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FIGURE 3 | Expression levels of top exercise induced hypomethylated genes
at baseline and following aerobic exercise intervention (A, VPS52; B, NR1H2;
C, PPP2R5D; D, SCARB1). Gene expression by quantitative RT-PCR; mRNA
levels of top 4 hypomethylated genes for VPS52; NR1H2; PPP2R5D;
SCARB1 at baseline and post-exercise. Note: * Indicates statistically
significant training-induced changes in gene expression levels.

CDK5 and GSK3-beta in mice lacking PPP2R5D subunits (Louis
et al., 2011). The PPP2R5D gene encodes the protein B56-
delta (B56δ), a part of (B subunit) of the phosphatase 2A
(PP2A) enzyme, which dephosphorylates other specific proteins,
to control their activation. Since most of the affected proteins
are involved in active signaling, the activation/inhibition of
PPP2R5D is often tightly controlled (Wang et al., 2008); thereby
making its expression levels less informative. Further, ARTN
may be critical to neuronal survival, given that protein signals
through the RET receptor and GFR alpha three coreceptors
encoded by ARTN support the survival of several peripheral
neurons and a population of dopaminergic CNS neurons
(Zihlmann et al., 2005).

However, we note that gene (ARTN) did not amplify in
blood cells, and an alternative primer yielded a similar result.
Also, we verified from GeneCards (Stelzer et al., 2016) that,
while the ARTN gene is widely expressed in nervous tissues,
it is not expressed in blood cells. Because phosphatases and
kinases (e.g., PPP2R5D and GSK3β) are regulated more by post-
translational modifications, increases in their activities are often
associated with compensatory decreased mRNA levels through
other pathways, and vice versa. While our methylation result is
consistent with an expectation of increased levels of PPP2R5D,
the incongruent decrease in mRNA levels suggests other
regulatory factors may be involved. Also, our finding of training-
induced changes in SCARB1 methylation is notable, given its
expression in astrocytes (Mulder et al., 2012). Nonetheless, our
findings are significant to current knowledge on exercise training-
induced changes on blood methylation profile in MCI subjects.

The inaccessibility of living human brain tissue in AD studies
motivated our consideration for using human peripheral blood
to evaluate methylation profile following exercise intervention.
Several studies have reported that DNA methylation patterns
in human blood parallel epigenetic changes in the brain
(Horvath et al., 2012; Walton et al., 2016). For example,
Horvath et al. (2012) noted a correlation r = 0.9 across
whole-blood and postmortem brain tissue methylation datasets,
suggesting that blood DNA methylation profiles may be a
promising surrogate for brain tissue (Horvath et al., 2012).
Using blood obtained premortem, Davies et al. (2012) showed
that individual methylation profile correlated with relevant
postmortem brain tissue (cortex and cerebellum) methylation
levels (correlation coefficient = 0.66–0.76) (Davies et al., 2012).
Further, a recent systematic review of the DNA methylation
studies showed that epigenetics changes in the peripheral blood
of AD patients correlated with AD pathology (Wei et al., 2020).
Acknowledged associations of DNA methylation in peripheral
blood cells of AD patients with poor cognitive performances
and APOE ε4 polymorphism are consistent with this report
(Di Francesco et al., 2015). Thus, our approach to investigate
methylation changes in peripheral blood following exercise
intervention provides valuable insight into the mechanism
underlying the effects of fitness adaptation on methylation, and
potentially, on experimentally inaccessible human brain and
neurodegeneration.

CONCLUSION AND LIMITATION

Our study revealed global changes in DNA methylations
following 6 months of standardized and supervised aerobic
exercise training in MCI subjects. The relevance of some of
these genes to AD pathophysiology provides further evidence
to the likely significance of aerobic exercise in moderating
AD pathophysiology in MCI populations. An important
limitation of this pilot study is the relatively small sample
size. Nonetheless, we provide novel insight into the effect
of aerobic exercise on the epigenome. Our plan includes
testing these findings in larger samples and informing the
genes’ relationship with cognitive phenotype and disease
progression spectrum.
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Background and Objective: Cystatin C is indicated to be involved in the pathogenesis

of Alzheimer’s disease (AD) and cognitive impairment. Our objective is to examine the

serum Cystatin C levels, and to clarify the correlations between serum Cystatin C and

cognitive performance in Chinese AD patients.

Methods: The serum Cystatin C concentrations in AD patients and age, sex, and body

mass index (BMI) matched-healthy controls were measured. The cognitive functions of

the AD patients were evaluated by using the Mini-mental State Examination (MMSE) and

the Montreal Cognitive Assessment (MoCA). The severity of dementia was determined

with clinical dementia rating (CDR).

Results: A total of 463 AD patients and 1,389 matched healthy subjects were included.

AD patients had higher serum Cystatin C than healthy controls. Serum cystatin C levels

were correlated with MoCA scores in AD patients. In an ordinal logistic regression

model, AD patients with higher serum cystatin C levels had increased odds of severe

cognitive dysfunction.

Conclusion: Our study suggested that AD patients had higher levels of serum cystatin

C than age/sex/BMI-matched normal control subjects. Higher serum cystatin C may be

associated with worse cognitive performance, but more studies are required to verify

such association.

Keywords: neurodegenerative diseases, Alzheimer’s disease, cystatin C, cognition, association analysis

INTRODUCTION

Cystatin C is highly expressed in the brain and cerebrospinal fluid (CSF) (Löfberg and Grubb,
1979), and it is indicated to play many roles in the risk and pathobiology for Alzheimer’s disease
(AD) (Taupin et al., 2000; Palmer et al., 2001; Gauthier et al., 2011). Genetically, the CST3 B
haplotype of cystatin C was considered to be a risk factor for AD, frontotemporal dementia (FTD),
and Lewy body dementia (LBD) (Finckh et al., 2000; Bertram et al., 2007; Maetzler et al., 2010; Hua
et al., 2012). Clinically, in patients with FTD and LBD, a reduction of CSF cystatin C was found,
and it was associated with an anticipation of dementia onset (Rüetschi et al., 2005; Sundelöf et al.,
2008; Maetzler et al., 2010).
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Specifically, in patients with AD, cystatin C levels in CSF
were found to be reduced, compared to individuals without
dementia (Simonsen et al., 2007; Hansson et al., 2009; Zhong
et al., 2013), and CSF cystatin C levels were positively correlated
with tau and Aβ levels (Sundelöf et al., 2010; Zhong et al., 2013).
However, another study found increased cystatin C levels in
CSF of AD patients compared to those in controls (Carrette
et al., 2003). In plasma, a study found that AD patients had
higher plasma cystatin C levels than healthy control subjects
(Wang R. et al., 2017). The association of serum cystatin C
with risk of mild cognitive impairment (MCI) or dementia was
inconsistent. The Health ABC Study showed that high levels
of serum cystatin C increased the risk of cognitive impairment
and individuals with higher levels of cystatin C had poorer
performance on cognitive examinations (Yaffe et al., 2008). In
contrast, the Uppsala Longitudinal Study found that high levels
of serum cystatin C were related to a decreased risk of AD in men
aged between 70 and 77 years-old (Sundelöf et al., 2008), and a
study also found that MCI patients with higher serum cystatin C
levels remained stable, without developing to dementia (Romero-
Sevilla et al., 2018). Moreover, the Osteoporotic Fractures study
reported a U-shape association between serum cystatin C and
cognitive impairment in elderly women, but the association no
longer existed after adjusting for covariates (Slinin et al., 2015).
However, there is no study focusing on the association of serum
cystatin C levels with cognitive performance in AD patients.

In this study we are aiming to examine the levels of serum
cystatin C in AD patients and compare to those in matched
healthy subjects, and trying to determine whether serum cystatin
C levels are associated with the severity of the dementia.

MATERIALS AND METHODS

Patients and Ethics Statement
This study was performed at the Department of Neurology,
Sichuan University West China Hospital, Chengdu, China.
From Jan 2014 to Dec 2019, a total of 463 patients with
probable AD were enrolled. The diagnosis of AD was based
on the criteria issued by the National Institute of Neurological
and Communicative Disorders and Stroke-Alzheimer’s Disease
and Related Disorders Association (NINCDS-ADRDA) The
individual, semistructured interviews were conducted with
participants and their close informants. Demographic data,
including sociodemographic characteristics, lifestyle, medical
history, current medications, and family history, were collected.
Clinical data related to cognitive impairments, including time
of onset, possible triggers, course of condition, impact on daily
activities, changes in mood or behavior, and treatment and
its effects, were also recored. Last, standardized general and
neurological examinations were performed. The diagnoses were
made at the end of each interviews according to the NINCDS-
ADRDA criteria (McKhann et al., 1984). AD patients participated
in the standardized assessments, including the Mini-mental
State Examination (MMSE), the Montreal Cognitive Assessment
(MoCA), and magnetic resonance imaging (MRI). AD patients
with MMSE score higher than 25 were excluded. A total of 1,389
healthy controls (HCs) were also recruited from the Medical

Examination Centre of West China Hospital, and they were
3:1 and age/gender/body mass index (BMI)-matched to the AD
patients. The HCs also received MMSE and MoCA evaluation.
Since MMSE has shown not to be adequate in detecting MCI
and clinical signs of dementia, and MoCA is superior to MMSE
in the identification of MCI (Pinto et al., 2019), HCs with
MMSE score higher than 25 and MoCA sore higher than
22 were included in the present study. Participants, including
both AD patients and HCs, who were diagnosed with vascular
dementia (VaD), cardiopathy, hypertension, diabetes mellitus,
and renal dysfunction, were also excluded. All participants
underwent hematological examinations considered to be part
of the diagnostic workshop. Peripheral blood samples from the
cubital vein were acquired from each AD patient and HCs.
Samples were taken by venipuncture, performed between 9:00
and 11:00 a.m., after fasting frommidnight. The blood specimens
were left at room temperature for 30min to clot and centrifuged
for 10min at 1,200 g. The cystatin C levels were measured by
the automated particle-enhanced immunoturbidimetric method,
and the measurement were completed in the Olympus AU5400
analyzer (Olympus, Tokyo, Japan) using the manufacturer’s
reagents and according to the manufacturer’s instructions. The
quality of all analyses was assured by appropriate quality
control. The kidney function was evaluated using the estimated
glomerular filtration rate (eGFR); the calculation of eGFR was
completed using the abbreviated Modification of Diet in Renal
Disease (MDRD) formula, recommended by K/DOQI as the
preferred equation for eGFR (Lameire et al., 2006). When eGFR
was 60/mL/min/1.73 m2 or less, an impaired renal function was
considered. DNA was isolated from blood cells. Samples were
amplified by polymerase chain reaction (ABI 7500 FAST, Applied
Biosystem, Thermofisher, Waltham, USA). APOE haplotypes
were determined according to the manufacturer’s instruction
with the use of ViennaLab ApoE Strip Assay (Memorigen,
Xiamen, China).

This study was approved by the Ethical Committee of
West China Hospital of Sichuan University. All AD patients
and control subjects gave their written informed consent to
participate in the investigation.

Clinical Evaluation
The following variables were collected: age of onset, sex,
BMI, education level, frequent physical activity, smoke, and
alcohol consumption. The Clinical Dementia Rating (CDR) is
an informant-based global assessment scale with established
reliability and validity, and it is utilized as a severity-ranking scale
in AD patients in the present study. The cognitive performance
was rated in six domains: memory, orientation, judgment and
problem solving, community affairs, home and hobbies, and
personal care. Each domain is rated according to one of five
levels of impairment, and the cognitive dysfunction was defined
as follow: mild (CDR= 0.5 or 1), moderate (CDR= 2) and severe
(CDR= 3).

Statistical Analysis
Comparisons of continuous variables between two groups
were made using Student’s t-test. The Kolmogorov-Smirnov
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test was applied in all continuous variables to verify the
presence of normality. A χ2 test was used to compare the
categorical variables. One-way ANOVA was performed for three
group comparisons of normally-distributed continuous variables.
Pearson’s non-parametric correlation was applied to investigate
the existence of linear association of the serum cystatin C
levels and eGFR values to the cognitive performance. The
association between cystatin C levels with CDR grading was
assessed using ordinal logistic regression model, which was used
to predict the CDR stage using serum cystatin C levels in a single
model, potential confounders, including age of onset, sex, disease
duration, and carriage of the APOE4 allele were allowed in the
analyses. This method makes the parallel regression assumption
for all variables across the grading of CDR stage. All data
were presented in the form of mean ± standard deviation, and
they were analyzed using SPSS 17.0. A p-value of <0.05 was
considered to be statistically significant.

RESULTS

This cross-sectional study included 463 AD patients [231 males
(49.9%) and 232 (50.1%) females], and 1,389 healthy subjects
[693 males (49.9%) and 696 females (50.1%)]. The MRI scan
supported the diagnosis of the included AD patients, who had
medial temporal 146 lobe atrophy, and the Fazekas scale of white
matter lesions was <2. The mean age at examination of the
AD patients and HCs were 69.00 ± 11.31 and 69.08 ± 11.28
years, respectively. Serum cystatin C levels in AD patients were
significantly higher than those in normal subjects (1.034 ± 0.254
vs. 1.010 ± 0.248, p = 0.0362). The cognitive performances
evaluated by MMSE or MoCA were poorer in AD patients
compared to those in HCs (Table 1).

In order to determine the association between serum cystatin
C levels and cognitive impairment, we stratified the cohort based
on the CDR grade (mild CDR = 0.5 or 1, moderate CDR =

2, severe CDR = 3). The one-way ANOVA analyses showed
that the serum cystatin C levels were not significantly different
among AD patients with different severities of dementia (p =

0.6588). In addition, the correlation analyses were utilized to
investigate the correlations between serum cystatin C levels and
cognitive performance assessed by MMSE and MoCA (Table 2),
and a significant correlation between serum cystatin C levels and
MoCA scores was identified (rs =−0.1326, p= 0.046). However,
the correlation analyses showed that serum cystatin C levels were
not correlated to the cognitive performance in HCs (MMSE: rs =
−0.09827, p= 0.1728; MoCA: rs =−0.1455, p= 0.0798). Serum
cystatin C levels was also found to be significantly associated with
age at examination in both AD patients and HCs (AD patients: rs
= 0.4869, p < 0.0001; HCs: rs = 0.5033, p < 0.0001). The ordinal
logistic regression stratified by CDR grade was conducted, and
the results of the model for predicting CDR grade using cystatin
C level showed age at onset, sex, disease duration and presence
of APOE ε4 allele were not significant risk factors in this model.
However, serum cystatin C levels were slightly associated with
severity of cognitive impairment (OR = 1.438, 95% CI 0.017–
2.858, p = 0.047). With regard to the cognitive predictors, AD

patients with a 1-point increase in cystatin C levels were 48%
more likely to have a higher CDR grade, indicating the AD
patients with higher cystatin C levels may have increased odds
of severe cognitive dysfunction.

DISCUSSION

Cystatin C, a cysteine protease inhibitor, is produced by most
nucleated cells and present in all body fluids. In the present
study, we found that serum cystatin C levels were increased in
AD patients than healthy controls, which was supported by some
studies (Straface et al., 2005; Wang R. et al., 2017). In contrast,
a previous study reported that the plasma cystatin C levels were
lower in AD patients than in controls (Chuo et al., 2007), and
another studies did not find significant differences in plasma
cystatin C levels between AD patients and healthy controls
(Kálmán et al., 2000; Ghidoni et al., 2010; Zhong et al., 2013).
Plasma cystatin C was also indicated to modulate the clinical
expression of cognitive decline; a significant anticipation of the
conversion to dementia was observed in MCI subjects, when
the detected plasma cystatin C levels were below 1,067 ng/ml
(Ghidoni et al., 2010). Such discrepancy may be caused by the
differences in sample sizes, characters of participants and genetic
backgrounds. To our knowledge, the current study included the
largest sample to determine the difference in serum cystatin C
levels between AD patients and healthy subjects.

Cystatin C is an inhibitor of cathepsins. Cathepsin D is
suggested to be involved in the pathogenesis of AD, and the
cathepsin D level is increased in AD patients (Nixon, 2000). The
increase of this cathepsin-inhibitory enzyme in AD patients may
represent a compensatory activity aimed at counteracting the
increased presence of cathepsin D. Cystatin C levels were also
increased in response to injury and oxidative stress (Finckh et al.,
2000; Nishio et al., 2000). In the central nervous system (CNS),
cystatin C can protect neuronal cells from degeneration induced
by fibrillar and oligomeric Aβ (Tizon et al., 2010). Co-incubate
cystatin C with monomeric Aβ42 can attenuate the formation
of Aβ oligomers and protofibrils (Sastre et al., 2004; Selenica
et al., 2007), and increase the cystatin C expression can reduce
parenchymal Aβ load in CNS (Kaeser et al., 2007; Mi et al., 2007).
In addition, the peripheral production of Aβ can be derived
from peripheral organs and tissues, including various blood and
endothelial cells (Wang J. et al., 2017). The accumulation of Aβ

deposits in the peripheral system may stimulate the expression
of cystatin C. However, the exact mechanism of increased serum
cystatin C in AD patients is not clear. We have to notice that the
serum cystatin C is cleared from the circulation by glomerular
filtration, and it can be affected by renal function, but the increase
of serum cystatin C level in AD patients cannot be simply
attributable to the changes of renal function since we did not
find any difference in eGFR between AD patients and controls.
Furthermore, ANCOVA adjusting for eGFR showed consistent
result of significantly higher serum cystatin C levels in AD
patients. The findings of the association of serum cystatin C with
cognitive impairment were inconsistent: one study did not find
any associations in AD patients (Zhong et al., 2013), but another
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TABLE 1 | Demographic and clinical characteristics of patients with AD and healthy controls.

Characteristics AD (n = 463) Controls (n = 1,389) p-value

Male, n (%) 231 (49.9) 693 (49.9) 1

Age at examination, yr 69.00 ± 11.31 69.08 ± 11.28 0.9016

BMI 22.36 ± 3.63 22.58 ± 3.89 0.8321

eGFR (ml/min) 101.13 ± 21.16 104.76 ± 19.53 0.5961

APOE 4 allele carriers (%) 33.48%

Serum cystatin C (mg/l) 1.034 ± 0.254 1.010 ± 0.248 P = 0.0362

MMSE 15.92 ± 7.33 27.18 ± 3.23 p < 0.001

MoCA 10.33 ± 6.45 24.98 ± 1.13 p < 0.001

Age at onset, yr 67.58 ± 10.12

Disease duration, mo 17.61

CDR staging (0.5 or 1/2/3) 148/163/152

MMSE according to CDR staging 22.88 ± 2.93/15.47 ± 3.29/6.68 ± 3.33

MoCA according to CDR staging 17.65 ± 4.22/10.19 ± 3.35/5.25 ± 2.85

yr, year; mo, month; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment (MoCA); CDR, clinical dementia rating. The meaning of the bold values is P < 0.05.

TABLE 2 | Correlations of serum cystatin C levels and eGFR values with cognitive

performance.

Serum cystatin C eGFR values

r p-value R p-value

MMSE −0.08484 0.1496 −0.03495 0.6295

MoCA −0.1326 0.0460 −0.1282 0.1230

The meaning of the bold values is P < 0.05.

study found a significant correlation between serum cystatin C
levels and MMSE scores in female AD patients (Wang R. et al.,
2017). In the current study, we found that serum cystatin C levels
were negatively associated with cognitive function assessed by
MoCA, higher serum cystatin C levels were weakly related to
poorer cognitive performance. In addition, we found a significant
positive correlation between serum cystatin C and age in both
AD patients and healthy subjects. Previous studies also found this
association in AD patients (Chuo et al., 2007; Zhong et al., 2013).
Therefore, the association between serum cystatin C and age
is not disease-specific. Since age is the biggest risk factor
for AD (McCartney et al., 2018), we compared the age-at-
examination among AD patients with different CDR score,
but the differences in age-at-examination were not significant
in patients with different level of cognitive dysfunction. We
also compared the serum cystatin C levels among AD patients
with different severity of dementia, and we did not find any
differences in serum cystatin C levels among patients with mild,
moderate, or severe dementia evaluated by CDR. However, using
ordinal logistic regression models, we found that serum cystatin
C levels were slightly associated with cognitive dysfunction;
patients with higher cystatin C levels had increased odds of
severe cognitive impairment. Similarly, a previous study found
that among community-resident elders, those with increased
serum cystatin C levels had poorer performance in cognitive
tests evaluated by the Modified Mini-Mental State Examination
(3MS) and the Digit Symbol Substitution Test (DSST) (Yaffe

et al., 2008). Another study also evaluated the cystatin C levels
in 193 participants older than 90, and found that higher tertiles
of cystatin C was related with poorer global cognition, executive
function and visual-spatial ability (Lau et al., 2020). Similarly,
the Cardiovascular Health Study Cognition Study reported that
high serum levels of cystatin C were related to poorer cognitive
performance 6 years later (Riverol et al., 2015). However, the
results of previous studies that correlated cystatin C with AD
required careful interpretation. First, the association between
cystatin C and cognitionmay underscore the connection between
kidney function and cognitive function. Studies have shown
that subjects with renal dysfunction had an elevated risk of
developing dementia and poorer performance on cognitive
function (Seliger et al., 2004; Martens et al., 2017). Cystatin
C was found to be associated with cognitive performance in
90+ year-olds; among them nearly 90% had cystatin C levels

more than 1.0, indicating that the kidney function is impaired.
Further study also gave 308 individuals aged 90 or older a PET
scan and obtained the brain indices of Aβ deposition using a

statistically defined region of interest (statROI), and found that

PET statROI was not correlated with cystatin C and eGFR,
indicating an independent association between cognition and

chronic kidney disease (CKD), and the CKD-associated cognitive

dysfunction largely reflects vascular rather than Aβ pathology
(Lau et al., 2021). Second, the correlation between serum cystatin

C and cognitive function may not only depend on kidney
function. In the present study, no significant differences in eGFR
were found among patients with different degrees of dementia
stratified by CDR grade, and the eGFR values were not associated
with cognition evaluated by MMSE and MoCA. In addition, a
previous study also found that elders with high serum cystatin C
levels had higher risks of cognitive impairment whether or not
they had CKD (Yaffe et al., 2008).

There are some limitations in the present study which should
not be ignored: (1) the genetic CST3 genotypes were not
considered; (2) the results of the present cannot be extrapolated
to other populations since our patients were recruited from a
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single specialized unit. On the other hand, some of the strengths
of our study are the strict inclusion criteria, the examination of
APOE genotype, and the fact that the specialized neurologists
conducted all the data collections and manifestation assessments.

CONCLUSION

In summary, the findings of the current study support the
idea that cystatin C plays an essential role in the pathogenesis
of AD. Our results suggest AD patients had higher levels
of serum cystatin C when compared to age/sex/BMI-matched
normal controls, and higher serum cystatin C levels were weakly
associated with worse cognitive performance in AD patients.
Our findings strengthen the evidence that serum cystatin C may
be involved in modulating the clinical expression of cognitive
decline. Further longitudinal studies in larger cohorts and
distinct ethnic groups will be needed to validate our findings, and
to determine the mechanisms underlying this association.
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Alzheimer’s disease (AD) is a heterogeneous degenerative brain disorder with a rising
prevalence worldwide. SHISA7 (CKAMP59) has emerged as one of the most intriguing
new members of the SHISA family, in that, unlike other CKAMP counterparts, it exhibits
a direct function in inhibitory synaptic GABAAR regulation. We used bioinformatics and
experimental methods in this research to explore competing endogenous RNA (ceRNA)
regulation of BCAS4 and SHISA7 in tau pathogenesis and their capacity as peripheral
biomarkers linked to an abnormal inflammatory response in AD. The Gene Expression
Omnibus database included two microarray datasets, including information on mRNAs
(GSE106241) and miRNAs (GSE157239) from individuals with AD with different degrees
of AD-associated neurofibrillary pathology in the temporal cortex (TC) tissue specimens
and corresponding controls were downloaded from the Gene Expression Omnibus
database. The limma package in the R software was used to identify differently
expressed mRNAs (DEmRNAs) and miRNAs (DEmiRNAs) associated with AD-related
neurofibrillary pathology. Additionally, we used the quantitative polymerase chain
reaction technique to examine the expression of the BCAS4/hsa-miR-185-5p/SHISA7
ceRNA axis in the peripheral blood (PB) of fifty AD patients and fifty control subjects.
BCAS4 was shown to act as a ceRNA to control the SHISA7 expression throughout
AD-associated neurofibrillary pathology in TC tissue specimens by sponging hsa-
miR-185-5p, based on our bioinformatics study. Furthermore, in PB specimens from
individuals suffering from AD and normal controls, we found no substantial differences
in BCAS4 expression patterns. SHISA7 expression in AD patients’ PB was found to
be reduced, as was the case in the TC. On the other hand, we discovered reduced
amounts of hsa-miR-185-5p in AD patients’ PB samples compared to control subjects,
unlike in TC tissue, where it had been demonstrated to be overexpressed. BCAS4 and

Frontiers in Aging Neuroscience | www.frontiersin.org 1 February 2022 | Volume 14 | Article 812169230

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2022.812169
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnagi.2022.812169
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2022.812169&domain=pdf&date_stamp=2022-02-21
https://www.frontiersin.org/articles/10.3389/fnagi.2022.812169/full
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-812169 February 18, 2022 Time: 10:37 # 2

Sabaie et al. SHISA7 and Alzheimer’s Disease

SHISA7 expression levels showed a strong positive correlation, suggesting the presence
of an interconnected network, most likely as a result of ceRNA regulation among PB
specimens. The present study is the first evidence to highlight the expression of the
BCAS4/miR-185-5p/SHISA7 ceRNA axis in the brain and PB of AD patients, and offers
a new viewpoint on molecular processes underlying AD pathogenic mechanisms.

Keywords: Alzheimer’s disease, BCAS4, competing endogenous RNA, miR-185, SHISA7

INTRODUCTION

Alzheimer’s disease (AD) is known as a type of dementia
and a progressive neurodegenerative disorder (NDD), causing
memory, thinking, and behavioral problems (Kang et al., 2020).
According to the Alzheimer’s Association, AD accounts for 60–
80 percent of dementia people. Nowadays, 50 million individuals
worldwide suffer from AD and other types of dementia. After
the age of 65, every 5 years, the incidence of AD doubles (Fan
et al., 2019). Symptoms usually appear gradually and worsen
with time. Regarding genetic aspects, AD is a heterogeneous
polygenic disorder. The illness has been divided into two types
based on the age of onset: early-onset AD (EOAD) and late-onset
AD (LOAD). The most prevalent type of dementia is LOAD,
commonly known as sporadic AD (SAD). AD is a complicated
disease caused by susceptible genes and also environmental
variables (Rezazadeh et al., 2019). Epigenetic alterations such
as non-coding RNA regulation, DNA methylation, and histone
modification may all impact tau phosphorylation regulation
directly or indirectly, hence contributing to the development
and progression of AD (Yu et al., 2019; Noroozi et al., 2021).
On the other hand, genes have an important influence on AD.
LOAD has a heritability of 58–79 percent, whereas EOAD has
over 90 percent. The genetic association studies have helped us
comprehend the etiology of AD. There are now around 50 loci
linked to AD. These data strongly imply that AD is a complicated
illness (Sims et al., 2020). The buildup of β-amyloid peptide
(Aβ) within the brain and hyperphosphorylated and cleaved
microtubule-associated protein tau are two core pathologies of
AD. It is documented that neurofibrillary tangles (NFTs) and
senile plaques are formed due to metabolic malfunction of Aβ

precursor protein (APP) and aberrant phosphorylation of the
protein tau (Kang et al., 2020) or maybe their interaction with
each other (Busche and Hyman, 2020). Genetic, biochemical,
and behavioral studies show that the pathologic formation of
the neurotoxic Aβ peptide following serial APP proteolysis is
a key stage in AD pathogenesis. Furthermore, APP is quickly
and intricately processed by sequential secretases, including
β-site APP-cleaving enzyme 1 (BACE1), γ-secretase, and the
ADAM family as α-secretases. In terms of tau proteolysis, this
mechanism is critical in tau aggregation and neurodegeneration.
The Microtubule-Associated Protein Tau (MAPT) gene encodes
tau, a microtubule-associated protein primarily generated in
neurons. Intracellular tau is occasionally hyperphosphorylated,
forming dangerous oligomers and observable aggregates as NFTs
(Kang et al., 2020). During the last decade, a third fundamental
characteristic of AD has arisen, which may give insight into the

pathogenesis of AD and a connection between the two types
of main pathologies (Kinney et al., 2018). The pathogenesis of
AD affects a variety of inflammatory molecules, with aberrant
amounts in several brain areas (Akiyama et al., 2000; Wilson et al.,
2002). Aβ and APP stimulate the production of cytokines and
chemokines from neurons, microglia, and astrocytes; chemokines
and cytokines also increase the synthesis and accumulation of
Aβ, therefore activating the vicious cycle (Solfrizzi et al., 2006).
Moreover, neuroinflammation, defined by microglial activation
prior to tau tangle development, might be an early occurrence
and play a critical role in the pathology of tau. In P301S transgenic
mice, immunosuppression improved tau pathology (Metcalfe
and Figueiredo-Pereira, 2010). Furthermore, the peripheral level
of inflammation-associated cytokines varies throughout the
pathogenesis of AD and is substantially associated with disease
development (Motta et al., 2007; Holmes et al., 2009; Leung
et al., 2013). As a result, to decipher the mechanism of the
pathogenesis of AD, the crosstalk between aberrant phenomena
in the central and the peripheral immune system should be
understood (Dionisio-Santos et al., 2019; Park et al., 2020).
Irrespective of the pathological features, synaptic dysfunction is
largely regarded as a causative phenomenon in AD. There are two
primary synapses (glutamatergic and GABAergic) in the central
nervous system (CNS), which produce excitatory and inhibitory
responses, respectively. A large body of evidence suggests that
the glutamatergic system is compromised throughout disease
progression. Nonetheless, new data suggest that the GABAergic
pathway experiences pathogenic changes and contributes to AD
development (Li et al., 2016).

SHISA7 (CKAMP59) has emerged as an intriguing SHISA
family because, unlike other CKAMPs, Shisa7 directly affects the
regulation of GABAARs at inhibitory synapses (Castellano et al.,
2021). It co-localizes in hippocampal neurons with GABAARs
and gephyrin (Castellano et al., 2021), whereas other CKAMPs
are found at glutamatergic synapses (von Engelhardt et al., 2010;
Klaassen et al., 2016; Peter et al., 2020). Moreover, it controlled
GABAAR trafficking and inhibitory transmission while having no
effect on excitatory synaptic transmission. Interestingly, Shisa7
influences GABAAR kinetics as well as its pharmacological
characteristics (Castellano et al., 2021). The activation of the
GABAAR may promote tau phosphorylation by decreasing
the interaction of protein phosphatase 2A (PP2A) with tau,
increasing intracellular NFTs within neurons and contributing to
AD development. Hyperphosphorylated tau, on the other hand,
may increase GABAergic neurotransmission. In the neurological
system, there may be a feedback loop between the activation
of the GABAAR and phosphorylation of tau (Li et al., 2016).
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Furthermore, recent research demonstrates the dual involvement
of the GABAA receptor in neuroinflammation and peripheral
inflammation, implying a complex interplay between GABAergic
systems and immunity systems (Malaguarnera et al., 2021). To
the best of our knowledge, regulating the expression of SHISA7
in AD development has not been investigated yet. Salmena
et al. (2011) suggested a novel regulatory mechanism termed
competing endogenous RNA (ceRNA). This hypothesis refers to
the existence of a reversed RNA→microRNA function, in which
RNAs actively control one another via direct competition for
miRNA complementary sequences known as miRNA response
elements (MREs) (Salmena et al., 2011; Tay et al., 2011).
According to the ceRNA hypothesis, if two RNA transcripts
control one another via a ceRNA-mediated mechanism, the
expression of the two RNA transcripts will correlate negatively
with the expression level of target miRNAs and positively with
one another (Salmena et al., 2011). Several investigations in
recent years have confirmed the ceRNA hypothesis. Disruptions
to the ceRNA crosstalk equilibrium are well recognized to
be involved in NDDs. In addition, ceRNAs were studied as
biomarkers in NDDs (Moreno-García et al., 2020). Amongst
NDDs, ceRNA interactions in AD have received a great deal
of attention (Cai and Wan, 2018). A study on the human
cell line indicated that BCAS4, as a SHISA7 ceRNA, modulates
the SHISA7 expression level through a miRNA-dependent
mechanism (Marques et al., 2012). Based on the as-mentioned
theoretical concepts, the BCAS4/SHISA7 ceRNA pair may be
significantly involved in AD development.

This study aimed to examine the ceRNA regulation of
SHISA7 and BCAS4 in tau pathogenesis and their usefulness
as peripheral biomarkers associated with aberrant inflammation
in the development of AD, according to bioinformatics and
experimental approaches.

MATERIALS AND METHODS

Bioinformatics Analysis Based on Brain
Microarray Dataset
Gene Expression Profile Data Collection
In this research, a bioinformatics approach was employed to
mine data from a microarray dataset of human temporal
cortical (TC) tissue samples with different degrees of AD-related
neurofibrillary pathology (GSE106241). We intended to identify
expression changes of SHISA7 and BCAS4 in human TC tissue
samples. The above gene expression profile was obtained from the
NCBI Gene Expression Omnibus database (GEO1). A chip-based
platform GPL24170 Agilent-044312 Human 8 × 60K Custom
Exon array (Probe Name version) was used for the dataset.
The GSE106241 included 60 human TC tissue samples split
into seven groups according to Braak staging (Braak 0: n = 6,
Braak I: n = 11, Braak II: n = 11, Braak III: n = 6, Braak IV:
n = 7, Braak V: n = 12, Braak VI: n = 7) reflecting the severity
of the disease (Marttinen et al., 2019). Braak staging is a type
of neuropathological staging that distinguishes between early,

1https://www.ncbi.nlm.nih.gov/geo/

middle, and advanced AD according to the development of NFTs
within the medial temporal lobe memory circuit. Braak Stage 0
corresponds to the absence of NFTs, Stages I-II to entorhinal-
perirhinal cortex NFTs, Stages III-IV to NFTs additionally in
the hippocampus, and Stages V-VI to NFTs dispersed across the
neocortical regions (Braak and Braak, 1991).

Data Preprocessing and Differentially Expressed
Genes (DEGs) Identification
Using the normexp method, background correction was
performed (Silver et al., 2009) with an offset of 15, and between-
array normalization was performed utilizing the quantile
algorithm using normalizeBetweenArrays() function from linear
models for microarray data (limma) R package (Ritchie et al.,
2015). Only spots with signal minus background flagged as
“positive and significant” (field name gIsPosAndSignif) and
not flagged as ControlType or IsManualFlag were utilized. The
AgiMicroRna Bioconductor package (version 2.40.0) was used
to evaluate the quality. The principal component analysis (PCA)
was used for a dimensional reduction analysis (Yeung and
Ruzzo, 2001) to find similarities between each sample group by
the ggplot2 package in R software version 4.0.3. Differentially
expressed gene analysis (DEGA) was performed comparing
AD samples with normal samples using the linear models for
microarray data (limma) R package (Ritchie et al., 2015) in
Bioconductor2 (Huber et al., 2015). Student’s t-test was used
to identify statistically significant genes. Also, the cut-off for
aberrantly expressed mRNAs was established as follows: (Kang
et al., 2020) a false discovery rate (adjusted P-value) < 0.01,
and (Fan et al., 2019) | log2 fold change (log2FC)| > 0.3. The
volcano plot for DEGs and heat map for BCAS4 and SHISA7
genes were created using the Enhanced Volcano (version 1.8.0)
and Pheatmap (version 1.0.12) R packages.

Identification of miRNAs Associated With Alzheimer’s
Disease-Related Neurofibrillary Pathology
To discover the differentially expressed miRNAs (DEmiRNAs)
linked to AD-related neurofibrillary pathology, we employed
a bioinformatics method identical to the one described above.
GSE157239 miRNA profile data were acquired from the
NCBI GEO. The platform GPL21572 (miRNA-4) Affymetrix
Multispecies miRNA-4 Array (ProbeSet ID version) was applied
for the dataset. The GSE157239 comprised eight TC samples from
AD patients (Braak stage III or above) and eight from control
subjects. The Robust Multichip Average (RMA), an effective
tool in the affy Bioconductor package, was used for background
correction and quantile normalization of the entire raw data files
(Irizarry et al., 2003). An interquartile range filter (IQR across the
samples on the log base two scale greater than median IQR) was
used to lower the number of analyzed genes, which was followed
by an intensity filter (a minimum of >100 expression signals in a
minimum of 25% of the arrays) to remove insignificant probe sets
that are not expressed or changing (von Heydebreck et al., 2005).
The quality was assessed by the AgiMicroRna Bioconductor
package. The PCA was used for a dimensional reduction analysis

2https://www.bioconductor.org/
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(Yeung and Ruzzo, 2001) by the ggplot2 package in R software.
The DEGA was conducted using the limma R package (Ritchie
et al., 2015) in Bioconductor (Huber et al., 2015) on normal and
AD samples. To transform the miRNA names to miRbase v22, the
miRNAmeConverter Bioconductor package (Haunsberger et al.,
2017) was utilized. Student’s t-test was used to identify statistically
significant miRNAs. Also, the cut-off for aberrantly expressed
miRNAs were set as follows: (Kang et al., 2020) a false discovery
rate (adjusted P-value) < 0.01, and (Fan et al., 2019) | log2 fold
change (log2FC)| > 0.3. The DEmiRNA heat map was created
utilizing R’s Pheatmap package.

Prediction of miRNA-mRNA Interactions
We used miRWalk (version 3) to identify interactions among
miRNAs linked to AD-related neurofibrillary pathology with
BCAS4/SHISA7 (Sticht et al., 2018). Binding sites 3′UTR and
score ≥ 0.95 were considered as criteria for the miRWalk query.

Correlation Analysis Between BCAS4 and SHISA7,
and Competing Endogenous RNA Axes Construction
The Pearson correlation analysis was performed to determine if
there were any positive correlations between BCAS4 and SHISA7
in the ceRNA regulatory axes. The Hmisc and psych packages
were used to calculate the correlations and visualization. The
ceRNA regulatory axes were built according to the co-expression
relation and miRNA-mRNA interactions.

Identification and Differential Analysis of
BCAS4/SHISA7 Competing Endogenous
RNA Axis as an Inflammatory Biomarker
in Peripheral Blood
Participants and Peripheral Blood Samples
This case-control research included 100 individuals, 50 AD
patients as well as 50 healthy controls who were gender
and age-matched. The present investigation was approved by
Tabriz University of Medical Sciences’ clinical research ethics
committee (Ethical code: IR.TBZMED.REC.1398.1264). The
participants were recruited from the Department of Neurology
of Tabriz University of Medical Sciences’ Imam Reza Hospital.
A neurology specialist identified the individuals using the
Diagnostic and Statistical Manual of the American Psychiatric
Association (DSM-V) criteria (Association, 2013). The criteria
for inclusion were 65 years of age and older and no other
psychiatric/neurologic diagnoses other than AD. The control
group was chosen from aged 65 years and above individuals
without AD in the same department. Diabetes, active or
chronic infectious diseases, thyroid disorders, cancer, renal
and liver failure, inflammatory diseases or receiving anti-
inflammatory drugs, metabolic disease, severe ischemic heart
disease, alcohol abuse, cerebrovascular accident, and having
received corticosteroids in the past 8 weeks of evaluation were
all exclusion criteria. Mini-mental state examination (MMSE)
was used to assess cognitive ability in both groups. Written
informed consent was obtained from all participants or their
primary caregivers before enrolling in the research. Finally, 5-ml

of peripheral blood was taken from each participant in EDTA-
treated tubes.

Expression Assays
Total RNA was isolated from whole blood utilizing the Hybrid-
RTM Blood RNA purification kit according to the manufacturer’s
instructions (GeneALL, Seoul, South Korea) and treated with
DNase I to remove DNA contamination. NanoDrop was
employed to assess the quantity and quality of extracted
RNA (Thermo Scientific, Wilmington, DE, United States). The
synthesis of cDNA was done by the cDNA synthesis Kit
(GeneALL) according to the manufacturer’s guidelines. The
cDNA was stored at −20◦C for further investigation. The
primer sequences used in reverse transcription, as well as qPCR
reactions, are listed in Table 1. U6 and Ubiquitin C (UBC)
were employed as internal controls to normalize miRNA and
mRNA levels, respectively. The Step OnePlusTM Real-Time
PCR and the RealQ Plus2x Master Mix (Ampliqon, Odense,
Denmark) were used for the qPCR. All qPCR reactions were
performed in duplicate.

Statistical Analysis for qPCR
The data analysis was performed using the R v.4 software
packages brms, stan, pROC, and GGally. The Bayesian regression
model was employed to investigate the relative expressions of
BCAS4, SHISA7, and hsa-miR-185-5p in AD patients and healthy
controls, as well as subgroups. Age and gender impacts were
adjusted. The adjusted P-values of less than 0.05 were considered
significant. The expression of the abovementioned genes was also
studied across age groups and between males and females. The
Spearman correlation coefficients were utilized to evaluate the
connections between the variables in the research. The genes’
diagnostic power was determined using a receiver operating
characteristic (ROC) curve analysis.

RESULTS

Brain Microarray Dataset Reanalysis
Differentially Expressed Genes Identification
Background correction, batch modification, gene filtering,
and normalization were all performed prior to DEGA. The
AgiMicroRna Bioconductor package was utilized to monitor
the quality. The gene expression dataset’s box plots were
used to evaluate the distribution of data after normalization
(Supplementary File 1). Distinct arrays in the box plots had
similar expression level medians, suggesting that the correction
was done properly. A PCA plot was also used to illustrate
the spatial dispersion of samples (Supplementary File 1). PCA
displays the specifics of the investigated data’s structure and aids
in the discovery of similarities across samples.

According to the results, BCAS4 was significantly
downregulated in Braak stages I-VI, while SHISA7 was
significantly downregulated only in Braak stage V. Thus,
Braak stage V was the only one in which both the BCAS4
(log2FC = −0.95, adj.P.Val = 1.71E-09) and the SHISA7
(log2FC = −0.32, adj.P.Val = 0.000685865) genes were
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TABLE 1 | Sequences of primers used in reverse transcription (RT) and qPCR reactions.

Gene name Gene reference ID Primer sequences

hsa-miR-185-5p – RT primer:
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCAGGAA
Forward primer: AATCGGCGTGGAGAGAAAGGC
Reverse primer: GTCGTATCCAGTGCAGGGTCC

U6 – RT primer:
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAAATAT
Forward primer: GCTTCGGCAGCACATATACTAAAAT
Reverse primer: CGCTTCACGAATTTGCGTGTCAT

BCAS4 NM_198799.4
XM_017027932.1
XM_011528887.2
XM_011528886.2
NM_017843.4
NM_001010974.2

Forward primer: ATGCTCCTCAGGCTGGAAGAGT
Reverse primer: CCACGCATTTCTGTCAGTTTGGC

SHISA7 NM_001145176.2 Forward primer: TGAAGACCCCCAACCTCGACTG
Reverse primer: TCCTTCTCGGCCAGCCTCTTG

UBC NM_021009.7 Forward primer: CAGCCGGGATTTGGGTCG
Reverse primer: CACGAAGATCTGCATTGTCAAGT

dysregulated. Supplementary File 2 summarizes the information
of the genes addressed in each step. A total of 18,590 DEGs
were found in patients in Braak stage V using the criteria of
adjusted P-value < 0.01, and (Fan et al., 2019) | log2 fold change
(log2FC)| > 0.3. Figure 1 depicts a volcano plot of DEGs as well
as a hierarchical clustering heatmap of BCAS4 and SHISA7 genes
in Braak stage V.

Identification of miRNAs Associated With Alzheimer’s
Disease-Related Neurofibrillary Pathology
Before conducting DEGA, gene filtering, normalization, batch
adjustment, and background correction were performed. The
AgiMicroRna Bioconductor program was utilized to monitor
the quality. Box plots for gene expression profiles were
shown after normalization to evaluate the distribution of data
(Supplementary File 1). Distinct arrays in the box plots had
similar expression level medians, suggesting a proper correction.
In addition, a PCA plot was utilized to depict the distribution
pattern of samples (Supplementary File 1). PCA displays the
specifics of the investigated data structure. It also aids in
determining the similarity of samples. A total of 68 human
DEmiRNAs (38 up-regulated and 30 down-regulated) were
discovered in GSE157239 comparing AD and control TC samples
using the criteria [adjusted P-value < 0.01, and (Fan et al., 2019) |
log2 fold change (log2FC)| > 0.3]. Figure 2 depicts a hierarchical
clustering heatmap of DEmiRNAs. The details of DEmiRNAs are
summarized in Supplementary File 2.

Prediction of miRNA-mRNA Interactions
We employed miRWalk database to find interactions between
miRNAs linked to AD-related neurofibrillary pathology and
BCAS4/SHISA7 and later showed that three (hsa-miR-185-5p,
hsa-miR-423-5p, hsa-miR-5787) and 14 miRNAs (hsa-miR-145-
5p, hsa-miR-150-5p, hsa-miR-185-5p, hsa-miR-3620-5p, hsa-miR-
4270, hsa-miR-4463, hsa-miR-4507, hsa-miR-4508, hsa-miR-4739,
hsa-miR-485-3p, hsa-miR-5100, hsa-miR-762, hsa-miR-769-3p,
hsa-miR-937-5p) obtained from GSE157239 dataset reanalysis

may target BCAS4 and SHISA7, respectively. Of those miRNAs,
hsa-miR-185-5p targeted both genes BCAS4 and SHISA7. The
hsa-miR-185-5p expression levels in TC samples of AD were
statistically higher than those in controls (log2FC = 0.37,
adj.P.Val = 7.89E-24).

Correlation Analysis Between BCAS4 and SHISA7,
and Competing Endogenous RNA Axis Construction
The Pearson correlation analysis was conducted between BCAS4
and SHISA7 to validate the ceRNA axes theory, which states that
ceRNAs are positively regulated by each other via interactions
with miRNAs. A significant positive correlation was found
between the levels of expression of the evaluated genes (r = 0.91,
P < 0.001) (Figure 3). Based on the co-expression and miRNA-
mRNA interactions, BCAS4 was shown to act as a ceRNA to
control the SHISA7 expression via sponging hsa-miR-185-5p.

Identification and Differential Analysis of
BCAS4/hsa-miR-185-5p/SHISA7
Competing Endogenous RNA Axis as an
Inflammatory Biomarker in Peripheral
Blood
General Demographic Data
Following consideration of the inclusion and exclusion
criteria, 50 AD patients (male/female%: 31.4/68.6) with age
[mean± standard deviation (SD)] of 76.36± 6.26 and 50 healthy
controls (male/female%: 30.6/69.4) with age (mean ± SD) of
74.3 ± 6.22 were included in the study. The MMSE scores
(mean ± SD) of the patient and control groups were 14.2 ± 5.94
and 27.5± 0.76, respectively.

Expression Assays
Figure 4 depicts BCAS4, SHISA7, and hsa-miR-185-5p genes’
relative expression levels in patients with AD and controls. The
BCAS4 expression levels demonstrated no significant differences
in PB samples among AD patients and healthy controls (adjusted
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FIGURE 1 | Differentially expressed mRNAs between brain samples of Alzheimer’s disease (AD) patients in Braak stage V and control (CTL) samples. (A) Volcano
plot for the DEGs. The DEGs were screened based on a | (log2FC) | > 0.3 and an adjusted P-value < 0.01. (B) Heatmap for BCAS4 and SHISA7 genes. High
expressed genes are shown in red, while those expressed at low levels are blue.

P-value = 0.967), as well as subgroups. SHISA7 expression was
significantly lower in PB samples from AD patients compared
to controls (posterior beta = −1.035, adjusted P-value < 0.003).
Such decreased expression was found between male and female
subgroups too (posterior beta =−0.927, adjusted P-value = 0.035
and posterior beta = −0.932, adjusted P-value = 0.022,
respectively). The hsa-miR-185-5p expression was found to
be significantly lower (posterior beta = −0.849, adjusted
P-value < 0.029) when PB samples from AD patients were
compared to controls. Male and female subgroups also had lower
expression (posterior beta = −0.857, adjusted P-value = 0.01 and
posterior beta = −0.857, adjusted P-value = 0.01, respectively).
Tables 2–4 provide comprehensive data on relative expressions
of BCAS4, SHISA7, and hsa-miR-185-5p, respectively.

Correlation Analysis
The BCAS4, SHISA7, and hsa-miR-185-5p expressions were not
correlated to the patients’ age. In AD patients, expression of
BCAS4 were correlated positively with SHISA7 (r = 0.624,
P < 0.001). In the PB of patients, our correlation results
between hsa-miR-185-5p and SHISA7 showed a weak positive
correlation (r = 0.397, P < 0.01) instead of a negative correlation.
Furthermore, the expressed levels of hsa-miR-185-5p and BCAS4
were not correlated significantly in AD cases (Figure 5).

Receiver Operating Characteristic Curve Analysis
The diagnostic power of SHISA7 and hsa-miR-185-5p were tested
for their ability to distinguish AD patients from the controls. We
obtained significant diagnostic powers of 0.758 and 0.779 from
the transcript levels of SHISA7 and hsa-miR-185-5p, respectively,
by evaluating the area under the curve (AUC) (Figure 6).

DISCUSSION

According to growing research-based data, GABAergic
neurotransmission faced serious pathological alterations in AD,

and it might be a successful therapeutic candidate for this NDD
(Li et al., 2016). Moreover, ceRNA regulation has biologically
profound impacts in a variety of NDDs (e.g., Parkinson’s
disease, AD, spinocerebellar ataxia type 7, amyotrophic lateral
sclerosis, and multiple sclerosis), so it can explain the pathogenic
processes and provides new options for therapy. Because of
the multifactorial character of ceRNA interacting networks,
they may be useful in the research of complicated diseases like
AD. As a result, our efforts to comprehend various aspects
of ceRNA regulation processes in AD pathology elucidate
possible molecular targets, identify biomarkers based on
ceRNA, and develop ceRNA-based therapeutic options (Cai
and Wan, 2018; Moreno-García et al., 2020; Sabaie et al., 2021).
In this study, we employed bioinformatics and experimental
approaches to investigate the BCAS4/SHISA7 verified ceRNA
axis in AD development.

BCAS4/SHISA7 Competing Endogenous
RNA Axis in Tau Pathology in Alzheimer’s
Disease
Our bioinformatics analysis showed that BCAS4 could serve as
a ceRNA to regulate the expression of SHISA7 in AD-related
neurofibrillary pathology via sponging hsa-miR-185-5p. To our
knowledge, this would be the first report of a possible role of the
BCAS4/hsa-miR-185-5p/SHISA7 axis in the tau pathology of AD.

Our in silico analysis showed that the expression levels of
BCAS4 were substantially lower in TC samples from AD patients
and the control group. BCAS4 is a new gene, which is cloned
from breast cancer cells, encoding a cytoplasmic protein (211
aa) with no substantial homology to known proteins (Bärlund
et al., 2002). A recent piece of research employing machine
learning approaches and various microarray datasets revealed
that BCAS4 might be a ceRNA regulator for the development of
intervertebral disc degeneration (Chang et al., 2020). To the best
of our knowledge, this is the first study on BCAS4 expression in
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FIGURE 2 | Hierarchical clustering heatmap differentially expressed human miRNAs between brain samples of Alzheimer’s disease (AD) and control (CTL) samples.
High expressed genes are shown in red, while those expressed at low levels are blue.
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FIGURE 3 | The distribution of each variable is shown on the diagonal. The lower portion of the diagonal shows bivariate scatter plots with a fitted line. On the upper
part of the diagonal, the correlation coefficients plus the significance level as stars are displayed. *** is significant correlation at P-value < 0.001.

FIGURE 4 | Expression of BCAS4, SHISA7, and hsa-miR-185-5p in cases and controls’ peripheral blood samples. Values are depicted as gray dots. Means of
expression levels and interquartile range are displayed.
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TABLE 2 | Relative levels of BCAS4 in AD cases and controls according to the Bayesian quantile regression model.

BCAS4 Posterior Beta of (2(−ddct))λ SE Adjusted P-Value* 95% Crl for Beta

Total Group, Case vs. control −0.124 0.26 0.967 [−0.57, 0.42]

Sex, Female vs. Male −0.061 0.29 0.647 [−0.59, 0.51]

Age (years) −0.011 0.02 0.801 [−0.04, 0.02]

Group * Sex 0.017 0.4 0.427 [−0.78, 0.76]

Male Case vs. control −0.138 0.17 0.495 [−0.48, 0.2]

Age −0.012 0.01 0.886 [−0.04, 0.02]

Female Case vs. control −0.132 0.17 >0.999 [−0.46, 0.22]

Age −0.012 0.01 0.686 [−0.04, 0.02]

*Estimated from frequentist methods; CrI: Credible interval, λ: Power transformation value estimated from Box-cox or Yeo-Johnson method. AD, Alzheimer’s disease.

TABLE 3 | Relative levels of SHISA7 in AD cases and controls according to the Bayesian quantile regression model.

SHISA7 Posterior Beta of (2(−ddct))λ SE Adjusted P-Value* 95% Crl for Beta

Total Group, Case vs. control −1.035 0.23 0.003 [−1.48, −0.58]

Sex, Female vs. Male 0.217 0.25 0.26 [−0.26, 0.68]

Age (years) 0.015 0.02 0.175 [−0.02, 0.04]

Group * Sex 0.2 0.37 0.868 [−0.51, 0.93]

Male Case vs. control −0.927 0.18 0.035 [−1.28, −0.55]

Age 0.019 0.02 0.389 [−0.01, 0.05]

Female Case vs. control −0.932 0.18 0.022 [−1.29, −0.56]

Age 0.019 0.02 0.601 [−0.01, 0.05]

*Estimated from frequentist methods; CrI: Credible interval, λ: Power transformation value estimated from Box-cox or Yeo-Johnson method. AD, Alzheimer’s disease.

TABLE 4 | Relative levels of miR-185 in AD cases and controls according to the Bayesian quantile regression model.

miR-185 Posterior Beta of (2(−ddct))λ SE Adjusted P-Value* 95% Crl for Beta

Total Group, Case vs. control −0.849 0.21 0.029 [−1.28, −0.46]

Sex, Female vs. Male 0.068 0.25 0.906 [−0.45, 0.55]

Age (years) 0.016 0.01 0.195 [−0.01, 0.04]

Group * Sex −0.028 0.35 >0.999 [−0.69, 0.68]

Male Case vs. control −0.857 0.16 0.01 [−1.18, −0.56]

Age 0.015 0.01 0.814 [−0.01, 0.04]

Female Case vs. control −0.857 0.15 0.01 [−1.17, −0.56]

Age 0.014 0.01 0.288 [−0.01, 0.04]

*Estimated from frequentist methods; CrI: Credible interval, λ: Power transformation value estimated from Box-cox or Yeo-Johnson method. AD, Alzheimer’s disease.

TC samples of AD cases. In line with our results, a prior study on
a human neuroblastoma cell line found that ceRNA regulation
between BCAS4 and SHISA7 by hsa-miR-185-5p is conserved in
humans (Marques et al., 2012).

Moreover, we discovered a decreased SHISA7 expression
level in TC samples from AD patients compared to controls.
Shisa7 controlled GABAAR trafficking and also inhibitory
transmission while having no effect on excitatory synaptic
transmission (Han et al., 2019). Interestingly, Shisa7 influences
the kinetics and pharmacological characteristics of the GABAAR.
Although Shisa7 lowered deactivation time constants for
α1β2γ2 and α2β3γ2 receptors in heterologous cells, Shisa7 KO
increased decay time constants for GABAergic transmission
in hippocampal neurons (Han et al., 2019). Eventually, Shisa7
enhanced GABAAR potentiation induced by diazepam in
heterologous cells, but Shisa7 KO substantially decreased

diazepam effects in vivo (Han et al., 2019). To the best of our
knowledge, this is the first study on the expression level of
SHISA7 in AD patients. As previously stated, recent research
using human neuroblastoma cell lines found that hsa-miR-185-
5p regulates BCAS4 and SHISA7 in a ceRNA manner, which is
consistent with our findings (Marques et al., 2012).

In addition to finding changed expression of SHISA7 and
BCAS4 genes in tau pathogenesis, we discovered DEmiRNAs
related to AD-associated neurofibrillary pathology. Among those
miRNAs, just hsa-miR-185-5p targeted both SHISA7 and BCAS4
genes. Compared to controls, individuals with AD indicated
higher hsa-miR-185-5p expression. In mice and humans, MiR-
185 mediates conserved crosstalk among Pbcas4, BCAS4, and
protein-coding gene ceRNAs like SHISA7 (Marques et al., 2012).
A recent research study anticipated that the SNP rs5848 [C/T]
created a 6 mer target site/MRE for hsa-miR-185-5p in the 3′UTR
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FIGURE 5 | The distribution of variables is depicted on the diagonal. The correlation coefficients plus the significance level as stars are shown. *, **, and *** is
significant correlation at P < 0.05, P < 0.01, and P < 0.001, respectively.

of granulin (proepithelin or GRN). They hypothesized that the
development of this novel 6 mer MRE would lead to the observed
GRN downregulation in LOAD (Roy and Mallick, 2017). The
rs5848 GRN variant has been identified as a risk factor for AD
in Taiwanese people (Lee et al., 2011), although the specific
mechanism by which it affects the disease is unknown.

BCAS4/hsa-miR-185-5p/SHISA7
Competing Endogenous RNA Axis as an
Inflammatory Biomarker in Peripheral
Blood of Alzheimer’s Disease Patients
Due to the multifactorial nature of ceRNA interacting networks,
they may be useful in investigations of complex NDDs like AD,

particularly at levels of biomarkers (Moreno-García et al., 2020).
As a result, we used qPCR to look into the expression level of the
BCAS4/hsa-miR-185-5p/SHISA7 ceRNA axis in our PB samples.

In PB samples, we found no significant differences in
expression levels of BCAS4 between AD patients and controls.
Based on the literature, this is a study on the expression of BCAS4
in PB samples from AD patients for the first time. Previous
research has shown that the unique DNA methylation of BCAS4
works as an epigenetic marker might be utilized to differentiate
saliva from other types of body fluids. Moreover, it is utilized
extensively in forensic investigations (Taki and Kibayashi, 2015;
Silva et al., 2016).

SHISA7 expression was reduced in the PB sample of patients
with AD, just as it was in brain tissue. The current study
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FIGURE 6 | Receiver operating characteristic (ROC) curve analysis. (A) SHISA7 transcript levels displayed diagnostic power of 0.758. (B) Hsa-miR-185-5p transcript
levels displayed diagnostic power of 0.779.

is the first report considering the expression level of SHISA7
in PB samples from AD patients. This concurrent reduction
in the SHISA7 expression level in the PB and brain might
represent changes in AD patients’ brains in their periphery,
making it a promising candidate for biomarker research
(Ma et al., 2019).

Besides, in contrast to TC tissue, where hsa-miR-185-5p was
found to be overexpressed, we found reduced levels of hsa-
miR-185-5p in PB of AD patients compared to the healthy
control group. These findings may imply that the biological
role of this miRNA in PB differs from that in TC. More
study is needed to validate these findings. In a newly published
study (Lugli et al., 2015), lower amounts of hsa-miR-185-
5p were seen in the plasma of individuals with AD when
compared with healthy controls. Our findings are consistent
with these results.

Expression levels of SHISA7 and BCAS4 were shown to
have a strong positive correlation, suggesting an interacting
network, possibly owing to the regulation of ceRNA in PB
samples. Whereas SHISA7 and BCAS4 are closely correlated
in a direct manner, implying an interactional network, their
activities in the development of AD should be reassessed
considering whole blood specimens because the altered patterns
of BCAS4 expression were not strong enough to be meaningful.
Nevertheless, the results obtained are just preliminary. One
possible explanation for this could be our small sample size.
Contrary to the common belief that miRNAs are repressive,
we discovered a weak positive correlation between SHISA7 and
hsa-miR-185-5p in AD patients’ PB samples. Although it is
unusual, both negative and positive miRNA-mRNA correlations
have been witnessed in many studies, suggesting the presence of
a complicated network encompassing miRNA target inhibition

(resulting in negative miRNA-mRNA correlations) besides feed-
forward regulation provoked by widely known transcription
factors (resulting in positive miRNA-mRNA correlations) (Friard
et al., 2010; Chen et al., 2011; Chien et al., 2014; Diaz
et al., 2015). The hsa-miR-185-5p, as previously mentioned,
suppresses the expression of SHISA7 in neuroblastoma cells
(human and murine) (Marques et al., 2012). This finding
is inconsistent with our result. In line with our result,
another study found that hsa-miR-3681-5p acts as a super-
enhancer by employing alternative enhancers and promoters,
transcription factors, activators, mediators, and RNA Pol II.
Further, its enhancing activity acts as an inhibitor of variable
number tandem repeats (VNTRs) functions in the SHISA7
3′ UTR (Lee et al., 2020). More studies are needed to
establish whether hsa-miR-185-5p functions as an enhancer in
AD patients’ PB.

Eventually, we determined that SHISA7 and hsa-miR-185-
5p had a diagnostic value of 0.758 and 0.779, in turn, in
differentiating patients with AD from healthy subjects. Because of
the small sample size, the obtained findings should be interpreted
with caution. If future research supports the findings of the
present study, the SHISA7 and hsa-miR-185-5p transcription
levels might be utilized as AD-associated markers.

Limitations
Our research has several limitations. Firstly, various aspects, such
as diverse methods, sample preparation, platforms, data analysis,
and patient characteristics, may impact expression patterns of
genes. Second, a limited sample size might lead to a lack of
statistical validity. Furthermore, our bioinformatics analysis must
be verified by confirmatory experimental techniques. Finally, we
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did not examine expressions of SHISA7, BCAS4, and hsa-miR-
185-5p in the PB cell subpopulation.

CONCLUSION

Competing endogenous RNA regulation has biologically
significant consequences in a variety of illnesses, which
can help to explain pathogenic processes and provide
possibilities for novel treatments. As a result, our attempts
to comprehend various aspects of ceRNA regulation
processes in AD pathogenesis give new insights into
possible molecular targets and lead to the discovery of
ceRNA-based biomarkers. The present study is the first
evidence to highlight the expression of the BCAS4/miR-
185-5p/SHISA7 ceRNA axis in the brain and PB of AD
patients. The obtained results are preliminary, and further
in vitro and in vivo research might strengthen these results.
Whereas the possible roles of this ceRNA axis require more
exploration, this research advances the current insights
into the GABAergic system associated with GABAAR and
provides a novel viewpoint on the molecular processes
behind AD development.
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Parkinson’s disease (PD) is widely considered to be a disabling neurodegenerative
disorder, which has been ranked second worldwide just after Alzheimer’s disease. Until
present, a wide range of studies has focused on the role of circulating inflammatory
cytokines in the development of PD. However, the causal relationship between
circulating inflammatory cytokines and the risk and age at the onset of PD has not
been elucidated. Hence, to evaluate the effects of circulating inflammatory cytokines
on the risk or age at the onset of PD more accurately, we conducted this two-sample
Mendelian randomization (MR) study involving summary statistics from genome-wide
association studies (GWASs). Totally, we included a GWAS for inflammatory cytokines
(8,293 participants), a meta-analysis of GWASs for PD risk (482,730 participants), and
a GWAS dataset for age at the onset of PD (17,996 patients with PD). A total of 149
and 131 polymorphisms for exploring relationships between 19 inflammatory cytokines
and the risk and age at the onset of PD were obtained as instrumental variants.
Then, we used a total of five MR methods, including inverse-variance weighted (IVW),
Wald ratio, MR Egger regression, weighted median, and MR-pleiotropy residual sum
and outlier (MR-PRESSO) methods. Finally, we found a causal association between
circulating levels of macrophage inflammatory protein-1 beta (MIP1b) and PD risk
in the IVW method (OR: 1.06; 95% CI: 1.02–1.10; P = 0.001). Meanwhile, other
MR estimates by weighted median and MR-PRESSO methods yielded similar effect
estimates. Besides, we identified a suggestive association of interleukin-16 (IL-16) levels
with PD risk (OR: 1.08; 95% CI: 1.00–1.17; P = 0.037). For age at PD onset, there was
no evidence supporting its correlation with inflammatory cytokines. Our findings implied
that MIP1b and IL-16 may be novel biomarkers and promising therapeutic targets for
PD development.

Keywords: cytokines, inflammation, Mendelian randomization, macrophage inflammatory protein-1 beta,
interleukin-16, Parkinson’s disease
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INTRODUCTION

Parkinson’s disease (PD) is considered to be an aging-
related neurodegenerative disease, characterized by a
broad spectrum of clinical features, including tremor,
bradykinesia, rigidity, postural instability, and dysautonomia
(Jankovic, 2008). During the past decades, the number
of individuals suffering from PD increased from 2.5
million in 1990 to 6.1 million in 2016 globally, and it
brought great distress and economic burden to society
and families (GBD 2016 Parkinson’s Disease Collaborators,
2018). In the United States alone, the overall annual
cost related to PD was estimated to be US$51.9 billion
in 2017 and was projected to continually increase and
eventually surpass US$79 billion by 2037 (Yang et al.,
2020). Thus, huge efforts have been made for exploring
possible biomarkers and clarifying the pathogenesis
for PD development (Schapira and Jenner, 2011;
Lotankar et al., 2017).

Presently, an increasing number of evidence supported the
vital role of inflammation in the pathogenesis of PD (Marogianni
et al., 2020; Kline et al., 2021). It has been reported that systematic
inflammation may destroy the permeability of the blood-brain
barrier (BBB), activate microglia, and trigger neuroinflammation,
which ultimately led to the degeneration of dopaminergic
neurons and PD occurrence (Villaran et al., 2010; Joshi and Singh,
2018). Thus, as an indispensable part of the pathophysiological
process of inflammation, inflammatory cytokines are suggested
to be involved in PD development. Previous observational
studies have demonstrated that circulating levels of several
inflammatory cytokines were higher in individuals with PD
than in healthy controls. For example, Pochmann et al.
(2018) indicated that higher levels of monocyte chemotactic
protein-1 (MCP-1) were detected in patients with PD than
those in the control group. In a meta-analysis involving
2,654 individuals, elevated concentrations of interleukin-6 (IL-
6) and IL-1β were observed in patients with PD but not
in healthy controls (Qin et al., 2016). Moreover, several
genetic polymorphisms near genes encoding MCP-1 and
IL-1β were also indicated to be related to an increased
risk of PD (Wahner et al., 2007; Wang et al., 2019).
Additionally, it has been reported that higher expression of
tumor necrosis factor-α (TNF-α) was associated with earlier
onset of PD (Lindenau et al., 2017). However, due to the
confounding factors, reverse causation, and limited sample
size in these observational studies, the relationships between
inflammatory cytokines and the risk and age at the onset of
PD may be misled.

Mendelian randomization (MR) is considered to be a
robust method, which could overcome the limitations of
observational studies mentioned earlier by using genetic variants
as instrumental variables and large-scale data from genome-
wide association studies (GWASs). Hence, in this study, we
introduced the MR method to assess the causal relationship
between inflammatory cytokines and the risk and age at
the onset of PD.

MATERIALS AND METHODS

Study Design
In Figure 1, the overall design of this two-sample MR analysis is
displayed. The study was based on publicly available data from
GWASs on circulating inflammatory cytokines and PD, with
detailed information listed in Supplementary Table 1. Since we
used summary statistics from published studies, no additional
ethical approval was required.

Data Sources and Instrument Selection
Concerning PD risk, we included summary data from a GWAS
meta-analysis involving IPDGC-NeuroX, UK Biobank, SGPD
and IPDGC study with 33,674 cases and 449,056 controls
(contributing studies outlined in Supplementary Table 1; Nalls
et al., 2019). As for age at the onset of PD, estimates were extracted
from a GWAS dataset including 17 cohorts with 17,996 cases with
PD (Blauwendraat et al., 2019).

Regarding the instrument variables of inflammatory
cytokines, we obtained genetic variants from one recently
published GWAS on circulating inflammatory cytokines
involving 8,293 European participants (Ahola-Olli et al., 2017).
First, we obtained 6,368 single-nucleotide polymorphisms
(SNPs) according to a genome-wide significance threshold of
P < 5 × 10−8 and the false discovery rate (FDR) less than 5%.
Then, for each cytokine, we pruned all selected SNPs in linkage
disequilibrium (LD) (r2 < 0.1 in the European 1,000 genomes
reference panel), retaining 199 genetic polymorphisms with the
lowest P-value as an independent instrument. Next, to avoid
pleiotropic effects, 38 SNPs associated with concentrations
of more than one cytokine were excluded, leaving 161
polymorphisms focusing on 19 inflammatory cytokines for
use. Finally, since 30 SNPs related to the circulating levels
of cytokines were not available in the PD risk or age of
PD onset datasets, we selected other SNPs in high LD for
replacement in further MR analysis (r2 varying between 0.8
and 1). In the end, a total of 149 SNPs and 131 SNPs for
detecting relationships between inflammatory cytokines and
the risk and age at the onset of PD were included in this
study separately. The detailed information of 19 cytokines and
their related SNPs used as instrument variables is displayed in
Supplementary Table 2.

Statistical Analyses
First, for those cytokines with only one related SNP, the Wald
ratio method was used to compute the MR estimates for
the association between one-SD elevated circulating cytokine
levels and PD risk or age of PD onset, respectively. When
over one variant was included, the inverse-variance weighted
(IVW) method, as principal analysis, was used to evaluate
the potential causal relationships between circulating levels of
inflammatory cytokines and the risk and age at the onset of PD.
For further assessing the heterogeneity of the causal estimates
across different SNPs, Cochran’s Q-test was applied in the IVW
method. Subsequently, we evaluated the possibility that the
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FIGURE 1 | Schematic representation of two-sample Mendelian randomization analyses for circulating levels of inflammatory cytokines and risk of Parkinson’s
disease.

overall MR estimate was driven by a single SNP using leave-
one-out analysis (Noyce et al., 2019). Specifically, we reran the
MR analysis by using all SNPs and excluding only one outlier
SNP at each time. Furthermore, three supplementary analyses,
including MR Egger regression, weighted median, and MR-
pleiotropy residual sum and outlier (MR-PRESSO) approaches,
were performed for investigating the presence of pleiotropy and
further evaluating the causal relationships (Bowden et al., 2015,
2016; Verbanck et al., 2018). In addition, we calculated the
F-statistics to quantify the strength of the selected instruments,
all of which were above the threshold of the F-statistics (F > 10)
typically recommended for MR analyses. As 19 exposures were
involved, we set the statistically significant P-value threshold
to 2.63 × 10−3 (0.05/19) after the Bonferroni correction.
The suggestive association was identified as a P-value between
the conventional significance level (0.05) and the Bonferroni-
corrected significance level. All above statistical analyses were
conducted by using the R-statistical software (version 4.0.3) with
relatedR packages, including MR, two-sample MR, as well as MR-
PRESSO.

RESULTS

Circulating Inflammatory Cytokines and
Parkinson’s Disease Risk
As displayed in Table 1 and Supplementary Figure 1, by using a
significant threshold of 2.63 × 10−3 (Bonferroni correction for
the correlation test of 19 cytokines), we found that genetically
predicted one-SD increment in circulating MIP1b levels was
associated with 6% higher risk of PD based on 74 SNPs in
the IVW method (OR: 1.06; 95% CI: 1.02–1.10; P = 0.001).
Furthermore, we did not observe any significant heterogeneity
as measured by Cochran’s Q-test (I2 = 0.5%, P = 0.465).

Subsequent leave-one-out analysis showed that no single SNP
dominated the IVW point estimate (Supplementary Figure 2).
Similarly, a significant association was found between circulating
levels of MIP1b and PD risk in the MR-PRESSO method (OR:
1.06; 95% CI: 1.02–1.10; P = 0.002). Consistent with these
results, suggestive evidence of an adverse effect of circulating
MIP1b levels on PD risk was also observed by the weighted
median method (OR: 1.08; 95% CI: 1.02–1.14; P = 0.014).
Although the significant statistical association was not detected
by MR Egger regression, the estimate was directionally consistent
with other principal and supplementary analyses (Table 1 and
Figure 2). Additionally, there was no evidence for potential
pleiotropy according to the intercept assessed by MR Egger
regression; meanwhile, no outlier SNP was detected using the
MR-PRESSO method.

Regarding interleukin-16 (IL-16), we identified a suggestive
association between circulating IL-16 levels and PD risk in
IVW analysis. Specifically, for one SD increment of IL-16 levels,
the OR of PD risk was 1.08 (95% CI: 1.00–1.17; P = 0.037).
Further analysis showed a lack of evidence of heterogeneity
among SNPs in the suggestive association of IL-16 with PD risk
(I2 = 0, P = 0.705). Meanwhile, additional supplementary analysis
displayed a similar causal trend with the estimation using the
IVW method. In addition, no potential pleiotropy was detected
using the MR Egger method (Table 1).

Apart from MIP1b and IL-16, the other 17 cytokines (TRAIL,
MCP1, GROa, eotaxin, TNFb, CTACK, IL2ra, IP10, IFNg1, IL10,
IL12p70, IL18, IL17, MCSF, MIF, MIG, and RANTES) were not
shown to be associated with PD risk in the main IVW analysis
and three supplementary analyses (Table 1). For each cytokine,
no marked heterogeneity was found between related SNPs, except
for TRAIL (I2 = 41.7%, P = 0.016). Meanwhile, the P-values for
the intercepts from Egger regression did not demonstrate any
pleiotropy, while IL-18 was the exception (P = 0.037). Further,

Frontiers in Aging Neuroscience | www.frontiersin.org 3 March 2022 | Volume 14 | Article 811059245

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-811059 February 23, 2022 Time: 15:45 # 4

Zhao et al. Circulating Cytokines and PD Risk

TABLE 1 | MR analyses of genetically predicted levels of circulating inflammatory cytokines and risk of Parkinson’s disease.

Cytokines No. of SNPs OR (95% CI) P for association Heterogeneity test (I2, P) MR-Egger
(intercept, P)

P for MR-PRESSO
global test

MIP1b

Inverse variance weighted 74 1.06
(1.02–1.10)

0.001 0.5%, 0.465

MR egger 74 1.06
(0.99–1.14)

0.088 –0.001, 0.908

Weighted median 74 1.08
(1.02–1.14)

0.014

MR-PRESSO (raw, 0 outliers) 74 1.06
(1.02–1.10)

0.002 0.491

TRAIL

Inverse variance weighted 25 0.98
(0.91–1.05)

0.556 41.7%, 0.016

MR egger 25 0.93
(0.84–1.03)

0.177 0.019, 0.200

Weighted median 25 0.99
(0.91–1.07)

0.813

MR-PRESSO (raw, 0 outliers) 25 0.98
(0.91–1.05)

0.562 0.016

IL18
Inverse variance weighted 8 1.07

(0.97–1.19)
0.182 36.7%, 0.136

MR egger 8 1.39
(1.07–1.79)

0.012 –0.061, 0.037

Weighted median 8 1.10
(0.98–1.23)

0.103

MR-PRESSO (raw, 0 outliers) 8 1.07
(0.97–1.19)

0.224 0.144

MCP1

Inverse variance weighted 7 0.97
(0.86–1.10)

0.657 0.0%, 0.776

MR egger 7 1.13
(0.86–1.49)

0.376 –0.022, 0.233

Weighted median 7 1.01
(0.86–1.18)

0.923

MR-PRESSO (raw, 0 outliers) 7 0.97
(0.89–1.06)

0.569 0.726

GROa
Inverse variance weighted 6 0.98

(0.91–1.06)
0.634 0.0%, 0.455

MR egger 6 1.01
(0.81–1.27)

0.898 –0.009, 0.755

Weighted median 6 0.94
(0.85–1.04)

0.224

MR-PRESSO (raw, 0 outliers) 6 0.98
(0.91–1.06)

0.644 0.451

Eotaxin
Inverse variance weighted 5 0.94

(0.82–1.09)
0.441 0.0%, 0.805

MR egger 5 0.94
(0.49–1.82)

0.855 0.001, 0.988

Weighted median 5 1.01
(0.85–1.21)

0.894

MR-PRESSO (raw, 0 outliers) 5 0.94
(0.86–1.04)

0.293 0.743

TNFb

Inverse variance weighted 4 1.02
(0.95–1.10)

0.541 0.0%, 0.434

(Continued)
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TABLE 1 | (Continued)

Cytokines No. of SNPs OR (95% CI) P for association Heterogeneity test (I2, P) MR-Egger
(intercept, P)

P for MR-PRESSO
global test

MR egger 4 1.11
(0.79–1.56)

0.532 –0.088, 0.612

Weighted median 4 1.03
(0.95–1.12)

0.430

MR-PRESSO (raw, 0 outliers) 4 1.02
(0.95–1.10)

0.568 0.644

CTACK

Inverse variance weighted 4 1.03
(0.92–1.15)

0.593 21.8%, 0.280

MR egger 4 1.05
(0.77–1.44)

0.746 –0.007, 0.877

Weighted median 4 1.05
(0.93–1.17)

0.444

MR-PRESSO (raw, 0 outliers) 4 1.02
(0.92–1.15)

0.630 0.363

IL16

Inverse variance weighted 3 1.08
(1.00–1.17)

0.037 0.0%, 0.705

MR egger 3 1.06
(0.94–1.19)

0.339 0.010, 0.613

Weighted median 3 1.07
(0.99–1.17)

0.095

IL2ra

Inverse variance weighted 3 1.03
(0.95–1.11)

0.538 0.0%, 0.574

MR egger 3 0.91
(0.69–1.20)

0.506 0.062, 0.376

Weighted median 3 1.03
(0.95–1.12)

0.511

IP10

Inverse variance weighted 2 0.92
(0.73–1.15)

0.448 0.0%, 0.934

IFNg1

Wald ratio 1 0.88
(0.56–1.40)

0.599

IL10

Wald ratio 1 0.87
(0.59–1.28)

0.474

IL12p70

Wald ratio 1 1.13
(0.77–1.65)

0.531

IL17

Wald ratio 1 0.99
(0.65–1.51)

0.979

MCSF

Wald ratio 1 0.83
(0.65–1.06)

0.127

MIF

Wald ratio 1 0.98
(0.79–1.23)

0.877

MIG

Wald ratio 1 1.04
(0.82–1.32)

0.754

RANTES

Wald ratio 1 0.95
(0.62–1.44)

0.803

SNP, single-nucleotide polymorphism; OR, odds ratio; CI, confidence interval; MR-PRESSO, Mendelian randomization pleiotropy residual sum and outlier.
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