and its polarization

toward the M1 phenotype increase the risk of IA pathogenesis and

rupture (25). Inflammatory macrophages in the arterial wall can
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TABLE 1 Specifics and functions of hub genes.

No. Gene
symbol

Full name Function

1 PTPRC Protein Tyrosine Phosphatase Receptor

Type C

PTPRC acts as a leukocyte antigen to regulate T- and B-cell immune signaling.

2 TYROBP Transmembrane Immune Signaling

Adaptor TYROBP

TYROBP triggers the mobilization of intracellular calcium ions, activates transcription factors

such as NF-κB, and promotes the occurrence of cellular inflammatory responses.

3 FCGR3A Fc Gamma Receptor IIIa FCGR3A encodes the receptor for the Fc portion of immunoglobulin G and is involved in

antibody-dependent biological processes such as mediating cytotoxicity.

4 LCP2 Lymphocyte Cytosolic Protein 2 LCP2 participates in the protein tyrosine kinase pathway activated by the T cell receptor,

regulates helper T cell function, and promotes the activation of serine phosphorylation.

5 TLR2 Toll-Like Receptor 2 TLR2 acts on MYD88 to activate NF-κB, activates inflammatory response and cytokine

secretion, promotes apoptosis, and affects the lipid portion of lipoproteins.

6 CCR5 C-C Motif Chemokine Receptor 5 As a receptor of inflammatory CC-chemokines, CCR5 can increase the intracellular calcium ion

level and transduce signals and can affect the inflammatory immune process by participating in

the migration of T lymphocytes to the site of action.

7 ITGAX Integrin Subunit Alpha X ITGAX encoded integrin α-X chain protein is involved in constituting leukocyte-specific

integrins, mediates cell–cell interactions in inflammation, and plays a vital role in monocyte

adhesion and chemotaxis.

8 IL10RA Interleukin 10 Receptor Subunit Alpha IL10RA can mediate IL-10 to transmit immunosuppressive signals and reduce the synthesis of

pro-inflammatory cytokines.

FIGURE 8

Chord diagram for enrichment analysis of hub genes. (A, B) GO and KEGG analysis of hub genes. The circles on the right and left, respectively,

indicate pathways and the corresponding hub genes.

Frontiers inNeurology 10 frontiersin.org171

https://doi.org/10.3389/fneur.2023.1055456
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Zhang et al. 10.3389/fneur.2023.1055456

FIGURE 9

Exploration and verification of TFs and their regulatory networks. (A) Top 10 related TFs predicted using the ChEA3 database. (B, C) TFs expression

level in GSE75436 and GSE100927. The mean t-test is used for the comparison of the two datasets. Statistical significance was determined when the

P-value < 0.05. IA, intracranial aneurysm wall tissue; AS, atherosclerotic samples; CON, control arteries. *p < 0.05; **p < 0.01; ***p < 0.001. (D) The

regulatory network of TFs. The hub genes were highlighted in red, whereas TFs were highlighted in yellow.

uptake LDL-ICs through FcγRI and transform them into foam

cells (26), forming atherosclerotic plaques. FcγR may activate

inflammatory macrophages and promote their phagocytosis to

induce the aggregation of foam cells, leading to the development

of atherosclerotic plaque in the aneurysm wall, inducing the

deterioration of IA. The activation of the TCR signaling pathway
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will lead to the cascade reaction of the PKCθ-IKK-NFκB

pathway (27), stimulating the NFκB-mediated inflammatory

response and participating in the pathology process of

AS-related IA.

As a receptor of inflammatory CC-chemokines, CCR5 can

increase intracellular calcium ion levels to transduce signals. CCR5

transports blood monocytes to atherosclerotic plaques to promote

disease progression (28). Cipriani et al. treated AS model mice

with a CCR5 antagonist, which resulted in a 70% reduction in

plaque volume and a 50% attenuation of monocyte/macrophage

infiltration (29). T cells in the wall of IA express high levels

of the chemokine receptor CCR5 (30). We speculate that

CCR5 may promote disease progression by participating in

the chemotactic process of inflammatory macrophages in the

aneurysm wall. FCGR3A, also known as CD16, is involved in

mediating cytotoxicity. Previous studies have found more CD16+

intermediate monocytes in patients with IA (31). Decreased CD16

monocyte subsets are also associated with a decrease in subclinical

AS (32). Combined with our study, FCGR3A may induce disease

development by promoting the cytotoxic effect of monocytes and

macrophages. The protein encoded by IL10RA is a receptor for

interleukin 10 (IL10); It can mediate immunosuppressive signals

and reduce inflammatory responses. Patients with IA exhibit a

decrease in IL-10, suggesting that the low IL-10 level in vivo

may be associated with the development of IA (33). Moreover,

the IL10RA was highly expressed in AS (34), indicating that the

IL10RA-mediated inhibition of inflammation is similarly active in

AS. Therefore, IL10RA may play a protective role in AS-related IAs

by mediating the anti-inflammatory effect of IL-10, and activating

the expression of IL10RA can effectively prevent the occurrence of

AS-related IA. ITGAX, also known as CD11c, can mediate cell–cell

interactions in inflammation, monocyte adhesion, and chemotaxis.

The decrease in CD11c + cells can reduce the progression of

abdominal aortic aneurysms (AAA) (35). According to our results,

ITGAX may have a similar function in IA. Simultaneously, the

high expression of ITGAX is a prominent feature of unstable

carotid atherosclerotic plaques. CD11c + macrophages gather in

vulnerable plaques, resulting in the deterioration of AS (36). The

effect of ITGAX on AS-related IA may depend on affecting the

adhesion and chemotaxis of monocytes.

PTPRC, also known as CD45, encodes a leukocyte antigen that

regulates the immune response of T and B cells. PTPRC is involved

in the progression of AS as a regulatory T cell-related gene (37).

Hosaka et al. found the infiltration of CD45+ cells in IA walls

(38), reflecting the involvement of PTPRC in the pathogenesis

of IA. PTPRC may promote the inflammatory response of AS-

related IA by regulating immune lymphocytes. TLR2 activates

the inflammatory response and cytokine secretion by activating

the TLR2-Myd88-NF-κB pathway and can also activate immune

cells to promote apoptosis. Multiple studies have demonstrated

that the TLR2-Myd88-NF-κB pathway is activated in IA and AS

(39, 40). TLR2 may promote the pathogenesis of AS-related IA

mainly by activating the inflammatory response mediated by the

TLR2-Myd88-NF-κB pathway and apoptosis. TYROBP, also known

as DAP12, encodes a protein that can activate TFs, such as NF-

κB, and promote cellular inflammatory responses. Previous studies

have found that the expression level of TYROBP is significantly

upregulated in the atherosclerotic tissue and AAA, and TYROBP

promotes the pathogenesis of AAA through the activation of the

NK cell-mediated cytotoxicity pathway (41, 42). Combined with

our results, TYROBP may also have such a role in the progression

of AS-related IA, which may lead to disease by activating NF-

κB and affecting NK cell-mediated cytotoxicity. The association

between LCP2 and AS-related IA is still unclear, and the underlying

mechanism requires additional investigation.

Subsequently, we predicted and verified the TFs of hub genes.

Among the top 10 TFs predicted from the ChEA3 database, IKZF1

and SPI1 passed the verification, and they jointly regulated five

hub genes, namely, CCR5, IL10RA, LCP2, TYROBP, and PTPRC.

IKZF1 is considered a transcriptional regulator of hematopoietic

differentiation and participates in the development of lymphocytes,

B cells, and T cells (43). IKZF1 can promote the production of

the inflammatory cytokine INF-γ by regulating the balance of

Th1/Th2 (44). Increased IFN-γ levels can be observed in patients

with IA, especially when the aneurysm ruptures (33). Moreover,

the severity of AS is associated with genetic polymorphisms in the

arterial IFN-γ gene (45). IFN-γ affects immune cells, endothelial

cells, and SMCs (46, 47), leading to the progression of AS and may

play a similar role in the pathogenesis of AS-related IA. IKZF1 is

involved in regulating the expression of CCR5, IL10RA, LCP2, and

TYROBP and can also promote the production of INF-γ to affect

the pathogenesis process. IKZF1 may become a new therapeutic

target. Another TF, SPI1, regulates LCP2, PTPRC, and TYROBP.

SPI1 was significantly upregulated in aortic atherosclerotic plaques

in Tibetan minipigs (48). In addition, SPI1 was identified as a

significant regulator in peripheral blood samples of patients with IA

(49), which also corresponds to the results obtained in our study.

Due to the lack of relevant studies, the relationship between SPI1

and AS-related IA still needs to be explored.

Our findings contribute to elucidating the mechanism of the

link between IA and AS. However, there are still some flaws in

our study. First, the findings of our retrospective study need to be

further confirmed with external data. Second, hub genes need to be

further verified experimentally in in vitro models. Complementing

these shortcomings is the focus of our future study.

5. Conclusion

We identified and verified eight hub genes and two TFs for AS-

related IA, providing new study directions and therapeutic targets

for this disease. Eight genes, namely, CCR5, FCGR3A, IL10RA,

ITGAX, LCP2, PTPRC, TLR2, and TYROBP, are considered hub

genes, and their pathway enrichment results focus on phagocytosis,

NK cell-mediated cytotoxicity, and the TCR signaling pathway.

Moreover, IKZF1 and SPI1 were identified as the TFs of hub genes

and jointly involved in regulating the expression of five genes,

namely, CCR5, IL10RA, LCP2, TYROBP, and PTPRC.
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Objective: Neutrophil gelatinase-associated lipoprotein (NGAL), a protein

encoded by the lipocalcin-2 (LCN2) gene, has been reported to be involved in

multiple processes of innate immunity, but its relationship with spinal cord injury

(SCI) remains unclear. This study set out to determine whether NGAL played a

role in the development of cognitive impairment following SCI.

Methods: At the Neck-Shoulder and Lumbocrural Pain Hospital, a total of 100 SCI

patients and 72 controls were enrolled in the study through recruitment. Through

questionnaires, baseline data on the participants’ age, gender, education level,

lifestyle choices (drinking and smoking) and underlying illnesses (hypertension,

diabetes, coronary heart disease, and hyperlipidemia) were gathered. The

individuals’ cognitive performance was evaluated using the Montreal Cognitive

Scale (MoCA), and their serum NGAL levels were discovered using ELISA.

Results: The investigation included 72 controls and 100 SCI patients. The baseline

data did not di�er substantially between the two groups, however the SCI group’s

serum NGAL level was higher than the control group’s (p < 0.05), and this elevated

level was adversely connected with the MoCA score (p < 0.05). According to the

results of the ROC analysis, NGAL had a sensitivity of 58.24% and a specificity of

86.72% for predicting cognitive impairment following SCI.

Conclusions: The changes in serum NGAL level could serve as a biomarker

for cognitive impairment in SCI patients, and this holds true even after taking in

account several confounding variables.

KEYWORDS

neutrophil gelatinase-associated lipocalin, biomarker, cognitive, spinal cord injury, serum

1. Introduction

Spinal cord injury (SCI) can occur at any level of the spinal cord and can result in

temporary or permanent functional changes (1, 2). Symptoms and prognosis vary depending

on the location and severity of the injury (3, 4). In most cases, the injury comes from physical

trauma, and more than half of all injuries affect the cervical spine (5). In the US, there

are roughly 20,000 new instances of SCI each year, and the per-person lifetime economic

cost can be as high as 3 million US dollars (6, 7). The annual socioeconomic impact of

SCI is projected to be 2.67 billion US dollars (8). Therefore, early identification of potential

biomarkers that can effectively predict disease severity and prognosis in SCI may be the key

to treating cognitive decline after SCI.
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Neutrophil gelatinase-associated lipocalcin (NGAL), also

known as lipocalcin-2 (LCN2) or oncogene 24p3 or, is an immune

protein encoded by the LCN2 gene with a molecular weight

of 25 kDa, and its immunomodulatory mechanism may be by

limiting the utilization of iron by bacteria, it limits bacterial

growth (9–11). In vivo, NGAL is mainly expressed in neutrophils,

which is generally regarded as a biomarker of renal impairment

(12, 13). In 1989, NGAL was first isolated from SV-40-infected

mouse kidney cells by Hraba-Renevey et al. (14). Human NGAL

contains a 20 amino acid signal peptide and a “lipidin” domain at

the N-terminus of the protein, which exerts biological effects by

binding to corresponding ligands (15). Human NGAL is up to 98%

homologous to chimpanzees, but 62% and 63% homologous to

mice and rats, respectively (15, 16).

The role of NGAL in neuroplasticity and its effects on cognitive

function have been documented in recent years, but its precise

mechanism is still poorly understood (17). Our purpose of this

study is to further verify whether NGAL is involved in cognitive

decline after SCI, in order to provide new biomarker targets for the

prevention and treatment of cognitive impairment after SCI.

2. Methods

2.1. Study population

Patients with SCI and healthy controls who were hospitalized

for Neck-Shoulder and Lumbocrural Pain Hospital between

September 2020 and August 2022 made up the study population.

The most recent recommendations provide the basis for SCI

diagnosis. Congenital spinal abnormalities, severe systemic

disorders, a history of spinal cord surgery, cognitive impairment,

transfer to another hospital, and unwillingness to cooperate

are the exclusion criteria for SCI. Additionally, a control group

was drawn from the general population. All participants signed

FIGURE 1

The flow chart of study implementation.

informed consent, and our study was approved by the hospital

ethics committee (No. 2022012). The detailed flowchart is shown

in Figure 1.

2.2. Baseline data

We collected baseline data including age, gender, education

level, living habits (smoking and drinking), and underlying

diseases (hypertension, diabetes, coronary heart disease, and

hyperlipidemia). These data are obtained through questionnaires

and recorded, counted and analyzed by specialized personnel.

2.3. Cognitive function

In this study, the MoCA scale, a popular measure for assessing

cognitive function, was utilized to identify the cognitive function

of SCI patients. The MoCA scale, developed by Montrealer Ziad

Nasreddine, has been used by researchers and physicians worldwide

since it was first released in 1996. It has been translated into 46

languages. For doctors, free. People were given 10min to respond

to 30 questions; the total score was 30, with one point deducted

for each incorrect response, and a score of <26 being judged

cognitively deficient (18). Our study was approved by MoCA Test

Inc. The evaluators were specially trained and blinded to the

baseline data of the test subjects.

2.4. Serum NGAL level

Venous blood was collected immediately after fasting for 8 h

after enrollment in all participants. Venous blood was allowed to

stand at room temperature for 10min, then centrifuged at 1200 g

for 15min, and the upper serum was separated and aliquoted and
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stored at −80◦C for future use (19). ThermoFisher, Wilmington,

DE, USA, provided the ELISA kit that was utilized to measure the

presence of NGAL in the serum of SCI patients.

2.5. Statistical analysis

The statistical analysis was performed using SPSS 26.0. The

measurement data was represented by the mean ± standard

deviation (SD), while the enumeration data was represented by

number (N). The link between serum NGAL and MoCA was

discovered using P for trend. ROC analysis further evaluated the

sensitivity and specificity of serum NGAL in predicting cognitive

function in SCI. All statistical cutoffs were set at 0.05 and p < 0.05

was considered statistically significant.

3. Results

3.1. Clinical baseline data of the study
population

We recruited a total of 100 SCI patients and 72 healthy controls

for this study. The baseline demographic and clinical information

for the complete study population, stratified by clinical traits, is

shown in Table 1. Age, sex, education level, smoking, drinking,

hypertension, coronary heart disease, diabetes, and hyperlipidemia

were not statistically significantly different between the two groups,

as shown in the table (p > 0.05).

3.2. Serum NGAL level and MoCA score

The serum NGAL level for the control group was (125.4± 12.3

pg/ml, as reported in Table 1, while it was (196.72 ± 3.8 pg/ml) for

the SCI group. The SCI group’s serumNGAL levels were noticeably

greater than those of the control group (p< 0.001). The SCI group’s

MoCA score was (24.6 ± 1.7) points, compared to the control

group’s (27.5 ± 1.2) points. When compared to the control group,

the MoCA score of the SCI group was considerably lower (p <

0.001). Figure 2 compares the MoCA ratings and serum NGAL

concentrations between the two groups. The results showed that

the serum NGAL level in SCI group was significantly higher than

that in control group, while theMoCA score was significantly lower

than that in control group.

3.3. Correlation analysis between serum
NGAL level and MoCA assessment

We separated the SCI patients into 4 groups based on the

quartile levels of the serum NGAL and looked at the connection

between those groups and the MoCA score. Table 2 displays the

correlation analysis between the serum NGAL level and MoCA

score. FromQ1 to Q4,MoCA scores were (25.8± 1.9), (24.9± 1.8),

(24.2 ± 1.5) and (23.5 ± 1.6), respectively. The findings indicated

that the MoCA score decreased as blood NGAL level increased (p

TABLE 1 Demographic and clinical characteristics from the study

population.

Controls
(n = 72)

SCI
(n = 100)

p-value

Age, years 59.3± 7.1 60.6± 7.8 0.265

Gender, male/female 56/16 88/12 0.073

Education level, n (%) 0.798

Low 33 51

Middle 26 33

High 13 16

Smoking, n (%) 0.520

Never 26 38

Former 10 17

Current 36 45

Drinking, n (%) 28 42 0.682

Hypertension, n (%) 20 32 0.552

Diabetes, n (%) 11 14 0.815

Coronary heart disease, n (%) 9 13 0.923

Hyperlipidemia, n (%) 17 28 0.518

NGAL, pg/ml 125.4± 12.3 196.7± 23.8 <0.001

MoCA, points 27.5± 1.2 24.6± 1.7 <0.001

NGAL, Neutrophil gelatinase-associated lipocalin; MoCA, Montreal cognitive test.

< 0.001), indicating that a high serum NGAL level may be a sign of

cognitive impairment.

3.4. Multiple model regression analysis

To explore the etiology affecting the MoCA score, we

performed a multi-model regression analysis (Table 3). In model

1, after adjusting the confounding of age, sex and education

level, it was suggested that serum NGAL was a risk factor

for SCI-related cognitive impairment (p < 0.05); in model 2,

we further adjusted the Smoking and drinking suggest that

serum NGAL is also a risk factor for SCI-related cognitive

impairment (p < 0.05); Serum NGAL was found to be an

independent risk factor for cognitive impairment caused by SCI

in model 3, which was based on model 2. After further adjusting

for the underlying conditions (hypertension, diabetes, coronary

heart disease, and hyperlipidemia), the same result was found

(p= 0.047).

3.5. ROC curve analysis

In order to further verify the accuracy of serum NGAL level

in diagnosing cognitive impairment after SCI, we performed ROC

curve analysis, and the results are shown in Figure 3. The sensitivity

of serum NGAL in diagnosing cognitive impairment after SCI was

72.48%, and the specificity was 61.28%.
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FIGURE 2

The comparison of serum NGAL levels and MoCA scores between SCI and controls. SCI, spinal cord injury. *p < 0.05.

TABLE 2 Correlation analysis between serum NGAL levels and MoCA

scores.

Variable Q1 Q2 Q3 Q4 P-values

MoCA scores 25.8± 1.9 24.9± 1.8 24.2± 1.5 23.5± 1.6 <0.001

NGAL, Neutrophil gelatinase-associated lipocalin; MoCA, Montreal cognitive test.

TABLE 3 Regression analysis of serum NGAL levels and MoCA scores.

MoCA scores

Regression coe�cient P-values

Model 1 0.352 <0.001

Model 2 0.271 <0.001

Model 3 0.218 0.047

Model 1: adjusted for age, gender and education levels; Model 2: further adjusted for smoking

and drinking; Model 3: further adjusted for Hypertension, Diabetes, Coronary heart disease

and Hyperlipidemia. NGAL, Neutrophil gelatinase-associated lipocalin; MoCA, Montreal

cognitive test.

4. Discussion

This is the first study of the relationship between cognitive

impairment and serum NGAL levels in patients after SCI. Our

results showed that the blood level of NGAL in SCI patients

was significantly higher than that in healthy controls, and the

quartile level was negatively correlated with MoCA score. In multi-

model regression analysis, serum NGAL levels were considered to

be independent risk factors for SCI-related cognitive impairment

after adjusting for multiple confounding. Subsequent ROC analysis

further proved that the serum NGAL level has a high accuracy in

diagnosing SCI-related cognitive impairment. Our study suggests

that serum NGAL levels may serve as a potential biomarker of

SCI-related cognitive function.

NGAL is mainly expressed and secreted by immune cells,

liver cells or renal tubular cells, and it can capture and consume

siderophore to play an antibacterial role (20, 21). In addition to

antibacterial, NGAL can also be used as a factor regulating cell

growth and differentiation, mediating the biological activity of iron

inside and outside cells (22). Genomic studies have shown that

NGAL is one of the most up-regulated genes in acute kidney injury,

and it can regulate the secretion of a renal tubulin with a molecular

FIGURE 3

ROC curve analysis for serum NGAL levels in SCI.

weight of 25KDa, which quickly enters the body fluid after the onset

of renal injury (23). NGAL rises 24–48 h earlier than conventional

serum creatinine, making it potentially a more effective biomarker.

Studies have also shown that elevated levels of NGAL can predict

the prognosis of acute kidney injury (24). All of the above make

NGAL the focus of clinical translational research.

In addition to its involvement in acute kidney injury, a role for

NGAL in neurological disorders has also been found. Zhao et al.

(25) found that the expression of NGAL increased after traumatic

brain injury, which was negatively correlated with the clinical score

reflecting the severity of traumatic brain injury, and it has good

sensitivity and specificity as a biomarker for diagnosing traumatic
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brain injury (25). Peng et al. (26) found that the level of NGAL

increases after cerebral ischemia, and the activation of EGF/EGFR

can regulate the expression of NGAL by activating the JAK2/STAT3

pathway to improve neurological deficits (26). Serra et al. (27)

discovered that plasma NGAL levels were significantly higher in

aneurysm patients than in the control group, indicating that NGAL

may be involved in the pathophysiological process of aneurysms

and that NGALmay be used as an indicator for assessing aneurysm

rupture and prognosis in the future (27).

In recent years, studies on the involvement of NGAL in

cognitive impairment have been found. The Dutch research team

found that low levels of NGAL in serum and cerebrospinal fluid

can be used as potential biomarkers to predict the conversion

of mild cognitive impairment to Alzheimer’s disease (AD), and

affect the pathophysiological process of AD accompanied by

depression (28, 29). The same research team also found that

NGAL was associated with cognitive impairment in patients with

depression, and there were gender differences (30). In addition,

NGAL is also considered to be associated with the pathogenesis of

Down syndrome.

The research of NGAL in SCI has also come into the field of

vision of researchers. Behrens, V found that NGALwas significantly

increased in the spinal cord, brain, liver and serum in the SCI

mouse model, while the absence of NGAL could significantly

reduce the differentiation of glial cells, indicating that it may be

involved in the inflammatory injury after SCI (31). Rathore et al.

(32) found that Lcn2 can regulate the inflammatory response

after SCI, while the lack of NGAL can reduce the secondary

injury after SCI and improve the recovery of motor function

(32). However, clinical studies of NGAL in SCI patients have not

been reported.

The first study to reveal cognitive damage in patients following

NGAL involvement in SCI is ours. However, our study has certain

flaws. Our study is a single-center, small-sample investigation with

Chinese participants. It is debatable if the findings of this study

apply to other geographic or racial groups. There is an urgent need

for large-sample multi-center research to confirm this study.

5. Conclusions

The results of the current study suggest that changes in serum

NGAL could serve as a biomarker for cognitive impairment

in SCI patients, and this finding holds true even after taking

into account a number of confounding variables. To develop

innovative methods for treating cognitive impairment caused by

SCI, future scientific and clinical research must further investigate

the underlying mechanism.
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Introduction: Screening for metabolically relevant di�erentially expressed genes

(DEGs) shared by hepatocellular carcinoma (HCC) and vascular cognitive impairment

(VCI) to explore the possible mechanisms of HCC-induced VCI.

Methods: Based on metabolomic and gene expression data for HCC and VCI, 14

genes were identified as being associated with changes in HCC metabolites, and 71

genes were associated with changes in VCI metabolites. Multi-omics analysis was

used to screen 360 DEGs associated with HCC metabolism and 63 DEGs associated

with VCI metabolism.

Results: According to the Cancer Genome Atlas (TCGA) database, 882 HCC-

associated DEGs were identified and 343 VCI-associated DEGs were identified.

Eight genes were found at the intersection of these two gene sets: NNMT,

PHGDH, NR1I2, CYP2J2, PON1, APOC2, CCL2, and SOCS3. The HCC metabolomics

prognostic model was constructed and proved to have a good prognostic

e�ect. The HCC metabolomics prognostic model was constructed and proved

to have a good prognostic e�ect. Following principal component analyses (PCA),

functional enrichment analyses, immune function analyses, and TMB analyses,

these eight DEGs were identified as possibly a�ecting HCC-induced VCI and the

immune microenvironment. As well as gene expression and gene set enrichment

analyses (GSEA), a potential drug screen was conducted to investigate the possible

mechanisms involved in HCC-induced VCI. The drug screening revealed the potential

clinical e�cacy of A-443654, A-770041, AP-24534, BI-2536, BMS- 509744, CGP-

60474, and CGP-082996.

Conclusion: HCC-associatedmetabolic DEGsmay influence the development of VCI

in HCC patients.

KEYWORDS

metabolomics, metabolic DEGs, prognostic model, biomarkers, neurovascular disease,

hepatocellular carcinoma (HCC), vascular cognitive impairment (VCI)

Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors worldwide,

characterized by the insidious and rapid onset, poor prognosis, and high metastasis rate.

With an estimated 906,000 new cases of HCC in 2020, accounting for 4.7% of the

overall cancer incidence, HCC is the sixth most common malignancy worldwide, after

breast, lung, colorectal, prostate, and stomach cancers (1). It is the third most common

cause of cancer-related death and patients generally have a poor prognosis as the onset

is insidious and the tumor is often at an advanced stage at the time of diagnosis. In

2020, ∼830,000 people died from HCC globally, accounting for 8.3% of cancer-related

deaths (1). In recent years, with the popularization of hepatitis B vaccination and the

improved efficacy of antiviral drug therapy, the incidence of virus-related HCC is on the

decline, while non-alcoholic liver disease and metabolic syndrome-related HCC are increasing

year by year due to lifestyle changes and dietary habits (2). The main treatment options

for HCC include surgical resection, radiofrequency ablation, chemotherapy, liver-targeted
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drugs, and liver transplantation. However, due to the insidious

onset of the disease, the early stages may present with only

non-specific symptoms such as weakness and dyspepsia, and

progresses rapidly, resulting in the diagnosis of the tumor at an

advanced stage, by when the opportunity for radical treatment

had already passed (3). The late stage of HCC is often associated

with complications such as gastrointestinal bleeding, infection,

hepatic and renal syndrome, and hepatic encephalopathy. When

complicated by hepatic encephalopathy, clinical manifestations may

include behavioral abnormalities, cognitive impairment, altered

consciousness, and even coma, which are often combined with

liver dysfunction making the treatment more difficult and the

patient’s prognosis poor (4, 5). However, no extensive study has been

conducted to determine whether other factors may contribute to

cognitive impairment in patients with HCC.

Vascular cognitive impairment (VCI) is a syndrome of cognitive

impairment secondary to bleeding, ischemic stroke, cerebrovascular

injury, and other diseases. Patients may present with cognitive

impairment such as memory problems, behavioral abnormalities,

speech difficulties, and even dementia (6). Various mechanisms

involving immune inflammatory response, oxidative stress, and

damage to the blood-brain barrier are associated with the

development of VCI (7–11). Some studies have also reported that

a strong correlation between HCC and the changes in intestinal

microbiota in Alzheimer’s disease has been observed, indicating that

HCC may promote cognitive impairment in Alzheimer’s disease

by affecting the intestinal microbial ecology (12). Furthermore,

some studies have found common transcriptional changes between

Alzheimer’s disease andHCC and other cancers (13). Abnormal levels

of circulating metabolites such as amino acids and fatty acids are

associated with cognitive impairment caused by vascular dysfunction

(14–16). Metabolomic analysis showed that dysregulation of various

metabolites was closely related to HCC, suggesting its involvement in

promoting the occurrence of HCC-related VCI (17). The circulating

metabolites may, therefore, be affected by HCC, thereby resulting in

cognitive impairment.

Metabolomics is the qualitative and quantitative analysis of the

metabolites of an organism or cell during a specific period to deduce

the relationship between different metabolites and the corresponding

pathophysiological state. Metabolomics is now widely used in many

fields such as disease diagnosis, drug toxicology, pharmaceutical

development, and microbial metabolism (18, 19). Since abnormal

metabolism is a common feature of cancer cells, metabolomics plays

an important role in tumor prognosis, drug target research, and

metabolic marker screening (20). The liver is the central organ of

humanmetabolism and is involved in regulating the expression levels

of many metabolites, which makes the metabolomic study of HCC

particularly important (21, 22). Zoe Hall and other researchers found

that the proliferation of HCC tumor cells is closely related to altered

metabolic pathways such as adipogenesis and phosphatidylcholine

production (23). Further, the serum bile acid levels were significantly

higher and serum sphingolipid levels were lower in HCC patients,

suggesting that the changes in these metabolites are closely related

to the development of HCC (24). Metabolomic analysis of VCI

showed that the disease-related biomarkers were mainly associated

with homocysteine, folate, branched-chain amino acids, and lipid

metabolism (16). Sphingolipids, cholesterol, phospholipids, and

other lipids play an important role in themaintenance of the structure

and function of neuronal structures. Therefore, some researchers

have suggested that disorders of lipid metabolism could be vital in the

pathogenesis of VCI, but the exact mechanism is not yet clear (25).

This suggests that HCC and VCI are associated with metabolomic

changes, and related studies are needed.

The development of next generation sequencing (NGS)

technologies and bioinformatic tools allows a large-scale analysis

of each parameter involved in cancer and other systemic disease

(26–32). In this study, the Gene Expression Omnibus (GEO)

database and literature search were utilized to obtain metabolomic

data on HCC and VCI, and Metaboanalyst 5.0 was used to obtain

the metabolic differentially expressed genes (DEGs) as previous

researches (33–36). In order to understand the possible mechanism

of VCI caused by HCC and provide some theoretical basis for the

clinical treatment of HCC, we conducted principal component

analyses, functional enrichment analyses, immune function analyses,

and tumor mutational burden (TMB) analyses of the above genes.

We investigated possible mechanisms of VCI induction by HCC in

this study.

Methods

Data acquisition

VCI clinical and transcriptomic (mRNA) data were downloaded

from GEO database. The filter conditions were set to ①” vascular

cognitive impairment”; ② human. This study was derived from

10 “normal cognitive patients” and 10 “patients with VCI” from

the microarray dataset GSE201482 in 10 cases. DEGs of VCI

were screened according to the criteria of P-value < 0.05 and

|log2FC| ≥ 1.00. HCC clinical, transcriptomic (mRNA) data were

downloaded from TCGA (https://portal.gdc.cancer.gov/) website,

and their expression matrix was compiled and summarized by R.

DEGs were screened by adjust P-value < 0.05 and |log2FC| ≥

1.0, and heat maps were plotted. DEGs were categorized into up-

regulated, down-regulated, and non-statistically significant groups,

and then imported into R for volcano plots. Bioconductor R software’s

bioconductor R package was used to normalize and calculate

expression values for microarray data. Based on the screened DEGs,

heat maps and cluster analyses were performed using the heatmap

package. We transformed DEG P-value to –log10, grouped them

according to log2FC, and imported the processed data into R for

volcano plotting. The HCC expression matrix data was downloaded

from the Cancer Genome Atlas database. According to the pre-

screened genes, the relative expression of the core genes in the HCC

expression data was analyzed using “ggpubr” package and a relative

expression box plot was drawn.

Metabolomics matrix construction and
multi-omics analyses

For multi-omics analysis, metabolically differentially expressed

metabolites and DEGs were imported from HCC and VCI

metabolomics into Metaboanalyst 5.0, while metabolomics genes

associated with HCC and VCI were incorporated into Venny

2.1 software (http://bioinfogp.cnb.csic.es/tools/venny/index.html)

for plotting Venn diagrams and obtaining metabolomic differential

genes associated with HCC and VCI.
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Immuno-infiltration analysis and
immunofunctional analysis

The HCC expression matrix data obtained above were subjected

to a deconvolution algorithm using the CIBERSORT package, which

allows estimation of the cellular composition of complex tissues based

on normalized gene expression data, as well as quantification of

specific cell types. The immune cell sorting perl script is used to sort

the HCC-associated infiltrating immune cells. The limma R package

in R was used to calculate expression values from themicroarray data.

HCC and paraneoplastic tissues were analyzed using the CIBERSORT

package. With the CIBERSORT package, the composition of immune

cells in each sample was further analyzed and histograms were

plotted. Pheatmap was used to generate heat maps showing immune

cell distribution. HCC immune cell infiltration co-expression map

was plotted using corrplot to analyse interactions between immune

cell populations. Finally, the expression of each immune cell was

analyzed using the vioplot package in HCC tissues and paracancerous

tissues. In relation to immunofunctional analysis, we used the

“limma,” “GSVA,” “gseabase,” “pheatmap,” and “reshape2” packages to

perform immunofunctional analysis on HCC metabolomics-related

genes to identify targets for precision therapy.

VCI-associated HCC metabolic genes
prognostic model

Standardized HCC metabolomics data were merged with HCC

clinical data, and univariate and multifactorial Cox prognostic

survival analyses on HCC differential genes were performed using

the R language packages survival, caret, glmnet, survminer, and

survroc to plot survival curves for closely related key metabolomics

genes. In addition, 370 cases were randomly divided into testing

group (n = 185) and training group (n = 185). R software was

used to perform risk survival analysis on the pre-merged data,

plotting risk survival curves and receiver operator characteristic

(ROC) curves for testing group, training group, and total group

as previous studies (37–40). On the general clinical data of HCC,

the survival package was again used to perform clinical statistical

analysis and risk prognostic analysis. To investigate the risk factors

associated with HCC, forest plots, and histograms were plotted for

single- and multi-factor independent prognostic analysis. Further

model validation on clinical subgroups was performed using the

“survival” and “survminer” packages.

Principal component analysis and
enrichment analysis of gene ontology (GO)
and the Kyoto encyclopedia of genes and
genomes (KEGG) for genes associated with
HCC metabolomics

The scatterplot3d package was used for the principal component

analysis of HCC metabolomics-related genes and HCC-related risk

genes, and the clusterprofilergo.R package in R (https://www.r-

project.org/) software and Perl language were used formetabolomics-

related HCC GO analysis for differential genes. KEGG pathway

enrichment analysis was performed using the clusterprofilerkegg.R

package to analyze core pathway enrichment based on enrichment

factor values and to investigate the biological functions and signaling

pathways that may be associated with HCC.

TMB analysis of HCC metabolism-related
genes

TMB files were downloaded from the TCGA database and

correlation tests between core genes and TMB were performed

using functions, with correlation coefficients and P-values calculated.

In addition, correlation analysis between metabolism-related genes

and HCC tumor mutational load was performed using the survival

and survminer software packages, and correlation coefficients and

P-values were calculated.

Gene set enrichment analysis (GSEA)

The GSEA website was used to download the GO/KEGG

annotation files for the whole transcriptome genes, and GO and

KEGG enrichment analyses of the core genes were performed using

the limma, org. Hs. eg. db, clusterprofiler, and enrichplot packages

as previous researches (41–43). Analyses of cellular component

(CC), molecular function (MF), biological process (BP), and KEGG

pathway enrichment were conducted for the core genes. Based

on the enrichment factor values, we analyzed the core pathway

enrichment and examined the potential biological functions and

signaling pathways of the HCC core genes.

Screening for potential therapeutic drugs

“pRRophetic” is a package that can be used to predict phenotypes

from gene expression data, predict drug sensitivity in external cell

lines, and predict clinical data. In order to determine the drug

sensitivity of each sample from TCGA database, we used the R

package “pRRophetic” to obtain HCC metabolism-related genes

after prescreening.

Results

Metabolites with di�erential levels in
patients with HCC and VCI

A total of 14 differentially expressed metabolites from HCC,

including 2 up-regulated and 12 down-regulated metabolites,

as well as 71 differentially expressed metabolites from VCI,

including 32 up-regulated and 39 down-regulated metabolites,

were identified by screening criteria of fold change (FC) >1.5

and P-value < 0.05. Data enrichment and metabolic pathway

analysis were performed using Metabolanalyst 5.0. Ammonia

recycling, glutathione metabolism, glutamate metabolism, and

Beta A metabolism were enriched for differentially expressed

metabolites of VCI (Figures 1A, B). As part of the metabolic

signaling pathway enriched for aminoacyl-tRNA, glycine, serine, and

threonine biosynthesis, valine, leucine, and isoleucine biosynthesis,

glyoxylate and dicarboxylate metabolism, phenylalanine metabolism,

phenylalanine, tyrosine, and tryptophan biosynthesis, etc
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FIGURE 1

VCI and HCC metabolomic analysis. (A) VCI di�erentially expressed metabolite enrichment analysis diagram; (B) Di�erentially expressed metabolite

signaling pathways in VCI; (C) Di�erentially expressed metabolite enrichment distributions in HCC; (D) Di�erentially expressed metabolite signaling

pathways in HCC.

(Figures 1A, B). Among the metabolic functions enriched for

differentially expressed metabolites of HCC are the Warburg effect,

gluconeogenesis, purine metabolism, phosphatidylethanolamine

biosynthesis, phosphatidylcholine biosynthesis, and arginine and

proline metabolism (Figures 1C, D). The main enriched metabolic

signaling pathways include glycerophospholipid metabolism, citrate

cycle (TCA cycle), pyruvate metabolism, purine metabolism,

glycolysis/gluconeogenesis, and the alanine, aspartate, and glutamate

metabolism (Figures 1C, D). Based on the above, it is evident that

metabolism-related genes may play a role in HCC and VCI.

HCC and VCI transcriptome DEGs

The TCGA website (https://portal.gdc.cancer.gov/) was used

to download clinical and transcriptomic expression data related

to HCC, and a total of 424 transcriptomic and 377 clinical

datasets were obtained according to the predefined screening

criteria. Differential expression data were screened based on

adjusted P-values < 0.05 and |log2FC| ≥ 1.0. A total of 882

differentially expressed mRNAs were screened in the dataset,

including 487 up-regulated mRNAs and 395 down-regulated

mRNAs; DEGs were screened for differential analysis based on

P-value. The top 100 most significant differentially expressed

mRNAs were screened based on P-values and plotted as heat

maps (Figure 2A). Following differential analysis, P-values were

–log10 transformed, grouped according to log2 FC (groups of

up-regulated DEGs, down-regulated DEGs, and non-statistically

significant DEGs), and imported into R for plotting volcanoes

(Figure 2B). The GSE201482 dataset contained 343 differentially

expressed mRNAs, including 179 up-regulated and 164 down-

regulated mRNAs. The top 100 differentially expressed coding RNAs

with the greatest significance were screened, and the heat map

was created based on the P-value (Figure 2C). Further, –log10

(P-value) was transformed from differential analysis microarray

data, –log10 (P-value) was grouped by log2 FC (groups of

up-regulated DEGs, down-regulated DEGs, and non-statistically

significant DEGs), and the processed data was imported into R to plot

volcanoes (Figure 2D).

Frontiers inNeurology 04 frontiersin.org
185

https://doi.org/10.3389/fneur.2022.1109019
https://portal.gdc.cancer.gov/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Zhu et al. 10.3389/fneur.2022.1109019

FIGURE 2

Transcriptomic analysis of HCC and VCI. (A) Heat map of DEGs clustering for HCC transcriptomics; (B) Transcriptomics of DEGs volcanoes for HCC; (C)

Heat map of DEGs clustering for VCI transcriptomics; (D) Volcano map for VCI transcriptomics based on DEGs.

Multi-omics analysis of HCC and VCI

The differentially expressed metabolites and DEGs of HCC

and VCI obtained in the previous stage were imported into

Metaboanalyst 5.0 for multi-omics analysis, and 360 metabolic

DEGs associated with HCC and 63 metabolic DEGs associated

with VCI were obtained (Figures 3A, B). To plot the Venn

diagram, the above metabolomics genes associated with HCC and

VCI were imported into Venny 2.1 software (http://bioinfogp.

cnb.csic.es/tools/venny/index.html). Accordingly, 8 mRNAs

were selected, including 1 up-regulated and 7 down-regulated

mRNAs, namely: NNMT, PHGDH, NR1I2, CYP2J2, PON1,

APOC2, CCL2, and SOCS3 (Figure 3C). Figure 4 shows a heat

map of those differentially metabolized DEGs related to HCC

and VCI.

Prognostic models based on metabolic
genes related to HCC and VCI

The 377 clinical cases were randomly divided into a test

group and a training group, for clinical and statistical analysis.

No significant differences were found between the two groups

in terms of age, gender, and tumor stage (P-value > 0.05), and

the data from the two groups were comparable, as shown in

Supplementary Table 1. Based on a multifactorial regression model,

we composed these six genes (NNMT, PHGDH, NR1I2, CYP2J2,

PON1, APOC2, CCL2, and SOCS3) into a risk factor model

called riskScore. In the COX survival prognostic model, survival

time decreased with increasing riskScore in the test group and

the training group (P-value < 0.05) (Figures 5A, B). Independent

prognostic analyses by univariate and multifactorial regression

showed that the tumor stage and riskScore were significantly

associated with prognosis in HCC patients (Figures 5C, D). For

prognosis prediction of HCC patients at 1, 3, and 5 years, the

area under the curve (AUC) of the subject working characteristic

(ROC) curve exceeded 0.59 (Figure 5E). Among the ROC curves

for all HCC risk factors, the AUC of riskScore for metabolic

genes related to HCC and VCI was the largest and >0.6

(Figure 5F), indicating a good sensitivity of the established survival

prognostic model. Based on HCC and VCI-related metabolic genes,

a nomogram prognostic model was constructed, and the test

results showed survival rates of 0.929, 0.86, and 0.81 after 1 year

(P-value < 0.05) (Figure 5G).
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FIGURE 3

Analysis of multi-omics data; (A) Bubble map of enrichment distribution of HCC metabolism-related genes; (B) Bubble map of enrichment distribution of

VCI metabolism-related genes; (C) Venn diagram showing the intersection of HCC and VCI di�erential genes.

FIGURE 4

Clustering of metabolism-related genes in HCC.

Principal component analysis, GO, and KEGG
enrichment analysis of metabolism-related
genes of HCC

Principal component analysis of HCC metabolism-related genes

and HCC-associated genes was performed using the scatterplot3d

package (Figures 6A, B). GO and KEGG pathway enrichment

analysis of those eight differentially metabolized DEGs related

to HCC and VCI were done using Bioconductor package and

clusterprofiler package in R language. The GO analysis of

those eight differentially metabolized DEGs showed that their

biological processes were mainly enriched in response to a drug

or an exogenous drug catabolic process (Figures 7A–F). The

cellular components that were mainly enriched included high-

density lipoprotein particles and plasma lipoprotein particles. The

molecular functions including phospholipase activator activity,

lipase activator activity, and phospholipase binding were also

enriched. The enriched KEGG pathways included TNF signaling

pathway, Influenza A lipid and atherosclerosis pathway, linoleic

acid metabolism, nicotinate and nicotinamide metabolism, glycine,

serine, and threonine metabolism, and so on (Figures 7G, H).

This indicates that the pathways and functions of these DEGs

enrichment may be connected to the immune microenvironment

and metabolism.
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FIGURE 5

Developing a prognosis model for HCC. (A) Prognostic curves for the overall sample group; (B) The survival prognosis curve for the training group; (C)

Analysis of independent prognostic factors based on single-factor regression; (D) Analysis of independent prognostic factors based on multi-factor

regression; (E) HCC 5-year survival ROC curves; (F) HCC risk factor ROC curves; (G) Nomograph of metabolomic prognostic models for HCC.

Immuno-infiltration and immunofunctional
analysis of metabolized DEGs related to HCC
and VCI

The obtained HCC expression matrix data were background

corrected and normalized and expression values for the microarray

data were calculated using the limma R package in R. The immune

cell composition of each sample was further analyzed using the

CIBERSORT package and histograms were plotted (Figure 8A). The

immune cell distribution heat map was plotted using the pheatmap

package (Figure 8B). The interaction of immune cell populations

in HCC was then analyzed using the corrplot package and co-

expression maps of immune cell infiltration in HCC were plotted

(Figure 8C). Finally, the expression matrix data were analyzed using

the Vioplot package to investigate the expression of each immune

cell in HCC tissues as well as paracancerous tissues, and further

plotted (Figure 8D).

Immunological functions of HCC metabolism-related genes

were analyzed using limma, Gene Set Variation Analysis (GSVA),

gseabase, pheatmap, and reshape2 packages. The immune functions

weremainly focused on antigen-presenting cells (APC) co-inhibition,

APC co-stimulation, cytokine-cytokine receptor interaction (CCR),

checkpoint, cytolytic activity, human leukocyte antigens (HLA),

inflammation-promoting, MHC_class_I, and parainflammation

(Figure 9). This study reveals and visualizes immune infiltration and

immune function associated with metabolic DEGs of HCC and VCI.
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FIGURE 6

PCA distribution map. (A) Metabolic-related genes PCA distribution map; (B) Genes related to HCC PCA distribution map.

FIGURE 7

Enrichment analysis; (A) BP enrichment bubble plot; (B) BP enrichment plot; (C) CC enrichment bubble plot; (D) CC enrichment plot; (E) MF enrichment

bubble plot; (F) MF enrichment plot; (G) KEGG enrichment bubble plot; (H) KEGG enrichment plot.

TMB analysis of metabolized DEGs related to
HCC and VCI

The HCC expression data and TMB files were imported into

R, and the correlation between DEGs related to HCC and tumor

mutation load was calculated by using the function, and the waterfall

plots of high and low-risk groups were drawn according to the

correlation results (Figures 10A, B). The differential analysis results

suggested that the tumor mutation load in the low-risk group was

significantly higher than that in the high-risk group (Figure 10C).

Survival analysis of the tumor mutation load of HCC metabolism-

related genes showed that the survival period of the low tumor

mutation load group was significantly longer than that of the

high tumor mutation load group (P-value < 0.05) (Figure 10D).

In addition, combining tumor mutation load characteristics and

metabolism-related genetic factors, the low-risk group with low

tumor mutation load had the highest probability of survival while

the high-risk group with low tumor mutation load had the lowest

probability of survival (Figure 10E).

Relative expression of PHGDH, NR1I2, and
APOC2

After obtaining the core genes PHGDH, NR1I2, and APOC2

from the previous differential expression analysis and survival

prognosis analysis, we further investigated their relative expression

in HCC. The transcriptome data of HCC were downloaded from

the TCGA and the ggpubr package was used to analyze the relative

expression of the identified core genes and to draw box expression
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FIGURE 8

Infiltration analysis of immune cells. (A) Distribution of immune cells in HCC; (B) HCC immune cell distribution heat map; (C) HCC immune cell

interaction heat map; (D) Image showing the relative amount of immune cells in HCC.

FIGURE 9

Immune enrichment analysis heat map.

Frontiers inNeurology 09 frontiersin.org
190

https://doi.org/10.3389/fneur.2022.1109019
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Zhu et al. 10.3389/fneur.2022.1109019

FIGURE 10

TMB analysis; (A) The waterfall plot for the high risk group; (B) The waterfall plot for the low risk group; (C) The di�erential analysis of tumor mutation

burden; (D) Survival analysis of tumor mutation burden; (E) Survival analysis of TMV+ risk factors.

maps (Figures 11A–C). The results revealed that PHGDH and NR1I2

genes exhibited low expression in HCC tumor tissues (P-value <

0.001) while APOC2 genes were highly expressed in HCC tumor

tissues (P-value < 0.01).

Single-gene GSEA enrichment analysis

The GO/KEGG annotation file downloaded from the GSEA

website and the HCC tumor data file were read into R. Analytical

operations were performed, and it was found that: the GO of gene

PHGDH at HCC was enriched in CHROMATIN REMODELING,

DNA PACKAGING, and PROTEIN DNA COMPLEX SUBUNIT

ORGANIZATION functions (Figure 12A). The GO function

of gene NR1I2 was enriched in ACTIVATION OF IMMUNE

RESPONSE, ADAPTIVE IMMUNE RESPONSE BASED ON

SOMATIC RECOMBINATION OF IMMUNE RECEPTORS BUILT

FROM IMMUNOGLOBULIN SUPERFAMILY DOMAINS, and

ALPHA BETA T CELL ACTIVATION (Figure 12B). The gene

APOC2 was functionally enriched in CHROMATIN ASSEMBLY

OR DISASSEMBLY, EPIDERMAL CELL DIFFERENTIATION,

and INFLAMMATORY RESPONSE TO ANTIGENIC STIMULUS

(Figure 12C); The main PHGDH gene-enriched KEGG pathways

are OLFACTORY TRANSDUCTION, CIRCADIAN RHYTHM

MAMMAL, GRAFT VS. HOST DISEASE signaling pathways

(Figure 12D); The NR1I2 gene enriched KEGG pathways are mainly

ANTIGEN PROCESSING AND PRESENTATION, CYTOKINE

RECEPTOR INTERACTION, and CYTOSOLIC DNA SENSING

signaling pathways (Figure 12E). The main KEGG pathways

enriched by the APOC2 gene are OLFACTORY TRANSDUCTION,

CYTOSOLIC DNA SENSING PATHWAY, and REGULATION OF

AUTOPHAGY signaling pathway (Figure 12F).

Potential drug screening

To evaluate therapeutically effective drugs against DEGs related

to HCC and VCI, we used the limma, ggpubr, prrophetic,

and ggplot2 packages. Drugs with potential clinical efficacy

against HCC metabolism-related genes include A-443654, A-

770041, AP-24534, BI-2536, BMS-509744, CGP-60474, CGP-082996,

CMK, cyclopamine, dasatinib, doxorubicin, etoposide, gemcitabine,

GW843682X, HG-6-64-1, and JW-7-52-1 (Figures 13A–P).

Discussions

VCI is an acquired mental impairment syndrome, which is

characterized by cognitive impairment, memory difficulties, and
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FIGURE 11

Analysis of the relative expression of target genes; (A) Relative expression of PHGDH (p < 0.001); (B) Relative expression of NR1I2 (p < 0.001); (C) Relative

expression of APOC2 (p < 0.001).

FIGURE 12

GSEA enrichment analysis of DEGs (PHGDH, NR1I2, and APOC2); (A) GO enrichment analysis of PHGDH in HCC; (B) GO enrichment analysis of NR1I2 in

HCC; (C) GO enrichment analysis of APOC2 in HCC; (D) KEGG enrichment analysis of PHGDH in HCC; (E) KEGG enrichment analysis of NR1I2 in HCC; (F)

KEGG enrichment analysis of APOC2 in HCC.

neurodegenerative lesions (44). Previous studies have pointed out

that HCC may be associated with cognitive disorders of the brain

such as hepatic encephalopathy, but the specific mechanisms by

which HCC induces VCI are unclear (45). Metabolomic studies

have shown that the pathogenesis of VCI may involve various

mechanisms such as impaired myelin synthesis caused by glucolipid

metabolism disorders and related metabolites leading to blood-

brain barrier disruption and vascular endothelial damage (46–48).

HCC may affect metabolic disorders promoting the development of

VCI. According to the current studies, the possible mechanisms of

cognitive impairment due to HCC include impaired blood ammonia

and bile acid metabolism, oxidative stress injury and inflammatory

response, impaired blood-brain barrier, neurotransmission disorders,

neurotoxic accumulation, and disturbance of cerebral energy

metabolism (49–51). Therefore, in this study, we propose that HCC

may influence the body’s metabolism to promote the occurrence of

VCI. In this study, we obtained the 8 significant HCC-VCI DEGs by

metabolomic analysis, which are NNMT, PHGDH, NR1I2, CYP2J2,

PON1, APOC2, CCL2, and SOCS3. Previous literature indicated that

the above eight genes are mostly involved in the development of VCI.

NNMT encodes proteases involved in the metabolism of various

substances and drugs in vivo and is highly expressed in a variety

of tumors, correlating with tumor infiltration, distant metastasis,

and malignancy (52, 53). NNMT encodes neuronal proteins
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FIGURE 13

Screening for potential drugs; (A) The therapeutic e�ect of the drug A-443654; (B) The therapeutic e�ect of the drug A-770041; (C) The therapeutic

e�ect of the drug AP-24534; (D) The therapeutic e�ect of the drug BI-2536; (E) The therapeutic e�ect of the drug BMS-509744; (F) The therapeutic e�ect

of the drug CGP-60474; (G) The therapeutic e�ect of the drug CGP-082996; (H) The therapeutic e�ect of the drug RSK2 kinase inhibitor (CMK); (I)

Cyclopamine drug’s therapeutic e�ects; (J) The therapeutic e�ect of the drug Dasatinib; (K) The therapeutic e�ect of the drug Doxorubicin; (L) The

therapeutic e�ect of the drug Etoposide; (M) The therapeutic e�ect of the drug Gemcitabine; (N) The therapeutic e�ect of the drug GW843682X; (O) The

therapeutic e�ect of the drug HG-6-64-1; (P) The therapeutic e�ect of the drug HG-6-64-1.

whose increased expression is associated with stress responses in

the brain microenvironment and can be involved in promoting

cognitive impairment (54–56). PHGDH encodes a phosphoglycerate

dehydrogenase involved in the synthesis of L-serine, a regulator

of synaptic plasticity and an essential product for T-cell expansion

(57, 58). PHGDH mutants can result in neurological symptoms such

as impaired motor function, and its overexpression can promote

proliferation and invasion of cancer cells such as HCC (59–61).

Further, PHGDH has been found to contribute to the development

of cognitive impairment (62). NR1I2 is a member of the nuclear

receptor superfamily and is involved in encoding a transcriptional

regulator that regulates cytochrome P450 (CYP) enzymes. Previous

studies suggest that NR1I2 may regulate bile acid metabolism

involved in promoting the progression of cognitive impairment (63).

CYP2J2 is a cyclooxygenase that is involved in regulating the body’s

inflammatory response, cell proliferation, and other physiological

functions, and plays an important role in the homeostasis (64).

CYP2J2 variants are involved in promoting cerebrovascular disease

and their polymorphisms are associated with susceptibility to

cognitive impairment (65, 66). CYP2J2 increases the production

of eets and enhances HIF-1 alpha stability and promotes the

development of HCC (67). PON1 encodes calcium-dependent high-

density lipoprotein-related lipase, which can reduce reactive oxygen

species, reduce LDL oxidative stress, enhance HDL antioxidant

capacity, and participate in anti-inflammatory and antioxidant

activities in neurodegenerative diseases, neuroinflammation, and

other neurological diseases (68, 69). Studies have pointed out

that reduced PON1 activity may affect lipid metabolism, promote

vascular endothelial damage, and contribute to the development

of cognitive impairment (69–72). PON1 levels were negatively

correlated with HCC vascular invasion, probably due to its anti-

inflammatory activity and its role in the maintenance of normal

vascular endothelial function (73). APOC2 encodes a lipid-binding

protein belonging to the apolipoprotein family, which is involved
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in the composition of very low-density lipoproteins and in

promoting the hydrolysis of triglycerides (74, 75). High serum

levels of APOC2 are associated with cognitive impairment, and

the exact underlying mechanism of action is unclear (76, 77).

CCL2 or MCP-1 is a member of the CC chemokine family, and

abnormally expressed CCL2 is closely associated with CNS diseases,

neoplastic diseases, and inflammatory diseases. The CCL2/CCR2

axis activates the Hedgehog pathway involved in the induction of

HCC invasion and epithelial-mesenchymal transition (78). Further,

CCL2 may be involved in promoting the progression of cognitive

impairment through enhancing excitotoxicity, oxidative stress-

induced inflammatory damage, and apoptosis in neuronal cells,

affecting glutamate metabolism and inducing microglia activation in

the local microenvironment (79–82). SOCS3 is an important negative

feedback regulatory protein in the JAK/STAT signaling pathway,

a key physiological regulator in natural and acquired immunity,

T-lymphocyte differentiation, and immune regulation, and plays a

negative feedback regulatory role in immune/inflammatory diseases

(83–85). The SOCS3 signaling pathway is also involved in the

development of HCC (86, 87). Thus, the above genes may be

associated with the occurrence of HCC-induced VCI.

The developed HCC metabolomics prognostic model based on

HCC-VCI DEGs has a good prognostic effect. Principal component

analysis, functional enrichment analysis, immune function analysis,

and TMB analysis suggested that HCC-VCI DEGs may affect

the immune microenvironment and thus result in the occurrence

and development of VCI in HCC. Therefore, the immune-related

effects of the above genes were probed, and it was observed

that several of these genes were associated with immunity.

PHGDH can promote liver ceramide synthesis to maintain lipid

homeostasis, and participate in the maintenance of mitochondrial

REDOX homeostasis and cellular homeostasis in the immune

microenvironment (88, 89). NR1I2 is involved in the regulation of

T-cell differentiation and plays an important role in the regulation

of immune homeostasis (90, 91). APOC2 may play a protective

role in the immune microenvironment of atherosclerotic disease by

inhibiting foam cell formation, in addition to participating in lipid

metabolism (74, 92, 93). CCL2 plays an important role in immune

regulation by recruiting chemotactic monocytes/macrophages to the

site of inflammation, mediating the inflammatory response to limit

pathogen invasion, and participating in the repair of damaged tissues

(94, 95).

In summary, our study revealed that the HCC-associated

metabolic DEGs such as NNMT and PHGDH may influence the

occurrence and progression of VCI in HCC patients by affecting

the immune microenvironment. Further by establishing a prognostic

model and screening potential targeted drugs, we found that

the above genes had a good prognostic effect on HCC. Finally,

drugs that may target HCC-VCI DEGs were screened, namely A-

443654, A-770041, AP-24534, BI-2536, BMS-509744, CGP-60474,

and CGP-082996, and are expected to have good potential clinical

efficacy in patients with HCC-induced VCI. Therefore, this study

provides theoretical support and potential therapeutic strategies for

the pathogenesis and clinical treatment of VCI in HCC patients.

However, the current study also has some limitations. On the one

hand, a larger sample of data is needed to verify the conclusions while

on the other, relevant biological experiments are needed to clarify the

specific regulatory mechanisms.

Conclusion

HCC metabolization-related DEGs such as NNMT and PHGDH

may lead to the occurrence of VCI in HCC patients by affecting

the immune microenvironment. Further by establishing a prognostic

model and screening the potential targeted drugs, we found that

the above genes had a good prognostic effect on HCC. A-443654,

A-770041, AP-24534, BI-2536, BMS-509744, CGP-60474, and CGP-

082996 could be potential candidates with good clinical efficacy for

treating VCI in HCC patients.
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Alteration of neurofilament heavy
chain and its phosphoforms
reveals early subcellular damage
beyond the optic nerve head in
glaucoma

Lan Zhou1,2, Dongyue Lin2, Guihua Xu1, Xiaoyi Wang1, Zilin Chen1,

Dingding Wang1 and Huiya Fan1*

1Ophthalmological Center of Huizhou Central People’s Hospital, Huizhou, Guangdong, China, 2State

Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-sen University, Guangzhou,

Guangdong, China

Background:Retinal ganglion cells (RGCs) axon loss at the site of optic nerve head

(ONH) is long believed as the commonpathology in glaucoma since di�erent types

of glaucoma possessing di�erent characteristic of intraocular pressure, and this

damage was only detected at the later stage.

Methods: To address these disputes and detect early initiating events underlying

RGCs, we firstly detected somatic or axonal change and compared their di�erence

in acute and chronic phase of primary angle-closed glaucoma (PACG) patient

using optical coherence tomography (OCT), then an axonal-enriched cytoskeletal

protein neurofilament heavy chain and its phosphoforms (NF-H, pNF-H) were

utilized to reveal spatio-temporal undetectable damage insulted by acute and

chronic ocular hypertension (AOH, COH) in two well characterized glaucoma

mice models.

Results: In clinic, we detected nonhomogeneous changes such asONH and soma

of RGCs presenting edema in acute phase but atrophy in chronic one by OCT. In

AOH animalmodels, an increase expression of NF-H especially its phosphorylation

modification was observed as early as 4 h before RGCs loss, which presented as

somatic accumulation in the peripheral retina and at the sites of ONH. In contrast,

in microbeads induced COHmodel, NF-H and pNF-H reduced significantly, these

changes firstly occurred as NF-H or pNF-H disconnection at ONH and optic nerve

after 2 weeks when the intraocular pressure reaching the peak; Meanwhile, we

detected aqueous humor pNF-H elevation after AOH and slight reduction in the

COH.

Conclusion: Together, our data supports that early alteration of NF-H and

its phosphoforms would reveal undetectable subcellular damage consisting of

peripheral somatic neurofilament compaction, impaired axonal transport and

distal axonal disorganization of cytoskeleton beyond the ONH, and identifies two

distinct axonal degeneration which were Wallerian combination with retrograde

degeneration in acute PACG and retrograde degeneration in the chronic one.

KEYWORDS

neurofilament heavy chain, optic nerve head, retinal ganglion cells, axon degeneration,

acute angle closed glaucoma, chronic angle closed glaucoma
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Introduction

Glaucoma is the leading cause of irreversible blindness

worldwide. It consists of different subtypes, including primary

angle-closed glaucoma (PACG) and primary open-angle glaucoma

(POAG), and among these subtypes, In China, PACG is the most

prevalent subtype and is highly deleterious to visual function (1, 2).

Elevated intraocular pressure (IOP) is a well-known risk factor

of PACG, which leads to an elevated pressure gradient across the

lamina cribrosa, predisposing the retinal ganglion cell (RGC) axon

to damage at the sites of the optic nerve head (ONH) (3, 4).

Clinically, structural measurements of the retinal nerve fiber layer

(RNFL) at the ONH are widely used to assess RGC damage (5).

However, these structural changes are only detected by current

methods when the visual field is seriously damaged (6). The

early pathogenesis underlying RGC damage still remains poorly

understood. A better understanding of early glaucomatous axon

damage is, therefore, essential to develop effective methods, as well

as therapeutic agents for the diagnosis and treatment of glaucoma.

To date, evidence from experimental glaucoma models has

demonstrated axonal transport deficit at the site of the ONH and

the distal visual central system occurs preceding structural loss (7,

8). However, the axonal transport is visualized mostly by virtue of

an exogenous anterograde or retrograde tracer; therefore, evidence

supporting axonal transport failure at the ONH is circumstantial.

The normal function of axonal transport depends on the intact

organization of the axonal cytoskeleton, including neurofilaments,

microtubules, and their associated proteins, which provides the

molecular tracks for the bidirectional movement of motor proteins

and their associated cargo (9). Aberrations in several cytoskeletal

proteins, such as neurofilament and tau, have been proven to

potentially act as surrogate markers for axonal injury and transport

damage (10). Among them, neurofilament heavy chain and its

phosphoforms have been gaining more and more attention because

of their deep involvement in maintaining the integrity of the

neuronal cytoskeleton and the important role of revealing early

uneasily detectable damage in neurodegeneration diseases (11–14).

In glaucoma, the changes in neurofilaments have been investigated

in animal models but have remained controversial, as some bodies

of research have observed a reduction in neurofilament heavy chain

(NF-H) at the ONH in AOH (15, 16); conversely, the elevation

of dephosphorylation or phosphorylated NF-H (pNF-H) has been

demonstrated in some acute and chronic ocular hypertension

(AOH, COH)models (17, 18). This suggests that the changes inNF-

H and pNF-H may be different when insulted by different patterns

of elevated IOP, andwhether alteration of themwould indicate early

and undetected damage beyond ONH needs further study.

To address these questions, we first evaluated and compared

the differences in RGC axonal and somatic changes after an AOH

attack and a COH insult in angle-closed glaucoma through an

optical coherence tomography (OCT) RNFL and a ganglion cell

layer (GCL) scan. Then, from clinic to the basic pathological

damage, using two well-characterized glaucoma mice models

that mimicked acute and chronic primary angle-closed glaucoma

(APACG, CPACG), we attempted to reveal the truths underlying

RGC damage through the molecular marker NF-H. In clinic,

RNFL and GCL often presented as edema after the acute attack

of ocular hypertension in APACG but reduced significantly in

CPACG. Our experimental data showed that acute elevated IOP

would cause an early increase in phosphorylated NF-H and NF-

H and that the accumulation was primarily observed in the soma

of peripheral RGCs, while intra-axon swellings and beadings of

pNF-H at the ONH site were observed as well. Unlike these

features, the expression of pNF-H and NF-H markedly decreased

in COH, and these changes first occurred at the ONH and the

optic nerve, presenting as local NF-H or pNF-H disconnection.

Importantly, we detected a correspondingly significant elevation

and a slight reduction in the aqueous humor of both AOH

and COH models. Together, our data support the evidence that

early alteration of NF-H and its phosphoforms would not only

explain the current changes detected by the OCT but also reveal

undetectable damage beyond an axonal loss at the ONH, and we

identified two distinct characteristics of axonal degeneration that

were a retrograde combination with Wallerian degeneration in

APACG and chronic dying back degeneration in CPACG.

Methods

Classification of patients with glaucoma

Acute primary angle-closed glaucoma (APACG) and CPACG

were defined using the International Society of Geographical

and Epidemiological Ophthalmology classification (19). The acute

attack of APACG is defined by the presence of the following

aspects: (1) at least two of the symptoms by the acute episode of

IOP increase, which are nausea and/or vomiting, decreased vision,

ocular pain or headache, and rainbow-colored halos around lights;

(2) IOP ≥ 45 mmHg by the Goldmann applanation tonometry;

(3) signs such as corneal epithelial edema, conjunctival injection,

shallow anterior chamber, or a mid-dilated unreactive pupil at the

first presentation; (4) closed angles in at least three quadrants by a

gonioscopic examination; and (5) the start of the symptoms only

recently, which were relieved by local or systematic IOP-lowering

drugs during hospitalization.

Chronic primary angle-closed glaucoma is demonstrated by the

following criteria: (1) visual function damage; (2) at least three

quadrants of the posterior trabecular meshwork being invisible on

gonioscopy; and (3) gradually elevated IOP without signs of acute

angle-closure attack.

The exclusion criteria of the present study were as follows: (1) a

previous laser or an intraocular surgery performed on either eye; (2)

patients with a subluxated lens or intumescent cataract; (3) patients

with uveal effusion; (4) patients with retinal detachment or macular

pathology on ocular examination; (5) patients with AL < 19mm in

either eye; (6) both eyes were involved; (7) the pictures or data did

not meet the standard for analysis; and (8) basic diseases, such as

hypertension or diabetes, are affecting the patient.

RNFL and ganglion cell layer evaluation
through optical coherence tomography

A total of 35 patients with APACG and 30 patients with

CPACG aged 50–80 years who visited the glaucoma service of our

hospital between January 2020 and December 2021 were recruited
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for analysis. All patients were administered local or systematic

IOP-lowering drugs to eliminate pain and edema, and then,

they underwent routine glaucomatous examinations, including

the Humphrey visual field, A/B scan and OCT. The RNFL and

GCL evaluation was performed by optical coherence tomography

angiography (Carl Zeiss AG, Oberkochen, Germany) with two scan

models, which were the peripapillary retinal nerve fiber layer and

the macular ganglion cell layer. RNFL thickness was measured by

reference to a circle scan with a diameter of ∼ 3.45mm, which

was divided into four focal sectors: superior, inferior, temporal,

and nasal. GCL thickness was acquired with a 6 × 6-mm scanning

area centered on the macula. Informed consent was obtained from

all patients.

Animals

Weused female ormale adult C57BL/6J (6–8 weeks)mice (Vital

River, China) for the experiments conducted during the study. All

mice were housed under a 12-h light/dark cycle at 22 ± 2◦C, with

free access to food and water. The animals were habituated in the

experimental environment for 1 week before each experimental

procedure. All animal experiments were conducted in accordance

with the National Institutes of Health Guide for the Care and Use of

Laboratory Animals approved by the Institutional Animal Care and

Use Committee of Guang DongMedical University and Zhongshan

Ophthalmic Center.

Acute ocular hypertension and
microbead-induced chronic ocular
hypertension model

The induction of AOH was performed on the right eye as

previously reported (20). Briefly, animals were anesthetized by an

intraperitoneal injection of a 1:1 mixture (1.0 ml/kg) of ketamine

(100 mg/ml, Fujian Gutian Pharmaceutical Co., Ltd., China) and

xylazine (20 mg/ml, Sigma, Germany), the cornea was topically

anesthetized with 0.5% tetracaine hydrochloride, and the pupil

was dilated with 1% tropicamide. Next, the anterior chamber of

the right eye was perfused with a 30-gauge needle connected to a

normal saline reservoir, which was elevated to a height of 80 cm

H2O (60 mmHg) for 2 h. The same operation was performed on

the eyes of the sham control group but without increasing the

pressure. IOP was confirmed by a tonometer (Tono-Lab; ICARE,

Finland). Three different time points, including 4, 6, and 12 h

after AOH, were set for histological and molecular studies, while

30 mice were used for analysis (n = 5 mice per experiment at

each time point) and 4 mice were excluded because of cataract or

intra-ocular hemorrhage.

A microbead-induced chronic ocular hypertension model

was established as described in earlier sections (21, 22). Before

a microbead injection, baseline IOP was acquired using the

tonometer (Tono-Lab; ICARE, Finland) in mice anesthetized with

2.5% isoflurane (Minrad Inc., Bethlehem, PA, USA) for at least two

consecutive days prior to surgery. Next, 2 µl of 3-µm magnetic

microbeads (Bangs Laboratories, Inc, IN, USA) was injected into

the anterior chamber angle of the experimental mice anesthetized

with 2.5% isoflurane, and the same volume of sterile saline was

injected into the anterior chamber of control mice. After the

surgery, antibiotic drops (0.5% ofloxacin hydrochloride ophthalmic

solution; Alcon Laboratories, Inc., USA) were applied in the surgery

eye, and the animal recovered for 24 h prior to IOP measurements.

IOP was measured every 2 days for 10 days and then every 5 days

for 20 days. Thirty-six mice were prepared for the experiment; six

mice with inadequate IOP elevation and infection were excluded.

Finally, 20 mice were used for the IOP measurement: nine mice at

2 weeks and the remaining 11 mice housed for 4 weeks were used

for a further study.

Tissue collection

Tissues such as retinal wholemount, sections, and the optic

nerve were collected at a certain time point of AOH and COH

animal models. A 20-mm cryostat section was acquired from the

eye cups embedded in Optimal Cutting Temperature compound

(OCT, Tissue-Tek, USA) after being fixed in 4% paraformaldehyde

(PFA) for 30min and dehydrated in 20% sucrose dissolved in

PBS overnight. To obtain the retinal wholemount and the optic

nerve, mice were transcardially perfused with cold saline followed

by 4% paraformaldehyde for 30min. Their eyes were enucleated,

the cornea and the lenses were removed, and the eye cups were

postfixed in 4% PFA for 10min. The retinas or the retinal nerve

were then dissected from the eye cups for further study.

Western blot analysis

The retinas and the optic nerve head from AOH and

COH models were harvested at a certain time point and then

homogenized in RIPA lysis bu?er (Millipore, Germany). Then,

the sample was separated on SDS–PAGE and electroblotted

onto a PVDF membrane (Bio-Rad, USA). Primary antibodies

against phosphorylated neurofilament-H (1:500; Millipore,

Germany), neurofilament-H or L (1:1,000; Millipore, Germany),

neurofilament-M (1:1,000; Cell Signaling Technology, USA)

followed by incubation with a HRP-conjugated secondary antibody

were used. Antibody-reactive bands were visualized using an

Immobilon Western Chemiluminescent HRP Substrate (Millipore,

Germany) and a G-BOX (Syngene, USA) image capture system.

Relative protein expression level was measured by calculating

the band density with ImageJ software (NIH, USA), followed by

normalization to the GAPDH loading control.

Collection of the aqueous humor from
mice

The aqueous humor was collected from the experiment and

control eyes of AOHor COHusing a syringe with a 35-gauge needle

(Hamilton). A total of 3 µl of AH was collected from each mouse,

and 15 samples were pooled for ELISA. The aqueous humor was

collected 6 h after AOH and 2 weeks after COH.
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Immunofluorescence staining of retinal
wholemount and retinal and optic nerve
cryostat sections

To analyze the spatial distribution of NF-H and its

phosphoforms, we performed immunofluorescence staining

in retinal wholemount and the retinal and optic nerve cryostat

sections. After drying and rehydration in PBS, the samples were

permeabilized in 0.5% Triton X-100 for 30min, blocked in 5%

donkey serum for 1 h at room temperature (RT), and incubated

overnight at 4◦C with primary antibody, which was followed by

incubation with an Alexa Fluor-labeled secondary antibody (Cell

Signaling Technology, Beverly, MA, USA) for 1 h at RT after

three washes with PBS. Primary antibodies against phosphorylated

neurofilament-H (1:500, Millipore, Germany), Neurofilament-H

(1:1,000, Millipore, Germany), Brn3a (1:200, Millipore, Germany),

and NeuN (1:500, Millipore, Germany) were used for IF staining.

The samples were finally examined under a confocal microscope

(LSM710; Carl Zeiss, Germany). Retinal wholemount was dissected

into four quadrants, three different eccentricities away from the

optic disk in each quadrant: central (0.5mm), middle (2mm), and

peripheral (4mm) were chosen for quantification analysis with

a 20× objective (500 × 500µm for each image, 12 images per

retina). Five histological sections (400 × 400µm) through the

optic nerve head (centered at∼0.4mm from the scleral margin) or

the optic nerve (centered ∼1.2mm away from the scleral margin)

of each IOP elevation and the control eye were examined with a

10× objective by two masked observers.

Analysis of neurofilament score

The analysis of neurofilament disconnection was performed

using an established scoring system ranging from 0 to 2, which

was graded as follows: 0= intact structure and no retraction bulbs,

1 = shortened axons and some retraction bulbs, and 2 = loss of

structural integrity and plenty of retraction bulbs and holes (23).

The score was averaged for the final statistical analysis.

ELISA measurement of the aqueous humor

The aqueous humor collected from AOH and COH models

was used for quantifying pNF-H through an enzyme-linked

immunosorbent assay (ELISA) kit (Phosphorylated Neurofilament

Sandwich ELISA Kit, Merck KGaA, Germany), and the analysis

was carried out according to the manufacturer’s protocols. The

samples were diluted at a ratio of 1:6 with a sample diluent. pNF-H

antibody-coated strip wells were incubated with 50 µl of standards

or samples at room temperature (RT) for 1 h with gentle shaking.

Plates were washed six times with diluted wash buffer provided in

the kit; then, 100 µl of detection antibody was added to all wells

and incubated for 1 h at RT. Plates were washed six times and

100 µl of the diluted alkaline phosphatase-conjugated goat anti-

rabbit polyclonal antibody was added to each well and incubated

for 1 h. After six washes, 100 µl of freshly diluted 1× pNPP alkaline

phosphatase substrate was added to each well and incubated in the

dark at RT for 30–60min. Stop solution (3NNaOH) was added and

plates were read at 405 nmon an Infinite 200 PRONanoQuant Plate

reader (Tecan, Switzerland) using i-control analytical software.

Statistical analysis

IBM SPSS Statistics 22 (IBM Corp: Armonk, NY, USA) was

used for all statistical analyses. For the comparison of clinical

data between the glaucoma eye and the contralateral unaffected

eye, a two-tailed t-test, the Mann–Whitney rank sum test, and

Pearson’s chi-square (χ2) test were used to obtain for a variety of

data. Differences in IOP throughout the 4-week experimental time

course between the COH and the control groups were statistically

analyzed using a one-way repeated-measures analysis of variance

(ANOVA). For neurofilament expression, a comparison between

all experimental groups at each time point was carried out using

one-way analysis of variance (ANOVA) followed by a Dunnett’s

test for normally distributed data and equal variances; otherwise,

it was analyzed using the Kruskal–Wallis analysis followed by

the Dunn–Bonferroni post hoc method. Differences in pNF-H

accumulation, neurofilament disconnection between glaucoma and

the control eye were assessed with a two-tailed t-test. Graphical

representations of the data weremade with scatter diagrams or box-

and-whisker plots. A P-value of < 0.05 was considered significant.

Results

In clinic, RGC axon and soma exhibited
signs of edema after acute attack in APACG
but presented a significant degeneration
insulted by chronic IOP elevation in CPACG

Retinal nerve fiber layer and GCL thickness in OCT are

taken as important tools to evaluate RGC damage in clinic. To

determine the changes in RGCs insulted by acute or chronic

ocular hypertension in clinic, RNFL and GCL scans of OCTA

were performed in APACG and CPACG. Thirty-five patients with

APACG and 30 patients with CPACG were included in the analysis.

The contralateral eyes of each group without glaucoma were set as

control. Demographic data for APACG and CPACG are shown in

Table 1. There were no significant differences in age or sex between

the two groups (Table 1). Peripapillary RNFL thickness localized at

the four sectors in APACG eyes increased significantly compared

to control eyes (inferior: 168.54 ± 37.08 vs. 138.11 ± 18.94µm,

superior: 154.74 ± 37.45 vs. 124.74 ± 14.59µm, nasal: 85.57 ±

22.71 vs. 68.37 ± 8.64µm, and temporal: 86.43 ± 15.17 vs. 75.8

± 10.28µm; P < 0.05, Figures 1A, C) after an acute attack. The

average thickness of GCL also showed to be slightly elevated in

APACG vs. control (84.16 ± 5.19 vs. 81.32 ± 7.30µm, P = 0.067,

Figures 1A, D). By contrast, RNFL thickness maps and thickness

deviation maps in CPACG vs. control eyes showed an obvious loss

of RNFL within four sectors of the optic disk (inferior: 71.80 ±

25.07 vs. 127.97 ± 18.23µm, superior: 76.97 ± 24.30 vs. 120.77 ±

16.39µm, nasal: 65.17± 14.95 vs. 72.13± 14.45µm, and temporal:

51.23 ± 14.64 vs. 72.13 ± 14.45µm, P < 0.05, Figures 1B, E). The

GCL thickness also reduced significantly in CPACG vs. control
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TABLE 1 Demographics and basic clinical data of recruited eyes.

APACG CPACG P-value

A�ected eye Contralateral
eye

P-value A�ected eye Contralateral
eye

P-value

Age Mean± SD 62.3± 7.1 - 60.1± 7.8 - 0.23a

Range 46–84 43–76

Sex Male 7 - 11 - 0.13c

Female 28 19

IOP (mmHg) Mean± SD 51.0± 7.6 15.4± 3.5 <0.001a 34.7± 6.5 15.5± 3.8 <0.001a -

Range 34–62 10–25 26–54 9–24

VA, LogMAR Median 0.5 0.2 <0.001b 0.5 0.1 <0.001b -

Range 0.2–3.3 0–0.5 0.2–3.6 0–0.5

Values are mean± SD for continuous factors, median for visual acuity (VA).
aStudent’s t-test.
bMann–Whitney U-test.
cPearson χ

2 test.

(57.55± 9.32 vs. 81.91± 7.37µm, P < 0.001, Figures 1B, F). Taken

together, the data from clinical patients indicated that RGC axon

and soma presented edema after the acute attack in APACG but

degeneration in CPACG, which suggested that two types of RGC

damage existed between them.

Anterior chamber perfusion with normal
saline in mice to mimic acute attack of
APACG and a microbead injection in the
anterior chamber angle to mimic chronic
IOP elevation of CPACG

Next, to uncover what lies beneath the aforementioned clinical

observations, two animal models were set to mimic the acute attack

of APACG and chronic IOP elevation of CPACG. In AOH animal

models, the IOP immediately increased to 60 mmHg by perfusion

with normal saline into the anterior chamber, which well–simulated

the state of onset in APACG (Figure 2A). In themicrobead-induced

models, the IOP began to increase at 2 days (average IOP, 17.43 ±

3.06 mmHg vs. control 10.13± 1.12 mmHg; P < 0.01) and reached

the peak at 2 weeks (28.10 ± 5.42 mmHg vs. control 10.30 ± 1.02

mmHg, P < 0.001) after the microbead injection into the anterior

chamber angle (Figures 2B, C). The elevation of IOP sustained for

1 month and began to decrease (Figure 2C).

Acute ocular hypertension caused early
elevation of phosphorylated NF-H in the
retina and the ONH, and an evident
neurofilament increase in the retina

Neurofilaments are major proteins synthesized by RGCs and

conveyed along the ON by fast axonal transport. Alterations

in neurofilaments, especially NF-H and its phosphoforms, had

been proven as biomarkers of axonal transport failure in some

neurodegenerative diseases (24, 25). However, other studies from

traumatic brain injury showed that intra-axonal neurofilaments’

compaction may occur independent of axonal transport failure and

not evoke axonal swelling (11). Since our clinical observation from

APACG only showed neuronal swelling, which encouraged us to

question whether it was caused by neurofilaments’ compaction or

transport failure, we performed the spatiotemporal analysis in the

aforementioned animal models.

Our previous study has demonstrated that apoptotic RGCs

and axon loss were firstvisualized as early as 6 h after AOH (20).

Based upon these, we detected the expression of neurofilament and

its phosphoforms in the retina and ONH, respectively, from 4 h

after AOH preceding RGC apoptosis and axon loss. Neurofilament

subunit including NF-H, M, and L increased significantly in the

retina after 6 h; among them, NF-H was elevated by almost two-

fold compared to control, which was the most obvious one (1.92

± 0.26 vs. control 1.12 ± 0.16, P < 0.001, Figures 3A, C). More

importantly, retinal pNF-H levels showed a significant increase

as early as 4 h after AOH (pNF-H/NF-H, 1.16 ± 0.16 vs. control

0.68 ± 0.11, P < 0.001) when the neurofilament did not change

(Figures 3A, D). For the tissues of ONH, we did not detect

significant changes in neurofilament subunits at an early time (4 h)

when the retinal pNF-H began to increase; however, we detected a

nearly two-fold increase of pNF-H at 6 h after AOH (pNF-H/NF-H,

1.94 ± 0.53 vs. control 1.04 ± 0.27, P < 0.05, Figures 3B, E). Thus,

our data showed an early elevation of NF-H and its pNF-H in the

retina and only a significant increase of pNF-H in the ONH.

NF-H and its phosphoforms accumulated
in the soma of peripheral RGCs after AOH

Based on the changes in NF-H and its phosphoforms’

expression in the Western blot, the retinal wholemounts were

collected to study their distribution through immunofluorescence

staining. In the retina, an abnormal increase of NF-H and its pNF-

H presented as a character of protein deposits or accumulations
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FIGURE 1

Heterogeneity such as RGC axon and soma presenting edema insulted by acute damage but atrophy in chronic glaucoma evaluated by OCT. (A)

OCT RNFL thickness maps, OCT RNFL thickness deviation maps, OCT GCL thickness maps, and OCT GCL thickness deviation maps are presented,

which show that the thickness of RNFL and GCL increased significantly after an acute attack. The warm colors on the thickness maps represent a

thicker RNFL or GCL and cooler colors represent a thinner one. (B) OCT imaging showed an obvious loss of RNFL and GCL loss insulted by chronic

damage in CPACG. The cooler colors in thickness maps suggested RNFL and GCL thickness reduction. Areas coded in red and yellow in deviation

(Continued)
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FIGURE 1 (Continued)

maps represent measurements below the 99th and 95th percentile ranges, respectively. (C) Peripapillary RNFL thickness was quantified in four

regions, including the inferior (INF), superior (SUP), nasal (NAS), and temporal (TEP) regions. The line graph indicates that the detailed RNFL thickness

of patients with APACG (colored in red) reduced significantly, with the contralateral una�ected eyes as the control group. *P < 0.05. (D) The bar

graph shows the average GCL thickness in patients with APACG. GCL thickness increased slightly. Data are presented as mean ± SD. (E) The line

graph shows that the RNFL thickness in patients with CPACG reduced significantly, and a Mann–Whitney rank sum test was used to analyze the data,

*P < 0.05. (F) Macular GCL thickness in CPACG was obviously reduced. Data are presented as box-and-whisker plots, where the “box” delineates the

median and the 25th and 75th quartiles and the “whiskers” show the minimum and maximum values. A two-tailed t-test was used to analyze the

data, ***P < 0.001.

FIGURE 2

Two well-established glaucoma animal models were set to mimic acute attack of APACG and chronic damage of CPACG. (A) Acute ocular

hypertension model: IOP acutely increased to 60 mmHg by perfusion with normal saline into the anterior chamber, and the ocular hypertension was

sustained for 2 h. (B) Three-micrometer magnetic microbeads were injected into the anterior chamber angle to mimic chronic ocular hypertension.

The microbeads showed autofluorescence (bottom). Scale bars: 20µm. (C) IOP began to increase after 2 days and reached the peak 2 weeks after

the injection, IOP was measured at pre-treatment, 2, 4, 6, 8, and 10 days, and then every 5 days for 1 month after the surgery. n = 20 mice, **P <

0.01, ***P < 0.001.

in the cell bodies along the axon, which first appeared at 4 h after

AOH in the peripheral retina (asterisk, Figure 4A). After 6 h of

AOH, the NF-H also began to accumulate, and the accumulation

of pNF-H and NF-H was highly overlapped (Figure 4C). The

number of somatic pNF-H deposits was then counted, and we

found that it increased remarkably in the AOH group (53 ±

14 vs. control 14 ± 7 per field, P < 0.001, Figure 4B). Then,

to confirm that pNF-H accumulation was located in the soma

of RGCs, several cell markers, including Brn3a and NeuN,

were used for immunofluorescence staining. pNF-H deposits

were highly co-labeled with these two markers (Figure 4D),

indicating that pNF-H and NF-H accumulated in the soma of

peripheral RGCs.

At the sites of ONH, pNF-H exhibited a sign
of intra-axon plaque and vacuolization
after acute attack

Optic nerve cryostat sections were harvested to study the spatial

distribution of pNF-H since we found that its expression increased

Frontiers inNeurology 07 frontiersin.org204

https://doi.org/10.3389/fneur.2023.1091697
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Zhou et al. 10.3389/fneur.2023.1091697

at the ONH. The ONH has been considered as the primary site

of early axonal cytoskeleton damage. However, the neurofilament

including NF-H, M, and L here did not show significant change at

an early time (Figure 3B). At 6 h after AOH, NF-H phosphoforms

began to accumulate at the ONH, which exhibited a sign of

intra-axon plaque (Figure 5, arrows) and vacuolization (Figure 5,

arrowheads) different from their accumulation in RGC soma.

Chronic ocular hypertension led to a
marked reduction in pNF-H and NF-H at an
early time

The accumulation of pNF-H at the site of peripheral RGCs

and ONH induced by AOH prompted us to observe the changes

induced by the COH insult. Therefore, the expression of pNF-

H and NF-H had been analyzed in different tissues of the COH

model. However, unlike the alteration in AOH, a chronic IOP

elevation caused a significant reduction in neurofilament and NF-

H phosphoforms at the ONH as early as 2 weeks when the IOP

reached the peak after a microbead injection (NF-H/GAPDH: 1.03

± 0.20 vs. control 2.21 ± 0.21, P < 0.001, Figures 6A, C). In the

tissues of the retina, the expression of neurofilament, especially

NF-H or pNF-H, did not change till 4 weeks, after which it began

to reduce (NF-H/GAPDH: 1.88 ± 0.29 vs. control 3.51 ± 0.77, P

< 0.001, Figures 6B, D). In general, the data here suggested that

axonal cytoskeleton damage occurred first in the ONH in COH.

Neurofilament degeneration first occurred
at ONH and the optic nerve presented as
local NF-H or pNF-H disconnection

To further confirm the characteristic of neurofilament damage,

we performed immunofluorescence staining of NF-H and pNF-H

in the longitudinal ONH and optic nerve cryostat sections. The

pattern of NF-H at the sites of ONH showed a significant

filament disconnection where the neurofilaments were disrupted

and detected retraction bulbs or loss of structural integrity by

COH (Figure 7A). The extent of ONH NF-H disconnection was

calculated using an established scoring system. The results revealed

that COH caused almost four-fold greater damage compared to the

control by 2 weeks (1.7 ± 0.4 vs. 0.2 ± 0.1, P < 0.001, Figures 7A,

C). Of particular concern was the NF-H disconnection at the optic

nerve, whereby it dispersed into granular ones after COH (asterisk,

Figure 7B) and the NF-H score increased significantly compared

to the control (1.4 ± 0.3 vs. 0.3 ± 0.1, P < 0.001, Figure 7C).

For pNF-H immunofluorescence staining, besides a presentation

of general reduction at the ONH and the optic nerve, it also

showed a local vessel-like structural debris disconnection in the

degenerated axon. Therefore, the data here suggested that COH

caused early neurofilament damage at the ONH and that the optic

nerve presented as local NF-H or pNF-H disconnection.

pNF-H was elevated in the aqueous humor
of AOH but reduced in the aqueous humor
of COH

The phosphorylated forms of NF-H have been proven to be

released from damaged and diseased axons and are particularly

resistant to proteolytic cleavage (12, 13, 26). Therefore, to

evaluate the pNF-H change released from damaged RGCs of the

aforementioned experimental glaucoma models, we measured the

pNF-H concentration by ELISA in the aqueous humor collected

from AOH and COH animal models. The results showed that pNF-

H was significantly elevated in the aqueous humor of AOH vs.

control (37.03± 5.71 vs. 11.06± 2.15 ng/ml, P< 0.001, Figure 8A).

By contrast, in COH, the concentration of NF-H in the aqueous

humor reduced slightly (3.93 ± 0.95 vs. 8.17 ± 1.66 ng/ml, P <

0.05, Figure 8B). Our results here showed that pNF-H change in

the aqueous humor took place corresponding to its alterations in

the damaged RGCs insulted by AOH and COH.

Discussion

In the current study, we introduced the molecular marker

NF-H and its phosphoforms to study early subcellular damage

in glaucoma and explain the heterogeneity detected in patients

with clinical glaucoma. Our results suggested that the ONH was

not the only primary damage site when insulted by different

durations and degrees of elevated IOP in angle-closed glaucoma.

When attacked by AOH, beside NF-H and pNF-H intra-axonal

plaque or vacuolization at the ONH, their accumulation in the

peripheral RGC soma was demonstrated to be early damage, which

was also the potential pathological damage beneath RNFL or GCL

edema in a patient with APACG. Furthermore, after being insulted

by COH, focal intra-axonal NF-H and its phosphoforms’ loss or

disconnection at the site of ONH and the optic nerve proved to

be the primary damage event, which also explained why the axonal

degeneration often occurred in the OHN. Meanwhile, the two

different types of damage suggested here that the neurons in AOH

were degenerated by Wallerian and retrograde degeneration, while

those in COH were degenerated by retrograde degeneration.

The lamina cribrosa of the ONH has long been believed to be

the primary site of RGC damage in glaucoma. Pioneering basic

research performed on monkeys (27–29) and pigs (30) insulted

by AOH and COH has demonstrated axonal transport failure

preceding axonal loss at the lamina cribrosa. Rodents lack a

true lamina cribrosa, but their ONH owns a similar function

as the lamina cribrosa. Similar operations performed on rodents

have revealed that the ONH is the site of early axonal transport

disruption and cytoskeleton damage (7, 31, 32). In clinic, it is

difficult to monitor the changes in axonal transport directly. With

the use of OCT, the peripapillary RNFL analysis is considered

as one important tool for detecting the changes in the entire

RGC axon at the ONH, and RNFL reduction is considered as

one of the necessary criteria for the diagnosis of glaucoma (33).

However, the RNFL analysis only represents the structural changes

in the ONH. Furthermore, the point of emphasis too much on

the pathological changes of OHN would exclude the subcellular
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FIGURE 3

Early elevation of pNF-H expression observed in the retina and ONH following induction of AOH. An obvious elevation of the neurofilament was also

observed in the retina. (A) Representative blots of NF-H, M, L, and pNF-H from AOH and the control retinas at 4, 6, and 12h are shown. In the retina,

the bands of the neurofilament three subunits were more visible at 6 and 12h, while the band of pNF-H was more visible as early as 4 h. pNF-H, NF-H

was recognized at 200 kDa, NF-M was visible at 160 kDa, and NF-L was at 70 kDa. GAPDH was used as an internal control. (B) The expression of

neurofilament subunits and pNF-H in the ONH was traced at 4, 6, and 12h after AOH, but western blotting of the ONH showed that NF-H, NF-M, and

NF-L were unchanged, while the pNF-H band increased significantly at 6 h. (C) Densitometry measurements of three neurofilament subunits in the

retina (normalized for GAPDH and expressed relative to the control) are provided in the box-and-whisker plots, n = 5 mice for each group, **P <

0.01, ***P < 0.001. (D, E) Quantification of pNF-H expression from the retina at 4 h and ONH at 6h is shown as box-and-whisker plots, respectively. n

= 5 mice for each group, *P < 0.05, ***P < 0.001.

changes in RGCs at other sites. Homogeneity or variability of

RNFL changes in the ONH was also found in our clinical data,

whereby even when insulted by an acute elevated IOP (above

50 mmHg) for hours or days, we did not detect classical RNFL

atrophy in these patients. Conversely, RNFL thickness and somatic

atrophy were often observed simultaneously in patients suffering

from chronic elevated IOP. It thus raised two questions: Is ONH

the common primary damage site in glaucoma? What happens

when intra-RGCs are insulted by different degrees and durations of

elevated IOP? In fact, recent studies increasingly focused on cellular

changes beyondONH (6). A proteomic analysis of the experimental

glaucoma retinas demonstrated that the cytoskeletal protein is

the most obvious and earliest changed molecule (34, 35). Urged

by these facts, we performed a histological study using a major

cytoskeletal protein neurofilament in different tissues of glaucoma

animal models. Our study revealed that the primary damage site

in angle-closed glaucoma varies depending on the character of the

initial stressor (elevated IOP); in AOH, accumulation of pNF-H

and NF-H in the peripheral RGC soma suggests that the peripheral

retina would be affected as well; in COH, the early disconnection of

NF-H in the ONH and the optic nerve indicated that damage first

appears in the distal optic nerve and progresses to the proximal

retina. Therefore, our study helps to strengthen an important

viewpoint that the primary damage site in glaucoma is not limited

to the ONH.

Neurofilament is one of the dominant proteins of the axonal

cytoskeleton in RGCs, which is composed of triplet subunits,

a light (NF-L), a medium (NF-M), and a heavy (NF-H) chain.
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FIGURE 4

NF-H and its phosphoforms accumulated in the soma of peripheral RGCs after AOH. (A) Immunofluorescence of the pNF-H marker, SMI31, in the

retinal wholemount 4 h after AOH; retinal wholemount was observed from peripheral to central regions. Asterisk indicates pNF-H accumulation in

the peripheral retina. Scale bars: 50µm. (B) Quantification of pNF-H accumulation in the peripheral retina. The data are presented as a scatter

diagram. Mean ± SD is shown, n = 5 for each group, ***P < 0.001. (C) Immunofluorescence of pNF-H and NF-H in the retinal wholemount of AOH

after 6 h. Micrographs show that most of the pNF-H accumulations were overlapped with NF-H, with arrows indicating examples of co-expression,

and the high magnification image is also shown (top right of the third picture), Scale bars: 50µm. (D) Immunofluorescence of pNF-H and the RGC

markers Brn3a and NeuN in the retinal wholemount of AOH after 6 h. pNF-H accumulations were highly overlapped with an RGC marker, and the

high magnification images are also shown (top right of the third picture and sixth picture). Scale bars: 20µm.
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FIGURE 5

Phosphorylated neurofilament heavy chain (pNF-H) presented as intra-axon plaque and vacuolization at the site of ONH after an acute attack.

Immunofluorescence of pNF-H and NF-H in the ONH 6h after AOH. The arrowhead shows the vacuolization, while the arrows show the plaque.

Scale bars: 20µm.

Neurofilaments are first generated in the soma of RGC and

concentrated in the axon, where they play an important role

in maintaining the extreme morphology of RGCs (12). Among

them, the protein of NF-H has aroused great interest because

of its very unusual properties. First, it contains 50–60 back-to-

back hexa, hepta, or octapeptide repeats, each containing the

sequence Lysine-Serine-Proline (KSP); the serine residues in these

peptide repeats can be highly phosphorylated after the protein is

transported from the neuronal cell soma to the axon (12, 36).

Second, the phosphorylated forms of NF-H are quite resistant to

proteases. Once this protein is hyperphosphorylated, it would lead

it to accumulate and form aggregates that ultimately block axonal

transport (24, 37). The properties of this protein suggest that it

would be used as a sensitive marker to indicate early change of

damaged or diseased axons. As recently shown, accumulation of

pNF-H has been observed in a range of neurodegenerative diseases,

including amyotrophic lateral sclerosis (ALS) (38), Parkinson’s

disease (PD), Alzheimer’s disease (AD) (39, 40), and so on.

More interestingly, NF-H phosphoforms can be detected in the

cerebrospinal fluid (CSF) and blood following experimental spinal

cord and brain injury in rats (41). Consistent with the study of

neurodegenerative diseases, our data from the AOHmodel showed

early pNF-H accumulation in the soma of RGCs and ONH and the

corresponding elevation of pNF-H in the aqueous humor. Unlike

these data, the data from the COH model demonstrated that NF-

H and its phosphoforms manifested general reduction and local

disconnection in damaged axons. Hence, through a thorough study

of the neurofilament reaction to acute and chronic damage, we

enrich the pathology of glaucoma and creatively suggest both pNF-

H accumulation and disconnection as biomarkers of RGC damage.

However, limitations do exist in our study. First, although we

observed a pathological change in NF-H same like tau in AD, we

do not relate them together in current glaucoma models; since tau

accumulation has been proven to promote neuronal degeneration

in glaucoma (42), it is strongly believed that current neurofilament

changes associated with glaucoma may share the same mechanism

in AD. Second, the changes in pNF-H in the aqueous humor of a

patient with glaucoma have been not further studied, so the role of

pNF-H as a marker for disease progression remains unknown.

The histological study of the neurofilament in experimental

glaucoma models truly helps us to learn more about the underlying

damage of RGCs, but it poses a very practical question: can these be

visualized in vivo by current techniques? Indeed, our clinical OCT

imaging from patients with glaucoma indirectly demonstrates the

different characteristics of the neurofilament between AOH and

COH, but fails to provide many more detailed cellular changes.
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FIGURE 6

Early reduction in pNF-H and NF-H expression in the ONH after chronic ocular hypertension. (A) Western blot showing control and treated ONH 2

and 4 weeks after COH occurred. pNF-H and NF-H was recognized at 200 kDa, NF-M was visible at 160 kDa, and NF-L was visible at 70 kDa, with

GAPDH as the internal control. The density of pNF-H and neurofilament subunit bands started to reduce at 2 weeks. (B) Representative blots from

control and treated retinas 2 and 4 weeks after COH occurred. The density of pNF-H and NF-H began to reduce 4 weeks after COH occurred. (C, D)

Densitometry measurements of three neurofilament subunits in the ONH and the retina (normalized for GAPDH and expressed relative to the

control) are provided in the box-and-whisker plots, N = 4 for each group, *P < 0.05, **P < 0.01, ***P < 0.001.

Benefit from the advance of ophthalmic imaging technology and

labeling techniques, recently cellular-level RGC imaging, such as

adaptive optics–optical coherence tomography (AO-OCT), has

enabled the resolution of many cellular and subcellular structures

(43, 44). Recent studies from AO-OCT in a patient with glaucoma

have demonstrated subcellular changes, including enlarged RGC

somas and nuclear hyporeflectivity, which is quite similar to the

images of somatic NF-H or pNF-H accumulation in our study.

Additionally, cytoskeleton alteration, including the neurofilament

is found to be the major element contributing to the change in

retinal nerve fiber layer birefringence, which serves as an early

biomarker of glaucomatous damage prior to losses in thickness (45,

46). So, our experimental data have advanced our understanding of

the latest findings observed in new techniques.

Combined with experimental and clinical data, our study

revealed two distinct types of axonal degeneration. Insulted

by acute damage, both proximal RGC cell bodies and the

distal axon in the OHN are affected, which is characterized
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FIGURE 7

Neurofilament degeneration first occurred at ONH and the optic nerve presented as local NF-H or pNF-H disconnection. (A) Feature double labeling

immunofluorescence of pNF-H with NF-H at the site of ONH showing general neurofilament reduction and disconnection at the ONH after 2 weeks,

Scale bars: 20µm. (B) Longitudinal optic nerve cryostat sections were harvested and used for immunohistochemistry of pNF-H and NF-H. Two

weeks after COH, the neurofilament showed disconnection and dispersed into granular ones (asterisk), with arrows showing local pNF-H

disconnection; high magnification images are shown in the top right of each lower magnification picture. Scale bars: 20µm. (C) An established

scoring system was used for the quantification of neurofilament disconnection. The detailed score is shown in the box-and-whisker plots and a

higher score is displayed in COH. N = 5 for each group, ***P < 0.001.
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FIGURE 8

Corresponding aqueous humor pNF-H elevation in AOH and

reduction in COH were observed. (A) Quantification of pNF-H

concentration by ELISA in the aqueous humor at 6 h after AOH. (B)

Quantification of pNF-H concentration by ELISA in the aqueous

humor at 4 weeks of COH. All the data are presented as

box-and-whisker plots, where the “box” delineates the median and

the 25th and 75th quartiles and the “whiskers” show the minimum

and maximum values, n = 15 for each group, *P < 0.05, ***P < 0.00.

as intra-somatic and intra-axonal neurofilament compaction

followed by fragmentation or degradation. While in COH, the

neurofilament disconnection first begins distally and spreads

toward the retina. Axonal degeneration is a common pathological

event that occurs in various neurological diseases, but the cellular

and molecular processes underlying different types of damage

are highly variable. There are at least four forms of axonal

degeneration in neurological diseases, the most common and

classical two examples are Wallerian degeneration and dying

back degeneration (retrograde degeneration) (47, 48). Wallerian

degeneration is classically defined as the distal axons and cell

body rapidly undergoing breaking down insult by an acute injury;

dying back disorder is a neurodegenerative disorder in which

axons die before cell bodies and/or in a retrograde pattern that

begins with their distal ends. The damaged axons in our acute

glaucoma seem like Wallerian degeneration; however, studies from

some neurodegenerative diseases suggest that axonal degeneration

associated with the accumulation of neurofilaments is distinct

from a typical Wallerian degeneration (14). Importantly, studies

of an RGC axotomy model showed that Wallerian and retrograde

degeneration occurred synchronously, in which the neurofilament

accumulated as well (49). Therefore, we believed that, in our AOH

study, a combination of Wallerian and retrograde degeneration

also presented. Conversely, the axons in COH degenerated like

dying back degeneration. For the detailed reasons contributing

to these phenomena, several proposed mechanisms including

axonal transport failure, neurotrophic factors’ deprivation, and

ischemic and reperfusion damage would be used for explaining

(50). Considering the degree and duration of elevated IOP in

APACG, the reasons for acute damage would be a mixture

of the aforementioned mechanisms, and neurotrophic factors’

deprivation in the distal optic nerve may play the major role in

chronic glaucoma.

The overall results of this study revealed early glaucomatous

damage beyond the ONH, including peripheral RGC somatic

NF-H, pNF-H aggregation in AOH, and distal optic nerve

neurofilament disconnection in COH. These results also indicated

the role of NF-H and pNF-H as biomarkers of glaucomatous

damage. Furthermore, the two distinct neural degenerations

existing between AOH and COH provide a concept that different

neuroprotection strategies should be adopted in an angle-closed

glaucoma treatment.
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Introduction: Acute ischemic stroke (AIS) and lung adenocarcinoma (LUAD) are

associated with some of the highest morbidity and mortality rates worldwide.

Despite reports on their strong correlation, the causal relationship is not fully

understood. The study aimed to identify and annotate the biological functions of

hub genes with clinical diagnostic e�cacy in AIS and LUAD.

Methods: Transcriptome and single-cell datasets were obtained from the Gene

Expression Omnibus (GEO) and The Cancer Genome Atlas (TCGA). We identified

the di�erentially expressed genes (DEGs) upregulated in AIS and LUAD and

found 372 genes intersecting both datasets. Hub genes were identified using

protein-protein interaction (PPI) networks, and the diagnostic and prognostic

utility of these hub genes was then investigated using receiver operating

characteristic (ROC) curves, survival analysis, and univariable Cox proportional

hazard regression. Single-cell analysis was used to detect whether the hub genes

were expressed in tumor epithelial cells. The immune microenvironment of AIS

and LUADwas assessed using theCIBERSORT algorithm. The protein expression of

these hub genes was tracked using the Human Protein Atlas (HPA). We calculated

the number of positive cells using the digital pathology software QuPath. Finally,

we performed molecular docking after using the Enrichr database to predict

possible medicines.

Results: We identified themolecular mechanisms underlying hub genes in AIS and

LUAD and found that CCNA2, CCNB1, CDKN2A, and CDK1 were highly expressed

in AIS and LUAD tissue samples compared to controls. The hub genes were

mainly involved in the following pathways: the cell cycle, cellular senescence,

and the HIF-1 signaling pathway. Using immunohistochemical slices from the HPA

database, we confirmed that these hub genes have a high diagnostic capability for

AIS and LUAD. Further, their high expression is associated with poor prognosis.

Finally, curcumin was tested as a potential medication using molecular docking

modeling.

Discussion: Our findings suggest that the hub genes we found in this study

contribute to the development and progression of AIS and LUAD by altering the

cellular senescence pathway. Thus, they may be promising markers for diagnosis

and prognosis.

KEYWORDS

lung adenocarcinoma, acute ischemic stroke, transcriptome, cellular senescence,

bioinformatics
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1. Introduction

Human health is in peril from conditions like cancer and

stroke (1). Over 795,000 acute ischemic stroke (AIS) occurrences

are reported each year in the United States alone, making it the

second most frequent cause of mortality and long-term disability

worldwide (2). A study found that in 2020, the incidence and

mortality rates of stroke in China were 505.2 and 343.4 per 100,000

person-years, respectively (3). The proportions of acute ischemic

stroke due to atherosclerosis and cardiogenic embolism were 39%

and 22%, respectively (4). AIS is a multifactorial disease influenced

by atherosclerosis, hypertension, alcohol consumption, smoking,

and D-dimer levels. In many low-income and middle-income

nations, stroke incidence and fatality rates have increased in recent

decades (5). Genetic variables, which are essential for determining

the etiology of AIS, are suggested by epidemiological research to be

connected to the prevalence of stroke (6).

One of the molecular mechanisms of AIS includes immune

activation, which can lead to both neuroprotective and neurotoxic

effects (7, 8). Thrombolysis and antiplatelet therapy are currently

the main treatment methods for stroke, but it is unclear

whether these treatments improve prognosis in patients (9). Lung

cancer is the leading cause of cancer-related deaths globally.

Additionally, lung cancer has a terrible prognosis (10, 11). The

most common histological subtype of malignant lung cancer is

lung adenocarcinoma (LUAD). Deaths are mostly attributed to

cancer cell invasion and distant metastasis (12). Gene abnormalities

are the initial factors that influence the biological behavioral

changes of heterogenic cancer cells, including cell signaling and

the immune microenvironment. According to reports, several

genes play a role in the development of LUAD tumors (13–

15). During tumor progression, changes in genes that mediate

important biological processes can occur, resulting in the rapid

proliferation of malignant cells. However, the mechanism by which

this process occurs is still unclear (16). As a result of studies on

the molecular basis of lung cancer, programmed death ligand 1

and epidermal growth factor receptor tyrosine kinase inhibitors are

two newly emerging treatment targets. Even though lung cancer

treatment choices have increased thanks to genetic testing, novel

targeted therapy, and immunotherapy, its 5-year survival rate is

as low as 20% in many nations (10, 17), and the recurrence rate

remains high (18). Recently, an increasing number of reports

have documented AIS caused by malignant tumors (19) and

demonstrated that patients with lung cancer and metastatic cancer

display a higher risk of stroke. Notably, the cumulative incidence of

stroke among lung cancer patients was 5.1% (20). The connection

between lung cancer and stroke significantly decreased the patients’

life longevity and quality (19). LUAD may lead to multiple acute

cerebral infarction lesions involving multiple arterial blood supply

areas (21). CCNB2 may be a possible target against lung cancer

and AIS, according to earlier research (22). Moreover, the stroke

is the second most frequent neurological condition associated with

death in cancer patients. Risk factors for cancer-related AIS include

high levels of D-dimer, fibrinogen breakdown products, and C-

reactive protein (23). LUAD and AIS are closely associated with

the occurrence of gene abnormalities. However, the regulatory

mechanisms of the genes involved have not yet been elucidated.

Therefore, it is crucial to comprehend how they interact and find

relevant indicators to provide a plan for diagnosis and treatment.

In this study, we used bioinformatics to identify hub genes in AIS

and LUAD, investigated their biological functions, and determined

their clinical significance.

2. Materials and methods

2.1. Data sources

Using the expression data of AIS in the GEO database, we

discovered the expression data and clinical details about LUAD

on the Xena platform. The inclusion criteria were as follows: (i)

case and control groups, (ii) microarray data of mRNA, (iii) the

specimen was a peripheral blood sample or tissue, and (iv) Homo

sapiens. The GSE122709 dataset was included according to the

above criteria, including five control peripheral blood samples

and 10 AIS peripheral blood samples. The Cancer Genome Atlas

(TCGA)-LUAD array from the Xena platform was selected, which

included 59 surrounding normal samples and 524 tumor samples.

Furthermore, we also downloaded LUAD validation datasets

GSE42127, GSE68465, GSE50081, GSE13231, and GSE31210. In

addition, we downloaded the validation datasets of AIS (GSE58294

and GSE140275) from GEO. All of these datasets met the above

inclusion criteria. Datasets obtained were subjected to logarithmic-

scale conversion and other data processing. We downloaded the

single-cell dataset GSE146100 and then did quality assurance and

data filtering.

2.2. Di�erential gene expression analysis

We performed a difference analysis using the R package

“limma”. Differential genes were defined as those with a P-value

< 0.05 and |log2FC (fold change)| ≥ 1 values. The number of 372

differentially expressed genes (DEGs) was found after using a Venn

diagram to find the intersecting genes.

2.3. Functional analysis

We examined the Gene Ontology (GO) and Kyoto

Encyclopedia of Genes and Genomes (KEGG) of the elevated

DEGs using the R package “clusterProfiler.” P-values < 0.05

were used to determine whether an enrichment function was

significant. Cellular components, molecular functions, and

biological processes are all included in the GO category. The top

10 GO biological processes were chosen in ascending order of

P-values. Ten significant KEGG in total were found. The increased

DEGs were annotated using the disease ontology (DO) analysis R

package “DOSE”. Gene set enrichment analysis (GSEA) was used

to define hub genes to pinpoint the signaling pathways connected

to AIS and LUAD. Patients were split into two groups (control

and case group) based on the levels of expression of the four hub

genes. GSEA analysis reveals differences in signaling pathways.

The gene sets with a significant enrichment were then sorted.
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FIGURE 1

The flow chart for this study.

GSEA was used to investigate the relationship between illness

categories and biological processes. The cutoff was established at

P < 0.05.

2.4. Building a protein-protein interaction
(PPI) network and choosing hub genes

We chose DEGs from the KEGG pathway for cellular

senescence for the PPI network. Using the STRING internet

database (http://stringdb.org), we looked for connections between

proteins. We constructed a PPI network for genes with a rating

scale >0.4 using Cytoscape.

2.5. Immune infiltration analysis

CIBRSORT was used to estimate the proportion of immune

cells in the AIS gene expression matrix. We use the R package

“ggplot2” to draw the boxplots. Statistics were deemed significant

at P < 0.05.

2.6. Receiver operating characteristic (ROC)
analysis

We investigated the mRNA expression levels of the hub

genes in patients with AIS and LUAD using ROC curves

TABLE 1 The sample information of AIS and LUAD.

Accession Controls Patients Upregulated genes

GSE122709 5 10 4,452

TCGA-LUAD 59 524 2,013

and boxplots. To create the ROC curves, we utilized the

R package “pROC”.

2.7. Survival analysis

TCGA-LUAD expression data and clinical data were used to

conduct a survival analysis using the R packages “survminer” and

“survival”. The prognosis of LUAD patients was examined using

Kaplan-Meier (KM) analysis. The time-dependent ROC curve

(timeROC) method was applied to assess the hub genes prediction

accuracy at 1, 3, and 5 years.

2.8. Analysis of single-cell data and
identification of cell subpopulations

We downloaded the scRNA-seq dataset GSE146100 of LUAD.

We used the TISCH database (http://tisch.comp-genomics.org)

and Maestro analysis for quality control, clustering and cell type

annotation, making the expression of four hub genes in the

epithelial cell type comparable.
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FIGURE 2

KEGG and GSEA. (A) KEGG of 372 upregulated DEGs in AIS and LUAD. (B) We conducted GSEA on 372 upregulated DEGs in LUAD.

2.9. Protein expression and validation

Information about the distribution of proteins in human

organs and cells can be found in the HPA database (https://

www.proteinatlas.org). We acquired immunohistochemistry

(IHC) pictures of LUAD tissues and investigated the differential

protein expression of hub genes in matched HPA normal

tissues. QuPath, a program for digital pathology, was utilized to

count the positive cells. We analyzed The Clinical Proteomic

Tumor Analysis Consortium (CPTAC) dataset using the

UALCAN tool (https://ualcan.path.uab.edu). The protein

levels of the four hub genes were compared between LUAD and

normal tissues.

2.10. Drug prediction and molecular
docking

We used the DSigDB dataset in Enrichr (http://

amp.pharm.mssm.edu/Enrichr) for drug prediction of

hub genes. Structural information of curcumin was

downloaded from the pubChem compound database
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FIGURE 3

GSEA of CDKN2A in AIS and LUAD. (A) CDKN2A is involved in the

main pathway of AIS. (B) CDKN2A is involved in the main pathway of

LUAD.

(https://pubchem.ncbi.nlm.nih.gov). The 3D structures

of the proteins of the four hub genes were downloaded

using the PDB database (https://www.rcsb.org). “Dockeasy”

(https://www.dockeasy.cn/) was used to achieve

molecular docking.

2.11. Statistical analysis

All data were analyzed using R version 4.2.1. Statistics were

deemed significant at P < 0.05.

TABLE 2 The top 10 genes in the PPI network for LUAD and AIS.

Rank Node

1 CCNA2

1 CCNB1

1 CDKN2A

1 CDK1

5 CCNE2

5 CCNB2

5 FOXM1

5 E2F1

9 MYBL2

9 CHEK2

3. Results

3.1. Di�erently expressed genes (DEGs) in
AIS and LUAD

The flowchart of our study is as follows (Figure 1). The

GEO database provided the AIS-related GSE122709 dataset.

Expression data for LUAD were obtained from the Xena

database. The specific sample information for the two datasets

is listed below (Table 1). Using the standard of |log2FC| >

1 and P < 0.05, 4452 and 2013 upregulated DEGs were

identified in the AIS and TCGA-LUAD datasets, respectively.

We found 372 upregulated DEGs intersecting the two datasets,

which may be connected to the pathophysiology of AIS

and LUAD.

3.2. Functional analyses

The 372 elevated DEGs were examined to seek into the

shared biological processes and signaling pathways. The GO

analysis revealed that these genes were mainly enriched in

nuclear, organic fission, and mitotic nuclear divisions. The

main KEGG enrichment pathways were the cell cycle, cellular

senescence, and the HIF-1 signaling pathway in AIS and LUAD

(Figure 2A). DO analysis revealed that the DEGs were linked

to many malignancies. These results imply that LUAD and AIS

development and incidence may be caused by the differential

expression of these genes. These pathways were primarily

enriched in the cell cycle, cellular senescence, and human T-

cell leukemia virus 1 infection in LUAD, according to the 372

elevated DEGs discovered by GSEA (Figure 2B). In contrast, no

related pathways were enriched in the 372 upregulated DEGs

in AIS. In AIS, CDKN2A is mainly localized in the calcium

signaling pathway, NOD-like receptor signaling pathway and

olfactory transduction pathway (Figure 3A). In LUAD, CDKN2A

was mostly implicated in alpha-linolenic acid metabolism, drug
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FIGURE 4

Boxplots and ROC curves of four hub genes in AIS and LUAD. (A) Boxplots of the four hub genes in AIS. (B) Boxplots of the four hub genes in LUAD.

(C) ROC curves of the four hub genes in AIS. (D) ROC curves of the four hub genes in LUAD (***, p < 0.001; ****, p < 0.0001; N, normal; T, tumor).

metabolism-cytochrome P450, and Linoleic acid metabolism

(Figure 3B). We selected DEGs in the cellular senescence pathway

using KEGG for analysis. We discovered hub genes and elucidated

the potential link between DEG-encoded proteins. Using the

STRING database, we built a PPI network and identified the

top 10 genes (Table 2), and then we defined four hub genes

CCNA2, CCNB1, CDKN2A, and CDK1 from the top 10 genes

using Cytoscape.

3.3. Validation of hub genes expression and
assessment of diagnostic value

The hub genes displayed considerably higher expression in

LUAD and AIS patients compared to the control group. In

addition, we checked the expression of four hub genes in

AIS using the validation datasets (GSE58294 and GSE140275).

According to our findings, AIS patients had higher levels of
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FIGURE 5

Immunohistochemistry slices of CCNA2 and CCNB1. (A) Immunohistochemistry slices of normal lung tissues of CCNA2. (B) Immunohistochemistry

slices of LUAD of CCNA2. (C) Immunohistochemistry slices of normal lung tissues of CCNB1. (D) Immunohistochemistry slices of LUAD of CCNB1.
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FIGURE 6

Immunohistochemistry slices of CDK1 and CDKN2A. (A) Immunohistochemistry slices of normal lung tissues of CDK1. (B) Immunohistochemistry

slices of LUAD of CDK1. (C) Immunohistochemistry slices of normal lung tissues of CDKN2A. (D) Immunohistochemistry slices of LUAD of CDKN2A.
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FIGURE 7

Survival analysis of LUAD. (A) Survival analysis of CCNA2. (B) Survival

analysis of CCNB1. (C) Survival analysis of CDK1. (D) Survival analysis

of CDKN2A.

CCNA2, CCNB1, and CDK1 expression compared to the control

group (Supplementary Figure 1). However, the four hub genes are

insignificant in the GSE140275 dataset, which would account for

the limited sample size. Single-cell data analysis revealed that

10996 cells were divided into 11 clusters. The results indicated

that CCNA2, CCNB1, CDK1 and CDKN2A were expressed in

cancer epithelial cells (Supplementary Figure 2). The diagnostic

effectiveness of these hub genes was further investigated using

ROC curves, which revealed that these genes have great diagnostic

efficacy for LUAD and AIS (Figure 4). This work analyzed

immunohistochemistry slices from LUAD patients and typical

tissues from healthy people. The four hub genes’ protein expression

levels were higher in LUAD tissues than those in healthy tissues

(Figures 5, 6). We used the digital pathology software QuPath to

count the number of positive cells in LUAD and normal lung tissue

figures. As a result, we observed that there were more positive

cells overall in the LUAD field than there were in the normal lung

tissue (Supplementary Figure 3). It’s showed that four hub genes

had higher protein levels in LUAD compared with normal tissues

(Supplementary Figure 4).

3.4. Survival analysis and validation

We performed a survival study where patients were classified

into high-risk and low-risk groups depending on their gene

expression level to confirm the prognosis of the four hub genes in

LUAD. The findings revealed that hub genes with high expression

have a poor prognosis in LUAD (Figure 7). It was revealed that the

OS time of patients with a high risk score was significantly shorter

than that of patients with a low risk score. The AUC values of

1,3 and 5 years of four hub genes were about 0.5–0.6 (Figure 8).

By plotting KM curves and univariate Cox regression analysis, we

obtained 5-year AUC, HR and 95% CI (Supplementary Table 1).

3.5. Immune infiltration analysis in LUAD
and AIS

Immune infiltration is essential for the onset, prognosis,

and treatment of numerous disorders. While the control group

had higher levels of neutrophils, AIS patients had higher levels

of resident memory CD4+ T cells, monocytes, and eosinophils

(Figure 9A). As seen in the image, several immune cells are involved

in the formation of LUAD (Figure 9B). In AIS patients, only CDK1

is associated with CD8+ T cells (Figure 10A). In LUAD patients,

infiltration levels of resident memory CD4+ T cells, and activated

dendritic cells were positively linkedwithCDKN2A overexpression.

The immunological infiltration of resident memory CD4+ T cells,

macrophage, activated dendritic cells, mast cells resting, activated

NK cells and neutrophils were favorably connected with CDK1

and CCNA2 overexpression. However, it was not discovered that

CCNB1 was connected to immune cells (Figure 10B).

3.6. Molecular docking of curcumin with
hub genes

Potential medicines were identified based on transcriptome

features in the DSigDB database of Enrichr. Curcumin is

considered as a potential drug for AIS treatment and later analysis.

Moreover, we predicted the binding mechanism of curcumin with

four hub genes using molecular docking. It is commonly accepted

that the likelihood of action increases with decreasing ligand

and receptor binding energies. The binding energies of curcumin

with four hub genes (CCNA2, CCNB1, CDK1, CDKN2A) were

−6.999 kcal/mol,−5.87 kcal/mol,−7.1 kcal/mol,−5.366 kcal/ mol,

respectively. These findings demonstrate the highly stable binding

of curcumin to four hub genes (Figure 11).
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FIGURE 8

The ROC curves of four hub genes for predicting 1, 3, and 5-year mortality risk in the TCGA-LUAD dataset. (A) CCNA2. (B) CCNB1. (C) CDK1. (D)

CDKN2A.

3.7. DEGs of di�erent etiologies of AIS

According to the analysis above, CCNA2, CCNB1, CDK1,

CDKN2A are the hub genes for AIS and LUAD. Results of DEGs

of AIS caused by atherosclerosis and cardiac embolism shown by

heatmaps (Supplementary Figure 5).

4. Discussion

The leading cause of adult disability and the second leading

cause of death globally, behind ischemic heart disease, is stroke

(24). Nearly 85% of lung cancer cases are non-small cell lung cancer

(NSCLC), with the most prevalent histological subtype, LUAD,

having a high mortality and recurrence rate (25). Stroke patients

have an increased incidence of cancer, including lung cancer (26).

A previous clinical study indicated that AIS may be a unique

precursor to LUAD. In patients with LUAD combined with AIS,

LUAD occurs due to the occurrence of AIS. The prevalence of

lung cancer in the stroke cohort was 5.3 per 1000 person-years

(27, 28). Lung cancer patients are most likely to experience a stroke

within one year after diagnosis. The risk of stroke occurring in lung

cancer patients is more than two times higher than that in people

without cancer (HR 2.40, 95% CI 1.53–3.78) (23, 29). However,

the causal relationship, genetic mechanisms, and their interactions

between LUAD and AIS are still unclear. It is crucial to study the

biological processes that underlie AIS and LUAD. The cerebral

atherosclerosis-related gene PITX2, RGS7, NKX2-5, NKX2-5, and

ZFHX3 are involved in AIS. The genes of AIS brought on by

cardiogenic embolism are TM4SF4-TM4SF1, EDNRA, HDAC9-

TWIST1, and LINC01492 (30). Our study shows that the hub genes

of AIS with LUAD are CCNA2, CCNB1, CDK1, and CDKN2A.

Meanwhile, our findings suggest that LUAD-induced AIS is distinct

from AIS produced by large artery atherosclerosis and cardiac

embolism in terms of genes. These genes’ prognostic and diagnostic

capabilities in LUAD were examined, and their mRNA levels were

significantly elevated in AIS and LUAD. Herein, we investigated

the link between AIS and LUAD using our four hub genes and

explored the underlying biological mechanisms shared between

these two diseases.
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FIGURE 9

Immune infiltration of AIS and LUAD. (A) AIS. (B) LUAD (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant; N, normal; T, tumor).
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FIGURE 10

Immune correlation heatmaps of four hub genes in AIS and LUAD. (A) AIS. (B) LUAD (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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FIGURE 11

Molecular docking of curcumin with four hub genes. (A) CCNA2. (B) CCNB1. (C) CDK1. (D) CDKN2A.
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GO, KEGG, and DO enrichment analyses were performed

on the 372 DEGs that intersecting both datasets. DEGs are

mainly enriched in nuclear division, organelle fission and mitotic

nuclear division, and they are associated with the biological

behavior of LUAD and the neuroprotective inhibition observed

in AIS. The primary enriched pathways in KEGG are the cell

cycle, cellular senescence, and the HIF-1 signaling pathway.

The cellular senescence pathway was highlighted as the main

contributor of this study, and the overexpression of four

cellular senescence-related genes was closely related to AIS

and LUAD. HIF-1 was found to have a positive connection

with infarct size in AIS (31). However, HIF’s impact on

neuronal survival following a stroke is still debatable (32).

HIF-1-α is associated with aggressiveness in lung cancer (33).

Our investigation revealed that the DEGs were linked to

many malignancies.

According to one definition, cellular senescence is an ongoing

proliferative arrest brought on by various stressors. Furthermore,

senescence and hyperplastic pathology are both related to a type

of stress response known as cellular senescence (34). Numerous

neurological diseases, including neurodegenerative conditions like

Alzheimer’s disease, Parkinson’s disease, and stroke, are linked

to cellular senescence (35). Cellular senescence of the cells

happens as AIS, which develops and progresses (36). AIS and

neurological damage are impacted by the senescence-associated

secretory phenotype (SASP) (37). Cellular senescence is considered

the new hallmark of cancer, as malignant and non-malignant

tumor cells develop a SASP that stimulates cancer recurrence

and metastasis (38). However, it was once believed that cellular

senescence contributed to the prevention of tumors; therefore, the

mechanism of cellular senescence in cancer is not welldefined and

should be further explored (39). Recently, it was demonstrated

that a high expression of cellular senescence genes correlates with

a poor LUAD prognosis (40). This is in line with our study,

where our four hub genes CCNA2, CCNB1, CDKN2A, and CDK1

were related to cellular senescence pathways. We investigated

genes that were highly expressed in LUAD and that were linked

to poor prognosis. It is crucial to deepen our understanding

of how cellular senescence in AIS and LUAD functions, how it

interacts with the immune system, and how it affects prognosis

because the mechanism underlying these diseases has not yet been

fully uncovered.

CCNB1 combines with CDK1 to form a complex that

enables cells to enter the G2/M phase to promote mitosis (41,

42). Numerous malignancies have high CCNB1 expression (43),

increase apoptosis and cell death via controlling the p53 signaling

pathway (44), accumulate in the degenerating brain regions of

stroke patients, and can participate in neuronal death (45). The

regulation of the mitotic cell cycle is influenced by CDK1 (46).

According to studies, CDK1 may contribute to stroke through

an oxidative mode of damage (47) and may also be a potential

biomarker for NSCLC (48). CDK1 is upregulated in patients

with LUAD and accelerates tumor progression (49). CCNB1 and

CDK1 enable the sustained proliferation of NSCLC by regulating

the pRb protein (50). In our study, survival analysis showed

that LUAD and AIS patients with overexpression of CCNA2,

CCNB1, and CDK1 had a poor prognosis and that these genes

can be used as predictors of prognosis. In addition, these

genes have high diagnostic abilities in patients with LUAD and

AIS and could later serve as biomarkers for predicting these

two diseases.

The cell cycle is regulated by CDKN2A, a cyclin-dependent

kinase inhibitor that encodes the p16 protein (51). CDKN2A

is a ferroptosis and cuproptosis gene (52, 53). When iron-

dependent lipid hydroperoxides build up to deadly amounts,

controlled cell death known as ferroptosis occurs (54). Cuproptosis

is another type in which excess copper leads to cell death by

aggregation of mitochondrial proteins (55). According to reports,

CDKN2A is a locus for AIS risk. It has been linked to an

elevated risk of AIS in the Han Chinese population and in

native West African men. Genetic variation at the CDKN2A

locus also predicts stroke in hypertensive patients (56–58). Lung

cancer is associated with genetic mutations in CDKN2A, such

as genomic deletions (59). The high expression of CDKN2A

in LUAD is correlated with a bad prognosis. High CDKN2A

expression may be associated with increased immune cell numbers,

immune checkpoint enhancement, and elevated chemokine levels

(60). CDKN2A is often regarded as a tumor suppressor gene;

however, hypermethylated CDKN2A may be responsible for poor

cancer prognosis (61). These four hub genes were verified in the

HPA database and discovered to be related to LUAD prognosis,

indicating they are crucial to the onset and development of

LUAD. Curcumin has been shown to have neuroprotective and

neuroregenerative properties. It can also be utilized as a drug for

the treatment of ischemic stroke (62). This is in line with our

findings, which shows that curcumin has a strong affinity to four

hub genes. Curcumin might be a potential therapeutic target for

the therapy of AIS, according to our drug prediction and molecular

docking results.

This research has several restrictions. First, this study only

employed a few samples. Second, we did not confirm the hub genes

discovered in this study based on data from earlier experiments.

However, their expression levels were validated.

According to our research, CCNA2, CCNB1, CDKN2A, and

CDK1 are significant components in AIS and LUAD.With multiple

analyses, we explored AIS and LUAD pathogenesis as well as their

common molecular mechanisms and observed high expression

of these four hub genes, high diagnostic power in patients, and

poor prognosis. Our results shed new light on improving AIS

and LUAD prognosis. Further research into early intervention

and treatment using our identified hub genes is warranted.

Overall, this study identified CCNA2, CCNB1, CDKN2A, and

CDK1 as hub genes involved in the cellular senescence pathway

and may serve as diagnostic and prognostic indicators for AIS

and LUAD.
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