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Aim: Irisin, an exercise-induced myokine, is a potential neurotrophic factor; however, its relationship with
cerebral small vessel disease (CSVD) remains unknown. Therefore, we investigated whether serum irisin levels are
associated with CSVD in healthy Japanese men.

Methods: We analyzed data from 720 men free of stroke and participated in this observational study. Serum
irisin levels were measured by enzyme-linked immunosorbent assay. CSVD was assessed on deep and subcortical
white matter hyperintensities (DSWMHs), periventricular hyperintensities (PVHs), lacunar infarcts (Lls), and
cerebral microbleeds (CMBs) on brain magnetic resonance imaging. We calculated the total CSVD score (ranges
0—4) to express the total CSVD burden. We computed the adjusted odds ratios (ORs), with 95% confidence
intervals (Cls), of the total CSVD score and individual CSVD features using logistic regression models according
to the quartiles of irisin (reference: Q1).

Results: Serum irisin levels were associated with lower ORs of higher (vs. zero or lower score) total CSVD score,
with the lowest risk (OR, 0.63; 95% CI, 0.41-0.97) being observed in Q3 compared to Q1 after adjustment of
potential covariates. Similar results were obtained for younger adults (<65 years). Among individual CSVD
features, irisin was associated with a reduced risk of LIs in the total sample and PVHs, LIs, and CMBs in younger
adults. No relationship was observed in older adults (> 65 years).

Conclusions: Serum irisin levels were associated with less burden of total CSVD in healthy Japanese men.
Serum irisin levels were also related with a reduced risk of PVHs, LIs, and CMBs, but not DSWMHs.
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Aging brain diseases
. the general population with aging. CSVD causes
Introduction general pop sing s
severe clinical consequences, such as stroke, cognitive
Cerebral small vessel disease (CSVD) is a decline, depression, dementia, including Alzheimer’s
common, subclinical, and progressive health issue in disease, and death!”; however, there are currently no
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established therapeutic measures to treat or prevent
CSVD! 467 Emerging evidence shows that physical
activity (exercise) is neuroprotective for brain health
and has become a promising and viable lifestyle
intervention®!%. We recently demonstrated for the
first time that step counts—a direct measure of
physical activity—were associated with a reduced risk
of CSVD in healthy Japanese men'V. These findings
may be of clinical importance for the attenuation of
CSVD. However, the mechanisms by which physical
activity reduces the risk of CSVD remain unclear.

Irisin, a newly discovered exercise-induced
myokine secreted into the circulation mainly from the
skeletal muscle, has been implicated in exercise-
mediated decreases in the risk of CSVD. In 2012, a
study showed that irisin ameliorated obesity and
metabolic disorders by facilitating energy expenditure
through the browning of beige fat cells in white
adipose tissue!?. Its role as a neurotrophic factor has
recently been attracting increasing attention, and it
was shown to exert neuroprotective effects against the
pathogenesis of brain diseases, including
neurodegenerative diseases such as Alzheimer’s disease
and stroke® 319, However, to the best of our
knowledge, the relationship between irisin and the
magnetic resonance imaging (MRI)-measured CSVD
burden remains uninvestigated.

Therefore, the present study investigated the
relationship between serum irisin levels at baseline and
the total CSVD burden in a 5-year follow-up in
Japanese men and whether this relationship is
independent of lifestyle and cardiovascular risk factors.
The relationships between serum irisin levels and
individual CSVD features (deep and subcortical white
matter hyperintensities [DSWMHs], periventricular
hyperintensities [PVHs], lacunar infarcts [LIs], and
cerebral microbleeds [CMBs]) were also examined.

Methods

We analyzed data from the Shiga Epidemiological
Study of Subclinical Atherosclerosis (SESSA) in the
present study. This ongoing population-based
observational study conducted in Kusatsu City, Shiga
Prefecture, Japan, examines factors affecting
subclinical atherosclerosis. Its design and enrollment
methods have already been reported®*?. The study
protocol was approved by the Institutional Review
Board of Shiga University of Medical Science (Otsu,
Japan). Briefly, at baseline (2006-2008), 2379 general
Japanese men aged 40-79 years were randomly
selected based on age strata from the Kusatsu City
Basic Residents’ Register. Among them, 1094 men
participated in baseline medical examinations with
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written consent; 853 subsequently underwent the
SESSA follow-up examination (2010-2014). They
were reinvited for brain MRI, and 740 underwent 1.5
T MRI on average 2 years later (between 2012 and
2015). We excluded 20 participants with a history of
stroke (7=19) at baseline and missing information on
serum irisin levels (2=1), leaving 720 men for the
final analyses.

To measure serum irisin levels and other
laboratory parameters, including lipid and glucose
concentrations, we collected blood samples by
venipuncture in baseline clinical examinations after an
overnight fast of at least 12 h. We separated serum by
centrifugation and sent samples to the laboratory for
routine tests. Other samples were immediately frozen
at —=70C for later analyses. In 2016, we thawed
specimens and measured serum irisin levels in pg/mL
at the clinical chemistry laboratory of FALCO
Biosystems (Kyoto, Japan) using a commercially
available enzyme-linked immunosorbent assay kit
(AG-45A-0046EK-k101; Adipogen, Liestal,
Switzerland). Detailed procedures were previously
reported?! 22,

We assessed CSVD in participants at the
follow-up (2012-2015) using the following
neuroimaging markers on brain MRI: DSWMHs,
PVHs, Lls, and CMBs?%. MRI was performed using a
1.5-Tesla MR scanner (Signa HDxt 1.5T ver. 16; GE
Healthcare, Milwaukee, WI, USA). Two
neurosurgeons, certified by the Japan Neurosurgery
Society, independently assessed all MRI images and
rated them in duplicate. They were blinded to the
clinical information of participants during their
evaluations. We dichotomized each form of the four
CSVD features as follows: DSWMHs (grade > 3)%20),
PVHs (grade > 2)», Lls (defined as a lesion number >
1), and CMBs (defined as a lesion number > 1). We
also created a “total CSVD score” to express the total
CSVD burden? 2%, To achieve this, we awarded 1
point to the presence of each MRI CSVD feature and
summed them in an ordinal scale ranging between 0
(no outcome) and 4 (all outcomes), which indicated
the severity of CSVD?”. The frequency of participants
with each value of the total CSVD score is presented
in Supplemental Table 1. The assessment of CSVD
was described in detail in previous studies!" ).

Data on demographic characteristics, lifestyle
factors, including the smoking and drinking status,
medical history, and the use of medications for
hypertension, diabetes, and dyslipidemia were
collected from each participant using a self-
administered questionnaire at the baseline. We
objectively measured step counts for baseline
participants on 7 consecutive days using a pedometer
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(DIGI-WALKER DW-200; Yamasa Tokei Keiki,
Tokyo, Japan) and calculated the 7-day average step
counts. Body mass index was defined as weight (kg)
divided by height squared (m?). Systolic blood
pressure (SBP) and diastolic blood pressure (DBP)
were measured using an automated sphygmomanometer.
Fasting blood samples were obtained and centrifuged
soon after collection. Total cholesterol and triglyceride
concentrations were measured enzymatically and high-
density lipoprotein (HDL) cholesterol concentration
by a direct method. Low-density lipoprotein (LDL)
cholesterol concentration was calculated using the
Friedewald equation. Glycated hemoglobin
concentration was measured using a latex agglutination
immunoassay.

We presented descriptive statistics on participants
as percentages for categorical variables and as means
(standard deviations) or medians (interquartile ranges)
for continuous variables. We performed one-way
ANOVA (analysis of variance) to compare continuous
variables with normal distribution and the Kruskal—
Wallis test for continuous variables that do not follow
the normal distribution among the four groups of
participants based on the quartile of serum irisin
levels. We used the chi-squared test for categorical
variables.

We used multivariable ordinal logistic regression
analyses to assess the relationship between serum irisin
levels and the total CSVD burden because our
outcome variable (the total CSVD score) was with five
groups on an ordinal scale ranging between 0 (no
outcome) and 4 (maximum outcome), and it met the
proportional odds assumption. Odds ratios (ORs)
were assumed to be the same at each cumulative split
of the ordinal outcome variable. Therefore, there was
only one OR. We categorized participants into four
groups based on the quartiles of serum irisin levels
(pg/mL): Q1 (2.67-5.75), Q2 (5.76-7.01), Q3
(7.02-8.33), and Q4 (8.34—24.52). The distribution
of serum irisin levels is presented in Supplemental
Table 2 and Supplemental Fig. 1.

We computed ORs and the corresponding 95%
confidence intervals (Cls) for the presence of a higher
total CSVD score (vs. zero or lower score) according
to the quartiles of serum irisin levels using the lowest
quartile (Q1) as the reference group. We ran three
models in these analyses: model 1 was adjusted for age
(years), model 2 for age and behavioral risk factors
(smoking [pack-years] and drinking [ethanol, g/
week]), and model 3 for variables in model 2 plus
conventional vascular risk factors (body mass index
[kg/m?] and the status of diabetes, dyslipidemia, and
hypertension [yes/no]). Adjustment of step counts in
the model may affect the precision of estimates and

lead to over-adjustment bias because step counts could
be an upstream factor in the causal pathway between
serum irisin levels and atherosclerosis burden.
Therefore, our analyses did not control for daily step
counts. Diabetes was defined as a fasting blood
glucose level > 126 mg/dL or glycated hemoglobin
(National Glycohemoglobin Standardization Program)
value > 6.5%, or the use of antidiabetic medication.
Dyslipidemia was defined as a triglyceride level = 150
mg/dL or LDL cholesterol level 2 140 mg/dL or HDL
cholesterol level < 40 mg/dL or the use of lipid-
lowering drugs. Hypertension was defined as average
SBP > 140 mmHg or DBP > 90 mmHg or the use of
antihypertensive medication.

We used multivariable binary logistic regression
analyses to assess the relationships between serum
irisin levels and individual MRI CSVD features
(DSWMHs, PVHs, Lls, and CMBs [yes/no]). We
reproduced the same models of the ordinal logistic
regression and computed adjusted ORs with Cls for
the presence of each form of CSVD according to the
quartiles of serum irisin levels using the lowest quartile
(Q1) as the reference group.

Statistical analyses were performed using SAS
software version 9.4 (SAS Institute, Cary, NC, USA).
We presented results for overall and age-stratified
groups (<65 and > 65 years). A p-value less than the
two-sided significance level of 0.05 was significant for
all analyses.

Results

Table 1 shows the participant characteristics. The
mean (SD) age and educational attainment of all
participants were 63.6 (9.4) and 12.7 (3.0) years,
respectively. Participants in the lower two quartiles of
serum irisin levels were younger, had higher education,
and consumed less alcohol. Participants in the upper
two quartiles had lower body mass index, a better lipid
profile (higher HDL cholesterol and lower LDL
cholesterol and triglycerides, whereas total cholesterol
did not differ among the quartiles), and required less
medication for dyslipidemia.

Table 2 shows the multivariable-adjusted ORs,
using ordinal logistic regression, for the total CSVD
score by the quartiles of serum irisin levels, with Q1 as
the reference group. The number and percentage of
participants with each CSVD score are shown in
Supplemental Table 1. Serum irisin levels were
associated with lower ORs of higher (vs. zero or lower
score) total CSVD score, with the lowest risk (OR,
0.63; 95% CI, 0.41-0.97) being observed at Q3
(7.02-8.33 pg/mlL) relative to Q1 (2.67-5.75 pg/mlL)

in model 3, which was adjusted for age, behavioral
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Table 1. Participant Characteristics at Baseline (z2=720): SESSA, Men Aged 40-79 Years (2006-2008)

Quartiles of serum irisin levels in pg/mL (7 =180 in each quartile)

Characteristics Overall (n=720) Q1 (2.67-5.75) Q2 (5.76-7.01) Q3 (7.02-8.33) Q4 (8.34-24.52) p-value
Age,y 63.6 (9.4) 60.4 (9.9) 63.6(9.2) 64.7 (9.3) 65.7 (8.3) <0.001
Years of education 12.6 (3.0) 12.9 (3.0) 12.8 (3.0) 12.6 (2.6) 123 (3.1) 0.042
7-d average step counts 8516.4 (3540.1) 8885.6 (3619.8) 8761.4 (3453.0) 8090.6 (3564.6) 8339.6 (3496.5) 0.246
Smoking status, % 0.445

Current 29.4 32.2 27.8 31.1 26.7

Past 51.0 47.8 50.5 47.8 57.8

Never 19.6 20 21.7 21.1 15.5
Smoking, pack-years 23.1 (4.0-42.0) 21.0 (2.2-38.7) 24.0 (2.5-44.3) 23.0 (1.3-45.3) 24.2 (8.5-42.0) 0.308*
Drinking status, % 0.596

Current 79.3 75.0 79.4 83.3 79.4

Past 5.1 6.1 6.1 33 5.0

Never 15.6 18.9 14.5 13.4 15.6
Alcohol consumption (ethanol), g/wk ~ 98.0 (9.6-259.3) 80.6 (0.0-235.2) 93.3 (7.0-259.3) 106.0 (14.0-268.8)  153.1 (12.3-301.3) 0.032*
Body mass index, kg/m? 23.6(2.9) 24.0 (2.7) 23.7 (2.8) 23.6 (3.0) 23.1(3.0) 0.006
HbAlc, % 5.6 (0.8) 5.6 (0.7) 5.7 (0.8) 5.7 (0.8) 5.6 (0.7) 0.808
Medication for diabetes mellitus, % 10.0 10.6 12.8 8.3 8.3 0.438
Diabetes mellitus, % 22.4 21.1 26.7 22.8 18.9 0.341
Total cholesterol, mg/dL 2103 (32.5) 213.8 (31.4) 207.0 (36.6) 211.2 (31.2) 209.4 (30.2) 0.403
HDL cholesterol, mg/dL 59.3 (17.0) 55.2 (13.9) 55.8 (15.8) 60.5 (16.5) 65.9 (19.2) <0.001
LDL cholesterol, mg/dL 126.2 (30.7) 132.1(29.2) 126.5 (34.4) 124.6 (31.0) 121.6 (27.0) 0.001
Triglycerides, mg/dL 105.0 (76.0-150.0) 119.5 (85.5-159.0) 104.0 (75.5-149.5) 104.0 (78.0-157.5) 90.0 (71.5-128.0) 0.001*
Medication for dyslipidemia, % 14.4 15.0 15.6 12.8 14.4 0.890
Dyslipidemia, % 55.8 66.7 57.2 52.8 467 0.001
Systolic blood pressure, nmHg 135.8 (18.0) 135.7 (17.7) 135.6 (17.9) 133.7 (18.1) 137.4 (18.2) 0.612
Medication for hypertension, % 29.2 27.2 32.2 26.1 31.1 0.515
Hypertension, % 532 472 56.7 50.0 589 0.088

All continuous variables are presented as means (SDs), except for pack-years smoking, alcohol consumption, and triglycerides (median [interquartile
range]); other values are percentages. P values are calculated by one-way ANOVA (analysis of variance) for all continuous variables, unless otherwise
indicated, and the chi-squared test for categorical variables. *The Kruskal-Wallis test. Diabetes was defined as a fasting blood glucose level = 126
mg/dL or HbAlc (National Glycohemoglobin Standardization Program) value > 6.5% or the use of antidiabetic medication. Dyslipidemia was
defined as a triglyceride level > 150 mg/dL or LDL cholesterol level > 140 mg/dL or HDL cholesterol level < 40 mg/dL or the use of lipid-lowering
drugs. Hypertension was defined as average systolic blood pressure > 140 mm Hg or diastolic blood pressure > 90 mm Hg or the use of
antihypertensive medication. HbAlc, glycated hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein; and SESSA, Shiga

Epidemiological Study of Subclinical Atherosclerosis.

Table 2. Multivariable Ordinal Logistic Regression Models for Relationships (Odds Ratio with 95% CI) between Serum Irisin
Levels at Baseline and the Total Cerebral Small Vessel Disease Score in the 5-year Follow-up (72=720)

Quartiles of serum irisin levels in pg/mL (72 =180 in each quartile)

Ql (2.67-5.75) Q2 (5.76-7.01) Q3 (7.02-8.33)

Q4 (8.34-24.52)

TCSVD Score
Model 1 1.00 0.70 (0.46-1.05) 0.65 (0.43-0.99)
Model 2 1.00 0.69 (0.45-1.05) 0.63 (0.41-0.96)
Model 3 1.00 0.66 (0.43-1.00) 0.63 (0.41-0.97)

0.71 (0.47-1.07)
0.67 (0.44—1.02)
0.65 (0.42-0.99)

Model 1 was adjusted for age.

Model 2 was adjusted for variables in model 1 plus alcohol intake (ethanol) and smoking (pack-years).

Model 3 was adjusted for variables in model 2 plus body mass index, diabetes, dyslipidemia, and hypertension.
CI indicates confidence interval; and TCSVD, total cerebral small vessel disease.
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Table 3. Multivariable Ordinal Logistic Regression Models for Relationships (Odds Ratio with 95% CI) between Serum Irisin
Levels at Baseline and the Total Cerebral Small Vessel Disease Score in the 5-year Follow-up (2=720)

Quartiles of serum irisin levels in pg/mL

<65 years (n =386)
Q1 (2.67-5.74) Q2(5.75-7.01) Q3 (7.02-8.33) Q4 (8.34-19.67) QI (3.69-5.75) Q2 (5.76-7.01) Q3 (7.02-8.30) Q4 (8.31-24.52)

2 65 years (n=334)

n=119 n=97 n=388 n=82 n=61 n=83 n=92 n=98
TCSVD Score
Model 1 1.00 0.56 (0.31-1.00) 0.48 (0.26-0.89) 0.71 (0.39-1.27) 1.00 0.87 (0.48-1.59) 0.89 (0.50-1.61) 0.75 (0.42-1.35)
Model 2 1.00 0.53 (0.29-0.97)  0.45 (0.24-0.85) 0.69 (0.38-1.27) 1.00 0.86 (0.47-1.57) 0.87 (0.48-1.57) 0.69 (0.38-1.25)
Model 3 1.00 0.47 (0.25-0.86) 0.42 (0.22-0.80) 0.67 (0.36-1.23) 1.00 0.86 (0.47-1.58) 0.88 (0.48-1.62) 0.68 (0.37-1.26)

Model 1 was adjusted for age.

Model 2 was adjusted for variables in model 1 plus alcohol intake (ethanol) and smoking (pack-years).

Model 3 was adjusted for variables in model 2 plus body mass index, diabetes, dyslipidemia, and hypertension.
CI indicates confidence interval; and TCSVD, total cerebral small vessel disease.

Table 4. Multivariable Logistic Regression Models for Relationships (Odds Ratio with 95% CI) between Serum Irisin Levels at
Baseline and Cerebral Small Vessel Disease in the 5-year Follow-up (z=720)

Quartiles of serum irisin levels in pg/mL (7 =180 in each quartile)

Q1 (2.67-5.75)

Q2 (5.76-7.01)

Q3 (7.02-8.33)

Q4 (8.34-24.52)

DSWMHs, 7 (%) 40 (22.2) 37 (20.6) 42 (23.3) 37 (20.6)
Model 1 1.00 0.82 (0.49-1.36) 0.92 (0.56-1.53) 0.76 (0.45-1.28)
Model 2 1.00 0.83 (0.49-1.39) 0.92 (0.55-1.54) 0.70 (0.41-1.20)
Model 3 1.00 0.80 (0.47-1.36) 0.94 (0.56-1.59) 0.70 (0.40-1.20)

PVHs, 7 (%) 45 (25.0) 47 (26.1) 43 (23.9) 48 (26.7)
Model 1 1.00 0.84 (0.51-1.39) 0.67 (0.40-1.12) 0.74 (0.45-1.23)
Model 2 1.00 0.87 (0.53-1.45) 0.67 (0.40-1.13) 0.76 (0.46-1.27)
Model 3 1.00 0.85 (0.51-1.41) 0.67 (0.39-1.13) 0.73 (0.43-1.23)

LIs, 7 (%) 38 (21.1) 31(17.2) 32 (17.8) 42 (23.3)
Model 1 1.00 0.61 (0.35-1.06) 0.58 (0.33—1.00) 0.79 (0.47-1.33)
Model 2 1.00 0.55 (0.32-0.96) 0.53 (0.30-0.93) 0.69 (0.40-1.18)
Model 3 1.00 0.53 (0.30-0.93) 0.55 (0.31-0.98) 0.69 (0.39-1.20)

CMBs, 7 (%) 27 (15.0) 18 (10.0) 26 (14.4) 27 (15.0)
Model 1 1.00 0.54 (0.28-1.04) 0.78 (0.43-1.43) 0.79 (0.44-1.44)
Model 2 1.00 0.54 (0.28-1.03) 0.75 (0.41-1.38) 0.77 (0.42-1.42)
Model 3 1.00 0.54 (0.28-1.04) 0.77 (0.42—1.43) 0.77 (0.41-1.43)

Model 1 was adjusted for age.

Model 2 was adjusted for variables in model 1 plus alcohol intake (ethanol) and smoking (pack-years).
Model 3 was adjusted for variables in model 2 plus body mass index, diabetes, dyslipidemia, and hypertension.
CI indicates confidence interval; CMBs, cerebral microbleeds; DSWMHs, deep and subcortical white matter hyperintensities; Ls, lacunar infarcts;

and PVHs, periventricular hyperintensities.

factors (alcohol consumption and smoking), and
vascular risk factors (body mass index, diabetes,
dyslipidemia, and hypertension). Since SBP is a strong
risk factor for CSVD, instead of hypertension in
model 3, we also adjusted for SBP and medication use
for hypertension, and the results were similar (results
are not shown). Similar results were obtained for
younger adults (<65 years) as shown in Table 3.
Table 4 shows the multivariable-adjusted ORs,

using binary logistic regression, for the prevalent
individual CSVD features by quartiles of serum irisin
levels, with Q1 as the reference group. The prevalence
of CSVD features (DSWMHs, PVHs, Lls, and
CMBs) decreased in Q2 and Q3 of serum irisin levels,
except for DSWMHs in Q3 and PVHs in Q2, in
which their prevalence was slightly higher than in Q1
and/or Q4. Approximately 25% of participants had
DSWMHs and PVHs, approximately 20% had Lls,
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and approximately 15.0% had CMBs across the
quartiles of serum irisin levels. Serum irisin levels
generally had slightly lower OR for each form of
CSVD (DSWMHs, PVHs, LIs, and CMBs).
However, serum irisin levels in Q2 and Q3 were
significantly associated with a reduced risk of LIs (OR,
0.53; 95% CI, 0.30-0.93 and OR, 0.55; 95% CI,
0.31-0.98, respectively) in the total sample, those in
Q3 with PVHs (OR, 0.27; 95% CI, 0.10-0.74), and
those in Q2 with LIs (OR, 0.37; 95% CI, 0.15-0.92)
and CMBs (OR, 0.25; 95% CI, 0.08-0.83) in
younger adults (Table 4 and Supplemental Table 3).
No relationships were observed in older adults (= 65
years).

Discussion

In this population-based observational study on
Japanese men who were free from stroke and cognitive
decline, serum irisin levels at baseline were associated
with lower total CSVD score, that is, burden in the
5-year follow-up. Baseline serum irisin levels were also
associated with a reduced risk of individual MRI
CSVD features (PVHs, Lls, and CMBs), except for
DSWMHs. These associations were independent of
age, behavioral (the smoking and drinking status), and
vascular (body mass index, diabetes, dyslipidemia, and
hypertension) risk factors. To the best of our
knowledge, this is the first study to investigate the
relationship between serum irisin levels and the MRI-
measured CSVD burden. Therefore, we were unable
to compare the results obtained with previous
findings; more evidence is awaited in this field.
However, since some studies used physical activity
(typically measured with a questionnaire), it was
reasonable to compare our results with their findings.

In the present study, baseline serum irisin levels
were associated with lower total CSVD score (burden)
in the 5-year follow-up. A single study recently
investigated cross-sectional and longitudinal
relationships between self-reported physical activity
and the total CSVD score (ranging between 0 and 3,
generated from white matter hyperintensities, Lls, and
CMBs) among 503 patients with CSVD?). Cross-
sectionally, the active physical activity group had a
significantly lower CSVD score in a zero-order
relationship. However, it was no longer significant
after adjustments for confounders, and no relationship
was observed between physical activity and the CSVD
score in longitudinal analyses®. It is important to
note that they used patients with CSVD who were
older than those in the present study and analyzed
self-reported physical activity, which may explain the
discrepancy between the present results and their findings.
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Of note, we found a J-shaped relationship
between serum irisin levels and the total CSVD
burden; Q3 (serum irisin levels of 7.02-8.33 pg/mL)
had lower OR than Q1 (Tables 2 and 3). We
previously reported a similar relationship between step
counts and CSVD!'D. However, the underlying
mechanisms have not yet been elucidated. Recent
systematic reviews and meta-analyses confirmed that
relationships between physical activity/step counts and
health outcomes, including all-cause mortality, are
generally curvilinear or nonlinear®- 3", The threshold
effects of physical activity/irisin levels may have
contributed to these relationships. The beneficial
effects of physical activity on CSVD warrant further
studies using exercise-induced biomarkers, such as
irisin, including randomized controlled trials to
eliminate alternative causal mechanisms.

In the present study, serum irisin levels generally
tended to have lower OR for prevalent subclinical
PVHs; however, a significant association was observed
in younger adults. We previously reported, using the
same samples, that step counts significantly reduced
the risk of prevalent PVHs!V. This result is also
consistent with the findings of other studies in which
increasing self-reported physical activity levels at
baseline were associated with a combined?” and
separate®? rating of deep and periventricular white
matter hyperintensities in 3- and 5-year follow-ups,
respectively. In contrast, we did not find statistically
significant relationships between serum irisin levels
and DSWMHs in overall and age-stratified analyses
This discrepancy may be explained by differences in
the functional, microstructural, and etiological
features between DSWMHs and PVHs?*%. However,
the underlying mechanisms of such differential
relationships of serum irisin levels with location-
specific white matter hyperintensities (PVHs and
DSWMHs) are unclear and unknown. Additionally,
the number of prevalent PVHs and DSWMHs in the
present study, especially in younger adults, may not be
sufficient to detect small differences or find statistically
significant results in DSWMHs, or the observed
significant results in PHVs might have occurred by
chance. These relationships need to be examined in
more detail in longitudinal studies and clinical trials.

In the present study, serum irisin levels were
associated with a reduced risk of Lls, reaffirming the
relationship between step counts and the prevalent
subclinical Lls observed in our previous study!'V. Two
other studies reported similar findings showing that
higher self-reported physical activity was associated
with a reduced risk of subclinical cerebral infarct on
MRI* %9, A recent study also found a similar cross-
sectional relationship between baseline physical
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activity (self-reported) and Lls among patients with
CSVD?). However, this relationship disappeared in
the longitudinal analysis because patients with CSVD
who were older and medically less fit were more likely
to drop out®).

We also observed a significant association of
serum irisin levels with prevalent CMBs. In a single
cohort study targeting healthy adults, the weekly
frequency of physical activity significantly mitigated
the risk of CMBs*). Another cohort study that
targeted a patient population (mild cognitive
impairment with CSVD) reported that low physical
activity (self-reported) was associated with lobar
CMBs*. In contrast, a recent study with a similar
patient population reported a null association?”. In
the present study, we used irisin, an exercise-induced
myokine/biomarker, which provided a more reliable
relationship.

We reported no significant associations (for all
analyses) in older adults aged > 65 years in our sample.
Although serum irisin levels are associated with age,
the co-existence of higher comorbidities, such as
diabetes and hypertension, in older adults than in
younger adults (data not shown) may have contributed
to this result even after appropriate adjustments. It is
also possible that age is not only a strong confounder
but also an effect modifier to these relationships.
Evidence shows that age is strongly associated with
CSVD in Asian populations®. Our study also showed
no association between serum irisin levels and step
counts (Supplemental Fig.2). Various factors,
including age, cardiometabolic state, and exercise
habits/types or duration, may influence the regulation
of irisin in humans. For instance, a recent review
report suggests that acute exercise can promote irisin
secretion in humans. However, the effects of chronic
exercise remain under debate?”, which may support
our study finding on “no association” between serum
irisin levels and step counts. Research in this field is
still in the infancy stage; therefore, more evidence is
needed from clinical trials to clarify these
relationships.

The mechanisms underlying the protective
effects of serum irisin levels on CSVD remain unclear.
However, mounting evidence revealed that irisin
crosses the blood-brain barrier through a peroxisome
proliferator-activated receptor gamma coactivator
1-alpha/fibronectin type III domain-containing
protein 5 pathway to exert its neuroprotective effects
in animal models and humans' 719, It has been
shown to upregulate brain-derived neurotrophic
factor, a neurotrophin, in the brain, which protects
neurons from injury. Irisin also influenced
mitochondrial dynamics, which are essential for

normal neuronal functions' 1. Notably, serum
irisin was recently posited as a potential biomarker/
mediator for cognitive decline and neurodegenerative
diseases, including Alzheimer’s disease!® 14040, and a
new protagonist to treat and prevent acute brain
injury, including stroke*?.

The use of serum irisin levels is one of the
strengths of the present study, which may help clarify,
for the first time, the mechanisms underlying the
relationship between physical activity and CSVD,
thereby supporting physical activity, including step
counts, as a neuroprotective lifestyle factor. A better
understanding of how physical activity exerts
neuroprotective effects may be a potential
motivational factor for individuals and facilitate
behavioral changes. The present results provide novel
insights that may provide the general population with
a better understanding of the brain health implications
of physical activity. Moreover, serum irisin levels were
independently related with the reduced risk of CSVD
and, thus, have potential as a new biomarker and
therapeutic target for CSVD.

There are several limitations that need to be
addressed. CSVD features on MRI (DSWMHs,
PVHs, Lls, and CMBs) were not assessed at baseline;
therefore, we were unable to confirm the onset of
CSVD during the follow-up. Furthermore, these
features may have been misclassified because of their
visual ratings, which cannot be overruled for certainty.
In addition, the present study only included Japanese
men; therefore, the results obtained cannot be applied
to other populations. Another limitation is the cross-
sectional nature of the study, which prevents a cause—
effect relationship being established. The relationships
of serum irisin levels with individual CSVD features
in younger adults should be interpreted cautiously
considering the number of prevalent cases.
Furthermore, other unknown or unmeasured factors
that influence serum irisin levels and CSVD may have
been residual confounders. Due to the paucity of
information on the role of irisin in subclinical CSVD,
further studies need to be conducted on different
populations to elucidate the mechanisms by which
irisin mediates the neuroprotective effects of physical

activity (exercise) on CSVD.

Conclusions

In general Japanese men, serum irisin levels were
associated with less burden of total CSVD, with the
lowest risk being observed among participants with
serum irisin levels of approximately 7.0-8.5 pg/mlL.
Serum irisin levels were also related to a reduced risk
of subclinical PVHs, Lls, and CMBs, but not
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DSWMHs. Physical activity (exercise) as a
neuroprotective lifestyle factor may contribute to the

prevention of CSVD.
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Supplemental Table 1. Frequency of Participants with Each Value of the Total Cerebral Small Vessel Disease Score (z=720)

TCSVD score Overall (7 =720) <65 years (n =386) > 65 years (n =334)
0 395 (54.9) 257 (66.6) 138 (41.3)

1 158 (21.9) 71 (18.4) 87 (26.1)

2 8 (13.6) 36 (9.3) 62 (18.6)

3 50 (6.9) 15 (3.9) 35 (10.5)

4 19 (2.6) 7 (1.8) 12 (3.6)

Values are presented as numbers (percentages).
TCSVD indicates total cerebral small vessel disease.

Supplemental Table 2. The Distribution of Serum Irisin Levels (2=720): SESSA, Men Aged 40-79 Years (2006-2008)

Quartiles of serum irisin levels in ug/mL (7 =180 in each quartile)
Parameter Overall (=720) QI (2.67-5.75) Q2 (5.76-7.01) Q3 (7.02-8.33) Q4 (8.34-24.52) p-value
Serum irisin levels, ug/mL 7.0 (5.8-8.3) 5.0 (4.5 =5.4) 6.4 (6.1-6.7) 7.6 (7.3-7.9) 9.7 (8.9-10.9)  <0.001

Results are presented as median (interquartile range), and the p-value is calculated by the Kruskal-Wallis test.

In this study participants, the serum irisin levels are skewed to the right. The distribution of serum irisin levels is given shown below;

Distribution of irisin

40 B N N
Summary Statistics
Mean 732
Standard deviation 2.38
30 -
-
c
o
e 20 [
o
o
10 4
0

T T T T T T T T T T
15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255

Serum irisin levels

Curves MNormal(Mu=7.324 Sigma=23766)

Kernel{c=0.79)

Supplemental Fig. 1. The Distribution of Serum Irisin Levels in All Study Participants (72=720)

The above Supplemental Figure 1 (histogram) shows the distribution of serum irisin levels in all study participants (z=720).
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Supplemental Table 3. Multivariable Logistic Regression Models for Relationships (Odds Ratio with 95% CI) between Serum
Irisin Levels at Baseline and Cerebral Small Vessel Disease in the 5-year Follow-up (2=720)

Quartiles of serum irisin levels in pg/mL

<65 years (n=386)

2 65 years (n=334)

Q1 (2.67-5.74) Q2 (5.75-7.01) Q3 (7.02-8.33) Q4 (8.34-19.67) QI (3.69-5.75) Q2 (5.76-7.01) Q3 (7.02-8.30) Q4 (8.31-24.52)
n=119 n=97 n=88 n=82 n=61 n=83 n=92 n=98

DSWMHs, 7 (%) 24(20.2) 14 (14.4) 14 (15.9) 19(23.2) 16 (26.2) 23 (27.7) 28 (30.6) 18 (18.4)
Model 1 1.00 0.59 (0.29-1.24)  0.66 (0.31-1.38) 0.99 (0.49-1.98) 1.00 1.09 (0.52-2.31)  1.26 (0.61-2.62)  0.65 (0.30-1.40)
Model 2 1.00 0.58 (0.27-1.24)  0.66 (0.31-1.41)  0.94 (0.46-1.95) 1.00 1.08 (0.51-2.27)  1.24(0.59-2.58) 0.56 (0.25-1.25)
Model 3 100 0.50(0.23-1.10) 0.61(0.28-1.33) 0.97 (0.46-2.04) 1.00 1.08 (0.50-2.30) 1.24(0.59-2.62) 0.5 (0.24-1.24)

PVHs, 7 (%) 21 (17.7) 15 (15.5) 7 (8.0) 14 (17.1) 24 (39.3) 32 (38.6) 36 (39.1) 34 (34.7)
Model 1 100 0.70(0.33-149) 031(0.12-0.78) 0.68 (0.31-147) 100 099 (0.50-1.96) 1.04(0.53-2.03) 0.85 (0.44-1.66)
Model 2 1.00 0.75 (0.35-1.64)  0.29 (0.11-0.78)  0.71 (0.32-1.58) 1.00 0.98 (0.50-1.94) 1.04 (0.53-2.03) 0.84 (0.43-1.65)
Model 3 1.00 0.69 (0.31-1.54)  0.27 (0.10-0.74)  0.69 (0.31-1.56) 1.00 0.98 (0.49-1.95)  1.05 (0.53-2.08) 0.81 (0.41-1.64)

LIs, 7 (%) 18 (15.1) 10 (10.3) 9(10.2) 11 (13.4) 20 (32.8) 21 (253) 23 (25.0) 31 (31.6)
Model 1 100 0.56(0.24-129) 0.54(0.23-1.29) 0.68 (0.30-1.56) 100 0.66(0.32-138) 0.62(0.30-1.28) 0.88 (0.44-1.75)
Model 2 100 042(0.17-1.03) 0.46(0.19-1.12) 0.60 (0.26-141) 100 0.66(0.32-138) 0.58(0.28-1.22) 0.79 (0.39-1.61)
Model 3 1.00 0.37 (0.15-0.92)  0.48 (0.19-1.18)  0.55 (0.23-1.32) 1.00 0.67 (0.31-1.42)  0.61 (0.29-1.31) 0.84 (0.40-1.76)

CMBs, 7 (%) 15 (12.6) 4(4.1) 9(10.2) 12 (14.6) 12 (19.7) 14 (16.9) 17 (18.5) 15 (15.3)
Model 1 1.00 0.25 (0.08-0.80)  0.67 (0.27-1.63)  0.93 (0.40-2.15) 1.00 0.83 (0.35-1.95)  0.98 (0.41-2.13) 0.74 (0.32-1.72)
Model 2 100 0.25(0.08-0.79) 0.59(0.23-1.52) 0.87 (0.37-2.06) 100 0.81(0.34-191) 0.95(0.41-2.19) 0.73 (0.31-1.70)
Model 3 100 0.25(0.08-0.83) 0.60(0.23-1.55) 0.89 (0.37-2.13) 100 0.81(0.34-193) 097 (0.42-2.27) 0.70 (0.29-1.68)

Model 1 was adjusted for age.

Model 2 was adjusted for variables in model 1 plus alcohol intake (ethanol) and smoking (pack-years).

Model 3 was adjusted for variables in model 2 plus body mass index, diabetes, dyslipidemia, and hypertension.
CI indicates confidence interval; CMBs, cerebral microbleeds; DSWMHs, deep and subcortical white matter hyperintensities; Ls, lacunar infarcts;
and PVHs, periventricular hyperintensities.

In this study participants, we found no association between serum irisin levels and step counts in the zero-order relationship (»p=0.09) and
also the age-adjusted model (p=0.360).

Serum irisin levels

Fit Plot for irisin

25

20

T
10000

T
20000

T-day average step counts

Fit O 95% Confidence Limits 95% Prediction Limits

Supplemental Fig.2. The Relationship between Serum Irisin Levels and Step Counts (2=720)

The above Supplemental Figure 2 shows the unadjusted relationship between serum irisin levels and 7-day average step counts in overall study
participants (7=720).
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