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Abstract

Vascular endothelial function, which plays an important independent role in the onset of cardiovascular disease, often changes seasonally,
with functional deterioration generally occurring during the winter. Physical activity is necessary for preventing cardiovascular disease
and all-cause mortality, as it improves vascular endothelial and metabolic function; however, the amount of physical activity an individual
gets also varies with the seasons. Changes in physical activity may induce seasonal variations in vascular endothelial function, although
this hypothesis remains unconfirmed. An individual’s sex can also affect their vascular endothelial function, habitual physical activity,
and hormonal and metabolic function. Men have a higher risk of cardiovascular disease compared to women; therefore, clarifying the
impact of physical activity on vascular endothelial function and its seasonality is important for managing men’s health. The purpose of
this article is to review the association between seasonal variations in vascular endothelial function and physical activity in men.
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1. Introduction
Vascular dysfunction increases the risk of cardiovas-

cular disease (CVD) [1]. Impairment of vascular en-
dothelial function is an early pathophysiological process in
the development of CVD, and it is the first step toward
atherosclerosis [2]. Vascular endothelial cells, which af-
fect vasodilation that is mediated by various endothelium-
derived relaxing factors such as nitric oxide (NO), play
an important role in inflammatory processes and anticoag-
ulation [3]. Vascular endothelial function is affected by
various factors, including metabolic function; for exam-
ple, the serum cholesterol level is strongly related to im-
paired endothelial function and decreased NO bioavailabil-
ity, which may induce functional arterial stiffening [4].
Flow-mediated dilation (FMD) is a non-invasive method
that can be used to assess vascular function by quantifying
endothelial function; therefore, the FMD value is consid-
ered an independent predictor of CVD [5,6].

Sex can affect vascular endothelial function through
the effect of sex hormones on agonists; sex hormones also
induce differences in vascular endothelial function and the
risk of CVD between men and women [7,8]. For men,
testosterone is an important factor in the risk of both CVD
and mortality, as it may have protective effects on the en-
dothelium, arterial wall stiffness, and vascular reactivity
[9,10]. Notably, the risk of CVD is higher in men than in
premenopausal women [11,12], but it is similar to that of
postmenopausal women [13].

Vascular endothelial function can also be influenced
by the changing seasons, with the risk of CVD being higher
during the winter as vascular endothelial function worsens,

especially in older individuals [14]. The seasonality of sex
hormones may also influence seasonal variations in the risk
of CVD [15–17]. Additionally, the amount of physical ac-
tivity also changes seasonally for both sexes [18,19], and its
reduction during the winter may contribute to the increased
CVD risk.

The relationship between seasonal variations in vas-
cular endothelial function and physical activity remains un-
clear. In a previous report, we discussed the influence of
physical activity on seasonal variations in metabolic and
vascular function; however, we did not examine sex dif-
ferences [20]. Therefore, in this review, we will focus on
the association between seasonal variations in vascular en-
dothelial function and physical activity in men and discuss
men’s health as a target for preventing these variations.

2. Seasonal variations in vascular endothelial
function and its factors in men
2.1 Sex differences in vascular endothelial function

FMD can be greater in women due to a higher shear
rate when compared with similarly aged men [21]. A pre-
vious study showed that peak FMD value was significantly
higher in women when compared with that of men [22].
Conversely, although aging changes the FMD value in both
men and women, the change is more rapid in women than
in aged men [23]. There may be sex differences in shear
stress and vascular compliance [24].

2.2 Seasonal variations in vascular endothelial function
Various studies have investigated seasonal variations

in vascular endothelial functions using FMD. A large popu-
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lation cross-sectional study (n = 2587, 47%men, mean age:
61 years), which was analyzed from the Framingham Heart
Study in different individuals across seasons, found that the
FMD value (adjusted for the baseline diameter) changed
seasonally; e.g., the highest and lowest values were ob-
served during the summer (mean value: 3.01%, from June
21 to September 20) and winter (mean value: 2.59%, from
December 21 toMarch 20), respectively [25]. Interestingly,
sex (men vs. women) and age (≥60 vs. <60 years) did not
affect seasonal variations in the FMD value (numeric data
comparing sex differences: unknown).

A previous study with a small sample size (n = 27,
52% men, mean age: 60.4 years) in same individuals with
type 2 diabetes, hypertension, and/or dyslipidemia prospec-
tively examined whether the FMD value could vary across
seasons, and the authors found that the FMD value for these
individuals was lower during the cool season (fromNovem-
ber to March) than it was during the warm season (from
July to September) (mean value: 4.74% and 5.71%, respec-
tively) [26]. Although the detailed numeric data was not
described in the report, the study showed that sex and age
did not have an effect on seasonal variations in the FMD
value.

A recent study in Japan (n = 1,067,171, 58% men,
mean age: 71.3 years) examined the association between
diurnal outdoor temperature changes and CVD hospitaliza-
tions [27]. The results of this study showed the seasonality
in the number of CVD hospitalizations through changes in
diurnal outdoor temperature range which can affect vascu-
lar (including endothelial) function; however, no sex differ-
ences were observed.

Therefore, although vascular endothelial function de-
teriorations are observed during the winter in men, sex dif-
ferences may not be associated with this seasonality.

2.3 Influence of hormonal function

Generally, men and women have different risks of
CVD, due to the lack of physiological levels of estradiol
in men of all ages [28], but this variability becomes nearly
negligible with increased age [29]. Women’s bodies un-
dergo hormonal changes, especially during the early stages
of menopause or later. A previous cross-sectional study
(132 women, aged 22–70 years) revealed that vascular en-
dothelial function starts to decrease during the early stages
of menopause, and this deterioration is associated with re-
duced hormonal function, such as with prolonged estrogen
deficiency [30]. Estradiol increases NO availability in both
men and women, resulting in vasodilation, and testosterone
contributes to a similar effect in men, whereas it induces re-
duced NO availability and impaired vasodilation in women
[31].

Seasonal variations in serum hormone levels are ob-
served in men. A study conducted over a period of >9
years (7491 men, mean age: 47.46 years) showed that the
testosterone levels of the participants were higher during the

summer than during the autumn, and the levels correlated
with outdoor temperatures and daylight duration [16]. A
cross-sectional study (n = 3191, 48% men, mean age: 60.1
years for men) also showed that total and free estradiol lev-
els were higher in May and lower in October in men [15].

2.4 Influence of metabolic function

Metabolic function, including blood pressure, corre-
lated with the risk of CVD and mortality [32,33]. Sea-
sonal variations in metabolic function are observed when
environmental factors (e.g., outdoor temperatures that af-
fect blood circulation [25]) change. Exposure to cool air
(low temperature) alters sympathetic nervous system activ-
ity and induces various endocrinological responses [34,35].

The systolic and diastolic blood pressures are inde-
pendent determinants of vascular endothelial function [36].
Blood pressure varies with changes in the outdoor environ-
ments. Further, reduced vitamin D synthesis during winter
can also increase blood pressure through reduced sun ex-
posure and inhibition of the renin-angiotensin system [37].
A longitudinal study (n = 8801, 39% men, mean age: 74.3
years) also showed that low outdoor temperatures during
the winter raised participants’ blood pressures [38]. How-
ever, there was no difference in the seasonal blood pressure
variation patterns betweenmen and women. Thus, seasonal
variations in vascular endothelial function that are induced
by changes in blood pressure may lower FMD values dur-
ing the cool season compared with the warm season without
being influenced by sex [25].

Hyperglycemia and increased advanced glycation
end-products also cause endothelial dysfunction (e.g., re-
duced endothelial-derived NO production) [39,40]. Low
outdoor temperatures increase blood glucose concen-
trations [41,42], and the highest glycated hemoglobin
(HbA1c) level may be observed during the winter because
of increased insulin resistance due to increased body fat,
which can be caused by increased plasma cortisol levels
and tissue sensitivity to glucocorticoids during the winter
[43], as well as increased blood glucose levels. In a study
with a small sample size (11 men with diabetes, mean age:
60.4 years), the HbA1c level in men was the highest dur-
ing the winter, and it was influenced by changes in body fat
rather than body weight [44]. In a large population study (n
= 285,705, 98% men with diabetes, mean age: unknown),
the participants’ HbA1c levels were higher during the win-
ter and lower during the summer; however, there was no dif-
ference in the seasonal HbA1c level changes between men
and women [42].

Blood lipid profiles also change seasonally [45,46].
The deterioration of blood lipid profiles, such as the serum
cholesterol level, induces impaired endothelial function
and reduced NO bioavailability [4]. A previous study on
adult workers (1202 men, mean age: 44 years) found that
the high-density lipoprotein cholesterol (HDL-C) level was
higher in men during the winter than during the summer
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[47]. Additionally, a cross-sectional study (n = 6894, 42%
men, mean age: 39.4 years for men) showed that the low-
density lipoprotein cholesterol (LDL-C) level was higher
in men during the winter than during the summer, whereas
the LDL-C and HDL-C levels were consistent in women,
regardless of the season [48]; thus, seasonal variations in
blood lipid profiles may be greater in men than women.

In summary, seasonal variations in these metabolic
functions may influence vascular endothelial function;
however, although there are differences in the seasonal
blood lipid profile patterns between men and women, no
sex differences in the seasonal blood pressure and glucose
level patterns may be observed.

3. Influence of seasonal variations in physical
activity on variations in vascular endothelial
function in men
3.1 Effect of physical activity on vascular endothelial
function

Vascular endothelial function can be improved with
regular physical activity [49]. Skeletal muscle contrac-
tions during physical activity increase local blood flow
and cardiac output, which increase the shear stress on the
vascular endothelium and NO production [50]. A meta-
analysis of 16 prospective studies in which participants
engaged in exercise training programs with durations of
≥8 weeks showed that regular moderate-to-vigorous inten-
sity aerobic training and combined aerobic and resistance
training improved FMD values for individuals with type
2 diabetes, although the presence of diabetes may reduce
endothelial function improvements [51]. Furthermore, a
systematic review of 29 articles (27 studies that used ei-
ther cross-sectional, prospective cohort, or randomized de-
signs) showed that even short (≤10 minutes) moderate-to-
vigorous physical activity improved resting blood pressure
and reduced the risk of CVD as assessed by the Framingham
Risk Score [52]. Therefore, increasing physical activity is
an effective method for maintaining or improving vascu-
lar endothelial function, and it is important for reducing the
risk of CVD and all-cause mortality [53,54].

A limited number of studies have examined whether
there are sex differences in the response of vascular en-
dothelial function to physical activity, including exercise.
A previous study with a small sample size (n = 12, 50%
men, mean age: 58 years for men) showed that the FMD
value for women tended to improve after 24 weeks of mod-
erate intensity aerobic training, although not significantly
[55]. Conversely, there was no change in the FMD value for
men. Another intervention study (n = 26, 42% men, mean
age: 63 years for men) showed that 8 weeks of moderate-
to-vigorous intensity aerobic training tended to increase the
FMD value compared with the non-exercise condition, al-
though not significantly; however, the change in the value
in men was greater than that for postmenopausal women
[56]. The authors also performed cross-sectional com-

parisons between sedentary and endurance exercise-trained
men and postmenopausal women (n = 167, 63%men, mean
age: 62 years for men) and found that the FMD value
for exercise-trained men was greater than that of sedentary
men, whereas there was no difference in the values between
sedentary and exercise-trained women [56]. A previous re-
view concluded that there were research gaps in sex differ-
ences associated with vascular adaptations to regular phys-
ical activity, including exercise [57]. Therefore, sex differ-
ences associated with vascular endothelial function changes
based on physical activity remain unclear.

3.2 Seasonal variations in physical activity

It is noteworthy that the amount of physical activity
undertaken by individuals may change seasonally due to
lifestyles and climate conditions. Income [58], residence
[59,60], and climate conditions (e.g., humidity, outdoor
temperature [61,62]) can induce variations in habitual phys-
ical activity, based on the opportunities for regular partic-
ipation in exercise, sports, and leisure-time activities [63–
65]. For both sexes, the amount of physical activity peo-
ple engaged in during the winter is lower than it is dur-
ing the summer [18,19]. A previous study (n = 2843, 42%
men, mean age: unknown) showed that the energy expendi-
ture during leisure-time physical activities was significantly
lower during the autumn and winter than it was during the
spring and summer [64,65]. Another study (n = 41, 49%
men, mean age: 71 years for men) showed that a combina-
tion of outdoor temperature and <1 mm/day of precipita-
tion may influence physical activity and change the number
of daily steps an individual takes, with the highest number
of steps occurring at a temperature of approximately 17 ◦C
[62]. Additionally, seasonal variations in physical activity
are observed in healthy individuals, as well as those with
diseases (e.g., heart failure, chronic obstructive pulmonary
disease [66,67]).

The type of physical activity may exhibit different sea-
sonal change patterns. A cohort study on adults aged ≥50
years (n = 1166, 56% men, mean age: unknown) showed
that engagement in light and moderate-to-vigorous phys-
ical activities was higher during the summer than during
the winter among middle-aged (50–64 years) and young-
elderly (65–74 years) adults, whereas seasonal variations
in physical activity were not observed among old-elderly
(≥75 years) adults [68]. Furthermore, sedentary behav-
ior did not show a seasonal pattern among any of the age
groups. Conversely, a systematic review and meta-analysis
of 17 studies (healthy adults aged 18–65 years) revealed that
the light and moderate-to-vigorous physical activity rates
were the highest during the summer, whereas the rate of
sedentary behavior was the highest during the winter [69].

There are sex differences in physical activity, and they
favor men [58], whereas sedentary behavior may not be
affected by sex [70]. A large population cohort study (n
= 31,546, 70% men, ≥55 years of age, mean age: un-
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known) showed that less physical activity was observed
among women compared to men (exercise ≥2 times/week:
68.9% of men vs. 56.6% of women), although sex differ-
ences in physical activity did not affect the incidence of
acute myocardial infarction [11]. A previous study with a
small sample size (n = 24, 38% men, mean age: 26 years
for men) showed that physical activity during the summer
was greater than during the winter for both sexes, although
the difference between the seasons was higher for men
than women [71]. Conversely, the aforementioned study
showed no sex differences in the seasonality of physical ac-
tivity [68]. Another study on adults with heart failure (n =
87, 71% men, mean age: 70 years) showed that there were
no differences in sex or age between the proportions of indi-
viduals whose physical activity levels decreased during the
winter and those whose levels stayed the same or increased
compared with the summer [67]. Further, a previous longi-
tudinal study (n = 95, 43% men, mean age: 71.2 years for
men) showed the seasonal change patterns in physical ac-
tivity (daily step count and daily physical activity durations
<3 and>3 metabolic equivalents) were not different based
on sex or age [72]. Therefore, it remains unclear whether
sex and/or age affects seasonal variations in physical activ-
ity.

3.3 Association between seasonal variations in physical
activity and vascular endothelial function

It is unclear whether seasonal variations in physical
activity affect variations in vascular endothelial function.
The two previous studies that evaluated seasonal variations
in the FMD value were performed without accounting for
the individuals’ physical activities [25,26]. As previously
mentioned, increasing physical activity can improve vas-
cular endothelial function as well as metabolic function,
and it is possible that seasonal variations in these functions
may decrease if individuals maintain their physical activ-
ity levels throughout the year. Few studies have investi-
gated the effect of exercise or promoting physical activity
on the suppression of seasonal variations in vascular en-
dothelial function. A previous study on children (n = 116,
40% boys, mean age: 10.4 years for boys) showed that sea-
sonal variations in the FMD value correlated with those in
vigorous-intensity physical activity, although not in low-
andmoderate-intensity physical activities [73]; remarkably,
when the authors analyzed the data according to sex dif-
ferences, this correlation was only observed for boys. An-
other study on adults with type 2 diabetes, hypertension,
and/or dyslipidemia (n = 31, 39% men, mean age: 66.3
years) showed that maintaining exercise habits by going to a
gym could not diminish the deterioration of the FMD value
and blood pressure during the winter, although it could sup-
press seasonal variations in some metabolic functions (e.g.,
blood lipid profiles) [74]. However, there is a lack of evi-
dence regarding the association between seasonal variations
in physical activity and vascular endothelial function for

various age groups; naturally, it is unclear whether sex af-
fects the association.

3.4 How do men manage their physical activity to prevent
seasonal variations in vascular endothelial function?

As discussed above, there is no clear evidence that
promoting physical activity throughout the year suppresses
seasonal variations in vascular endothelial function in men.
Furthermore, it remains unclear whether changes in other
factors, such as sex hormones and metabolic function, due
to physical activity can lead to a positive effect on prevent-
ing vascular endothelial function seasonality.

For men, physical activity acutely increases total and
free testosterone levels [75,76]. For example, testosterone
concentrations in men are acutely elevated following high-
intensity exercise, especially heavy resistance exercise [77,
78]. Additionally, long-term (10 weeks) resistance exer-
cise may lead to increased post-exercise total testosterone
concentrations [79]. In contrast, the chronic effect of aero-
bic exercise on testosterone levels remains unclear [80,81].
Further, a cross-sectional study (n = 3507, 44% men, mean
age: 60 years for men) showed that physical activity lev-
els (moderate and high-intensity activities) for men were
negatively associated with the level of follicle-stimulating
hormone, which regulates the testosterone level [82]. The
testosterone response to resistance exercise may increase
with age, as shown by the observation that an acute increase
in testosterone in response to resistance exercise occurred
in college-aged men, but not in boys and high school-aged
men [83,84]. Conversely, although the testosterone lev-
els for middle-aged and older men increased acutely after
a session of resistance exercise, the volume increase was
smaller than it was for younger adult men [85–87]. The ob-
served increases may have been induced by increased con-
centrations of sex hormone-binding globulin, which is the
primary binding protein for testosterone [88]; notably, sex
hormone-binding globulin is affected by aging [89]. There-
fore, although it remains unclear whether promoting physi-
cal activity can decrease seasonal variations in vascular en-
dothelial function through changes in sex hormones, per-
forming regular high-intensity resistance exercise through-
out the year may suppress vascular endothelial function de-
terioration in men, especially in younger adult men.

Poor blood glucose control during the winter is caused
by decreased physical activity in individuals with type 2
diabetes [90]. Seasonal deterioration of body weight and
blood lipid profiles in overweight and obese individuals
may be observed due to reduced physical activity during
the winter compared to other seasons [91,92]. However, it
remains unclear whether promoting physical activity, es-
pecially during the winter (e.g., during Christmas holi-
days), can protect against unfavorable metabolic function
changes. A previous study (38 men, mean age: 57 years)
showed that in men, exercise can suppress deterioration of
various metabolic parameters, such as body weight, blood
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pressure, the homeostasis model assessment of insulin re-
sistance, and the low-density lipoprotein cholesterol level
[93]. Conversely, another study with a high proportion
of women (n = 148, 32% men, mean age: 32.3 years for
men) showed that holiday-related body weight and fat gain
cannot be prevented by exercise [94]. Therefore, although
it is not clear evidence, promoting physical activity dur-
ing the winter may reduce deterioration of metabolic func-
tion in men. A recent review showed that carbohydrate
oxidation during moderate aerobic exercise was greater
in sedentary men compared with women, while lipid ox-
idation was lower in men [95]. Additionally, men have
more increased cardiovascular and metabolic counterregu-
latory responses (e.g., systolic blood pressure and carbohy-
drate oxidation) during moderate-intensity aerobic exercise
than women [96]. However, decreased muscle mass and
strength and increased adiposity through reduced physical
capacity are induced by aging [97–99]; thus, these changes
that occur in older individuals can cause less energy con-
sumption during the same relative intensity exercise com-
pared with younger individuals. In summary, promoting
physical activity, including exercise, may be able to sup-
press seasonal variations in metabolic function in men, es-
pecially in younger men.

Based on this information, additional prospective
studies are needed to confirm the hypothesis that increas-
ing physical activity during the winter or maintaining it
throughout the year can directly or indirectly suppress sea-
sonal variations in vascular endothelial function in men by
improving hormonal and/or metabolic function.

4. Conclusions
Various factors, such as climate conditions, affect an

individual’s physical activity level and vascular endothe-
lial function. However, there is no clear evidence that sea-
sonal variations in physical activity induce variations in en-
dothelial function in men. Clarifying the influence of phys-
ical activity on the seasonality of endothelial function may
be necessary to maintain men’s health, especially to pro-
tect against functional deterioration during the cool sea-
son. Further cohort research focusing on the association
between seasonal variations in physical activity and vascu-
lar endothelial function in men is needed.
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