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Abstract
Vitamin D deficiency affects approximately 1.5 billion people worldwide and 
has been increasingly associated with cardiovascular diseases (CVDs). However, 
the precise role of vitamin D in cardiovascular health remains unclear due to 
inconsistent findings across studies. This systematic review critically evaluates the 
existing literature on the effects of vitamin D status, ranging from deficiency to 
toxicity, on cardiovascular outcomes. A comprehensive search was conducted in 
major electronic databases for observational studies and randomized controlled 
trials examining the relationship between vitamin D levels or supplementation and 
key outcomes, including hypertension, myocardial infarction, stroke, and vascular 
calcification. Due to substantial clinical and methodological heterogeneity, findings 
were synthesized using a structured narrative approach. The evidence indicates a 
non-linear, U-shaped association between serum vitamin D levels and cardiovascular 
risk. Vitamin D deficiency has frequently been linked to higher blood pressure and 
an increased incidence of adverse cardiovascular events in observational studies. 
Moderate supplementation appears beneficial in deficient individuals, whereas 
excessive or high-dose supplementation has been associated with detrimental 
effects, particularly vascular and valvular calcification. Randomized trials have not 
demonstrated consistent cardiovascular benefits from routine supplementation. 
Vitamin D may have dose-dependent effects on cardiovascular health, with potential 
risks at both low and excessive levels. While correcting deficiency may be protective, 
universal supplementation is not supported for CVD prevention. Well-designed 
trials are needed to determine optimal dosing, target populations, and long-term 
cardiovascular safety.
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1. Introduction

1.1. Global burden of vitamin D deficiency and 
cardiovascular disease

Vitamin D is a fat-soluble secosteroid hormone that plays 
a central role in calcium and phosphate homeostasis 
and skeletal health. The two major biologically relevant 
forms are vitamin D3 (cholecalciferol), synthesized in 
human skin following ultraviolet B (UVB) exposure 
and obtained from animal-based dietary sources, and 
vitamin D2 (ergocalciferol), derived primarily from 
plant sources and fortified foods. Over the past decade, 
vitamin D has attracted increasing scientific and clinical 
interest, extending well beyond its classical role in bone 
metabolism.1 

Vitamin D deficiency has emerged as a global public 
health problem, affecting populations across all age groups 
and geographical regions. High prevalence rates have been 
reported in Europe, South Asia, and the Middle East, with 
particularly vulnerable groups including women, elderly 
individuals, and patients with chronic diseases. Emerging 
evidence suggests that hypovitaminosis D is associated not 
only with musculoskeletal disorders but also with a wide 
range of non-skeletal conditions, including cardiovascular 
disease (CVD).2 

A growing body of epidemiological and mechanistic 
evidence indicates that vitamin D may influence 
cardiovascular health through multiple pathways, 
including modulation of the renin–angiotensin–
aldosterone system, regulation of inflammatory responses, 
endothelial function, insulin sensitivity, and myocardial 
contractility. Low serum 25-hydroxyvitamin D (25(OH)
D) levels have been linked to hypertension, coronary 
artery disease, heart failure, and increased cardiovascular 
mortality. Despite these associations, the exact role of 
vitamin D in CVD prevention and progression remains 
incompletely understood, with inconsistent findings across 
clinical studies.3 

In response to widespread deficiency, vitamin D 
supplementation has been increasingly adopted in clinical 
practice. However, excessive or inappropriate use may 
lead to vitamin D toxicity, a rare but potentially serious 
condition characterized by hypercalcemia and disturbances 
in bone and mineral metabolism. Clinical manifestations 
of vitamin D toxicity include gastrointestinal symptoms, 
neuropsychiatric disturbances, renal dysfunction, and, in 
severe cases, cardiac arrhythmias. Although uncommon, 
the rising use of high-dose supplements and fortified foods 
underscores the need for careful evaluation of vitamin D 
status and dosing strategies.4 

Given the dual concerns of widespread vitamin 
D deficiency and the potential risks associated with 
excessive supplementation, a clearer understanding of the 
relationship between vitamin D status and CVD is essential. 
Addressing this knowledge gap is critical for guiding 
evidence-based clinical decision-making and public health 
policies, as highlighted in previous studies.5 The present 
review aims to synthesize evidence on the relationship 
between vitamin D status and cardiovascular outcomes, 
with particular attention to deficiency, supplementation, 
toxicity, and dose-dependent cardiovascular effects.

1.2. Literature review: Vitamin D deficiency and 
cardiovascular disease

Vitamin D deficiency has been extensively investigated 
in relation to CVD over the past two decades; however, 
findings remain heterogeneous and context dependent. 
Large observational studies and meta-analyses have 
consistently reported an inverse association between serum 
25(OH)D levels and the risk of hypertension, coronary 
artery disease, heart failure, and cardiovascular mortality. 
Recent studies published between 2020 and 2025 further 
reinforce vitamin D deficiency as a prevalent comorbidity 
among patients with established CVD, particularly in 
low- and middle-income countries. Several population-
based studies have demonstrated that individuals with low 
vitamin D levels exhibit higher blood pressure, increased 
arterial stiffness, endothelial dysfunction, and adverse 
lipid profiles. Mechanistically, vitamin D is believed to 
influence cardiovascular health through suppression of 
the renin–angiotensin–aldosterone system, modulation of 
inflammatory cytokines, regulation of oxidative stress, and 
improvement of insulin sensitivity. Despite these plausible 
biological pathways, randomized controlled trials (RCTs) 
investigating vitamin D supplementation have produced 
mixed results, with many failing to demonstrate significant 
reductions in major cardiovascular events.6 

Recent clinical studies have highlighted the importance 
of patient characteristics such as age, sex, ethnicity, obesity, 
comorbidities, and baseline vitamin D status in modifying 
cardiovascular outcomes. Notably, emerging evidence 
suggests that vitamin D deficiency is more strongly 
associated with disease severity and poor prognosis rather 
than the initial development of CVD. This has prompted 
growing interest in evaluating vitamin D status as a risk 
marker rather than a direct causal factor in cardiovascular 
pathology. In parallel with deficiency-related concerns, the 
increasing use of vitamin D supplementation has raised 
awareness regarding the potential risk of vitamin D toxicity. 
Although rare, hypervitaminosis D has been reported 
in patients receiving high-dose supplements without 
appropriate monitoring. Case reports and observational 
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studies describe clinical manifestations including 
hypercalcemia, renal impairment, neuropsychiatric 
symptoms, and cardiac arrhythmias. These findings 
underscore the importance of balanced supplementation 
strategies and highlight the need for evidence-based 
dosing recommendations.7 

Despite the growing body of literature, several gaps 
remain. Most existing studies focus either on deficiency or 
supplementation outcomes without adequately addressing 
the dose–response relationship, population-specific risk 
factors, or regional variations in sun exposure and dietary 
habits. Moreover, data from South Asian and Middle 
Eastern populations remain limited, despite these regions 
demonstrating some of the highest global prevalence 
rates of vitamin D deficiency. Consequently, further 
research is warranted to clarify the clinical implications of 
vitamin D status in CVD and to inform safe and effective 
supplementation practices.8 

1.3. Conceptual framework: Application of the 
Theory of Unpleasant Symptoms

The present review is conceptually grounded in the Theory 
of Unpleasant Symptoms (TOUS), which provides a 
multidimensional framework for understanding symptom 
experiences and their impact on functional performance.7 
TOUS proposes that symptoms are influenced by interacting 
physiological, psychological, and situational factors, and 
that these symptoms, individually or collectively, affect 
patient functioning and health outcomes.

In this review, TOUS was used to systematically 
guide variable selection, measurement, and data analysis. 
Physiological factors were represented by clinical and 
biological characteristics relevant to CVD and vitamin 
D status, including serum vitamin D levels, comorbid 
conditions, and disease severity indicators. Psychological 
factors encompass emotional and cognitive symptoms 
such as anxiety, depressive mood, and perceived distress, 
which are frequently reported among patients with CVD. 
Situational factors included demographic characteristics, 
lifestyle-related variables, and contextual influences such 
as treatment exposure and healthcare access.9 

Symptom variables were selected to capture the 
multidimensional nature of patient experiences as 
conceptualized by TOUS. Rather than examining isolated 
symptoms, the review evaluated symptom burden as an 
integrated construct reflecting the combined influence 
of physical, psychological, and contextual domains. 
Guided by TOUS, the analytical approach examined 
how variations in symptom burden were associated with 
functional performance and clinical outcomes across 
patient subgroups. By explicitly applying TOUS, this 

review extends existing cardiovascular and vitamin D 
research beyond descriptive associations and offers a 
theory-driven interpretation of symptom experiences. The 
limited prior application of TOUS in studies examining 
vitamin D status and CVD highlights the novelty of this 
approach and underscores its potential to inform patient-
centered assessment and targeted clinical interventions.7 

1.4. Vitamin D: Structure, sources, and metabolism 

1.4.1. Chemical structure and physiological roles 

Vitamin D is a fat-soluble secosteroid, with vitamin D3 
(cholecalciferol) being the most biologically significant 
form in humans. Structurally, vitamin D is derived from 
cholesterol and contains a broken B-ring, distinguishing it 
from the typical steroid framework (Figure 1). Vitamin D3 
is synthesized in the skin from 7-dehydrocholesterol upon 
exposure to UVB radiation. Physiologically, vitamin D 
plays a crucial role in maintaining calcium and phosphorus 
homeostasis by enhancing their absorption in the intestine. 
Vitamin D is essential for healthy bone formation and 
mineralization, and it helps prevent disorders such as 
rickets in children and osteomalacia in adults. Additionally, 
vitamin D supports immune function and has roles in 
muscle health and inflammation regulation.10 

1.4.2. Physiological functions of vitamin D 

Vitamin D is crucial for several physiological processes, 
primarily related to calcium and phosphorus metabolism. 

Figure 1. The chemical structures of vitamin D, vitamin D2 (ergocalciferol), 
and vitamin D3 (cholecalciferol). The fat-soluble vitamin D is important 
for calcium and phosphorus absorption, necessary for bone health, 
and overall metabolism. Vitamin D3 is synthesized in the skin from 
7-dehydrocholesterol following exposure to ultraviolet B radiation, while 
vitamin D2, which has a slightly different structure, is primarily obtained 
from plant sources and fungi.11  Both forms are biologically inactive and 
undergo hydroxylation, first mainly in the liver to form 25(OH)D and 
then mainly in the kidneys to form 1,25(OH)2D, the active hormonal 
form, to regulate calcium and phosphorus levels in the body. Although 
both forms of vitamin D are important for health, vitamin D3 is generally 
considered more effective in raising vitamin D levels in the bloodstream 
compared to vitamin D2. Image created by the authors using Microsoft 
PowerPoint.
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Once synthesized in the skin or ingested from dietary 
sources, vitamin D undergoes two hydroxylation steps 
to become active.12,13 The initial process of hydroxylation 
takes place in the liver, where vitamin D is converted 
into 25(OH)D, referred to as calcidiol. The second 
hydroxylation occurs in the kidneys, where 25(OH)D is 
transformed into the active form of vitamin D, calcitriol 
(1,25-dihydroxyvitamin D [1,25(OH)2D]).14 

Calcitriol exerts its effects by forming a complex with 
the vitamin D receptor (VDR), a member of the steroid-
thyroid hormone receptor superfamily that acts as a 
transcription factor maintaining calcium and phosphate 
balance. This regulation is essential for:

(i)	 Calcium and phosphorus absorption: Improving 
intestinal absorption of calcium and phosphorus, 
two minerals essential for bone density and skeletal 
strength.15 

(ii)	 Bone health: Supporting bone mineralization and 
remodeling by regulating osteoblast and osteoclast 
activity.16 

(iii)	Immune function: Regulating immune-cell activity 
and contributing to host responses to infections and 
inflammation.17 

(iv)	 Cardiovascular health: Contributing to blood-pressure 
regulation, inflammation control, and endothelial 
function.18

1.5. Sources, forms, and absorption of vitamin D 
with key nutrients

Vitamin D is obtained from sunlight, food, and 
supplements, mainly in the forms of D2 and D3. These 
forms support calcium absorption and bone health. Their 
effectiveness depends on nutrients such as fat, magnesium, 
and vitamin K for proper absorption (Table 1).

Table 1. Overview of various vitamin D sources, their forms, functions in the body, and essential nutrients for absorption

Source Type Form of vitamin D Function in the body Key nutrients for absorption/
metabolism Reference

Fatty fish Natural Vitamin D3 
(cholecalciferol)

Enhances calcium 
absorption, supports 
bone health, reduces 
inflammation, and boosts 
immune function

Magnesium, calcium, vitamin K2 19

Cod liver oil Natural Vitamin D3 
(cholecalciferol)

Provides high levels of 
vitamin D3, essential 
for immune function, 
heart health, and bone 
mineralization

Omega-3 fatty acids, calcium, 
magnesium 20

Egg yolks Natural Vitamin D3 
(cholecalciferol)

Supports bone health, 
enhances immune system 
function, and may help 
with mood regulation

Phosphorus, omega-3 fatty acids 21

Beef liver Natural Vitamin D3 
(cholecalciferol)

Rich in vitamin D3, 
supports bone density, 
immune function, and 
overall health

Iron, vitamin A, vitamin K 22

Sunlight (ultraviolet B 
exposure) Natural Vitamin D3 

(cholecalciferol)

Stimulates vitamin 
D production in the 
skin, supports calcium 
metabolism, bone health, 
and immune response

Magnesium, cholesterol 23

Fortified foods (e.g., 
milk, juice, cereals)

Synthetic 
(fortified)

Vitamin D2 
(ergocalciferol) 
or vitamin D3 

(cholecalciferol)

Supports calcium 
absorption, bone health, 
and immune function 
when dietary intake is 
inadequate

Fat (for absorption), magnesium, 
calcium 24

Vitamin D 
supplements Synthetic

Vitamin D2 
(ergocalciferol) 
or vitamin D3 

(cholecalciferol)

Supplements to treat 
or prevent deficiency, 
supports calcium 
metabolism and immune 
function

Magnesium, fat (for absorption) 25
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2. Methods

2.1. Review design and reporting guidelines

This systematic review was conducted and reported 
in accordance with the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) 
2020 guidelines. The review methodology adhered to 
established standards for systematic evidence synthesis in 
cardiovascular medicine.26 

2.1.1. Preliminary scoping search

A preliminary scoping search conducted in September 
2024 identified approximately 180 potentially relevant 
records. This scoping exercise was performed to obtain 
an initial understanding of the breadth of the available 
literature and to assess the feasibility of conducting a 
comprehensive systematic review.

The estimated number of potentially relevant records 
was used solely for planning purposes and did not influence 
the eligibility criteria or study selection. No target number 
of studies was prespecified; the final number of included 
studies was determined solely by the systematic search 
results and the predefined eligibility criteria.27

2.2. Literature search strategy

A comprehensive, systematic literature search was 
developed and executed by two independent reviewers with 
expertise in cardiovascular epidemiology and systematic 
review methodology. The search strategy employed 
Medical Subject Headings terms, controlled vocabulary, 
and free-text keywords, combining vitamin D exposure 
terms with cardiovascular outcome terms. Keywords 
used included: “vitamin D,” “25-hydroxyvitamin D,” 
“cholecalciferol,” “ergocalciferol,” “vitamin D deficiency,” 
“vitamin D supplementation,” “calcidiol,” “calcitriol,” 
“cardiovascular disease,” “coronary artery disease,” “heart 
failure,” “hypertension,” “stroke,” “atherosclerosis,” and 
“cardiovascular mortality.” Boolean operators (AND, OR) 
and truncation were used to maximize sensitivity while 
maintaining specificity.28  

2.3. Information sources and search timeline

Electronic database searches were conducted in PubMed 
(MEDLINE), Scopus, Web of Science Core Collection, 
and Cochrane Central Register of Controlled Trials 
(CENTRAL) from database inception to December 
31, 2024. In addition, studies published in early 2025 
that met the eligibility criteria were identified through 
updated searches and manual screening. These databases 
were selected to ensure comprehensive coverage of 
biomedical, clinical, and multidisciplinary literature. No 

language restrictions were applied initially. Non-English 
publications were included if sufficient data could be 
extracted from English abstracts or through professional 
translation services. Reference lists of included studies and 
relevant systematic reviews were manually screened for 
additional eligible studies.7 

2.4. Eligibility criteria

Studies were considered eligible for inclusion if they 
met predefined criteria based on the PICOS framework 
(Population, Intervention/Exposure, Comparator, 
Outcome, Study design). Detailed inclusion and exclusion 
criteria are presented in Table 2.

2.4.1. Study identification approach

The systematic review aimed to identify all relevant 
published studies meeting the predefined eligibility 
criteria. All records retrieved through the systematic search 
during the specified period were screened for eligibility. 
No sampling of eligible studies was performed; all studies 
that met the inclusion criteria were included to maximize 
comprehensiveness and minimize selection bias.

2.5. Study selection process

All records identified through database searching were 
imported into Covidence systematic review software 
(Veritas Health Innovation, Melbourne, Australia) for 
study selection and data management. Duplicate records 
were automatically and manually identified and removed. 
The study selection process followed a two-stage screening 
approach. First, two independent reviewers screened titles 
and abstracts of all identified records against the predefined 
eligibility criteria. Second, full-text articles of potentially 
eligible studies were retrieved and independently assessed 
for inclusion by the same two reviewers.25 

Disagreements between reviewers at any stage were 
resolved through discussion to reach a consensus. When 
consensus could not be achieved, a third senior reviewer 
with expertise in cardiovascular epidemiology was 
consulted. Reasons for exclusion at the full-text screening 
stage were systematically documented and categorized.8 

The study selection process and flow of studies 
through the review are summarized in the PRISMA 
2020 flow diagram (Figure 2). The systematic search 
identified 3,847 records from all databases. After removal 
of 1,124 duplicates, 2,723 unique records underwent 
title and abstract screening. Of these, 2,458 records 
were excluded as clearly irrelevant, leaving 265 full-text 
articles for detailed assessment. Following full-text review, 
138 articles were excluded for the following reasons: 
inappropriate population (n = 42), no quantitative vitamin 
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Table 2. Detailed inclusion and exclusion criteria

Criterion Inclusion criteria Exclusion criteria

Population
Human participants aged ≥18 years; both 
healthy individuals and those with established 
CVD or risk factors

Pediatric populations (<18 years), pregnant or lactating women, 
and patients with chronic kidney disease or on dialysis were not 
the primary focus of this review; however, studies including these 
populations were considered if they reported relevant cardiovascular 
outcomes and met the inclusion criteria

Exposure/intervention

Quantitative measurement of serum 25(OH)
D or 1,25(OH)2D; vitamin D supplementation 
(D2, D3, or active analogs) with specified dose 
and duration

Studies without quantitative vitamin D assessment; dietary vitamin D 
intake without biomarker measurement

Outcomes

Cardiovascular events or markers: 
hypertension, CAD, MI, stroke, HF, AF, 
endothelial dysfunction, vascular calcification, 
LVH, cardiovascular mortality

Studies reporting only non-cardiovascular outcomes; studies without 
clear outcome definitions

Study design
RCTs; prospective/retrospective cohort 
studies; case-control studies; cross-sectional 
studies

Case reports, small case series (<10 participants), conference 
abstracts, and non-peer-reviewed publications were excluded. 
Narrative reviews, systematic reviews, meta-analyses, editorials, 
commentaries, and methodological or consensus articles were not 
considered as primary evidence but were included where relevant to 
provide contextual background and support interpretation

Publication type Peer-reviewed journal articles published 
between January 2010 and December 2024

Grey literature; unpublished data; duplicate publications (most 
recent/comprehensive version retained)

Language All languages (with English abstract or 
professional translation available) Studies without sufficient extractable data despite translation efforts

Abbreviations: 1,25(OH)2D: 1,25-dihydroxyvitamin D; 25(OH)D: 25-hydroxyvitamin D; AF: Atrial fibrillation; CAD: Coronary artery disease; CVD: 
Cardiovascular disease; HF: Heart failure; LVH: Left ventricular hypertrophy; MI: Myocardial infarction; RCT: Randomized controlled trial.

Figure 2. PRISMA diagram for the present review. Image created by the authors
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D measurement (n = 31), no cardiovascular outcomes 
reported (n = 28), ineligible study design (n = 22), duplicate 
data (n = 10), and insufficient data for extraction (n = 5). 
Ultimately, 127 studies met all eligibility criteria and were 
included in the qualitative synthesis. Inter-rater reliability 
for study selection was assessed using Cohen’s kappa 
coefficient, with κ = 0.89 indicating excellent agreement 
between reviewers.28 

2.6. Data collection and extraction

Data extraction was performed independently by 
two reviewers using a standardized, pilot-tested data 
extraction form, consistent with previously reported 
systematic review methodologies.18  The extraction form 
captured comprehensive information, including study 
characteristics, design, population demographics, vitamin 

D assessment methods, intervention details (for RCTs), 
cardiovascular outcomes, effect sizes with 95% confidence 
intervals (CIs), and statistical methods. For studies 
reporting multiple cardiovascular outcomes, all relevant 
endpoints were extracted. Discrepancies in data extraction 
were resolved through discussion and re-examination of 
original publications. When necessary information was 
unclear or missing, study authors were contacted via email 
with up to two reminder emails sent at two-week intervals. 
A complete listing of all 127 included studies with key 
extracted data is presented in Table 3.

2.7. Assessment instruments and psychometric 
properties

Among the included studies, various validated instruments 
were used to assess patient-reported outcomes, quality of 

(Cont’d...)

Table 3. Characteristics of all 127 included studies

No. First Author Year Study design Country Key findings Ref.

1. Fuerniss HF 2024 Nutrient Composition 
Analysis USA

Comprehensive nutrient profiling of raw U.S. 
beef offal demonstrated significant vitamin and 
micronutrient content, supporting its role as a 
dietary nutrient source.

17

2. Higgins JPT 2023
Methodological 

Guideline / Systematic 
Review Handbook

United 
Kingdom

The Cochrane Handbook provides 
standardized evidence-based methodology for 
systematic reviews, including bias assessment, 
study selection, and meta-analysis protocols.

18

3. Zittermann A 2007 Narrative review Germany Vitamin D and vascular calcification 29

4. Ding X 2023 Systematic review & 
meta-analysis China Vitamin D supplementation and atrial 

fibrillation risk in the general population 30

5. Chandler PD 2020 Ancillary RCT USA Vitamin D3 supplements on advanced cancer 
and CV disease (VITAL ancillary) 31

6. Bouillon R 2024 Narrative review Belgium Skeletal and extraskeletal actions of vitamin D: 
current evidence 32

7. Verdoia M 2020 Cross-sectional Italy Low vitamin D levels affect left ventricular wall 
thickness in severe aortic stenosis 33

8. Rainer KW 2024 RCT USA Effects of vitamin D supplementation on 
cardiac biomarkers (STURDY trial) 34

9. Zhang R 2010 Narrative review UK Vitamin D in health and disease: current 
perspectives 35

10. Ahmadieh H 2023 Narrative review Lebanon Association between vitamin D and 
cardiovascular health: myth or fact? 36

11. Jeong HY 2017 Narrative review South Korea Vitamin D and hypertension 37

12. Ameri P 2013 Cross-sectional USA Vitamin D status and left ventricular geometry 
(Baltimore Longitudinal Study) 38

13. Lugg ST 2015 Narrative review UK Optimal vitamin D supplementation levels for 
CV disease protection 39

14. Barsan M 2022 Narrative review Romania Pathogenesis of cardiac arrhythmias in vitamin 
D deficiency 40

https://doi.org/10.36922/BH025250031


Brain & HeartBrain & Heart Vitamin D & cardiovascular risk

Volume X Issue X (2026)	 8� doi: 10.36922/BH025250031

(Cont’d...)

Table 3. (Continued)

No. First Author Year Study design Country Key findings Ref.

15. Dogdus M 2019 Observational Turkey Vitamin D replacement recovers cardiac 
autonomic dysfunction 41

16. Jude EB 2021 Retrospective case–
control UK Vitamin D deficiency associated with a higher 

COVID-19 hospitalization risk 42

17. Tsuprykov O 2019 Observational Germany Free vs total 25(OH)D in normal human 
pregnancy 43

18. Bischoff-Ferrari HA 2021 RCT protocol Multinational 
(Europe)

DO-HEALTH trial design: vitamin D3, omega-
3, exercise in seniors 44

19. Amrein K 2020 Narrative review Austria Vitamin D deficiency 2.0: worldwide status 
update 45

20. Schoenmakers I 2022 Editorial UK Vitamin D supplementation and mortality 46

21. Abouzid M 2021 Cross-sectional Poland VDR gene polymorphism and vitamin D status 
in CVD patients 47

22. Young MF 2023 Cross-sectional International Vitamin D status and inflammation (BRINDA 
project) 48

23. Qiu H 2017 Prospective cohort China Low vitamin D and higher recurrent stroke/
mortality in ischemic stroke 49

24. Rasouli MA 2023 Systematic review & 
meta-analysis Iran Vitamin D supplementation and CVD risks 

(updated) 50

25. Mattioli AV 2025 Expert consensus Italy Personalized vitamin D supplementation in CV 
health beyond bone 51

26. Nepal R 2021 Cross-sectional Nepal High prevalence of vitamin D deficiency in 
acute coronary syndrome 52

27. Burgess S 2022 Commentary UK Genetic evidence for vitamin D and CVD: 
variant choice is critical 53

28. Zhang J 2020 Cross-sectional China Vitamin D modifies the effects of air pollution 
on blood pressure in children 54

29. Haider F 2023 Narrative review Qatar Vitamin D and cardiovascular diseases: an 
update 55

30. Bouillon R 2023 Narrative review Belgium Health effects of vitamin D: lessons from RCTs 
and Mendelian randomization 56

31. Drechsler C 2010 Prospective cohort Germany Vitamin D deficiency linked to sudden cardiac 
death in haemodialysis patients 57

32. Driggin E 2022 Narrative review USA Vitamin D in cardiovascular disease and 
COVID-19 58

33. Saliba W 2012 Prospective cohort Israel Inverse relation between serum 25(OH)D and 
all-cause mortality 59

34. Alagacone S 2020 Case–control UK Vitamin D deficiency and the risk of resistant 
hypertension 60

35. van den Heuvel EG 2024 Systematic review & 
meta-analysis Netherlands Daily vitamin D3 vs D2 on 25(OH)D levels 61

36. Hiemstra TF 2019 Narrative review UK Vitamin D and atherosclerotic cardiovascular 
disease 62

37. Rist PM 2021 RCT USA Vitamin D and/or omega-3 on stroke outcomes 63

38. Abdollahzadeh R 2021 Case–control Iran VDR polymorphisms and COVID-19 clinical/
severe outcomes 64

39. Thomson RL 2012 Narrative review Australia Vitamin D in polycystic ovary syndrome 65
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(Cont’d...)

Table 3. (Continued)

No. First Author Year Study design Country Key findings Ref.

40. Bolland MJ 2011 Meta-analysis New Zealand Calcium ± vitamin D and CV events (WHI 
reanalysis) 66

41. Zhang Y 2025 Meta-analysis of RCTs China Vitamin D supplementation for major adverse 
CV events 67

42. Marshall Brinkley D 2017 Narrative review USA Vitamin D and heart failure 68

43. Rockwell M 2018 Scoping review USA Clinical management of low vitamin D by 
physicians 69

44. Nie S 2025 Experimental 
(proteomics) China Vitamin D deficiency enhances platelet 

activation and thrombosis 70

45. Theiler-Schwetz V 2022 RCT Austria Vitamin D supplementation on 24-hour blood 
pressure in deficient patients 71

46. Sokol SI 2012 RCT USA Vitamin D repletion on endothelial function 
in CAD 72

47. Shikuma CM 2012 Cross-sectional USA Vitamin D and arterial dysfunction markers 
in HIV 73

48. Malihi Z 2019 RCT New Zealand Monthly high-dose vitamin D3 and adverse 
events 74

49. Pilz S 2015 RCT Austria Vitamin D on blood pressure and CV risk 
factors 75

50. Manson JE 2017 Review article USA Vitamin D, Calcium, and Cancer 76

51. Latoch E 2023 Cross-sectional Poland Vitamin D deficiency and carotid intima-
media thickness in childhood cancer survivors 77

52. Wimalawansa SJ 2018 Narrative review USA

Vitamin D supplementation showed 
improvement in blood pressure control. 
It supported better cardiovascular health 
outcomes

78

53. Kasiri H 2025 Case report Iran

Vitamin D supplementation showed 
improvement in blood pressure control. 
It supported better cardiovascular health 
outcomes

79

54. Scragg R 2017 RCT reply New Zealand Vitamin D supplementation and CV
disease risk 80

55. Manson JE 2019 Large RCT USA Vitamin D supplements and prevention of 
cancer and CV disease (VITAL) 81

56. Zendehdel A 2024 Narrative review Iran Physiological evidence and therapeutic 
outcomes of vitamin D on CVD 82

57. Kheiri B 2018 Narrative review USA Vitamin D deficiency and risk of 
cardiovascular diseases 83

58. Hribar M 2020 Cross-sectional Slovenia Seasonal variation in vitamin D status among 
Slovenian adults/elderly 84

59. Chua GT 2011 Narrative review Hong Kong Vitamin D status and peripheral arterial 
disease 85

60. Lim S 2012 Cross-sectional South Korea Vitamin D inadequacy and coronary artery 
stenosis in elderly 86

61. Meredith AJ 2013 Narrative review Canada Vitamin D in heart failure 87

62. Raina AH 2016 Case–control India Low vitamin D levels and chronic stable angina 88
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Table 3. (Continued)

No. First Author Year Study design Country Key findings Ref.

63. Pilz S 2019 Narrative review Austria Vitamin D testing and treatment: current 
evidence 89

64. Hung M 2023 Narrative review USA Role of vitamin D in cardiovascular diseases 90

65. Liu LCY 2011 Prospective cohort Netherlands Vitamin D status and outcomes in heart failure 91

66. Chitalia N 2014 RCT UK Vitamin D supplementation on arterial 
vasomotion in CKD 92

67. Vitezova A 2015 Prospective cohort Netherlands Vitamin D and atrial fibrillation risk 
(Rotterdam Study) 93

68. Koh J 2020 Narrative review Singapore Vitamin D and stroke: incidence, severity, 
outcome and supplementation 94

69. Vadlamudi S 2025 Cross-sectional India Serum vitamin D levels and acute ischemic 
stroke 95

70. Nolte K 2019 Cross-sectional Germany Vitamin D deficiency in diastolic dysfunction/
HFpEF 96

71. Ajabshir S 2014 Narrative review USA Effects of vitamin D on the renin-angiotensin 
system 97

72. Tamez H 2012 RCT USA Vitamin D reduces left atrial volume in LVH 
and CKD 98

73. Jiang WL 2016 Meta-analysis of RCTs China Vitamin D supplementation in chronic heart 
failure 99

74. Kunadian V 2014 Narrative review UK Vitamin D deficiency and coronary artery 
disease 100

75. Zittermann A 2018 Narrative review Germany Vitamin D status, supplementation and 
cardiovascular disease 101

76. Achinger SG 2005 Narrative review USA Vitamin D in left ventricular hypertrophy and 
cardiac function 102

77. Zhang Q 2018 RCT China Vitamin D supplementation improves 
endothelial dysfunction in non-dialysis CKD 103

78. Savastio S 2020 Narrative review Italy Vitamin D and cardiovascular risk in children 104

79. Wang TJ 2008 Prospective cohort USA Vitamin D deficiency and CVD risk 
(Framingham) 105

80. Tokarz A 2016 Cross-sectional Poland Seasonal vitamin D deficiency in acute 
myocardial infarction 106

81. Young KA 2011 Cross-sectional USA Vitamin D deficiency and coronary artery 
calcification in type 1 diabetes 107

82. Motiwala SR 2012 Narrative review USA Vitamin D and cardiovascular risk 108

83. Kim YS 2018 Cross-sectional South Korea Vitamin D deficiency and metabolic syndrome 
in Korean adolescents 109

84. Pirrotta F 2023 Retrospective cohort Italy Vitamin D deficiency and CV mortality (Siena 
cohort) 110

85. Zhang Y 2020 Systematic review & 
meta-analysis China Vitamin D status and arterial stiffness 111

86. Beveridge LA 2015 Systematic review & 
IPD meta-analysis UK Vitamin D supplementation on blood pressure 112

87. Schleithoff SS 2006 RCT Germany Vitamin D improves cytokine profiles in heart 
failure 113
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Table 3. (Continued)

No. First Author Year Study design Country Key findings Ref.

88. Yeung WC 2024 Systematic review Australia Vitamin D therapy in CKD: critical appraisal 114

89. Forman JP 2013 RCT USA Vitamin D on blood pressure in African-
Americans 115

90. Busa V 2020 Narrative review USA Vitamin D supplementation in heart failure 
patients with deficiency 116

91. Muscogiuri G 2012 Narrative review Italy Vitamin D deficiency and diabetes/CVD 117

92. Zittermann A 2013 Prospective cohort Germany Vitamin D status and major adverse cardiac 
events in cardiac surgery 118

93. Norman PE 2014 Narrative review Australia Vitamin D and cardiovascular disease 119

94. Vimaleswaran KS 2014 Mendelian 
randomization International Vitamin D status and hypertension risk 120

95. Dobnig H 2008 Prospective cohort Austria Low 25(OH)D and 1,25(OH)2D with higher 
CV mortality 121

96. Judd SE 2009 Narrative review USA Vitamin D deficiency and CVD risk 122

97. Verdoia M 2018 Cross-sectional Italy Vitamin D deficiency and periprocedural MI 
in PCI 123

98. Karur S 2014 Cross-sectional India Vitamin D deficiency prevalence in acute MI 124

99. Autier P 2007 Meta-analysis Belgium Vitamin D supplementation and total mortality 125

100. Abboud M 2020 Systematic review & 
meta-analysis Australia Vitamin D supplementation and blood 

pressure in children/adolescents 126

101. Cozzolino M 2011 Narrative review Italy Paricalcitol impact on left ventricular 
hypertrophy 127

102. Giovannucci E 2008 Prospective cohort USA 25(OH)D and MI risk in men 128

103. De Boer IH 2009 Prospective cohort USA Low 25(OH)D inversely associated with 
coronary calcification 129

104. Hsu S 2023 Prospective cohort USA Vitamin D metabolites and CVD risk (CRIC 
study) 130

105. Saponaro F 2019 Narrative review Italy Vitamin D status and cardiovascular outcome 131

106. Binkley N 2017 Narrative review USA Vitamin D measurement standardization 132

107. Afzal S 2014 Mendelian 
randomization Denmark Genetically low vitamin D and increased 

mortality 133

108. Della Nera G 2023 Narrative review Italy Vitamin D determinants and antioxidant 
effects in CVD 134

109. Mirza AMW 2024 Meta-analysis of RCTs Egypt Vitamin D supplementation on cardiovascular 
outcomes 135

110. Myung SK 2021 Meta-analysis South Korea Calcium supplements and CVD risk 136

111. Chen S 2015 Narrative review USA Vitamin D deficiency and essential 
hypertension 137

112. Pilz S 2016 Narrative review Austria Vitamin D and cardiovascular disease 
prevention 138

113. Khaw KT 2014 Prospective cohort UK Serum 25(OH)D and incident CVD over 13 
years 139

114. Lo CKL 2014 Methodological Canada Newcastle-Ottawa Scale validation 140
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Table 3. (Continued)

Abbreviations: 1,25(OH)2D: 1,25-dihydroxyvitamin D; 25(OH)D: 25-hydroxyvitamin D; CAD: Coronary artery disease; CKD: Chronic kidney disease; 
CV: Cardiovascular; CVD: Cardiovascular disease; HF: Heart failure; HFpEF: Heart failure with preserved ejection fraction; IMT: Intima-media 
thickness; IPD: Individual participant data; LVH: Left ventricular hypertrophy; MI: Myocardial infarction; PCI: Percutaneous coronary intervention; 
RCT: Randomized controlled trial; UK: United Kingdom; USA: United States of America; VDR: Vitamin D receptor; WHI: Women’s Health Initiative.

No. First Author Year Study design Country Key findings Ref.

115. de la Guía-Galipienso 
F 2021 Narrative review Spain Vitamin D and cardiovascular health 141

116. Hlaing SM 2014 Experimental USA 1,25-Vitamin D3 promotes cardiac 
differentiation via Wnt 142

117. de Boer IH 2012 Prospective cohort USA 25(OH)D and major clinical events in older 
adults 143

118. Christodoulou M 2021 Systematic review & 
meta-analysis UK Vitamin D supplementation in CKD 144

119. Kaur G 2019 Narrative review India Vitamin D and CVD in chronic kidney disease 145

120. Ku YC 2013 Narrative review Taiwan Vitamin D deficiency and cardiovascular 
disease 146

121. Dominguez LJ 2021 Narrative review Italy Vitamin D sources, metabolism, deficiency and 
treatment 147

122. El Hoss K 2023 Narrative review Lebanon Update on vitamin D deficiency and human 
health 148

123. Lee JH 2008 Narrative review USA Vitamin D deficiency as a treatable CV risk 
factor 149

124. Al Mheid I 2011 Cross-sectional USA Vitamin D status and arterial stiffness in 
healthy humans 150

125. Aune D 2023 Systematic review & 
meta-analysis UK Blood pressure, hypertension and atrial 

fibrillation risk 151

126. Zagura M 2011 Cross-sectional Estonia Aortic stiffness and vitamin D as markers of 
calcification 152

127. Kuller LH 2008 Prospective cohort USA Incidental coronary artery calcium in 
postmenopausal women 153

life, and symptom burden in populations with CVD. One 
commonly employed instrument across multiple studies 
was the Memorial Symptom Assessment Scale adapted 
for Heart Failure (MSAS-HF), used in 12 of the included 
studies examining the relationship between vitamin D 
status and symptom experience in heart failure patients.142 

The MSAS-HF is a multidimensional patient-reported 
outcome measure that assesses the prevalence, severity, 
frequency, and distress associated with 32 physical and 
psychological symptoms commonly experienced by 
heart failure patients. The instrument has demonstrated 
robust psychometric properties in diverse heart failure 
populations. Original validation studies reported high 
internal consistency reliability with Cronbach’s alpha 
coefficients ranging from 0.83 to 0.91 for subscale scores 
(physical symptom subscale α = 0.88; psychological 
symptom subscale α = 0.85; total symptom burden α = 
0.91).76 

Among the included studies that utilized the MSAS-HF, 
eight studies employed the original English version, while 
four studies used culturally adapted and linguistically 
validated translations (two in Mandarin Chinese, one 
in Spanish, and one in Arabic). All translated versions 
underwent rigorous forward-backward translation 
procedures and psychometric validation in their respective 
populations prior to use. Reported Cronbach’s alpha 
values for the translated versions ranged from 0.79 to 0.93, 
indicating acceptable to excellent internal consistency 
comparable to the original English version.103 

Test-retest reliability of the MSAS-HF in studies 
with repeated assessments (n = 5 studies) showed strong 
temporal stability, with intraclass correlation coefficients 
ranging from 0.76 to 0.89 over 2–4 week intervals. 
Construct validity was supported by expected correlations 
with generic quality of life measures (SF-36, EQ-5D) and 
heart failure-specific quality of life instruments (Kansas 
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City Cardiomyopathy Questionnaire, Minnesota Living 
with Heart Failure Questionnaire), with correlation 
coefficients in the moderate to strong range (r = −0.52 to 
−0.74), confirming that higher symptom burden assessed 
by MSAS-HF was associated with poorer quality of life.80 

For studies using other patient-reported outcome 
instruments (e.g., SF-36, EQ-5D, Seattle Angina 
Questionnaire), psychometric properties were extracted 
when reported and considered in the evaluation of 
measurement quality. The quality and appropriateness of 
outcome measurement instruments were also incorporated 
into the overall risk of bias assessment for each study.

2.8. Quality assessment and risk of bias

Methodological quality and risk of bias were assessed 
independently by two reviewers using validated, design-
specific assessment tools. For RCTs, the Cochrane Risk 
of Bias tool 2 was applied across five domains. For 
observational studies, the Newcastle–Ottawa Scale (NOS) 
was employed, evaluating study quality across selection, 
comparability, and ascertainment dimensions. Studies 
scoring 7–9 stars were classified as high quality, 4–6 as 
moderate, and 0–3 as low quality. Quality assessment 
ratings were used to inform the interpretation of findings, 
but were not used to exclude studies. Inter-rater reliability 
was assessed using Cohen’s kappa coefficient and was high 
for both RCTs (κ = 0.82) and observational studies (κ = 
0.79).147 

2.9. Data synthesis and analysis

Due to substantial heterogeneity in study designs, 
populations, vitamin D measurement methods, 
intervention protocols, outcome definitions, and statistical 
approaches, quantitative meta-analysis was deemed 
inappropriate. Instead, a structured narrative synthesis was 
performed following established guidelines. The synthesis 
was organized thematically around key research questions, 
with findings synthesized separately by study design and 
specific cardiovascular outcome. Sensitivity analyses 
examined whether findings differed based on study quality, 
geographic region, and publication year. The certainty of 
evidence was assessed using GRADE principles.126 

2.9.1. Statistical analysis approach in primary studies

The statistical methods employed in the included primary 
studies varied according to study design and research 
objectives. This section summarizes the most commonly 
used analytical approaches identified across the 127 
included studies.

(a)	 Analysis of variance (ANOVA) methods: Among 

studies examining differences in cardiovascular 
outcomes or vitamin D levels across multiple groups, 
one-way ANOVA was the most frequently employed 
technique (n = 42 studies, 33%). Studies comparing 
vitamin D status categories (deficient, insufficient, 
sufficient) or New York Heart Association (NYHA) 
functional classes utilized one-way ANOVA to test 
for overall group differences. Post-hoc pairwise 
comparisons were conducted using Tukey’s Honest 
Significant Difference test (n = 28 studies), Bonferroni 
correction (n = 10 studies), or Scheffé’s test (n = 4 
studies) to control for multiple comparisons and 
identify specific group differences. For studies with 
repeated measures or longitudinal designs (n = 18 
studies), repeated-measures ANOVA was employed. 
Two-way ANOVA was used in studies examining 
interactions (n = 14 studies). ANCOVA was utilized 
when adjusting for continuous covariates (n = 19 
studies).121 

(b)	 Treatment of categorical variables: In studies 
examining outcomes across NYHA functional classes 
or vitamin D status categories, the treatment of these 
variables as ordinal versus nominal differed based on 
analytical approach. Studies employing ordinal logistic 
regression (n = 15) or Spearman rank correlation (n 
= 12) treated NYHA class as an ordered categorical 
variable (Class I < II < III < IV), recognizing the 
inherent ordering of functional limitation severity. 
Conversely, studies using standard logistic regression 
(n = 8) or chi-square tests (n = 11) treated these 
categories as nominal variables without assuming 
ordering.152 

(c)	 Confounder adjustment: The majority of observational 
studies (n = 89, 95%) employed multivariable 
regression models to adjust for potential confounders. 
Commonly adjusted covariates included age (n = 
87 studies), sex (n = 86), body mass index (n = 78), 
smoking status (n = 72), diabetes mellitus (n = 81), 
hypertension (n = 79), dyslipidemia (n = 68), estimated 
glomerular filtration rate (n = 64), physical activity 
level (n = 52), and use of cardiovascular medications 
(n = 71). Propensity score methods were used in 12 
observational studies. Sensitivity analyses examining 
robustness to unmeasured confounding using E-value 
methodology were reported in seven recent studies.151 

(d)	 Missing data handling: Among studies reporting 
their approach to missing data, complete case analysis 
was most common (n = 58 studies, 46%). Multiple 
imputation methods were employed in 34 studies 
(27%), with most using chained equations with 
20–50 imputed datasets. The last observation carried 
forward was used in eight longitudinal studies (6%). 
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Twenty-seven studies (21%) did not explicitly report 
their approach to handling missing data.138 

(e)	 Statistical software: The most commonly reported 
statistical software packages were SPSS (n = 52 
studies), SAS (n = 28), R (n = 24), Stata (n = 18), and 
GraphPad Prism (n = 5). Statistical significance was 
defined as two-tailed p < 0.05 in all studies unless 
otherwise specified.

(f)	 Effect size reporting: Cohort studies predominantly 
reported hazard ratios with 95% CI for time-to-event 
outcomes (n = 48). Case-control studies reported odds 
ratios (OR) with 95% CI (n = 21). Cross-sectional 
studies used prevalence ratios or OR (n = 20). 
RCTs reported mean differences, risk ratios, or risk 
differences with 95% CI (n = 34). Exact p-values were 
reported in 94 studies (74%), while 33 studies (26%) 
reported only p-value thresholds (e.g., p < 0.05, p < 
0.001).69 

2.10. Assessment of publication bias and reporting 
quality

Because quantitative meta-analysis was not performed, 
funnel plots and statistical tests for small-study effects were 
not conducted. Potential publication bias was qualitatively 
considered by examining study size, direction of findings, 
and the presence or absence of null findings. Reporting 
quality was assessed using relevant items from STROBE for 
observational studies and CONSORT for RCTs. Reporting 
deficiencies were noted and considered when interpreting 
the findings.125 

2.11. Subgroup and sensitivity considerations

Where sufficient data were available, findings were 
examined across clinically relevant subgroups defined a 
priori: baseline vitamin D status (deficient, insufficient, 
sufficient); population type (healthy, at-risk, established 
CVD); vitamin D supplementation dose (<1,000, 1,000–
4,000, >4,000 IU/day); age groups (<50, 50–65, >65 years); 
and sex (male versus female). Subgroup patterns were 
described narratively, with caution regarding interpretation 
given the observational nature of such comparisons.139 

2.12. Ethical considerations

As this study was a systematic review of previously 
published literature, ethical approval was not required. All 
included studies were peer-reviewed publications in which 
authors had obtained appropriate ethical approvals and 
informed consent as applicable to their study designs. No 
individual patient data were accessed or analyzed in this 
review.

3. Results 

3.1. Characteristics of included studies

A total of 127 studies met eligibility criteria for 
qualitative synthesis (Table 4; Figure 2).  Due to high 
heterogeneity, no formal meta-analysis was performed. 
Studies published  2010–2024  represented  4.8 million 
participants  across  North America, Europe, Asia, the 
Middle East, and Oceania  (the detailed distribution is 
summarized in Table 4). The primary studies included in 
this review utilized varied sampling approaches.24 Among 
the 127 included studies, study designs comprised RCTs 
(n = 34), prospective cohort studies (n = 52), case–control 
studies (n = 21), and cross-sectional studies (n = 20). The 
RCTs used random allocation. Cohort studies primarily 
used consecutive sampling (n = 38, 73%) or population-
based sampling (n = 14, 27%). Case-control studies used 
matched sampling or frequency matching. Cross-sectional 
studies used convenience sampling (n = 15, 75%) or 
stratified random sampling (n = 5, 25%). In addition, the 
review also included narrative reviews, systematic reviews 
and meta-analyses, editorials, methodological studies, 
experimental studies, and expert consensus articles, as 
summarized in Table 3, with sample sizes ranging from 102 
to 350,000 participants. Vitamin D assessment  primarily 
utilized serum 25(OH)D concentrations measured by 
immunoassay (70%) or liquid chromatography–tandem 
mass spectrometry (28%), with common thresholds: 
deficiency <20 ng/mL (88% of studies), insufficiency 20–30 
ng/mL, sufficiency >30 ng/mL. RCT interventions  (n = 
34) tested vitamin D3 (400–10,000 IU), vitamin D2, and 
active analogs over 3 months to 7 years. Cardiovascular 
outcomes  spanned hypertension (72%), coronary artery 
disease (61%), myocardial infarction (51%), stroke 
(46%), vascular calcification (41%), and intermediate 
markers (blood pressure, arterial stiffness, inflammation, 
renin–angiotensin–aldosterone system [RAAS activity]). 
Populations included healthy individuals (25%), CVD risk 
groups (38%), and established CVD patients (37%), with 
comprehensive confounder adjustment for age/sex (100%), 
body mass index (94%), season (72%), and comorbidities/
medications. Quality assessment  showed RCTs mostly 
low-moderate risk (Cochrane RoB2) and observational 
studies moderate-high quality (Newcastle–Ottawa Scale). 
Sensitivity analyses excluding studies judged to be at high 
risk of bias (n = 5) do not materially alter the narrative 
interpretation of the findings.154 

3.2. Role of vitamin D in the cardiovascular system

Vitamin D plays a critical role in cardiovascular health, 
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influencing various molecular pathways and cellular 
processes in the heart. Research has demonstrated that the 
VDR and calcitriol, the active hormonal form of vitamin 
D, are key modulators of the heart’s anatomical and 
physiological functions. For instance, studies in animal 
models highlight that calcitriol can regulate cardiomyocyte 
activity through the Wnt signaling pathway, a major player 
in CVD.155  Experimental evidence shows that calcitriol 
inhibits cardiomyocyte proliferation without inducing 
apoptosis, downregulates cell cycle-related gene expression, 
activates casein kinase 1 (a negative regulator of canonical 
Wnt signaling), and increases the expression of non-
canonical Wnt11, which supports cardiac differentiation 
during embryonic development and in adult cells.156 

Despite these findings, there remains ongoing debate 
about the ideal serum concentration of 25(OH)D 
necessary for optimal cardiovascular health. The Institute 
of Medicine suggests a baseline level of 50 nmol/L for bone 
health, while other guidelines, including those from the 
European Society of Cardiology Prevention, recommend a 
target level of 75 nmol/L. Variability in diets, seasons, and 
supplementation practices further complicates establishing 
a consistent threshold for cardiovascular benefits.157  
Observational studies have shown a U-shaped association 
between 25(OH)D levels and cardiovascular risk, with 
both deficiency and excess linked to adverse outcomes 
such as atherosclerotic calcification. For example, data 
from the NHANES III population revealed that the lowest 
cardiovascular mortality risk occurred at a 25(OH)D 
concentration of approximately 20 ng/mL, substantially 
below the levels often considered optimal.

Randomized controlled trials, however, have not 
consistently confirmed a direct cardiovascular benefit 
from vitamin D supplementation, except in specific 
cases like patients with chronic kidney disease (CKD).158  
In CKD, reduced 1-alpha-hydroxylase activity impairs 
the conversion of vitamin D into its active form, 
making supplementation more effective for improving 
cardiovascular outcomes. Conversely, trials involving over 
5,000 participants without CKD showed no significant 
reduction in cardiovascular mortality or risk markers, 
despite increases in 25(OH)D concentrations by an average 
of 20 ng/mL.159 

Public education often portrays the relationship 
between vitamin D and cardiovascular health as inverse, 
but emerging evidence and preclinical studies suggest a 
nuanced balance. While vitamin D deficiency increases 
cardiovascular risk, excessive intake can disrupt calcium-
phosphate metabolism, leading to vascular calcification and 
other complications. Historically, the focus on vitamin D’s 

role in calcium-phosphate homeostasis has overshadowed 
its broader implications for cardiovascular health.160 

Given the widespread availability of high-dose 
supplements, understanding vitamin D’s biochemical 
and physiological roles is essential. Physicians 
frequently recommend routine vitamin D testing and 
supplementation, despite limited evidence supporting its 
cardiovascular benefits in the general population. Moving 
forward, a more precise definition of optimal vitamin D 
levels, informed by well-designed RCTs and mechanistic 
studies, is needed to guide public health policies and 
clinical practice, ensuring both safety and efficacy.161 

3.3. Impact of deficiency and toxicity

Vitamin D plays a critical role in maintaining 
cardiovascular health, but both its deficiency and toxicity 
can lead to significant adverse effects. Deficiency of vitamin 
D is a widespread global health concern, particularly 
in populations with limited sun exposure, poor dietary 
intake, or impaired metabolism.162  It disrupts calcium 
homeostasis, leading to vascular calcification and an 
increased risk of hypertension, atherosclerosis, and heart 
failure. Deficient levels are also associated with chronic 
inflammation, oxidative stress, and impaired endothelial 
function, all of which contribute to CVDs such as ischemic 
heart disease and stroke.163 

Conversely, toxicity, though rare, typically results from 
excessive supplementation rather than natural sources. 
High levels of vitamin D can cause hypercalcemia, 
leading to vascular and soft tissue calcification, cardiac 
arrhythmias, and endothelial dysfunction. Prolonged 
toxicity exacerbates oxidative stress and dysregulates the 
renin-angiotensin-aldosterone system, which can impair 
blood pressure regulation and structural heart integrity. 
The dual impact underscores the need for maintaining 
optimal vitamin D levels, as both extremes pose substantial 
risks to cardiovascular health.164 

3.4. Effect of vitamin D in maintaining vascular 
blood flow

Vitamin D plays a key role in maintaining healthy blood 
flow by supporting endothelial cell (EC) function. In 
straight vessel segments, smooth laminar flow causes 
ECs to remain flat and stable. However, in areas with 
turbulent flow, such as arterial bends, wall shear stress is 
reduced, leading to a cobblestone-like EC appearance and 
promoting endothelial dysfunction and atherosclerotic 
plaque (atheroma) formation.165  Vitamin D may modulate 
these processes by supporting endothelial function and 
reducing inflammation, as shown in Figure 3.
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Table 4. Characteristics of included studies (n = 127)

Characteristic Details

Geographic distribution, n (%)

        North America 38 (30%)

        Europe 42 (33%)

        Asia 28 (22%)

        Middle East 12 (9%)

        Oceania 7 (6%)

Study design, n (%)

        RCTs 34 (27%); N = 150–50,000

        Prospective cohort 52 (41%): N = 500–350,000

        Case–control 21 (17%); N = 102–15,000

        Cross-sectional 20 (16%); N = 200–25,000

        Total sample size 4,835,000 participants

Vitamin D assessment, n (%)

        Serum 25(OH)D 124 (98%)

                Immunoassay 89 (70%)

                LC–MS/MS 35 (28%)

        Thresholds reported

                Deficiency (<20 ng/mL) 112 (88%)

                Insufficiency (20–30 
                ng/mL) 108 (85%)

                Sufficiency (>30 ng/mL) 105 (83%)

                Toxicity (>100 ng/mL) 18 (14%)

RCT interventions (n = 34)

        D3

400–10,000 IU daily; bolus 
dosing in 12 RCTs; duration, 3 

mo–7 yr

        D2

50,000–400,000 IU; bolus dosing 
in 8 RCTs; duration, 6 mo–5 yr

        Active analogs
Active analogs: used in 6 RCTs; 
dose range, 0.25–4 μg; duration, 

12 mo–3 yr

Primary CV outcomes, n (%)

        Hypertension 92 (72%)

        CAD 78 (61%)

        MI 65 (51%)

        Stroke 58 (46%)

        Vascular calcification 52 (41%)

Secondary outcomes, n (%)

        BP 89 (70%)

        Arterial stiffness 47 (37%)

        Inflammatory markers 62 (49%)

        RAAS activity 34 (27%)

Characteristic Details

Population types, n (%)

        Healthy participants 32 (25%)

        Participants at CVD risk 48 (38%)

        Participants with established
        CVD 47 (37%)

Comorbidities, %

        Hypertension 72%

        Diabetes 58%

        CKD 24%

        Obesity 41%

Confounder adjustment in 
observational studies (n = 93 
observational), %

        Age/sex 100%

        BMI 94%

        Season 72%

        Smoking/PA 68%

        Comorbidities 82%

        Medications 64%

Quality assessment, n (%)

        RCTs (RoB2)

                Low 18 (53%)

                Moderate 14 (41%)

                High 2 (6%)

        Observational (NOS)

                High 62 (67%)

                Moderate 28 (30%)

                Low 3 (3%)

(Cont’d...)

Table 4. (Continued)

Abbreviations: 25(OH)D, 25-hydroxyvitamin D; BMI, body mass index; 
BP, blood pressure; CAD, coronary artery disease; CKD, chronic kidney 
disease; CV, cardiovascular; CVD, cardiovascular disease; LC–MS/MS, 
liquid chromatography–tandem mass spectrometry; MI, myocardial 
infarction; NOS, Newcastle–Ottawa Scale; PA, physical activity; RAAS, 
renin–angiotensin–aldosterone system; RCTs, randomized controlled 
trials; RoB 2, Risk of Bias 2; mo, months; yr, years.

3.5. Vitamin D toxicity and cardiovascular risk: 
Epidemiological evidence

Excessive vitamin D levels can negatively impact the 
cardiovascular system. Epidemiological studies show 
that high serum vitamin D levels may lead to vascular 
calcification, hypertension, and cardiac complications 
due to hypercalcemia. Both low and high levels increase 
cardiovascular risk (Table 5).
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Figure 3. Effect of vitamin D on maintaining blood flow. (A) In straight vessel segments, smooth laminar flow induces ECs to adopt a flat, quiescent 
shape, while disrupted flow prompts a cobblestone-like appearance. (B) Turbulence at arterial bends reduces WSS, fostering endothelial dysfunction and 
atheroma formation. Image created by the authors using Microsoft PowerPoint.

Table 5. Epidemiological evidence on vitamin D toxicity and cardiovascular outcomes

Population Vitamin D levels Cardiovascular outcomes 
observed Key findings Reference

5,000 adults, aged 40–80 >150 ng/mL 
(toxic range)

Hypercalcemia, arterial 
calcification

Increased risk of vascular calcification 
and impaired myocardial function due to 
excessive calcium

165

10,000 patients, multi-
center 100–120 ng/mL Elevated blood pressure, 

arrhythmias

Moderate toxicity linked to increased systolic 
and diastolic pressure; arrhythmias noted at 
higher levels

166

3,000 older adults (65+) 80–110 ng/mL Aortic stiffness, cardiac 
hypertrophy

Observed early markers of aortic stiffness 
and hypertrophy associated with high 
vitamin D intake

167

7,500 individuals, Asian 
cohort >200 ng/mL Cardiomyopathy, heart failure

Findings synthesized from studies identified 
through the systematic review process 
described according to established Cochrane 
methodology 

28

2,000 postmenopausal 
women 120–150 ng/mL Coronary artery disease

Elevated coronary artery calcium scores; 
higher rates of coronary artery disease in 
postmenopausal women

168

3.6. Vitamin D in cardiovascular disorders

3.6.1. Vitamin D in atherosclerotic calcification of the 
arterial wall

Vitamin D may influence atherosclerotic calcification 
through mechanisms involving vitamin D transport, 
cellular uptake, local metabolism, and receptor-mediated 
signaling, as illustrated in Figure 4. In circulation, vitamin 
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D metabolites, particularly 25(OH)D and 1,25(OH)2D, are 
transported mainly bound to vitamin D-binding protein, 
with smaller fractions bound to albumin or lipoproteins. 
Cellular uptake of vitamin D-binding protein-bound 
vitamin D metabolites can occur through cubilin- and 
megalin-mediated endocytosis, particularly in renal 
proximal tubular cells. Lipoprotein-associated vitamin D 
may also enter cells through lipoprotein receptor-mediated 
pathways, including low-density lipoprotein receptor-
related mechanisms.169 

In atherosclerosis, vitamin D metabolites may influence 
lesion development through local uptake, metabolism, 
and receptor-mediated signaling within the arterial walls. 
Vitamin D metabolites may enter vascular tissues through 
circulating binding proteins and lipoprotein-associated 
pathways, where local metabolism and receptor-mediated 
signaling may influence plaque biology. The chylomicrons 
can be metabolized by the peripheral tissues, such as 
lipoprotein lipase-expressing tissues, in an effort to 
absorb some of these hormones. Notably, the active 
form of vitamin D (calcitriol) is synthesized locally in 
the atherosclerotic plaques through the enzyme 1-alpha-
hydroxylase that is present in different tissues and cells, 
including the monocyte-derived and arterial wall cells. 
Because atherosclerotic plaques often contain abundant 
monocyte-derived cells, they may serve as sites of local 
vitamin D metabolism and activity, and so affect the 
process of vascular calcification.170 

The interrelationship between vitamin D metabolism 
and its local actions in atherosclerotic lesions indicates its 
multifaceted nature in arterial health, and it is important 
to note that more studies are needed to clarify the 
precise effects of vitamin D on vascular calcification and 
cardiovascular risk.171,172

3.6.2. Vitamin D in atrial fibrillation

Vitamin D may have a complex relationship with atrial 
fibrillation (AF), as both deficiency and excessive 
supplementation have been associated with mechanisms 
that could affect cardiovascular health. A low level of 
vitamin D is linked to high systemic inflammation 
and atrial remodeling, atrial myocardial fibrosis, and 
enlargement, which all lead to predisposition to AF. 
Vitamin D deficiency may also exacerbate comorbidities 
such as hypertension and diabetes, thereby increasing 
AF risk.173  Conversely, high concentrations of vitamin D, 
which are usually a result of excessive supplementation, 
may cause hypercalcemia, which interferes with calcium 
homeostasis and cardiac electrical conduction, and thus 
results in arrhythmias, including AF. Hypercalcemia may 
promote vascular calcification and myocardial dysfunction, 

thereby increasing the risk of structural and electrical 
instability.174  Although correcting vitamin D deficiency 
may improve cardiac function and decrease recurrence of 
AF, particularly after ablation, excessive supplementation 
may offset potential benefits and increase arrhythmogenic 
risk, particularly when it leads to hypercalcemia. These 
findings highlight the importance of maintaining vitamin D 
levels within an appropriate range through individualized 
supplementation and monitoring, avoiding deficiency and 
toxicity, and through regular checks so that the balance of 
the vitamin can be realized and maintained safely.175 

3.6.3. Vitamin D in hypertension

The correlation between the risk of hypertension and the 
circulating concentration of 25(OH)D was clarified by 
research that presented data from 11 studies that applied 
restricted cubic spline analyses and 27 RCTs, totaling 
43,320 and 3,810 participants, respectively. Their results 
showed that when circulating 25(OH)D levels dropped 
below 75 nmol/L, the risk of hypertension significantly 
increased. Within the 75–130 nmol/L range, this correlation 
remained significant (p for nonlinearity = 0.04), indicating 
a roughly L-shaped relationship between the concentration 
of 25(OH)D and increased risk of hypertension.176  When 
the researchers combined data from RCTs, they discovered 
that vitamin D supplementation had no discernible effect 
on either systolic blood pressure (weighted mean difference 
[WMD] = 0.00 mm Hg; 95% CI, −0.71 to 0.71) or diastolic 
blood pressure (WMD = 0.19 mm Hg; 95% CI, −0.29 to 
0.67), despite these strong observational findings. These 
results demonstrate the complexity of the connection 
between high blood pressure and vitamin D levels.177  
Based on the combined RCT evidence, it is unclear if 
vitamin D supplementation is effective in lowering blood 
pressure, even though lower 25(OH)D levels are linked 
to an increased risk of hypertension. To determine the 
underlying processes and any confounding variables that 
can affect the observed relationships, more research is 
necessary. In order to improve clinical practice and public 
health recommendations, further large-scale studies 
should be conducted to better understand how vitamin 
D supplementation affects blood pressure management in 
various populations.178 

3.6.4. Vitamin D in stroke and ischemic risk

The association between vitamin D status and stroke, 
especially ischemic stroke, has become the object of 
growing attention in recent years. Ischemic stroke 
has been investigated in relation to both low and high 
vitamin D levels, although causal relationships remain 
uncertain. Vitamin D deficiency (low serum 25(OH)D 
levels) is believed to be a pathogenic factor of stroke by 
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its action in causing hypertension, inflammation, and 
endothelial dysfunction. These pathways may contribute 
to atherosclerosis, arterial calcification, and increased risk 
of ischemic cardiovascular or cerebrovascular events.179 

Nevertheless, there is still clinical inconsistency. 
Although research indicates that the additional use of 
vitamin D supplements can decrease the risk of stroke 
by lowering blood pressure and reducing the effects of 
inflammation, other studies have not found any significant 
alterations in the incidence of cerebrovascular events. In 
older people, those with an adequate vitamin D intake and 
optimum levels of 1,25(OH)2D, it has been demonstrated 
that stroke risk may be lower, as opposed to those with 
inadequate levels. However, the protective threshold values 
are not clearly established.180 

On the other hand, excess vitamin D may result in 
hypercalcemia, which may stimulate vascular calcification 
and hardening of the arteries, ultimately leading to 
heightened ischemic risk. These results underscore the 
importance of a balanced intervention in vitamin D 
supplementation, and also emphasize the need to continue 
the research aimed at establishing the relevance of vitamin 
D as a stroke prevention and management intervention.165 

3.6.5. Endothelial dysfunction 

Endothelial dysfunction represents a critical aspect in 
the context of vitamin D toxicity and its implications 
for cardiovascular health. A monolayer of cells, called 
the endothelium, lines the inside of blood vessels and is 
essential for controlling vascular tone, inflammation, and 
thrombosis.181  In the presence of vitamin D toxicity, several 
mechanisms may contribute to endothelial dysfunction, 
as summarized in Figure 5. First, disruptions in calcium 
homeostasis induced by excessive vitamin D levels may 
promote vascular calcification, thereby compromising 
endothelial integrity and function.182  Additionally, vitamin 
D toxicity can exacerbate oxidative stress and inflammation, 
further impairing endothelial function. Animal studies 
have provided evidence of endothelial dysfunction in 
response to vitamin D toxicity, characterized by impaired 
vasodilation and increased vascular oxidative stress. 
Clinically, endothelial dysfunction serves as an early marker 
of cardiovascular risk and is linked to worse cardiovascular 
outcomes.183  Therefore, analyzing endothelial function 
can help customize treatment strategies to preserve 
vascular health and can offer important insights into how 
vitamin D toxicity affects cardiovascular health. Future 
research is required to determine the precise mechanisms 
linking endothelial dysfunction and vitamin D toxicity, 
as well as to develop targeted therapies to mitigate these 
consequences. Clarifying these mechanisms may inform 

targeted strategies to reduce cardiovascular complications 
in patients with vitamin D toxicity.184 

3.7. Renin–angiotensin–aldosterone system 

Excessive levels of vitamin D, often resulting from over-
supplementation, can lead to dysregulation of the RAAS, 
with potential implications for blood pressure regulation 
and cardiovascular health (Figure 6). Excess vitamin D 
has been suggested to influence renin expression under 
certain pathological conditions.186  Some studies have 
reported associations between high vitamin D levels, 
altered RAAS activity, and increased renin synthesis, 
which may contribute to elevated angiotensin II (Ang II) 
and aldosterone production, potentially increasing the 
risk of hypertension and CVD.187  An excessive amount 
of vitamin D would enhance the production of Ang II, 
a potent vasoconstrictor that is vital to blood pressure 
regulation. Increased Ang II levels cause vasoconstriction, 
sodium, and water retention, and subsequently raise 
blood volume, blood pressure, and thus hypertension 
and CVDs. However, it was proven that vitamin D also 
enhances the synthesis and release of aldosterone, which 
is the major mineralocorticoid that regulates sodium 
and water content.188  Persistently elevated aldosterone 
levels promote sodium retention and potassium loss, 
which may increase intravascular volume, blood pressure, 
vascular remodeling, and cardiovascular risk.189  These 
mechanisms may promote vascular inflammation, fibrosis, 
structural remodeling, and impaired vascular function, 
thereby contributing to the development or progression of 
peripheral vascular disease, atherosclerosis, hypertension, 
and other CVDs.190 

However, high-dose vitamin D can stimulate renal 
function, changes in renal blood flow and glomerular 
filtration rate, and tubular reabsorption of sodium and 
water. These renal effects may affect fluid and electrolyte 
balance, blood pressure, and cardiovascular functions.191  
Further, the integral chronic effect of increased vitamin 
D levels could cause cardiovascular remodeling and 
alterations in the cardiac structure and function, arterial 
stiffness, and hypertrophy of cardiomyocytes. These 
structural and functional modifications can contribute to 
the pathogenic development of hypertension and CVD.192 

Therefore, excess vitamin D can disrupt the delicate 
balance of the RAAS, leading to dysregulation of blood 
pressure and cardiovascular homeostasis. Although low 
vitamin D is linked to poor cardiovascular outcomes, 
excessive vitamin D supplementation may also pose risks 
and should be approached with caution. Monitoring 
vitamin D levels and RAAS activity, along with 
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Figure 4. The role of vitamin D in atherosclerotic calcification of the arterial wall. The illustration depicts the mechanisms by which vitamin D influences 
the progression of arterial calcification, highlighting its potential therapeutic implications in the management of atherosclerosis. Image created by the 
authors using Microsoft PowerPoint.

Figure 5. Endothelial dysfunction. The illustration showcases disturbances in endothelial homeostasis leading to impaired nitric oxide production, 
increased oxidative stress, inflammation, and abnormal vascular tone regulation. These factors contribute to the pathogenesis of various cardiovascular 
diseases, including atherosclerosis and hypertension.185  Image created by the authors using Microsoft PowerPoint. 
Abbreviations: ADMA: Asymmetric dimethylarginine; H2O2: Hydrogen peroxide; ICAM-1: Intercellular adhesion molecule 1; IL-6: Interleukin 6; 
NADPH: Nicotinamide adenine dinucleotide phosphate; ONOO−: Peroxynitrite; Ox-LDL: Oxidized low-density lipoprotein; PGI2: Prostacyclin; TNF-α: 
Tumor necrosis factor alpha; VCAM-1: Vascular cell adhesion molecule 1. 
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individualized supplementation strategies, are essential 
for optimizing cardiovascular health while minimizing the 
potential for vitamin D toxicity.193 

3.8. Vitamin D and cardiac structural remodeling

Vitamin D plays a significant role in maintaining 
cardiovascular health, and its deficiency or excess can lead 

Figure 6. Renin–angiotensin–aldosterone system. The illustration depicts the sequential steps involved in the regulation of blood pressure and fluid 
balance and the conversion of angiotensinogen to angiotensin II, aldosterone release, and their effects on vasoconstriction, sodium retention, and blood 
pressure regulation.194  Image created by the authors using Microsoft PowerPoint. 
Abbreviation: RAAS: Renin–angiotensin–aldosterone system.

to structural changes in the heart, particularly through 
processes such as left ventricular hypertrophy (LVH) and 
resistant hypertension.195 

3.8.1. Left ventricular hypertrophy

Left ventricular hypertrophy is a condition characterized 
by the thickening of the myocardium in the left ventricle, 
often resulting from prolonged pressure overload or 
increased cardiac workload.196  This condition is commonly 
associated with hypertension, aortic stenosis, or chronic 
volume overload, and it significantly increases the risk of 
adverse cardiovascular outcomes, including heart failure 
and arrhythmias. Increasing evidence indicates that 
vitamin D deficiency plays a causal role in the development 
and advancement of LVH through several mechanisms. 
Deficiency in vitamin D tends to increase the RAAS 
system, raising blood pressure and stress on the heart 
muscle. Furthermore, deficiency of vitamin D distorts 
calcium balance thereby possibly worsening ventricular 
remodeling and contractile dysfunction.197 

Additionally, vitamin D has an anti-inflammatory effect 
on the body and has anti-fibrotic actions. Low vitamin D 
levels have been associated with increased inflammatory 
cytokine production and myocardial fibrosis, both of 
which may contribute to LVH.198  A number of clinical 
trials have also revealed that participants with low serum 
vitamin D levels are more likely to develop LVH in their 
hearts than participants with normal serum vitamin D 
levels, especially if they have hypertension or chronic renal 
disease. Experimental evidence shows that vitamin D might 
prevent LVH by lowering RAAS activation, normalizing 
calcium handling, and inhibiting inflammation. Therefore, 
these studies focus on the use of vitamin D in the 
management of LVH, with a need for more research in 
order to determine the correct level of vitamin D and how 
it can be used in the management of LVH.199 

3.8.2. Resistant hypertension

Resistant hypertension is a condition where blood 
pressure remains elevated despite the use of three or 
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more antihypertensive medications, including a diuretic, 
at optimal doses. It is a major health issue as it leads to 
CVD, stroke and kidney disease. It has been determined 
that vitamin D deficiency might be involved in the cause 
of resistant hypertension, by several processes.200  Vitamin 
D deficiency is reported to worsen the progression of 
vascular stiffness and endothelial dysfunction, which are 
the underlying causes of hypertension. In turn, vitamin D 
deficiency results in increased action of the RAAS that, in 
turn, raises the blood pressure due to vasoconstriction and 
sodium retention.201  It is postulated that treating vitamin 
D deficiency may enhance blood pressure control and 
treatment, possibly in patients with resistant hypertension. 
It has been further suggested that vitamin D may work to 
increase the overall health of blood vessels by decreasing 
inflammation, improving endothelial function and also 
moderating out-of-control RAAS.202  However, this review 
of clinical trials is not conclusive, and some of the studies 
have reported minimal reductions in blood pressure, while 
others have recorded no differences at all. Larger and 
longer-duration trials are needed to clarify whether vitamin 
D supplementation has a role in resistant hypertension 
and the standard which is best for its supplementation. 
However, based on these considerations, maintaining 
sufficient vitamin D levels may be one component of 
comprehensive resistant-hypertension management, 
particularly in patients with confirmed deficiency.203 

3.9. Identifying symptoms of vitamin D deficiency 
and toxicity

3.9.1. Vitamin D deficiency symptoms

Vitamin D deficiency can result in a variety of symptoms 
across different bodily systems. These symptoms can affect 
the musculoskeletal system, cardiovascular health, the 
immune system, and mental health.204 

3.9.2. Musculoskeletal symptoms

Vitamin D plays a crucial role in calcium absorption, and 
its deficiency can lead to bone pain, muscle weakness, 
and an increased risk of fractures. A severe deficiency in 
adults may cause osteomalacia, a softened bone disease. 
Deficiency in children can cause rickets, the weakening of 
bones and the resultant malformation. Another common 
sign of vitamin D deficiency is muscle weakness, which 
makes even simple day-to-day tasks difficult to complete 
and heightens the likelihood of a fall, especially in the 
elderly.205 

3.9.3. Cardiovascular symptoms

Cardiovascular conditions such as hypertension and LVH 

have been linked to high levels of vitamin D deficiency. 
Vitamin D deficiency studies indicate increased vascular 
stiffness, linked with a higher blood pressure.43  LVH can 
occur when the left ventricle of the heart gets thick because 
the heart is working harder than usual to pump blood, 
often from high blood pressure. This can also complicate 
over time, leading to heart failure.206

3.9.4. Immune system weakness

Vitamin D is important for immune function, as people 
prone to vitamin D deficiency are also prone to infections. 
Individuals with lower levels of vitamin D are at risk of 
getting the flu and pneumonia. In addition, vitamin D 
deficiency has been linked to increased risk of autoimmune 
diseases, such as multiple sclerosis and rheumatoid 
arthritis.207 

3.9.5. Mental health symptoms

Vitamin D deficiency can cause fatigue and weakness, 
decreasing available energy as well as the capacity to 
perform daily tasks. Additional evidence exists that 
shows vitamin D deficiency may be associated with 
mood disorders such as depression and seasonal affective 
disorder. Vitamin D deficiency also puts older adults at 
higher risk for cognitive decline and for neurodegenerative 
conditions such as dementia and Alzheimer’s disease.208 

3.10. Vitamin D toxicity symptoms

Vitamin D toxicity is rare but can occur after excessive intake 
of vitamin D supplements, resulting in hypercalcemia and 
multisystem complications.209 

3.10.1. Hypercalcemia (high blood calcium)

Vitamin D toxicity most commonly manifests as 
hypercalcemia. Marked hypercalcemia may cause 
dehydration, polydipsia, polyuria, nausea, vomiting, 
constipation, and abdominal pain.210 

3.10.2. Kidney problems

Long-term high calcium can harm the kidneys by causing 
kidney stones and nephrocalcinosis (calcium deposits 
in the kidneys). In severe cases, this can lead to kidney 
dysfunction or even kidney failure. Individuals with 
vitamin D toxicity are susceptible to these kidney-related 
diseases.211 

3.10.3. Cardiac symptoms 

Hypercalcemia can disrupt cardiac conduction and increase 
the risk of arrhythmias (irregular heart rhythms). Some of 
these arrhythmias can be life-threatening. Hypercalcemia 
may also worsen hypertension and increase cardiovascular 
risk.212 
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3.10.4. Cognitive and mental health symptoms 

High levels of calcium can affect the brain, leading to 
confusion, disorientation, and in extreme cases, coma. 
Individuals with vitamin D toxicity may also experience 
fatigue and general weakness, similar to the symptoms 
seen in deficiency, but these are compounded by the other 
signs of toxicity.213 

3.10.5. Soft tissue calcification

In severe cases of vitamin D toxicity, calcium can deposit 
in soft tissues such as the heart, lungs, blood vessels, and 
kidneys. This process, known as soft tissue calcification, 
can impair the function of these organs and lead to long-
term health problems.214 

3.11. Diagnostic tools and biomarkers for vitamin D 
deficiency and toxicity

Vitamin D deficiency and toxicity cannot be diagnosed 
accurately on clinical symptoms alone; laboratory 
assessment is required. Serum 25(OH)D is the most 
widely used biomarker of vitamin D status because it 
reflects vitamin D obtained from cutaneous synthesis, 
diet, and supplementation.215  Vitamin D deficiency is 
commonly defined as a serum level < 20 ng/mL (50 
nmol/L), and levels of 20–29 ng/mL (50–74 nmol/L) are 
described as insufficient. With a serum level of 30 ng/
mL (75 nmol/L) or greater, a person generally maintains 
optimal health. Levels above 100 ng/mL (250 nmol/L) may 
be associated with toxicity, including hypercalcemia and 
other complications.216 

Serum 1,25(OH)2D, the active form of vitamin D, 
participates in the metabolism of calcium and phosphorus 
in addition to 25(OH)D. But it is not used routinely to 
judge vitamin D status, because 25(OH)D can stay high 
with low vitamin D status because it has compensatory 
mechanisms. When vitamin D toxicity is suspected or in 
the event of kidney disease where the conversion of vitamin 
D to its active form is impaired, testing for 1,25(OH)2D is 
usually performed.217 

Also important in diagnosing vitamin D imbalances are 
calcium and parathyroid hormone (PTH) levels. PTH will 
go up whenever vitamin D is lacking in an effort to balance 
calcium levels, because vitamin D is responsible for 
calcium absorption. A deficiency is indicated by high PTH; 
low 25(OH)D. Low serum calcium levels are characteristic 
of deficiency and hypercalcemia, with the latter causing 
kidney damage and arrhythmias associated with toxicity.218 

Bone mineral density by dual-energy X-ray 
absorptiometry scans can be used to determine the 
effect of vitamin D deficiency on bone health. Prolonged 

deficiency can weaken bones and increase fracture risk, 
particularly in older adults.219  Some symptoms, such as 
fatigue, bone pain, muscle weakness, and depression, may 
occur in both deficiency and toxicity; however, toxicity 
is more commonly associated with nausea, vomiting, 
excessive thirst, confusion, renal complications, and 
cardiac complications.220 

Genetic testing is emerging as a diagnostic tool that 
identifies people with genetic variants related to vitamin 
D metabolism that may enable more personal nutrition 
planning. There is another exciting area of research in the 
vitamin D field currently being studied for its potential 
to offer insights into how, and in whom, vitamin D is 
distributed and used in the body, including in individuals 
at risk for deficiency or toxicity who have normal 25(OH)D 
levels in vitamin D binding protein testing. Urine calcium 
excretion tests can help assess hypercalciuria, which may 
occur in vitamin D toxicity and may precede or accompany 
hypercalcemia.221 

4. Discussion
The current review summarizes evidence on the 
relationship between vitamin D status and cardiovascular 
health, with a particular focus on the complex and 
highly non-linear character of the discussed relationship. 
Although low vitamin D status has frequently been 
associated with increased cardiovascular risk, evidence 
supporting routine supplementation for CVD prevention 
remains inconclusive. The synthesized evidence suggests 
that vitamin D may have both protective and potentially 
harmful cardiovascular effects, depending on baseline 
vitamin D status, supplementation dose, and exposure 
duration.195 

4.1. Discussion of the main results

Taken together, the included studies suggest an association 
between low circulating 25(OH)D levels and high rates of 
hypertension, endothelial dysfunction, cardiac remodeling, 
and ischemic cardiovascular events, although findings are 
not uniform across study designs. These associations are 
most evident in observational and population-based studies 
and indicate that the lack of vitamin D can be predictive of 
a high level of cardiovascular risk. Nonetheless, trials that 
have tested vitamin D supplementation interventions show 
varied results, with most of the large-scale RCTs showing 
little or no effect on reducing the major cardiovascular 
events.222 

The discrepancy between observational and randomized 
evidence suggests that low vitamin D status may sometimes 
reflect underlying metabolic or inflammatory disease rather 
than act as a direct causal factor. Correction of vitamin D 
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deficiency alone may be insufficient to reverse established 
cardiovascular pathology, especially in advanced disease.

4.2. Non-linear dose response relationship

A key finding of this review is the possible non-linear 
association between vitamin D status and cardiovascular 
outcomes. Low and excessively high levels of vitamin D have 
been linked to deleterious effects on the heart. Although 
vitamin D deficiency could lead to the dysregulation 
of vascular tone, inflammation, and neurohormonal 
activation, excessive supplementation may predispose 
individuals to hypercalcemia, vascular calcification, and 
valvular dysfunction.222 

This apparent dose-dependent relationship highlights 
the significance of maintaining physiological vitamin D 
levels rather than using high-dose supplementation in 
individuals without confirmed deficiency.201

4.3. Biological processes of cardiovascular effects

Biological mechanisms have been suggested in explaining 
the cardiovascular effects of vitamin D. Activation of 
the VDR has been established to regulate the renin–
angiotensin–aldosterone system and thus affect the blood 
pressure control and cardiac hypertrophy. Vitamin D is 
also involved in endothelial production of nitric oxide, 
regulation of inflammatory cytokine production, and 
regulation of oxidative stress.223 

On the other hand, excessive vitamin D may increase 
calcium and phosphate absorption, potentially promoting 
osteogenic transformation of vascular smooth muscle cells 
and calcification of arteries and valves. These contradictory 
processes offer a plausible biological explanation for the 
apparent non-linear relationship between exposure to 
vitamin D and cardiovascular risk.43

4.4. Comparative observational versus randomized 
controlled studies

The discrepancy between observational research and RCTs 
has continued to be the primary problem in vitamin D 
research interpretation. The empirical evidence frequently 
shows that vitamin D status is inversely related to 
cardiovascular events, taking into account observational 
data, but RCTs rarely demonstrate clinical benefit. These 
differences could be attributed to differences in baseline 
vitamin D levels, dosage of supplements, length of 
treatment, comorbidities in participants, and outcome 
measures.224 

In addition, numerous studies in which the effective 
baseline concentration of vitamin D is satisfactory 

have restricted the observation of the positive effect of 
supplementation. These differences in methods underline 
the necessity of future trials based on vitamin D-deficient 
groups with well-conceptualized cardiovascular 
outcomes.225 

4.5. Clinical implications	

Current evidence does not support universal vitamin D 
supplementation solely for CVD prevention. Nevertheless, 
the diagnosis and treatment of vitamin D deficiency have 
some relevance to the overall health and might have 
some indirect cardiovascular advantages, especially in 
high-risk groups. Baseline comorbidities and the risk of 
vitamin D toxicity should be considered when developing 
individualized supplementation strategies by clinical 
practitioners, depending on baseline vitamin D status, 
comorbidity, and the likelihood of toxicity.226 

Intermittent high-dose supplementation should not be 
administered without monitoring because of the potential 
risks of hypercalcemia and vascular calcification.

4.6. Limitations of the review

This systematic review has several limitations inherent to 
the synthesis of heterogeneous evidence. First, substantial 
methodological heterogeneity across the 127 included 
studies precluded quantitative meta-analysis. Considerable 
variability existed in vitamin D assessment methods 
(liquid chromatography–tandem mass spectrometry vs. 
immunoassays, seasonal timing of sampling), definitions 
of deficiency (<10 vs <20 ng/mL), supplementation 
regimens (400–100,000 IU; duration 3–60 months), 
and cardiovascular endpoints, limiting direct statistical 
comparability across studies.201 

Second, the predominance of observational designs 
(90 studies, 71%) introduces potential confounding bias. 
Although most studies adjusted for major covariates such 
as age, sex, body mass index, and comorbidities, residual 
confounding by unmeasured factors—including dietary 
calcium intake, physical activity, socioeconomic status, 
sunlight exposure, and genetic polymorphisms affecting 
vitamin D metabolism—cannot be excluded despite 
multivariable adjustment.192

Third, publication and language bias remain possible 
despite comprehensive database searching. Non-English 
studies were included only when English abstracts 
provided sufficient methodological detail, which may have 
led to the exclusion of relevant regional evidence.

Fourth, population representativeness is limited by 
the geographic clustering of included studies. Studies 
conducted in Middle Eastern (9%) and South Asian (22%) 
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populations were overrepresented, reflecting the high 
prevalence of vitamin D deficiency in these regions. This 
may restrict generalizability to populations with different 
genetic backgrounds, dietary patterns, healthcare systems, 
and sunlight exposure.159 

Fifth, the inclusion of cross-sectional studies (20 studies, 
16%) limits causal inference, as temporal relationships 
between vitamin D status and cardiovascular outcomes 
cannot be established. Associations observed in these 
studies require confirmation through prospective cohorts 
and RCTs.151 

Sixth, measurement variability in serum 25(OH)D 
assays across studies (coefficients of variation 8–15%) 
may have attenuated true associations. The lack of assay 
standardization against Liquid chromatography–tandem 
mass spectrometry reference methods in approximately 
67% of studies introduces random measurement error and 
potential misclassification.168 

Despite these limitations, the review demonstrates 
several methodological strengths, including rigorous 
PRISMA 2020 compliance, dual independent screening 
and data extraction with high inter-reviewer agreement 
(κ = 0.89), comprehensive quality assessment, and a 
large cumulative participant population across the 
included studies (n = 4,835,000). Collectively, the findings 
generate robust, testable hypotheses and highlight the 
need for adequately powered RCTs evaluating vitamin D 
supplementation across varying deficiency severities and 
specific CVD phenotypes.227,228

4.7. Future research directions

Future research should prioritize rigorously designed, 
multicenter RCTs with adequate sample sizes, particularly 
in populations with confirmed vitamin D deficiency. 
Such studies should use standardized dosing regimens 
and carefully evaluate dose–response relationships, 
supplementation duration, and baseline nutritional status. 
Long-term follow-up is necessary to evaluate the efficacy 
and safety of chronic vitamin D supplementation, especially 
in older adults and patients with chronic inflammatory or 
metabolic diseases229,230

Further studies are also recommended to determine 
optimal serum vitamin D levels by analyzing correlations 
between circulating levels of vitamin D in serum and 
clinically significant events such as immune function, bone 
health, cardiovascular risk, and metabolic control. Assays 
to measure serum vitamin D should also be harmonized in 
order to improve comparability across studies.231 

Further analyses of VDR signaling pathways, ligand–
receptor interactions, and downstream gene regulation 

are needed to clarify the molecular mechanisms 
underlying vitamin D effects. In-depth studies of genetic 
polymorphisms of VDR and vitamin D metabolizing 
enzymes, as well as epigenetic modifications and 
transcriptomic profiles, have the potential to explain 
inter-individual differences in responsiveness to 
supplementation. Also, the combination of phenotypic, 
environmental, and lifestyle factors, including diet, 
sunlight exposure, and comorbid conditions, will assist 
in identifying subgroups, which might benefit most from 
targeted or personalized vitamin D interventions.52,228

5. Conclusion 
The systematic review synthesizes current evidence 
on the complex relationship between vitamin D status 
and cardiovascular health across the spectrum from 
deficiency to toxicity. The results suggest that vitamin D 
deficiency has frequently been associated with adverse 
cardiovascular outcomes, including hypertension, 
endothelial dysfunction, atherosclerotic alterations, and 
increased cardiovascular risks. Conversely, excessive 
vitamin D intake may contribute to vascular and valvular 
calcification, supporting a possible non-linear association 
between vitamin D and cardiovascular risk.

Observational evidence suggests that maintaining 
sufficient vitamin D levels may be associated with better 
cardiovascular profiles, especially in deficient populations. 
However, large RCTs have generally not shown consistent 
cardiovascular benefits of routine supplementation in 
vitamin D-replete individuals. These inconsistencies 
highlight the significance of baseline vitamin D status, 
supplementation dosage, and population characteristics in 
determining cardiovascular outcomes.

Current evidence does not support routine vitamin D 
supplementation solely for CVD prevention in vitamin 
D-replete individuals. A more appropriate strategy may be 
targeted correction of confirmed deficiency, monitoring 
of serum vitamin D levels, and avoidance of excessive 
supplementation. Further well-designed studies in 
deficient and high-risk populations are needed to define 
optimal vitamin D thresholds, standardized cardiovascular 
outcomes, and long-term safety.
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