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Abbreviations

25(0OH)D: 25-hydroxyvitamin D;

PA: physical activity;

ELSA: English Longitudinal Study of Ageing;
OR: odds ratio;

CI: confidence interval,

SBP: systolic blood pressure;

DBP: diastolic blood pressure;

BMI: body mass index;

MET: metabolic equivalents of task;

RERI: relative excess risk due to interaction;
AP: attributable proportion;

S: synergy index;

PAF: population attributable fraction;

MR: Mendelian randomization;

IVW: inverse-variance weighted,;

GWAS: genome-wide association studies;
UKB: UK Biobank;

EBI: European Bioinformatics Institute.
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Abstract

The interaction between 25-hydroxyvitamin D [25(OH)D] and physical activity (PA) in
influencing hypertension remains underexplored. This study aimed to examine their
independent and joint associations with hypertension risk among 5,327 participants aged >50
years from the English Longitudinal Study of Ageing. Participants were categorized by
25(0OH)D status (sufficient, >50 nmol/L; insufficient, >30 to <50 nmol/L; deficient, <30
nmol/L) and self-reported PA levels. Multivariable logistic regression, adjusting for the
season of measurement and sociodemographic confounders, showed that sufficient 25(OH)D
(OR = 0.66, 95% CI: 0.56-0.78) and higher PA (OR = 0.82, 95% CI: 0.71-0.94) were
independently associated with reduced hypertension prevalence. In joint analyses, the group
combining higher PA and sufficient 25(OH)D exhibited the lowest odds of hypertension (OR
= 0.55, 95% CI: 0.43-0.70) compared to the lower PA and deficient group. A significant
synergistic interaction was identified, indicating that the combined protective effect of these
factors was greater than the sum of their individual associations. These results were
corroborated by Mendelian randomization analysis, which identified inverse causal
associations between genetically predicted 25(OH)D, vigorous PA, and hypertension risk
across independent datasets. These findings emphasize that vitamin D sufficiency acts in
synergy with an active lifestyle to enhance cardiovascular protection. This relationship
underscores the critical importance in nutritional science of integrating micronutrient status
with physical activity to develop more effective, multifaceted lifestyle-based strategies for

hypertension management in middle-aged and older populations.

Keywords: Vitamin D, Physical activity, Hypertension, Joint association, Mendelian

randomization
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Introduction

Hypertension is a leading global health challenge, affecting more than 1.28 billion adults
worldwide, with a substantial proportion remaining undiagnosed or poorly controlled(1). In
addition to being a major risk factor for cardiovascular conditions including heart disease and
stroke, hypertension damages organs in a number of different systems, highlighting the need
for better treatment methods(2). Although hypertension cannot be fully cured, it can be
managed effectively through lifestyle modifications, such as regular physical activity, dietary
adjustments, stress reduction, and improved sleep quality, combined with consistent
monitoring of blood pressure. These measures, alongside appropriate medical treatments, are
crucial in controlling hypertension and mitigating the risk of associated health

complications(3-5).

Vitamin D serves both as a nutrient and a hormone, integral to numerous physiological
processes. It is mostly produced by the skin when exposed to UVB rays, and it is also
obtained through diet from foods like egg yolks, oily seafood, and fortified meals(6, 7). Its
active form, 1,25(OH)D, provides regulatory effects on the immune system and other cellular
pathways and is essential for preserving the calcium and phosphate balance necessary for
bone health(8-10). A lack of vitamin D is increasingly being linked to poor cardiovascular
outcomes. It is believed that low vitamin D levels contribute to the pathophysiology of
cardiovascular disease by mechanistically upsetting calcium homeostasis, compromising
endothelial function, and fostering systemic inflammation(11-13). Furthermore, deficiencies
have been linked to hypertension, possibly as a result of high blood pressure-raising
processes including arterial stiffness and increased vascular resistance. The wider function of
vitamin D in vascular health and its possible consequences for the prevention and treatment

of hypertension are highlighted by these findings(14, 15).

Vitamin D deficiency can be effectively addressed by adopting a healthy lifestyle that
incorporates routine exercise, optimizing sun exposure, and consuming a nutrient-dense
diet(16). Frequent exercise is especially important as it improves vascular health by
enhancing endothelial function, regulating sympathetic nervous system activity, and
decreasing systemic vascular resistance (17, 18). While physical activity is well-established
as beneficial for reducing risks of cardiovascular diseases (19-21), its relationship with
hypertension, as well as the combined effects of physical activity and 25(OH)D, remains

insufficiently explored. Therefore, this study aims to investigate their joint influence on
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hypertension risk.
Methods
Study population

The present study utilized data from Wave 6 of the English Longitudinal Study of
Ageing (ELSA)(22), a representative sample of the English population aged 50 years and
older. Wave 6 was specifically selected for this analysis as it provided the necessary data on
blood 25-hydroxyvitamin D [25(OH)D] levels. Of the 8,054 participants in Wave 6, we
excluded individuals aged under 50 years (n=164), those with missing data on 25(OH)D
levels or physical activity (n=1,942), those without hypertension information (n=327), and
those lacking data on other relevant covariates (n=294). The final analytic sample consisted
of 5,327 participants. Supplementary Figure 1 illustrates the detailed flow of participant

selection.
Ethical criteria

This study was conducted in accordance with the guidelines of the Declaration of
Helsinki. Ethical approval was granted by the NRES Committee South Central - Berkshire on
28th November 2012 (11/SC/0374). Written informed consent was obtained from all

participants.
Assessment of exposures

Blood samples were obtained from participants during Wave 6's health check, which was
the first to measure 25(OH)D concentrations. Participants on anticoagulant therapy (e.g.,
warfarin), those with a history of seizures, those with bleeding problems (e.g., hemophilia or
low platelet counts), and those without written consent were excluded. The DiaSorin
Liaison® immunoassay was used to analyze the samples. According to the Institute of
Medicine's (IOM) standards, participants were classified based on their 25(OH)D levels as
sufficient, insufficient, or deficient, with thresholds of >50 nmol/L, >30 to <50 nmol/L, and

<30 nmol/L, respectively(23).

The three intensity categories of physical activity—Ilight, moderate, and vigorous—were

reported by the participants. Using the following choices—"more than once a week,"” "once a

week," "1-3 times per month,” and "rarely/never"—they indicated how frequently they
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participated, with sample activities included for each intensity. We estimated a monthly 'bout’
score for each intensity, assuming 4.3 weeks each month, in order to quantify these activities.
The following is the conversion of the frequency categories: 8.6 bouts per month were
associated with "more than once a week," 4.3 with "once a week," 2.0 with "1-3 times per
month," and 0 with "rarely/never.” The overall physical activity score was then calculated by
multiplying the scores by the corresponding metabolic equivalents of task (MET) values for
each activity level. Supplementary Table 1 contains comprehensive information on the weight
computation, which adheres to accepted procedures from earlier research(24, 25). To improve
clarity in reporting, participants were grouped into tertiles based on their physical activity

scores, with the higher two tertiles combined and compared to the lowest tertile.
Assessment of outcome

A systematic approach was followed for taking blood pressure readings. A manual
sphygmomanometer was used to collect three measurements at 30-second intervals following
a b-minute rest period. The mean of these measurements was used to compute systolic and
diastolic values. Hypertension was defined as SBP > 140 mmHg, DBP > 90 mmHg, or a

self-reported hypertension diagnosis, including antihypertensive drug usage(26).
Assessment of other covariates

Sociodemographic covariates included age, sex, marital status (married/partnered vs.

single/other), wealth (tertiles of non-pension wealth), education level, and ethnicity (White vs.

Non-White). Health behaviors included smoking status (current vs. non-smoker), alcohol
consumption frequency, sleep duration (short <6h, optimal 6-8h, long >8h), and BMI (kg/m?).
Medical history included diabetes, cancer, lung disease, cardiovascular conditions, arthritis,
stroke, and high cholesterol. Information on the season of blood measurement (Spring,
Summer, Autumn, Winter) was also recorded to account for seasonal variations in vitamin D

levels.
Statistical analysis

Baseline characteristics were compared between normotensive and hypertensive groups
using t-tests for continuous variables and chi-square tests for categorical variables.
Comparisons were also conducted between included and excluded participants to assess
potential selection bias. Multivariable logistic regression models were employed to estimate

ssa.d Ansseniun abpriquied Aq auljuo paysiiqnd £50£01925t L L£000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114526107053

Accepted manuscript

odds ratios (ORs) and 95% confidence intervals (Cls) for the associations of 25(OH)D and
PA with hypertension. Models were fully adjusted for age, sex, ethnicity, education, marital
status, wealth, smoking, alcohol consumption, sleep duration, BMI, comorbidities, and the
season of measurement. We assessed the joint effects of 25(OH)D and PA, incorporating an
interaction term to evaluate multiplicative interaction, while the Relative Excess Risk due to
Interaction (RERI) was calculated to assess additive interaction. Population attributable
fractions (PAFs) were estimated to determine the potential public health impact. To handle
missing data on covariates, we performed multiple imputation by chained equations (MICE)
to generate 5 imputed datasets, assuming data were missing at random. Pooled results from
the imputed datasets were used for sensitivity analysis (Supplementary Table 4). All statistical

analyses were performed using R software (version 4.2.2).
MR analysis

We employed a two-sample Mendelian randomization (MR) design to investigate the
causal associations between 25(OH)D levels, physical activity, and hypertension. This
approach leverages genetic variants as instrumental variables to reduce confounding and
reverse causation biases. Three core assumptions were satisfied: relevance, independence,
and exclusion restriction. Summary-level data were restricted to individuals of European
ancestry. Genetic instruments were selected based on genome-wide significance (P < 5x10°°)
and independence (R? < 0.01 within a 10,000 kb window). The primary causal estimates were
calculated using the random-effects inverse-variance weighted (IVW) method. Crucially,
since both the physical activity exposures and the primary hypertension outcome were
derived from the UK Biobank, there was substantial sample overlap. To explicitly address the
potential bias (winner’s curse and weak instrument bias) arising from this overlap, we applied
the MRIlap method to correct the IVW estimates. Sensitivity analyses including MR-Egger,
weighted median, and MR-PRESSO were conducted to detect pleiotropy and heterogeneity.
All statistical analyses were performed using R software (version 4.2.2) with the
TwoSampleMR, MRPRESSO, and MRIap packages. Detailed methodology regarding data

sources and instrument selection is provided in Supplementary Appendix 1.

Results
Baseline characteristics
A total of 5,327 participants aged 50 years and older were included in this

cross-sectional analysis. Of these, 2,441 (45.8%) were classified as normotensive, while
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2,886 (54.2%) were identified as hypertensive. The mean age of participants in the
hypertensive group was significantly higher than that in the normotensive group (68.4 £+ 8.58
vs. 63.6 £ 8.11 years). Males comprised 47.9% of the hypertensive group, a significantly
higher proportion compared to 42.4% in the normotensive group. Demographic
characteristics, lifestyle behaviors, and health conditions differed significantly between the
normotensive (reference) and hypertensive groups (Table 1). Participants with hypertension
were more likely to be older, male, of non-White ethnicity, and to have lower socioeconomic
status (indicated by lower educational attainment and non-housing wealth). Furthermore, this
group was characterized by lower physical activity levels, higher BMI, and a greater
prevalence of comorbidities—including diabetes, arthritis, and cardiovascular
conditions—whereas rates of current smoking and weekly alcohol consumption were lower

compared to normotensive participants (Table 1).
Association of PA and 25(OH)D levels with Hypertension

Table 2 presents the associations of PA and 25(OH)D levels with hypertension. After
adjusting for sociodemographic factors, lifestyle behaviors, comorbidities, and season of
measurement, higher 25(OH)D levels were significantly associated with reduced odds of
hypertension. Compared to the deficient group, the multivariable-adjusted ORs were 0.81 (95%
Cl: 0.69-0.96) for insufficient levels and 0.66 (95% CI. 0.56-0.78) for sufficient levels.
Similarly, higher PA was independently associated with a lower risk of hypertension (OR:
0.82, 95% CI: 0.71-0.94). Population attributable fraction (PAF) analysis estimated that
maintaining sufficient vitamin D levels and higher PA could potentially lower the prevalence

of hypertension by 25% and 15%, respectively.
Joint association PA and 25(0OH)D with hypertension

Joint association of PA and 25(OH)D with hypertension Figure 1 illustrates the
combined association of PA and 25(OH)D with the prevalence of hypertension after
multivariable adjustment. Compared to the reference group (lower PA and vitamin D
deficiency), participants with higher PA and sufficient 25(OH)D levels exhibited the lowest
odds of hypertension (OR = 0.55, 95% CI. 0.43-0.70). A significant inverse dose-response
relationship was observed, with the likelihood of hypertension decreasing as the combination
of PA and 25(OH)D levels improved (P for trend < 0.001). Further analyses revealed a
significant additive interaction between these factors (RERI = 0.61; AP = 0.24; S = 1.65),
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indicating a synergistic effect where the combined risk exceeds the sum of individual risks

(Supplementary Table 3). No multiplicative interaction was observed.
Sensitivity and Subgroup analyses

Subgroup analyses (Figure 2) indicated generally consistent associations between
25(0OH)D, PA, and hypertension across most strata, with a significant interaction observed
among alcohol users (P < 0.05). Regarding data completeness, significant differences in
baseline characteristics were found between included and excluded participants
(Supplementary Table 2). However, analyses based on multiple imputation datasets yielded
results consistent with the primary analysis (Supplementary Table 4). Additionally, in
analyses stratified by antihypertensive medication use, the inverse associations of higher
physical activity and sufficient 25(OH)D with hypertension remained statistically significant

among participants not taking medication (Supplementary Table 5).
Results of MR analysis

The primary Mendelian randomization analysis using the inverse-variance weighted
(IVW) method identified significant inverse causal associations between 25(OH)D levels
(OR 0.99, 95% CI 0.98-1.00; P = 0.001) and the risk of hypertension, as illustrated in Figure
3. Similarly, a genetic predisposition to vigorous physical activity was associated with a
marked reduction in hypertension risk (OR 0.98, 95% CI 0.97-0.99; P < 0.001). As shown in
Figure 3, other specific physical activities—including light household tasks, walking for
pleasure, other exercises, heavy physical tasks, and strenuous sports—also demonstrated
significant protective effects (all P < 0.001). Crucially, to address potential bias arising from
sample overlap within the UK Biobank, we applied MRIap correction (Supplementary Table
6). This rigorous adjustment confirmed the consistency of our findings, yielding robust causal
estimates and indicating even stronger effect sizes for vigorous physical activity and

strenuous sports after accounting for overlap structure.

Validation in the independent EBI dataset largely corroborated these protective
associations (Supplementary Table 7). The causal effects remained statistically significant for
25(0OH)D (OR = 0.99, P = 0.022), vigorous physical activity (OR = 0.98, P = 0.023), light
household tasks, other exercises, and strenuous sports. However, the associations for walking
for pleasure and heavy physical tasks did not reach statistical significance in the replication

cohort. To further ensure the validity of these causal inferences, comprehensive sensitivity
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analyses were performed. We found no evidence of significant horizontal pleiotropy or
heterogeneity based on MR-Egger intercept tests and Cochran’s Q statistics, respectively.
Additionally, visual inspection of leave-one-out plots confirmed that the observed
associations were not driven by any single influential variant (Supplementary Figures 3-16).

Discussion

This study identified associations between physical activity, 25(OH)D levels, and the
prevalence of hypertension. Notably, the interaction between physical activity and 25(OH)D
was observed, with the combined presence of sufficient vitamin D levels and physical activity
showing a stronger protective effect against hypertension. Additionally, MR analysis
provided further evidence supporting the relationship between physical activity, 25(OH)D,

and hypertension risk.

Our findings on the protective role of vitamin D are consistent with prior
epidemiological meta-analyses that report an inverse dose-response association between
serum 25(OH)D and hypertension risk(27). Earlier evidence indicates that a 25 nmol/L
increase in 25(OH)D corresponds to an approximate 7% reduction in hypertension
likelihood(28). In contrast to studies assessing vitamin D status alone, our results show that
individuals who also engage in regular physical activity derive greater cardiovascular benefit,
suggesting that behavioral factors may modify the magnitude of vitamin D-related protection.
The convergence of observational and genetic evidence supports the reliability of this
relationship, while highlighting the need to evaluate multiple modifiable exposures jointly
rather than independently(29-32).

Evidence has consistently shown that regular physical activity is associated with lower
blood pressure and reduced hypertension risk(33). Lu et al. reported that individuals
achieving the recommended 150 minutes per week of moderate-intensity activity had a 6%
lower hypertension risk compared with sedentary individuals(34). Exercise interventions in
other cohorts have documented SBP reductions of 2.4-5.2 mmHg and DBP reductions of
2.2-4.1 mmHg(35-37). Unlike previous research focusing on isolated lifestyle effects, our
findings suggest that considering activity frequency alone may underestimate its preventive
value, particularly when micronutrient status is not simultaneously accounted for. The
additional mental-health benefits of physical activity reported in earlier studies(17, 18) may

also contribute indirectly to a more favorable cardiovascular risk profile, supporting the
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broader systemic value of physical activity in chronic disease prevention.

The synergistic interaction between physical activity and vitamin D status constitutes a
central finding of clinical and public health relevance. Although vitamin D sufficiency is
associated with a substantially lower risk of hypertension, our results indicate that individuals
who also maintain regular physical activity demonstrate the most favorable cardiovascular
risk profile. Importantly, the additive interaction analysis shows that physical inactivity and
vitamin D deficiency jointly confer a disproportionately elevated risk of hypertension,
exceeding the expected sum of their individual effects. This supra-additive risk pattern
underscores that physical activity remains a relevant protective exposure regardless of
vitamin D status and is essential for a more comprehensive risk reduction strategy. This
interaction also has practical implications, particularly for populations in which vitamin D
deficiency is common, as outdoor physical activity may simultaneously support
cardiovascular conditioning and increase opportunities for solar UVB exposure, a key
contributor to endogenous vitamin D synthesis. Evaluating these modifiable factors jointly
rather than independently provides a more realistic framework for understanding
hypertension vulnerability and helps inform integrated lifestyle-based prevention
strategies(38-40).

This study has several strengths. First, the inclusion of a large, representative sample
enabled a detailed analysis of vitamin D levels in the UK population. Second, we rigorously
adjusted for the season of measurement to minimize environmental confounding.
Furthermore, the application of MR methods significantly enhances the reliability of our

causal inferences.

However, there are limitations to acknowledge. The cross-sectional design of the
observational analysis limits strict causal interpretation, and potential reverse causality cannot
be fully excluded, as individuals with hypertension may reduce activity due to comorbidities
or treatment-related factors. Our analysis captured physical activity frequency but not
duration or intensity, and self-reported measures may introduce recall bias. It is noteworthy
that the ELSA physical activity questionnaire did not distinguish between indoor and outdoor
activities. Therefore, the proposed mechanism linking outdoor activity, UVB exposure, and
vitamin D synthesis should be interpreted with caution. The absence of data on vitamin D
supplementation prevented direct adjustment for this confounder, although MR findings

provided partial mitigation by leveraging genetic proxies less susceptible to behavioral or
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environmental bias. Finally, replication in longitudinal and ethnically diverse cohorts is

warranted to confirm external generalizability.
Conclusion

In conclusion, this study indicated that regular exercise and sufficient 25(OH)D are
associated with a lower risk of hypertension. A realistic strategy for preventing hypertension
is to combine regular exercise with maintaining appropriate vitamin D levels. These results
provide credence to the creation of lifestyle modifications targeted at effective hypertension

management.

Acknowledgements: We express our deep thanks to the participants, researchers, data
providers, and funders of the English Longitudinal Study of Ageing (ELSA) for providing a
valuable source of data, as well as the providers of the GWAS data used in this study. Data
collection in ELSA was approved by the NRES Committee South Central - Berkshire
(112/SC/0374) in accordance with the Declaration of Helsinki.

Financial Support: This work was supported in part by the Noncommunicable Chronic
Diseases-National Science and Technology Major Project of China (No. 20242D0543300), in
part by the National Natural Science Foundation of China (No. 82504548), in part by the
Guangdong Basic and Applied Basic Research Foundation (Nos. 2021A1515111025 and
2025A1515012013), in part by the Guangdong Provincial Medical Foundation (A2024100),
and in part by the Science and Technology Development Fund (FDCT) of the Macao Special
Administrative Region (No. 0004/2025/AKP).

Conflict of Interest: The authors declare that they have no conflicts of interest with the

contents of this article.

Authorship: X.X., X.Z., Y.X., and Z.X.: conceptualization; X.X., X.Z., H.Z., L.L., and C.L.:
methodology, investigation, and validation; X.X. and X.Z.: software development, formal
analysis, and writing—original draft preparation; Y.X., H.Z., L.L., C.L., and all other authors:
writing—review and editing; Y.X. and Z.X.: supervision, project administration, and funding

acquisition. All authors read and agreed to the published version of the manuscript.

ssa.d Ansseniun abpriquied Aq auljuo paysiiqnd £50£01925t L L£000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114526107053

Accepted manuscript

Reference

10.

11.

Zhou B, Carrillo-Larco RM, Danaei G, Riley LM, Paciorek CJ, Stevens GA, et al.
Worldwide trends in hypertension prevalence and progress in treatment and control from
1990 to 2019: a pooled analysis of 1201 population-representative studies with 104 million
participants. The Lancet. 2021;398(10304):957-80.

Zhou B, Perel P, Mensah GA, Ezzati M. Global epidemiology, health burden and effective
interventions for elevated blood pressure and hypertension. Nature Reviews Cardiology.
2021;18(11):785-802.

Frisoli TM, Schmieder RE, Grodzicki T, Messerli FH. Beyond salt: lifestyle modifications
and blood pressure. European heart journal. 2011;32(24):3081-7.

Artinian NT, Fletcher GF, Mozaffarian D, Kris-Etherton P, Van Horn L, Lichtenstein AH, et
al. Interventions to promote physical activity and dietary lifestyle changes for cardiovascular
risk factor reduction in adults: a scientific statement from the American Heart Association.
Circulation. 2010;122(4):406-41.

Organization WH. Guideline for the pharmacological treatment of hypertension in adults:
World Health Organization; 2021.

Holick MF, Chen TC. Vitamin D deficiency: a worldwide problem with health consequences.
The American journal of clinical nutrition. 2008;87(4):1080S—6S.

El Khatib S, Abou Shahine M. Nutritional considerations of vitamin D deficiency and

strategies of food fortification. Vitamin D deficiency: IntechOpen; 2019. p. 75.

Bouillon R, Marcocci C, Carmeliet G, Bikle D, White JH, Dawson-Hughes B, et al. Skeletal
and extraskeletal actions of vitamin D: current evidence and outstanding questions.
Endocrine reviews. 2019;40(4):1109-51.

Ni W, Watts SW, Ng M, Chen S, Glenn DJ, Gardner DG. Elimination of vitamin D receptor

in vascular endothelial cells alters vascular function. Hypertension. 2014;64(6):1290-8.

Dawson-Hughes B. Serum 25-hydroxyvitamin D and functional outcomes in the elderly. The
American journal of clinical nutrition. 2008;88(2):5375—40S.

Wang TJ, Pencina MJ, Booth SL, Jacques PF, Ingelsson E, Lanier K, et al. Vitamin D

ssa.d Ansseniun abpriquied Aq auljuo paysiiqnd £50£01925t L L£000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114526107053

12.

13.

14.

15.

16.

17.

18

19.

20.

Accepted manuscript

deficiency and risk of cardiovascular disease. Circulation. 2008;117(4):503-11.

Norman P, Powell J. Vitamin D and cardiovascular disease. Circulation research.
2014;114(2):379-93.

Vimaleswaran KS, Cavadino A, Berry DJ, Jorde R, Dieffenbach AK, Lu C, et al. Association
of vitamin D status with arterial blood pressure and hypertension risk: a mendelian
randomisation study. The lancet Diabetes & endocrinology. 2014;2(9):719-29.

Burgaz A, Orsini N, Larsson SC, Wolk A. Blood 25-hydroxyvitamin D concentration and
hypertension: a meta-analysis. Journal of hypertension. 2011;29(4):636-45.

Kheiri B, Abdalla A, Osman M, Ahmed S, Hassan M, Bachuwa G. Vitamin D deficiency and

risk of cardiovascular diseases: a narrative review. Clinical hypertension. 2018;24:1-9.

Pludowski P, Takacs I, Boyanov M, Belaya Z, Diaconu CC, Mokhort T, et al. Clinical
practice in the prevention, diagnosis and treatment of vitamin D deficiency: a central and

eastern European expert consensus statement. Nutrients. 2022;14(7):1483.

Denche-Zamorano A, Basilio-Fernandez B, Herrera-Guerrero P, Garcia-Gordillo MA,
Castillo-Paredes A, Rojo-Ramos J, et al. A cross-sectional study on the associations between
depression and anxiety, medication use for these diseases and physical activity level in
Spanish people with hypertension. International journal of environmental research and public
health. 2023;20(3):1803.

. Walton KG, Pugh ND, Gelderloos P, Macrae P. Stress reduction and preventing hypertension:

preliminary support for a psychoneuroendocrine mechanism. The journal of alternative and
complementary medicine. 1995;1(3):263-83.

Kyu HH, Bachman VF, Alexander LT, Mumford JE, Afshin A, Estep K, et al. Physical
activity and risk of breast cancer, colon cancer, diabetes, ischemic heart disease, and
ischemic stroke events: systematic review and dose-response meta-analysis for the Global
Burden of Disease Study 2013. bmj. 2016;354.

Blond K, Brinklgv CF, Ried-Larsen M, Crippa A, Grgntved A. Association of high amounts
of physical activity with mortality risk: a systematic review and meta-analysis. British
journal of sports medicine. 2020;54(20):1195-201.

ssa.d Ansseniun abpriquied Aq auljuo paysiiqnd £50£01925t L L£000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114526107053

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Accepted manuscript

Pandey A, Garg S, Khunger M, Darden D, Ayers C, Kumbhani DJ, et al. Dose—response
relationship between physical activity and risk of heart failure: a meta-analysis. Circulation.
2015;132(19):1786-94.

Steptoe A, Breeze E, Banks J, Nazroo J. Cohort profile: the English longitudinal study of
ageing. International journal of epidemiology. 2013;42(6):1640-8.

Del Valle HB, Yaktine AL, Taylor CL, Ross AC. Dietary reference intakes for calcium and
vitamin D. 2011.

Ainsworth BE, Haskell WL, Herrmann SD, Meckes N, Bassett Jr DR, Tudor-Locke C, et al.
2011 Compendium of Physical Activities: a second update of codes and MET values.
Medicine & science in sports & exercise. 2011;43(8):1575-81.

Li C, Ma Y, Hua R, Zheng F, Xie W. Long-term physical activity participation trajectories
were associated with subsequent cognitive decline, risk of dementia and all-cause mortality
among adults aged> 50 years: a population-based cohort study. Age and Ageing.
2022;51(3):afac071.

Whelton PK, Carey RM. The 2017 clinical practice guideline for high blood pressure. Jama.
2017;318(21):2073-4.

Mokhtari E, Hajhashemy Z, Saneei P. Serum vitamin d levels in relation to hypertension and
pre-hypertension in adults: a systematic review and dose—response meta-analysis of

epidemiologic studies. Frontiers in Nutrition. 2022;9:829307.

Zhang D. Effect of vitamin D on blood pressure and hypertension in the general population:
an update meta-analysis of cohort studies and randomized controlled trials. Preventing
chronic disease. 2020;17.

Li YC, Kong J, Wei M, Chen Z-F, Liu SQ, Cao L-P. 1, 25-Dihydroxyvitamin D 3 is a
negative endocrine regulator of the renin-angiotensin system. The Journal of clinical
investigation. 2002;110(2):229-38.

Wu C, Qiu S, Zhu X, Li L. Vitamin D supplementation and glycemic control in type 2
diabetes patients: A systematic review and meta-analysis. Metabolism. 2017;73:67-76.

Talmor Y, Golan E, Benchetrit S, Bernheim J, Klein O, Green J, et al. Calcitriol blunts the
deleterious impact of advanced glycation end products on endothelial cells. American

ssa.d Ansseniun abpriquied Aq auljuo paysiiqnd £50£01925t L L£000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114526107053

32.

33.

34.

35.

36.

37.

38.

39.

40.

Accepted manuscript

Journal of Physiology-Renal Physiology. 2008;294(5):F1059—F64.

Del Pinto R, Ferri C. Inflammation-accelerated senescence and the cardiovascular system:
mechanisms and  perspectives. International journal of molecular sciences.
2018;19(12):3701.

Huai P, Xun H, Reilly KH, Wang Y, Ma W, Xi B. Physical activity and risk of hypertension:
a meta-analysis of prospective cohort studies. Hypertension. 2013;62(6):1021-6.

Liu X, Zhang D, Liu Y, Sun X, Han C, Wang B, et al. Dose—response association between
physical activity and incident hypertension: a systematic review and meta-analysis of cohort
studies. Hypertension. 2017;69(5):813-20.

Cornelissen VA, Buys R, Smart NA. Endurance exercise beneficially affects ambulatory
blood pressure: a systematic review and meta-analysis. Journal of hypertension.
2013;31(4):639-48.

Inder JD, Carlson DJ, Dieberg G, McFarlane JR, Hess NC, Smart NA. Isometric exercise
training for blood pressure management: a systematic review and meta-analysis to optimize
benefit. Hypertension Research. 2016;39(2):88-94.

Williamson W, Foster C, Reid H, Kelly P, Lewandowski AJ, Boardman H, et al. Will
exercise advice be sufficient for treatment of young adults with prehypertension and
hypertension? A systematic review and meta-analysis. Hypertension. 2016;68(1):78-87.

Al-Othman A, Al-Musharaf S, Al-Daghri NM, Krishnaswamy S, Yusuf DS, Alkharfy KM, et
al. Effect of physical activity and sun exposure on vitamin D status of Saudi children and
adolescents. BMC pediatrics. 2012;12:1-6.

Hibler EA, Molmenti CLS, Dai Q, Kohler LN, Anderson SW, Jurutka PW, et al. Physical
activity, sedentary behavior, and vitamin D metabolites. Bone. 2016;83:248-55.

Khan S, Claeson M, Khan A, Neale R. The effect of physical activity on vitamin D: A
systematic review and meta-analysis of intervention studies in humans. Public Health in
Practice. 2024:100495.

ssa.d Ansseniun abpriquied Aq auljuo paysiiqnd £50£01925t L L£000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114526107053

Accepted manuscript

Table 1. Baseline characteristics of participants

Non-hypertensive

Hypertensive

Characteristic participants participants P value
(n=2,441) (n=2,886)
Age 63.6 £8.11 68.4 + 8.58 <0.001
Sex <0.001
Male 1,034 (42.4%) 1,381 (47.9%)
Female 1,407 (57.6%) 1,505 (52.1%)
Race or ethnicity 0.019
White 2,386 (97.7%) 2,789 (96.6%)
Non-White 55 (2.25%) 97 (3.36%)
Married or partnered 1,732 (71.0%) 1,942 (67.3%) 0.004
Current smoker 276 (11.3%) 258 (8.94%) 0.005
Reports weekly alcohol consumption 1,447 (59.3%) 1,558 (54.0%) <0.001
Sleep duration 0.006
Short (<6 h) 322 (13.2%) 471 (16.3%)
Optimal (6-8 h) 1,942 (79.6%) 2,211 (76.6%)
Long (>8 h) 177 (7.25%) 204 (7.33%)
Non-housing wealth tertile <0.001
First (lowest wealth) 704 (28.8%) 1,065 (36.9%)
Second (intermediate wealth) 793 (32.5%) 986 (34.2%)
Third (highest wealth) 944 (38.7%) 835 (28.9%)
Education <0.001
Less than secondary 994 (40.7%) 2,771 (96.0%)
Secondary or above secondary 1,447 (59.3%) 115 (3.98%)
Physical activity <0.001
Lower 522 (21.4%) 917 (31.8%)
Higher 1,919 (78.6%) 1,969 (68.2%)
BMI, kg/m* 26.9 +4.58 29.1+5.20 <0.001
Comorbidities
Diabetes 66 (2.70%) 325 (11.3%) <0.001
Cancer 50 (2.05%) 83 (2.88%) 0.066
Lung disease 53 (2.17%) 95 (3.29%) 0.017
Cardiovascular condition 35 (1.43%) 98 (3.40%) <0.001
Arthritis 633 (25.9%) 1,066 (36.9%) <0.001
Stroke 29 (1.19%) 102 (3.53%) <0.001
High cholesterol 633 (25.9%) 1,091(36.9%) <0.001
Season of Measurement 0.018
Winter 665 (27.2%) 746 (25.8%)
Spring 216 (8.85%) 200 (6.93%)
Summer 559 (22.9%) 669 (23.2%)
Autumn 1001 (41.0%) 1271 (44.0%)
25(0OH)D level <0.001
<30 nmol/L (Deficient) 485 (19.9%) 748 (25.9%)
>30 and <50 nmol/L (Insufficient) 761 (31.2%) 963 (33.4%)
>50 nmol/L (Sufficient) 1,195 (49.0%) 1,175 (40.7%)
Systolic blood pressure (mmHQ) 122 +10.5 141 +£17.0 <0.001
Diastolic blood pressure (mmHQ) 71.3+8.11 76.4+11.5 <0.001
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Continuous variables are expressed as means + standard deviations or medians (interquartile
ranges) and categorical variables are expressed as percentages. BMI, body mass index;
25(0OH)D: 25-hydroxyvitamin D
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Table 2. Association of 25(OH)D levels and PA with hypertension among participants.

Unadjusted Model Adjusted Model
Cases (%0) PAF% (95% CI)
OR (95%ClI) P value OR (95%Cl) P yalue
25(0H)D
Deficient 748 (60.1%) 1.00 [Reference] 1.00 [Reference]
Insufficient 963 (55.8%) 0.82 (0.71, 0.95) 0.009 0.81 (0.69, 0.96) 0.012 -0.11 (-0.20, -0.07)
Sufficient 1,175 (49.5%) 0.64 (0.55, 0.73) <0.001  0.66 (0.56, 0.78) <0.001 -0.25 (-0.36, -0.15)
PA
Lower 917 (63.7%) 1.00 [Reference] 1.00 [Reference]
Higher 1,969 (50.1%) 0.58 (0.52, 0.66) <0.001 0.82(0.71,0.94) 0.005 -0.15 (-0.26, -0.05)

Data are presented as odds ratios (OR) and 95% confidence intervals (Cl). Multivariable-adjusted model: adjusted for age, sex, ethnicity,
education, cohabitation status, current smoking, non-housing wealth, alcohol consumption, sleep duration, BMI, season of measurement,
comorbidities (diabetes, stroke, cardiovascular diseases, chronic lung diseases, cancer, arthritis, and high cholesterol), and mutually adjusted for

25(0OH)D and physical activity.

25(0H)D: 25-hydroxyvitamin D; PA: physical activity; PAF, Population attributable fraction
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Exposure OR (95% Cl) P value P for trend
Ref category (ref): lower physical activity with 25(OH)D deficiency
1.00 [Reference]
Ref vs higher physical activity with 25(OH)D deficiency
0.80 (0.61, 1.04) 0.09
Ref vs lower physical activity with 25(OH)D insufficiency
0.75 (0.56 , 1.00) 0.05 0.002
Ref vs higher physical activity with 25(OH)D insufficiency
0.68 (0.53, 0.87) 0.002
Ref vs lower physical activity with 25(OH)D sufficiency
0.66 (0.49, 0.88) 0.004
Ref vs higher physical activity with 25(OH)D sufficiency
0.55 (0.43, 0.70) < 0.001

Fig. 1. Joint Association of PA and 25(OH)D levels with hypertension

1.5

Multivariable adjusted model additionally adjusted for age, sex, ethnicity, education, cohabitation status, current smoking, wealth, alcohol

consumption, sleep duration, diabetes, stroke, cardiovascular diseases, chronic lung diseases, cancer, arthritis, high cholesterol, season and BMI.

25(0H)D: 25-hydroxyvitamin D; PA: physical activity.
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Subgroup N OR (95% CI) P for interaction
Age 0.25
<65
Deficient 25(OH)D 654 1.00 (reference)
Insufficient 25(OH)D 875 —— 0.81(0.69, 0.96)
Sufficient 25(0OH)D 1180 —— 0.66 (0.56 , 0.78)
>=65
Deflclent 25(OH)D 579 1.00 (reference)
Insufficient 25(OH)D 849 —— 0.83 (0.66 , 1.04)
Sufficient 25(OH)D 1190 — 0.72 (0.57 , 0.90)
Sax 0.732
Male
Deficient 25(0H)D 510 1.00 (reference)
Insufficient 25(OH)D 802 —— 0.79 (0.61, 1.01)
Sufficient 25(OH)D 1103 — 0.59 (0.46 , 0.76)
Female
Deficient 25(OH)D 723 1.00 (reference)
Insufficient 25(OH)D 922 —— 0.77 (0.63, 0.94)
Sufficient 25(OH)D 1267 —— 0.64 (0.49,0.83)
Marrled or partnered 0.54
No
Deficient 25(OH)D 477 1.00 (reference)
Insufficient 25(OH)D 553 — 0.80 (0.64 , 0.99)
Sufficient 25(OH)D 623 —— 0.70 (0.56 , 0.87)
Yes
Deficient 25(OH)D 756 1.00 (reference)
Insufficient 25(OH)D 1171 — 0.84 (0.68 , 1.03)
Sufficient 25(0H)D 1747 —— 0.68 (0.56 , 0.84)
Currently drinking 0.044
No
Deficlent 25(OH)D 680 1.00 (reference)
Insufficient 25(OH)D 782 — 0.80 (0.63, 1.02)
Sufficient 25(OH)D 860 —_— 0.73 (0.57 , 0.93)
Yes
Deficient 25(0H)D 553 1.00 (reference)
Insufficient 25(OH)D 942 — 0.81 (0.64, 1.02)
Sufficient 25(OH)D 1510 —— 0.63 (0.50, 0.79)
6 0‘.2 0‘.4 0‘.6 0‘.8 1‘.2 1‘.4

Fig. 2. Association of 25(OH)D levels and hypertension stratified by potential risk factors.
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A Exposure No. of SNPs Outcome GWAS OR (95% Cl)
Higher 25 hydroxyvitamin D level 353 ukb—-b-12493 0.99 (0.98 - 1.00)
Number of days/week of moderate physical activity 97 ukb-b-12493 1.00 (0.99 - 1.01)
Number of days/week of vigorous physical activity a3 ukb—b-12493 0.98 (0.97 - 0.99)
Light DIY (eg: pruning, watering the lawn) 110 ukb-b-12493 0.91 (0.89 - 0.94) —
Walking for pleasure (not as a means of transport) 99 ukb-b-12493 0.89 (0.86 - 0.92) —
Other exercises (eg: swimming, cycling, keep fit, bowling) 126 ukb—b-12493 0.89 (0.86 - 0.92) —
Heavy DIY (eg: weeding, lawn mowing, carpentry, digging) 107 ukb-b-12493 0.89 (0.87 - 0.92) —
Strenuous sports 55 ukb-b-12493 0.78(0.72-0.84) ————
0.|7 0!8 0!9
B
Exposure No. of SNPs  Outcome GWAS OR (95% Cl)
Higher 25 hydroxyvitamin D level 357 ebi-a-GCST90038604 0.99 (0.98 - 1.00)
Number of days/week of moderate physical activity 95 ebi-a-GCST90038604 1.00 (0.99 - 1.01)
Number of days/week of vigorous physical activity a3 ebi-a-GCST90038604 0.98 (0.97 — 1.00)
Light DIY (eg: pruning, watering the lawn) 107 ebi-a-GCST90038604 0.94 (0.89 — 0.98)
Walking for pleasure (not as a means of transport) 99 ebi-a-GCST90038604 1.01 (0.95 — 1.07)

Other exercises (eg: swimming, cycling, keep fit, bowling) 126
Heavy DIY (eg: weeding, lawn mowing, carpentry, digging) 105
Strenuous sports 52

ebi-a-GCST90038604
ebi-a-GCST90038604
ebi-a-GCST90038604

P value
0.001

0.513

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.89 (0.86 - 0.92)
0.95 (0.90 - 1.00)
0.80 (0.71 - 0.90)

R A —

11

P value
0.022

0.794
0.023
0.009
0.780
<0.001
0.053
<0.001

07 08 09

Fig. 3. MR analyses for the causal effects of PA and 25(OH)D on the risk of Hypertension by
using IVW method based on GWAS of UKB (A) and EBI (B).

Abbreviations: GWAS, genome-wide association studies; EBI, European Bioinformatics

Institute; MR, Mendelian randomization; VW, inverse-variance weighted; 25(OH)D:

25-hydroxyvitamin D; PA: physical activity.
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