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Differential benefits of 12-
week morning vs. evening
aerobic exercise on sleep and
cardiometabolic health: a
randomized controlled trial

Bingyi Shen®?2, Huiwen Zheng'?, Haibin Liu?, Lihong Chen* & Guangrui Yang?**

Modern life and rising stress have contributed to increased sleep disorders and metabolic and
cardiovascular diseases. While exercise is known to be an important health intervention, the optimal
timing for its effectiveness remains uncertain. This study aims to investigate the effects of a 12-week
timed exercise program on sleep, lipid profiles, and vascular function. Fifty-eight sedentary males
were divided into three groups: morning exercise (ME) at 6-8 a.m., evening exercise (EE) at 6-8 p.m.,
and control group (CON) without exercise. The 12-week intervention involved moderate-intensity
aerobic exercise (2150 min/week). Sleep was assessed using the Munich ChronoType Questionnaire
(MCTQ) and Dim Light Melatonin Onset (DLMO). Metabolic indicators were assessed through

body composition and blood biochemical tests. Ultrasound imaging was performed to evaluate
hemodynamics at the common carotid artery. Both exercise groups reduced body fat after 12-week
exercises, with ME showing significant reductions as early as week 4. Total cholesterol and triglycerides
in ME also decreased. Shortened sleep latency was observed in both exercise groups, with DLMO and
sleep advanced in ME. Although both exercise groups showed decreased stiffness and increased wall
shear stress, EE demonstrated greater enhancements in blood flow rate, center-line velocity, carotid
artery dilation and lowering systolic blood pressure. A 12-week aerobic exercise significantly improves
physical health in sedentary adults. Morning exercise (6-8 a.m.) is particularly effective for rapid body
fat reduction, lowering plasma cholesterol and triglycerides, and advancing sleep-wake cycle. Evening
exercise (6-8 p.m.) is more effective for enhancing vascular function.

Trial registration: Chinese Clinical Trial Registry, ChiCTR2400094208, 18/12/2024.
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Abbreviations

BFM Body fat mass

BFR Body fat rate

BMI Body mass index

CON Control

CVDs Cardiovascular diseases
D Arterial diameter

DBP Diastolic blood pressure
DLMO Dim light melatonin onset
DR Dynamic resistance

EE Evening exercise

FBG Fasting blood glucose
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FR Blood flow rate

FV Arterial center-line velocity

IPAQ-SF  International Physical Activity Questionnaire Brief Form
MCTQ Munich ChronoType Questionnaire

ME Morning exercise

MSFsc The adjusted mid-point of sleep on free days
MVPA Moderate-to-vigorous intensity physical activity
OsI Oscillatory shear index

PI Pulsatility index

PR Peripheral resistance

PSQI Pittsburgh Sleep Quality Index

SBP Systolic blood pressure

SEM Subcutaneous fat

TC Total cholesterol

TG Triglycerides

VFM Visceral fat

WD Workday

WEFD Work-free day

WHR Waist-hip ratio

WSS Wall shear stress

Sleep, metabolic and cardiovascular health play pivotal roles in sustaining comprehensive physiological well-
being"2. However, in contemporary society, heightened stress levels, irregular lifestyles have exacerbated
prolonged sedentary habits, which adversely affect physical health®. The escalating prevalence of sleep disorders,
metabolic and cardiovascular diseases (CVDs) pose a substantial and pressing public health challenge, with
CVDs ranking as the leading cause of death worldwide®.

The circadian clock is a crucial internal biological mechanism within the human body, regulating numerous
physiological processes and behavioral activities. Among these, the sleep-wake cycle, metabolic regulation and
vascular health undergo robust modulation by the circadian clock. For instance, the melatonin secretion starts
before sleep onset, reaching its peak in the early hours of the morning’. Most cardiovascular parameters exhibit
circadian rhythms, with blood pressure experiencing two peaks during the day, typically from 7 to 10 a.m.
and from 6 to 9 p.m.. Platelet aggregability is also higher in the morning, which may contribute to the higher
incidence of cardiovascular events during this time®8, The relationship between sleep, metabolic disorders,
and vascular dysfunction is deeply interconnected, and timing may be a key factor in prevention or treatment
strategies™!°.

Sedentary is the risk factor for CVDs, while regular exercise can improve CVD risk factors, such as
hypertension and lipid metabolism disorder!!-!3. Properly timed physical activity helps regulate the circadian
rhythm after disruptions, supporting cardiovascular health®!#!>. In the midday-afternoon (11:00-17:00) and
mixed moderate-to-vigorous intensity physical activity (MVPA) timing group, the risk of all-cause and CVD
mortality is lower than in the morning group (05:00-11:00)'>. However, another study suggests that morning
exercise is associated with a reduced risk of CVDs and stroke!S. Research also suggests that MVPA performed
between 7 and 9 AM is most effective for weight loss'”. The above investigated the impact of activity time on CV
risk based on daily physical activity, while the comprehensive effects of additional long-term timed exercise on
vascular and metabolic health in sedentary adults, particularly regarding hemodynamics, remain unclear.

Hemodynamics refers to the fluid dynamics of blood flow within the circulatory system. Assessing the
hemodynamics of the carotid artery can provide important insights for the prevention and early diagnosis of
cardiovascular and cerebrovascular diseases, as the blood supply to the cerebral circulatory system primarily
relies on the carotid artery'®. By collecting information such as arterial center-line velocity (FV) and diameter
(D) waveforms, dynamic and kinematic parameters of arteries can be calculated, including blood flow rate (FR),
dynamic resistance (DR), oscillatory shear index (OSI), wall shear stress (WSS), and others!-22.

Sleep disorders have a profound impact on quality of life, metabolic function, and cardiovascular health?>2%,
Adults are recommended to o get more than 7 h of sleep per night*®. The prevalence of insufficient sleep is
higher among males, reaching 37%, compared to females®®. Sleep-wake cycles and melatonin rhythms are
influenced by the timing of exercise?”. Youngstedt et al. found that 3 days of exercise at 7 a.m. and 4 p.m. led to
an advance in the aMT6s(6-sulphatoxymelatonin, the urinary metabolite of melatonin) acrophase, while delay
was observed between 7 p.m. and 10 p.m.?%. This result exhibits similarities to the phase response curve of light®.
An experiment revealed that both morning and evening exercise prompted an advance in the sleep-wake cycle
and Dim Light Melatonin Onset (DLMO), with the 5 days of exercise was performed in the laboratory>’. While
other studies have observed that exercise at 3-10 h after waking leads to a delay in melatonin rhythm?*"32. Due to
variations in exercise protocols, external environments and population characteristics, it is difficult to generalize
the long-term effects of timed exercise on sleep in sedentary populations, including related hormonal regulation
(melatonin)**34. Therefore, further research is necessary.

Exercise acts as an input signal for regulating the circadian rhythm, making its timing a key factor in
the effectiveness of health interventions. However, the lack of hemodynamic evidence and the diversity of
experimental designs present challenges in establishing consistent findings on the long-term effects of timed
exercise in sedentary adults. Investigating the effects of 12-week morning and evening aerobic exercise on sleep
and cardiometabolic health can provide essential insights for making appropriate exercise regimens in the
prevention and treatment of related diseases.
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ME (n=20) | EE(n=23) | CON (n=15) | Pvalue
Age (years) 23.05+£0.55 |23.39+£0.41 |22.40+0.47 0.75
Height (cm) 176.38+1.04 | 175.48+1.25 | 173.93+1.33 | 0.57
Weight (kg) 67.42+1.40 |68.61£1.83 |66.38+1.91 091
BMI (kg/mz) 21.69+0.46 |22.22+0.39 |21.92+0.53 0.74
WHR 0.90+0.01 0.90+0.01 0.89+0.01 0.77
PSQI 4.20£0.35 4.26+0.36 4.40+0.47 0.79
HR (beats/min) | 70.85+1.89 | 73.37+2.85 | 68.43+2.13 0.50

Table 1. Baseline characteristics of the subject. BMI, Body Mass Index; WHR, Waist-hip ratio; PSQI,
Pittsburgh sleep quality index; HR, heart rate.
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Fig. 1. Exercise intervention protocol. The exercise intervention spanned 12 weeks (=3 sessions/week,

2150 min/week). Body composition, sleep patterns, metabolic markers, and carotid arterial ultrasound
information were assessed before and after the 12-week exercise. CON, the control group that did not exercise;
ME, the morning exercise group that exercised between 6 and 8 a.m.; EE, the evening exercise group that
exercised between 6 and 8 p.m.

Methods

Experimental subjects

Participants included in this study were adult males who met the following criteria: non-smokers; no history of
alcohol abuse; no history of cardiovascular or metabolic diseases; systolic blood pressure (SBP) <130 mmHg;
diastolic blood pressure (DBP) <80 mmHg; body mass index (BMI) between 18.5 and 24.9 kg/m? The amount
of physical activity determined using the International Physical Activity Questionnaire Short Form (IPAQ-SF)
was insufficient to meet the recommended standards (at least 150 min a week of moderate-to-vigorous intensity
physical activity) and more than 8 h of sedentary behavior per day*>*; Participants had no apparent sleep
disorders, with Pittsburgh Sleep Quality Index (PSQI) scores not exceeding 7%, The participants were divided
into three groups: the morning exercise group (ME, exercise between 6 and 8 a.m.), the evening exercise group
(EE, exercise between 6 and 8 p.m.), and a control group (CON, no exercise).

Experimental recruitment information was disseminated online, and questionnaires were used for
participant screening. Initially, 65 individuals were recruited and randomly assigned to three groups using a
simple randomization method with a random number table. (ME: 25, EE: 25, CON: 15). During the experiment,
seven participants dropped out: five from the ME group and two from the EE group. Ultimately, complete data
were collected from 58 participants (ME group: 20, EE group: 23, CON group: 15), aged between 18 and 28
years. No group differences were observed in the baseline values of the basic physical condition of the subjects
(Table 1).

Exercise protocol

The ME group exercised between 6 and 8 a.m., while the EE group exercised between 6 and 8 p.m. (Fig. 1). The
exercise intervention spanned 12 weeks, with a minimum of three sessions per week, totaling over 150 min
of exercise weekly. Assessments of body composition, sleep, blood metabolic markers, and carotid arterial
ultrasound were conducted before and after the 12-week intervention. Body composition was measured using
a body analyzer (MC-980MA, Tanita, Japan) between 8 and 9 a.m. Participants engaged in aerobic activities
involving large muscle groups, such as running, jumping rope, using an elliptical trainer, and cycling. They wore
fitness bands with photoplethysmography sensors to monitor heart rate (HR) and adjust exercise intensity in real-
time, recording each session®. The target HR for exercise was 60-70% of heart rate reserve (HRR)**#!. The Bruce
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protocol test was performed every four weeks to adjust the target HR based on participants’ cardiorespiratory
fitness, using a high-resolution metabolic analyzer (MetaLyzer 3B-R2, Cortex, England).

There was no difference in the completion rate of the exercise protocol (Table 2). Participants exercised
approximately three days per week and 36 exercise sessions in total, with running being the most frequently
selected exercise followed by jumping rope. To control for potential confounding effects of nutritional
supplementation on outcome measures, participants were strictly prohibited from consuming any dietary
supplements or sports performance aids throughout the trial duration. According to the IPAQ survey, moderate-
to-vigorous intensity physical activity (MVPA) was 32.75+7.09 min in the ME group, 34.13+7.42 min in the
EE group, and 29.67£9.52 min in the CON group before exercise. After 12 weeks of timed exercise, the self-
reported total time of MVPA significantly increased for both the ME and EE groups, reaching 180.00+7.15 and
183.70+7.02 min, respectively, with no significant difference between the two groups.

Sleep and dim light melatonin onset (DLMO)

DLMO is a common circadian rhythm marker, detectable in blood, saliva, and urine samples*2. Melatonin levels
were assessed using the Melatonin Direct Saliva ELISA kit (IBL International). Participants collected saliva
samples every hour, from 5 h before to 1 h after their habitual bedtime, totaling seven collections. Each collection
consisted of 3-5 ml of saliva. To minimize light influence, participants wore dark glasses and avoided electronic
devices during collection. Samples were stored in a cooler box or refrigerator and retrieved the following
morning for analysis. DLMO was calculated using the absolute threshold method, with linear interpolation
of time points before and after the melatonin concentration reached 3 pg/ml*. The Munich ChronoType
Questionnaire (MCTQ) was used to record sleep patterns, including bedtime, sleep onset, and wake-up times
on both workdays and work-free days. Sleep latency was defined as the time between bedtime and sleep onset.
Mid-sleep time was calculated based on established references*:.

Blood biochemical index

After fasting for more than 8 h, antecubital venous blood was drawn to assess lipid parameters (triglycerides and
total cholesterol) between 8 and 9 a.m. The analysis was conducted using an automatic biochemical analyzer
(CS-600B, DIRUI, China). The fingertip blood glucose monitoring (Contour TS, Ascensia, Malaysia) was used
to measure the fasting blood glucose.

Hemodynamics

The waveforms of the right carotid arterial center-line velocity (FV) and diameter (D) were measured using a
color Doppler ultrasound (Prosound Alpha 7, Aloka, Japan) between 8 and 9 a.m.. Simultaneously, blood pressure
measurements were taken from the upper left arm brachial artery using an automatic sphygmomanometer
(HEM-7136, Omron, Japan). Matlab R2023a was used to calculate the hemodynamic parameters based on the
Womersley flow model, following methods previously described in the literature*~*” (Supplementary Methods
and Fig. S1).

Statistics

The determination of sample size was guided by a previous study'%. A medium effect size (0.30) for clinic SBP,
with 0.80 power and an a of 0.05, required a minimum of 30 subjects (10 per group) for repeated measures
ANOVA with within-between interactions. Calculations were performed in G*Power 3.1.9.7 (Universitit Kiel,
Germany). Statistical analyses were performed using GraphPad Prism 9.0.0 (GraphPad Software, USA). The
data were analyzed using repeated measures of two-way ANOVA, considering group (ME, EE, and CON) as
the between-subject factor and study phase (baseline vs. after 12 weeks) as the within-subject factor. Post hoc
comparisons were made using the Bonferroni test. The results were presented as mean + standard error (SE), and
significant differences were indicated by an asterisk (*p <0.05). Figures were generated with GraphPad Prism
9.0.0 and Origin 2024.

Results

The effects of 12-week timed exercise on sleep pattern

Sleep time and Dim Light Melatonin Onset (DLMO) reflect the changes of sleep-wake cycle at behavioral and
hormonal levels, respectively. Both on the workday (WD) and work-free day (WFD) after 12-week exercise, the
ME group exhibited advanced sleep onset (WD: 23.50+7.41 min; WFD: 24.84+9.13 min), mid-sleep (WD:
29.70+6.67 min; WED: 30.54+9.27 min), and sleep end (WD: 35.85+ 8.27 min; WFD: 43.11 £ 13.15 min) times
compared to pre-exercise (Fig. 2A). After 12-week exercise, sleep onset (WD: 23:36 +00:08 vs. 00:05 = 00:08;

ME (n=20) | EE (n=23) | Pvalue
Exercise < 150 min/week (weeks) | 0.45+0.15 0.17+0.08 0.11

Exercise frequency (days/week) | 3.16+0.11 3.08+0.14 0.66
Total exercise time/week (min) 152.42+1.05 | 156.73+1.77 | 0.07

Total exercise sessions 37.00£1.30 |3591+1.63 |0.67
Running sessions 31.70+£2.41 |25.83+2.45 |0.11
Jumping rope sessions 3.55+1.21 4.00+2.01 0.85

Table 2. The completion of the exercise intervention protocol.
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WEFD: 23:43 +00:09 vs. 00:16 £00:08), mid-sleep (WD: 03:15+00:09 vs. 03:56+00:07; WFD: 03:36+£00:11 vs.
04:19+00:08), and sleep end (WD: 06:54 £00:12 vs. 07:48 +0:07; WFD: 07:38 £00:17 vs. 08:31+00:09) in the
ME group were earlier than those in the EE group. Additionally, the MSFsc (the adjusted mid-point of sleep on
free days) (26.19+7.85 min) and DLMO (16.90+4.68 min) were advanced in the ME group (Fig. 2B; Fig. S2;
Fig. $3). In contrast, no significant changes were observed in DLMO and sleep times after 12 weeks of exercise
in the EE group (Fig. 2A,B; Fig. S2; Fig. S3).

Both exercise groups showed reduced sleep latency on workdays (ME:6.70 £2.40 min; EE:4.57 +1.21 min)
and work-free days (ME:6.75+1.65 min; EE:4.09+1.15 min) after 12 weeks of exercise, with no significant
changes in sleep duration (Fig. 3A,B), indicating that individuals fall asleep more quickly after going to bed.
The PSQI results indicated that the scores of the ME and EE groups (ME: 3.20£0.30; EE: 3.17+0.37) were
significantly lower than pre-exercise (ME: 4.20 +0.35; EE: 4.26 £0.36).

The effects of 12-week timed exercise on metabolic health

After 12 weeks of exercise, both the ME and EE groups showed significant decreases in body fat mass (BFM),
including visceral fat (VFEM) and subcutaneous fat (SFM), as well as waist-hip ratio (WHR), with no significant
changes observed in the weight (Fig. 4A-D). At the 4th, 8th, and 12th weeks after ME, BFM, body fat rate (BFR),
and WHR were significantly lower than pre-exercise levels (Fig. 4E-G), with reductions observed in both VFM
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Fig. 2. Effect of 12-week timed exercise on sleep-wake cycle. In the polar plot, the circumferential coordinate
represents time, with the entire circumference of the circle divided into 24 segments, each corresponding to 1
h of the day, and the radial coordinate represents the number of people at each time point. DLMO, Dim light
melatonin onset; MFSsc, the adjusted mid-point of sleep on free days. “*”indicates the statistical difference
compared to pre-exercise values (P<0.05).

Scientific Reports|  (2025) 15:18298 | https://doi.org/10.1038/541598-025-02659-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

CON_Pre ME_Pre EE_Pre
B CON_12w ME_12w M EE_12w

360 360
Workday Work-free day

Fig. 3. Effect of 12-week timed exercise on sleep latency and duration. Starting from 0°, clockwise represents
sleep duration, while counterclockwise represents sleep latency. The units of the coordinates are in minutes.
The solid-fill bands represent the mean values, while the dashed-fill sections indicate the standard error. “*”
indicates the statistical difference compared to pre-exercise values (P<0.05).

and SFM (Fig. 4H-I). However, no statistical changes were found in muscle mass (Fig. S4). In the EE group,
significant reductions in BFM, BFR, and SEM were observed after 8 and 12 weeks of exercise (Fig. 4E,E]).
Following ME, there was a reduction in total cholesterol (TC) and triglycerides (TG) after 12 weeks of exercise,
with significant differences compared to the CON group (Fig. 4J,K). Fasting blood glucose (FBG) showed no
significant changes after ME (Fig. 4L). After 12 weeks of EE, there were no changes in TC, TG, and FBG.

The effects of 12-week timed exercise on hemodynamics
Both the ME (63.34+1.35 vs. 70.85+1.89) and EE (64.85+2.32 vs. 73.37+2.85) groups showed a decrease in
resting heart rate (HR) after 12 weeks of exercise, with the ME group showing a lower HR than the CON group
(63.34+1.35 vs. 71.53£1.56). The EE group showed increases in both maximum and mean arterial diameters
(D, and D__ ) (Fig. 5A; Fig. $5). Maximum flow velocity (FV__ ) and flow rate (FR__ ) also increased after
12 weeks of exercise in the EE group (Fig. 5B,C; Fig. S6), indicating a more sufficient cerebral blood flow supply.
The stiffness index (Fig. 6A) and pressure-strain elastic modulus (Fig. 6B) of the ME and EE groups were
both reduced, indicating an improvement in vascular elasticity, with no significant differences observed between
the two groups. A decrease in systolic blood pressure (SBP) compared to pre-exercise levels was observed in the
EE group (Fig. 6C), with no significant differences in mean blood pressure (MBP) (Fig. 6D). Wall shear stress
(WSS) is the frictional force exerted by blood flow on the endothelial surface and oscillatory shear index (OSI)
is a quantification of the amount of shear stress oscillation. The maximum WSS (WSS_ ) increased after ME
and EE (Fig. 6E), with the OSI decreased (Fig. 6F). After EE, dynamic resistance (DR) (Flg 6G) and peripheral
resistance (PR) decreased (Fig. 6H), and pulsatility index (PI) increased (Fig. 6I), suggesting an enhancement in
vascular regulatory capacity.

Discussions

Adults can achieve health benefits from at least 150 min of moderate-intensity exercise per week!%. While the
impact of exercise is influenced by factors such as intensity, frequency, and volume, the timing of exercise also
plays a crucial role*®. This study focused on the effects of a long-term (12 weeks) morning (ME) vs. evening
(EE) moderate-intensity aerobic exercise regimen on sleep, metabolic health and vascular hemodynamics in
sedentary adults. The findings, summarized in the graphical abstract (Fig. 7), highlight the differential benefits
of exercise timing.

Both ME and EE interventions significantly shortened sleep latency, indicating that exercise facilitates quicker
onset of sleep. This finding aligns with existing evidence showing a mild reduction in sleep latency following
regular exercise interventions®?. However, it should be noted that acute moderate to vigorous exercise did not
promote sleep need nor alter other sleep parameters, except for light sleep®®. Moreover, a cross-sectional study
among middle-aged adults showed that only morning MVPA was associated with fewer sleep disturbances™.
This highlights the importance of exercise regularity and timing in eliciting meaningful sleep improvements.
Sleep regulation follows the two-process model: the homeostatic sleep drive and the circadian rhythm®'. Our
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Fig. 4. Effect of 12-week timed exercise on body composition and lipid metabolism. BEM, Body fat mass;
VEM, Visceral fat mass; SFM, Subcutaneous fat mass; WHR, Waist-hip ratio; BFR, Body fat rate; TC, total
cholesterol; TG, triglycerid; FBG, fasting blood glucose. (A) Weight includes BFM, and the data for both are
displayed superimposed with weight at the bottom and BFM at the top; (B) VFM and SFM are displayed
stacked with VFM on top and SEM below. “*” indicates the statistical difference compared to pre-exercise
values (P<0.05) in (A)-(I). “*” denotes statistical differences (P<0.05) in (J)-(L).

study found that ME advanced sleep time and Dim Light Melatonin Onset (DLMO), suggesting a shift toward
an earlier sleep-wake cycle. This effect may stem from the combined influence of morning daylight and physical
activity, which can act as potent zeitgebers>2. Morning exercise likely enhances circadian alignment by advancing
the DLMO and increasing sleep homeostatic pressure earlier in the day, leading to an advanced sleep-wake
cycle®. These findings underscore the potential of morning exercise to regulate sleep timing and improve overall
sleep quality, particularly for individuals with delayed sleep phases or disrupted circadian rhythms.

Body composition is closely linked to CVD risk. For example, each 0.1 increase in waist-hip ratio (WHR)
correlates with a 41% increase in all-cause mortality and a 59% increase in CVD mortality>%. Both exercise groups
in this study experienced significant improvements in body composition, with fat loss observed as early as week
4 in the ME group and week 8 in the EE group. This finding aligns with previous research by Willis et al. that the
early-exercise group (7-12 a.m.) lost more weight than the late-exercise group (3-7 p.m.)*>. These results suggest
that the timing of exercise may influence fat loss, with early exercise being particularly effective. Interestingly, this
pattern contrasts with findings in metabolically compromised populations, where afternoon exercise produced
greater fat loss, suggesting that exercise timing effects may vary according to baseline metabolic status®®. The
differential effects of morning versus evening exercise observed in our study may be partially explained by the
circadian regulation of hormones such as cortisol and melatonin, as well as diurnal fluctuations in metabolites®’.
Animal studies support the idea that early exercise boosts lipolysis (fat breakdown) and amino acid breakdown>®.
Moreover, early exercise has been shown to upregulate markers related to thermogenesis and mitochondrial
proliferation, contributing to enhanced metabolic function®. The reduction in total cholesterol and triglycerides
observed in the ME group may also be attributed to a decrease in body fat, which is consistent with findings that
pre-breakfast exercise enhances lipid metabolism and insulin sensitivity®’. However, there are also some studies
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Fig. 5. Effect of 12-week timed exercise on blood supply. D __and D__. , the maximum and mean diameter;
FV .. and FV o the maximum and mean value of center-line velocity; FR_ . and FR ..o the maximum and
mean value of blood flow rate. “*” denotes statistical differences (P<0.05).

suggesting that afternoon exercise might offer greater benefits for individuals with impaired metabolism, such
as those with obesity or metabolic syndrome®%¢1-63, These conflicting results highlight the complex relationship
between exercise timing and metabolism, varying by exercise protocol, population characteristics, and specific
outcomes. Nevertheless, this variability underscores the importance of tailoring exercise timing to an individual’s
needs and health status to optimize benefits for body composition and metabolic health.

Regular long-term exercise has been shown to improve arterial stiffness and enhance arterial elasticity,
benefiting cardiovascular health®%>. Our study also demonstrated that 12 weeks of exercise improved arterial
elasticity, suggesting that exercise positively affects vascular function. The impact of exercise on vascular elasticity
function can be mediated through various signals, with wall shear stress (WSS) being a crucial mechanical
signal®®. Endothelial cells exposed to high levels of WSS for an extended period have a protective effect against
atherosclerosis®”%. Exercise-induced changes in WSS lead to increased expression of endothelial nitric oxide
(NO) synthase (eNOS) and production of NO, which are typical markers of a healthy endothelial phenotype
with anti-atherosclerotic properties®. This suggests that both morning and evening exercise may help improve
endothelial function and potentially help prevent atherosclerosis by increasing WSS and decreasing oscillatory
shear index. Additionally, dynamic resistance, peripheral resistance and pulsatility index are important indicators
reflecting vascular regulatory function. The changes of these indicators and flow rate in the EE group suggest that
evening exercise helps improve cerebral blood supply and enhance vascular compliance. Furthermore, previous
studies have shown that aerobic exercise in the evening is beneficial to lowering blood pressure in hypertensive
patients by improving vasomotor sympathetic modulation and systemic vascular resistance®!'*. Therefore, the
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Fig. 6. Effect of 12-week timed exercise on the hemodynamics of the common carotid artery. SBP, systolic
blood pressure; MBP, mean blood pressure; WSS, o the maximum wall shear stress; OSI, oscillatory shear
index; DR, dynamic resistance; PR, peripheral resistance; P, pulsatility index. “*” denotes statistical differences
(P<0.05).

improvement in vascular elasticity and regulatory capacity observed in this study may be factors contributing to
the reduction in systolic blood pressure following evening exercise. Taken together, these findings highlight the
potential of exercise timing to optimize cardiovascular health, particularly in enhancing vascular function and
regulating blood pressure.

Opverall, the current study focused on young, healthy, sedentary adults, and provided valuable insights into
the effects of long-term timed exercise on sleep, metabolic health, and vascular function. Unlike observational
studies linking habitual activity timing to health outcomes, our research provides interventional evidence
through structured morning and evening exercise protocols in sedentary adults. Notably, our analysis of carotid
artery hemodynamics—a critical yet underexplored predictor of cerebrovascular risk—illustrates how exercise
timing modulates vascular adaptations. By integrating sleep, metabolic, and vascular endpoints under controlled
conditions, our study addresses inconsistencies in previous heterogeneous methodologies and underscores the
importance of exercise timing in optimizing health interventions. To build on these findings, future research
should expand the scope to include populations with cardiovascular diseases and/or metabolic disorders. Such
studies could offer deeper insight into how tailored interventions might improve health outcomes for individuals
with existing health conditions. In addition, to gain a more comprehensive understanding of how timed exercise
can regulate sleep disorders, it is necessary to conduct studies in populations with circadian rhythm disruptions,
such as shift workers or individuals with insomnia. Another limitation is that due to potential menstrual cycle
effects on exercise adherence, only men were recruited in the current study. Although literatures had shown no
significant sex differences in cardiovascular variables like blood pressure, heart rate, and stroke volume when
standardized for body composition”-7, future studies should include both male and female participants to
assess any potential sex-specific responses to timed exercise.

Conclusions

In summary, a 12-week aerobic exercise program significantly improves sleep quality, with morning exercise
promoting an earlier sleep-wake cycle and melatonin rhythm, contributing to better sleep quality. For
cardiometabolic health, long-term aerobic exercise in both the morning and evening effectively reduces
body fat, while morning exercise achieving faster reductions in subcutaneous and visceral fat, as well as
significantly lowering triglycerides and total cholesterol. Additionally, 12 weeks of aerobic exercise may enhance
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cardiovascular health by reducing resting heart rate, improving arterial elasticity and optimizing wall shear stress
patterns. Notably, evening exercise provides greater benefits in improving cerebral blood supply. These findings
underscore the importance of exercise timing in tailoring health interventions for sleep and cardiometabolic
health.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary
information files].
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