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Preface

Noncommunicable diseases are a significant burden on global health systems. According to the

World Health Organization, the top ten causes of death globally in 2019 were, in order, ischemic

heart disease (9 million deaths/year), stroke (6 million), chronic obstructive pulmonary disease (3

million), lower respiratory tract infections, neonatal conditions, trachea, bronchus, lung cancers,

Alzheimer’s disease and other dementias, diarrheal diseases, diabetes mellitus, and kidney diseases.

Noncommunicable diseases account for the majority of the deaths worldwide. However, many of

these are preventable if populations have access to and adopt healthy dietary patterns and lifestyle

choices. The aim of this Special Issue is to attract cutting-edge research regarding dietary patterns,

physical activity, and lifestyle in the onset, prevention, and management of noncommunicable

disease.

William B. Grant and Ronan Lordan

Editors
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Dietary Patterns, Physical Activity, and Lifestyle in the Onset,
Prevention, and Management of Noncommunicable Diseases

Ronan Lordan 1,* and William B. Grant 2
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Noncommunicable diseases (NCDs) are on the rise due to population growth and
aging, which will cause a significant burden on global health systems [1]. Noncommunica-
ble diseases account for most deaths worldwide. However, decades of research show that
dietary and lifestyle factors play a significant role in the onset and progression of many
noncommunicable diseases, including cardiovascular diseases (CVD) and cancers [2–5].
Furthermore, NCDs may be risk factors for communicable disease severity as is the case
for the Coronavirus disease 2019 (COVID-19) [6,7], or indeed NCDs can increase the risk of
developing other NCDs leading to individuals with many comorbidities. Therefore, there
is an increased awareness in the development of programs addressing maladaptive dietary
practices and lifestyles and increased research into how these factors may affect the onset,
prevention, and management of NCDs. On the other hand, regular exercise is known to be
beneficial for the prevention of NCDs and as an intervention for those who develop some
NCDs such as CVD, type II diabetes mellitus, or obesity.

The aim of this Special Issue was to collate state-of-the-art original research articles and
reviews addressing the role of dietary patterns, physical activity, and lifestyle in the onset,
prevention, and management of NCDs. Several articles in the Special Issue investigated
the role of dietary patterns in association with NCDs.

Hlaing-Hlaing et al. [8] investigated the association between the incidence of NCDs
with diet quality measured using the alternative healthy eating index 2010, in an Aus-
tralian longitudinal study of women’s health. Their repeated cross-sectional multivariate
logistic regression analysis over a 15-year period showed that baseline diet quality does
not demonstrate early evidence of a protective effect against a future occurrence of NCDs
or multimorbidity between the aged of 25–45 years. Further longitudinal and temporal
analyses with sensitive markers for NCD risk factors are required.

Wang et al. [9] conducted a prospective cohort study that investigated the association
between fruit intake and stroke with consideration for genetic disposition in a cohort of
almost 35,000 individuals from the project Prediction for Atherosclerotic Cardiovascular
Disease Risk in China (CHINA-PAR). This study reported that a greater amount of fruit
consumption was associated with a lower risk of stroke (28–32%), whereby individuals who
had a higher genetic risk of stroke may gain more benefits in terms of more stroke-free years
and absolute risk reduction. These findings add to the body of evidence demonstrating the
importance of following a healthy dietary pattern for the prevention of stroke [10].

A cross-sectional study of over 40,000 participants was conducted by Zhu, et al. [11],
who analyzed the association between obesity and dyslipidaemia using data from the
Shanghai suburban adult cohort and biobank study (SSACB). Their data shows that central
obesity and to some extent general obesity were associated with lower levels of high-
density lipoprotein cholesterol (HDL-C) and higher levels of triglycerides. Other factors
such as gender, age, diabetes, and hypertension were also associated with various forms

Nutrients 2023, 15, 2540. https://doi.org/10.3390/nu15112540 https://www.mdpi.com/journal/nutrients
1



Nutrients 2023, 15, 2540

of dislipidaemia. Indeed, these findings indicate the importance of further research into
effective interventions for obesity to reduce the risk of metabolic syndrome and potential
cardiovascular diseases due to the high prevalence of dyslipidaemia.

On the other hand, young adults are a population less explored in nutrition research.
Kurniawan et al. [12] conducted a study with 1-year follow-up to determine the effects of
urbanization on urban or rural individuals and their metabolic profiles. Baseline urban
(n = 106) and rural (n = 83) participants were young (16–25 years old) female Indonesian
adults, some of which were examined in a 1-year follow-up (n = 81 and n = 66 partic-
ipants, respectively). The urbanization of individuals who previously resided in rural
areas appeared to be associated with less favorable changes in adipokine profiles and
adiposity. These findings indicate that migrating from rural areas to urban areas may lead
to maladaptive changes in lifestyle that affect health.

Understanding the mechanisms of how various lifestyle factors affect the onset and
development of NCDs is important for developing prophylactics and therapeutics. Har-
ishkumar et al. [13] reviewed the specific nutrients that may impart antithrombotic and an-
tiatherosclerotic biological activity against proinflammatory signaling induced by platelet-
activating factor (PAF) via its receptor (PAF-R). They report the in vitro, ex vivo, and
nutritional evidence regarding the potential benefits of consuming various nutrients includ-
ing vitamins, trace metals, polar lipids, and other micronutrients, which are constituents
of healthy dietary patterns such as the Mediterranean diet. They focus on the potential
cardiovascular benefits that may be derived from targeting the PAF signaling cascade and
discuss the need for more research in the field, which has been echoed by others in the field
studying the role of dietary components in PAF-induced atherosclerotic diseases [14].

Liu et al. [15] examined representative data from the youth risk behavior surveillance
system (YRBSS) study database of over 73,000 adolescents in the United States. They
showed that the prevalence of suicidal ideation and planning was higher among adolescents
that did not meet optimum 24 h movement guidelines set forth by the YRBSS study or
soft drink consumption ≥ 3 times/day was associated with increased suicidal ideation,
planning, and attempts with/without medication. However, cautious interpretation is
required as a causal relationship cannot be inferred from a cross-sectional design and most
responses were self-reported introducing recall biases. However, the findings should give
pause to policy makers generally about the importance of a healthy lifestyle pattern to
prevent suicidal ideation, planning, and attempts [16,17].

Vitamin D research is also featured as a prominent element of this Special Issue.
Grant and Boucher [18] reviewed how the seasonal varations of atomospheric temperature,
humiduty, and solar radiation exposure affect seasonal variations of blood pressure, CVD
rates, and respiratory viral infections. This review points to the importance of safe sun
exposure in health and disease and the need for further public health research on the topic.

Two reviews in this Special Issue focused on the role of vitamin D-related risk fac-
tors for both maternal morbidity [19] and mortality [20]. Vitamin D deficiency has been
previously associated with adverse pregnancy outcomes [21]. The first article conducted
a systematic review of studies relating to vitamin D status during pregnancy and mater-
nal outcomes [19]. The second article examined both morbidity and mortality as part of
meta-analyses of the same topic. The authors show that vitamin D supplementation may
be important for reducing the risk of pregnancy complications such as gestational diabetes,
hypertension, preeclampsia, and others, and that low-circulating 25-hydroxyvitamin D
[25(OH)D] concentrations during pregnancy were a risk factor for these complications [20].
These articles highlight the importance of vitamin D in the health of the mother and fetus
during pregnancy.

The final two articles of the Special Issue address findings relating to the Coronavirus
disease 2019 (COVID-19) pandemic and vitamin D. Vitamin D has been postulated as
a potential prophylactic and therapeutic for COVID-19. Gupta, et al. [22] carried out
case–control studies within two institutions of the University of California San Diego
(UCSD) health system. They measured 25(OH)D concentrations in patients either prior
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to or post disease diagnosis within 180 days of diagnosis in January 2020. The authors
reported that serum 25(OH)D status was not associated with an increased risk of COVID-19,
but concentrations were reduced post infection. These findings provide further evidence
that serum 25(OH)D concentrations measured after COVID-19 should not be used to
determine the risk of COVID-19 with respect to 25(OH)D concentration but might be useful
in predicting prognosis afterwards.

Post acute sequalae of COVID-19 (PASC) or more commonly known as long COVID-19
has emerged as a burdening health risk of SARS-CoV-2 infection. Barrea, et al. [23] con-
ducted a review of the literature to determine if vitamin D levels play a role in long COVID.
They surmise that vitamin D may play a role in long COVID due to its immunomulatory
effects and its association with COVID-19 severity. A recent review by Moukayed [24]
supports the findings of Barrea et al. [23] and suggests that higher doses of vitamin D sup-
plementation may improve the health and survivorship of COVID-19 and long COVID-19
patients. However, further research is required to determine the role of vitamin D in long
COVID aetiology and pathology.

This Special Issue has captured the breadth of research being undertaken regarding
dietary patterns, physical activity, and lifestyle in the onset, prevention, and management
of noncommunicable diseases.
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Abstract: Coronavirus disease 2019 (COVID-19) has quickly become a global pandemic. Reports from
different parts of the world indicate that a significant proportion of people who have recovered from
COVID-19 are suffering from various health problems collectively referred to as “long COVID-19”.
Common symptoms include fatigue, shortness of breath, cough, joint pain, chest pain, muscle aches,
headaches, and so on. Vitamin D is an immunomodulatory hormone with proven efficacy against
various upper respiratory tract infections. Vitamin D can inhibit hyperinflammatory reactions and
accelerate the healing process in the affected areas, especially in lung tissue. Moreover, vitamin
D deficiency has been associated with the severity and mortality of COVID-19 cases, with a high
prevalence of hypovitaminosis D found in patients with COVID-19 and acute respiratory failure.
Thus, there are promising reasons to promote research into the effects of vitamin D supplementation
in COVID-19 patients. However, no studies to date have found that vitamin D affects post-COVID-19
symptoms or biomarkers. Based on this scenario, this review aims to provide an up-to-date overview
of the potential role of vitamin D in long COVID-19 and of the current literature on this topic.

Keywords: COVID-19; SARS-CoV-2; long COVID-19; vitamin D; inflammation

1. Introduction

Because of the recent advances in the pathophysiological mechanisms that occur with
the novel coronavirus disease 2019 (COVID-19), there is growing interest to profoundly
investigate the role of vitamin D and its deficiency to increase the susceptibility and
negative results of COVID-19. Vitamin D is a secosteroid produced by the skin mainly due
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to exposure to sunlight in the form of cholecalciferol, and diet provides about 20% of the
daily requirement of this vitamin [1].

Vitamin D deficiency has been defined as a serum concentration of 25-hydroxyvitamin
D (25OHD) < 20 ng/mL (50 nmol/L) [2]. It is noteworthy to emphasize that it has been
reported that its concentrations in women are lower than in men due to the proportion and
distribution of fat tissue [3].

Goërtz et al. assessed 2113 patients with confirmed or suspected COVID-19 diagnosis
and found that at least 87% of them continued with symptoms later than 60 days of the
first symptom (of which 32% reported one or two symptoms and 55% reported three or
more symptoms) [4]. The conditions (up to 60 days) following infection with COVID-19
are known as prolonged, long-lasting, post-acute, long-term, or chronic effects; among
them, the most common symptoms are fatigue, dyspnea, and insomnia [5]. Vitamin D
deficiency has also been related to all these symptoms [6]. Carpagnano et al. found a high
prevalence of vitamin D deficiency in COVID-19 patients with acute respiratory failure [7].
It is important to emphasize that vitamin D deficiency is related to many other diseases
and conditions that will increase the risk of developing a long-term COVID-19 [2,4,6,8]. In
this respect, Savanelli et al. reported that vitamin D deficiency is the greatest predictor of
the prevalence of dyslipidemia and hypertension in patients with coronary heart disease,
suggesting the presence of both factors in cardiovascular risk in this group of patients [8].
Furthermore, according to a recent review, this virus may provoke a new onset of type
2 diabetes mellitus with undetermined clinical and metabolic components, providing a
possible role for COVID-19 in developing type 2 diabetes mellitus [9].

For these reasons, vitamin D has been identified as one of the critical components for
treating COVID-19 infection [6,10,11]. However, there is more to explain of how vitamin D
works in prolonged COVID-19 patients. This review aims to provide a state of the art of
vitamin D’s role in long COVID-19 and the updated literature on this topic. The authors
will present the impact of vitamin D deficiency on COVID-19 patients and those with
long-lasting COVID-19.

2. Methods

In this review, data were summarized using a narrative approach, based on clin-
ical expertise in interpretation of available evidence in the peer-reviewed journal liter-
ature. Both https://pubmed.ncbi.nlm.nih.gov/ (accessed on 15 September 2021) and
https://scholar.google.com/ (accessed on 15 September 2021) were searched. Search terms
included COVID-19, long COVID-19, mechanisms, risk, SARS-CoV-2, symptoms, and
vitamin D. In addition, references regarding virus downregulation of vitamin D receptors
were found at https://vitamindwiki.com/ (accessed on 15 September 2021). All studies
evaluating vitamin D and long-COVID-19 were taken into consideration. However, the
review only included (i) manuscripts in English; (ii) original articles; and (iii) prospective or
retrospective observational (analytical or descriptive), experimental, or quasi-experimental
studies. Non-original studies, including editorials and letters to the editor, were excluded
except for one editorial that had a figure showing how vitamin D reduces risk of COVID-19.
No limitations on the date of publication were imposed.

3. COVID-19 and Vitamin D

The world is still experiencing the pandemic of COVID-19 and its impacts. This
pandemic has posed an immense threat to humans, and it is responsible for causing
considerable morbidity and mortality worldwide [12]. At the pandemic’s beginning,
people needed to quarantine and change their lifestyle habits, such as food ingestion or
exercise, and working from home became the new routine. All these modifications are
associated with less time spent outside and, as a result, less sun exposure and reduced
production of vitamin D [13].

Vitamin D deficiency is a known public worldwide health problem affecting over
a billion people [14], and its consequences cannot be underestimated. Solid evidence
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in these subjects proposes that vitamin D has several roles besides bone and calcium
metabolism [15]. Vitamin D deficiency has been related to a variety of diseases that involve
infectious diseases, preeclampsia, cancers, dental caries and periodontitis, autoimmune
disorders, cardiovascular disease (CVD), chronic inflammation, type 1 and 2 diabetes
mellitus, and neurological disorders that significantly increases the risk of death from
respiratory tract infections in otherwise healthy individuals [2,8,16–21]. Additionally, it
has been reported that vitamin D deficiency in particular patient groups, such as those in
intensive care units and kidney transplant recipients, had increased adverse outcomes and
mortality rates [22].

Although having diseases such as those mentioned above is often considered to indi-
cate increased risk of COVID-19, it is more likely that vitamin D deficiency accompanying
the disease is the important factor, not the disease itself. An article on risk factors for
COVID-19 on in-hospital mortality rates involving 66,646 inpatients in the U.S. included
analyses with respect to comorbid diseases [23]. Interestingly, rates for patients with di-
abetes and hypertension were much higher for those with complicated disease than not,
25.2% vs. 16.5% for complicated diabetes and 28.9 vs. 14.8% for complicated hypertension.
The differences for non-complicated diabetes and hypertension were not significant.

In clinical studies, low 25OHD concentrations were associated with acute respiratory
tract infections, including influenza, and increased risk of community-acquired pneumo-
nia [12]. Some retrospective studies have shown the association of 25OHD concentrations
with the severity and mortality of COVID-19 cases [24].

Vitamin D has many mechanisms by which it can lower the risk of microbial infection
and death. These mechanisms can be grouped into the physical barrier, natural cellular
immunity, and adaptive immunity [25,26]. It is well-established that vitamin D defends the
respiratory tract by maintaining strong junctions, exterminating covered viruses by cathe-
licidin and defensins, and lessening the generation of proinflammatory cytokines by the
innate immune system that can reduce viral replication rates and diminish concentrations
of proinflammatory cytokines. Therefore, vitamin D lowers the risk of a cytokine storm that
can lead to pneumonia [10]. The vitamin D immunomodulation role can improve innate
immunity through the secretion of antiviral peptides, which enhance mucosal resistance,
influencing both tumor necrosis factor (TNF)-α and interferon-γ [12].

As mentioned before, vitamin D enhances innate cellular immunity by the induction
of antimicrobial peptides, such as cathelicidin and defensins. Cathelicidins exhibit a direct
antimicrobial activity against Gram-positive and Gram-negative bacteria, viruses, and fungi.
The induction of cathelicidin and defensins can obstruct viral entrance into cells and repress
viral replication [27]. The innate immune system generates both proinflammatory and anti-
inflammatory cytokines in response to viral and bacterial infections, as observed in COVID-19
patients [28]. Vitamin D can also help reduce the production of proinflammatory Th1 cy-
tokines, such as TNF-α and interferon-γ. Additionally, it decreases proinflammatory cytokines
production and stimulates macrophages to generate anti-inflammatory cytokines [26].

Vitamin D stimulates autophagy by intensifying the expression of the light chain
3-autophagy marker. It is essential to mention that these actions are closely linked to
apoptosis, which may aid viral replication. Therefore, vitamin D may be directly related
to an adequate balance between autophagy and apoptosis to maximize these antiviral
responses to infection [27].

It seems that severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) primarily
uses the immune process during infection. It is accompanied by the release of many
proinflammatory cytokines such as TNF-α, interleukin (IL)-6, and IL-1β, which are related
to vascular hyperpermeability, lung injury, multiorgan failure, and COVID-19 severity,
followed by hyper-reaction and cytokine storm in some patients, which can develop into a
pathogenic process of acute respiratory disease syndrome [12]. The cytokine storm can lead
to unusual activation of the adaptive immune pathway resulting from the alteration and
disruption of the innate immune system, with proinflammatory cytokines and chemokines
overflow. So, the improvement of immunity through better nutrition can be a substantial
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and vital factor to consider, and vitamin D shows a significant role in immune function [12]
(Figure 1).

Figure 1. Mechanisms by which vitamin D could decrease the risk of cytokine storm. Red upward
arrow indicates an increase while the green downward arrow indicates a decrease. Abbreviations:
IL-6 = Interleukin-6; IL-1β = Interleukin-1β; TNFα = tumor necrosis factor α; INFγ = interferon γ;
IL-10 = Interleukin-10.

COVID-19 has also been associated with cardiovascular sequelae. Myocardial injury
has been reported, along with the elevation of cardiac biomarkers and electrocardiographic
or echocardiographic changes, cardiomyopathy, arrhythmias, thrombotic complications,
and cardiogenic shock [29] (Figure 2). Activation of the vitamin D receptor also modulates
myocardial contractility, likely by regulating calcium flux and low 25OHD concentrations,
indicating an increased risk of overall CVD and cardiovascular mortality [30].

Figure 2. Potential long-term health consequences COVID-19. Some of the potential long-term
manifestations are matched exercise capacity and carbon monoxide diffusing capacity, cardiovascular
disorders, hematological manifestations and thrombotic complications, central nervous system, and
psychosocial manifestations, as well as renal problems.
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The large number of COVID-19 cases from the last winter is related to regular reports
of the lowest 25OHD concentrations, whereas the number of cases diminished at the end
of summer. These findings demonstrated that vitamin D’s protective role in decreasing the
risk of acquiring COVID-19 is associated with a seasonal condition. In addition, ultraviolet-
A radiation induces the release of cutaneous photolabile nitric oxide (NO), which inhibits
the replication of SARS-CoV2. Furthermore, NO impacts metabolic syndrome and CVD,
both COVID-19 risk factors. Cherrie et al. demonstrated the relationship between ambient
ultraviolet-A radiation and COVID-19 deaths (n = 62,219) across the USA. The authors con-
cluded that lower COVID-19-specific mortality is associated with higher ambient ultraviolet-A
radiation exposure [31]. In addition, case-fatality incidences grow with age and chronic
conditions, both of which have been related to vitamin D deficiency [26,32].

The interplay between SARS-CoV-2 and angiotensin-converting enzyme angiotensin-
converting enzyme 2 (ACE2) [33] is crucial for expressing diverse clinical and metabolic
characteristics. ACE2 is the host receptor to access alveolar and intestinal epithelial cells [9].
It is known that vitamin D deficiency promotes the renin-angiotensin system, leading to
chronic CVD and impaired lung function [12]. The expression of the ACE2 in different
tissues is proportional to various symptoms of COVID-19, such as respiratory symptom
issues, acute cardiac and kidney injuries, gastrointestinal and liver function abnormalities,
and beta-cell damage [9].

It has been suggested that vitamin D deficiency and lack of vitamin D receptor (VDR)
activation can aggravate this respiratory syndrome associated with SARS-CoV-2, as it trig-
gers a wounding response in lung stellate cells [34]. It is essential to point out that multiple
studies identify vitamin D as capable of repairing epithelial layers and damaged organs,
and the use of this vitamin in various pathologies that induce inflammation [35], such as
fibrosis, appears to show that vitamin D has antifibrotic properties [36–38]. At the same
time, a 2021 review analyzed previous animal studies where it was demonstrated that vita-
min D deficiency deepened the activation of the renin−angiotensin system and increased
the TGF-β/SMAD signaling pathway, thus causing bleomycin-induced lung fibrosis. The
same review associated vitamin D deficiency with an increased risk of pulmonary viral
infection, since it may enrich type I interferon responses, critical actors of antiviral immu-
nity [39]. Likewise, a remarkable link has been seen between the signaling of vitamin D,
the VDR, and tissue barriers. These interactions are essential in the pathogenesis of various
diseases such as cancer, atopic dermatitis, and inflammatory bowel diseases [40]. It is worth
highlighting the importance of this vitamin in triggering the transforming growth factor
(TGF)-β-signaling pathway, essential for the proper healing of skin wounds [41]. In this
respect, similar results were obtained when analyzing the effects of VDR deactivation on
wound healing in mouse corneas, showing that, if VDR is inactive, this affects the healing
of the corneal epithelium [42].

In many studies, the immunomodulatory characteristics of vitamin D have been re-
ported, as well as its significant role in the maintenance of the immune system correct
homeostasis; well-designed randomized controlled trials are required to discover this
fascinating and plausible role of vitamin D in protective immune responses against res-
piratory microbes and in preventing various types of acute respiratory tract infections
including SARS-CoV-2 [12]. Despite the controversy on the effect of vitamin D status on
COVID-19 infection, the authors believe that vitamin D deficiency is a modifiable risk factor
of acute respiratory tract infections, so it has to be considered an inexpensive, safe, and
readily-available supplement for these patients [43].

Many mechanisms have been proposed to explain how vitamin D reduces the risk of
COVID-19 [27,44]. Table 1 presents a list of mechanisms proposed to explain how vitamin
D can reduce the risk of COVID-19. Figures showing how the vitamin D mechanisms
reduce the risk of COVID-19 can be found in several publications, e.g., [27,44–46].
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Table 1. Proposed mechanisms whereby vitamin D reduces risk of COVID-19 (note, order of mecha-
nisms should be carefully considered, perhaps placing more important ones near the beginning).

Effect Mechanism Reference

Inactivates viruses Induction of cathelicidin [47]

Reduces risk of cytokine storm
Reduces concentration of proinflammatory

cytokines and increases concentration of
anti-inflammatory cytokines

[24]

Reduces risk of cytokine storm Induces T regulatory cell production [27]

Reduces risk of pneumonia Reduces risk of endothelial dysfunction [48]

Increases the metabolic tolerance of the host to
damage inflicted by the pathogen infection Reduces matrix metalloproteinase-9 concentrations [49]

Reduces free SARS-CoV-2 concentrations Increases soluble ACE2 concentrations that can
bind to SARS-CoV-2 [50]

Anti-viral effects Balanced differentiation of effector CD8 and CD4 T
cells [51]

Reduces risk of myocarditis Reduces concentration of catecholamines [52]

Reduces risk of myocarditis Inhibits RAS [53]

Reduces risk of vascular dilation and permeability and
hypotensin Inhibits RAS-mediated bradykinin storm [46]

Protects against the effects of histamines such as acute
immune-mediated reactions [54], lung dysregulation
[55], increase in Th2 and decrease in Th1 cytokines

[56], and thus susceptibility to respiratory tract
infections [57]

Preserves stability of mast cells, which can release
histamine when activated. [58]

Promotes adaptive immunity Regulations of T cell proliferation [27]

Neuroprotection Reduces inflammation and oxidative stress [59]

Protection against exacerbation by other viruses Reduces risk of Epstein–Barr virus infection [60]

Abbreviations: SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2; ACE2 = angiotensin-converting
enzyme 2; RAS = renin angiotensin system.

A recent meta-analysis with 23 studies (n = 2692) that evaluated the effect of vitamin
D concentrations in COVID-19 patients reported that its deficiency appears to be related to
an increased severity and mortality, but those studies did not indicate causality [61]. These
determinations highlight the need for more randomized controlled trials to reach more
solid conclusions.

On the other hand, an observational study based on 4.6 million community inhabitants
supplemented with prescription cholecalciferol or calcifediol prescriptions in Barcelona who
achieved 25OHD concentrations >30 ng/mL had about half the risk of SARS-CoV-2 infection,
severe COVID-19, or COVID-19 mortality than those not treated [62]. An observational
study of 4599 veterans enrolled in U.S. Veterans Affairs health care facilities who had a blood
25OHD test between 20 February and 8 November 2020 had a fully adjusted relative risk of
0.83 (95% CI, 0.72–0.96) for hospitalization for COVID-19 at higher 25OHD concentrations
and fully adjusted relative risk of 0.65 (95% CI, 0.50–0.84) for mortality [63].

It is important to highlight that a clinical trial using high-dose cholecalciferol with
95 hospitalized COVID-19 patients in Turkey found a reduction by a factor of 2.14 (95% CI,
1.06–4.33) for mortality rate [64]. A pilot clinical trial in 76 Spanish patients hospitalized for
COVID-19 found significantly lower admission to the Intensive Care Unit or mortality for
COVID-19 patients treated with high-dose calcifediol shortly after entering the hospital [65].
Subsequent observational studies in Spain found similar results [66]. Thus, there is mounting
evidence that higher 25OHD concentrations are associated with reduced risk of COVID-19.
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Observational studies can be used to investigate the role of 25OHD concentrations
in reducing the risk of SARS-CoV-2 infection and severity of COVID-19. Since having an
acute inflammatory illness can lower 25OHD concentrations [67], measurement of 25OHD
at the time of COVID-19 diagnosis is not as useful as measurement a few weeks to a
few months prior to the disease. However, a recent study from Iran reported that, for
248 COVID-19 patients, 25OHD measured one year before COVID-19 gave similar odds
ratios for incidence and death to 25OHD measured at time of admission for COVID-19 [68].

A study from Barcelona reviewed data on prescription supplementation with either
cholecalciferol or calcifediol, achieved 25OHD concentrations, and risk of SARS-CoV-2
infection, severe COVID-19, or COVID-19 mortality in comparison with unsupplemented
patients with 25OHD concentration <20 ng/mL [62]. Propensity score matching was
used to generate appropriate unsupplemented patients. Patients taking cholecalciferol
and achieving >30 ng/mL had a significantly lower risk of SARS-CoV-2 infection, severe
COVID-19, and COVID-19 mortality. A subsequent article from Andalusia found that
the risk of COVID-19 hospitalization was more strongly reduced for cholecalciferol or
calcifediol prescriptions 15 days prior to hospitalization than 30 days prior [69].

Another recent article reported findings, from an observational study with U.S. vet-
erans, about the association of vitamin D status and COVID-19-related hospitalization
and mortality [63]. The 4599 participants were veterans treated by the U.S. Department
of Veteran Affairs health care facilities who tested positive for SARS-CoV-2 and had a
vitamin D blood test between 20 February and 8 November 2020, followed for up to
60 days. Vitamin D blood tests were used if obtained between 15 and 90 days prior to
testing positive for SARS-CoV-2. Values for many factors were also measured and were
used to determine whether they were independent predictors of hospitalization requiring
treatment for COVID-19. These factors were included in the models for both hospitalization
and mortality concerning 25OHD concentrations. Notably, in going from 15 to 60 ng/mL,
hospitalization rates declined from 24.1 to 18.7% (p = 0.009), and mortality rates decreased
from 10.4 to 5.7% (p = 0.001). This observational study appears to be very strong evidence
for causality between 25OHD concentrations and severity of COVID-19.

4. Long COVID-19 and Vitamin D

The pandemic’s beginning with COVID-19 was characterized by a great concern
to contain the contagion of the disease. Almost two years after the health emergency
was declared, the focus is the health of those who have survived the disease [70]. As of
18 February 2022, over 409 million confirmed cases and over 5.8 million deaths had been
reported globally [71].

These data highlight the large number of people who had COVID-19 and have recov-
ered; in some of them, the consequences will persist in the long term. It is estimated that
one-third of patients have persisting symptoms for six months after contracting the infec-
tion [72]. Thus, there is an increased need to provide healthcare for long-term symptoms.

The risk factors for long COVID-19 differ somewhat from those for COVID-19 [73].
One study reported that having hypertension, obesity, a psychiatric condition, or an
immunosuppressive condition was associated with increased risk of long COVID-19 [74].
On the other hand, long COVID-19 is more likely in women and the age group most affected
is somewhat lower. One reason for middle age being a more important risk factor for long
COVID-19 is that the risk of mortality increases rapidly with increasing age. A review of
COVID-19 mortality rates for 66,646 inpatients in the U.S. admitted from April to June 2020
found increasing mortality rates with increasing age: 40–49 years, 5.8%; 50–59 years, 10.6%;
60–69 years, 18.0%; 70–79 years, 26.5%; and 80+ years, 34.4% [23]. For both COVID-19
mortality and long COVID-19, admission to an intensive care unit is a very important risk
factor. Thus, the difference in age profile between mortality and long COVID-19 is that
older COVID-19 patients are more likely to die. The reason for more women having long
COVID-19 is also likely due to men having a higher mortality rate from COVID-19.
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A study involving 4182 COVID-19 cases from Sweden, the UK, and the USA investi-
gated the risk factors for long COVID-19 [75] A total of 558 participants reported symptoms
lasting longer than 4 weeks, 189 > 8 weeks, and 95 > 12 weeks. Factors significantly asso-
ciated with long COVID-19 were age (52 (43–59) years), asthma, heart disease, visit to a
hospital, and number of symptoms.

A review of risk factors for long COVID-19 stated that several biomarkers were
elevated including D-dimer, interleukin-6 (IL-6), C-reactive protein, procalcitonin, and
neutrophils count [76]. A study conducted in western Mexico involving 22 vitamin D sup-
plemented COVID-19 outpatients (mean 25OHD = 22.4 ng/mL) and 20 non-supplemented
patients (mean 25OHD = 23.4 ng/mL) found that, although ferritin concentrations were
significantly lower in supplemented patients, d-dimer concentrations were not significantly
different [33]. A study in India also reported no significant effect on d-dimer concentrations
with vitamin D supplementation of 69 COVID-19 patients [77]. Additionally, a high-dose
vitamin D supplementation study conducted in Turkey involving 95 hospitalized COVID-
19 patients found that increasing mean 25OHD concentration from 23 to 35 ng/mL had
no significant effect on ferritin, d-dimer concentrations, but was associated with reduced
fibrinogen concentrations [64]. As shown in Table 2, no mechanisms have been shown to
reduce concentrations of biomarkers associated with long COVID-19.

Table 2. Evidence that vitamin D reduces concentrations of biomarkers associated with long COVID.

Biomarker Approach Finding Reference

D-dimer, a
coagulation
biomarker

High-dose vitamin D supplementation on
COVID-19 patients No effect [78]

Procalcitonin Supplementation with 5000 IU/d vs. 1000
IU/d for 36 and 33 COVID-19 patients No effect [77]

Neutrophils count Supplementation with 5000 IU/d vs. 1000
IU/d for 36 and 33 COVID-19 patients

Significant
increase [77]

Abbreviations: COVID-19 = coronavirus disease 2019; IU = international unit.

Epstein–Barr virus (EBV) reactivation appears to be a risk factor for severe COVID-19
and also appears to be associated with long COVID-19. A study in the UK involving
128 COVID-19 patients, 17 had EBV reactivation and more severe COVID-19 and adverse
outcomes [79]. A study in Turkey found long COVID-19 in 56 of 185 COVID-19 patients
and that 20 of 30 long COVID-19 patients were positive for EBV reactivation vs. 2 of
20 controls [80]. Vitamin D supplementation of 20,000 IU/week over 96 weeks was found
to significantly reduce humoral immune responses to the latent EBV antigen EBNA1 in
relapsing-remitting multiple sclerosis [81].

One of the reasons why vitamin D supplementation may be ineffective in treating long
COVID-19 is that the SARS-CoV-2 virus can downregulate vitamin D receptors. This has
been observed for cytomegalovirus infection [82,83], hepatitis B virus [84], and hepatitis C
virus [85]. EBV has been found to block activation of gene expression through is EBNA-3-
ptotein [86]. If downregulation is not complete, it might be that very high vitamin D doses
would be able to have some effect, but not in the cells with VDRs downregulated.

Although many of the multi-organ manifestations of COVID-19 are known, the possi-
ble long-term implications remain unknown [87,88]. Given the recentness of the COVID-19
pandemic, it is not possible to estimate, by itself, the long-term effects. However, there
are similar coronavirus events that have happened previously, such as SARS-CoV-1 and
Middle East respiratory syndrome coronavirus [89]. Although the current COVID-19 has
lower mortality rates than those mentioned above [90], the reports describe similarities,
allowing us to know the possible long-term implications and thus take actions to minimize
complications [89]. Some of the long-term manifestations of these other pandemics were:
matched exercise capacity and carbon monoxide diffusing capacity, cardiovascular compli-
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cations, hematological manifestations, thrombotic complications, central nervous system
manifestations, and renal and gastrointestinal complications [89].

Wang et al. stated that COVID-19 could leave long-lasting consequences in at least
three critical areas: pulmonary, neuronal, and neurodegenerative diseases such as Parkin-
son’s disease, Alzheimer’s disease, and multiple sclerosis [91].

A recent study based on survivors of COVID-19 found that 78 patients out of 100
who had recovered had abnormal cardiovascular findings on magnetic resonance imaging;
also, 36 of them suffered dyspnea and unusual fatigue [92]. It should be noted that these
consequences were not only observed in those patients who had a severe illness but also in
those with mild and moderate presentations [43,93]. Many questions remain unanswered,
but the variation in viral load and differential immune response can explain why some
have long COVID-19 and others do not [94]. Ahearn-Ford et al. presented data that
proposed that inflammatory cytokine pathways altered during infection could continue
during convalescence [95].

A recent review stated that the effects on the central nervous system after an acute
phase of COVID-19 could be perpetuated over time as a neuro-COVID-19. They reported
12 neurological deficits in long COVID-19, such as mental fog, tremors, confusion, and
stiff limbs [96]. For their part, Logue et al. investigated the symptoms that persisted after
COVID-19 infection in a longitudinal prospective cohort study with 234 patients. The
results show that the most persistent manifestations were fatigue (13.6%) and loss of the
sense of smell or taste (13.6%) [72].

The importance of vitamin D in long COVID-19 has recently been published [97]. This
pro-hormone, fat-soluble is obtained to a greater extent through sun exposure, but there
is also a lower contribution from diet [98]. Diet is an essential determinant of 25OHD
concentrations. In particular, Crowe reported that 25OHD concentrations were higher in
meat and fish eaters than in vegetarians and vegans, who exclude specific food sources
of vitamin D from their diet [1]. More recently, a positive association has been reported
between 25OHD concentrations and adherence to the Mediterranean diet, a nutritional
pattern effective in preventing and treating obesity-related diseases due to the synergistic
action of many nutrients with anti-inflammatory and antioxidant properties [99]. The
best-known function of this vitamin is related to the normal mineralization of the bones
since it contributes to the absorption of calcium in the intestine and the maintenance of
adequate levels of calcium and phosphate in serum, having a fundamental role in the
prevention of rickets in children and osteomalacia and osteoporosis in adults [100].

The possibility of vitamin D acting as an immunomodulator has generated great inter-
est recently [101]. However, it has many other functions, including the modulation of cell
growth, neuromuscular function, immune function, and a reduction in inflammation [100].
It is important to note that 25OHD concentrations can be decreased in the presence of
acute inflammation.

Likewise, more studies are needed to understand better the health impact of the
prolonged period of COVID-19 in these patients. Before the pandemic, it was already
known that low 25OHD concentrations were associated with fatigue and muscle weak-
ness in the general population. Townsend et al. investigated the relationship between
25OHD concentrations and fatigue and reduced exercise tolerance in 149 patients 79 days
after COVID-19 [97]. They evaluated the participants using the Chalder Fatigue score,
six-minute walk test, and the modified Borg scale. By applying multivariable linear and
logistic regression models, they concluded that there was a correlation between vitamin
D and persistent vitamin D fatigue and reduced exercise tolerance in this population of
COVID-19 patients. It is important to note that this work only evaluated two of the am-
ple diversity of long COVID-19 symptoms [97]. However, fatigue is the most common
symptom of long COVID-19 and is seen in other viral infections [102].

Pizzini et al. studied, in a prospective, multicenter study on long-term sequelae after
suffering COVID-19 in 109 patients, the associations of 25OHD concentrations with the
presentation of COVID-19 [103]. It was observed that a high proportion of patients pre-
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sented alteration of vitamin D metabolism eight weeks after diagnosis. Patients with severe
COVID-19, most likely due to prolonged hospitalization, showed a disturbing parathyroid-
vitamin-D axis within their recovery phase. However, low 25OHD concentrations were
not related to the burden of persistent symptoms, concluding that although vitamin D
deficiency is common among COVID-19 patients, it was not associated with long-term
disease outcomes [103]. Due to the novelty of the disease and the different reported results,
it is essential to continue with more studies to evaluate the possible effect of vitamin D in
the long post-COVID-19 period.

Overall, the COVID-19 pathology is still characterized by cytokine storm, resulting
in endothelial inflammation, microvascular thrombosis, and multiple organ failure [104].
Hyperinflammation is a critical component of severe COVID-19, which is associated with
poor outcomes underneath the cytokine storm umbrella term [105]. Thus, an important way
to minimize or avoid long COVID-19 is to raise 25OHD concentrations before SARS-CoV-2
infection or COVID-19.

Another way to reduce the risk of long COVID-19 is to aggressively treat SARS-CoV-2
infection and COVID-19 as soon as possible after symptoms are manifest. In one study,
raising serum 25OHD concentrations to a mean value near 35 ng/mL in a few days to two
weeks for hospitalized COVID-19 patients significantly reduced mortality rates but did not
seem to affect symptoms [64]. On the other hand, treating hospitalized COVID-19 patients
with high-dose calcifediol has been found to significantly reduce admission to the Intensive
Care Unit and death rates [65].

It should be noted that most of the research results are based on COVID-19 variants
that are no longer dominant such as the Delta variant. The Omicron variant is associated
with 30–45% lower attendance for emergency care and 50–70% lower hospital admission
rate in the UK than the Delta variant was [106]. A preliminary report from South Africa
also indicates that Omicron COVID-19 is much less severe than Delta COVID-19 [107].
Oxygen therapy use was 75% lower, mechanical ventilation use was nearly 90% lower,
admission to intensive care units was about 40% lower, length of stay was 70% lower,
and death rates were 90% lower. Although the mean age of Omicron COVID-19 patients
(36 years vs. 59 years for Delta COVID-19 patients) explains some of the differences, it im-
plies that those who survived Omicron COVID-19 are much less likely to experience serious
long COVID-19. However, it is too soon to determine whether this will be the case.

5. Conclusions

The number of COVID-19 diagnosed cases and recovered patients continues to rise
with each new SARS-CoV-2 variant, although slowing in summer and fall due to various
effects of sunlight. The latter is a particular group that demands special healthcare services
since a third of those patients will have persisting symptoms six months or more after re-
covering from the disease. They will be affected by long-term sequelae causing pulmonary,
neuronal, and neurodegenerative diseases.

The functions of vitamin D in bone and calcium metabolism are well-known; however,
this pandemic has reinforced the known immunomodulatory effects of this vitamin. Its
deficiency has been linked to infectious diseases, some types of cancers, CVD, and chronic
inflammation, among others. Additionally, it is related to the severity and mortality
of COVID-19 cases, finding a high prevalence of vitamin D deficiency in patients with
COVID-19 with acute respiratory failure.

Although more evidence is needed on the effect of vitamin D in COVID-19 (acute and
long-term phases), the fundamental role of this vitamin on immune function is evident. So,
it appears to be an inexpensive and safe supplement to add as part of COVID-19 treatment.

Given the recent nature of the pandemic and the few studies on prolonged COVID-19
and vitamin D, well-randomized controlled trials are necessary to better understand the
role of vitamin D in the protective immune response against prolonged COVID-19.
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Abstract: Background: Evidence is lacking for the association of the behaviors of the 24 h movement
guidelines including sleep duration, physical activity, screen time, and soft drink consumption
with suicidality among adolescents. Methods: Data were extracted from a national representative
sample of Youth Risk Behavior Surveys (YRBS) in the United States from 2011 to 2019. Binary
logistic regression models with complex sampling designs were used to explore the association of
the recommendations of the 24 h movement guidelines and soft drink consumption with suicidality.
Results: The total prevalence of suicidal ideation, suicide plan, suicide attempt, and suicide attempt
with medical treatment was higher among adolescents who did not meet all the recommendations
in the 24 h movement guidelines and had a higher level of soft drink consumption. Totally, not
meeting all the recommendations of the 24 h movement guidelines was significantly associated with
an increased risk of suicidal ideation (OR: 1.69, 95% CI: 1.30–2.19) and suicide plan (OR: 1.76, 95% CI:
1.34–2.33) compared with adolescents who meet all the recommendations. Soft drink consumption
of ≥3 times/day was associated with an increased risk of suicidality including suicidal ideation,
suicide plan, suicide attempt, and suicide attempt with medical treatment, regardless of sex. Soft
drink consumption of ≥3 times/day was significantly associated with an increased risk of suicide
attempt and suicide attempt with medical treatment, regardless of whether the recommendations
of physical activity, screen time, and sleep duration were met. Conclusion: Age-appropriate sleep
duration, no more than 2 h of screen time per day, at least 1 h of physical activity per day as contained
in the 24 h movement guidelines and less than one soft drink consumption per day are good targets
to prevent involvement in suicidality. More actions for intervening in the movement and dietary
behaviors among adolescents are needed to maintain physical and mental health.

Keywords: 24 h movement guidelines; soft drink; suicidality; adolescent

1. Introduction

Suicide among adolescents brings a great burden of diseases worldwide and psy-
chological pressure to the family [1,2]. Previous reports had identified the imperative of
suicide, which is the fourth leading cause of death among 15–29 years old worldwide and
the second leading cause of death among 10–34 years old in the United States (U.S.) [1,3,4].
Plenty of studies have materially identified recognized risk factors of suicide among adoles-
cents such as depression [5], acute stressful events, chronic adversity in early life, familial,
and genetic factors, and so on [2,5,6]. However, a perspective on lifestyle including dietary
behaviors and physical activity should also be paid enough attention in adolescents, which
are the important factors for physical and mental health [7–10].
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In 2018, the World Health Organization (WHO) released some initiatives and guide-
lines about physical activity and set a goal to reduce physical inactivity by 15% by
2030 [11,12]. The guideline from the WHO recommends children and adolescents should
do at least an average of 60 min per day of moderate to vigorous intensity, mostly aerobic,
physical activity, and limit the amount of time spent being sedentary, particularly the
amount of recreational screen time but without a precise threshold [12–14]. The Canadian
24 h movement guidelines for children and adolescents, which were released in 2016, are
an integrative goal of physical activity, screen time, and sleep duration [15]. The detailed
content of the 24 h movement guidelines was that an accumulation of at least 60 min per
day of moderate to vigorous physical activity, uninterrupted 9–11 h of sleep per night for
those aged 5–13 years and 8–10 h per night for those aged 14–17 years, and no more than
2 h per day of recreational screen time [15]. These guidelines adhere to the criteria of the
WHO, specifically the threshold of sedentary behaviors, and add the recommendations of
sleep duration, which agrees with the recommendations from the National Sleep Founda-
tion [16] in children and adolescents. The integrative index could better reflect the effect of
movement among children and adolescents compared with a single indicator and give us
more evidence for protecting children and adolescents from adverse outcomes.

The prevalence of meeting all the recommendations of the 24 h movement guidelines
reported in the previous studies is between 1.0% and 9.4% among children and adoles-
cents [9,17–22]. What is more, the males and younger adolescents were reported to have
a higher prevalence of meeting all the recommendations contained in the guidelines ac-
cording to previous studies [9,18,20,23]. Previous studies have reported that meeting all
the recommendations of the 24 h movement guidelines are associated with obesity or
being overweight [20], global cognition [22], and mental health such as internalizing and
externalizing behaviors [10], impulsivity [21], psychological distress [24], depressive symp-
toms [25,26], and anxiety [25]. Moreover, only one study, performed by Sampasa-Kanyinga
et al. using the data from the Ontario Student Drug Use and Health Survey [9], reported the
association of the 24 h movement guidelines and suicidality including suicide ideation, and
suicide attempt by sex and age among children and adolescents. However, this study did
not report the overall association of meeting the recommendations of the 24 h movement
guidelines with suicidal ideation and suicide attempt, and lack of the association of the
recommendations of the 24 h movement guidelines and suicide plan or suicide attempt
with medical treatment, which are an important index of suicidality.

Soft drinks, especially the consumption of sweetened beverages, were found to be
highly correlated to loneliness [27], sedentary behaviors [28], physical status such as
unhealthy weight status [29,30] and early menarche [31], aggressive behaviors [32–34]
and mental health [35–39], which are reported to be associated with suicidality among
adolescents. Although previous studies also reported that soft drinks and sweetened
drinks are directly associated with an increased risk of suicidality [32,40–42], most of the
recent studies are from non-US and low- and middle-income countries [40–42]. Moreover,
Solnick et al. used the national data of the Youth Risk Behavior Survey (YRBS) of the
U.S. in 2009 to explore the associations among soft drinks, aggression, and suicidality [32].
However, this study did not examine the dose–response association and the evidence for
the association in the recent 10 years is limited to the U.S.

More attention should be paid to the interactive association of movement and dietary
behaviors with suicidality and mental health. A previous study used the data of YRBS in
2019 to explore the association of sleep duration, screen time, physical activity, and dietary
behaviors (not including soft drinks) with suicidality [43]. Another study also using the
data of YRBS in 2019 and latent class analysis tried to build a new variable of lifestyle
including all the variables of the 24 h movement guidelines and dietary behaviors and
explore their association with suicidality [44]. However, there are no studies to explore the
association between soft drinks and suicidality by different recommendations of the 24 h
movement guidelines, namely sleep duration, screen time, physical activity, and integrative
index. In addition, the interactive association of not meeting the recommendations of the
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24 h movement guidelines and more consumption of soft drinks with suicidality is also
rarely reported.

This study used the data from YRBS of the U.S. from 2011 to 2019 and aimed to
(1) document the weighted prevalence of suicidality including suicidal ideation, suicide
plan, suicide attempt, and suicide attempt with medical treatment in total and by the level
of soft drink consumption or different recommendations of the 24 h movement guidelines;
(2) document the prevalence of meeting all, two, or one of the recommendations of the
24 h movement guidelines; (3) explore the weighted association of the 24 h movement
guidelines and soft drink consumption with suicidality; (4) report the association of soft
drink consumption and suicidality by different recommendations of the 24 h movement
guidelines among adolescents of the U.S.

2. Methods

2.1. Design and Participants

The Youth Risk Behavior Surveillance System (YRBSS), developed in 1990 by the
Centers for Disease Control and Prevention (CDC) in the U.S., aimed to monitor health-risk
behaviors during childhood and early adolescence. YRBS, which was conducted every two
years with different participants, was a national school-based survey of representative sam-
ples of 9th through to 12th-grade students. Employing a three-stage cluster sample design,
YRBS included public and private schools in the 50 states and the District of Columbia. The
first-stage sampling frame, namely, primary sampling units (PSUs), consisted of large-sized
counties or groups of smaller, adjacent counties. In the second stage of sampling, selected
schools from PSUs and one or two entire classes in each chosen school and in each of
the grades 9–12 were randomly selected in the final stage of sampling. A weight based
on sex, race/ethnicity, and school grade is applied to each record to adjust for student
nonresponse and oversampling of Black and Hispanic students. The protocol of national
YRBS was approved by the institutional review board of CDC and is publicly available.
A self-administered computer-scannable questionnaire with anonymity was used with
the voluntary procedure and parental permission. YRBS was a repeated cross-sectional
database and reflected the status of high school in the U.S. More details about YRBS can be
seen at the website [45] and previously published studies about YRBS [46,47]. In considera-
tion of data integrity (the data on physical activity began in 2011), this study included the
data of five recent 10-year surveys (2011, 2013, 2015, 2017, and 2019). The sample size of
the five surveys was 15,425, 13,583, 15,624, 14,765, and 13,677, respectively, and a total of
73,074 adolescents were examined eventually in this study.

2.2. Independent Variables
2.2.1. Soft Drink Consumption

Soft drink consumption was measured by the question: During the past 7 days, how
many times did you drink a can, bottle, or glass of soda or pop, such as Coke, Pepsi, or Sprite? (do
not count diet soda or diet pop)? Response options included not drinking soda or pop during
the past 7 days, drinking 1 to 3 times during the past 7 days, 4 to 6 times during the past
7 days, 1 time per day, 2 times per day, 3 times per day, 4 or more times per day. These
were categorized into none, <1 time per day, 1–2 times per day, and 3 times or above per
day in this study.

2.2.2. The Recommendations of the 24 h Movement Guidelines

The recommendations of the 24 h movement guidelines included physical activity,
screen time, and sleep duration. Physical activity was measured by the question: During
the past 7 days, how many days were you physically active for a total of at least 60 min per day?
(Add up all the time you spent in any kind of physical activity that increased your heart rate and
made you breathe hard some of the time). Responses were dichotomized into 7 days (every day)
and lower than 7 days. Screen time was extracted from two questions: On an average school
day how many hours do you (1) watch TV and (2) play video or computer games or use a computer
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for something that is not schoolwork? After summing the time of the two questions, responses
were dichotomized into above 2 h and 2 h or below. Sleep duration was measured by the
question: On the average school night, how many hours of sleep do you get? Responses were
dichotomized into adherence to the recommendations and not according to the guidelines
(9–11 h per night for 11–13-year-olds; 8–10 h per night for 14–17-year-olds, or 7–9 h per
night for those ≥18 years of age) [16,48].

Eventually, meeting the recommendations of the 24 h movement guidelines was
assessed by two new variables: (1) meeting all the three criteria or not, and (2) meeting
all the three criteria, meeting physical activity and screen time, meeting physical activity
and sleep duration, meeting screen time and sleep duration, meeting physical activity only,
meeting screen time only, meeting sleep duration only, and meeting none of the three criteria.
The first variable was used to assess the prevalence of meeting all the recommendations of
the 24 h movement guidelines and the association with suicidality. The second variable
was used to check the distribution of meeting all and part recommendations of the 24 h
movement guidelines.

2.3. Dependent Variables

Suicidality, namely, suicidal ideation, suicide plan, suicide attempt, and suicide at-
tempt with medical treatment were the dependent variables in this study. Suicidal ideation
was measured by the question: During the past 12 months, did you ever seriously consider
attempting suicide? A suicide plan was measured by the question: During the past 12 months,
did you ever make a plan about how you would attempt suicide? Responses for suicidal ideation
and suicide plan were dichotomized into yes and no. Suicide attempt was measured by
the question: During the past 12 months, how many times did you actually attempt suicide?
Responses were dichotomized into none and 1 time or above. Suicide attempt with medical
treatment was measured by the question: If you attempted suicide during the past 12 months,
did any attempt result in an injury, poisoning, or overdose that had to be treated by a doctor or
nurse? Responses were dichotomized into yes and no.

2.4. Covariates
2.4.1. Demographic Factors

The demographic factors in this study included age, sex, race, and year of the survey.
Age was categorized into 14 years old or below, 15 years old, 16 years old, 17 years
old, and 18 years old or above. Race was ascertained with two questions. The first
question was “Are you Hispanic or Latino?” and the second question was “What is your
race?”. If the adolescents responded “yes” to the first question, they were identified as
“Hispanic/Latino”. Otherwise, the second question would be asked with the response
options of “White”, “Black or African American” and “others” (American Indian or Alaska
Native, Asian, Native Hawaiian, or Other Pacific Islander). The year of the survey was
used as a multinominal variable in this study.

2.4.2. Weight Status

Age- and sex-specific Body Mass Index (BMI) was used to determine normal or under-
weight, overweight or obese in this study. The participants were considered overweight
when the BMI percentile was at or above the 85th percentile and obese when the BMI
percentile was at or above the 95th percentile for BMI by age and sex. The program and
technical documentation for calculating and discriminating weight status could be seen on
the website [49] and a previous study [50].

2.4.3. Dietary Behaviors

Dietary behaviors in this study included vegetable, fruit, milk, and breakfast consump-
tion. The responses of vegetables and fruit were dichotomized into one or more times per
day and less than one time per day. The responses to milk consumption were dichotomized
into one or more glasses per day and less than one glass per day. Breakfast consumption
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was categorized into daily and not daily. The question’s wording and detailed responses
can be seen in Table S1.

2.4.4. Depressive Symptoms

Depressive symptoms were measured by the question: During the past 12 months, did
you ever feel so sad or hopeless almost every day for two weeks or more in a row that you stopped
doing some usual activities? The responses to this question were yes or no. This question is
valid for depressive symptoms according to a previous study [44].

More details of the questions and responses associated with covariates, independent
variables, and dependent variables can be seen in Table S1.

2.5. Statistical Analysis

The software of R version 4.1.0 was used to perform all the analyses in this study. A
series of analyses related to complex sampling design was used to get valid point estimates
and corresponding confidence intervals. The weighted prevalence of suicidality in total
or by the recommendations of the 24 h movement guidelines and soft drink consumption
was reported in this study. Pearson Chi-squared statistics with the second-order correction
of the Rao–Scott Chi-square test [51] were used to explore the differences in the weighted
prevalence of suicidality by the recommendations of the 24 h movement guidelines and
soft drink consumption. The p-values for the differences were computed with a Satterth-
waite approximation to the distribution and with denominator degrees of freedom as
recommended by Thomas and Rao [52]. The confidence intervals of weighted prevalence
were estimated by the methods proposed by Korn and Graubard [53]. Venn diagrams,
which could display weight percentage clearly, were used to show the distributions of
meeting the recommendations of the 24 h movement guidelines. Binary logistic regression
models with a complex sampling design were used to show the association of meeting all
the recommendations of the 24 h movement guidelines and soft drink consumption with
suicidality, including suicidal ideation, suicide plan, suicide attempt, and suicide attempt
with medical treatment after adjusting age, sex, race, survey year, weight status, depressive
symptoms, and dietary behaviors including milk, fruit, vegetable, and breakfast consump-
tion. Simultaneously, the association between soft drink consumption and suicidality by
different recommendations of the 24 h movement guidelines was explored in this study.

Sensitivity analysis of missing data by multiple imputations by chained equations
(MICE) was used to explore the stability of the associations among soft drink consumption,
24 h movement guidelines, and suicidality [46,54]. Sensitivity analysis of the association
among the 24 h movement guidelines, soft drink consumption, and suicidality by omit-
ting weight status and depressive symptoms was also performed in consideration of its
confounding effect on the association. In addition, E-values were utilized to assess the
sensitivity of potential unmeasured confounding results [55]. E-values for each exposure
were calculated using an online calculator (website: www.evalue-calculator.com, accessed
on 6 April 2022) with reporting the estimates and limits of corresponding 95% CI [56].

3. Results

3.1. Characteristics of Included Participants

Among 73,074 included participants, 87.9% of high-school students were 15-years-
old or above. The ratio of boy/girl was 0.99:1 (36,108/36,497, others are missing). The
proportions of White, Black/African American, Hispanic/Latino were 43.0%, 16.8%, and
27.1%. A total of 14.7% and 13.2% of the participants were overweight and obese. More
details on the distribution of age, sex, race, and weight status, and unweighted proportions
of dietary behaviors (soft drink, vegetable, fruit, milk, and breakfast consumption), the
recommendations of the 24 h movement guidelines, depressive symptoms, and suicidality
could be seen in Table S2.
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3.2. The Weighted Prevalence of Suicidality by the Recommendations of the 24 h Movement
Guidelines and Levels of Soft Drink Consumption

As shown in Table 1, the total prevalence of suicidal ideation, suicide plan, sui-
cide attempt and suicide attempt with medical treatment was 17.3% (16.8–17.8%), 14.0%
(13.5–14.5%), 8.1% (7.7–8.5%), and 2.6% (2.4–2.8%), respectively. The prevalence of suicidal-
ity in the group of meeting all the recommendations of the 24 h movement guidelines is
significantly lower than in those not meeting all the recommendations. A lower prevalence
of suicidality could also be seen in other recommendations, namely appropriate sleep
duration, screen time ≤2 h/day, or physical activity ≥1 h/day.

Table 1. The weighted prevalence of meeting the recommendations of the 24 h movement guidelines
and suicidality by levels of soft drink consumption among adolescents of the U.S.

Variables

Suicidality, % (95% CI)

Suicidal Ideation Suicide Plan Suicide Attempt
Suicide Attempt with

Medical Treatment

Total 17.3 (16.8–17.8) 14.0 (13.5–14.5) 8.1 (7.7–8.5) 2.6 (2.4–2.8)

The recommendations of the 24 h movement guidelines

Appropriate sleep duration a 11.4 (10.8–12.0) 9.5 (9.0–10.1) 5.2 (4.7–5.7) 1.5 (1.3–1.8)

Inappropriate sleep duration a 20.2 (19.6–20.8) 16.3 (15.6–16.9) 9.2 (8.7–9.7) 2.9 (2.6–3.2)

p for difference <0.001 <0.001 <0.001 <0.001

Screen time ≤2 h/day 14.7 (13.8–15.6) 11.9 (11.0–12.8) 7.1 (6.3–7.9) 2.4 (2.0–2.8)

Screen time >2 h/day 18.1 (17.5–18.6) 14.7 (14.2–15.3) 8.3 (7.9–8.6) 2.5 (2.3–2.7)

p for difference <0.001 <0.001 0.005 0.496

Physical activity ≥1 h/day 13.0 (12.3–13.8) 10.9 (10.2–11.6) 6.3 (5.8–6.8) 2.1 (1.8–2.3)

Physical activity <1 h/day 18.8 (18.2–19.4) 15.2 (14.6–15.8) 8.7 (8.2–9.2) 2.7 (2.4–3.0)

p for difference <0.001 <0.001 <0.001 <0.001

Meeting all the recommendations 6.8 (5.4–8.2) 4.7 (3.6–5.9) 3.5 (2.3–4.7) 1.2 (0.3–2.0)

Not meeting all the
recommendations 17.8 (17.2–18.3) 14.4 (13.9–15.0) 8.0 (7.6–8.5) 2.5 (2.3–2.7)

p for difference <0.001 <0.001 <0.001 0.036

Soft drink consumption

None 15.3 (14.5–16.2) 12.5 (11.7–13.3) 6.6 (6.0–7.2) 2.1 (1.7–2.4)

<1 time/day 16.8 (16.1–17.4) 13.5 (12.9–14.2) 7.3 (6.8–7.7) 2.1 (1.8–2.3)

1–2 times/day 18.5 (17.3–19.7) 14.4 (13.3–15.5) 8.5 (7.7–9.4) 2.8 (2.3–3.3)

≥3 time/day 24.5 (22.9–26.2) 20.9 (19.2–22.7) 16.0 (14.5–17.5) 6.4 (5.3–7.5)

p for difference <0.001 <0.001 <0.001 <0.001
a Appropriate sleep duration means 9–11 h/day for adolescents aged 11–13, 8–10 h/day for adolescents aged 14–17,
and 7–9 h/day for adolescents aged above 18 years. CI: confidence interval.

The prevalence of suicidal ideation, suicide plan, suicide attempt, and suicide attempt
with medical treatment associated with soft drink consumption of ≥3 time/day was
24.5% (22.9–26.2%), 20.9% (19.2–22.7%), 16.0% (14.5–17.5%) and 6.4% (5.3–7.5%). There
was a significant difference in the prevalence of suicidal ideation, suicide plan, suicide
attempt, and suicide attempt with medical treatment across different levels of soft drink
consumption (all p < 0.001). As the frequency of soft drink consumption increased, the
prevalence of suicidal ideation, suicide plan, suicide attempt, and suicide attempt with
medical treatment increased.
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3.3. The Weighted Prevalence of Meeting the Recommendations of the 24 h Movement Guidelines

The prevalence of meeting the relative recommendations of the 24 h movement guide-
lines can be seen in Figure 1. The prevalence of meeting all the recommendations contained
in the guidelines was 3.1% in total, 4.3% for boys, and 1.9% for girls. Venn diagrams, shown
in Figure 1, also gave us some findings on meeting two recommendations of the 24 h move-
ment guidelines. The prevalence of only meeting the recommendations of sleep duration
and screen time was 5.0%, 4.2%, and 5.9% in total, for boys, and for girls, respectively. The
prevalence of only meeting the recommendations of sleep duration and physical activity
was 6.9%, 10.1%, and 3.7% in total, for boys, and for girls, respectively. The prevalence of
only meeting the recommendations of physical activity and screen time was 4.8%, 5.8%,
and 3.9% in total, for boys, and for girls, respectively.

Figure 1. Venn diagrams showing the weighted prevalence of meeting all and part recommendations
of the 24 h movement guidelines in total and by sex among the adolescents of the U.S.

3.4. The Association of the 24 h Movement Guidelines and Soft Drink Consumption
with Suicidality

Totally, not meeting all the recommendations of the 24 h movement guidelines was
significantly associated with an increased risk of suicidal ideation (OR: 1.69, 95% CI:
1.30–2.19), and suicide plan (OR: 1.76, 95% CI: 1.34–2.32), compared with adolescents
who meet all the recommendations. However, the association between meeting all the
recommendations of the 24 h movement guidelines and suicide attempt (OR: 1.12, 95%
CI: 0.74–1.68), and suicide attempt with medical treatment (OR: 1.04, 95% CI: 0.49–2.23)
was not statistically significant. In the group of boys, similar results compared with the
total estimates were found to be with a higher risk of suicide ideation (OR: 2.18, 95% CI:
1.51–3.13) and suicide plan (OR: 2.28, 95% CI: 1.56–3.34) associated with not meeting all
the recommendations of the 24 h movement guidelines. The association of meeting all
the recommendations of the 24 h movement guidelines with suicide attempt and suicide
attempt with medical treatment was also not statistically significant among the boys.
Additionally, the association between meeting all the recommendations and suicidality was
not found to be statistically significant among the girls.

Soft drink consumption of 1–2 times/day was only found to be associated with an
increased risk of suicidal ideation (OR: 1.15, 95% CI: 1.02–1.30) and suicide attempt (OR:
1.21, 95% CI: 1.04–1.41) in total, and suicide attempt (OR: 1.32, 95% CI: 1.09–1.59) and
suicide attempt with medical treatment among the girls (OR: 1.47, 95% CI: 1.05–2.05).

Soft drink consumption of ≥3 times/day was associated with an increased risk of
suicidality including suicidal ideation, suicide plan, suicide attempt, and suicide attempt
with medical treatment whether in overall estimates or subgroup analysis by sex. Moreover,
there was a linear dose–response relationship for soft drink consumption associated with
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an increased risk of suicidality among adolescents regardless of sex. More details can be
seen in Table 2.

Table 2. The association of the 24 h movement guidelines and soft drink consumption with suicidality
among adolescents of the U.S.

Variables
Suicidal Ideation, OR

(95% CI) a
Suicide Plan, OR

(95% CI) a
Suicide Attempt, OR

(95% CI) a

Suicide attempt with
medical treatment,

OR (95% CI) a

Total

24 h movement guidelines

Meeting all the
recommendations Reference Reference Reference Reference

Not meeting all the
recommendations 1.69 (1.30–2.19) *** 1.76 (1.34–2.32) *** 1.12 (0.74–1.68) 1.04 (0.49–2.23)

Soft drink consumption

None Reference Reference Reference Reference

<1 time/day 1.03 (0.94–1.12) 1.03 (0.95–1.13) 1.03 (0.92–1.16) 0.96 (0.77–1.21)

1–2 times/day 1.15 (1.02–1.30) * 1.06 (0.93–1.20) 1.21 (1.04–1.41) * 1.25 (0.93–1.67)

≥3 times/day 1.37 (1.20–1.55) *** 1.45 (1.26–1.68) *** 2.20 (1.86–2.61) *** 2.49 (1.90–3.27) ***

p for trend <0.001 <0.001 <0.001 <0.001

Boy

24 h movement guidelines

Meeting all the
recommendations Reference Reference Reference Reference

Not meeting all the
recommendations 2.18 (1.51–3.13) *** 2.28 (1.56–3.34) *** 1.68 (0.87–3.23) 0.80 (0.27–2.37)

Soft drink consumption

None Reference Reference Reference Reference

<1 time/day 0.97 (0.83–1.13) 1.01 (0.87–1.18) 0.79 (0.61–1.02) 0.58 (0.38–0.89) *

1–2 times/day 1.11 (0.91–1.36) 1.01 (0.83–1.24) 0.99 (0.75–1.32) 0.87 (0.53–1.43)

≥3 times/day 1.40 (1.15–1.71) *** 1.52 (1.22–1.90) *** 2.09 (1.59–2.76) *** 2.58 (1.60–4.16) ***

p for trend <0.001 0.001 <0.001 <0.001

Girl

24 h movement guidelines

Meeting all the
recommendations Reference Reference Reference Reference

Not meeting all the
recommendations 1.30 (0.89–1.90) 1.36 (0.90–2.07) 0.78 (0.44–1.35) 1.53 (0.71–3.30)

Soft drink consumption

None Reference Reference Reference Reference

<1 time/day 1.04 (0.94–1.17) 1.03 (0.93–1.15) 1.15 (0.99–1.33) 1.17 (0.92–1.49)

1–2 times/day 1.16 (0.99–1.36) 1.09 (0.91–1.29) 1.32 (1.09–1.59) ** 1.47 (1.05–2.05) *

≥3 times/day 1.29 (1.08–1.55) ** 1.36 (1.13–1.63) ** 2.13 (1.73–2.62) *** 2.19 (1.64–2.94) ***

p for trend 0.003 0.004 <0.001 <0.001
a All the estimates in these tables were adjusted for age, sex, race, survey year, weight status, depressive symptoms,
and dietary behaviors including milk, fruit, vegetable, and breakfast consumption. Sex was not adjusted in the
stratified models. OR: odds ratio, CI: confidence interval, *** p < 0.001, ** p < 0.01, * p < 0.05.

3.5. Subgroup Analyses of the Association between Soft Drink Consumption and Suicidality by
Different Recommendations of the 24 h Movement Guidelines

Several findings emerged in the subgroup analyses. Firstly, the association between
soft drink consumption and suicidality, regardless of suicidal ideation, suicide plan, sui-
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cide attempt, and suicide attempt with medical treatment was statistically significant
among adolescents who were not meeting all the recommendations of the 24 h move-
ment guidelines. The association was not found in adolescents who were meeting all
the recommendations. Secondly, there was a significant interaction of not meeting the
recommendation of screen time and soft drink consumption of <1 time/day on suicide
plan and suicide attempt (Table S3). Thirdly, soft drink consumption of ≥3 times/day was
significantly associated with an increased risk of suicide attempt and suicide attempt with
medical treatment regardless of whether the adolescent was meeting the recommendations
of physical activity, screen time, and sleep duration. Fourthly, the association between soft
drink consumption and suicidal ideation and suicide plan was not statistically significant
among adolescents who were not meeting all the recommendations of sleep duration,
regardless of the frequency. More details of subgroup analyses can be seen in Figure 2.

 

Figure 2. The association between soft drink consumption and suicidality by different recommenda-
tions of the 24 h movement guidelines among adolescents in the U.S. (OR: odds ratios, CI: confidence
interval; All: meeting all the recommendations of the 24 h movement guidelines; None: meeting
none of the recommendations of the 24 h movement guidelines; PA: meeting the recommendations of
physical activity; Not PA: not meeting the recommendations of physical activity; SD: meeting the
recommendations of sleep duration; Not PA: not meeting the recommendations of sleep duration; ST:
meeting the recommendations of screen time; Not PA: not meeting the recommendations of screen
time. The estimates of meeting all the recommended behaviors and not were adjusted for age, sex,
race, survey year, weight status, depressive symptoms, and dietary behaviors including milk, fruit,
vegetable, and breakfast consumption. The estimates of PA and not PA were adjusted for age, sex,
race, survey year, weight status, depressive symptoms, and dietary behaviors including milk, fruit,
vegetable, breakfast consumption, sleep duration, and screen time. The estimates of SD and not
SD were adjusted for age, sex, race, survey year, weight status, depressive symptoms, and dietary
behaviors including milk, fruit, vegetable, breakfast consumption, sleep duration, and physical
activity. The estimates of ST and not ST were adjusted for age, sex, race, survey year, weight status,
depressive symptoms, and dietary behaviors including milk, fruit, vegetable, breakfast consumption,
sleep duration, and physical activity.).
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3.6. Sensitivity Analysis

Multiple imputations by chained equations (MICE) were performed to explore the
effect of missing data on the association among the recommendations of the 24 h movement
guidelines, soft drink consumption, and suicidality. The estimates associated with the risks
were slightly changed and revealed that the estimates were stable.

In addition, a sensitivity analysis (Table S4) of the association among the 24 h move-
ment guidelines, soft drink consumption, and suicidality by omitting weight status and
depressive symptoms was also performed. Although the effects were enhanced and lower
levels of soft drink consumption were statistically associated with increased risk of suici-
dality, the association of the 24 h movement guidelines and soft drink consumption with
suicidality was similar to previous estimates.

The E-values (Table S5) were relatively large, particularly for the association with three
times per day or above of soft drink consumption. Our findings show that any unobserved
confounder could be adequate to fully explain away these effect estimates and to move the
CIs to null, while a weak confounder could not do so.

4. Discussions

4.1. Recommendations of the 24 h Movement Guidelines and Suicidality

To our knowledge, this is the first study to report the prevalence of meeting the
recommendations of the 24 h movement guidelines taking advantage of the integrated
index of physical activity, screen time, and age-appropriate sleep duration in the study
of YRBS. Although Zhu et al. [20], using data from the 2016–2017 National Survey of
Children’s Health (NSCH) of the U.S., reported a higher prevalence (9.4%) of meeting all
the recommendations of the 24 h movement guidelines, this study reported a comparable
prevalence (3.1%, 95% CI: 2.8–3.4%) with previous studies [9,17–19,21,22]. Similar to
most previous studies [9,18,20,23], the boys had a higher prevalence of meeting all the
recommendations contained in the guidelines in this study. Despite all this, children
and adolescents worldwide were reported to have a low prevalence of meeting all the
recommendations of the 24 h movement guidelines.

Previous studies usually explored the association between one variable in an adoles-
cent’s lifestyle such as sedentary behaviors [57,58], screen time [59], sleep duration [60],
physical activity [61], and suicidality. This study used the integrated index, namely the
24 h movement guidelines, which could reflect the movement of adolescents effectively to
explore the association with suicidality. The findings in this study were consistent with
a previous study from Canada [9], reporting that not meeting all the recommendations
of the 24 h movement guidelines could significantly increase the risk of suicidal ideation
and suicide attempt only among the boys. Moreover, our study added some evidence that
the associations for suicide plan and suicide attempt with medical treatment and the total
estimates for the associations among adolescents.

This study reported that there was no statistically significant association between
meeting the 24 h movement guidelines and suicidality, regardless of suicidal ideation,
suicide plan, suicide attempt, and suicide attempt with medical treatment among the girls,
which was somewhat consistent with a previous study [9]. Several mechanisms may explain
the differences by sex. Firstly, the girls have a lower prevalence of alcohol use [62], which
might mediate the associations between meeting movement guidelines and suicidality [63].
Furthermore, the girls have a lower prevalence of suicide attempt [6] and a lower prevalence
of meeting the recommendations of the 24 h movement guidelines [9,18,20,23], which might
not have enough statistical power to detect the associations.

4.2. Soft Drink Consumption and Suicidality

The proportion of consuming no soft drink being 23.5% in this study is similar to
previous studies [34,40,41]. Although different cut-offs for the levels of soft drink consump-
tion were used in previous studies, only a higher frequency of soft drink consumption,
namely above one time per day was associated with increased risk of suicidality including
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suicidal ideation, suicide plan, and suicide attempt in the previous studies [32,40–42]. This
study also added some new evidence for the association between high levels of soft drink
consumption and suicide attempt with medical treatment. Moreover, this study also had
similar conclusions that the association of soft drink consumption with suicide attempt would
be not changed in the subgroup analysis of sex with a previous study [42]. What is more,
a significant association, regardless of sex, was also found in other behaviors of suicidality
including suicidal ideation, suicide plan, and suicide attempt with medical treatment.

Although a previous study using the data of YRBS in 2009 reported soft drink con-
sumption daily or above was associated with suicidality [32], this study added to the
evidence of the recent 10 years for the linear dose–response relationship among adolescents
in the U.S. The estimated risk in this study was fully adjusted by the dietary behaviors
and depressive symptoms, which were not performed in previous studies. The mechanism
from soft drink consumption to suicidality could be explained by mental problems. Many
previous studies have examined that soft drink consumption was associated with depres-
sive symptoms [35–39], which is highly related to suicidality among adolescents. Moreover,
a high-sugar diet in adolescents was highly related to neuroinflammation, depressive-like
behavior [64], stress-driven, emotional and addictive behaviors [65], which might be re-
lated to suicidality. In addition, previous studies reported that soft drink consumption was
related to obesity or being overweight [29,30], which might cause inflammation among
depressed patients [66]. This path could also be a reason for suicidality among adolescents
in consideration of the positive effect of being overweight, inflammation, and depression
on suicidality [67,68]. A high-sugar diet could increase anxiety-like and depressive-like
behavior [69,70], decrease cognitive performance [71], and chronic psychological stress,
development of metabolic syndrome (MetS), and behavioral impairment [72] among mice.
This evidence from animals could provide some mediating paths from a high-sugar diet
to suicidality.

4.3. Interactive Association of the 24 h Movement Guidelines and Soft Drink Consumption
with Suicidality

Previous studies also tried to explore the combined association of lifestyle including
dietary behaviors and movement behaviors with suicidality by the methods of exploring
the individual association for included variables or using latent class analysis [39,40],
limited studies focus on the interactive association with suicidality. It is worth noting
that a significant association between any level of soft drink consumption and suicidality
was not found in the group that met all the recommendations of the 24 h movement
guidelines in this study. It might be explained that the negative effect of soft drinks
could be decreased when adolescents have good habits of movement. In other groups
including those not meeting all the recommendations and meeting the recommendations
of sleep duration, screen time, and physical activity contained in the 24 h movement
guidelines, the higher level of soft drink consumption, namely above two times per day, was
significantly associated with suicidality. It is worth noting the important role of controlling
the consumption of soft drinks and keeping suitable movement among adolescents.

4.4. Strengths and Limitations

This study had some strengths. Firstly, this study used national school-based data from
representative samples of 9th through to 12th-grade students to emphasize a linear dose–
response relationship between soft drink consumption and suicidality, namely suicidal
ideation, suicide plan, suicide attempt, and suicide attempt with medical treatment. In
addition, this is the first study using YRBS to report the recommendations of the 24 h
movement guidelines and explore their association with suicidality. Furthermore, this is
also the first study to explore the association of soft drink consumption and suicidality
with different recommendations of the 24 h movement guidelines.

Some limitations are worth mentioning in this study. Firstly, a causal relationship is
not able to be confirmed given the cross-sectional design. More cohort studies are needed
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to explore the relationship in the future. Secondly, all the questions were self-reported,
and recall bias and information bias were unavoidable. Movement variables such as sleep
duration, physical activity, and screen time were not measured by wearable devices, which
might lead to information bias. Thirdly, soft drinks in this study did not include energy
drinks, which were not collected in YRBS, which might bring some effect on the association.
Fourthly, owing to the design of YRBS focusing on schools, findings are not suitable for
extending to the entire population of adolescents. Lastly, some important socioeconomic
factors such as family income, occupation of parents, and dietary habits of parents were not
included in this database, which could be associated with confounding factors. Although
the database included some factors such as alcohol and cigarette use, it was not able to
be included as the covariates owing to the limited sample size in the subgroup of girls or
meeting all the recommendations of the 24 h movement guidelines.

5. Conclusions

The present study supported the evidence that not meeting the recommendations
of the 24 h movement guidelines and a high level of soft drink consumption could in-
crease the risk of suicidality. It is implicated that the association of soft drink consumption
with suicidality was not statistically significant when adolescents meet all the recommen-
dations of the 24 h movement guidelines. These findings emphasize the importance of
age-appropriate sleep duration, limited screen time (≤2 h/day), and appropriate physical
activity (≥1 h/day) contained in the 24 h movement guidelines, and less consumption of
soft drinks for preventing suicidality among adolescents. Relevant departments, schools,
and families should formulate corresponding measures to ensure these beneficial behaviors
and prevent at-risk adolescents from adverse behaviors.
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Abstract: This study examined the association of obesity and dyslipidemia according to body mea-
surements among Chinese adults in Shanghai, a place in the process of rapid urbanization. Using
the baseline data of the Shanghai Suburban Adult Cohort and Biobank study (SSACB), the subjects
completed questionnaires and physical examinations, and fasting blood was collected for biochemical
assays. We estimated the odds ratios (OR) and 95% confidence interval (CI) by multivariable logistic
regression. The prevalence was 12.9% and 28.8% in both general and central obesity, respectively.
Compared with the non-obese, the general or central obesity participants had a higher level of TC,
TG, LDL-C and lower level of HDL-C. The OR (95%CI) for dyslipidemia was 1.79 (1.69–1.91) and
1.91 (1.83–2.00) in general or central obesity, respectively. Positive associations were also observed
between obesity and high TC, high LDL-C, low HDL-C and high TG, with the adjusted OR ranging
from 1.11 to 2.00. Significant modifying effect of gender, age, hypertension, and diabetes were
found in the association of obesity and different forms of dyslipidemia. The findings of our study
indicated that participants with obesity, including general or central obesity, have a higher prevalence
of dyslipidemia and gender, age, hypertension, and diabetes might be potential modifiers of the
association. More effective attention and interventions should be directed to managing body weight
to reduce the prevalence of dyslipidemia.

Keywords: dyslipidemia; body measurements; general obesity; central obesity; Chinese adults

1. Introduction

Dyslipidemia is a common metabolism abnormality involving plasma lipids and
lipoproteins, categorized by elevated levels of total cholesterol (TC), triglycerides (TG)
and low-density lipoprotein cholesterol (LDL-C), and/or decreased levels of high-density
lipoprotein cholesterol (HDL-C). It is a dominant cause of morbidity, mortality, and one of
the primary independent modifiable factors for cardiovascular diseases [1–3], diabetes [4]
and stroke [5] in most countries. With rapid socioeconomic growth, improved standard
of living and changes in lifestyles, dyslipidemia has been estimated to be about to rise
dramatically worldwide in absolute terms [6,7]. In China, dyslipidemia has attracted much
attention in recent years, and is inadequately treated and uncontrolled [8].
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Globally, the number of obese people has raised seriously, and obesity has turned
into one of the most vital public health threats in the last decades. The data in prevalent
overweight/obesity show a rise from 13.4% to 26.4% and a rise from 18.6% to 37.4%
in prevalent abdominal obesity in Chinese adults [9]. Several studies have examined
the prevalence and risk factors of dyslipidemia in China [10–12]. These studies have
showed that general obesity significantly influences lipid level; meanwhile, the association
of obesity with lipid abnormalities depends not only on general obesity, but on central
obesity [13]. Considering the increasing prevalence of dyslipidemia and its health burden,
there should be a greater focus on the association of obesity with dyslipidemia. However,
these studies were conducted in either urban or rural China. The Songjiang and Jiading
District of Shanghai is a suburban area with rapid urbanization, and has experienced huge
economic development. There has been a significant change in lifestyles in this region,
such as westernized diets, sedentary work, and decreased physical activity, all of which are
recognized as main risk factors for dyslipidemia [14–16]. Furthermore, little research has
explored the modification of gender, age, hypertension and diabetes on the association of
obesity with different types of dyslipidemia. This study aims to assess the association of
obesity with dyslipidemia according to anthropometric indices, and to analyze the potential
effect modification on these associations in a Shanghai natural cohort who live in a rapidly
urbanizing suburban area.

2. Materials and Methods

2.1. Study Design and Population

This study was based on the Shanghai Suburban Adult Cohort and Biobank study
(SSACB), which is an ongoing large-scale natural cohort study to identify risk factors for
chronic noncommunicable diseases in Chinese adults. The SSACB has been described
in great details previously [17]. Briefly, recruitment was conducted through multistage
cluster sampling. Seven study sites were selected according to their economic status and
population, including four communities from Songjiang (Xinqiao, Sheshan, Maogang,
and Zhongshan) and three communities from Jiading (Huangdu. Anting, and Huating).
From each community, one third of the villages or committees were randomly selected.
According to participant willingness, all residents had lived in Shanghai for at least five
years; those aged 20 to 74 years were included, while those with disabilities, terminal
illnesses, perceptual impairments, or pregnant or lactating women were excluded. During
the period April 2016 to October 2017, 44,887 participants were recruited and interviewed.
Furthermore, participants who had malignant neoplasms, liver cirrhosis and thyroid
diseases (n = 3106), extreme values of body mass index (BMI) or waist circumference (WC)
(n = 490), unreasonable values for energy intake (n = 721) or physical activity (n = 164) were
excluded. Finally, 40,406 subjects were involved in this analysis.

2.2. Physical Examination and Biochemical Assays

Anthropometric measurements (height, weight, WC) were taken two times by li-
censed physicians in the communities. Blood pressure was measured two times at five
minute intervals using a digital sphygmomanometer, calculated by an average of the two
measurements. Serum samples (2 mL) were collected into serum separation tubes, on an
empty stomach and in the morning. After collection of the serum fraction, it was stored
at −80 ◦C for no longer than 6 h in a freezer and then transported to the DiAn medical
laboratory. Assays of serum TC, LDL-C, HDL-C, and TG were performed using enzyme
colorimetry. Glycated hemoglobin (HbA1c) was ascertained using high performance liquid
chromatography. Fasting plasma glucose (FPG) was determined using the glycokinase
method.

2.3. Diagnostic Criteria

BMI was calculated as weight divided by standing height squared (kg/m2), and
more than 28 kg/m2 was described as general obesity; central obesity is described as
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having a WC of equal or greater than 90 cm in males and equal or greater than 85 cm in
females [18]. We excluded participants with a BMI less than 15 or more than 40 kg/m2 or
WC less than 50 or more than 150 cm from analysis [19]. The diagnostic criteria for dyslipi-
demia were: TC ≥ 6.22 mmol/L, or LDL-C ≥ 4.14 mmol/L, or HDL-C < 1.04 mmol/L, or
TG ≥ 2.26 mmol/L, or a self-reported history of hyperlipidemia [20]. Hypertension was
defined as a self-reported history of hypertension, or a documented history of hypertension
in the medical record, or having a resting systolic blood pressure (SBP) ≥ 140 mmHg
and/or a diastolic blood pressure (DBP) ≥ 90 mmHg [21]. Diabetes was defined by current
ADA criteria: fasting plasma glucose (FPG) ≥ 7.0 mmol/L, or glycosylated hemoglobin
(HbA1c) concentration ≥ 6.5%, or a self-reported history of diabetes, or a documented
history in the medical record [22].

2.4. Assessment of Covariates

Structured questionnaires were used to collect the following variables: age, gender,
marital status, education level, alcohol consumption, smoking, physical activity, and China
Healthy Diet Index (CHDI). The subjects were separated into two categories: <60 and
≥60 years old. Marital status was recorded in two categories: married, or other (unmarried,
divorced, widowed, or separated). Education level was recorded as three categories by
years of schooling: ≤6 years, 7–12 years, and ≥12 years. Both smoking and alcohol
drinking were separated into two categories: never or ever. Physical activity was expressed
as the metabolic equivalent of task (MET)-hours/week and durations over 16 h/day
were considered implausible [23]. Overall diet quality was assessed by using the CHDI
established by the Chinese Center for Diseases Prevention and Control, which has been
described previously in detail [24].

2.5. Statistical Analysis

Baseline characteristics of all participants were compared according to whether or not
they were generally obese or centrally obese. Variables with continuous measurements
were presented as mean ± standard deviation (SD) or median and interquartile range (IQR),
and categorical variables as frequency (n) and proportion (%). The Kolmogorov-Smirnov
test was used to determine if the data were normally distributed. Student’s t test or Mann-
Whitney U test were conducted to compare the differences of continuous data, and χ2 tests
for categorical data. The odds ratio (OR) and 95% confidence intervals (CI) for obesity
with different types of dyslipidemia were assessed by using multivariate Logistic regres-
sion models. A variety of variables were adjusted, including gender, age, marital status,
education level, physical activity, alcohol consumption, smoking, diabetes, hypertension,
and CHDI. We tested the potential effect modification by adding multiplicative interaction
terms in the multivariable logistic regression models and the interaction terms with p < 0.05
were considered statistically significant. Stratified analyses were conducted according to
age (<60 and ≥60 years), gender, hypertension (yes, no), and diabetes (yes, no), which were
potential effect modifiers for the associations. All data analyses were carried out using SAS
version 9.4 (Institute Inc., Cary, NC, USA). All p-values were 2-tailed, and an alpha-level of
0.05 was considered statistically significant.

3. Results

3.1. Baseline Characteristics

A total of 40,406 participants included 16,793 males (41.6%) and 23,613 females (58.4%)
in our study. The average age was 56 ± 11 years-old, which was higher for general or central
obesity subjects than for non-obesity (all p < 0.001). The basic characteristics of participants
according to general and central obesity are demonstrated in Table 1. The prevalence of
general obesity and central obesity were 12.9% and 28.8%, respectively. According to BMI
categories, the prevalent obesity in males was higher compared with that in females (13.8%
vs. 12.2%), while 29.8% of males and 28.1% of females had central obesity. Those who were
exposed to a relatively low level of education were inclined to suffer a higher prevalence
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of obesity. Participants with obesity had significantly higher prevalence of diabetes and
hypertension, compared with the participants without obesity. The mean values of TC, TG,
LDL-C, and FPG increased significantly, and the HDL-C level decreased (p < 0.001) in both
general obesity and central obesity group.

Table 1. Basic characteristics of the participants based on general and central obesity.

Characteristics

BMI

p

WC

pAll Subjects
(n = 40,406)

Non-
General
Obesity

(n = 35,207)

General
Obesity a

(n = 5199)

Non-Central
Obesity (n =

28,761)

Central
Obesity b

(n = 11,645)

Age (years) 56 ± 11 56 ± 11 57 ± 10 <0.001 55 ± 11 59 ± 10 <0.001
Gender <0.001 <0.001

Male 16,793 (41.6) 14,471 (41.1) 2322 (44.7) 11,789 (41.0) 5004 (43.0)
Female 23,613 (58.4) 20,736 (58.9) 2877 (55.3) 16,972 (59.0) 6641 (57.0)

Education level <0.001 <0.001
0–6 years 16,557 (41.0) 14,072 (40.0) 2485 (47.8) 10,823 (37.6) 5734 (49.2)

7–12 years 21,017 (52.0) 18,561 (52.7) 2456 (47.2) 15,561 (54.1) 5456 (46.9)
>12 years 2832 (7.0) 2574 (7.3) 258 (5.0) 2377 (8.3) 455 (3.9)
Marriage 0.73 0.61
Married 37,584 (93.0) 32,754 (93.0) 4830 (92.9) 26,764 (93.1) 10,820 (92.9)

Other 2822 (7.0) 2453 (7.0) 369 (7.1) 1997 (6.9) 825 (7.1)
Physical activity 0.38 <0.001

Low 13,237 (32.8) 11,574 (32.9) 1663 (32.0) 9587 (33.3) 3650 (31.3)
Moderate 13,771 (34.1) 11,994 (34.1) 1777 (34.2) 9840 (34.2) 3931 (33.8)

High 13,398 (33.2) 11,639 (33.1) 1759 (33.8) 9334 (32.5) 4064 (34.9)
Smoking 0.14 0.003

Ever 10,082 (25.0) 8742 (24.8) 1340 (25.8) 7059 (24.5) 3023 (26)
Never 30,324 (75.1) 26,465 (75.2) 3859 (74.2) 21,702 (75.5) 8622 (74)

Alcohol drinking 0.002 <0.001
Ever 5563 (13.8) 4774 (13.6) 789 (15.2) 3758 (13.1) 1805 (15.5)

Never 34,843 (86.2) 30,433 (86.4) 4410 (84.8) 25,003 (86.9) 9840 (84.5)
Diabetes <0.001 <0.001

Yes 5738 (14.2) 4420 (12.6) 1318 (25.4) 3154 (11.0) 2584 (22.2)
No 34,668 (85.8) 30,787 (87.5) 3881 (74.7) 25,607 (89) 9061 (77.8)

Hypertension <0.001 <0.001
Yes 19,696 (48.8) 15,948 (45.3) 3748 (72.1) 11,227 (45.0) 7102 (70.2)
No 20,710 (51.3) 19,259 (54.7) 1451 (27.9) 16,769 (58.3) 3941 (33.8)

CHDI 70.05 ± 9.29 70.2 ± 9.31 69.04 ± 9.13 <0.001 70.51 ± 9.28 68.91 ± 9.22 <0.001
HBA1c (%) 4.9 (4.4, 5.5) 4.8 (4.4, 5.4) 5.1 (4.5, 5.9) <0.001 4.8 (4.4, 5.4) 5.0 (4.4, 5.8) <0.001

FPG (mmol/L) 5.81 ± 0.85 5.77 ± 0.81 6.09 ± 1.00 <0.001 5.72 ± 0.78 6.03 ± 0.97 <0.001
TC (mmol/L) 4.91 ± 0.94 4.90 ± 0.93 4.99 ± 0.99 <0.001 4.88 ± 0.92 4.99 ± 0.97 <0.001
TG (mmol/L) 1.70 ± 1.26 1.64 ± 1.2 2.11 ± 1.55 <0.001 1.56 ± 1.12 2.03 ± 1.49 <0.001

HDL-C(mmol/L) 1.4 ± 0.35 1.42 ± 0.35 1.26 ± 0.31 <0.001 1.44 ± 0.35 1.29 ± 0.32 <0.001
LDL-C (mmol/L) 2.74 ± 0.83 2.74 ± 0.83 2.78 ± 0.88 0.004 2.73 ± 0.82 2.78 ± 0.87 <0.001

a General obesity defined as BMI ≥ 28.0 kg/m2, b central obesity defined as WC ≥ 90 cm in males and ≥85 cm
in females.

3.2. Prevalence of Different Forms of Dyslipidemia

The prevalence of different forms of dyslipidemia is shown by BMI and WC categories
for all subjects in Figure 1. Compared with non-general obesity, the participants with
general obesity had a significantly higher prevalence of different types of dyslipidemia (all
p < 0.001). The prevalence of high TC, high TG, high LDL-C, low HDL-C, and dyslipidemia
were 9.8%, 30.0%, 6.0%, 25.0%, and 52.7% among the participants with general obesity,
respectively. The participants with central obesity had a similar higher prevalence of
different types of dyslipidemia than those without central obesity (all p < 0.001).
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Figure 1. The prevalence of different forms of dyslipidemia categorized by general obesity (A) and
central obesity (B) for all subjects.

3.3. Association of Obesity with Different Forms of Dyslipidemia

Figure 2 shows the associations of general and central obesity with different types of
dyslipidemia. Subjects with obesity either by BMI (OR = 1.79, 95% CI: 1.69–1.91) or by WC
(OR = 1.91, 95% CI: 1.83–2.00) had higher risk of dyslipidemia than those without obesity
in the multivariable adjusted models. According to BMI categories, general obesity was
associated with a 11%, 9%, 78%, and 79% increased risk of high TG, high TC, high LDL-C,
and low HDL-C, respectively. According to WC categories, the adjusted OR for high TG,
high TC, high LDL-C, and low HDL-C were 2.00 (95% CI: 1.90, 2.12), 1.13 (95% CI: 1.04,
1.22), 1.15 (95% CI: 1.05, 1.27), and 1.92 (95% CI: 1.81, 2.04), respectively, while the OR with
high TG for central obesity was greatest.

Figure 2. Odds ratios (OR) and 95% confidence intervals (CI) for BMI and WC categories with
dyslipidemia. Model 1: unadjusted; model 2: adjusted for gender and age; model 3: additionally
adjusted for education level, marriage, physical activity, smoking, alcohol drinking, CHDI, diabetes,
and hypertension.

3.4. Stratified Analysis

Stratification by age, gender, hypertension and diabetes suggested that these factors
might be potential modifiers on the association between obesity and different types of
dyslipidemia (p for interaction < 0.05), with few exceptions (Tables 2 and 3). The associations
between general or central obesity and different types of dyslipidemia were statistically
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significant among the individuals younger than 60 years old, with the OR ranging from
1.23 to 2.13. Compared with 60 years or older, general or central obesity among individuals
younger than 60 years old may be associated with a greater risk of different types of
dyslipidemia. Males, either with general obesity or central obesity, had significantly
increased risk of high TG, TC, LDL-C, low HDL-C, and dyslipidemia, and the OR ranged
from 1.28 to 2.25. However, the statistically significant associations were observed only for
high TG, low HDL-C and dyslipidemia among females, and the OR is lower than these for
males in all types of dyslipidemia. An interactive effect of hypertension and general or
central obesity on low HDL-C, high TG and dyslipidemia was observed, but not in high
TC and LDL-C (p for interaction > 0.05). Among participants without hypertension, the
stronger associations were found between general obesity and low HDL-C, high TG, and
dyslipidemia, with OR being 2.21, 2.16 and 2.10, respectively. Similar associations were
also observed between central obesity and high TG, low HDL-C, and dyslipidemia. With
subgroup analysis by diabetes, no effect modification was observed on the associations
between obesity and high TG, high TC, and high LDL-C. Ann interaction of diabetes
and general obesity on low HDL-C only was shown (p for interaction = 0.007), while the
interaction of diabetes and central obesity on high TG, dyslipidemia was found (p for
interaction < 0.05).

Table 2. Stratified analysis of general obesity with dyslipidemia.

Variables High TC High LDL-C Low HDL-C High TG Dyslipidemia

Age (years)
<60 1.26 (1.09, 1.45) 1.28 (1.07, 1.52) 1.87 (1.68, 2.07) 1.81 (1.65, 1.99) 1.88 (1.72, 2.05)
≥60 0.97 (0.84, 1.13) 0.89 (0.74, 1.07) 1.66 (1.49, 1.84) 1.65 (1.49, 1.82) 1.60 (1.47, 1.75)
p for Interaction <0.001 <0.001 0.14 0.001 <0.001

Gender
Male 1.53 (1.29, 1.81) 1.41 (1.14, 1.74) 1.94 (1.76, 2.14) 2.05 (1.85, 2.26) 2.24 (2.04, 2.46)
Female 0.90 (0.79, 1.02) 0.92 (0.78, 1.08) 1.48 (1.31, 1.67) 1.45 (1.31, 1.59) 1.40 (1.29, 1.53)
p for Interaction <0.001 <0.001 0.01 <0.001 <0.001

Hypertension
Yes 1.05 (0.94, 1.19) 1.05 (0.90, 1.21) 1.63 (1.49, 1.78) 1.63 (1.50, 1.76) 1.65 (1.53, 1.77)
No 1.25 (1.02, 1.53) 1.19 (0.93, 1.53) 2.21 (1.93, 2.54) 2.16 (1.90, 2.46) 2.10 (1.88, 2.34)
p for Interaction 0.15 0.40 <0.001 <0.001 0.001

Diabetes
Yes 1.03 (0.85, 1.26) 1.07 (0.83, 1.37) 1.50 (1.30, 1.74) 1.62 (1.42, 1.85) 1.63 (1.43, 1.86)
No 1.13 (1.01, 1.28) 1.10 (0.94, 1.27) 1.89 (1.74, 2.06) 1.83 (1.69, 1.98) 1.83 (1.71, 1.96)
p for Interaction 0.46 0.84 0.007 0.06 0.17

Adjusted for gender, age, education level, marriage, physical activity, smoking, alcohol drinking, CHDI, diabetes,
and hypertension, except for a stratifying variable.

Table 3. Stratified analysis of central obesity with dyslipidemia.

Variables High TC High LDL-C Low HDL-C High TG Dyslipidemia

Age (years)
<60 1.23 (1.10, 1.38) 1.37 (1.19, 1.58) 2.04 (1.87, 2.21) 2.13 (1.98, 2.30) 2.10 (1.96, 2.24)
≥60 1.02 (0.91, 1.13) 0.97 (0.85, 1.11) 1.68 (1.55, 1.83) 1.70 (1.57, 1.85) 1.64 (1.53, 1.75)
p for Interaction <0.001 <0.001 0.008 <0.001 <0.001

Gender
Male 1.31 (1.14, 1.51) 1.28 (1.08, 1.52) 2.03 (1.88, 2.19) 2.22 (2.05, 2.40) 2.25 (2.10, 2.42)
Female 0.99 (0.90, 1.09) 1.04 (0.93, 1.17) 1.60 (1.45, 1.76) 1.64 (1.51, 1.76) 1.52 (1.43, 1.62)
p for Interaction 0.003 0.09 0.15 0.04 <0.001

Hypertension
Yes 1.11 (1.01, 1.22) 1.10 (0.98, 1.25) 1.75 (1.63, 1.89) 1.79 (1.67, 1.92) 1.75 (1.65, 1.85)
No 1.17 (1.02, 1.33) 1.24(1.06, 1.46) 2.20 (2.00, 2.42) 2.41 (2.20, 2.63) 2.18 (2.02, 2.35)
p for Interaction 0.11 0.09 <0.001 <0.001 <0.001

Diabetes
Yes 1.08 (0.91, 1.28) 1.09 (0.88, 1.36) 1.76 (1.54, 2.00) 1.73 (1.54, 1.95) 1.74 (1.56, 1.94)
No 1.13 (1.04, 1.24) 1.16 (1.04, 1.30) 1.96 (1.83, 2.09) 2.07 (1.94, 2.20) 1.94 (1.85, 2.04)
p for Interaction 0.34 0.47 0.12 0.001 0.048

Adjusted for gender, age, education level, marriage, physical activity, smoking, alcohol drinking, CHDI, diabetes,
and hypertension, except for a stratifying variable.
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4. Discussion

This study aimed to comprehensively examine the positive associations of obesity
and TC, TG and LDL-C levels, as well as the negative associations of obesity with HDL-C
levels in a suburban area experiencing rapid urbanization of China. Though previous
studies have been conducted on obesity or serum lipid, few studies have explored the
association between obesity and various types of dyslipidemia concurrently in an area
that has rapidly urbanized in China. Our results indicated that the prevalence of gen-
eral obesity and central obesity were 13.5% and 28.9%, which was in line with previous
large-scale surveys among Chinese [25,26]. Dyslipidemia was prevalent in most obese
subjects and revealed nearly half of general obesity participants suffered dyslipidemia and
higher values of LDL-C, TG, TC, and lower HDL-C than in normal-weight individuals [27].
Several previous regional epidemiological studies reported the prevalent dyslipidemia
in obesity subjects differently [28,29]. The possible reasons for this discrepancy might be
the socio-demographic characteristics of the subjects and the diagnostic criteria used [30].
Moreover, the differences in dietary pattern may also play a role in regional differences in
the prevalence of dyslipidemia [31].

A recent study found that the incidence of deaths and disability-adjusted life years
(DALYs) attributable to obesity has increased significantly [32]. Several studies have
demonstrated that overweight and obesity are cardiometabolic risk factors [33–35]. Data
from 97 prospective cohorts with 1.8 million participants indicate that obesity is associated
with 31% coronary heart disease risk and 8% stroke mortality risk, due to elevated blood
pressure and cholesterol together [36]. Therefore, effective control of lipid level can be
expected to attenuate death from metabolic diseases. This study found that general or
central obesity were associated with higher prevalence of dyslipidemia compared with
non-obesity. The major types of dyslipidemia among obesity subjects are low HDL-C and
high TG, which is consistent with other research and probably due to the elevated TG and
Apo lipoprotein B from excess visceral fat in the abdomen and a low HDL-C production
from inhibition of the liver [13,37]. A strong association has been identified between central
obesity and metabolic risk factors, cardiovascular events and dyslipidemia [38]. As we
know, higher levels of BMI and WC correlate with increased prevalence of abnormal lipids,
depending on gender and age. It is clear that a higher BMI and WC contribute to the
development of these metabolic diseases.

Our study suggested that subjects with obesity either by BMI or WC had higher risk
of dyslipidemia than those without obesity, which were comparable to those of previous
studies [39,40]. The adjusted multivariate logistic regression shows that the effect is the
highest between general or central obesity and low HDL-C; in addition, the ORs between
the WC and dyslipidemia are higher than that of BMI and dyslipidemia, indicating that
WC has a greater influence on lipid level than BMI. Central obesity characterized by
the accumulation of visceral fat in the abdomen is more closely associated with a global
metabolic effect of insulin resistance than general obesity [41,42]. Insulin resistance might
change the amount and composition of lipoprotein to cause abnormal blood lipid levels,
which act on the metabolism of LDL, chylomicron, HDL, and very-low-density lipoprotein
(VLDL) [43].

The modifying effects of gender, age, hypertension, and diabetes on the association
between obesity and dyslipidemia were further observed. Compared with females, sig-
nificantly higher risk of different forms of dyslipidemia was observed in obese males. A
possible reason for this is the intensity of work pressure, unhealthy lifestyle and diets
for males, which account for excessive fat accumulation [44]. The proportion of smok-
ing and drinking among males is higher than that of females, which are risk factors of
dyslipidemia [45]. Obese subjects younger than 60 years were at greater risk of different
forms of dyslipidemia. Therefore, more targeted prevention should be formulated for
residents, adapting to different genders and age groups. Hypertension exerted an effect
modification on the association of obesity with low HDL-C, high TG and dyslipidemia.
Non-hypertensive obese individuals may be more prone to low HDL-C, high TG and dys-
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lipidemia. Similarly, diabetes exerted an effect modification on the association of general
obesity with low HDL-C and the association of central obesity with high TG, dyslipidemia.
However, the causality among obesity, hypertension, diabetes, and dyslipidemia remains
association these may exert a comprehensive effect on each other. A previous study found
that obesity can be caused by dyslipidemia and subjects with dyslipidemia are more likely
to experience hypertension [46]. Other studies showed that weight gain, elevated blood
pressure and blood glucose may be essential in incident dyslipidemia [47,48]. In short, we
propose that effectively management of BMI or WC would be helpful in preventing and
controlling different forms of dyslipidemia.

In this study, the main strengths included a large sample size and stratified analysis
on the association between obesity and different types of dyslipidemia. We additionally
considered the possible confounding effect of dietary quality on the associations and
adjusted the CHDI in the final model. However, a few limitations should be taken into
consideration. Firstly, the study is a cross-sectional study in Shanghai, which cannot
provide causal relationships and may not be generalizable to different geographical regions.
Thus, further prospective studies are necessary to verify the relationship of different indices
of adiposity with dyslipidemia. Second, potential residual confounding factors (such as
stress, sleep pattern, genetic factors) associated with dyslipidemia could not be considered,
which seem to bias the results. In addition, the possible confounding factors of the lean
and fat mass percentages or ratios that are directly connected to the LDL and TG levels
were not considered because of limitations in budget and equipment. Nevertheless, BMI
and WC are the most readily available indicators to estimate obesity. We did not account
for the impact of these indicators (blood glucose, insulin levels, adiponectin, leptins) on
dyslipidemia and may underestimate the prevalence of dyslipidemia. However, diabetes
diagnosed based on FPG was adjusted in the models. Finally, health-related behaviors were
reported by the participants themselves and we could not rule out subjects’ error, which
may lead to a reporting bias.

5. Conclusions

In conclusion, our study found that general or central obesity have a higher preva-
lence of different forms of dyslipidemia, and the major types were low HDL-C and high
TG among adults in Shanghai. Central obesity may have a greater effect on lipid level
than general obesity. Factors including age, gender, hypertension, and diabetes might
be potential modifiers of the association. A significantly higher OR of various types of
dyslipidemia was observed in obese younger than 60 years, males, without hypertension
and diabetes. Effective management of obesity should be implemented to prevent and
control the occurrence of dyslipidemia.

Author Contributions: J.Z. and Y.Z. designed the study, analyzed the data, and wrote the manuscript.
Y.W., Y.X., X.T., Y.Y., Y.Q. and S.C. contributed to the data analysis and data acquisition. Q.Z., N.W.
and Y.J. contributed to data acquisition. G.Z. and Y.J. supervised the study and revised the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program of
China (2017YFC0907000), the High Local Level Discipline Construction Project of Shanghai, the
Shanghai New Three-year Action Plan for Public Health (Grant No. GWV-10.1-XK16).

Institutional Review Board Statement: The study protocol was approved by the Ethics Committee
of the Fudan University, School of Public Health (IRB#2016-04-0586), and complied with the principles
of the Declaration of Helsinki.

Informed Consent Statement: Informed written consents were obtained from all participants before-
data collection.

Data Availability Statement: The dataset used and analyzed during the current study is available
from the corresponding author upon reasonable request.

44



Nutrients 2022, 14, 2321

Acknowledgments: We thank all the members of the survey teams and the participants in the
Shanghai Suburban Adult Cohort and Biobank (SSACB) study.

Conflicts of Interest: The authors declare that they have no conflict of interest.

Abbreviations

SSACB The Shanghai Suburban Adult Cohort and Biobank study
OR Odds ratios
CI Confidence interval
TC Total cholesterol
TG Triglycerides
LDL-C Low-density lipoprotein cholesterol
HDL-C High-density lipoprotein cholesterol
WC Waist circumference
FPG Fasting plasma glucose
HbA1c Glycated hemoglobin
BMI Body mass index
SBP Systolic blood pressure
DBP Diastolic blood pressure
ADA American Diabetes Association
CHDI China Healthy Diet Index
MET Metabolic equivalent of task
SD Standard deviation
IQR Interquartile range
DALYs Disability-adjusted life years

References

1. Nagasawa, S.Y.; Okamura, T.; Iso, H.; Tamakoshi, A.; Yamada, M.; Watanabe, M.; Murakami, Y.; Miura, K.; Ueshima, H.; Evidence
for Cardiovascular Prevention from Observational Cohorts in Japan Research Group. Relation between serum total cholesterol
level and cardiovascular disease stratified by sex and age group: A pooled analysis of 65 594 individuals from 10 cohort studies
in Japan. J. Am. Heart Assoc. 2012, 1, e001974. [CrossRef]

2. Di Angelantonio, E.; Gao, P.; Pennells, L.; Kaptoge, S.; Caslake, M.; Thompson, A.; Butterworth, A.S.; Sarwar, N.; Wormser, D.;
Saleheen, D.; et al. Lipid-Related Markers and Cardiovascular Disease Prediction. JAMA-J. Am. Med. Assoc. 2012, 307, 2499–2506.
[CrossRef]

3. Turgeon, R.D.; Anderson, T.J.; Gregoire, J.; Pearson, G.J. 2016 Guidelines for the management of dyslipidemia and the prevention
of cardiovascular disease in adults by pharmacists. Can. Pharm. J. 2017, 150, 243–250. [CrossRef] [PubMed]

4. Katulanda, P.; Dissanayake, H.A.; De Silva, S.D.N.; Katulanda, G.W.; Liyanage, I.K.; Constantine, G.R.; Sheriff, R.; Matthews, D.R.
Prevalence, patterns, and associations of dyslipidemia among Sri Lankan adults-Sri Lanka Diabetes and Cardiovascular Study in
2005–2006. J. Clin. Lipidol. 2018, 12, 447–454. [CrossRef]

5. Lee, J.S.; Chang, P.Y.; Zhang, Y.; Kizer, J.R.; Best, L.G.; Howard, B.V. Triglyceride and HDL-C Dyslipidemia and Risks of Coronary
Heart Disease and Ischemic Stroke by Glycemic Dysregulation Status: The Strong Heart Study. Diabetes Care 2017, 40, 529–537.
[CrossRef] [PubMed]

6. Bayram, F.; Kocer, D.; Gundogan, K.; Kaya, A.; Demir, O.; Coskun, R.; Sabuncu, T.; Karaman, A.; Cesur, M.; Rizzo, M.; et al.
Prevalence of dyslipidemia and associated risk factors in Turkish adults. J. Clin. Lipidol. 2014, 8, 206–216. [CrossRef] [PubMed]

7. Latifi, S.M.; Moradi, L.; Shahbazian, H.; Aleali, A.M. A study of the prevalence of dyslipidemia among the adult population of
Ahvaz, Iran. Diabetes Metab. Synd. 2016, 10, 190–193. [CrossRef]

8. Lu, Y.; Zhang, H.; Lu, J.; Ding, Q.; Li, X.; Wang, X.; Sun, D.; Tan, L.; Mu, L.; Liu, J.; et al. Prevalence of Dyslipidemia and
Availability of Lipid-Lowering Medications Among Primary Health Care Settings in China. JAMA Netw. Open 2021, 4, e2127573.
[CrossRef] [PubMed]

9. China Health and Nutrition Survey (CHNS) [DB/OL]. Available online: http://www.cpc.unc.edu/projects/china/data/datasets
(accessed on 26 May 2022).

10. Opoku, S.; Gan, Y.; Fu, W.; Chen, D.; Addo-Yobo, E.; Trofimovitch, D.; Yue, W.; Yan, F.; Wang, Z.; Lu, Z. Prevalence and risk factors
for dyslipidemia among adults in rural and urban China: Findings from the China National Stroke Screening and prevention
project (CNSSPP). BMC Public Health 2019, 19, 1500. [CrossRef]

11. Huang, C.; Zhang, W.Q.; Tang, W.W.; Liu, Y.; Liu, J.X.; Xu, R.H.; Zhao, S.P.; Wang, T.D.; Huang, X.B. Prevalence and related factors
of dyslipidemia among urban adults aged 35 to 79 years in Southwestern China. Sci. Rep. 2021, 11, 17579. [CrossRef]

45



Nutrients 2022, 14, 2321

12. Xi, Y.; Niu, L.; Cao, N.; Bao, H.; Xu, X.; Zhu, H.; Yan, T.; Zhang, N.; Qiao, L.; Han, K.; et al. Prevalence of dyslipidemia and
associated risk factors among adults aged ≥35 years in northern China: A cross-sectional study. BMC Public Health 2020, 20, 1068.
[CrossRef]

13. Vekic, J.; Zeljkovic, A.; Stefanovic, A.; Jelic-Ivanovic, Z.; Spasojevic-Kalimanovska, V. Obesity and dyslipidemia. Metabolism 2019,
92, 71–81. [CrossRef] [PubMed]

14. Sonestedt, E.; Hellstrand, S.; Drake, I.; Schulz, C.A.; Ericson, U.; Hlebowicz, J.; Persson, M.M.; Gullberg, B.; Hedblad, B.; Engstrom,
G.; et al. Diet Quality and Change in Blood Lipids during 16 Years of Follow-up and Their Interaction with Genetic Risk for
Dyslipidemia. Nutrients 2016, 8, 274. [CrossRef] [PubMed]

15. Wu, J.Y.; Duan, X.Y.; Li, L.; Dai, F.; Li, Y.Y.; Li, X.J.; Fan, J.G. Dyslipidemia in Shanghai, China. Prev. Med. 2010, 51, 412–415.
[CrossRef] [PubMed]

16. Zheng, W.; Chen, Y.; Zhao, A.; Xue, Y.; Zheng, Y.; Mu, Z.; Wang, P.; Zhang, Y. Associations of sedentary behavior and physical
activity with physical measurements and dyslipidemia in school-age children: A cross-sectional study. BMC Public Health 2016,
16, 1186. [CrossRef] [PubMed]

17. Zhao, Q.; Chen, B.; Wang, R.; Zhu, M.; Shao, Y.; Wang, N.; Liu, X.; Zhang, T.; Jiang, F.; Wang, W.; et al. Cohort profile: Protocol and
baseline survey for the Shanghai Suburban Adult Cohort and Biobank (SSACB) study. BMJ Open 2020, 10, e035430. [CrossRef]
[PubMed]

18. Chen, C.; Lu, F.C. The guidelines for prevention and control of overweight and obesity in Chinese adults. Biomed. Environ. Sci.
2004, 17, 1–36.

19. Li, J.C.; Lyu, J.; Gao, M.; Yu, C.Q.; Guo, Y.; Bian, Z.; Pei, P.; Du, H.D.; Chen, J.S.; Chen, Z.M.; et al. Association of body mass index
and waist circumference with major chronic diseases in Chinese adults. Zhonghua Liu Xing Bing Xue Za Zhi 2019, 40, 1541–1547.
[CrossRef]

20. Joint Committee for Developing Chinese guidelines on Prevention and Treatment of Dyslipidemia in Adults. Guidelines for the
prevention and treatment of dyslipidemia in Chinese adults (2016 revision). Chin. Circ. J. 2016, 31, 937–953.

21. Chobanian, A.V.; Bakris, G.L.; Black, H.R.; Cushman, W.C.; Green, L.A.; Izzo, J.L., Jr.; Jones, D.W.; Materson, B.J.; Oparil, S.;
Wright, J.T., Jr.; et al. The Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of
High Blood Pressure: The JNC 7 report. JAMA 2003, 289, 2560–2572. [CrossRef]

22. American Diabetes Association. 2. Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes—2019.
Diabetes Care 2019, 42, S13–S28. [CrossRef] [PubMed]

23. Craig, C.L.; Marshall, A.L.; Sjöström, M.; Bauman, A.E.; Booth, M.L.; Ainsworth, B.E.; Pratt, M.; Ekelund, U.; Yngve, A.; Sallis,
J.F.; et al. International physical activity questionnaire: 12-country reliability and validity. Med. Sci. Sports Exerc. 2003, 35,
1381–1395. [CrossRef] [PubMed]

24. Yu-na, H.; Yue-hui, F.; Xiao-guang, Y.; Gang-qiang, D. Establishment and application of china healthy diet index. Acta Nutr. Sin.
2017, 39, 436–441.

25. Chooi, Y.C.; Ding, C.; Magkos, F. The epidemiology of obesity. Metabolism 2019, 92, 6–10. [CrossRef]
26. Jaacks, L.M.; Vandevijvere, S.; Pan, A.; McGowan, C.J.; Wallace, C.; Imamura, F.; Mozaffarian, D.; Swinburn, B.; Ezzati, M. The

obesity transition: Stages of the global epidemic. Lancet Diabetes Endocrinol. 2019, 7, 231–240. [CrossRef]
27. Zhang, M.; Deng, Q.; Wang, L.; Huang, Z.; Zhou, M.; Li, Y.; Zhao, Z.; Zhang, Y.; Wang, L. Prevalence of dyslipidemia and

achievement of low-density lipoprotein cholesterol targets in Chinese adults: A nationally representative survey of 163,641 adults.
Int. J. Cardiol. 2018, 260, 196–203. [CrossRef]

28. Kuwabara, M.; Kuwabara, R.; Niwa, K.; Hisatome, I.; Smits, G.; Roncal-Jimenez, C.A.; MacLean, P.S.; Yracheta, J.M.; Ohno, M.;
Lanaspa, M.A.; et al. Different Risk for Hypertension, Diabetes, Dyslipidemia, and Hyperuricemia According to Level of Body
Mass Index in Japanese and American Subjects. Nutrients 2018, 10, 1011. [CrossRef]

29. Pan, L.; Yang, Z.; Wu, Y.; Yin, R.X.; Liao, Y.; Wang, J.; Gao, B.; Zhang, L. The prevalence, awareness, treatment and control of
dyslipidemia among adults in China. Atherosclerosis 2016, 248, 2–9. [CrossRef]

30. Camacho, P.A.; Otero, J.; Pérez, M.; Arcos, E.; García, H.; Narvaez, C.; Molina, D.I.; Sanchez, G.; Duran, M.; Cure, C.; et al. The
spectrum of the dyslipidemia in Colombia: The PURE study. Int. J. Cardiol. 2019, 284, 111–117. [CrossRef]

31. Poggio, R.; Elorriaga, N.; Gutierrez, L.; Irazola, V.; Rubinstein, A.; Danaei, G. Associations between dietary patterns and serum
lipids, apo and C-reactive protein in an adult population: Evidence from a multi-city cohort in South America. Br. J. Nutr. 2017,
117, 548–555. [CrossRef]

32. Dai, H.; Alsalhe, T.A.; Chalghaf, N.; Riccò, M.; Bragazzi, N.L.; Wu, J. The global burden of disease attributable to high body mass
index in 195 countries and territories, 1990-2017: An analysis of the Global Burden of Disease Study. PLoS Med. 2020, 17, e1003198.
[CrossRef]

33. Koliaki, C.; Liatis, S.; Kokkinos, A. Obesity and cardiovascular disease: Revisiting an old relationship. Metabolism 2019, 92, 98–107.
[CrossRef] [PubMed]

34. Pagidipati, N.J.; Zheng, Y.; Green, J.B.; McGuire, D.K.; Mentz, R.J.; Shah, S.; Aschner, P.; Delibasi, T.; Rodbard, H.W.; Westerhout,
C.M.; et al. Association of obesity with cardiovascular outcomes in patients with type 2 diabetes and cardiovascular disease:
Insights from TECOS. Am. Heart J. 2020, 219, 47–57. [CrossRef] [PubMed]

35. Teixeira, F.D.C.; Pereira, F.E.F.; Pereira, A.F.; Ribeiro, B.G. Overweight or obesity and abdominal obesity and their association with
cardiometabolic risk factors in Brazilian schoolchildren: A cross-sectional study. Nutrition 2020, 78, 110780. [CrossRef] [PubMed]

46



Nutrients 2022, 14, 2321

36. Global Burden of Metabolic Risk Factors for Chronic Diseases Collaboration (BMI Mediated Effects); Lu, Y.; Hajifathalian, K.;
Ezzati, M.; Woodward, M.; Rimm, E.B.; Danaei, G. Metabolic Mediators of the Effects of Body-Mass Index, Overweight, and
Obesity on Coronary Heart Disease and Stroke: A Pooled Analysis of 97 Prospective Cohorts with 1.8 Million Participants. Lancet
2014, 383, 970–983. [CrossRef] [PubMed]

37. Zhang, T.; Chen, J.; Tang, X.; Luo, Q.; Xu, D.; Yu, B. Interaction between adipocytes and high-density lipoprotein:new insights
into the mechanism of obesity-induced dyslipidemia and atherosclerosis. Lipids Health Dis. 2019, 18, 223. [CrossRef] [PubMed]

38. Sangrós, F.J.; Torrecilla, J.; Giráldez-García, C.; Carrillo, L.; Mancera, J.; Mur, T.; Franch, J.; Díez, J.; Goday, A.; Serrano, R.; et al.
Association of General and Abdominal Obesity With Hypertension, Dyslipidemia and Prediabetes in the PREDAPS Study. Rev.
Esp. Cardiol. (Engl. Ed.) 2018, 71, 170–177. [CrossRef]

39. Shen, Z.; Munker, S.; Wang, C.Y.; Xu, L.; Ye, H.; Chen, H.T.; Xu, G.Y.; Zhang, H.; Chen, L.H.; Yu, C.H.; et al. Association between
alcohol intake, overweight, and serum lipid Levels and the risk analysis associated with the development of dyslipidemia. J. Clin.
Lipidol. 2014, 8, 273–278. [CrossRef]

40. Mirrakhimov, E.M.; Kerimkulova, A.S.; Lunegova, O.S.; Mirrakhimov, A.E.; Nabiev, M.P.; Neronova, K.V.; Bayramukova, A.A.;
Alibaeva, N.T.; Satarov, N. The association of leptin with dyslipidemia, arterial hypertension and obesity in Kyrgyz (Central
Asian nation) population. BMC Res. Notes 2014, 7, 411. [CrossRef]

41. Wu, H.; Ballantyne, C.M. Metabolic Inflammation and Insulin Resistance in Obesity. Circ. Res. 2020, 126, 1549–1564. [CrossRef]
42. Li, D.D.; Yang, Y.; Gao, Z.Y.; Zhao, L.H.; Yang, X.; Xu, F.; Yu, C.; Zhang, X.L.; Wang, X.Q.; Wang, L.H.; et al. Sedentary lifestyle and

body composition in type 2 diabetes. Diabetol. Metab. Syndr. 2022, 14, 8. [CrossRef] [PubMed]
43. Muñoz Contreras, A.M.; Bedoya Berrío, G.; Velásquez, R.C. An approach to the etiology of metabolic syndrome. Colomb. Med.

2013, 44, 57–63. [CrossRef]
44. Lin, L.Y.; Hsu, C.Y.; Lee, H.A.; Tinkov, A.A.; Skalny, A.V.; Wang, W.H.; Chao, J.C. Gender difference in the association of dietary

patterns and metabolic parameters with obesity in young and middle-aged adults with dyslipidemia and abnormal fasting
plasma glucose in Taiwan. Nutr. J. 2019, 18, 75. [CrossRef] [PubMed]

45. Qiu, L.; Wang, W.; Sa, R.; Liu, F. Prevalence and Risk Factors of Hypertension, Diabetes, and Dyslipidemia among Adults in
Northwest China. Int. J. Hypertens. 2021, 2021, 5528007. [CrossRef]

46. Jia, X.; Chen, Q.; Wu, P.; Liu, M.; Chen, X.; Xiao, J.; Chen, L.; Zhang, P.; Wang, S. Dynamic development of metabolic syndrome
and its risk prediction in Chinese population: A longitudinal study using Markov model. Diabetol. Metab. Syndr. 2018, 10, 24.
[CrossRef]

47. Erem, C.; Hacihasanoglu, A.; Deger, O.; Kocak, M.; Topbas, M. Prevalence of dyslipidemia and associated risk factors among
Turkish adults: Trabzon lipid study. Endocrine 2008, 34, 36–51. [CrossRef]

48. Wang, S.; Xu, L.; Jonas, J.B.; You, Q.S.; Wang, Y.X.; Yang, H. Prevalence and associated factors of dyslipidemia in the adult Chinese
population. PLoS ONE 2011, 6, e17326. [CrossRef]

47





Citation: Grant, W.B.; Boucher, B.J.

An Exploration of How Solar

Radiation Affects the Seasonal

Variation of Human Mortality Rates

and the Seasonal Variation in Some

Other Common Disorders. Nutrients

2022, 14, 2519. https://doi.org/

10.3390/nu14122519

Academic Editor: Andrea Fabbri

Received: 10 May 2022

Accepted: 14 June 2022

Published: 17 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

An Exploration of How Solar Radiation Affects the Seasonal
Variation of Human Mortality Rates and the Seasonal Variation
in Some Other Common Disorders

William B. Grant 1,* and Barbara J. Boucher 2

1 Sunlight, Nutrition, and Health Research Center, P.O. Box 641603, San Francisco, CA 94164-1603, USA
2 The Blizard Institute, Barts and The London School of Medicine and Dentistry, Queen Mary University of

London, London E1 2AT, UK; bboucher@doctors.org.uk
* Correspondence: wbgrant@infionline.net; Tel.: +1-415-409-1980

Abstract: Many diseases have large seasonal variations in which winter overall mortality rates
are about 25% higher than in summer in mid-latitude countries, with cardiovascular diseases and
respiratory infections and conditions accounting for most of the variation. Cancers, by contrast, do
not usually have pronounced seasonal variations in incidence or mortality rates. This narrative review
examines the epidemiological evidence for seasonal variations in blood pressure, cardiovascular
disease rates and respiratory viral infections in relation to atmospheric temperature and humidity,
and solar UV exposure through vitamin D production and increased blood concentrations of nitric
oxide. However, additional mechanisms most likely exist by which solar radiation reduces the risk of
seasonally varying diseases. Some studies have been reported with respect to temperature without
considering solar UV doses, although studies regarding solar UV doses, such as for respiratory
infections, often consider whether temperature can affect the findings. More research is indicated to
evaluate the relative effects of temperature and sun exposure on the seasonality of mortality rates for
several diseases. Since solar ultraviolet-B (UVB) doses decrease to vanishingly small values at higher
latitudes in winter, the use of safe UVB lamps for indoor use in winter may warrant consideration.

Keywords: blood pressure; COVID-19; humidity; influenza; nitric oxide; respiratory infection;
temperature; UVA; UVB; viral infection; vitamin D

1. Introduction

Several diseases have seasonal variations with the highest rates in winter and the
lowest rates in summer.

The seasonal variation in mortality rate is perhaps best illustrated by data assembled
by Marti-Soler and colleagues [1]. Table 1 in [1] presents the seasonal variation (peak to
nadir) in the ratio of observed to expected deaths for overall, cardiovascular disease (CVD),
cancer and non-CVD/non-cancer for 19 countries ranging from Finland to New Zealand
(60◦ N to 41◦ S). A plot of those data as a function of latitude is shown in Figure 1. CVD has
an inverted U-shaped seasonal relation with respect to latitude, which is lower at both low
and high latitudes than at mid-latitudes, whereas non-CVD/non-cancer death seasonal
variations increase with respect to latitude, and cancer seasonal rates are higher inside than
outside the tropics.

Several factors affect the risk of at least one of these disease categories and vary with
latitude. Those factors include ambient atmospheric temperature [2,3], solar ultraviolet-B
(UVB) production of vitamin D [4–6] and solar UVA induction of nitric oxide (NO) in the
serum [7–9]. Figure 2 shows the seasonal variation in high minus low ambient atmospheric
temperature for the approximate center of population for 18 countries from reference [1]
(USA was omitted), and Figure 3 shows the seasonal variations in solar UVA, UVB and
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temperature for Geneva, NY, USA (https://uvb.nrel.colostate.edu/UVB/uvb-network.jsf,
accessed on 1 June 2022).

Figure 1. Plot of overall cardiovascular disease (CVD), cancer and non-CVD/non-cancer deaths show-
ing seasonal variations versus ‘absolute’ latitude for 19 countries from Marti-Soler and colleagues [1].
The regression fits are second-order.

Figure 2. Seasonal variation in high minus low ambient atmospheric temperature for the approximate
center of population for 18 countries from Marti-Soler and colleagues [1]. The regression fits are
second-order.
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Figure 3. Annual variation for solar UVA and UVB in Geneva, NY, USA (42.9◦ N) for July 2006 to
June 2007, as well as the temperature for 2021. UV data are from the UV-B Monitoring and Research
Program operated by Colorado State University for the U.S. Department of Agriculture, https:
//uvb.nrel.colostate.edu/UVB/da_queryLampIrradiance.jsf (accessed on 1 June 2022). Temperature
data are from https://www.usclimatedata.com/climate/geneva/new-york/united-states/usny0548
(accessed on 1 June 2022).

A book chapter [10] reported that, in Europe, from Greece (38◦ N) to Iceland (64◦ N), a
U-shaped relationship exists between mean country serum 25-hydroxyvitamin D [25(OH)D]
for adults in winter with higher concentrations at lower and higher latitudes than inter-
mediate latitudes; however, mean concentrations in summer were near 68 nmol/L. The
likely reasons for the inverted U-shape include that, at lower latitudes, solar UVB lasts
longer than at higher latitudes [11], whereas at higher latitudes, national diets have more
cold-water ocean fish and meat [12]. In addition, inhabitants in northern countries are more
likely to take vitamin D supplements.

An article by Liu and colleagues [8] reported laboratory studies showing that UVA
irradiation of the skin lowered BP, that UVA increases nitrite and reduces circulating nitrate,
and that UVA increase forearm blood flow. NO is released by nitrite photolysis to nitrate.
They predicted NO release from stores in the skin due to UV exposure as a function
of latitude for summer and winter. The peak wavelength for the action spectrum was
330 nm, and it was estimated that the UVA spectrum (315–400 nm) is responsible for 80%
of the release. The winter to summer difference in NO release rate peaks between 40◦ and
60◦ which correlates with the observed seasonal variation in BP and CVD rates and the
summertime NO release rate decreases rapidly with increasing latitude in summer, which
mirrors the relationship of blood pressure (BP) and hypertension prevalence.

The importance of temperature is underscored from analyses of the dependence of
mortality rates when related to ambient temperature. Analyses based on 64.9 million
deaths from 9 countries between 1 January 1980 and 31 December 2016, for 17 causes of
death, were reported in 2021 [3]. Of particular interest for the present study was the finding
that cold-related increased mortality rates are driven largely by CVD, chronic respiratory
disease, metabolic disease and acute respiratory infections. Figure 4 shows the geographical
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variation in the percentage of deaths attributable to low temperatures for CVD, COPD,
diabetes and kidney disease, respiratory infections and tuberculosis (TB) [3]. Only CVD
as well as respiratory infections and TB have significantly higher percentages of deaths
attributable to cold temperatures and higher latitudes.

Figure 4. Percentage of deaths attributable to low temperatures for cardiovascular disease (CVD),
chronic obstructive pulmonary disease (COPD), diabetes, kidney disease, respiratory infections and
tuberculosis (TB) versus absolute latitude (doi:10.1016/S0140-6736(21)01700-1) [3]. The regression fits
are second-order.

Solar UVB production of vitamin D has been linked to seasonal variations in several
diseases. In 1981, Scragg proposed a mechanism to explain CVD’s seasonal variations [13].
Rostand added blood BP in 1997 [14]. In 2002, Ponsonby and colleagues added three
autoimmune diseases: multiple sclerosis, type one diabetes and rheumatoid arthritis [15]. In
2006, Cannell and colleagues proposed adding epidemic influenza [16]. In 2010, Lindqvist
and colleagues added type two diabetes mellitus and metabolic control [17]. Studies in
Sweden reported that avoiding sun exposure significantly increases mortality rates for
women [18–20]. A review of mortality rates in the United States as a function of the day
of the year suggested that seasonal variations in serum 25(OH)D concentrations are the
primary driver of seasonal variations of mortality rates, although temperature variations
may also play a role [6].

Notably, because the 25(OH)D action spectrum is in the solar ultraviolet-B (UVB)
range (290–315 nm), vitamin D cannot be produced from solar radiation at high latitudes in
winter. The classical study was reported by Webb and Holick in 1988 [21]. They showed
that producing vitamin D from sun exposure is not possible for the darkest 6 months of
the year in Boston (42.4◦ N) and Edmonton (53.5◦ N). Engelsen showed the time necessary
to produce 400 IU of vitamin D for a young person with his or her face, neck and hands
exposed as a function of latitude and time of the year to be 15 min [11]. Winter 25(OH)D
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concentrations are generally maintained at about 50–70% of summertime concentrations in
Europe and the United States [22,23]. Vitamin D, as 25(OH)D, is recycled from the skeletal
muscles by the action of parathyroid hormone (PTH) [24,25].

NO’s role in human health was the subject of intense research starting in about
1977, with work by Murad and colleagues showing the stimulation of guanylyl cyclase
by NO [26]. Stimulators of guanylate cyclase have been used to treat heart failure and
pulmonary arterial hypertension. In 1979, Ignarro and colleagues [27] showed that NO
was important in activating coronary arterial wall cell guanylyl cyclase. Furchgott and
Zawadzki [28] showed that NO was involved in acetylcholine-induced relaxation and
constriction of arterial walls through effects on the smooth muscle they contain. All three
were awarded the Nobel Prize in 1998 [29]. A 20-year review of their work was published
in 2019 [30].

The first review of NO produced in the skin through UV exposure was published in
1997 [31]. The proposed mechanism of production was the upregulation of the gene for
inducible NO synthase (iNOS) enzyme. The benefits of NO mentioned included regulating
blood flow, wound healing, preventing infections and improving eczema and psoriasis. In
2009, Oplander and colleagues reported that whole-body UVA exposure lowered BP by
releasing NO from intracutaneous photolabile NO derivates [32]. Further early reviews
of UV production of NO and its health benefits were published in 2011 by Juzeniene and
colleagues [33] as well as by Juzeniene and Moan [34]. Later, Weller and colleagues explored
the role of UV-induced NO production for various health outcomes, including lowering
BP [8], improved physical performance [35], reducing liver inflammation [36] and reducing
metabolic dysfunction experimentally [37].

The primary goal of the present report is to examine the roles of factors related to
solar radiation that can affect the risk and seasonality of the three major diseases exhibiting
pronounced seasonality of mortality: CVD, hypertension and respiratory tract infectious
diseases. A secondary goal is to identify, and briefly discuss, other diseases and adverse
health outcomes with seasonal variations, where the highest rates are seen in winter.

For this narrative review, literature searches were conducted with Google Scholar
(scholar.google.com) and the National Library of Medicine’s PubMed database (pubmed.gov).
Searches were conducted for the seasonality of mortality and seasonality of other health
outcomes. The primary factors investigated are the potential roles of solar UVB, vitamin
D, solar UVA, NO and ambient temperature in explaining the observed seasonal varia-
tions. The search term “countries” was included in some of the searches in order to find
multi-country studies of mortality rates and temperature effects on mortality rates. When
appropriate multi-country studies were found, such as for seasonal mortality rates for the
major diseases reviewed in this work, single-country studies were omitted. In addition,
information on other factors that may affect seasonality was considered, including seasonal
variations in gene expression and the effect of air pollution on disease incidence and mortal-
ity rates. Searches were also conducted regarding UVB lamps for indoor use with humans.
Appropriate sources were found for data required regarding the seasonal variation of solar
UVA and UVB doses, COVID-19 case rates, winter and summer temperatures of countries
and latitudes of countries.

2. Results

2.1. Blood Pressure

Several environmentally related factors affect BP. This review considers temperature,
vitamin D, sunlight and NO.

An analysis of the data of 38,589 participants in Harbin from the China Kadoorie
Biobank during 2004–2008 reported an increase of 6.7 mmHg in systolic BP (SBP) and
2.1 mmHg in diastolic BP (DBP) for each 10 ◦C decrease in outdoor temperature when
outdoor temperature was above 5 ◦C. An inverse association was evident between outdoor
temperature and cardio-cerebrovascular event morbidity [38]. A study from Guangdong
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Province, China, also reported reductions in BP with increasing ambient temperature up to
20 ◦C, as well as decreased rates of hypertension prevalence [39].

Rostand first reported latitudinal variations in BP and hypertension [14]. Using data
from the INTERSALT study [40], he showed that a linear regression fit to SBP increased from
108 mmHg (95% confidence interval [CI], 104–113 mmHg) at the equator to 125 mmHg
(95% CI, 121–129 mmHg) at 70◦ from the equator. Diastolic BP (DBP) increased from
67 mmHg (95% CI, 63–70 mmHg) at the equator to 78 mmHg (95% CI, 76–81 mmHg) at
70◦ from the equator. Using both INTERSALT and non-INTERSALT data, he found that
hypertension rates increased from 8% (95% CI, 3–13%) at the equator to 25% (95% CI,
20–29%). He proposed that UVB, through effects on both circulating 25(OH)D and parathy-
roid hormone [PTH] concentrations as well as in part through affecting intracellular calcium,
may explain the findings.

Rostand and colleagues [41] reported data on BP, sunlight and 25(OH)D concentrations
among black and white participants in the Reasons for Geographic and Racial Differences
in Stroke (REGARDS) Study conducted in the stroke belt states of the southeastern United
States [41]. These researchers found inverse correlations between solar radiation and SBP
for white people but not black people, and for women but not men. The group found no
evidence that 25(OH)D concentrations are related to SBP. They then cited the possible role
of UVA in increasing serum NO concentrations [8,32,42,43].

In 2020, Weller and colleagues published an article and correspondence regarding
the role of UV exposure and changes in BP [44,45]. The article reported the results of a
study of 342,459 patients (36% black, 64% white) at 2178 dialysis centers over 3 years. The
researchers used incident UVA, UVB and temperature data from the National Oceanic and
Atmospheric Administration database. They found linear inverse correlations between SBP
and UVA, UVB and temperature. Although the BP findings for UVA and UVB were reduced
when temperature was added to the analysis (by 57% for UVA and by 56% for UVB), the
reductions with higher UVA and UVB were still significant. Predialysis SBP was about
4 mmHg higher for black patients. The correspondence reported that UVB’s effect on BP
was stronger than that of UVA. The authors argued that, because the evidence at that time
for vitamin D in regulating BP was weak to nonexistent, the effect was due to increases in
NO. However, that assumption has been overturned by a recent Mendelian randomization
study that stratified the analysis by a genetically inferred 25(OH)D concentration [46]. In
addition, supplementation by high-dose vitamin D3 supplementation (~4000 IU/d) in an
open label observational study in Canada that increased 25(OH)D concentrations above
100 nmol/L was found to reduce SBP by 14 to 18 mmHg and DBP by ~12 mmHg for
hypertensives; however, no significant reduction in BP was found for pre-hypertensive
participants. [47]. In addition, 71% of the 592 patients who were hypertensive at the
beginning of te study were no longer hypertensive.

In summary, higher ambient temperatures (up to about 20 ◦C), higher NO concen-
trations, and higher 25(OH)D concentrations, i.e., higher vitamin D status, do appear to
reduce BP. More research is indicated to assess each factor’s relative contribution.

2.2. All-Cause Mortality Rate

Ambient temperature’s effect on mortality rates has been known for many years. The
historical review and analysis by Kutschenreuter [48] is a good source of information
from the USA and serves as a good starting point. Figure 1 in that article uses monthly
temperature data from 1921 to 1950 and monthly all-cause mortality rate data from 1949
to 1958 for three U.S. cities: Cincinnati, OH, USA; Los Angeles, CA, USA; and New York,
NY, USA. The curves for all three cities show strong inverse correlations between ambient
temperature and mortality rate. The amplitudes of mortality rate are +23% for a 46 ◦F
change in temperature in Cincinnati, +25% for a 18 ◦F change in temperature in Los
Angeles and +27% for a 44 ◦F change in temperature in New York. Figure 2 shows that
the percent seasonal amplitude for all-cause mortality is in the low 30s for people older
than 25 years but very low for those aged 1–24 years. Figure 4 shows that the seasonal
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variation in mortality rates is similar for white people and non-white people. All those
results are consistent with the idea that changes in ambient temperature strongly influence
mortality rates.

The article regarding the role of non-optimal temperature on daily mortality by Marti-
Soler and colleagues [1] is very useful. Figure 1 in that article shows that, for lower
respiratory infections, ischemic heart disease, stroke and chronic obstructive pulmonary
disease, mortality increases for temperatures both below or above the theoretical minimum-
risk exposure level (TMREL), which was calculated for temperatures from 6 ◦C to 28 ◦C.
Evidently, the TMREL varies according to the mean temperature of the location. In a table,
they estimated the attributable deaths and population attributable fractions (PAFs) for high
and low temperatures for nine countries. Representative PAFs for low temperature in 2019
were 1.08% (95% CI, 0.92–1.31%) for Guatemala, 3.44% (95% CI, 3.03–3.75%) for the USA
and 4.28% (3.88–4.66%) for China.

A study in the UK reported that winter mortality was explained almost entirely by
a combination of monthly average temperatures over the previous 12 days, and weekly
influenza A counts [49].

The role of UVB and vitamin D in reducing all-cause mortality rates is also well-known.
For example, an observational study in Sweden involving 20,518 women aged 25–64 years
recruited from 1990 to 1992 and followed up for 20 years reported that sun avoiders, in
comparison with people with the highest sun exposure, had their life expectancy reduced
by 0.6–2.1 years [19]. A pooled analysis of 32 observational studies showed that the hazard
ratio for death decreased by 1.9 (95% CI, 1.6–2.2) for 25(OH)D < 10 ng/mL compared to
25(OH)D > 30 [50].

2.3. Cardiovascular Disease

Temperature has an important impact on CVD risk. In a study from Moscow, Russia,
researchers found a relationship between average daily temperature and CVD mortality
rates [51]. A plot of the basic mortality–temperature relationship indicated that this rela-
tionship was V-shaped with the minimum at ~18 ◦C. Each 1 ◦C increment of average daily
temperature above 18 ◦C resulted in an increase in deaths from coronary heart disease
(CHD) by 2.7%, from CVD by 4.7% and from respiratory diseases by 8.7%, with a lag of 0
to 1 day. Each 1 ◦C drop of average daily temperature from 18 ◦C to –10 ◦C resulted in an
increase in deaths from CHD by 0.57%, from cerebrovascular diseases by 0.78%, and from
respiratory diseases by 1.5%, with lags of maximum association varying from 3 days for
non-accidental mortality to 6 days for cerebrovascular mortality.

Another article has reported exposure–response curves for ischemic heart disease and
stroke [3], and it showed that the temperature effect depends on the daily mean temperature
of residence, with people adapted for living with mean temperatures above 20 ◦C having
reduced risks of mortality at up to 28 ◦C as compared to those of people living where mean
temperatures were below 20 ◦C. The attributable percentage contribution of temperature to
CVD mortality rate near 40◦ is 2.5%. A seasonal variation of 0.3 near 40◦ implies that the
mean increase is near 15%. Thus, 17% (2.5/15) of the seasonal variability can be attributed
to cold temperature. However, reducing the risk of CVD due to low temperatures is clearly
possible by wearing warm clothing when outdoors in winter [52] or by staying in a heated
home or work environment [53]. Similar results for CVD mortality rates with respect to
temperature were also reported for residents of Spain [54]. The RR of CVD deaths was
higher at 30 ◦C than at –5 ◦C, and the effect of low and high temperatures decreased from
1980–1994 to 2002–2016. The overall (all ages) RR at –5 ◦C compared with 20 ◦C was 1.5 in
2002–2016, whereas that for 30 ◦C was 1.8.

An important mechanism to explain why exposure to cold temperatures increases
the risk of CVD mortality rates comes from Keatinge [55]. The body responds to cold
by shifting up to a liter of blood from the skin to the internal organs to reduce heat loss.
This shift leads to disposal of the extra fluid and salt, partly by the kidneys as urine and
partly into the body’s general intercellular spaces, thereby increasing blood viscosity and
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increasing the risks of thrombosis [55]. The effect of high temperature on risk of CVD
mortality appears to relate to the effects of aging on thermoregulation during heat stress [56].
Compared with young adults during heat stress, older individuals typically respond with
less individual sweat gland output, decreased skin blood flow, reduced cardiac output and
smaller redistributions of blood flow from the splanchnic and renal circulations.

CHD rates vary with respect to the latitude of countries and season [57,58]. However,
the geographical variation in data on a smaller scale, such as within a country, corre-
lated most strongly with small particulate aerosol (PM2.5) concentrations, as found in the
United States [59].

Observational studies have shown significant inverse correlations between CVD
incidence and 25(OH)D concentrations [46]. In addition, an observational study based on
patients of the U.S. Veterans Health Administration system with a baseline serum 25(OH)D
concentration of <20 ng/mL who were counseled to take vitamin D supplements to raised
serum 25(OH)D to >30 ng/mL had a 35% (95% CI, 15–51%) reduced risk of myocardial
infarction (MI) compared with those who remained at <20 ng/mL [60]. However, clinical
trials have consistently failed to show that vitamin D supplementation reduces CVD
incidence [61,62], casting doubt on findings from observational studies. By contrast, a
randomized controlled trial (RCT) showed that high-dose vitamin D3 supplementation
reduces arterial stiffness in overweight African Americans [63].

In addition, two Mendelian randomization (MR) studies reported inverse correlations
between genetic predictions of 25(OH)D concentrations by using data from the UK Biobank.
Using nonlinear analysis, one study showed that CVD risk started to rise with lower
genetic 25(OH)D concentrations in subjects with 25(OH)D concentrations below 20 ng/mL,
progressing to a rapid increase in those with 25(OH)D values below 10 ng/mL [46]. The
odds ratio (OR) for CVD for a 25(OH)D level of 10 ng/mL compared with 30 ng/mL was
1.11 (95% CI, 1.05–1.18). A similar relationship was also found for SBP. Thus, the authors
estimate that approximately 6% of CVD risk in the UK can be prevented by raising serum
25(OH)D concentrations to above 40 ng/mL.

The second study used a stratified (nonlinear) analysis with respect to residual
25(OH)D concentrations [64] (calculated as the residual from the regression of season-
ally adjusted 25(OH)D on the mean-centered generic risk score), which allowed for the
comparison of individuals who would have had 25(OH)D concentrations in the same stra-
tum if they had the same genotype. CVD mortality (6150 events) was significantly reduced
in that MR analysis for 25(OH)D values of < 10 ng/mL by genotypes known to raise serum
25(OH)D (estimate = 0.69 [95% CI, 0.52–0.92]; p = 0.01). As noted in that article, MR uses
genetic variants specifically related to a particular exposure to compare genetically defined
population subgroups with different average levels of the exposure. The independent seg-
regation of alleles at conception means that these genetically defined subgroups should not
differ systematically with respect to confounding variables, creating a natural experiment
analogous to that of a randomized trial. Thus, these two MR studies offer evidence that
low 25(OH)D concentrations are significantly causal for CVD risk. Unfortunately, vitamin
D RCTs have not yet been designed to be able to investigate this effect adequately [65,66].

Further investigation shows that high PTH values associated with low 25(OH)D
concentrations, especially in the elderly, play an important role in CVD risk. A study in
Utah reported that higher PTH at the baseline was noted in 26.1% of the study population.
Highly significant differential CVD prevalence/incidence rates for most CVD risk factors,
disease diagnoses and mortality were noted for PTH > 75 pg/mL (by 1.25- to 3-fold). PTH
correlated only weakly with 25(OH)D and moderately with glomerular filtration rates.
Risks related to PTH were attenuated slightly after adjusting for confounding factors, but
they stayed significant [67].

An analysis of measurements of PTH and 25(OH)D in >300,000 U.S. patients con-
firmed that PTH increases with age and is inversely correlated with 25(OH)D concentra-
tions. Patients most likely to have PTH > 75 pg/mL were older than 60 years and had
25(OH)D < 10 ng/mL [68]. PTH stimulates aldosterone secretion by increasing calcium
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concentrations in the cells of the adrenal zona glomerulosa as a result of binding to the
PTH/PTH-rP receptor and indirectly by potentiating angiotensin-two-induced effects [69].
Meta-analyses of calcium supplementation studies reported significant increases in the risk
of myocardial infarction compared with placebo and nonsignificant increases in the risk of
stroke [70], which were not seen with comparable increases in dietary intakes [71].

A study of the seasonal variation of 25(OH)D concentrations in British adults aged
45 years indicated that 16% had values below 10 ng/mL in winter compared with 3% in
summer [22]. Thus, this seasonal variation in vitamin D status appears large enough to
contribute, in part, to the seasonal variation of CVD through a PTH-related mechanism.

A 2013 review by Lei and colleagues summarized the mechanisms by which NO
reduces the risk of CVD. NO inhibits smooth muscle cell proliferation and migration;
enhances the proliferation and migration of endothelial cells and inhibits their apoptosis;
suppresses platelet aggregation; and prevents platelet, leukocyte and monocyte adhesion
to endothelium. NO also inhibits the development of intimal hyperplasia in mechanically
or immunologically injured vessels [72]. In 2016, Weller outlined the evidence that UVA-
stimulated increase in levels of NO in the blood can play a role in reducing risk of CVD [73].
The hypothesis is supported by hypertension’s importance as a risk factor for CVD [74].

A study in Scotland offered more support for UVA in reducing risk of MI [75]. A total
of 56,370 MI patients were followed up from 2000 to 2011. Solar UVA and UVB doses were
obtained from NASA satellite instruments. Monthly acute MI hospital admissions ranged
from 6 to 11 out of a population of 100,000 during that period, whereas seasonal variations
were about 1.5/100,000. The seasonal variations superimposed on the underlying trend had
an amplitude of 0.31/100,000 (95% CI, 0.21–0.41/100,000). The log of UVA was significantly
correlated with the amplitude after adjusting for UVB, with a correlation coefficient of –0.08
(95% CI, –0.13 to –0.02; p = 0.008). That amplitude was not significantly correlated with
UVB nor temperature. Since the seasonal variations were small, UVA did not seem to have
a large impact on seasonality.

A paper published in 2017 reviewed the environmental determinants of CVD [76].
The topics considered that could affect seasonality directly were discussed in this order:
temperature, solar UVB and vitamin D, then solar UVA and NO. In addition, several other
factors that affect CVD risk were discussed, of which air pollution and physical inactivity
did impact the risk of CVD, with air pollution likely to be more important in the summer
and physical inactivity more important in the winter.

In summary, temperature appears to be the most important factor regulating seasonal
variations in CVD mortality rates. Temperature has the strongest support with respect
to both short-term and seasonal variations in temperature [3]. However, the effect of
25(OH)D concentrations mediated by PTH and calcium is also important at older ages.
UVA-stimulated release of NO is most likely important in reducing the risk of CVD death,
but more research is required. More research is also indicated to better determine the
relative strength of the effects of these factors on the risk of death from CVD.

2.4. Viral Infectious Diseases of the Respiratory Tract

Epidemic influenza has large seasonal variations, with peak rates 6 months apart in
the northern and southern hemispheres [77]. Cannell proposed that solar UVB, through the
production of vitamin D, may explain this epidemiology [16]. This hypothesis is supported
by some clinical trials, such as one involving African American women in New York
with a mean 25(OH)D baseline of 19 ± 8 ng/mL [78]. However, the hypothesis is not
supported in another trial with African American women with a mean 25(OH)D baseline
of 26 ± 12 ng/mL [79], where fewer cases of vitamin D deficiency must have been present.
Support was also found for vitamin D supplementation in reducing the risk of influenza
A but not influenza B in a study involving schoolchildren in Japan [80]. However, an
analysis of seasonal influenza data from the Health Professionals Follow-up Study showed
that absolute humidity and the school calendar better explained the seasonal patterns
than did seasonal variations in 25(OH)D concentrations [81]. A later article reported that,
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where monthly average specific humidity or temperature decreased below thresholds of
approximately 11–12 g/kg and 18 ◦C–21 ◦C during the year, influenza activity peaked
during the cold–dry season (i.e., winter) when specific humidity and temperature are at
minimal levels [82]. For tropical regions, seasonal influenza tends to peak in seasons of
rainfall greater than 150 mm/month.

An observational study was conducted of the temporal variation in influenza and
meteorological variables in several Northern European countries from 1 September 2017
to 31 August 2018 [83]. Temperature had the highest correlation with influenza, followed
by the UV index, humidity, wind speed, precipitation and atmospheric temperature. The
peak influenza rate occurred in calendar week 7 (i.e., mid-February), with only 10% of
the peak rate seen in weeks 50 and 17. According to an analysis of solar UVB doses as
a function of latitude and time of year, producing vitamin D from winter solar UVB is
virtually impossible above 55◦ N from about week 53 to week 6 [11]. Similarly, a study of
45-year-old inhabitants of Great Britain from September 2002 to March 2004 reported that
25(OH)D concentrations were minimal in winter, with little change from January through
April [22]. Thus, the UV effect on influenza rates observed was not due to UVB exposure
or vitamin D production, suggesting that the UV effect was due to UVA rather than to
UVB—something Cannell and colleagues did not evaluate [16].

COVID-19 rates also vary seasonally, with higher rates in winter but with occasional
outbreaks in summer when a new variant of the SARS-CoV-2 virus arises. An analysis of the
seasonality of viral infections noted that they spread faster in temperate regions when it is
cold and dry, since the viruses remain viable longer ex vivo in such conditions [84,85]. However,
in tropical regions, higher transmission is better supported by higher humidity, since the
stability of the viruses ex vivo is maintained in droplets and on moister surfaces. Cold, dry
conditions also reduce the body’s immune response to virus infections by compromising
nasal muco-ciliary clearance and local immune responses [86].

A recent article reported the correlations between meteorological and air quality
variables and COVID-19 case rates in Morocco between 2 March and 31 December 2020 [87].
The factors that were associated with increased risk were relative humidity above 80%,
wind speed above 20 m/s, ozone concentrations above 5 μg/m3 and PM10 concentrations
above 120 μg/m3. Factors associated with lower risk were temperatures above 25 ◦C,
precipitation above 25 mm and insolation above 10 h/day.

Grant and colleagues proposed in April 2020 that vitamin D reduces the risk of
SARS-CoV-2 infection and COVID-19 [88]. Many studies have examined that hypothe-
sis. The strongest support comes from two observational studies of SARS-CoV-2 infec-
tion or COVID-19 outcomes with respect to vitamin D supplementation. One prospec-
tive study conducted in Spain showed that patients prescribed with cholecalciferol or
calcidiol and achieved 25(OH)D >30 ng/mL compared with untreated controls with
25(OH)D <20 ng/mL, had a significantly reduced risk of SARS-CoV-2 infection (mul-
tivariate analysis hazard ratio (maHR) = 0.66 [95% CI, 0.57–0.77; p < 0.001]) and COVID-19
mortality (maHR = 0.66 [95% CI, 0.46–0.93; p < 0.001]) and a significantly reduced risk of
severe COVID-19 (maHR = 0.72 [95% CI, 0.52–1.00; p = 0.05]) [89]. Similar results were
found for calcifediol prescriptions, with p ≤ 0.001 for reductions in the risk of catching
COVID-19 and in its severity and mortality.

The second observational study involved veteran patients receiving care at the U.S. Depart-
ment of Veteran Affairs health care facilities between 20 February and 8 November 2020 [90].
Serum 25(OH)D data measured within 15–90 days before a positive SARS-CoV-2 test
were available for 4599 patients. The adjusted probability of hospitalization fell from
0.25 ± 0.03 at 13 ng/mL to 0.18 ± 0.02 at 60 ng/mL. The adjusted probability of mortality
fell from 0.11 ± 0.02 at 13 ng/mL to 0.06 ± 0.01 at 60 ng/mL. Since 60 ng/mL is higher
than the likely mean 25(OH)D of ~35 ng/mL that the patients could have achieved from
solar UVB exposure, the higher 25(OH)D concentrations most likely represent the result of
vitamin D supplementation.
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In an observational study in Spain, treating COVID-19 patients with calcifediol signifi-
cantly reduced mortality rates [91]. The trial included 76 consecutive COVID-19 patients
in a Cordoba hospital. A total of 50 patients were treated with high-dose calcifediol
[25(OH)D3], which has an advantage over vitamin D of rapidly increasing serum 25(OH)D
concentrations. The multivariate risk estimate [OR] for admission to the intensive care unit
for calcifediol treatment plus the conventional treatment versus the conventional treatment
alone was 0.03 (95% CI, 0.003–0.25), and no patients treated with calcifediol died, whereas
2 not treated with calcifediol died.

A recent RCT involving health care workers in four Mexican hospitals reported that
taking 4000 IU/d of vitamin D3 for 1 month reduced SARS-CoV-2 infection rates by 75%
[RR = 0.23 (95% CI, 0.09–0.55)] [92]. The effect was related to an increase in median 25(OH)D
concentrations from 18 to 27 ng/mL

Chronic obstructive pulmonary disease (COPD) also has significant seasonal varia-
tions of exacerbations and mortality rates. The Towards a Revolution in COPD Health
(TORCH) study involved 6112 COPD patients from 42 countries followed up for 3 years [93].
The patients were treated with standard drugs or placebo and visited clinics at 12-week
intervals. In the northern hemisphere, exacerbations were 9.3% in winter and 5.3% in
summer, whereas in the southern hemisphere, exacerbations were 12% in winter and 6% in
summer. Findings of a review published in 2014 suggest that this seasonality was partly
due to the increased prevalence of respiratory viral infections circulating in cold, damp con-
ditions, along with increased airway inflammation or reduced 25(OH)D concentrations [94].
Vitamin D reduces inflammation through effects on cytokine production [95].

Evidence also exists that supports the role of UVA-induced increases in serum NO
concentrations in reducing the risk of SARS-CoV-2 infection and COVID-19. An analysis of
the geographical variations of COVID-19 mortality rates in England, Italy and the United
States from January to April 2020 reported significant inverse correlations with respect
to solar UVA doses in regions of each country when solar UVB doses were zero [9]. The
adjusted mortality risk ratios per 100 kJ/m2 increase in mean daily UVA were 0.49 (95% CI,
0.38–0.64) in England, 0.81 (95% CI, 0.71–0.93) in Italy and 0.71 (95% CI, 0.69–0.85) in the
U.S. The pooled estimate was 0.68 (95% CI, 0.52–0.88).

Another study was conducted within Harvard’s Nurses’ Health Stufy II involving
39,315 participants, with 1768 testing positive for SARS-CoV-2 between May 2020 and
March 2021 [96]. Higher predicted 25(OH)D concentrations, but not vitamin D intake,
were associated with reduced SARS-CoV-2 infection rates. The highest quartiles of both
UVB (annual) and UVA (winter) doses at residence locations were associated with a ~24%
reduction in infection rates compared with the lowest doses.

A recent article reported that narrowband UVB (nUVB) treatment is very beneficial in
treating hospitalized COVID-19 patients [97]. The study involved 30 COVID-19 patients
in Louisiana in mid-2021, of whom 15 were randomized to be treated with nUVB and 15
with the same lamp but with the UVB blocked with UV-absorbing plexiglass. Patients
were treated for up to 8 days. The end result was that two nUVB-treated patients died
within 28 days compared to five untreated patients (p = 0.39). Interestingly, 25(OH)D
concentrations on day 5 had decreased by −12 ng/mL (95% CI, −20 to −5 ng/mL) versus
+1.7 ng/mL (95% CI, −12.1 to 7 ng/mL). The authors suggested that vitamin D was
consumed by an nUVB-driven response to COVID-19. Although the primary endpoint
was not significant, this study provided reasonable evidence that nUVB treatment effects
were due to non-vitamin D effects. This concept is supported by Richard Weller, Centre for
Inflammation Research, University of Edinburgh, Edinburgh, UK (private communication,
June, 2022).

An article published in 2021 examined the surge dates for COVID-19 (based on SARS-
CoV-2 seropositive case rates) in European countries during autumn of 2020 [98]. In
Figure 3 of that article, the surge dates range from 10 September for Iceland to 22 October
for Greece. The linear regression fit to the data has an r2 value of 0.77. Figure 4 in that
article shows that the surge date corresponds to solar UVB dose between 30% and 40% of
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the maximum for day 182 in July. A problem with attributing the effect to vitamin D is
that serum 25(OH)D concentrations peak near 75 nmol/L in the UK (latitude, 52◦ N) in
September and then decrease at a rate of 6–7 nmol/L to February or March [22]. Thus, the
effect of vitamin D was too small and slow to explain the finding. A better explanation is
that solar UVB induces various biological effects, both known and unknown, that reduce
the risk of SARS-CoV-2 infection and COVID-19 [99], while UVA could also play a role.

In the winter in non-tropical regions, increases in solar UVA increases and in serum
NO, atmospheric temperature and humidity appear to have the greatest impact on influenza
and COVID-19 disease rates. In the summer, the non-vitamin D effects of UVB exposure
and temperature/humidity seem to predominate, with some benefit from vitamin D.

2.5. Cancer

As reported by Marti-Soler and colleagues [1], cancer mortality rates do not have
significant seasonal variations. Unlike CVD and respiratory tract infections, cancer mor-
tality rates have significant inverse correlations with solar UVB in ecological studies [100].
Clinical trials have confirmed that vitamin D supplementation reduces the risk of cancer
mortality [101]. Ambient temperature does not seem to affect cancer incidence or mortality
rates. Two ecological studies, one in the entire U.S. [102] and one in Florida [37], showed an
increase in cancer rates at colder temperatures. However, the studies did not consider solar
UVB doses, which likely explain the findings. A recent review outlined the case for cold
temperature increasing the risk of cancer [103]. Endothelial iNOS is a risk factor for several
cancers, such as breast cancer [104], prostate cancer [105] and gastric cancer [106]. Since
endothelial iNOS increases NO concentrations, these findings do not support UVA-induced
increases in serum NO as reducing the risk of cancer.

Vitamin D deficiency is associated with increased colorectal cancer risks that appear
likely to be causal [100]. Breast cancer survival is increased in people diagnosed in summer
or autumn rather than in winter, although whether that is influenced by temperature, by
vitamin D or by hormonal factors is unclear [107,108]. Vitamin D supplementation reduced
cancer mortality though not cancer incidence in the VITAL study [109]. Data for the effects
of NO, UVB or UVA are lacking, although mortality is reduced with greater sun exposure
in Norway for several cancers, including breast, lung and prostate tumors [108]. Vitamin
D supplementation has improved survival in breast cancer [110], but specific data for the
effects of NO or UV are not available.

2.6. Other Health Outcomes

Further health outcomes are reported with seasonal variations in fatal health outcomes
that are highest in winter (Table 1). Whether these risks are affected by the environmental
factors identified above as those which have the greatest increases in mortality risks
through CVD and respiratory illness (ambient temperature, atmospheric particulates, UVB
production of vitamin D or other effects, or NO produced by UVA) is mostly unknown,
though low 25(OH)D concentration has been considered a risk factor for each. A noteworthy
feature of the diseases listed in this table is that only cancers have been found to have
highly significant inverse correlations between incidence and mortality rates and solar UVB
doses in mid-latitude countries [100], and it shows very little seasonal variation in mortality
rates. Even though cancers develop slowly, serum 25(OH)D concentrations measured near
the time of diagnosis are more strongly correlated with incidence than are concentrations
measured more than a few months [111] or years [100] prior to diagnosis. Although RCTs
have not found that supplementing with vitamin D reduces cancer incidence, it does reduce
cancer mortality rates [101]. The failure of the many other RCTs in this area are likely
attributable to poor design, conduct and analysis [100]. Thus, the lack of geographical
ecological studies to support the role of vitamin D in reducing the risk of the other diseases
already discussed supports the hypothesis that the non-vitamin-D-related effects of UVB
exposure play important roles in reducing cancer and other health risks.
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Table 1. Ratios of winter to summer mortality rate for common disorders in five countries.

Cause of Death
US

1951–1960
[112]

Australia
2015–2019

[113]

Japan
1970–1999

[114]

Netherlands
1979–1987

[115]

Scotland
1974–1988

[116]

All causes 1.17 1.10 1.04 1.33

Arteriosclerotic heart disease, CHD 1.28 1.15 1.14 1.34 1.28

Cancers 1.19 1.01 1.01 1.07 1.00

Cerebrovascular disease 1.11 1.09 1.25 1.30

Chronic respiratory disease 1.24 1.50

Cirrhosis of liver 1.15

Dementia 1.14

Diabetes mellitus 1.10 1.12 1.20 1.28

Digestive diseases 1.09

Hypertensive heart disease 1.30

Influenza 73

Influenza, pneumonia (except newborn) 2.12 1.50 1.18

Nephritis 1.22 1.30

Nonrheumatic chronic endocarditis 1.24

Pneumonia 1.33 1.88

Respiratory 1.28

Rheumatic fever 1.21

Septicemia 1.21

Tuberculosis 1.17 1.59

Vascular lesions, CNS 1.21

CHD, coronary heart disease; CNS, central nervous system.

Both fever and high ambient temperatures are associated with exacerbations of multi-
ple sclerosis and increased hospital admission rates [117,118]. Vitamin D deficiency is also
associated with increased risks of MS, and the observational and epidemiological evidence
for this association is increasingly supported by MR and mechanistic studies [119].

Type 1 diabetes results from autoimmune damage to islet beta cells that eventually
destroys them. Variations occur in the risk of type 1 diabetes and of several other immune-
mediated disorders with season of birth, which may be due to variations in either maternal
or infant vitamin D status, in maternal or infant UVB exposure or both [120,121], but
neither UVA exposure nor NO production has been investigated specifically as risk factors.
Alhough vitamin D is necessary for normal insulin secretory responses to glucose and for
maintaining healthy insulin sensitivity, it remains uncertain whether deficiency later in life
increases type 1 diabetes risks [122].

Type 2 diabetes results from long periods of increased insulin resistance with high
circulating insulin levels that lead to eventual islet beta cell failure. Since vitamin D is
necessary for healthy insulin secretion and reduces abnormal insulin resistance through
known mechanisms [123], vitamin D deficiency has long been thought likely to increase
type 2 diabetes mellitus (T2DM) risks. That causal effect is supported by MR analyses [124]
and by data from the Vitamin D and Type 2 Diabetes Study (D2d), showing up to 70%
reductions in T2DM risk after 2.5 years of vitamin D supplementation of those subjects
with prediabetes whose serum 25(OH)D values reached ≥100 nmol/l, a level only reached
with intakes of 4000 IU/day [125].

Pregnancy-related disorders are more common in winter. Extremes of ambient tem-
perature have adverse effects on birth outcomes, especially extremes of heat [126,127]. A
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recent literature review suggests that vitamin D deficiency has marked effects on preg-
nancy outcomes by increasing the risks of low birth weight, preterm birth and small-for-
gestational-age births [128]. Deficiency is also associated with increased risks of gestational
diabetes. Many trials of supplementation have failed to confirm causality in those disorders
apart from gestational diabetes [129]. However, corrections of deficiency may require
4000 IU/day of vitamin D3 rather than the much smaller doses usually given in trials, and
further work with adequate replacements in deficiency should clarify the situation [130].

2.7. Gene Expression

A pair of studies published in 2015 reported significant seasonal variations in gene
expression, including the vitamin D receptor [131,132]. Several studies reported by Holick
and colleagues also showed that vitamin D supplementation significantly affects gene
expression [133–135]. Although none of those studies examined the role of the many
genes modified in disease risk, many of vitamin D’s effects are due to controlling gene
expression [136]. Since the risks of many diseases are lower in summer, when 25(OH)D
concentrations are higher, it is reasonable to assume that genes with higher expression in
summer are more likely to reduce the risk of disease. It is also likely that factors other than
vitamin D affect seasonal variations in gene expression. For example, NO also regulates
gene expression. By 2001, it was known that NO cannot only directly influence the activity
of transcription factors, but it can also modulate upstream signaling cascades, mRNA
stability and translation as well as the processing of the primary gene products [137]. A
study published in 2003 reported that NO activates diverse signaling pathways to regulate
gene expression experimentally [138].

2.8. Air Pollution

Air pollution is an important cause of mortality. Particulates smaller than 2.5 microns
in diameter (PM2.5) were estimated to cause 4.2 million (95% CI, 3.7–4.8 million) deaths
globally in 2015 [139]. PM2.5 is significantly correlated with chronic CHD mortality rates in
the eastern U.S. during warm but not cold seasons [140]. Globally, 29% of the burden of
stroke was attributed to air pollution in 2013 [141]. Air pollution is estimated to account for
790 thousand (95% CI, 645–934 thousand) deaths in Europe annually, with 40–80% from
CVD [142]. A meta-analysis of the effects of air pollution on excess mortality rates reported
in 2002 found that, for all common types of air pollutants, mortality rates were higher in
warm seasons than in cold seasons [143]. It also found that excess mortality rates were
about twice as high for respiratory diseases than for CVD for the pollutants, PM10, carbon
monoxide, nitrogen dioxide and sulfates, but not for ozone.

3. Discussion

This narrative review indicates that seasonal variations in atmospheric temperature
strongly affect the risk and severity of high BP, CVD and respiratory viral diseases. How-
ever, both solar-UVB-induced changes in 25(OH)D and UVA-induced changes in NO
appear likely to contribute to seasonal variations in the risk of these disorders, albeit to
a more limited extent. However, ensuring vitamin D repletion remains worthwhile for
reducing mortality rates, especially for the elderly in winter.

More research is indicated to evaluate the relative contributions of each of the factors
discussed to the risks of these diseases and to death rates. Since the environmental factors
that were discussed as affecting CVD, BP and the two viral illnesses considered—ambient
temperature and exposure to UVB and UVA—cannot easily be changed at the population
level, observational studies remain important for further studies. However, data on relevant
environmental and biological risk factors near to the time of disease development or of
death may prove especially useful. Furthermore, the designs of both observational studies
and of the RCTs of potentially protective measures for disorders with seasonal variations
in risk need to provide for collecting data on ambient temperature, humidity, exposure

62



Nutrients 2022, 14, 2519

to UVA and UVB radiation and on changes in vitamin D status and in NO production
concurrently with other potentially relevant variables throughout all such studies.

Other common disorders whose risks vary with season, such as those of multiple
sclerosis and pregnancy disorders, have not yet been investigated in enough detail to
identify the contributions of variations in atmospheric temperature, UVB, UVA or humidity
to those risks. However, the existing data on the contributions of the environmental factors
discussed here to seasonal variations in mortality, CVD and respiratory virus infections
already suggest that effective public health measures to avoid temperature and humidity
extremes and to optimize exposure to UVB and UVA can improve public health. In the
future, better information on the contributions of these, or other, environmental factors to
other common disorders with seasonal variations in their presentations could also prove
to help in developing public health measures that are able to reduce CVD and respiratory
system risks. Public health measures for reducing CVD and respiratory system risks
from seasonal variations in temperature and humidity can already be stated, from the
information reviewed, to be important for reducing the mortality rates seen from CVD and
respiratory disease. Furthermore, this importance increases with global warming, adding
to the urgency of reducing this global hazard.

Because mortality rates are inversely correlated with solar UVB doses, the lack of
adequate solar UVB can be compensated for by the use of suitably regulated indoor
UVB lamps. Studies conducted in England indicate that using a subliminal UVB source
delivering the equivalent of 15 min of summer sunshine significantly increases the 25(OH)D
concentrations of elderly residents of a residential of care homes [144,145]. The authors
recommended additional studies before this approach could be used to recommend changes
in health policy. UV fluorescent lamps have, however, already been used to increase vitamin
D [146,147]. More recently, UVB sources using LEDs are being developed for stimulating
vitamin D3 production [148,149].

African Americans and other dark-skinned people living at higher latitudes than those
of their ancestral homelands generally have poorer health outcomes than fair-skinned
people in the same locations [150]. Although that article recommended vitamin D sup-
plementation to help reduce ethnic health disparities, it now appears that UVB exposure
should be considered as well.

Sunscreen can block UVB radiation from penetrating the skin. Since mounting evi-
dence indicates that UVB has health benefits beyond vitamin D production, people should
consider spending 15–30 min in the midday summer sun without sunscreen. Doing so daily
can result in protective tanning in most, but not for all white subjects [151]. The protection
from tanning is equivalent to a sun protection factor of 3–4 [152], meaning that one can
stay in the sun 3–4 times longer without erythema than without a tan. In addition, raising
serum 25(OH)D concentrations above 40 ng/mL can reduce the production of erythema
from solar UVB exposure [153,154].

A recent article furnished data to help guide medical recommendations for sensible
sun exposure to promote the cutaneous production of vitamin D3 at different latitudes,
seasonality, time of day and cloudiness status in Brazil [155] and these guidelines should
be applicable elsewhere as well.

Hopefully, additional research can provide more information on the role of solar UVA
and UVB in reducing the risks of seasonally variable diseases and mortality, leading to
improved public health and clinical practice guidelines. Meanwhile, habitual increases
in exposure to summer sunshine [with avoidance of sunburn] would also contribute to
improving the public health [154].
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Abstract: (1) Background: Vitamin D supplementation has been proposed for the prevention and
treatment of COVID-19, but it is not clear if reduced serum vitamin D predisposes individuals
to COVID-19 and/or is a secondary consequence of infection. This study assessed the temporal
association between serum vitamin D and COVID-19 with two single-institution case–control studies
through the University of California San Diego (UCSD) Health System. (2) Methods: This study
included patients who tested positive for COVID-19 from 1 January to 30 September 2020 with serum
25-hydroxy-vitamin D (25(OH)D) measured within 180 days of diagnosis. Patients were separated
based on whether 25(OH)D was measured before (n = 107 cases, 214 controls) or after (n = 203 cases,
406 controls) COVID-19 diagnosis. COVID-19 infection status was the outcome variable in the
pre-diagnosis study, whereas serum 25(OH)D level was the outcome variable in the post-diagnosis
study. (3) Results: Serum 25(OH)D levels were not associated with the odds of subsequent COVID-19
infection (OR 1.0, 95% CI: 1.0 to 1.0, p = 0.98). However, COVID-19-positive individuals had serum
25(OH)D measurements that were 2.7 ng/mL lower than the controls (95% CI: −5.2 to −0.2, p = 0.03).
(4) Conclusions: In our study population, serum 25(OH)D levels were not associated with the risk
of acquiring COVID-19 infection but were reduced in subjects after COVID-19 infection. These
results support the possibility that reduced serum 25(OH)D is a consequence and not a cause of
COVID-19 infection.

Keywords: COVID-19; vitamin D; 25(OH)D; case–control study

1. Introduction

SARS-CoV-2, the coronavirus that causes COVID-19, has claimed over 6 million lives
globally. In addition to vaccination efforts, there has been widespread public interest in
complementary measures to mitigate the risk of viral infection and mortality. Vitamin D,
available as an inexpensive supplement, gained extensive attention for its potential role in
the prevention and treatment of COVID-19. However, the relationship between vitamin D
and COVID-19 is unclear.

Mechanistically, vitamin D may enhance the immune response to SARS-CoV-2 in
several ways. Vitamin D boosts innate immunity by augmenting the expression of human
cathelicidin antimicrobial peptide (CAMP) [1] in lung and skin epithelial cells [2], which
has been shown to attenuate the infectivity and viability of viruses [3]. In addition, vitamin
D prevents excessive adaptive immune responses [4]. Because systemic inflammatory
responses have been associated with respiratory distress and mortality in patients with
severe COVID-19 [5], it has been proposed that vitamin D supplementation could mitigate
these harmful inflammatory reactions.

Some medical experts and public figures have recommended vitamin D supplementa-
tion for COVID-19 [6], using serum 25-hydroxy-vitamin D (25(OH)D), a standard laboratory
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serum marker of vitamin D stores, as a primary biomarker for vitamin sufficiency. Recom-
mendations for supplementation have particularly been endorsed for populations with
the most elevated COVID-19 risk and who also have higher rates of vitamin D deficiency,
including the elderly, individuals with chronic diseases, darker-complected individuals
such as African Americans, and those who live at high latitudes [7].

The studies that have evaluated the correlation between serum vitamin D and COVID-
19 have shown mixed results. Some reports have concluded that there is an association
between vitamin D deficiency and increased susceptibility to COVID-19 infection [8,9],
but others have not [10,11]. Other studies, focusing on different endpoints, have found
that 25(OH)D deficiency is correlated with a higher risk of intensive care unit admission,
ventilation dependency, and a lower survival rate [12–16]. Beneficial outcomes from vitamin
D supplementation trials have been reported [17], although these therapeutic studies have
not always been conducted in randomized groups [18] and have had modest sample sizes.
It has been postulated that any beneficial effect of vitamin D on severe COVID-19 could be
masked by the effect of other adjunctive treatments such as dexamethasone [19]. Highly
powered, randomized controlled trials will be needed to definitively test for causality.

The differences in conclusions among the published results may be caused, at least in
part, by significant methodological differences. Some reports examined serum 25(OH)D
based on country-wide averages [20,21] or inferred vitamin D status based on geographic
latitude [22] and did not directly assess serum vitamin D in individual subjects. Other
studies used vitamin D results that were measured years prior to COVID-19 testing [23],
which may have resulted in inaccurate representations because 25(OH)D levels can change
significantly with time [24] and season [25]. Finally, some reports assessed 25(OH)D levels
drawn prior to COVID-19 diagnosis [8], while others relied on measurements taken after
diagnosis [12,26,27], and others included both [28]. Because severe illness itself can cause
the rapid reduction of serum 25(OH)D [29], the timing of laboratory measurement is critical:
vitamin D deficiency may predispose individuals to COVID-19, but it is also possible that
COVID-19 infection can reduce 25(OH)D.

In this report, we sought to address these methodological differences by examining
the temporal correlation between serum 25(OH)D and COVID-19 infection. We performed
two complementary single-center studies examining patients testing positive for COVID-19
between 1 January 2020 to 30 September 2020 in the University of California San Diego
(UCSD) Health system who had a serum 25(OH)D assessment within 180 days of diagnosis.
These dates capture most COVID-19 cases in the UCSD Health system from the onset of
the COVID-19 pandemic until the initiation of vaccinations.

In the first study, we used a case–control design to compare the 25(OH)D levels
drawn prior to COVID-19-positive diagnosis with COVID-19-negative controls matched
by age, sex, body mass index (BMI), diabetes, hypertension, time from vitamin D draw,
and the season that the 25(OH)D test was performed. In the second study, we applied
a case–control design to assess serum 25(OH)D levels drawn after COVID-19 diagnosis,
applying the same matching criteria. Finally, we performed a subgroup analysis of the
second study to specifically examine COVID-19 patients whose disease was severe enough
to require hospitalization, comparing them against a matched hospitalized cohort that was
COVID-19-negative.

Our overarching approach was based on the reasoning that if vitamin D deficiency
increased susceptibility to COVID-19 infection, then serum 25(OH)D levels drawn prior
to diagnosis would be significantly lower in cases vs. controls. However, if 25(OH)D was
lower in COVID-19 cases only if measured after diagnosis, then COVID-19 infection itself
may have led to a reduction in vitamin D levels. The null hypotheses were that there was
no correlation between 25(OH)D levels and COVID-19 in either study. Finally, by focusing
on the subgroup of patients requiring hospitalization for COVID-19 and comparing it to a
matched hospitalized cohort, we sought to examine if any correlation between 25(OH)D
and COVID-19 was amplified among patients affected by severe forms of COVID-19 illness.

72



Nutrients 2022, 14, 2757

2. Materials and Methods

The UCSD Institutional Review Board approved this study and approved a waiver for
informed consent based on the requirements outlined in the Code of Federal Regulations
on the Protection of Human Subjects (45 CFR 46). All data collection and analysis were
performed in accordance with relevant guidelines and regulations. Data were collected for
all subjects who tested for COVID-19 through the UCSD Health system from 1 January 2020
to 30 September 2020 (n = 6050), capturing an interval from the onset of local infections to
the time prior to the initiation of COVID-19 vaccinations.

For primary analysis (Figure 1), cases were identified as patients who had serum
25(OH)D drawn within 180 days of COVID-19 diagnosis (n = 346). Seventeen patients
had serum 25(OH)D drawn within 14 days of COVID-19 diagnosis and were excluded to
account for the SARS-CoV-2 incubation period and to minimize confounding by possible
early manifestations of COVID-19 [30]. Additionally, 18 patients in the pre-diagnosis study
received vitamin D supplementation after serum 25(OH)D testing, but before COVID-19
diagnosis; these subjects were excluded due to probable changes in serum 25(OH)D levels
from supplementation. One patient was removed from the pre-diagnosis study due to
incomplete data on matching covariates.

Figure 1. Flow diagram showing the selection of study subjects and controls.

After exclusions, there were 107 cases in the pre-diagnosis study and 203 cases in
the post-diagnosis study. Cases in both studies were matched 1:2 to COVID-19-negative
controls by age, sex, BMI, diagnosis of diabetes (ICD-10 codes E11.0–E11.9), diagnosis
of hypertension (ICD-10 code I10), the number of days between vitamin D draw and
COVID-19 diagnosis, and the meteorological season of 25(OH)D laboratory draw. Patient
ethnicity and skin phototype data were not available. Matching was performed using
nearest-neighbor matching based on Mahalanobis distance.

For the pre-diagnosis study, a case–control analysis was performed with 25(OH)D
as the independent variable and COVID-19 infection status as the dependent variable. A
conditional logistic regression model was performed to estimate the odds ratio (OR) and
95% confidence interval (95% CI) for serum 25(OH)D as a continuous variable. Results
are reported as the change in odds of COVID-19 positivity for every 1 ng/mL increase
in 25(OH)D.
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For the post-diagnosis study, a case–control analysis was performed in which COVID-
19 infection status served as the binary independent variable to assess serum 25(OH)D
levels as the outcome. An ordinary least squares (OLS) regression model was performed to
estimate the change in serum 25(OH)D per ng/mL associated with COVID-19 positivity.

In a subset analysis of the second study, serum 25(OH)D levels in hospitalized COVID-
19 patients were compared to COVID-19-negative hospitalized patients. Here, cases were
defined as patients who had serum 25(OH)D drawn up to 180 days after inpatient admission
due to COVID-19 (n = 120). Matching criteria were identical to other analyses except for two
changes. First, subjects were matched by the number of days between vitamin D draw and
COVID-19 hospitalization, not COVID-19 diagnosis, and second, length of hospital stay was
included as an additional matching covariate to promote the comparison of hospitalized
patients with similar disease severities [31]. An OLS regression model was performed to
estimate the change in serum 25(OH)D per ng/mL associated with COVID-19 illness.

Analyses were performed using RStudio software, version 1.3.959. Continuous covariates
are reported as mean ± standard deviation (SD) and compared using unpaired t-tests; cate-
gorical variables are reported as numbers and percentages and compared using Chi-square
tests. The significance level for all analyses was set to a two-sided p-value < 0.05.

Subjects or the public were not involved in the design, conduct, reporting, or dissemi-
nation plans of this study.

3. Results

3.1. Serum 25(OH)D Was Lower in COVID-19 Subjects Tested after, but Not before Diagnosis

Baseline characteristics of the study cohorts are shown in Tables 1 and 2. Covariates
consisted of established risk factors for COVID-19 susceptibility [32] that included age, sex,
obesity, and medical comorbidities. In addition, due to seasonal variation in serum vitamin
D levels, control subjects were matched by the meteorological season that the serum vitamin
D was measured, as well as length of the delay between serum vitamin D assessment and
COVID-19 testing. Matched study populations were balanced between groups.

Table 1. Characteristics of the COVID-19 study population and controls: serum 25(OH)D measured
before COVID-19 diagnosis.

Characteristic
COVID-19-Positive

(n = 107)
COVID-19-Negative

(n = 214)
p-Value

Age (years) ± SD 51.2 ± 16.0 52.6 ± 15.3 0.49
Sex—no. (%)

Male 53 (49.5) 106 (49.5) 1.00
Female 54 (50.5) 108 (50.5)

Body Mass Index ± SD 27.8 ± 5.8 27.5 ± 5.4 0.67
Diabetes—no. (%)

Yes 22 (20.6) 44 (20.6) 1.00
No 85 (79.4) 170 (79.4)

Hypertension—no. (%)
Yes 50 (46.7) 100 (46.7) 1.00
No 57 (53.3) 114 (53.3)

Days between vitamin D and
COVID-19 test ± SD 77.4 ± 39.9 77.7 ± 39.6 0.95

Season—no. (%)
Winter (1 January–29 February) 36 (33.6) 72 (33.6)

Spring (1 March–31 May) 33 (30.8) 68 (31.8) 0.98
Summer (1 June–31 August) 38 (35.5) 74 (34.6)

Fall (1 September–30 September) - -
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Table 2. Characteristics of the COVID-19 study population and controls: serum 25(OH)D measured
after COVID-19 diagnosis.

Characteristic
COVID-19-Positive

(n = 203)
COVID-19-Negative

(n = 406)
p-Value

Age (years) ± SD 52.7 ± 15.7 53.4 ± 15.2 0.60
Sex—no. (%)

Male 123 (60.6) 246 (60.6) 1.00
Female 80 (39.4) 160 (39.4)

Body Mass Index ± SD 28.0 ± 6.5 27.6 ± 5.9 0.44
Diabetes—no. (%)

Yes 70 (34.5) 140 (34.5) 1.00
No 133 (65.5) 266 (65.5)

Hypertension—no. (%)
Yes 109 (53.7) 218 (53.7) 1.00
No 94 (46.3) 188 (46.3)

Days between vitamin D and
COVID-19 test ± SD 32.3 ± 40.4 32.3 ± 38.9 0.99

Season—no. (%)
Winter (1 January–29 February) - -

Spring (1 March–31 May) 42 (20.7) 82 (20.2)
Summer (1 June–31 August) 124 (61.1) 251 (61.8) 0.98

Fall (1 September–30 September) 37 (18.2) 73 (18.0)

For subjects in which 25(OH)D serum levels were assessed prior to COVID-19 testing,
the mean serum 25(OH)D was 35.5 ng/mL (SD 13.7) for cases and 35.4 ng/mL (SD 13.8)
for controls. A one-unit increase in serum 25(OH)D did not affect the odds of contracting
COVID-19 (OR 1.0, 95% CI 1.0 to 1.0, p = 0.98). These data revealed no significant association
between serum 25(OH)D and the odds of subsequent COVID-19 positivity.

In contrast, in subjects for whom 25(OH)D was measured after diagnosis, subsequent
assessment of 25(OH)D showed a mean serum 25(OH)D of 30.5 ng/mL (SD 15.5) for cases
and 33.2 ng/mL (SD 15.7) for controls. COVID-19 positivity was associated with serum
25(OH)D levels that were lower by 2.7 ng/mL on average (95% CI −5.2 to −0.2, p = 0.03)
(Tables 3 and 4). These data indicated that COVID-19-positive subjects showed a significant
reduction in 25(OH)D compared to matched COVID-19-negative subjects.

Table 3. Pre-diagnosis—conditional logistic regression.

Predictor
Cases (n = 107)

Serum 25(OH)D
(ng/mL) ± SD

Controls (n = 214)
Serum 25(OH)D
(ng/mL) ± SD

Odds Ratio 95% CI p-Value

Vitamin D
(ng/mL) 35.5 ± 13.7 35.4 ± 13.8 1.0 1.0 to 1.0 0.98

Table 4. Post-diagnosis—ordinary least squares regression.

Predictor
Cases (n = 203)

Serum 25(OH)D
(ng/mL) ± SD

Controls (n = 406)
Serum 25(OH)D
(ng/mL) ± SD

Beta
Estimate

95% CI p-Value

COVID-19
Infection 30.5 ± 15.5 33.2 ± 15.7 −2.7 −5.2 to −0.2 0.03

Continuous covariates are reported as mean ± standard deviation (SD) and compared
using unpaired t-tests. Categorical variables are reported as numbers (no.) and percentages
(%) and compared using Chi-square tests. A p-value < 0.05 was considered a significant
difference for covariates. Season dates were defined by the meteorological seasons within
the study interval.
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Serum 25(OH)D for cases and controls are reported as mean levels in ng/mL ±
standard deviation (SD). In the pre-diagnosis study, a conditional logistic regression was
performed in which the independent variable is continuous (i.e., serum 25(OH)D level)
and the dependent variable is binary (i.e., COVID-19 infection status).

In the post-diagnosis study, an ordinary least squares regression was performed, in
which the independent variable is binary (i.e., COVID-19 infection status) and the depen-
dent variable is continuous (i.e., serum 25(OH)D level). Abbreviations: CI = confidence
interval; 25(OH)D = 25-hydroxy vitamin D.

3.2. Reduced 25(OH)D in COVID-19-Positive Hospitalized Patients Compared to a
COVID-19-Negative Hospitalized Cohort

It has been reported that vitamin D deficiency may correlate to severe outcomes from
COVID-19 infection. To assess for potential correlation between serum 25(OH)D and severe
COVID-19 infection, a subgroup analysis was performed to compare COVID-19 subjects
requiring hospitalization against a COVID-negative hospitalized control group. To promote
matching patients with comparable disease severity, control patients were also matched
by the length of hospital stay, an indicator of disease severity [31]. Baseline characteristics
of the matched analysis for the hospitalized cohort are shown in Table 5. No significant
differences were observed for matching characteristics between cases and controls.

Table 5. Characteristics of hospitalized COVID-19 study population and controls.

Characteristic
COVID-19-Positive

(n = 120)
COVID-19-Negative

(n = 240) p-Value

Age (years) ± SD 55.9 ± 14.6 57.9 ± 14.0 0.22
Sex—no. (%)

Male 82 (68.3) 165 (68.8) 0.94
Female 38 (31.7) 75 (31.3)

Body Mass Index ± SD 28.1 ± 6.8 26.8 ± 6.3 0.07
Diabetes—no. (%)

Yes 59 (49.2) 115 (47.9) 0.82
No 61 (50.8) 125 (52.1)

Hypertension—no. (%)
Yes 83 (69.2) 165 (68.8) 0.94
No 37 (30.8) 75 (31.4)

Days between vitamin D test and
COVID-19 hospitalization ± SD 21.0 ± 34.4 19.9 ± 30.0 0.76

Season—no. (%)
Winter (1 January–29 February)

Spring (1 March–31 May)
Summer (1 June–31 August)

Fall (1 September–30 September)

7 (5.8)
37 (30.8)
67 (55.8)
9 (7.5)

16 (6.7)
77 (32.1)

128 (53.3)
19 (7.9)

0.97

Length of hospitalization (days) ± SD 21.4 ± 21.4 17.2 ± 17.8 0.07

Continuous covariates are reported as mean ± standard deviation (SD) and compared
using unpaired t-tests. Categorical variables are reported as numbers (no.) and percentages
(%) and compared using Chi-square tests. A p-value less than 0.05 was considered a
significant difference for covariates. Season dates were defined by the meteorological
seasons within the study interval.

Within a 180-day window following inpatient admission, Table 6 shows that COVID-
19-positive hospitalized cases had a mean 25(OH)D of 23.9 ng/mL (SD 13.5), while COVID-
19-negative hospitalized controls had a mean 25(OH)D level of 27.3 ng/mL (SD 15.4). Thus,
patient hospitalization due to COVID-19 infection was associated with 3.3 ng/mL (95%
CI −6.3 to −0.4, p = 0.03) lower serum 25(OH)D levels compared to hospitalized COVID-
19-negative patients (Table 6). These data indicated that COVID-19-positive hospitalized
subjects showed a significant reduction in 25(OH)D compared to COVID-19-negative
hospitalized subjects.
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Table 6. Association of serum 25-hydroxy vitamin D with severe COVID-19 infection.

Predictor
Cases (n = 120)

Serum 25(OH)D
(ng/mL) ± SD

Controls (n = 240)
Serum 25 (OH)D

(ng/mL) ± SD

Beta
Estimate

95% CI p-Value

COVID-19
Hospitalization 23.9 ± 13.5 27.3 ± 15.4 −3.3 −6.3 to −0.4 0.03

Serum 25(OH)D for cases and controls is reported as mean levels in ng/mL ± stan-
dard deviation (SD). An ordinary least squares regression was performed in which the
independent variable is binary (i.e., hospitalization due to COVID-19 or hospitalization
due to another cause) and the dependent variable is continuous (i.e., serum 25(OH)D level).
Abbreviations: CI = confidence interval; 25(OH)D = 25-hydroxy vitamin D.

4. Discussion

Defining the temporal association between serum vitamin D and COVID-19 infection
provides a basis for evaluating the potential use of vitamin D supplementation to prevent
COVID-19 infection and/or mitigate disease severity. Our single-center study found that
COVID-19 infection and hospitalization were associated with lower serum vitamin D levels
drawn after diagnosis or hospital admission. However, serum 25(OH)D levels did not
affect the odds of initially testing positive for COVID-19, indicating that lower vitamin
D was not a risk factor for COVID-19 infection in our study population. Among the
published studies, some reports have proposed that vitamin D insufficiency, defined as
serum concentrations 20–30 ng/mL, or vitamin D deficiency, defined as concentrations
<20 ng/mL, may be risk factors for COVID-19 infection [33]. To explore this possibility, we
also stratified our pre-diagnosis subjects into these categories. We found no statistically
significant association with increased odds of COVID-19 with either vitamin D insufficiency
or deficiency compared to the sufficient (>30 ng/mL) reference group. Viewed together,
our results are consistent with other reports that identified lower 25(OH)D in association
with COVID-19 [8,12,16,34], but suggest that lower 25(OH)D levels may be an outcome of
COVID-19 infection rather than a cause of it.

The relationship between vitamin D levels and medical conditions is complex. In
certain contexts, including a study that analyzed the relationship between 25(OH)D con-
centration and non-severe community-acquired pneumonia, there was no difference in
serum (OH)D levels during the acute phase and up to 90 days after recovery [35]. Sim-
ilarly, a study of 14 patients in the acute phase response to malaria demonstrated that
vitamin D levels remained unaffected over the course of hospital stay and 2–6 weeks after
discharge [36]. In contrast, in studies on pancreatitis, vitamin D has been shown to have
statistically significant decreases due to inflammatory processes [37,38]. A systematic re-
view cautioned against the notion that inflammatory conditions generate rapid decreases in
vitamin D, partly because its findings illustrated the possibility of heterogeneity; however,
many studies still showed a reduction in vitamin D following inflammatory insult [39].
Given the plausible relationship between inflammatory conditions and changes in vitamin
D levels, reverse causality may explain some of the changes in vitamin D levels, and that
preexisting vitamin D status alone is not solely responsible [40].

Our findings are consistent with prior reports that examined the relationship between
vitamin D and respiratory illnesses. While vitamin D deficiency has been associated
with an increased risk of respiratory infections [41], acute illness itself can also reduce
serum 25(OH)D through fluid shifts, the depletion of serum binding proteins, and renal
wasting [29]. Acute inflammation following surgery has been associated with a reduction in
serum 25(OH)D within 48 h [42]. Inflammatory mediators lead to an increase in the activity
of CYP24A1 and CYP27B1, enzymes that metabolize vitamin D pathway compounds [43].
Vitamin D metabolism is dysregulated in patients with asthma and chronic obstructive
pulmonary diseases, leading some investigators to suggest that the relationship between
airway inflammation and vitamin D deficiency is bidirectional [44]. These findings support
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the biological plausibility that elevated rates of vitamin D deficiency observed in subjects
infected by COVID-19 could be, at least in part, secondary to the respiratory infection
itself [40].

Our study has several strengths. First, our data from a single institution directly
assessed 25(OH)D and COVID-19 laboratory results using uniform, standardized assays,
minimizing the significant variations that can occur between different testing method-
ologies [45]. Second, our restriction of 25(OH)D values to a 180-day window, matching
controls by season, and matching by the time interval between 25(OH)D and COVID-19 test-
ing addresses important time-dependent effects that affect 25(OH)D levels [23,25]. Third,
our stratification of 25(OH)D data from the same institutional population into subjects
who were tested before vs. after COVID-19 diagnosis allowed us to assess the temporal
relationship between vitamin D and COVID-19.

Our study also has several limitations. The retrospective design does not allow for
the determination of causality, and our sample size is not powered to detect smaller,
but potentially significant, correlations. Additionally, although we matched baseline
characteristics between cases and controls, other unaccounted confounders could have
affected the results. Data on the racial identity of our study subjects was incomplete, which
did not allow us to include this factor in cohort matching. Racial disparities in COVID-19
illness have been observed, with one retrospective study finding that a positive COVID-19
test was associated with lower vitamin D levels in Black but not White individuals [8]. Our
health system’s catchment area (San Diego County) has a lower Black population (~5.5%)
than the U.S. national average (~13.4%) and has a relatively high level of sun and UV
exposure. UV exposure may provide a protective effect against COVID-19 both through
vitamin D-dependent and -independent mechanisms [46]. Therefore, the results from our
analysis may differ from other study populations and do not argue against the potential
utility of vitamin D supplementation for specific populations.

Ultimately, intervention trials could provide the most conclusive insight to the ther-
apeutic value of vitamin D supplementation both prior to and after COVID-19 infection.
Early reports have shown mixed results: A small (n = 76) randomized trial indicated that
oral calcifediol supplementation reduced the need for intensive care unit admission in
COVID-19-infected subjects [17], though the trial was not placebo-controlled and did not
measure baseline or post-treatment serum vitamin D levels. By contrast, a randomized,
double-blind, placebo-controlled trial on hospitalized COVID-19 patients found no benefit
to a single 200,000 IU dose of vitamin D3 on the length of hospital stay [47]. Viewed together
with the results from our study and taken in context with other published studies to date,
we recommend caution in the therapeutic expectations for vitamin D supplementation in
the prevention of COVID-19.

5. Conclusions

We performed two complementary case–control studies at UCSD Health to evaluate
the temporal association of serum vitamin D and COVID-19 infection, examining 25(OH)D
levels drawn before or after COVID-19 diagnosis. Our main finding is that serum 25(OH)D
drawn before COVID-19 diagnosis did not differ between cases and controls, but serum
25(OH)D drawn in subjects who tested positive for COVID-19 was significantly lower than
matched controls. This result was even more pronounced in subjects with severe COVID-19
infection requiring hospitalization. These results support the possibility that lower serum
vitamin D levels may not predispose individuals to COVID-19 infection, but may be a
consequence of it.
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Abstract: Vitamin D has well-defined classical functions related to metabolism and bone health but
also has non-classical effects that may influence pregnancy. Maternal morbidity remains a significant
health care concern worldwide, despite efforts to improve maternal health. Nutritional deficiencies
of vitamin D during pregnancy are related to adverse pregnancy outcomes, but the evidence base
is difficult to navigate. The primary purpose of this review is to map the evidence on the effects of
deficiencies of vitamin D on pregnancy outcome and the dosage used in such studies. A systematic
search was performed for studies on vitamin D status during pregnancy and maternal outcomes. A
total of 50 studies came from PubMed, 15 studies came from Cochrane, and 150 studies came from
Embase, for a total of 215 articles. After screening, 34 were identified as candidate studies for inclusion.
Finally, 28 articles met the inclusion criteria, which originated from 15 countries. The studies included
14 original research studies and 13 review studies conducted between 2012 and 2021. This review
was finally limited to the 14 original studies. This systematic review was conducted according to
the Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) guidelines, and
the quality and strength of the evidence was evaluated using the Navigation Guide Systematic
Review Methodology (SING). We found evidence that supports the idea that supplementary vitamin
D for pregnant women is important for reducing the risk of gestational diabetes, hypertension,
preeclampsia, early labor, and other complications. The data retrieved from this review are consistent
with the hypothesis that adequate vitamin D levels might contribute to a healthy pregnancy.

Keywords: gestational diabetes; hypertension; maternal morbidity; preeclampsia; pregnancy; sup-
plementation; vitamin D; 25-hydroxyvitamin D

1. Introduction

There is evidence of early interest in the relationship between vitamin D status and
maternal health outcomes [1].

Vitamin D (D2 or ergocalciferol, D3 or cholecalciferol, or both) is a fat-soluble lipophilic
prohormone proven to have many metabolic and biological functions. This vitamin is
mainly synthetized in the skin as cholecalciferol through the action of ultraviolet light
(vitamin D3), but it is also obtained from diet sources and food supplements such as
ergocalciferol (vitamin D2) [2] and food materials such as fish oil, fish flesh, dietary supple-
ments, eggs, butter, fortified foods, liver, and mushrooms. Vitamin D deficiency (serum

Nutrients 2022, 14, 3166. https://doi.org/10.3390/nu14153166 https://www.mdpi.com/journal/nutrients
83



Nutrients 2022, 14, 3166

25-hydroxyvitamin D [25(OH)D] < 20 ng/mL) [3–5] is a major public health concern that is
widespread among the general population and highly prevalent in pregnant women; it is
found in 60% of them [6–9]. Maintaining serum concentrations between 30 and 50 ng/mL
is recommended to achieve the health benefits of vitamin D [10–13].

Globally, it has been estimated that a billion people may be affected by vitamin D
deficiency or insufficiency [14]. Studies in Ethiopia and India have also found that more
than 80% and 60% of pregnant women suffered from vitamin D deficiency, using a cutoff
of <50 nmol/L vitamin D, indicating the need for more research on the potential outcome
and benefits of supplementation in developing countries [15,16].

Severe maternal morbidity during pregnancy is identified and reported worldwide.
Its rising rates remain a large healthcare concern [17]. In 2005, worldwide, there were
around 535,900 maternal deaths reported, which translates to a mortality ratio of about
402 maternal deaths per 100,000 live births [18]. The majority of these maternal deaths
occurred in sub-Saharan Africa, with 270,500 deaths, and Asia, with 240,600 deaths [18].
Just five countries—India (117,100), Nigeria (58,800), the Democratic Republic of Congo
(32,300), Afghanistan (26,000), and Ethiopia (22,200)—accounted for almost half (48%) of
all maternal deaths [18].

Maternal morbidity is an unintended outcome of labor and delivery that results in
significant short- or long-term consequences to woman’s health [19]. Severe maternal
morbidity (SMM) affects around an estimated 50,000 women per year in the United States—
0.5–1.3% of pregnancies [19,20]. However, determining the true rates of SMM in the United
States and worldwide is difficult because of the lack of standard definitions of such cases
as well as the difficulty in identifying cases [21].

During pregnancy, there are significant alterations in phosphate and calcium metabolism
owing to calcium accumulating in the fetal skeleton, and the fetus relies exclusively on the
maternal supply of vitamin D, which it receives across the placenta, as it is not capable of
synthesizing vitamin D on its own for adequate bone mineral formation [22,23]. A low
level of vitamin D during the pregnancy and special attention during the early stage of
pregnancy produce less bone mineral content in the fetal skeleton. Calcitriol cord blood
concentrations tend to be lower than those found in maternal serum [2–13] due to the fact
that calcitriol cannot easily cross the placental barrier [24,25], and parathyroid hormone
concentrations are low in the fetus [26]. The high levels of phosphorus and calcium con-
centrations found in serum also contribute to lower fetal calcitriol concentrations because
these factors suppress the expression of renal 25OHD-1-α-hydroxylase (CYP27B1) in the
fetus [27].

The recommended daily allowance (RDA) of vitamin D for women in the United
States aged 19–50 years, including during pregnancy, is established at 600 IU per day [27].
This recommendation was based on the amount of intake necessary to sustain blood levels
of vitamin D above 50 nmol/L for a population with minimal sunlight exposure and was
developed solely based on outcomes related to bone health [27]. According to the US
Institute of Medicine, it is considered that 1000–1600 IU (25–40 g/day) of supplemental
vitamin D is necessary during pregnancy to obtain the highest level of vitamin D3 during
this period [28]. This recommendation was contentious, as many researchers have argued
that insufficiency should be defined at thresholds of 75 nmol/L or even higher, which
would require a much higher intake to reach [29,30]. Nevertheless, some studies [31–33]
established that the safe and maximal production of vitamin D (at least 32 ng/mL) is
achieved with a supplementation of 4000 IU/day until delivery.

Vitamin D can also be referred to as 25-hidroxyvitamin D or calcidiol, and it is trans-
formed into its active form 1,25-dihydroxyvitamin D by CYP27B1 [33]. This enzyme is
mainly located in the kidney but is also significantly expressed in the placenta. Preg-
nancy represents a special physiological situation due to the important role played by the
placenta in the metabolism of this vitamin [34]. The placenta is thought to be the major
site of vitamin D metabolism in pregnancy. The 1a-hydroxylase, the 24-hydroxylase, the
25-hydroxylase (CYP2R1), the vitamin D binding protein (VDB), and the vitamin D receptor
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(VDR) have all been detected either in trophoblast cultures or in freshly obtained placental
tissue [35–38]. Undoubtedly, the placenta can metabolize vitamin D, providing active
1,25-(OH)2 vitamin D in vitro. However, it is unclear to what extent placental vitamin D
metabolism contributes to maternal vitamin D status in pregnancy.

Numerous functions have been attributed to vitamin D due to the pleiotropic prop-
erties of the vitamin D receptor (VDR) [39]. Increasing scientific evidence points to the
role of vitamin D in maternal mortality and morbidity, in addition to its implication in
several pathologies. Allergic and autoimmune diseases and even cancer implications have
also been postulated [40]. The vitamin D deficiency during pregnancy cause maternal
and fetal side effects [41], such as increases the risk of preeclampsia, glucose intolerance,
gestational diabetes, preterm birth and hypocalcemia crisis in the mother. As poor skeletal
development, dysfunction in both the mother and newborn and increase the risk birth of a
small child for gestational age (SGA) [42]. Also in the fetus it is related to an inadequate
immune system, wheezing and eczema, and respiratory infections in infants [43,44].

An area of study that has garnered significant attention is the role of vitamin D and its
effect on pregnancy. There is a lack of evidence from systematic reviews and meta- analyses
to evaluate the association between vitamin D during pregnancy and maternal morbidity.
Given the high prevalence of low vitamin D level status during pregnancy and the public
health importance of clarifying the role of vitamin D during pregnancy in offspring health,
a better understanding of the nonclassical functions of vitamin D in preventing adverse
health outcomes in high-risk populations is needed. The aim of the present review is to
summarize the primary outcome in order to identify a cut-off value for a serum vitamin
D concentration that increases the risk of maternal morbidity during pregnancy and to
determine the possibility of supplementation to avoid it.

2. Materials and Methods

This systematic review was conducted according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [45,46]. The quality and
strength of the evidence was evaluated using the Navigation Guide Systematic Review
Methodology (SING) [47–49]. Systematic review registration PROSPERO (CDR42022343174).

2.1. Question PECO

The PECO question (P: population; E: exposure; C: comparison; O: outcome) of the
study was “Is there more morbidity in pregnant women with low levels of vitamin D
compared to those with adequate levels of vitamin D?”, in which P is pregnancy women; E
is a low intake/level of vitamin D; C is an adequate intake/level of vitamin D; and O is
pregnancy morbidity.

2.2. Literature Search

The goal of the search strategy was to identify studies that reported the associations
between serum vitamin D concentrations or the intake of vitamin D from supplementation
or diet during pregnancy and its maternal morbidity affects. First, we performed a literature
search to identify publications eligible for inclusion in the PubMed and Embase databases.
The keywords included “pregnancy” OR “gestation” AND “vitamin D” AND “morbidity.”
The search was limited to human subjects and English and Spanish language articles
published between 2010 and May 2022. A total of 50 studies were recovered from PubMed,
15 were recovered from Cochrane, and 150 were recovered from Embase, for a total of 215.
In the first phase, duplicates were removed, and the reference lists of relevant publications
were searched for fresh research that fulfilled the inclusion requirements. Following the
first literature search, the reviewers examined the titles and abstracts to locate those that
fulfilled the selection criteria. These articles were assessed for eligibility, with the first
screening of the articles based on the information available in the abstract and results
sections of each study. The initial screening identified 34 candidate studies, of which 28 met
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the inclusion and exclusion criteria. The PRISMA flowchart (Figure 1) shows the number
of articles at each stage of the screening process.

 

Figure 1. Search strategy: PRISMA flowchart.

2.3. Study Inclusion/Exclusion Criteria and Data Extraction

The types of studies included in this review meet the following criteria: controlled
trials, both randomized and nonrandomized; prospective cohorts; case-control studies;
and systematic reviews looking at the effects of vitamin D on maternal morbidity. All
studies were longitudinal in nature and focused on how vitamin D levels in pregnancy
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were related to maternal morbidity. Specific inclusion/exclusion criteria were developed
for the selection of studies to be included in this work, and only published works that met
all the criteria were included for review. The selection criteria were the following:

1. Original research article or review (abstracts, case reports, ecological studies, and
comments were excluded)

2. Available in English and Spanish
3. Published between 2010 and May 2022
4. Study carried out on humans
5. Exposure of interest is vitamin D status or supplementation during pregnancy
6. Data on vitamin D or metabolite concentration in maternal blood during pregnancy

available
7. Main outcomes of interest are the incidence of maternal morbidity.

After a thorough assessment by all the authors of the candidate studies, 26 were
included in this review.

2.4. Data Extraction

The data for the present review were retrieved from the previous research articles
published earlier. The following data were extracted for the present study: (i) Study
characteristics: authors, location and year, type of study, and source of data collection;
(ii) sample size; (iii) primary outcome; (iv) findings (maternal morbidity & vitamin D
level) (Table 1). The relevant data of the reviews were also summarized in a second table,
including: (i) factors analyzed; (ii) gestational week when sample was collected; (iii) vitamin
D cutoff (blood sample nmol/L); (iv) vitamin D collected (serum or supplementation);
(v) average maternal age (Table 2).
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2.5. Study Quaity Assessment

The quality of the studies is assessed using the following tools: The Eight Star
Newcastle–Ottawa Scale (NOS) for observational studies (cohorts and case-controls) [47,48]
was used to evaluate the methodological quality—specifically, the risk of bias—of the origi-
nal studies. Assessment with the Newcastle–Ottawa Scale produces a score ranging from 0
to 9, with the overall score based on three sub-scores based on the subject selection (0–4),
the comparability of the subject (0–2), and the clinical outcome (0–3). The study assessment
was carried out independently by two individuals (NU and IPC), and discrepancies were
brought to a third individual (MMSV) if a compromise could not be reached among the
two original individuals after discussion.

Further assessment of the quality of the included studies was carried out using the
Scottish Intercollegiate Guidelines Network (SIGN) [49]. Using the SIGN ensures that
the validity—including key factors such as bias and confounding—of a study is robustly
assessed. The SIGN system in based on the principles of evidence-based medicine, an
approach that ensures the use of the most up-to-date, reliable, and scientifically solid
evidence available in making decisions about a particular situation being studied [64].

The SIGN system establishes levels of evidence and recommendations to describe a
given study and its results. The levels of evidence are based on the study design and the
methodological quality of individual studies and are scored from best to worst using the
numbers 1, 2, 3, and 4. These scores are further ranked using the ++, +, and—signs. The
grades of recommendation, rated from best to worst as A, B, C, and D, are based on the
strength of the evidence on which the recommendation is based, and they do not reflect the
clinical importance of the recommendation.

3. Results

3.1. Study Characteristics

Our search approach yielded up 215 studies identified through database searching; a
total of 14 original research studies and 13 review studies remained. After consideration, it
was decided to include only the 14 original studies in this review.

Considering the SIGN and NOS scores, the 14 original studies could be regarded as
good (high) quality. The important methodological features and the general characteristics
of all the review studies are summarized in Table 1. The chosen studies were analyzed
according to the design, location and year, source of data, sample size, factor, vitamin
D level assessment, and major findings. Meanwhile, the vitamin D analysis details and
vitamin D cutoff values of the included articles are listed in Table 2.

The studies were published between 2012 and 2021. The original research studies used
data from India [57,58,61], Denmark [59], the United States [54,56], Germany [55], Nige-
ria [53], the Northern Hemisphere [51], Canada [52], Brazil [50], Egypt [60], Sweden [62],
and Mexico [63]. The review research studies included data from Brazil, India, the United
States, Puerto Rico, Spain, Iran, and Australia [65–77].

All but six observational studies of vitamin D were conducted in high-income country
settings, and most populations had either a presumed risk or a high prevalence of deficiency
at baseline (Table 1). The dosing approaches and assay methods in the trials varied: one
trial contained multiple intervention arms testing the daily dietary intake of Vitamin D,
vitamin D supplementation, and the frequency of UV exposure in the first trimester, in the
second trimester, and at the time of delivery. One recent trial tested daily 4400 vs. 400 IU
D3. In other studies, the relationship between disease risks was evaluated by measuring
serum vitamin D levels with different assay methods (Table 2). This trial [65] showed that a
significant effect of sufficient vitamin D status (25OHD ≥ 30 ng/mL) was observed in both
early and late pregnancy compared with insufficient levels (25OHD < 30 ng/mL) (OR, 0.28;
95% CI, 0.10–0.96).

Vitamin D supplementation appeared to improve maternal vitamin D levels in the
two trials for which data were available [65]. In addition, the results of trials by Christine
Rohr Thomsen indicate a seasonal variation effect of the risk of gestational hypertension
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(p = 0.01), PE (p = 0.001), and early-onset PE (p = 0.014) [51,59]. Women with an estimated
date of conception in June had the highest risk of preeclampsia, while women with an
estimated date of conception in August had the highest risk of gestational hypertension.

Observational studies of vitamin D status during pregnancy and the risk of pre-
eclampsia have not shown consistent associations. Vitamin D levels were lower (p < 0.01)
in women with PE [50–52,57,58,60,61]. The investigators of a study from the USA [54]
observed that vitamin D supplementation initiated in weeks 10–18 of pregnancy did not
reduce preeclampsia incidence in the intention-to-treat paradigm. However, vitamin D
levels of 30 ng/mL or higher at trial entry and in late pregnancy were associated with
a lower risk of preeclampsia (8.08% vs. 8.33%, respectively; relative risk: 0.97; 95% CI,
0.61–1.53). A nested case control study from North Carolina reported that women with
vitamin D levels <50 nmol/L had a nearly fourfold greater risk of severe preeclampsia
compared with those with levels ≥ 75 nmol/L [78]. In contrast, a nested case-control study
in Massachusetts found no statistically significant differences in the risk of pre-eclampsia
for women with vitamin D levels < 37.5 nmol/L (AOR 1.35 [0.40, 4.50]) [71]. Another
prospective cohort study of pregnancies at a high risk for pre-eclampsia in Canada found
no effect of vitamin D during early pregnancy on pre-eclampsia risk [72].

A group of studies relate the vitamin D status with the alteration of different metabolic
pathways such as carbon and peptide metabolism. The imbalance of long-chain polyunsatu-
rated fatty acid metabolites produced by a vitamin D deficiency contributes to inflammation
and endothelial dysfunction [61]. This deficiency also contributes to a low antimicrobial
peptide metabolism [63], resulting in several urinary infections.

3.2. Original Research Studies

Nandi and colleagues [58] published a cross-sectional study in 2019. The study
included 119 pregnant women (69 normotensive controls [NC] and 50 women with PE).
The women with PE had lower maternal and cord serum vitamin D levels (p < 0.01 for
both) than the NC women. A total of 94% of women in the PE group and 76% in the NC
group were deficient in maternal vitamin D levels, while for cord vitamin D levels, 98% of
women with PE and 85.2% of NC women were deficient. In 2020, this group reported [61]
how the imbalance in the long-chain polyunsaturated fatty acid (LCPUFA) metabolites
derived from vitamin D deficiency contributes to placental inflammation and endothelial
dysfunction in PE.

Rohr Thomsen and colleagues [59] published a cohort study based on data from the
Aarhus Birth Cohort (ABC). Of the 50,665 women included, 4285 (8.5%) were diagnosed
with a hypertensive disorder of pregnancy, 1999 (3.9%) were diagnosed with PE, and 2386
were diagnosed (4.7%) with gestational hypertension (GH). The hypertensive disorders of
pregnancy, including GH, PE, and early-onset PE, increased the risk for women conceiving
during spring and early summer, peaking in midsummer, and later decreasing steadily
during late summer and fall to reach the nadir by winter. Seasonal variation was found
for GH (p = 0.01), PE (p = 0.001) and early-onset PE (p = 0.01). In another prospective
comparative study [68], a significant negative correlation was observed between vitamin D
and systolic and diastolic blood pressure in the PE group (p < 0.05), whereas no significant
correlation was observed between vitamin D and systolic/diastolic blood pressure in the
control group. The mean vitamin D level was significantly lower in the PE group than that
in the control group (9 ± 5 and 14 ± 8 ng/mL, respectively), with a statistically significant
p < 0.05. A vitamin D level < 5 ng/mL was associated with a 14.58-fold (95% CI; 12.16–17.55)
increase in the odds ratio of PE, whereas a vitamin D level of 5–10 ng/mL was associated
with an 11.42-fold (95% CI; 8.26–13.6) increase in the odds ratio of PE.

In 2017, Accortt and colleagues [56] found an association between a higher postpartum
allostatic load and an index of multisystem physiological wear and tear, operationalizing
emergent chronic disease risk and predicting morbidity and vitamin D. Adding vitamin
D deficiency to the allostatic load index produced a stronger association with adverse
outcome. Brodowski and colleagues [55] assessed the effect of vitamin D supplementation
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(4400 vs. 400 IU/day) initiated early in pregnancy (10–18 weeks) on the development of
PE. When started at weeks 10–18 of pregnancy, vitamin D supplementation did not reduce
the incidence of PE. However, vitamin D levels of ≥30 ng/mL at trial entry and in late
pregnancy were associated with a lower risk of PE.

Lawal and colleagues [53] showed that no relationship exists between vitamin D
deficiency and GDM. That case-control study had 200 pregnant women; the proportion
of cases (n = 100) and controls (n = 100) with vitamin D insufficiency was 62% and 54%,
respectively. Lechtermann and colleagues [51] indicated that patients with PE had lower
serum levels of vitamin D in response to seasonal changes.

In 2020, Schoenmakers and colleagues [62] found a correlation between a relatively
high concentration of 1,2(OH)2D and hypercalcemia in pregnant women during the third
trimester. The retrospective and explorative study investigated the prevalence of hypercal-
cemia in a cohort of 2121 women—1827 screened for hypercalcemia in T3. The prevalence
was 1.7% higher than that in the general population.

Olmos-Ortiz and colleagues suggest [64] cardiovascular risk and perinatal infections
due to vitamin D3 (calcitriol) deficiency, especially in male-carrying pregnancies due to the
lower calcitriol-activating enzyme. The placental calcitriol was significantly elevated in
women with urinary tract infections, and it was negatively correlated with blood pressure.
Regarding newborns’ sex, the calcitriol-activating enzyme showed a higher expression in
female-carrying mothers.

The level of evidence is relatively high—2++ or 2+, according to SIGN, which belong
to a great level of recommendation: B. The systematic review about the importance of the
maintenance of a good level of vitamin D could be used as a recommendation guide in the
studied population: pregnant women.

4. Discussion

Overall, this systematic review suggests that maternal low levels of vitamin D during
pregnancy lead to a greater risk of gestational diabetes, preeclampsia, early labor, and
other complications. However, due to the variability in numerous elements of the study
design (e.g., vitamin D assessment methods, pregnant mobility assessment methods, and
the timing of the data collection), it remains a challenge to synthesize the findings. This
data suggest that low maternal vitamin D appears to have a negative impact or detrimental
impact on the health status of pregnant women, which is an important conclusion that
prevents many women from getting adequate nutrition with the adequate support of
vitamin D, and it is not possible to use supplementation during the pregnancy period.

Recently, vitamin D has been recognized as interacting with a nuclear receptor in
various organs [71–76]. Vitamin D deficiency is associated with increased risks of morbidity
and mortality in cardiovascular, malignant, and autoimmune diseases [72,77,78]. In recent
years, the interest in the consequences of maternal vitamin D deficiency and its effect
on pregnancy has increased. Vitamin D insufficiency is considered common in pregnant
women, and deficiencies have been linked to adverse pregnancy outcomes [78–80].

Considering whether prenatal vitamin D deficiency is associated with maternal mor-
bidity seems reasonable. The findings from several studies suggest an increasing prevalence
of vitamin D deficiency in pregnancy and its associated adverse outcomes [81–85]. To fur-
ther understand the role of vitamin D in pregnancy and the seemingly associated adverse
outcomes, interventional and observational studies are needed.

Furthermore, a current systematic review described the overall mean prevalence rates
of vitamin D deficiency in pregnant women and newborns as 54% and 75%, respectively [86].
In postpartum periods, the prevalence of vitamin D deficiency in women is also high:
63% [86,87]. Although evidence points to the high prevalence of deficiency, there exist
strategies to raise maternal vitamin D concentrations, including supplementation, advice
for sun exposure (15–20% of the body surface area), and the intake of vitamin D–fortified
foods. The vitamin D status during pregnancy varies around the world as a function of
maternal sunlight exposure, the degree of skin pigmentation, latitude, lifestyle, BMI, and
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the intake of vitamin D supplements. People with darker skin pigmentation and limited
sunlight exposure are at the greatest risk for deficiency [88].

Supplement intake can also play an important role in improving vitamin D status
among pregnant women. Taking vitamin D-enriched food and supplements can be advised
in order to maintain optimum serum levels during pregnancy. The recommendations for
vitamin D intake during pregnancy range from 200 to 4000 IU/day worldwide. The current
WHO guideline recommends 200 IU/day of vitamin D supplement intake among pregnant
women with vitamin D deficiency in order to reduce the risk of PE, a low birth weight,
and a preterm birth [89]. The American Pregnancy Association recommends 100 μg/day
of vitamin D intake, a considerably larger amount of vitamin D than the recommended
intake of 10 μg/day for women [90]. In China, a daily intake of 600 IU is suggested
during pregnancy [91]. In the United Kingdom, it is advised to have a maternal vitamin D
intake of 400 IU/day. The United Kingdom Health Department provides free vitamin D
supplementation to pregnant women and newborn children [92]. Switzerland follows the
Institute of Medicine-recommended nutrient intake: 1500–2000 IU/day for women at risk
of vitamin D deficiency and 600 IU for women without such risk [93]. In Canada, pregnant
women are suggested to take 400–600 IU/day [94]. In Turkey, free supplementation of
vitamin D (1200 IU/day) is provided to all women from early pregnancy to 6 months after
delivery [95]. A similar approach to vitamin D supplementation (400 IU/day) is followed
in New Zealand for pregnant women identified as being at risk of vitamin D deficiency [96].
Meanwhile, for women not at risk, the ministry of health of New Zealand recommends
200 IU/day [97–99].

After many years of study, researchers at the Medical University of South Carolina
College of Medicine suggested 4000 IU/day of vitamin D for pregnant women. The findings
suggest that, starting at 12–16 weeks of gestation, vitamin D supplementation at a rate
of 4000 IU/day is most effective in achieving vitamin D sufficiency in order to attain an
optimal nutritional and hormonal vitamin D status throughout pregnancy [88]. A treatment
(<37 weeks) goal > 40 ng/mL was associated with a reduction in preterm birth risk [31].

Further, no trials or observational studies specifically regarding vitamin D supplemen-
tation/intake and maternal morbidity during pregnancy were identified. Nevertheless,
vitamin D requirements are higher among pregnant women, and maintaining optimum
serum levels of vitamin D during maternity and for fetus growth is important. Adequate
levels of vitamin D seem to be a determinant at the time of implantation and placentation
for the development of preeclampsia. There is not a consensus regarding the vitamin D
blood concentration value that predisposes women to maternal morbidity; hence, is not
easy to recommend a specific supplementation treatment. The present systematic review
lacks the experimental data needed to establish a general cutoff value of vitamin D in
order to settle how important it could be to improving the maternal diet with vitamin D
supplements. Further exploration of vitamin D’s role in pregnancy and its potential role in
maternal morbidity would be worthwhile, including maternal age and sexual dimorphism.

5. Strengths and Limitations of This Review

This study has limitations. First, there were limited data on maternal vitamin D supple-
mentation during pregnancy regarding long-term outcomes. Second, the studies included
here show significant methodological differences, which problematizes the obtention of a
consensus on the evidence currently available on the relationship between vitamin D and
maternal morbidity during pregnancy. In addition, we may not have been able to access
all publications on the relationship between vitamin D and maternal morbidity during
pregnancy because the area of analysis is limited to studies that are published in English
and Spanish and that are available through the PubMed, Cochrane, and Embase databases.

6. Conclusions

Despite the inherent limitations discussed above that limit the ability to draw conclu-
sions across studies, some important findings were noted. Collectively, the studies suggest
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that appropriate levels of vitamin D during pregnancy are associated with less mobility
during pregnancy. Pregnant women should be counselled to maintain an adequate intake
of vitamin D, with suitable nutritional support to adequately control their levels. In this
systematic review of the literature, we found evidence relating vitamin D to maternal
morbidity-related outcomes. However, well-designed, randomized vitamin D supplemen-
tation trials in pregnant women carried out to determine the optimal vitamin D status and
dosing and evaluate the potential effectiveness of supplementation with respect to the risk
of maternal morbidity are still greatly needed.
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Abstract: The substantial increase in the prevalence of non-communicable diseases in Indonesia
might be driven by rapid socio-economic development through urbanization. Here, we carried out a
longitudinal 1-year follow-up study to evaluate the effect of urbanization, an important determinant
of health, on metabolic profiles of young Indonesian adults. University freshmen/women in Jakarta,
aged 16–25 years, who either had recently migrated from rural areas or originated from urban settings
were studied. Anthropometry, dietary intake, and physical activity, as well as fasting blood glucose
and insulin, leptin, and adiponectin were measured at baseline and repeated at one year follow-up.
At baseline, 106 urban and 83 rural subjects were recruited, of which 81 urban and 66 rural were
followed up. At baseline, rural subjects had better adiposity profiles, whole-body insulin resistance,
and adipokine levels compared to their urban counterparts. After 1-year, rural subjects experienced
an almost twice higher increase in BMI than urban subjects (estimate (95%CI): 1.23 (0.94; 1.52) and
0.69 (0.43; 0.95) for rural and urban subjects, respectively, Pint < 0.01). Fat intake served as the
major dietary component, which partially mediates the differences in BMI between urban and rural
group at baseline. It also contributed to the changes in BMI over time for both groups, although
it does not explain the enhanced gain of BMI in rural subjects. A significantly higher increase of
leptin/adiponectin ratio was also seen in rural subjects after 1-year of living in an urban area. In
conclusion, urbanization was associated with less favorable changes in adiposity and adipokine
profiles in a population of young Indonesian adults.

Keywords: urbanization; adiposity; dietary intake; adipokines; young adults; prospective cohort

1. Introduction

As a low-middle income country, Indonesia is facing two major health problems. On
the one hand, an increasing prevalence of non-communicable diseases such as cardiovas-
cular diseases (CVD), obesity, and type 2 diabetes (T2D) is becoming rampant. While on
the other, infectious diseases such as helminth infections, malaria, and tuberculosis are still
highly prevalent in some rural areas, resulting in stark differences of these disease patterns
between urban and rural settings [1,2].
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People residing in urban areas are characterized by relatively high caloric and fat intake
compared to their rural counterparts [3]. Moreover, urban people tend to be less physically
active [4]. These factors can cause a disruption in energy homeostasis, with a surplus stored
in the body as fat [5]. Increasing body fat increases the chance of obesity [6]. Previous
studies have shown that higher adipose tissue mass is associated with higher inflammation
and insulin resistance [7], which eventually could lead to T2D [8] and CVD [9].

Rapid socio-economic development in Indonesia has promoted the migration of
people from rural to urban areas to seek a better life [10]. Previous studies have shown
that urbanization is associated with new environmental and lifestyle changes that have
the potential to put rural individuals at risk of deteriorating metabolic health [11–13]. The
limitation of these previous studies evaluating the effect of urban-rural environment on
metabolic health is their cross-sectional design, which lacks the power to show causality.

The worldwide increase of obesity is not only observed in older populations but also
in young adults [14]. Based on the Indonesian National Basic Health Survey 2018, there
is a high burden of obesity and prediabetes in the young adult population [15]. As this
population constitutes a significant proportion of Indonesians [16], the increase in the
prevalence of these diseases may become a major health burden.

Early problem identification and intervention targeted towards this economically
active young adult population in the context of metabolic health could have a great impact
on decreasing the incidence rate, or even lowering the prevalence of non-communicable
diseases. To this end, we conducted a prospective cohort study to assess the effect of
urbanization over time and its contributing factors on the metabolic health profiles of the
Indonesian young adult population.

2. Methods

2.1. Study Design and Population

This prospective cohort study was conducted on the Depok campus of the University
of Indonesia (UI). Freshmen/women UI bachelor students were recruited in this study.
Baseline data were collected in the first three months of the start of the academic year,
between August-November 2018, while the follow-up sample collection was performed
one year later. Subjects’ recruitment was started by providing information about the
study during the medical examination of newly arrived students, via social media, and by
spreading flyers/leaflets after classes, as well as in student dormitories. A short interview
was performed to collect information regarding the areas where the students originated
from. Afterwards, a detailed explanation of the study was given to the subjects who agreed
to participate and fulfilled the criteria set in this study. After written informed consent,
subjects were invited to visit the Makara UI Satellite Clinic to undergo clinical assessment,
measurements, and blood sampling. The subjects were classified into the urban group if
they were born and lived in urban areas, such as in Jakarta metropolitan areas or in one of
the provincial capital cities. The rural group comprised subjects that were originally born
and lived in rural areas, defined as the villages that are located at the district levels across
Indonesia. Pregnancy and students with previously known diabetes, prediabetes, severe
liver or kidney dysfunction, cardiovascular and autoimmune diseases were excluded from
the study. This study was approved by the Ethical Committee of Faculty of Medicine
Universitas Indonesia (No. 1181/UN2.F1/ETIK/2017).

2.2. Anthropometric Measurements

Body height was measured using a portable stadiometer (SECA Model 213, Seca Gmbh
Co., Hamburg, Germany), while body weight and body composition were measured using
a Tanita body impedance analyzer (TBF-300A, Tanita Corp, Tokyo, Japan). Body mass index
(BMI) was calculated in kg divided by squared height in meters. Three measurements
of waist circumference were taken for each subject using an ergonomic circumference
measuring tape (SECA Model 201, Seca Gmbh Co., Hamburg, Germany) and according to
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the WHO standardized protocol. The average of all three measurements was then used
for analysis.

2.3. Fasting Blood Glucose, HbA1c, Fasting Insulin, and HOMA-IR Measurement

All clinical measurements and blood samples collection were performed after overnight
fasting. Finger prick blood was used for measurement of fasting blood glucose (Accu-
Check Performa, Roche Diagnostic GmBH, Germany) and HbA1c (A1c EZ 2.0 HbA1c
Analyzer, BioHermes, Wuxi, China) levels. The results of fasting blood glucose (FBG) and
HbA1c were used to detect subjects with undiagnosed diabetes and prediabetes that had
to be excluded from the study. Serum fasting insulin levels were measured in a certified
commercial laboratory (Prodia Lab) by a solid-phase, enzyme-labeled chemiluminescent
immunometric assay (Siemens IMMULITE 2000XPi) with an assay range of 2–300 mU/L.
For the levels below 2 mU/L, a standardized formula from the instrument manufacturer
was used to interpolate the concentrations. Homeostatic model assessment for insulin
resistance (HOMA-IR) as a validated measure for whole-body insulin resistance (IR) in
humans was calculated using the formula: HOMA-IR = fasting serum insulin × fasting
glucose/22.5) [17].

2.4. Leptin, Adiponectin, and Leptin/Adiponectin Ratio

Serum leptin and adiponectin levels were measured by ELISA using commercial
reagents (DuoSet ELISA R&D System) according to the manufacturer’s protocol. Leptin
to adiponectin (L/A) ratio, a more sensitive marker for adipose tissue dysfunction, was
calculated by L/A = leptin level (ng/mL)/adiponectin level (μg/mL) [18].

2.5. Dietary Intake Analysis

One week before the intended measurement date, each subject was informed and
instructed on how to make a 3-day food record consisting of two working days and one
day during the weekend. For each recording day, all participants were required to write
down all of the food and drink they consumed throughout the day. The household servings
portion for each meal, food preparation methods, brand name of the foods or beverages if
applicable, as well as the addition of sugar, were recorded, as described previously [19].
On the study subjects’ clinical measurement and blood sampling day, a certified dietician
performed an interview with the subjects to review the completeness and validity of the
food record data. These dietary intake data were then analyzed using NutriSurvey 2007
(EBISpro, Willstatt, Germany) software. The amount of total calorie, carbohydrate, fat,
and protein intake for each day were obtained and then averaged for further analysis, as
published [20].

2.6. Physical Activity Analysis

Physical activity was assessed using the adapted Global Physical Activity Question-
naire (GPAQ), which was developed by the World Health Organization [21] and validated
for the Indonesian population [22]. This self-reported questionnaire comprised 16 questions
that were grouped to collect information regarding physical activity over a typical week in
three domains: activity at work, transportation (travel to and from places), and recreational
activity [21]. All subjects were asked to fill in the questionnaire based on their one-week
activities before the measurement date. According to GPAQ analysis guidelines [23], an
estimation of the total weekly volume of moderate and vigorous physical activities (MVPA)
was given as Metabolic Equivalent-minutes/week (MET. minutes/week), along with the
total time spent on MVPA (minutes/week) and total time of sedentary activities in one week
(minutes/week) [24]. Furthermore, based on their total volume and time spent on MVPA,
the subject’s physical activity level was classified into three categories (low, moderate, and
high) [23].
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2.7. Statistical Analysis

Continuous variables with normal distribution were presented as mean and standard
deviation [mean (SD)]. Meanwhile, non-normally distributed data were presented as
geometric mean and 95% confidence interval (geomean (95%CI)) and were log-transformed
(log2) for analysis. Linear regression (IBM SPSS Statistics ver. 25) was performed to
compare the mean differences of independent variables between two groups at baseline
when adjustment for covariates was needed. The chi-square test was used to compare
categorical data. Mediation analysis for evaluating the effect of dietary intake components
on anthropometry parameter differences between rural and urban group at baseline was
performed using PROCESS macro ver. 4.0 for SPSS, as described previously [25].

The changes in parameters measured at baseline and 1-year follow-up for each group,
and the differences of these changes between urban and rural subjects, were analyzed
using linear-mixed model as implemented in the lme4 R package [26]. For each parameter,
the covariates used in the linear mixed model were origin (urban/rural), time, and their
interaction. The within subject correlation was accounted for using a random-intercepts
term. The statistical significance of the effects (i.e., changes from baseline within each group
and between groups) were tested using the F-test with Satterthwaite’s degree-of-freedom
as implemented in lmerTest [27]. Mediation analysis for the BMI and adipokines changes
was performed using 5000 bootstrap samples to obtain the 95% confidence interval for the
indirect effect of the covariates. In particular, we evaluated the statistical significance in the
decrease/increase of the estimate of the outcome variables after correcting for the changes
in certain covariates. Linear mixed model analyses and bootstrapping were performed
using R version 4.1.2 in RStudio version 1.4. For all tests, statistical significance was
considered at the two-sided 5% level.

3. Results

3.1. Study Population

A total of 189 (106 urban; 83 rural) subjects were recruited at baseline. For urban
subjects, 87.7% originated from Jakarta metropolitan areas, while the rest were from other
provincial capital cities. The overall loss to follow-up was 22.1%, leaving 81 urban and 66
rural subjects at the one-year assessment time point. The main reasons for loss to follow-up
were refusal to continue (18 subjects/9.4%), could not be contacted (22 subjects/11.6%), and
moved to study at another university (2 subjects/1.1%). The proportion of loss to follow-up
was similar between rural and urban groups (see flow-chart of the study in Figure S1).

3.2. Metabolic Profiles of Urban vs. Rural Subjects at Baseline

Age and proportion of males and females were similar between the rural and urban
groups. Adiposity indices (BMI, waist circumference, and fat percentage) were significantly
higher in urban compared to rural subjects (mean differences (95%CI) after adjustment for
age and sex: 2.81 (1.55; 4.07) kg/m2, p < 0.001; 6.37 (3.25; 9.50) cm, p < 0.001; and 5.07 (2.70;
7.44) %, p < 0.001; for BMI, waist circumference and fat percentage, respectively). Moreover,
if BMI was grouped based on the WHO cut-off for Asian populations [28], we observed a
higher proportion of overweight/obese in urban compared to rural subjects. Conversely,
the proportion of underweight subjects was almost three times higher in the rural than in
the urban group (Table 1).
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Table 1. Baseline characteristics of the study population.

Variables
Urban

N = 106
Rural
N = 83

p Values #

(Adjusted for Age
and Sex)

p Values #

(Adjusted for Age,
Sex, and BMI)

Age, yrs old (mean, SD) 18.4 (0.7) 18.6 (0.7) 0.09
Sex, n male (%) 39 (36.8) 31 (37.3) 0.94
BMI, kg/m2 (mean, SD) 22.9 (5.0) 20.0 (3.2) <0.001

BMI grouping, n (%)

- Underweight (<18.5)
- Normoweight (18.5–22.9)
- Overweight (23–24.9)
- Obese (≥25.0)

14 (13.2)
50 (47.2)
17 (16.0)
25 (23.6)

28 (33.7)
41 (49.4)

7 (8.4)
7 (8.4)

0.001

Waist circumference, cm (mean, SD) 78.5 (12.8) 72.1 (8.2) <0.001
Fat percentage, % (mean, SD) 28.2 (9.1) 22.8 (8.3) <0.001
FBG, mg/dL (mean, SD) 87.1 (8.2) 86.7 (7.8) 0.54
HbA1c, % (mean, SD) 5.1 (0.4) 5.1 (0.3) 0.24
Fasting insulin †, IU/mL 5.3 (4.3–6.6) 2.9 (2.2–3.8) 0.001 0.06
HOMA-IR † 1.1 (0.9–1.4) 0.6 (0.5–0.8) 0.001 0.06
Leptin †, ng/mL 11.6 (9.7–13.8) 6.9 (5.3–9.1) <0.001 0.07
Adiponectin †, μg/mL 4.1 (3.7–4.5) 4.9 (4.4–5.3) 0.02 0.19
Leptin-Adiponectin (L/A) Ratio † 2.9 (2.3–3.5) 1.4 (1.1–1.9) <0.001 0.03
Dietary intake, mean (SD)

- Total calories, kcal
- Fat, gram
- Protein, gram

1444 (335)
52 (15)
50 (14)

1289 (422)
44 (16)
41 (13)

0.002
<0.001
<0.001

0.009
0.01

0.001

- Carbohydrate, gram 193 (55) 179 (73) 0.08 0.06
† Not normally distributed continuous variables, presented as geomean (95%CI) and log transformed for analysis.
# Analyzed with linear regression for continuous variables and Chi-square test for categorical variables. The
p-values shown in bold represent the statistically significant differences with p<0.05. BMI: body mass index; FBG:
fasting blood glucose; HOMA-IR: homeostatic model assessment for insulin resistance.

There was no difference in the fasting blood glucose and HbA1c levels between
the two groups. Urban subjects had double the HOMA-IR, leptin levels, and L/A ratio
than their rural counterparts. The opposite was observed for adiponectin levels. Further
adjustment for BMI revealed that the differences remained significant for L/A ratio, while
for HOMA-IR, leptin, and adiponectin became not statistically significant (Table 1).

3.3. Dietary Intake and Physical Activity at Baseline

Regarding dietary intake, we observed that urban subjects had significantly higher
total calorie, fat, and protein intake compared to their rural counterparts (mean differences
(95%CI) after adjustment for age and sex: 162.0 (59.4; 264.7) kcal, p = 0.002; 8.2 (3.7; 12.6)
gram, p < 0.001, and 8.4 (4.7; 12.2) gram, p < 0.001), for total calorie, fat, and protein intake,
respectively) (Table 1). Additionally, the differences in BMI, waist circumference, and fat
percentage between the two groups were slightly attenuated after further adjustment for
fat and protein intake, despite remaining statistically significant ((2.22 (0.92; 3.52) kg/m2,
p = 0.001 for BMI; 4.95 (1.74; 8.16) cm, p = 0.003 for waist circumference; and 4.38 (1.91;
6.85)%, p = 0.001 for fat percentage)). Moreover, mediation analysis showed that fat
intake, compared to the other dietary intake components, might be the major driver of the
differences in the adiposity profiles between urban and rural subjects at baseline (Table S1).

Next, we compared the physical activity profiles between the two groups at baseline
based on the GPAQ analysis. The results showed that urban subjects had higher total
volume and total time spent on MVPA compared to their rural counterparts. However, if
these parameters were categorized as low, moderate, or high physical activity levels, no
statistically significant differences were observed between the two groups. Meanwhile, for

109



Nutrients 2022, 14, 3326

the total time of sedentary activities, we observed lower values for urban compared to rural
subjects. (Table S2).

3.4. Effect of Urbanization over Time on Adiposity Profiles, Insulin Resistance, and Adipokines

At follow-up, after one year, both groups experienced an increase in their BMI. When
we compared the degree of changes over time, we found that the increase of BMI in rural
subjects was almost double what was seen in their urban counterparts (estimate (95%CI)
after adjustment for age and sex: 1.23 (0.94; 1.52), p < 0.001 and 0.69 (0.43; 0.95), p < 0.001,
for rural and urban subjects, respectively, Pint < 0.01). Although a similar pattern was
observed for fat percentage, the difference between the groups did not reach statistical
significance (2.18 (1.39; 2.97), p < 0.001 in rural subjects vs. 1.33 (0.62; 2.04), p < 0.001 in
urban subjects, Pint = 0.12). Meanwhile, HOMA-IR at one-year follow-up did not change
significantly compared to baseline in either rural or urban groups (Figure 1).

Figure 1. Changes of BMI, fat percentage, and whole-body insulin resistance (HOMA-IR) in urban
and rural subjects after 1-year of living in an urban environment. The changes are presented as
estimate and 95% confidence interval (95%CI). The changes in each group and the differences of
changes between the urban and rural group for each parameter were analyzed using a linear-mixed
model, adjusted for age and sex. The p-value depicted in the figure represents the p-value for
interaction (Pint), the level of significance in the differences of changes between the two groups.
* p < 0.05. # HOMA-IR was log-transformed (base 2) for analysis. The estimates (95%CI) were
back-transformed (2β) and presented as a multiplicative scale compared to baseline. BMI: body mass
index; HOMA-IR: homeostatic model assessment for insulin resistance.

Similar analysis was performed for adipokines data, which revealed that both groups
had increased leptin levels at 1-year follow-up, with a trend towards a higher increase in
rural than urban subjects (Figure 2A, Table 2). Additionally, no changes in the adiponectin
levels were observed in urban subjects at the follow-up time point, but a significant decrease
was found in the rural subjects (Figure 2B, Table 2). These changes caused no differences in
the adiponectin levels between the two groups at 1-year follow-up time point (Table S3).
When L/A ratio was considered, a significant three times higher increase was seen in
the rural compared to urban group (Figure 2C, Table 2). After further adjustment with
the changes in BMI over time, these changes of leptin, adiponectin, and L/A ratio were
attenuated and became non-significant for urban subjects (Table 2).
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Figure 2. Changes of leptin levels (A), adiponectin levels (B), and leptin-adiponectin (L/A) ratio
(C) in urban and rural subjects after 1-year of living in an urban environment. The changes are
presented as estimate and 95% confidence interval (95%CI). The changes in each group and the
differences of changes between urban and rural group for each parameter were analyzed using a
linear-mixed model, adjusted for age and sex. All parameters were log-transformed (base 2) for
analysis. The estimates (95%CIs) were back-transformed (2β) and presented as percent changes
compared to baseline. The p-value depicted in the figure represents the p-value for interaction (Pint),
the level of significance in the differences of changes between the two groups. * p < 0.05.

Table 2. Mediation analysis of the effect of changes in BMI overtime on the leptin, adiponectin, and
L/A ratio in urban and rural subjects at 1-year follow-up.

Variables †

Adjusted for Age and Sex

Pint

Adjusted for Age, Sex, and BMI

Pint
Urban Rural Urban

Indirect
Effect # Rural

Indirect
Effect #

Leptin
0.24 0.54

0.06
0.09 −0.25;

−0.07

0.33
−0.29; −0.12 0.12(0.03; 0.45) (0.31; 0.78) (−0.11; 0.29) (0.10; 0.55)

p = 0.03 p < 0.001 p = 0.38 p = 0.005

Adiponectin
0.002 −0.19

0.003
0.04

0.01; 0.06
−0.12

0.03; 0.10 0.008(−0.08; 0.09) (−0.29; −0.10) (−0.04; 0.12) (−0.22; −0.03)
p = 0.97 p < 0.001 p = 0.34 p = 0.008

L/A ratio
0.23 0.73

0.006
0.06 −0.30,

−0.08

0.45
−0.39; −0.17 0.02(−0.003; 0.47) (0.47; 1.00) (−0.16; 0.28) (0.20; 0.70)

p = 0.05 p < 0.001 p = 0.60 p < 0.001

† All variables were analyzed using a linear mixed model on log transformed data, presented as estimate and 95%
confidence interval. # Indirect effect of BMI on the variables analyzed, obtained by performing bootstrapping with
5000 iterations and presented as its 95% confidence interval. BMI: body mass index; L/A ratio: leptin/adiponectin
ratio; Pint: p-value for interaction.

111



Nutrients 2022, 14, 3326

3.5. Effect of Urbanization over Time on Dietary Intake and Physical Activity

The changes over time in two important factors associated with urbanization-related
lifestyle, namely, dietary intake and physical activity, were considered next. At the follow-
up time point, a significant increase in total calorie, fat, and protein intake was seen in both
groups. However, only the increase in protein consumption was significantly higher in
rural than in urban subjects ((7.99 (4.42; 11.56), p < 0.001 vs. 14.03 (9.95; 18.10), p < 0.001, for
urban and rural, respectively, Pint = 0.03) (see Figure 3). These changes also resulted in the
loss of differences in the protein intake between the two groups at the 1-year follow-up time
point (Table S3). Similar to the findings at baseline, adjustment for the increase in fat intake
after one year contributed to the largest attenuation of the BMI increase in both groups
(in urban: 29.0% vs. 5.8% vs. 1.4%, and in rural: 19.5% vs. 8.9% vs. 7.3%, for fat, protein,
and carbohydrate intake, respectively) (Table 3). Although the increase in protein intake
was almost twice as high in the rural group compared to the urban group after 1-year,
adjustment for protein intake changes did not attenuate the differences in the increase in
BMI between the two groups (Table S4).

Figure 3. Changes of calorie-, fat-, protein-, and carbohydrate intake in urban and rural subjects after
1-year of living in an urban environment. The changes are presented as estimate and 95% confidence
interval (95%CI). The changes in each group and the differences of changes between urban and rural
group for each parameter were analyzed using a linear-mixed model, adjusted for age and sex. The
p-value depicted in the figure represents the p-value for interaction (Pint), the level of significance in
the differences of changes between the two groups. * p < 0.05.

Table 3. Mediation analysis of the effect of changes in dietary intake and physical activity over time
on the changes of BMI at 1-year follow-up in both urban and rural subjects.

Model †

Urban Rural

PintEstimate
(95%CI)

p Values % Changes ††
Indirect
Effect #

(95%CI)

Estimate
(95%CI)

p Values % Changes ††
Indirect
Effect #

(95%CI)

Adjusted for age
and sex

0.69 (0.43, 0.95) <0.001 1.23 (0.94; 1.52) <0.001 0.007
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Table 3. Cont.

Model †

Urban Rural

PintEstimate
(95%CI)

p Values % Changes ††
Indirect
Effect #

(95%CI)

Estimate
(95%CI)

p Values % Changes ††
Indirect
Effect #

(95%CI)

Model with
changes in

dietary intake
(+) Total calories

intake 0.55 (0.28; 0.28) <0.001 −20.3 −0.13
(−0.33; −0.02) 1.02 (0.71; 1.32) <0.001 −17.1 −0.15

(−0.52; −0.04) 0.02

(+) Carbohydrate
intake 0.68 (0.42; 0.93) <0.001 −1.4 −0.01

(−0.12; 0.03) 1.14 (0.85; 1.43) <0.001 −7.3 −0.09
(−0.34; 0.01) 0.02

(+) Fat intake 0.49 (0.20; 0.78) <0.001 −29.0 −0.20
(−0.47; −0.04) 0.99 (0.67; 1.31) <0.001 −19.5 −0.24

(−0.54; −0.06) 0.01

(+) Protein intake 0.65 (0.38; 0.93) <0.001 −5.8 −0.04
(−0.22; 0.08) 1.12 (0.78; 1.45) <0.001 −8.9 −0.11

(−0.43; 0.14) 0.02

(+) Fat and
protein intake 0.50 (0.21; 0.79) <0.001 −27.5 −0.19

(−0.48; 0.02) 1.04 (0.70; 1.37) <0.001 −15.4 −0.19
(−0.53; 0.05) 0.007

Model with
changes in

physical activity
(+) Total volume

of MVPA 0.68 (0.42; 0.95) <0.001 −1.4 −0.01
(−0.14; 0.05) 1.23 (0.94; 1.52) <0.001 0.0 0.0

(−0.10; 0.04) 0.007

(+) Total minutes
of MVPA 0.68 (0.42; 0.95) <0.001 −1.4 −0.01

(−0.15; 0.06) 1.23 (0.94; 1.52) <0.001 0.0 0.0
(−0.10; 0.05) 0.007

(+) Total
sedentary time 0.70 (0.44; 0.96) <0.001 1.4 0.01

(−0.03; 0.10) 1.26 (0.94; 1.58) <0.001 2.4 0.03
(−0.11; 0.22) 0.007

Model with
changes in

dietary intake
and physical

activity
(+) Fat and

protein intake
and total volume

of MVPA

0.48 (0.19; 0.78) 0.001 −30.4 −0.21
(−0.50; −0.01) 1.10 (0.75; 1.44) <0.001 −10.6 −0.13

(−0.49; 0.15) 0.003

(+) Fat and
protein intake

and total minutes
of MVPA

0.49 (0.19; 0.78) 0.001 −29.0 −0.20
(−0.51; −0.01) 1.09 (0.75; 1.44) <0.001 −11.4 −0.14

(−0.52; 0.14) 0.003

(+) Fat and
protein intake

and total
sedentary time

0.51 (0.22; 0.80) <0.001 −26.1 −0.18
(−0.47; 0.001) 1.15 (0.79; 1.50) <0.001 −6.5 −0.08

(−0.47; 0.21) 0.002

† All variables as an additional adjustment for age and sex, and all analyses were performed using linear-mixed
model. The group of covariates used for model adjustment were shown in bold. †† Proportion of changes in the
estimate of the model compared to the model adjusted for age and sex only. # Indirect effect of covariate(s) on
BMI, obtained by performing bootstrapping with 5000 iterations and presented as its 95% confidence interval.
BMI: body mass index; MVPA: moderate-vigorous physical activity; Pint: p-value for interaction.

With respect to physical activity, we found a significant decrease in the total volume of
MVPA after one year in the urban group only. However, the difference of changes between
the two groups was not statistically significant. A similar pattern was also observed for
the total time spent on MVPA. Moreover, there was a significantly higher decrease in total
sedentary time after one year in the rural group, with a trend for a decrease in the urban
group (Figure S2). Furthermore, addition of the physical activity parameters to the model
with fat and protein intake did not significantly further attenuate the estimated changes of
BMI in either group (Table 3).

4. Discussion

Here, we report the first prospective cohort study in an Indonesian young adult
population that evaluated the effect of urbanization on metabolic health profiles. Our study
showed that rural subjects had overall better adiposity, insulin resistance, and adipokine
profiles compared to their urban counterparts. Importantly, we observed a significantly
higher increase in BMI and leptin/adiponectin ratios in the rural subjects migrating to an
urban area compared to subjects originating from urban areas.

The higher adiposity indices, proportion of overweight/obese, and whole-body insulin
resistance in urban compared to rural residents of Indonesia have been reported before [29].
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Unhealthy dietary behavior, such as high intake of calories and fat-dense foods associated
with urban living, is thought to contribute to the higher adiposity profiles [3]. Indeed, we
confirmed this pattern of dietary intake in our study. Although all further adjustments with
total calorie, fat, or protein intake attenuated the anthropometric differences between rural
and urban groups, our study showed that fat intake contributed the most. Additionally, the
longitudinal follow-up to see how urban lifestyle affects metabolic health in those migrating
from rural areas compared to urban residents, first confirmed a significant increase of BMI
after one-year follow-up in both groups, as seen in previous studies, showing that the
majority of freshmen gain weight during their first year of university life [30,31]. The
increase of total calorie, fat, and protein intake after one year in both groups might partially
explain these changes in BMI. Our study also implicated fat intake changes as the dietary
intake component that might be the major contributor for BMI increase after one year in
both groups. Significantly, the rural group experienced almost a twice higher increase in
BMI than the urban group. Although a significantly higher protein intake was observed in
rural compared to urban group at one year follow-up, this could not explain the differences
in the BMI increase between the two groups. Interestingly, previous studies have shown
that higher meat or meat-products intake, which mostly consist of protein and fat, is
associated with more weight gain independent of the total calorie intake [32].

Another factor contributing to adiposity profiles is the level of physical activity [33], as
this promotes burning of calories, leading to negative energy balance and subsequently less
probability for fat deposition [34]. In our study, at baseline, we found that rural group had
lower total volume and time spent on MVPA with a higher sedentary time compared to
urban group. This suggests that physical activity does not explain the differences observed
in BMI. However, it has to be noted that studies of physical activity in rural and urban
areas can be influenced by factors such as the level of education, ethnicity, and tools
utilized [35,36]. In our study, the questionnaires used at baseline, which took place when
the study subjects had already arrived in urban area, might not truly reflect the subjects’
level of physical activity during their residence in rural areas. At the 1-year follow-up time
point, we found no significant differences in the changes of total volume and time spent
on MVPA between the two groups. As for fat or protein intake, physical activity did not
explain the higher gain in BMI seen in the rural group.

The addition of the physical activity parameters into the model with the adjustment of
dietary intake also could not explain the higher increase of BMI in rural compared to urban
group. This result implies that with similar changes of dietary intake and physical activity
within one year, rural subjects experienced bigger changes in BMI than their urban coun-
terparts. Hence, other factors, such as the gut microbiome [37] or epigenetic changes [38],
could potentially influence the adiposity changes in the rural population upon migration
to urban areas. Other factors that could potentially influence the changes of weight or
BMI in our study subjects, as shown in previous studies, are psychological stress [39] and
socioeconomic-cultural backgrounds [40,41]. These factors were not evaluated in our study.

The increase of BMI in both groups, if continued for the long term, could potentially
cause obesity and induce other metabolic and cardiovascular diseases. In other cases, if the
BMI increase does not lead to obesity, the distribution of body fat caused by the weight
gain also needs to be considered. Previous studies have shown that Asian populations
tend to have higher cardiometabolic risks compared to Caucasian populations with the
same levels of BMI, in particular, due to central obesity or visceral adiposity [42,43]. These
risks would potentially be higher in the rural group as a substantial number of subjects
are underweight. Several studies showed that individuals with previous malnourished
condition have an increased risk of obesity later in life, especially if they adopt unhealthy
lifestyles [44,45]. Moreover, individuals that have experienced a double burden of malnu-
trition or undernutrition in early life followed by later overweight/obesity, also pose a
substantially enhanced risk of non-communicable diseases (NCDs) [46].

The observed differences in insulin resistance and adipokine levels at baseline between
urban and rural groups aligned with the findings from previous studies, showing a higher
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HOMA-IR and lower adiponectin levels in urban compared to rural population [47,48].
Moreover, after adjustment for BMI, the differences in HOMA-IR, leptin, and adiponectin
were no longer statistically significant, indicating a major contribution by BMI. Interestingly,
after 1-year living in an urban area, a significant decrease in adiponectin levels, along with
a significant increase in L/A ratio, was observed in rural groups compared to the urban
group. These changes were attenuated after adjustment for the changes in BMI. This finding
shows that rural subjects also experienced worse changes in the adipokine profiles, which
was partially mediated by the changes in BMI. It also indicates that there might be other
factors than BMI, potentially contributing to the changes in adipokines in the rural subjects
after 1-year living in an urban area. As shown from previous studies, gut microbiota has
been associated with changes in leptin and adiponectin levels in response to a high-fat
diet [49,50].

In our study, although urban subjects had a significant increase in BMI levels after
one year, this did not cause changes in adiponectin levels compared to the significant
decrease observed in the rural group. These changes even led to the loss of the differences
in adiponectin levels between the two groups at 1-year follow-up time point. These findings
showed that rural individuals tend to be more vulnerable in their metabolic parameters
upon changes in BMI.

Leptin and adiponectin have opposite effects on subclinical inflammation and insulin
resistance. Leptin upregulates pro-inflammatory cytokines such as tumor necrosis factor-α
and interleukin-6, while adiponectin has anti-inflammatory properties [18]. Adipose tissue
dysfunction, marked by higher leptin and lower adiponectin levels, has been associated
with insulin resistance and the incidence of T2D [51]. However, in our study, there were no
significant changes in insulin resistance in the groups studied after one year of residence
in an urban area. The relatively short follow-up period and preserved pancreatic beta-cell
function in the young adult population might potentially explain this [52].

The longitudinal study design, inclusion of several metabolic health parameters, and
incorporation of dietary intake and physical activity measurements were several strong
points of our study. There is only one previous prospective cohort study known to the au-
thor that has evaluated the effect of urbanization on CVD risk factors and major NCDs [12].
However, this study did not incorporate dietary intake analysis and measurement of bio-
logical metabolic markers, such as insulin resistance index, leptin, and adiponectin. Our
study also observed the importance of fat intake contribution in the increase of BMI in both
the freshmen urban group and the rural individuals who recently migrated to an urban
area. Previous study evaluating this freshmen weight gain only took into account eating
behavior changes but did not perform detailed dietary intake analysis [53].

However, the relatively small number of subjects and short duration of follow-up
could be considered as limitations in our study. The addition of tools to evaluate the
quality of dietary intake, such as the Healthy Eating Index and the utilization of health
technology devices like an accelerometer to assess physical activity more objectively, could
provide more accurate data in future studies. Additionally, the inclusion of psychological
stress assessment and questionnaires or tools to accommodate the evaluation of the socio-
economic and cultural aspects would also result in a more comprehensive data for future
research. Moreover, investigation of the gut microbiome, epigenetic changes, as well as
immunological factors, might shed more light on the mechanisms that underlie rapid
changes in the metabolic profiles upon urbanization.

In conclusion, the findings in our study show that adoption of an urban lifestyle could
potentially cause poorer metabolic health changes in rural individuals who migrate to an
urban area. Our findings, in part, complement a previous study that showed the rising
BMI in residents of increasingly urbanizing rural areas in low-middle income countries
is due to an increase in low-quality diet [54]. However, it also indicates that there is
a more rapid increase in BMI of subjects arriving from rural areas that could not be
explained by either diet or physical activity. Therefore, further studies are needed, as it is
important for policymakers to design innovative approaches to prevent this negative effect
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of urbanization in young adult population, with particular attention to those migrating
from rural areas.
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Abstract: Vitamin D deficiency (serum 25-hydroxyvitamin D [25(OH)D] levels <20 ng/mL in serum)
is a common health condition among pregnant women, especially in high-risk groups. Evidence
has connected vitamin D levels with many health-related problems during pregnancy, including
gestational diabetes and preeclampsia. Because of vitamin D’s effect on both mother and fetus, we
systematically review the association between 25(OH)D level and its health effects. From a total of
143 studies, 43 came from PubMed, 4 from Cochrane, and 96 from EMBASE. After screening, we
identified 38 studies as candidates for inclusion. Ultimately, we limited this review to 23 articles
originating from 12 countries, written in English or Spanish, and conducted between 2010 and 2022.
We conducted this review according to the Preferred Reporting Items for Systematic Review and
Meta-Analysis (PRISMA) guidelines and evaluated the quality and strength of the evidence by using
the Navigation Guide Systematic Review Methodology (SING). These systematic reviews summarize
findings that support vitamin D’s role in reducing risks of multiple outcomes and the possible
contribution of adequate vitamin D levels to a healthy pregnancy.

Keywords: maternal mortality; maternal morbidity; preeclampsia; pregnancy; vitamin D deficiency;
supplementation; vitamin D; 25-hydroxyvitamin D

1. Introduction

Vitamin D is a fat-soluble vitamin critical within the body for many functions, includ-
ing cell proliferation, differentiation, apoptosis, and immune modulation [1]. Vitamin D is
transmitted from the mother to the fetus via the placenta and is fundamental at all stages of
embryonic and fetal development, from implantation to general growth, including skeletal
maturation and placental function [2–4].

Worldwide, about 1 million people suffer from vitamin D deficiency (serum 25-
hydroxyvitamin D [25(OH)D] <20 ng/mL, referring to vitamin D2 and/or D3) [5]. Due
to the increased physiological demand for vitamin D during pregnancy, pregnant women
are considered a high-risk group for developing vitamin D deficiency (VDD), with preva-
lence ranging from 51.3% [6] to 100% [7]. VDD in pregnant women increases maternal
mortality and morbidity rates. Worldwide, the highest prevalence (>80%) of deficiency in
pregnancy was observed among Chinese women (100%) [7] and pregnant Turkish women
(95.6%) [8]. In Middle Eastern countries, VDD among pregnant women is an estimated
60–80% [9,10]. Among Iranian pregnant women, studies have reported prevalence rates of
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78%, 76%, 70.4%, and 69.2% [11]. The estimated prevalence in pregnant women in the USA
and Canada was reported to be 42–72% [12]. In Sweden, a longitudinal study reported
37% of first-trimester pregnant women had 25(OH)D concentrations <20 ng/mL [13], in
comparison with 23% of Canadian women [14]. In Mexico, a previous cross-sectional study
reported VDD among 61% of women in the third trimester, and 98% of their newborns had
vitamin D deficiency [15].

There are a number of reasons why maternal VDD rates are high during pregnancy.
One reason is sun avoidance. In the Middle East, that can be due to wearing concealing
clothing as well as not going outdoors during the hot summers. Another reason is that diet
provides only a small amount of vitamin D, and then only from animal products, including
eggs, fish and meat, unless the food is fortified. Thus, low-latitude countries, which have
largely plant-based diets, obtain little vitamin D from food. A third reason is that health
care providers do not generally recommend enough vitamin D supplementation in general
and during pregnancy in particular.

Vitamin D may impact maternal, fetal, and postnatal growth by affecting calcium
absorption [16], parathyroid hormone expression [17], phosphate metabolism [18], growth
plate function [19], and possibly regulating the insulin-like growth factor axis [20]. VDD
during pregnancy has therefore been associated with adverse health outcomes in the
mother, including increased risk of preeclampsia, glucose intolerance, gestational diabetes,
preterm birth, and hypocalcemia crisis [21], as well as poor fetal skeletal development [22].
Through this review’s comprehensive meta-analysis, we aim to determine the effect of
vitamin D supplementation in preventing maternal mortality and morbidity.

2. Materials and Methods

2.1. PICO Strategy

We used the PICO strategy (Pregnancy, Intake/level, C/D, mOrtality/mOrbidity) to
identify potentially relevant studies. In PICO, the question needs to identify the patient
or population problem we intend to study, the planned intervention or treatment, the
comparison of one intervention with another (if applicable), and the anticipated outcome.
Our PICO framework was “Is there more mortality or morbidity in pregnant women with
low levels of vitamin D than in those with adequate levels of vitamin D?”, in which P is
pregnant women, I is a low intake/level of vitamin D, C is adequate intake/level of vitamin
D, and O is pregnancy mortality and morbidity.

2.2. Literature Search

We searched the PubMed, Cochrane and Embase databases; keywords included
“pregnancy,” “gestation,” “vitamin D,” “mortality,” “morbidity,” and “review.” First, we
performed a literature search to identify publications eligible for inclusion in PubMed,
Cochrane and Embase. Keywords included “pregnancy” OR “gestation“ AND “vitamin
D” AND “review” AND “mortality” OR “morbidity.” The search was limited to human
subjects and English- and Spanish-language articles published between 2010 and January
2022. We recovered 43 studies from PubMed, 4 from Cochrane, and 96 from Embase, for a
total of 143 studies.

Results were screened in a three-stage process based on title, abstract, and full-text
review in duplicate by reviewers at each stage. Study selections were compared and
discrepancies were resolved by discussion with N.U. and M.M.-S.-V. Duplicates and studies
not meeting selection criteria were removed at each round. Search results were uploaded
in Mendeley to remove duplicates, and the reference list was entered in Excel for study
selection. The initial screening identified 38 candidates, of which 23 articles met inclusion
and exclusion criteria.

The Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA)
flowchart (Figure 1) shows the number of articles at each stage of the screening process.
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Figure 1. Search and screening strategy for candidate studies.

2.3. Study Inclusion/Exclusion Criteria and Data Extraction

Studies included in this review met the following criteria: reviews, narrative reviews,
clinical review, systematic review, and meta-analysis studies to look at the effects of vitamin
D on maternal mortality and morbidity. All studies focused on how vitamin D levels in
pregnancy related to maternal mortality and morbidity and were longitudinal in nature.
Specific inclusion/exclusion criteria were developed, and only published works meeting
all criteria were included. The selection criteria were the following:

1. Review, narrative review, clinical review, systematic review or meta-analysis;
2. Available in English or Spanish;
3. Published between 2010 and January 2022;
4. Study carried out on humans;
5. Exposure of interest is vitamin D status or supplementation during pregnancy;
6. Data on vitamin D or metabolite concentration in maternal blood during pregnancy

are available;
7. Main outcomes of interest are the incidence of maternal mortality and morbidity.

After we thoroughly assessed the candidate studies, 23 were included in this meta-
analysis. We examined articles to tabulate data, which we summarized under the headings
of design, location, vitamin D status, and main findings.
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2.4. Quality Assessment

This systematic review and meta-analysis was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [23,24].
The systematic review has been registered in the International prospective register of
systematic reviews (PROSPERO) (CRD42022343174).

In addition, to ensure that studies reflected the most current science and evidence-
based practice, the Scottish Intercollegiate Guidelines Network (SIGN) was used to ensure
rigorous assessment of study quality, validity, bias, and possible confounding variables [25].
Using SIGN ensures a robust assessment of a study’s validity, including key factors such
as bias and confounding. SIGN is based on the principles of evidence-based medicine, an
approach that ensures using the most up-to-date, reliable, and scientifically solid evidence
available in making decisions about a situation being studied [26].

SIGN establishes levels of evidence and recommendations to describe a given study
and its results. Levels of evidence are based on study design and the methodological
quality of individual studies. Scores are ranked best to worst using 1, 2, 3, and 4, with
those scores further ranked with ++, +, and − signs. Grades of recommendation, rated
best to worst as A, B, C, and D, are based on the strength of the evidence on which the
recommendation is based and do not reflect the recommendation’s clinical importance.

3. Results

3.1. Study Characteristics

Our search yielded 143 studies; 23 review studies remained after further screen-
ing. Studies were published between 2010 and 2022. They used data from Chile [27],
Canada [28,29], Spain [30,31], Pakistan [32], Brazil [33,34], the United States [35–42], Ger-
many [43], Iran [44,45], India [46], Puerto Rico [47], Poland [48], and Australia [49].
The chosen studies were analyzed according to design, location, vitamin D concentra-
tion and supplementation, major findings, and SIGN scores. Table 1 summarizes the
study characteristics.

Overall, most included studies were deemed high quality. With the SIGN scores,
the 23 review articles could be regarded as good quality. The risk of bias was generally
low, with at least 75% of judgments assessed as low risk for four domains: blinding of
participants, personnel and outcome assessment, selective reporting, and other biases.

3.2. Review and Meta-Analysis Studies

Twenty-three reviews reported analyses for vitamin D supplementation [27–49]. Vi-
tamin D supplementation is is protective for pregnant women, having a significant ef-
fect on the incidence of preeclampsia [27,28,30,33,35,44,46] and reduced risk of preterm
births [29], prematurity [30], gestational diabetes [31,39,41], and both maternal and infant
infections [40].

Through a meta-analysis of observational studies, we suggest that vitamin D supple-
mentation acts as a protective factor for preeclampsia and prematurity [30]. One meta-
analysis [30] reviewed cohort studies evaluating the association between vitamin D and
prematurity. Four studies used concentrations <75 nmol/L, and six studies considered
concentrations <50 nmol/L as vitamin D cutoff points. Results of the subgroup analysis of
cohort studies showed a significant association between maternal vitamin D and preterm
birth only for concentrations <75 nmol/L: pooled odds ratio (OR) = 1.56; 95% confidence
interval (CI), 1.25–1.94; I2 = 70%; p = 0.02. For concentrations <50 nmol/L, pooled OR = 1.09;
95% CI, 0.91–1.30; I2 = 91%; p < 0.00001.
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In Oh, Keats, and Bhutta [29], the risk for preterm birth may have been reduced
by 36% through vitamin D supplementation (average relative risk (RR) = 0.64; 95% CI,
0.40–1.04; studies = 7), though the upper limit of the confidence interval just crossed the
line of no effect. In Tabesh and colleagues [45], a significant association was found between
VDD and risk of preeclampsia; however, significant between-study heterogeneity was
found (I2 = 52.7%; p = 0.03). In Palacios and colleagues [47], data from original studies
involving 446 women showed probable gestational diabetes risk reduction with vitamin D
supplementation in comparison with no intervention or placebo groups (RR = 0.51; 95% CI,
0.27–0.97; moderate-certainty evidence). In addition, vitamin D supplementation probably
makes little or no difference in risk of gestational hypertension in comparison with no
intervention or placebo (n = 1130; RR = 0.78; 95% CI, 0.41–1.49).

4. Discussion

The most common causes of maternal mortality are severe bleeding, infections/sepsis,
embolisms (blockage in the heart or lungs), stroke (can be a blown blood vessel or an
embolus), blood pressure disorders (preeclampsia/eclampsia), and gestational diabetes.
According to the WHO, the leading causes of maternal mortality (nearly 75%) are severe
bleeding, postnatal infections, blood pressure disorders, and complications of labor and
delivery [49]. In the US, the top causes of maternal mortality are hemorrhage, cardiovascular
complications, infections/sepsis, embolism (pulmonary embolism or other embolisms),
cerebrovascular accidents, and noncardiovascular medical conditions such as gestational
diabetes mellitus (GDM) [51].

In this review, we aimed to evaluate the current evidence on the effect of vitamin
D and vitamin D supplementation on maternal mortality and morbidity. Interventions
yielded significant effects, albeit with sparse evidence in some areas.

In recent years, scientific interest has increasingly focused on the consequences of
VDD on pregnant women, in particular, the impact of its deficiency on adverse maternal
health outcomes. With all significant effects taken together, vitamin D supplementation
was associated with a reduced risk of maternal mortality and morbidity-related outcomes.

Many observational studies did report that vitamin D levels were associated with
adverse maternal, fetal, and neonatal outcomes, including increased risk of developing
preeclampsia, preterm labor, gestational diabetes, being small for gestational age, low
birth weight, an increased rate of Cesarean delivery, and infertility [50]. Since vitamin D
RCTs have not yielded much useful information regarding the role and requirements for
vitamin D for many health outcomes while observational studies have [52], results from
observational studies are highlighted in the following paragraphs.

4.1. Hemorrhage

Low maternal 25(OH)D concentrations have been found to be associated with an
increased risk of postpartum hemorrhage. An observational study from Taiwan involving
600 pregnant women with 25(OH)D concentrations measured in the 36th week of pregnancy
found that 25(OH)D below 30 ng/mL was associated with a factor of four-to-five increased
risk of postpartum hemorrhage [53].

4.2. Gestational Diabetes

In a meta-analysis of 31 observational trials, low vitamin D levels increased the risk
of gestational diabetes by 49 (OR = 1.49; 95% CI, 1.18–1.89) [54]. Another meta-analysis of
24 observational studies showed similar results [22]. Observational studies also have shown
VDD in pregnancy increases the risk of preeclampsia and that vitamin D supplementation,
with or without calcium, may reduce that risk [55].

4.3. Pulmonary Embolism or Other Embolism

The incidence of pulmonary embolism, a common cause of maternal mortality, has
been found in many studies to be increased in a state of maternal VDD, and the risk
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decreased with supplementation [27,28,30,33,35,37,42–46]. Other studies concluded pul-
monary embolism was not influenced by supplementation [31] or that the connection was
unclear [34].

4.4. Preterm Birth Risk

Reports have conflicting findings on the role of vitamin D in reducing preterm birth
risk. Some studies identified the association of VDD and the inflammatory response
with premature rupture of the amniotic membrane and preterm delivery [56,57]. Pooled
analysis of four randomized controlled trials in that study showed no significant effect
of vitamin D supplementation in preventing preterm birth. Other publications have
reported alterations in the cervicovaginal fluid content of vitamin D and vitamin D binding
protein as biomarkers of vaginal inflammation and preterm birth risk several weeks before
delivery [58]. A review published in 2017 reported that based on 6 vitamin D RCTs,
vitamin D supplementation could significantly reduce the risk of preterm birth (pooled
RR = 0.57 (95% CI, 0.36–0.91)) and from 18 observational studies that maternal 25(OH)D
<20 ng/mL was associated with a pooled OR = 1.25 (95% CI, 1.13–1.38) [59]. The best
observational study on preterm delivery to date was conducted at the Medical University
of South Carolina [60]. A total of 1064 consecutive pregnant women were enrolled at their
first prenatal visit around the 12th to 14th week of pregnancy. The participants included
488 whites, 395 African Americans, 117 Hispanics, 19 Asians, and 29 multiple or other
ethnicities. Their serum 25(OH)D concentration was measured, and they were given bottles
of 5000 IU vitamin D3 and counseled on how to achieve 25(OH)D >40 ng/mL. Achieved
25(OH)D was also measured during pregnancy. Those who achieved >40 ng/mL had a
62% lower risk of PTB compared to those <20 ng/mL (p < 0.0001). There was no effect of
race/ethnicity on the outcomes.

The journal literature on vitamin D and maternal mortality is relatively limited. How-
ever, there is a reasonable body of literature on the role of vitamin D in reducing the risk of
adverse pregnancy and birth outcomes for both the developing fetus and mother, e.g., [61].
The review by Wagner et al. [62] outlines important findings regarding complications,
including preterm birth, preeclampsia, and gestational diabetes, as well as adverse effects
that appear in early childhood, such as asthma and neurological development. This review
also points out that vitamin D regulates gene expression through DNA methylation, which
has profound effects on fetal development and life after birth. They point out that preg-
nant women should supplement with 4000–5000 IU/d vitamin D3 and achieve 25(OH)D
concentrations >40 ng/mL.

5. Strengths and Limitations

An important strength of this review is that it presents an overview of reviews of the
effect of vitamin D on the risk of many risk factors for maternal morbidity and mortality
during pregnancy. Table 1 can serve as a starting point for those wanting to know the
results to date and can help guide future research efforts. The studies included here show
significant methodological differences, including mixed ethnicities and genetic reservoirs,
countries, times and conditions of vitamin D evaluation, and different brands and qualities
of vitamin D supplements among studies. Those factors all contributed to the heterogeneity
of the included studies. A limitation is that we may not have been able to access all
publications on the relationship between vitamin D and maternal mortality and morbidity
during pregnancy because we limited our analysis to studies published in English and
Spanish and available through the PubMed, Cochrane, and Embase databases.

6. Conclusions

Our meta-analysis showed evidence to support vitamin D supplementation as a cost-
effective public health strategy to minimize adverse maternal health outcomes. Whenever
possible, supplementation should be based on initial vitamin D serum levels with the
intent to obtain and maintain optimal levels of a minimum of 40 ng/mL throughout
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the pregnancy for maximum impact [61]. In venues where testing is not affordable or
convenient, innovative evidence-based technologies such as the Vitamin D Deficiency Risk
Assessment Quiz (beta) and the Vitamin D*Calculator can aid providers of prenatal care in
assessing individual VDD risk and calculating an individualized evidence-based loading
and maintenance doses based on target optimal blood levels of 40 ng/mL, respectively
(GrassrootsHealth.net, accessed 15 September 2022) In light of the results of the present
review, further studies should be conducted. Randomized, controlled, blinded vitamin D
supplementation trials must be conducted with pregnant women using standard nutrient
physiological design criteria to ensure homogeneity of study design [62], including vitamin
D levels (baseline and at time of birth) for all participants, to facilitate future systematic
review and meta-analyses, In addition, RCT design may not be ideal for vitamin D outcomes
studies because vitamin D intake is difficult to quantify from other sources, as well as lack
of compliance, which can lead to unclear study results. Alternatively, they could be
observational studies with vitamin D supplementation as done at the Medical University
of South Carolina [59]. These studies must include large enough sample sizes to permit
evaluating the prevalence of maternal mortality and morbidity.
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Abstract: Platelet-activating factor (PAF) is a lipid mediator that interacts with its receptor (PAF-R) to
carry out cell signalling. However, under certain conditions the binding of PAF to PAF-R leads to
the activation of pro-inflammatory and prothrombotic pathways that have been implicated in the
onset and development of atherosclerotic cardiovascular diseases (CVD) and inflammatory diseases.
Over the past four decades, research has focused on the identification and development of PAF-R
antagonists that target these inflammatory diseases. Research has also shown that dietary factors such
as polar lipids, polyphenols, and other nutrient constituents may affect PAF metabolism and PAF-R
function through various mechanisms. In this review we focus on the inhibition of PAF-R and how
this may contribute to reducing cardiovascular disease risk. We conclude that further development
of PAF-R inhibitors and human studies are required to investigate how modulation of the PAF-R may
prevent the development of atherosclerotic cardiovascular disease and may lead to the development
of novel therapeutics.

Keywords: platelet-activating factor; platelet-activating factor receptor; polar lipids; antithrombotic
activity; inflammation; atherosclerosis

1. Introduction

Atherosclerotic cardiovascular diseases (CVD) are the leading cause of morbidity and
mortality globally [1]. Various factors contribute to the development of atherosclerosis,
but evidence in recent decades has demonstrated that nutrition plays a pivotal role in the
prevention of atherosclerosis and other chronic inflammatory conditions including diabetes
and obesity [2,3]. Hence there is a requirement to research the effects of diets and food
components on cardiovascular health.

Atherosclerosis is a progressive inflammatory disease responsible for the development
of atherothrombotic complications including myocardial infarction, peripheral artery dis-
ease, and ischaemic or transient stroke among other cardiac manifestations [4,5]. Atheroscle-
rosis develops through several steps including endothelial dysfunction followed by the
deposition of lipids in the intima, which accumulate in the lining of blood vessels. These
lipids are then engulfed by macrophages, which eventually undergo apoptosis forming
foam cells and a necrotic core that leads to the development of the characteristic lesions or
fatty streaks in blood vessels. Erosion of these lesions or plaques causes microruptures that
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activate platelets causing fibrin netting and platelet aggregates to form on the inner walls
of arteries, thus leading to the narrowing of blood vessels affecting blood supply [6]. With
time, the lumen may narrow and erode further causing plaque rupture, leading to a major
cardiovascular event such as myocardial infarction or stroke. The main mechanistic events
that lead to these events are characterised by persistent low-grade inflammation [5].

However, inflammation is a necessary physiological response of the innate immune
system, and its main role is to maintain a constant internal environment despite being
subjected to constantly changing environmental pressures. These can include mechanical,
physical, chemical, infectious, immunological, or reactive natural adverse events. The
inflammatory response seeks to diminish and/or minimize the agents that causes tissue
damage, promote adequate wound healing, and restore tissue homeostasis. However, if the
inflammatory response fails to resolve owing to the persistence of the triggering factors or
poor restoration of the original tissue, a prolonged underlying inflammatory process arises,
leading to increased tissue dysfunction and adverse effects. At the molecular and cellular
level, it has been postulated that endothelial dysfunction leading to systemic inflammation
appears to be the primary underlying mechanistic factor in the onset and progression of
atherosclerosis [7]. Endothelial dysfunction is often defined by an inflammatory microenvi-
ronment that acts on leukocytes and endothelial cells via interactions with other immune
cells such as T lymphocytes, mast cells, dendritic cells (DC), and platelets [8].

Platelets play a key role in the onset and development of atherosclerosis [9–13].
Platelets also orchestrate the development of obstructive thrombi in the latter stages of the
atherosclerotic process in response to plaque rupture through the sequential processes of
haemostatic responses to vascular injury such as initiation, extension, and stabilization [14].
Each of these stages contains pro-haemostatic molecular mechanisms, in balance with anti-
haemostatic processes, which restrict the reaction to the damage site and prevent inappro-
priate vascular occlusion. The molecular players involved in the initiation process include
adhesion molecules, signalling ligands, and their associated platelet surface receptors [15].
Strong inflammatory and prothrombotic mediators such as platelet-activating factor (PAF)
play pivotal roles in these processes, particularly in the activation of platelets [16]. Indeed,
PAF and its receptor have previously been investigated as a pharmaceutical target for some
inflammatory conditions including asthma and sepsis with limited success to date. They
have also been implicated in many of the key processes that lead to the development of
atherosclerosis. However, researchers over the years have postulated that dietary PAF-R
antagonists may affect PAF-related signalling and inflammatory pathways [7,17,18]. This
has opened several avenues of research that aim to investigate certain dietary patterns
such as the Mediterranean diet, which is thought to offer protection from atherosclerotic
cardiovascular disease and other inflammatory diseases due to a high concentration of
these compounds in the diet [18,19]. In this review, we examine the role of various nutrients
and their effects on PAF and its receptor PAF-R and how attenuating this inflammatory
and thrombotic pathway may contribute to atherosclerosis prevention via altering one’s
diet. It is also important to recognise that while this review largely focusses on the relation-
ship between PAF and the PAF-R, there are also ongoing developments in cardiovascular
research relating to the metabolic enzymes of PAF, which have been discussed at length
elsewhere [7,20].

2. Platelet-Activating Factor (PAF) and PAF-Receptor (PAF-R)

PAF (1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine) is a phospholipid mediator that
functions through the PAF-receptor (PAF-R). PAF was discovered when Ig-E sensitised
basophils of rabbits were challenged with antigen stimuli [21]. In physiology, PAF is an
important signalling molecule in the renal, cardiovascular, immune, and reproductive
systems. However, PAF is not just one molecule; there happens to be a family of PAF-
like lipids (PAFLL) or PAF-like moieties, which all have varying degrees affinity with the
PAF-R leading to various levels of potency [22]. The classic PAF molecule has an alkyl
ether linkage at the sn-1 position, a characteristic acetyl group at the sn-2 position, and a
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phosphocholine group at the sn-3 position of the glycerol backbone [23]. The most potent
PAF molecules contains a 16:0 at the sn-1 position, but may also have 18:0, 17:0, and 18:1 on
the alkyl ether-linked side chain leading to varying degrees of affinity for the PAF-R and as
a consequence, varying degrees of biological activity [7,24]. PAF is known to carry out its
biological activities at concentrations as low as 10−12 M and almost always by 10−9 M as
an intercellular messenger [25] and it carries out its functions in a autocrine, juxtracrine,
and paracrine manner [26,27]. The history of the elucidation of the PAF structure and
developments in the field has recently been reviewed [28].

The PAF-R is expressed by cells in various tissues, including the lungs, spleen, heart,
kidneys, skeletal muscle, and in blood cells as shown in Figure 1 [24]. Therefore, it is
also unsurprising that PAF-R signaling is implicated in many physiological processes [28].
There is an abundance of phospholipids in the brain and central nervous system (CNS) [29],
where the PAF-R is expressed by various parts of the CNS including the spinal cord,
substantia niagra, hypothalamus, hippocampus, frontal cortex, nucleus accumbens, cortex,
cerebellum, cerebellar hemisphere, basal ganglia, and the amygdala [30]. Notably, PAF
is also synthesised by neuronal tissue and its signaling is associated with neurotrophic
effects [31]. Indeed, permeability of the blood-brain barrier (BBB) increases via PAF-R
dependent mechanisms, consequent to calcium (Ca2+) influx, increased nitric oxide levels,
and alterations to proteins that regulate intercellular gaps in the BBB in vivo [32].

Figure 1. Bulk gene expression for the platelet-activating factor receptor (PAF-R) encoded by the gene
PTAFR in various human tissues using data from the Genotype-Tissue Expression (GTEx) Project [30].
The expression data is shown in transcripts per million (TPM) with the plots showing the median
and the 25th and 75th percentiles. Dots indicate outliers, which are above or below 1.5 times the
interquartile range.

PAF-R signalling also plays a prominent role in reproductive biology, including ovu-
lation, fertilisation, preimplantation, and parturition in women. In men, PAF is present
in spermatozoa and is thought to be involved in sperm motility and in the induction of
acrosome reactions [33–38]. PAF and PAF-R is also a known physiological mediator of
healthy cardiovascular function via modulating inflammatory signaling, platelet function,
and blood pressure [39–41]. As the name suggests, PAF is a platelet activator via binding to
the PAF-R in the normal response to injury [13]. PAF-R binding by PAF induces platelet
shape change and the release of platelet granules via stimulation of the phosphatidylinositol
cycle and intracellular Ca2+ mobilization. Serotonin and platelet factor 4 are secreted, along
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with arachidonic acid and other bioactive lipids, including PAF, which mediate platelet
aggregation [13,42,43].

While we are still learning about the roles of PAF and PAF-R in physiology, PAF is
mostly known for its role as an inflammatory messenger that passes signals to cell types
such as platelets, neutrophils, endothelial cells, macrophages, and lymphocytes [7]. PAF is
involved in multiple communicable and non-communicable diseases through excessive
binding with the PAF-R. Some studies have shown that PAF mediates metastasis in tumour
cells. For example, PAF triggers human melanoma cells via stimulating the phosphorylation
of cAMP-responsive element (CRE)-binding protein (CREB) and activating transcription
factor-1(ATF-1). This signal transduction leads to the overexpression of major effectors
involved in tumour growth, angiogenesis, and malignant progressions such as MMPs,
STAT-3, and NF-κB [44]. PAF also affects other pathological processes including increased
vascular permeability, hypotension, ulcerogenesis, bronchoconstriction triggering airway
hyperresponsiveness, and platelet degranulation. PAF has also been implicated in septic
shock, asthma, ischemia/ reperfusion injury, pancreatitis, inflammatory bowel disease,
and rhinitis [45]. PAF-R activation has also been reported to manifest in communicable
diseases. For example, PAF-R activation causes increased thrombocytopenia, haemoconcen-
tration, increased systemic levels of cytokines, and lethality in wild-type mice compared
with PAF-R-silenced mice in a model of dengue fever [46]. PAF is implicated in other
infectious diseases characterised by inflammation including human immunodeficiency
virus (HIV) [47] and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in-
fection [48,49]. Considering the vast pathological functions of PAF and its receptor, many
investigations have focused on preventing PAF from binding to the PAF-R with the aim of
reducing prothrombotic and proinflammatory signalling.

Structurally, the PAF-R is a seven transmembrane G-protein coupled receptor en-
coded by the PTAFR gene. The gene locus has been identified in humans as chromosome
1p35-p34.5. Human and guinea pig PAF receptors are single polypeptides with 342 amino
acids; rat and mouse PAF receptors omit one amino acid in the third extracellular loop. De-
spite various findings to the contrary, it is presently believed that a single receptor subtype
mediates all PAF’s actions in humans and is generally located on the plasma membrane, en-
domembrane, nucleus, and nuclear envelope [18,50]. The gene, PTAFR, is tightly regulated
by two distinct promotors that are involved in the transcriptional regulation, consequently
there are two alternatively spliced transcripts that differ in their untranslated regions. The
first, transcript 1, is widely expressed in tissues regulated by inflammation, predominantly
in leukocytes, macrophages, eosinophils, and monocytes. The second, transcript 2, is found
in organs such as the heart, kidney, lung, and spleen and its expression can be influenced
by oestrogen, thyroid hormone T3, retinoic acid, transforming growth factor-β (TGF-β),
tumour necrosis factor-α (TNF-α), interferon-γ and others. The second transcript is not
thought to be expressed by hematopoietic cells or in the brain [24,51,52]. In a positive
feedback manner, PAF may upregulate the expression of its own receptor via transcript 1
through NF-κB signalling [53]. There is also evidence that PAF-R transcription is dependent
on activation of the Jak/STAT pathway [51]. The upregulation of PAF synthesis and its
degradation is also tightly regulated and has been extensively reviewed [16]. However,
there are many aspects of PAF-R (Ptafr) expression that have been underexplored including
whether it exhibits circadian rhythmicity as some data indicates that it might, along with
genes associated with PAF metabolism, including Pla2g7 (Circadb: Circadian Expression
Profiles Data Base. Available online: http://circadb.hogeneschlab.org (accessed 12 October
2022)). Considering the PAF-R is expressed in numerous cells and tissue types there is a lot
to left to be explored regarding its function and modulation.

The first binding experiment of PAF was conducted on human platelets in 1982,
whereby two distinct binding sites were revealed. The first site had shown higher affinity
(Kd value = 37 ± 13 nm) and the other site possessed nearly low affinity toward PAF [54].
To understand the pathophysiological function of PAF, gene modifications were applied
in earlier studies. For example, cDNA encoding the PAF-R was isolated from the guinea
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pig lung cDNA library and was cloned into Xenopus laevis oocytes depicted in Figure 2. In
this cloned receptor, several amino acids are highly conserved when compared to other G
protein receptors, including aspartic acid (Asp) in the second transmembrane segment, one
cysteine (Cys) in both the second and third intracellular loops, and three proline (Pro) in
the sixth and seventh segments. The PAF receptor’s cytoplasmic tail comprises four serines
(Ser) and five threonines (Thr). There is a total of 12 tyrosine (Tyr) residues, with two of them
located in the cytoplasmic loops. Asparagine (Asn) residues are found on the receptor’s
exterior surface and may serve as sites for glycosylated residue attachment [55]. Some other
reports stated that cloning of human PAF receptors can be achieved by isolating cDNA
from peripheral leukocytes, heart, and EoL-1 eosinophilic leukaemia cells [56]. Figure 1B
shows the helical 3D structure of PAF-R (Chain-A) that was obtained from the protein data
bank (PDB ID: 5ZKQ) and its bound ligands were removed by UCSF Chimera [57].

Figure 2. (A) Diagrammatic representation of the platelet-activating factor receptor (PAF-R) with
its seven transmembrane domains within the plasma membrane bilayer [Note: PAF-R cloned from
guinea pig represented with amino acid residues]; (B) Human PAF-R (Chain-A) with selective amino
acid residues (PDB ID: 5ZKQ).

PAF and PAF-R Activation in Inflammatory Diseases

Elevated levels of PAF can be detected in tissues affected by inflammatory diseases [7].
Excessive activation of the PAF-R via PAF and PAF-like lipids (PAF-LL) in inflammatory
diseases induces several biological effects including systemic pro-inflammatory, prothrom-
botic, and pro-proliferative signalling. Indeed, delayed immune responses have also been
reported and PAF-R signalling has been implicated in cancer development. Many ma-
lignant cells have been shown to overexpress PAF-R [58]. The PAF-R receptor is related
to phosphoinositide metabolism via a G-protein that is also linked to phospholipases C
and A2. PAF-R stimulation results in the brief synthesis of diacylglycerol, which activates
protein kinase C, and inositol triphosphate, which triggers the release of internal calcium
reserves [59]. The activation of PAF-R through PAF is represented the Figure 3.

PAF increases tyrosine phosphorylation of several proteins in neutrophils, macrophages,
and platelets, as well as nuclear factor kappa B (NF-kB) activation and transcription of
c-fos and c-jun in inflammatory cells. PAF can activate the mitogen-activated protein
kinase (MAPK) kinase-3, a known activator of p38 MAPK, and the Jak/STAT pathway [59].
Following ligand activation, the PAF-R is degraded through both the proteasome and
lysosomal pathways.

139



Nutrients 2022, 14, 4414

Figure 3. Mechanism of PAF-R activation and PAF-mediated signalling pathway [59,60]. Abbrevia-
tions: cPLA2—cytosolic phospholipase A2; DAG—Diacylglycerol; ER—Endoplasmic reticulum; InP2

—inositol 4,5-bisphosphate; InsP3—inositol 1,4,5-triphosphate; LPCAT—lysophosphatidylcholine
acyltransferase; PKC—protein kinase C; PLA2—Phospholipase A2; PLC—Phospholipase C; PtdInP2—
phosphatidyl 4,5-bisphosphate; TxA2—thromboxane A2.

While platelet activation leads to aggregation as part of normal haemostatic function,
under acute or systemic inflammatory conditions PAF-R activation has been shown to
induce various immune and inflammatory pathways [44] that can lead to both acute
and chronic conditions. For example, PAF-R activation by PAF induces histamine and
prostaglandin D2 release from mast cells [61,62] and it is involved in the chemotaxis of mast
cells [63]. PAF has been shown to be a powerful chemoattractant for eosinophils [64,65]
and it is responsible for the generation of chemokines and prostaglandins [65–67]. PAF
along with leukotriene B4 (LTB4) and matrix metalloproteinase-9 (MMP-9) are involved in
the accumulation of eosinophils in asthmatic airways via interleukin-8 (IL-8) stimulation of
neutrophils [68]. Indeed, PAF has been shown to promote the recruitment of neutrophils
and polymorphonuclear cells to inflammatory sites [7], and these cells can also generate
PAF [7,69,70], which is thought to be one of the underlying mechanisms by which conditions
such as atherosclerosis may propagate [7,71].

As a consequence of the wide-ranging inflammatory actions of PAF and the PAF-R,
pharmaceutical companies and scientists have previously investigated the use of PAF
inhibitors and developed pharmaceutical grade products to target these inflammatory
pathways. These include products such as Lexipafant [72], Modipafant [73], and Rupata-
dine [74,75] among others that have previously reviewed [28] for the treatment of asthma,
sepsis, and other conditions characterised by PAF-related inflammation. However, a recent
study has shown that PAF and PAFLL can mediate nucleotide-binding domain, leucine-
rich-repeat-containing protein 3 and never in mitosis A-related kinase 7 (NLRP3-NEK7)
inflammasome induction in a PAF-R independent manner, which may explain observations
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of the ineffectiveness of many PAF-R antagonists [76] including those aforementioned.
These findings may lead to further developments in our understanding of the role of
PAF in diseases such as cancer and atherosclerosis considering the important role of the
inflammasome in these diseases. Pharmaceuticals aside, research has also determined that
there are a broad range of naturally occurring PAF-R antagonists present in certain edible
plants and foods, which will be discussed in the ensuing sections.

3. Antiplatelet Properties of Nutrients

Diet has long been associated with the maintenance of health and the prevention of
disease. It is well established that healthy dietary patterns, such as the Mediterranean
diet and the dietary approaches to stop hypertension (DASH) diet, may offer protection
against the development of atherosclerosis and cardiovascular diseases [77,78]. With this
knowledge, the functional foods, dietary supplements, and nutraceuticals industries have
grown exponentially over the last two decades offering individuals food-derived and
natural product derived constituents that may confer health benefits on the consumer [79].
Historically, many cultures turn to food and natural products as a source of healing in
times of ill health. These practices are particularly prevalent in areas with indigenous
rural communities. The World Health Organization (WHO) defines traditional medicine
as “the total of knowledge, skills, and practices based on theories, beliefs, and experiences
indigenous to different cultures, whether explicable or not, used in the maintenance of
health as well as the prevention, diagnosis, improvement, or treatment of physical and
mental illness” [80]. Some traditional medicine systems are supported by substantial
literature and recordings of theoretical notions and practical abilities; others are passed
down verbally from generation to generation. Until now the turn of the 20th century, the
majority of the world’s population relied on their own traditional medicine to satisfy their
primary health care requirements in several regions of the world [81]. Traditional medicine
is commonly referred to as “complementary and alternative medicine” when practised
outside of its traditional culture [82]. Traditional medicine is most popular and practiced
nowadays in China, India, and many African nations among others [83].

In India, the traditional system of medicine (TSM) has been practiced before the
adoption of modern medicine by traditional communities to heal any type of illness.
These medical practices provide invaluable assistance in the healthcare system for current
and future generations. The traditional systems of Indian medicine, presently known
as the Indian System of Medicine (ISM), have a very solid conceptual foundation and
have been practiced for a very long period. Ayurveda, Siddha, and Unani are three
prominent traditional systems practiced in India [84]. Some Indian medicinal plants
are reported to have antihyperlipidemic activity and anti-thrombolytic because of their
antiplatelet aggregation activity and fibrinolytic activity [85]. Phytocompounds such as
cudratricusxanthone A [86], withaferin A [87], and even some of the serine proteases were
identified and tend to prevent clot formation [88].

Over the past three decades, there has been considerable research conducted investi-
gating the potential antithrombotic and anti-inflammatory effects of dietary PAF inhibitors.
In particular, there has been a focus on polar lipids, mainly phospholipids and sphin-
golipids, derived from natural sources such as plants and animal products, which exert
antithrombotic activities due their inhibition of the PAF-R activation and other platelet
agonists [28,89,90]. A recent study found that dietary supplementation with plant extract
containing aloe gel, grape juice, green tea extract, etc. reduced platelet sensitivity upon
stimulation with PAF [91]. In this study, it is not clear what constituent or combination of
constituents are responsible for these observed effects. However, many compounds such as
polyphenols, phenolipids, and polar lipids present in these capsule constituents have previ-
ously been associated with antiplatelet effects. For example, certain compounds isolated
from Spirulina (blue-green algae) and other marine algae also possess bioactive properties
beneficial to health, including antiplatelet, anti-inflammatory and antioxidant qualities.
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These qualities have been traced to the glycolipid sulphoquinovosyl diacylglycerol (SQDG)
present in photosynthetic plants [92,93].

However, plants are not the only food-derived antithrombotic polar lipids. Fish-
derived lipids also exhibit inhibitory properties against PAF. Polar lipid fractions isolated
from cod (Gadus morhua) and salmon (Salmo salar) showed platelet inhibitory capabilities,
suggesting that the consumption of such lipids could protect against cardiovascular dis-
ease [90,94]. Other animal foods, such as dairy products, notably yoghurt, also exhibit
inhibitory activities against PAF in vitro [95,96]. In humans, intake of yoghurt enriched
with polar lipids from olive oil by-products resulted in lower platelet sensitivity against
PAF, and reduced low-grade inflammation, assessed by monitoring serum levels of IL-10
and IL-6 [97].

Many compounds derived from traditional herbal remedies also possess potent anti-
PAF activity. Curcumin is a spice derived from turmeric and commonly used in Asian
cuisines. A 1999 study found that curcumin inhibits platelet aggregation induced by
agonists such as PAF, epinephrine, and ADP, via the inhibition of thromboxane production
and Ca2+ signalling [98]. Another investigation found that extracts of several species of
Malaysian medicinal plants exhibited significant inhibitory activity against PAF [99]. The
Korean folk medicinal plant Alpinia officinarum is traditionally used to treat gastrointestinal
diseases. Diarylheptanoid compounds were isolated from this plant and also showed a
high inhibitory effect against platelet aggregation by PAF [45]. Apart from medicinal plants,
plants that are commonly found in various diets also possess bioactive compounds with
antithrombotic activities with various target mechanisms as listed in a Table 1.

Table 1. Comparison of different studies investigating phytocompounds and their antithrombotic
activities against PAF andother platelet agonists.

Phytocompounds
Scientific Name
(Common name)

Optimum Dose Determined or
Dosage Investigated

Study Outcomes

Polyphenols such as
theaflavin and its gallolyl

ester, geranyl gallate,
farnesyl gallate and

geranylgeranyl gallate.

Camellia sinensis
(Tea)

Theaflavin and its galloyl esters
(IC50 = 32–77 μM), geranyl
gallate, farnesyl gallate and

geranylgeranyl gallate
(IC50 = 6.4–7.6 μM).

Tea polyphenol such as theaflavin
and its other galloyl esters

showed potential antithrombotic
activity against PAF and inhibited
an acetyltransferase involved in

its biosynthesis [100].

Polar lipids Camellia sinensis
(Tea leaves)

TL (110 ± 50 μg/ μL), PL
(34 ± 4 μg/μL) and NL

(820 ± 460 μg/μL) from 30 min
observation respectively.

Synergetic effect of the
antithrombotic activity of tea

polyphenol and PL were against
PAF, thrombin, ADP, and collagen,
due to their high unsaturated fatty

acid content especially rich in
omega-3 PUFA and MUFA [101].

Sulphonoglycolipid Polypodium decumanum
(Fern calaguala) IC50 = 2 μM.

Sulphoquinovosyl diacylglycerol
1,2-di-O-palmitoyl-3-O-(6-sulpho-
α-d-quinovopyranosyl)-glycerol

showed inhibitory activity against
PAF in an in vitro model using

human neutrophils [102].

Curcumin Curcuma longa
(Turmeric)

Concentration: 0.3 mg/day
in mice.

Oral administration of curcumin
(0.3mg/day) in mice inhibited

thromboxane levels and increased
prostacyclin activity [103].

Ar-turmerone Curcuma longa
(Turmeric)

IC50 values of 14.4 μM and
43.6 μM against collagen and

arachidonic acid
(AA) respectively.

In vitro study showed that
aromatic (ar-)turmerone

effectively inhibits platelet
aggregation induced by collagen

and arachidonic acid [104].
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Table 1. Cont.

Phytocompounds
Scientific Name
(Common name)

Optimum Dose Determined or
Dosage Investigated

Study Outcomes

Curcuminoids Curcuma longa
(Turmeric) Concentration: 10–30 μg/mL.

The isolated PRP was exposed to
various concentrations of

curcuminoids (10–30 μg/mL) and
showed antiplatelet activity

against AA and collagen [105].

Allicin and thiosulfinates Allium sativum
(Garlic) Volume: 30 μL of garlic juice.

In vitro studies showed that allicin
and thiosulfanates are the key

constituents of garlic juice
resulting in antiplatelet activity

against collagen-induced platelet
activity [106].

Thiosulfinate Allium cepa
(Onion) Volume: 220 μL of onion juice.

The study resulted that 220 μL of
onion juice was enough to

produce complete inhibition of
platelet aggregation in vitro

against AA [107].

AMP48 (Serine protease)
of latex

Artocarpus heterophyllus
(Jack fruit) Amount: 1, 2, 4, 8, 16, 32 μg.

Using a thrombin and CaCl2
mediated fibrin clot experiment,

4 μg of AMP48 completely
hydrolyzed α-subunit of

fibrinogen in 30 min. Techniques
including N-terminal sequencing

fibrinolysis and ATR-FTIR
spectroscopy revealed this novel

protein has fibrinolytic
properties [88].

Eugenol, amygdalactone,
cinnamic alcohol,

2-hydroxycinnamaldehyde,
2-methoxycinnamaldehyde,

coniferaldehyde,
acetylsalicylic acid,

coumarin, cinnamaldehyde,
cinnamic acid, icariside DC,

dihydrocinnacasside,

Cinnamomum cassia
(Cinnamon bark)

IC50 values of Eugenol and
coniferaldehyde obtained as
3.8 and 0.82μM against AA;

3.51, and 0.44μM against
U46619 (thromboxane A2
mimic); 1.86 and 0.57μM

against epinephrine-
induced aggregation.

Among the 13 compounds from
the extract of cinnamon bark,
eugenol, and coniferaldehyde

were the two of the most active
antiplatelet constituents against
AA, U46619 (thromboxane A2

mimic) and epinephrine-induced
platelet aggregation [108].

Aqueous extract from
the bark

Cinnamomum tamala
(Indian Bay Leaf)

Various concentrations of
100, 200, 300, 400, and 500 μg.

The aqueous extract inhibited
TXB2 formation through COX
pathway (IC50 of 112 μg ± 16)

also LP-1 by LOX pathway
(IC50 of 120 μg ± 15), and 500 μg
concentration showed complete

inhibition of platelet
aggregation [109].

(6S,7Z,9R)-roseoside,
Eriodectyol and

2′′-O-rhamnosyl vitexin

Crataegus pinnatifida
(Chinese hawberry) Concentration: 400 μg/mL.

The isolated compounds 7, 13 and
15 exhibited potent

antithrombotic activity against
ADP induced platelet aggregation
in vitro by 87.18, 72.92 and 75.00%

respectively at 400 μg/ mL,
among them the 13th compound
exhibited antithrombotic activity
in vivo (zebrafish) by prolonged

thrombus formation
(19.04 ± 3.32 min) than heparin
control (17.63 ± 2.23 min) [110].
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Table 1. Cont.

Phytocompounds
Scientific Name
(Common name)

Optimum Dose Determined or
Dosage Investigated

Study Outcomes

Ethanolic extract Ocimum basilicum
(Basil)

Concentrations: 0.1, 1 and
10 mg/mL of Ocimum

ethanolic extract.

Overall OBL and its extracts
elevated 6-keto-PGF1α

production while decreasing
PGE2 and TXB2 production in a

dose- and time-dependent
manner. This might be due to the

combined inhibition of COX-2
and activation of endothelial

COX-1 [111].

Methanolic leaf extract Mangifera sylvatica
(Himalayan mango) A volume of 100 μL.

Methanolic fraction showed a
maximum of 46.93% clot lysis
activity whereas streptokinase
standard showed 80.51% [112].

Mangiferin Mangifera indica L.
(Mango)

Extracts from each part of the
mango such as pulp, peel, seed

husk and seed with various
concentrations like 0.1, 0.5,

and 1 mg/mL.

Mango seed showed a 72% of
inhibition against adenosine

5′-diphosphate (ADP) induced by
platelet aggregation. Among the

identified monogalloyl
compounds and benzophenones,

mangiferin showed a 31% of
inhibitory effect against

ADP [113].

Bromelain Ananas comosus
(Pineapple)

Bromelain at various doses of
70, 140, and 210 μg/kg of

body weight.

Antiplatelet aggregation tests
from in vivo method exhibited
that bromelain (at the dose of

210 μg/KgBW) has increased the
bleeding time (515.10 ± 182.23%)

on the 21st day of
termination [114], indicating

antiplatelet effects.

Baru almond oil Dipteryx alata Vog
(Baru Almond)

Ten days of Baru oil as 7.2 and
14.4 mL/kg/day.

Baru almond oil treatment has
lowered about 31% of

ADP-induced platelet aggregation
and thrombotic processes in male

Wistar rats, suggesting that it
helps lower platelet activation

and exert advantages in
thrombotic processes [115].

Aqueous extract of
strawberry fruit

Fragaria ananassa
(Strawberry)

Extract concentrations from
0.1–1 mg/mL.

Dose-dependent reduction
against AA and ADP-induced

platelet aggregation was observed
as 65 ± 5% and 55± 4% of

inhibition respectively [116].

Hippuric acid Phenol-rich fruits
and plant

Concentrations: 100, 200, 500,
1 and 2 mM.

Dose-dependent inhibition
against platelet surface receptor

P2Y1/P2Y12 induced by
ADP [117].
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Table 1. Cont.

Phytocompounds
Scientific Name
(Common name)

Optimum Dose Determined or
Dosage Investigated

Study Outcomes

Piperine, pipernonaline,
piperoctadecalidine,

piperlongumine

Piper longum L.
(Black Pepper)

Concentrations: 300, 150, and
30 μM.

The most effective antiplatelet
agent was piperlongumine

in vitro. Piperlongumine inhibited
collagen-induced platelet

aggregation with inhibition rates
of 100, 100, 49.8, and 19.9% at 300,
150, 30, and 10 μM, respectively.

Piperlongumine had 100%, 76.4%,
and 12% inhibitory activity in an
AA test at 300, 150, and 30 μM,

respectively. Furthermore,
piperlongumine at doses of 300,

150, and 30 μM reduced
PAF-induced platelet aggregation

with inhibition rates of 100%,
100%, and 29.9%,
respectively [118].

Orientin and Iso-orientin

Vaccinium bracteatum
Thunb.

(Sea bilberry or
Asiatic bilberry)

In vitro experiment with 5 to
50 μM and in vivo experiment
with 9, 26.9 and 44.8 μg per

mouse respectively.

A dose-dependent reduction in
platelet aggregation was observed

in vitro.
In vivo experiments showed

dose-dependent inhibition against
thrombin was observed in mice
model. From both compounds,

orientin showed potent activity in
both models [119].

Oleuropein Olea europaea
(Olive) IC50 = 0.41 mM.

The various concentrations
ranging from 0.25 to 1.25 mM of

oleuropein has shown dose-based
inhibition against PAF

in vitro [120].

Gomisin N and pre-gomisin Schisandra chinensis
(Magnolia berry)

IC50 values of gomisin N and
pre-gomisin as 96.5 and

153.3 μM against AA and
49.3 and 122.4 μM against PAF

were obtained respectively.

From the various solvents extracts
of S. chinensis fruit, methanol and

hexane have shown higher
inhibitory effects as 65.7 and

94.8% respectively against AA.
When compared to all agonists
such as PAF, AA, collagen and

thrombin, compounds gomisin N
and pre-gomisin showed higher

effects against AA and PAF [121].

(+)- fenchone and estragole
Foeniculum vulgare

Gaertner
(Fennel fruit)

Concentrations: (+)- fenchone
(IC50 values 3.9μM and 27.1 μM

against collagen and AA)
estragole (IC50 values 4.7 μM

against collagen).

From the in vitro study,
(+)-fenchone’s inhibitory effect

against platelet aggregation
caused by AA was 1.3 times

greater than that of aspirin [122].
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Table 1. Cont.

Phytocompounds
Scientific Name
(Common name)

Optimum Dose Determined or
Dosage Investigated

Study Outcomes

Pinocembrine, Alpinetin,
Cardamonin, 2′,3′,4′,6′-
Tetrahydroxychalcone,

5,6-Dehydrokawain,
Flavokawain B (above all

from A. mutica),
Flavokawain A,

Crotepoxide,
3-Deacetylcrotepoxide,

Zerumbone (above all from
Z. zerumbet), Xanthorrhizol

(from C. xanthorrhiza),
Curcumin, Xanthorrhizol

epoxide, 1-Acetyl-2-methyl-
5-(1′,5′-dimethylhex-4′enyl)

benzene,
1-Methoxy-2-methyl-5-

(1′,5′-dimethylhex-4′enyl)
benzene (above all from

C. aromatica)

Alpinia mutica Roxb.
(Orchid Ginger)

Kaempferia rotunda Linn
(Blackhorm)

Curcuma xanthorhiza Roxb
(Javanese turmeric)

Curcuma aromatica Valeton
(Turmeric)

Zingiber zerumbet Smith
(Shampoo ginger)

Concentrations: 84 μM against
AA and 45.7 μM against AA,

collagen, and ADP.

Curcumin, cardamonin,
pinocembrine,

5,6-dehydrokawain, and
3-deacetylcrotepoxide

significantly inhibited platelet
aggregation triggered by the AA
with IC50 values less than 84 μM.
Curcumin was the most efficient
antiplatelet agent, inhibiting AA,

collagen, and ADP-induced
platelet aggregation with IC50

values of 37.5, 60.9, and 45.7 μM,
respectively [123].

Vitamin C (Ascorbic acid)
and total lipids (TL)

Citrus sinensis
(Sweet orange)
Citrus sinensis
(Blood orange)

Citrus clementina
(Clementine)

IC50 values against PAF with
various samples are as follows,
Fresh juice of Navalina oranges

(23.2 μg), sanguine oranges
(21.4 μg), clementines (28.6 μg),
TL from navalina (14.3 μg), TL

from sanguine (15.3 μg), TL
from clementines (17.3 μg), TL
of navalina peel (1.5 μg), TL of
sanguine peel (1.2 μg), TL of

clementines (1.7 μg).

In vitro antiplatelet activity of
vitamin C and TL extract of three
different citrus fresh and oxidized
fruit juice and peels have shown
possible inhibitory effects against

PAF and thrombin [124].

Aqueous extract of leaf Moringa oleifera
(Drumstick tree)

IC50 values against
ADP-induced aggregation were

0. 48 mg and 0. 70 mg
respectively.

Aqueous extract of moringa leaf
(0.1 to 1mg) showed potent
activity against all types of

agonists used in this study such
as collagen, ADP, and

epinephrine. 1 mg of the extract
has shown 100% inhibition

against epinephrine-induced
aggregation [125].

Ethanolic extract of grape
pomace rich in phenolics
(catechin, epicatechin and

quercetin) fatty acids
(linoleic acid (C18:2n6),

linolenic acid (C18:3n3) and
palmitic acid (C16:0))

Vitis vinifera
(Grape tree)

IC50 value against PAF, ADP,
and TRAP as 160.7 ± 64.2,

180.8 ± 78.8, and
158.1 ± 93.6 μg, respectively.

From the in vitro antiplatelet
activity, the ethanolic extract of
grape pomace was found to be

rich in phenolics and fatty acids
such as linoleic, linolenic, and
palmitic acid. The IC50 values

were calculated as 144, 176.5 and
180.5 μg of extract (healthy

volunteer) and 214.2, 191.8 and
177.1 μg of extract (cardiovascular

patient) against PAF, ADP and
TRAP respectively [126].
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Optimum Dose Determined or
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Study Outcomes

Olive oil rich in
glycerol−glycolipid

Olea europaea
(Olive)

IC50 values of Polar lipid
fractions 3 showed 437.5 μL,

4 showed 162.5 μL and
5 showed 375.0 μL against PAF.

From the various olive oil
fractions, it was evident that

glycerol-glucolipids,
phosphatidylcholine,

sphingomyelin,
phosphatidylinositol, and
phosphatidylserine were

identified and have potent
antiplatelet activity against

PAF [127].

Abbreviations: ADP, adenosine diphosphate; AA, Arachidonic acid; COX2, Cyclooxygenase-2; HUVEC, human
umbilical vein endothelial cells; IC50, 50% inhibitory concentration; 6-keto-PGF1α, 6-keto prostaglandin F1α;
MUFA, Monounsaturated fatty acids; NL, neutral lipids; OBL, Ocimum basilicum L; PAF, Platelet activating factor;
PGE2- Prostaglandin E2; PL, polar lipids; PUFA, Polyunsaturated fatty acids; TL, Total lipids; TXB2, Thromboxane
B2; TRAP, Thrombin receptor activator peptide.

4. Antiplatelet Properties of Polar Lipids

Polar lipids are amphipathic in nature, possessing both a hydrophilic head group
and a hydrophobic tail. Polar lipids are key structural components of cellular membranes,
and they play a role in signaling cascades with membrane proteins [128]. Polar lipids are
mostly phospholipids and sphingolipids. In contrast, neutral lipids are non-polar and
hydrophobic. Neutral lipids include triacylglycerols, cholesterols, waxes, fatty acids, and
esters [129]. Polar lipids have been identified as PAF inhibitors that interact and inhibit the
PAF-R through various mechanisms, both direct and indirect, as previously reviewed [7].
In contrast, neutral lipids mostly do not exhibit potent antiplatelet activities [130]. In the
following sections we discuss the existing evidence involving in vitro, in vivo, and ex vivo
studies that investigate the potential anti-PAF properties of polar lipids.

4.1. In Vitro Studies of Platelet-Activating Factor Receptor (PAF-R) Antagonists

Several in vitro studies have been published that reported that polar lipids exhibit
antiplatelet properties likely mediated by interactions between the PAF-R. These polar
lipids tend to be mostly researched in foods of animal origin, particularly dairy and marine
sources. In dairy, it has been reported that the beneficial properties of polar lipids may be
altered or enhanced by fermentation of the dairy product. Fermented dairy products, such
as yoghurt and cheeses have also been noted for their high inhibitory activity against PAF
and other agonists. Many fermented foods that are traditionally part of the Mediterranean
diet are rich in omega-3 polyunsaturated fatty acids that support cardiovascular health [131].
Cheeses made from goat’s or sheep’s milk are an important part of the Greek diet. For
example, the traditional Greek cheeses Kefalotyri and Ladotyri have strong inhibitory
activity against PAF-induced platelet aggregation [96]. Certain bacterial cultures, such as
Lactobacillus acidophilus and Streptococcus thermophilus can increase the bioactivity of ovine
yoghurt milk and alters its anti-thrombotic activity in presence of PAF [132]. These starter
cultures are capable of producing and altering bioactive polar lipids by some mechanism,
possibly by producing antimicrobial peptides known as bacteriocins which can alter the
fatty acid composition. The bacterium L. acidophilus has been shown to reduce PAF-induced
inflammatory response in human intestinal cells [133]. A similar investigation [134] found
that fermentation increases the antithrombotic properties of bovine dairy and plant-based
dairy alternative drinks. Homemade dairy alternatives prepared from almond, coconut
and rice and bovine dairy milk showed significantly higher antiplatelet activity against PAF,
in comparison to their non-fermented counterparts, with the rice-based drink displaying
the strongest inhibitory activity.

147



Nutrients 2022, 14, 4414

Other sources of polar lipids include marine sources such as fish and algae [135].
Marine omega-3 PUFA are derived from fish, krill, and roe (fish eggs) and possesses sig-
nificant antiplatelet activity [136], which may be more bioavailable in polar lipid forms.
Polar lipid fractions isolated from codfish (Gadus morhua) showed platelet inhibitory capa-
bilities, suggesting that consumption of such lipids could protect against cardiovascular
disease [94]. Significant quantities of unused fish by-products by-catch and are gener-
ated from the fishing industry, including salmon heads, herring heads and off cuts, and
boarfish. While these by-products and by-catch are conventionally regarded as undesir-
able, valorisation of their antithrombotic and cardioprotective properties could establish
these products as important bioactive functional foods [137]. In a 2019 study, polar lipids
derived from bycatch and by-products of these fish were assessed for their antiplatelet
activity against various platelet agonists, and they exhibited strong inhibitory activities
against PAF, thrombin, collagen, and ADP [89]. Another study focusing on salmon [90]
demonstrated the potent in vitro antithrombotic effects of a food-grade polar lipid extract
(FGE) prepared from salmon (Salmo salar) fillets in human platelets, in the presence of the
platelet agonists PAF and thrombin. Among the lipid subfractions, phosphatidylcholines
(PC) and phosphatidylethanolamines (PE) showed the strongest inhibitory capacity against
PAF in human platelets. A later investigation found that salmon cooked sous vide at higher
temperatures (80 ◦C and above) significantly reduced these antithrombotic properties,
along with decreased PUFA content in salmon prepared without brining [138].

Another rich animal source of polar lipids is eggs. Egg yolks are a rich source of
sphingomyelin, lysophosphatidylcholine (L-PC), and lyso-phosphatidylethanolamine (L-
PE), along with other nutrients including protein, vitamins, and minerals [139,140]. Cage-
free, organic, and daily fresh eggs were assessed to determine if their polar lipids exhibited
antiplatelet properties. Out of the three varieties, lipid fractions from cage-free eggs
showed the highest inhibition against PAF, owing mainly to the polar lipid component of
the total lipid fraction [140]. Significant advances in poultry science have led to the natural
fortification of eggs to contain higher levels of PUFA. It would be interesting to assess
whether PUFA-rich eggs have different polar lipid compositions with even more effective
antiplatelet properties considering the other potential cardioprotective effects that have
been documented [141].

Overall, it appears that animal sources of polar lipids including dairy, meat, and egg
products exhibit antithrombotic effects (Table 2). However, it should be noted that lipids
sourced from non-animal sources such as vegetable oils are also known for their cardio-
protective and antithrombotic properties, especially olive oil. A 2002 investigation [127]
compared the in vitro antiplatelet properties of olive oil and other seed oils (sunflower, corn,
sesame, and soybean) against PAF. Out of all the polar lipid samples, olive oil was the most
bioactive and inhibited both PAF and thrombin in washed rabbit platelets [127]. Indeed,
olive oil and related by-products have also been shown to affect PAF metabolism [142].

Table 2. Comparison of in vitro studies investigating dairy and marine lipids possessing antithrom-
botic activity against PAF and other platelet agonists.

Lipid Source Study Aim Result

Fermented Irish ovine yoghurt milk

Comparison of in vitro inhibition against
PAF-induced aggregation, among

different yoghurts and unfermented
ovine milk.

Fermentation enhances the antiplatelet
nature of ovine milk, due to specific starter
cultures, e.g., Lactobacillus (demonstrated

by decreased IC50 values) [132].

Fermented bovine yoghurts and coconut,
almond and rice-based dairy

alternative drinks

Comparison of in vitro inhibition by PL
of platelet aggregation.

Fermented plant-based dairy alternatives
show much higher antiplatelet activity

compared to non-fermented counterparts.
The PL from rice-based fermented products
shows the highest platelet inhibition of all
products, against aggregation induced by

PAF and ADP [134].
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Table 2. Cont.

Lipid Source Study Aim Result

Kefalotyri and Ladotyri Greek cheeses
Investigate the in vitro inhibition of

cheese PL against
PAF-induced aggregation.

Lipid fractions of both kinds of cheese
inhibit platelet activation, Ladotyri has

stronger inhibition [96].

Greek yogurts derived from cow, ewe,
and goat milk

Evaluate the in vitro anti-thrombotic
properties of yogurts in presence of PAF.

TPL and TL of all yogurts showed platelet
inhibition, with TPL of goat and ewe

yogurt demonstrated highest inhibition
against PAF in WRP [143].

Irish organic farmed salmon filet
Investigate the in vitro inhibition by
salmon PL extract against PAF and

thrombin-induced platelet aggregation.

Salmon PL, TNL and TL fractions from PE
and PC showed higher inhibitory

activity [90].

Fresh and fried cod
(Gadus morhua)

Test the PAF-like and anti-PAF
properties of lipid fractions of fresh and

fried cod, against PAF-induced
platelet aggregation.

Lipid fractions (TPL and TNL) from fried
and fresh cod showed inhibitory activity as

well as slight platelet aggregation,
indicating presence of both PAF agonists

and inhibitors [94].

Hen’s egg yolk

Comparison of the antiplatelet activity
of TL, TPL and TNL of different types of
hen’s egg yolk (daily fresh, organic, and

cage-free hen’s eggs).

All 3 types of hen’s egg yolks displayed
potent inhibition against PAF-induced
aggregation, with cage-free egg yolk

having the highest bioactivity of all, in
washed rabbit platelets (WRP) [140].

Red and white wines and musts Assess the biological activity of lipid
fraction from wines/must in vitro.

All lipid fractions of all samples exhibited
inhibition against PAF-induced

aggregation in washed rabbit platelets,
with TPL of Ambelon (white wine) and

Cabernet Sauvignon (red wine) having the
most potent antiplatelet activity of all [144].

Abbreviations: ADP, adenosine diphosphate; TNL, total neutral lipids; PAF, platelet-activating factor; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PL, polar lipids; TL, total lipids; TPL, total polar lipids;
WRP, washed rabbit platelets.

4.2. Ex Vivo and Human Studies

Ex vivo and human studies are important to conduct to gain an understanding of
how polar lipids affect platelet and cardiometabolic homeostasis. Certain populations
in which the local diet is rich in omega-3 PUFA, such as the Greenland Eskimos [145]
and Mediterranean people [146] exhibit a lower rate of cardiovascular diseases. It has
been speculated that dietary components such as polar lipids or PUFA may contribute
to the observed benefits of these diets. As aforementioned, marine lipid sources, notably
polar lipids and potentially PUFA sourced from oily fish species, exhibit antiplatelet ac-
tivity. A 2019 crossover study involving healthy human volunteers found that intake of
enriched marine oil supplements resulted in reduced platelet and leukocyte activation,
among other beneficial effects on immune cell functioning [147]. However, similarly to
the in vitro studies presented, foods and food derivatives other than marine sources exert
antithrombotic effects.

A recent investigation found that intake of yoghurt enriched with polar lipids from
olive oil by-products resulted in lower platelet sensitivity against PAF and reduced low-
grade inflammation, which was assessed by monitoring serum levels of IL-10 and IL-6 [97].
Alcoholic beverages are also known to contain anti-inflammatory and antithrombotic
properties against PAF and other platelet agonists [148,149]. A crossover study found that
the intake of Cabernet Sauvignon red wine and Robola white wine results in decreased
postprandial platelet activity against PAF in human platelet-rich plasma (PRP) [150]. In
this study, healthy male volunteers were provided with a standardized meal along with
portions of either wine, ethanol solution or water, following which plasma samples were
obtained at multiple time points. Platelet sensitivity against PAF was significantly affected
following the intake of either red or white wine, compared to samples after intake of water
in place of wines. Indeed, a related study investigated the consumption of wine and its
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effects on PAF metabolism and found that wine beneficially decreases the biosynthesis
of PAF [151]. Collectively, these finding contribute to a growing body of literature that
indicates there are bioactive constituents including polar lipids in alcoholic beverages such
as wine [152] and beer [153]. Results from examples of these ex vivo studies are presented
in Table 3.

Table 3. Studies investigating the ex vivo antiplatelet properties of animal lipids and alcoholic beverages.

Lipid Source Study Aim Study Type
Number of
Volunteers

Control Result

Marine oil omega-3
supplement

Establish the
relationship between

marine oil
supplementation
and specialized
pro-resolving

mediators (SPM)

A double-blinded,
placebo-controlled

crossover
22 Placebo

Platelet aggregates
induced by PAF

stimulation are reduced
after consumption of

marine oil
supplement [147].

Yoghurt enriched
with olive oil

pomace polar lipids

To determine the effect
of the incorporation of
olive oil pomace polar
lipids in yoghurt and

their effects on
platelet function

Randomised
double-blinded,

placebo-controlled
30 Plain yoghurt

Consumption of
yoghurt enriched with
olive oil PL resulted in

lower platelet
sensitivity to PAF [97].

Cabernet sauvignon
red wine or Robola

white wine

Assess the beneficial
effects of wine intake
in the postprandial

state in
human volunteers

Crossover study 10 Water and
ethanol

Consumption of red or
white wine along with

a standardized meal
resulted in

reduced postprandial
PAF-induced platelet

aggregation in healthy
male volunteers [150].

4.3. PAF Modulation by Micronutrients

Several dietary micronutrients such as vitamins, trace minerals and elements have
exhibited anti-inflammatory, antithrombotic [154,155], and antioxidant functions [156]
(Table 4). Among those, carotenoids, one of the main sources of vitamin A, are highly
bioactive, with antioxidant, anti-inflammatory, and immunoregulatory properties [156,157].
The other form of vitamin A, retinol is known to affect PAF-R expression [158]. Vitamin
E has also been linked to the metabolism of PAF and is capable of regulating platelet
function [159]. A deficiency of vitamin E (alpha-tocopherol) was shown to stimulate the
biosynthesis of PAF in rat polymorphonuclear leukocytes [160]. A study involving pregnant
women found that oral supplementation with alpha-tocopherol inhibits platelet aggregation
induced by ADP and PAF, using a range of concentrations from 6.55–500 mg/mL [161].
However, yet another ex vivo study in male volunteers found that short-term vitamin E
supplementation does not significantly affect platelet function or phospholipase A2 (PLA2)
and lyso-PAF activity [162], enzymes involved in PAF metabolism.

Vitamin D is a fat-soluble vitamin that exists in two major forms, namely cholecalciferol
(D3) and ergocalciferol (D2). It is typically associated with bone and calcium homeostasis,
and the risk of developing diseases such as osteoporosis and rickets [163]. However, vitamin
D has diverse physiological functions and is involved in inflammatory and procoagulatory
pathways in the body due to its important role in immune function [164]. A randomized
study found that vitamin D supplementation can reduce platelet-mediated inflammation
and oxidative stress in diabetic patients [165]. Vitamin D can also regulate haemostasis, and
its deficiency is associated with increased platelet aggregation in the presence of the agonist
ADP [166]. An in vitro experiment demonstrated that 25-hydroxyvitamin D, a metabolite
of vitamin D, attenuated increased expression of PTAFR in a human respiratory epithelial
cancer cell line in response to rhinovirus infection [167], indicating that vitamin D might
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regulate PAF-R expression. It has also been hypothesized that vitamin D may attenuate
PAF signalling in other viral infections via the PAF-R such as in SARS-CoV-2 infection and
coronavirus disease 2019 (COVID-19) [168]. Indeed, paricalcitol, a vitamin D analogue, is a
known PAF-inhibitor as demonstrated in vitro and in vivo [169].

Vitamin C is a water-soluble vitamin abundantly found in plant sources such as citrus
fruits and leafy vegetables. In addition to its well-documented roles in immune function
and wound healing, vitamin C possesses antioxidant and antiplatelet functions [170]. In an
ex vivo study, the addition of vitamin C effectively halted platelet aggregation and scavenged
reactive oxygen species (ROS) in human platelets [171]. Another study found that dietary
supplementation with vitamin C prevented the accumulation of PAF-LL agonists and
cigarette-smoke-induced platelet adhesion and aggregation [172]. This also has important
implications for vitamin C supplementation as a dietary intervention to reduce the risk of
cardiovascular disease linked to smoking. These findings are in accordance with studies
in rabbits that have shown that vitamin C downregulates PAF and PAF-LL and improves
postischemic oxidative and inflammatory responses [173].

Table 4. Studies investigating the in vitro, in vivo, and ex vivo antiplatelet properties of micronutrients.

Micronutrient Study Aim Study Type Result

Vitamin C
Effect of vitamin C on the release of PAF

and PAF-like phospholipids during
reperfusion injury.

In vivo
Vitamin C attenuated oxidative stress and
reduced PAF and PAF-like lipid levels in

rabbits [173].

Vitamin D
Study the effect of vitamin D

supplementation in volunteers with Type
2 diabetes in a placebo-controlled trial.

Ex vivo

Six months of vitamin D supplementation
decreased platelet activation and

inflammatory markers such as IL-18, TNF-α
and IFN-γ [165].

Vitamin D
Study the inhibitory effect of paricalcitol

against PAF and thrombin-induced
platelet aggregation

In vitro

Addition of paricalcitol effectively inhibited
platelet aggregation as well as modulating
the activity of metabolic enzymes PAF-CPT

and PAF-AH in platelets and
leukocytes [169].

Vitamin E
Establish the role of vitamin E

(alpha-tocopherol) during pregnancy in
platelet function

In vivo

Vitamin E supplementation almost
completely inhibited platelet aggregation in
presence of PAF and ADP, with very high
inhibition observed in the brush border

membrane vesicles [161].

Selenium (Se)
Investigate the mechanism by which

selenium modulates PAF production in
endothelial cells

In vitro

Selenium deficiency reduces PAF
biosynthesis in bovine endothelial cells by

downregulating the activity of anabolic
enzymes [174].

Zinc (Zn) Consequences of abnormal Zn storage
and release in mouse platelets In vivo

Ionic Zn2+ accumulated in secretory
granules is released upon platelet activation

and has a procoagulant effect [175].

Copper (Cu) Role of dietary copper in platelet
activation using rat models In vivo

Platelet aggregation induced by ADP is
significantly higher in copper-deficient rats
compared to rats with an adequate amount

of copper in their diet [176].

5. Importance of Essential Trace Metals on PAF-R Targets

Dietary trace metals are principal components and regulators of various metabolic
processes in the body. These elements form only 5% of the average human diet and are
typically required in doses of 1–100 mg daily in adults [177]. Trace elements such as zinc
(Zn), and copper (Cu) have been shown to affect platelet function in health and disease,
but these elements may also affect the PAF pathways. Deficiencies in the trace element Se
have been shown to upregulate PAF production in human [178] and bovine endothelial
cells [174], by enhancing the activity of two important enzymes involved in the remodelling
pathway of PAF biosynthesis, PLA2 and lyso-PAF-AT.
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Zinc (Zn2+) is a known antioxidant and anti-inflammatory agent [179]. In rat models,
zinc deficiency studies have shown a decrease in platelet aggregation and impaired reactiv-
ity to agonists, including ADP and thrombin [94,137,138]. Furthermore, recent studies have
shown that altered levels of zinc impact platelet reactivity in zinc deficient conditions [180].
Chelation of intracellular zinc can also inhibit the tyrosine phosphorylation cascade, which
reduces platelet reactivity and aggregation in vitro [181]. In turn, increased dietary zinc
increases platelet responses to ADP and thrombin in human plasma [180]. In line with
this, zinc supplementation of 50 mg Zn/day demonstrated increased platelet reactivity and
serum zinc levels in humans [182]. Zinc supplements have also been shown to decrease
oxidative stress and the production of inflammatory cytokines in elderly individuals [179].
The role of zinc in platelet aggregation has, however, not been fully elucidated and some
studies also suggest a direct inhibitory role of zinc. It has been suggested that zinc interacts
with PAF at the functional receptor site or contiguous site due to its specific inhibition of
PAF-induced platelet activation [183]. A further study has shown that zinc levels must be
inversely proportional to PAF levels to carry out these inhibitory effects [184]. Additionally,
zinc must be present before PAF exposure. This suggests that PAF and receptor binding
may be limited by zinc and phospholipid (PAF) interaction [143,144]. This model is sup-
ported by zinc’s ability to bind to phospholipids in a 2:1–1:1 complex, particularly to the
negatively charged phosphate groups [185].

Like zinc, copper is an essential trace metal for the human body. The delicate balance
of copper levels in the body is crucial to maintaining terminal oxidation, elimination of
free radicals, and iron metabolism [186]. Several studies have shown the effects of altered
copper levels on platelet aggregation and thrombin activity. For example, a study using
mice subjected to copper deficient diets demonstrated a significant increase in prothrombin
time, a parameter used to evaluate blood clotting [187]. This was followed by another
study in rats fed a copper-deficient diet (0.3 μg copper/g of diet), which demonstrated
impaired platelet adhesion to endothelial cells with an increase in ADP-induced platelet
aggregation [176]. However, an ex vivo study using blood samples obtained from males
found that copper alone, as well as combined with manganese accelerated platelet activation
and led to the deformation of erythrocytes [188]. Thus, balanced levels of copper are
necessary for healthy platelet activation and aggregation. The relationship between PAF
and copper has also been shown to be similar to that of iron in terms of oxidation of lipids
and PAF-associated enzymes, whereby the iron-catalysed production of hydroxyl radicals
can promptly and conclusively inactivate PAF acetyl hydrolase, which can lead to the
prolonged inflammatory effect of PAF. Furthermore, metal-induced oxidative stress and
superoxide can activate PAF acetyl hydrolase, increasing PAF levels [149,150]. Trace metals
such as copper and iron may indirectly affect PAF signalling through increasing reactive
oxygen species and lipid oxidation.

The interplay between trace metals and the PAF/PAF-R pathway has clinical implica-
tions. For example, pre-eclampsia is one of many conditions characterized by increased
platelet aggregation and superoxide production and has been linked to alterations in trace
metal levels, such as a decrease in manganese, copper, and zinc. As such, precautions
during pregnancy to ensure balanced levels of essential trace elements are necessary to
avoid conditions such as pre-eclampsia [189–194]. Indeed, elevated magnesium (mg) ap-
pears to exert protective effects against lesion formation as well as antiarrhythmic and
antihypertensive effects [195]. Collectively, these studies show the important of trace metals
in PAF biology, but little is known about whether trace metals affect PAF-R expression
or function.

6. Conclusions and Future Perspectives

Although pharmaceutical options exist for PAF-R antagonists, they are sparse, and
they are not currently utilized against CVD. However, targeting the inhibition of PAF via
the PAF-R through dietary means may be a strategy to reduce the risk of atherosclerosis
and CVD by reducing the activities of PAF. In this review, we have presented the in vitro,
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in vivo, and human studies that have examined the dietary inhibition of PAF. It appears that
dietary PAF inhibitors exert their beneficial effects is through their anti-inflammatory and
antithrombotic properties. Indeed, many authors have suggested that the longstanding
beneficial effects of the Mediterranean diet may be due to the abundance of PAF inhibitors
present in the diet. However, there is still a paucity of research investigating polar lipid
consumption in humans. Although outside the scope of this review, there is also significant
research in animals and humans demonstrating that polar lipids may be cardioprotective
via modulating lipid metabolism. Collectively, these advances in research may lead to the
development of dietary interventions or nutraceuticals with the aim to deliver dietary PAF
inhibitors. However, there are vast gaps in our knowledge regarding the modulation of
PAF-R expression directly in health and disease that requires further investigation.
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Banach, M.; et al. The current use and evolving landscape of nutraceuticals. Pharmacol. Res. 2022, 175, 106001. [CrossRef]

80. Rabassa, M.; Hernandez Ponce, Y.; Garcia-Ribera, S.; Johnston, B.C.; Salvador Castell, G.; Manera, M.; Perez Rodrigo, C.;
Aranceta-Bartrina, J.; Martínez-González, M.Á.; Alonso-Coello, P. Food-based dietary guidelines in Spain: An assessment of their
methodological quality. Eur. J. Clin. Nutr. 2022, 76, 350–359. [CrossRef]

81. Hassan, M.; Haq, S.M.; Majeed, M.; Umair, M.; Sahito, H.A.; Shirani, M.; Waheed, M.; Aziz, R.; Ahmad, R.; Bussmann, R.W.
Traditional Food and Medicine: Ethno-Traditional Usage of Fish Fauna across the Valley of Kashmir: A Western Himalayan
Region. Diversity 2022, 14, 455. [CrossRef]

82. Ernst, E. The role of complementary and alternative medicine. BMJ 2000, 321, 1133. [CrossRef]
83. Che, C.-T.; George, V.; Ijinu, T.; Pushpangadan, P.; Andrae-Marobela, K. Traditional medicine. In Pharmacognosy; Elsevier:

Amsterdam, The Netherlands, 2017; pp. 15–30.
84. Rajendran, H.; Deepika, S.; Immanuel, S.C. An Overview of Medicinal plants for Potential Cardio-Protective Activity. Res. J.

Biotechnol. 2017, 4, 104–113.
85. Kumar, S.; Joseph, L.; George, M.; Sharma, A. A review on anticoagulant/antithrombotic activity of natural plants used in

traditional medicine. Int. J. Pharm. Sci. Rev. Res. 2011, 8, 70–74.
86. Yoo, H.; Ku, S.-K.; Lee, W.; Kwak, S.; Baek, Y.-D.; Min, B.-W.; Jeong, G.-S.; Bae, J.-S. Antiplatelet, anticoagulant, and profibrinolytic

activities of cudratricusxanthone A. Arch. Pharmacal Res. 2014, 37, 1069–1078. [CrossRef]
87. Ku, S.-K.; Bae, J.-S. Antiplatelet, anticoagulant, and profibrinolytic activities of withaferin A. Vasc. Pharmacol. 2014, 60, 120–126.

[CrossRef]
88. Siritapetawee, J.; Thumanu, K.; Sojikul, P.; Thammasirirak, S. A novel serine protease with human fibrino(geno)lytic activities

from Artocarpus heterophyllus latex. Biochim. Biophys. Acta (BBA)-Proteins Proteom. 2012, 1824, 907–912. [CrossRef]
89. Tsoupras, A.; O’Keeffe, E.; Lordan, R.; Redfern, S.; Zabetakis, I. Bioprospecting for Antithrombotic Polar Lipids from Salmon,

Herring, and Boarfish By-Products. Foods 2019, 8, 416. [CrossRef]
90. Tsoupras, A.; Lordan, R.; Shiels, K.; Saha, S.K.; Nasopoulou, C.; Zabetakis, I. In Vitro Antithrombotic Properties of Salmon

(Salmo salar) Phospholipids in a Novel Food-Grade Extract. Mar. Drugs 2019, 17, 62. [CrossRef]
91. Gavriil, L.; Detopoulou, M.; Petsini, F.; Antonopoulou, S.; Fragopoulou, E. Consumption of plant extract supplement reduces

platelet activating factor-induced platelet aggregation and increases platelet activating factor catabolism: A randomised, double-
blind and placebo-controlled trial. Br. J. Nutr. 2019, 121, 982–991. [CrossRef]

92. Berge, J.P.; Debiton, E.; Dumay, J.; Durand, P.; Barthomeuf, C. In vitro anti-inflammatory and anti-proliferative activity of
sulfolipids from the red alga Porphyridium cruentum. J. Agric Food Chem. 2002, 50, 6227–6232. [CrossRef]

93. Shiels, K.; Tsoupras, A.; Lordan, R.; Zabetakis, I.; Murray, P.; Kumar Saha, S. Anti-inflammatory and antithrombotic properties of
polar lipid extracts, rich in unsaturated fatty acids, from the Irish marine cyanobacterium Spirulina subsalsa. J. Funct. Foods 2022,
94, 105124. [CrossRef]

94. Panayiotou, A.; Samartzis, D.; Nomikos, T.; Fragopoulou, E.; Karantonis, H.C.; Demopoulos, C.A.; Zabetakis, I. Lipid Fractions
with Aggregatory and Antiaggregatory Activity toward Platelets in Fresh and Fried Cod (Gadus morhua): Correlation with
Platelet-Activating Factor and Atherogenesis. J. Agric. Food Chem. 2000, 48, 6372–6379. [CrossRef]

95. Lordan, R.; Walsh, A.; Crispie, F.; Finnegan, L.; Demuru, M.; Tsoupras, A.; Cotter, P.D.; Zabetakis, I. Caprine milk fermentation
enhances the antithrombotic properties of cheese polar lipids. J. Funct. Foods 2019, 61, 103507. [CrossRef]

96. Tsorotioti, S.E.; Nasopoulou, C.; Detopoulou, M.; Sioriki, E.; Demopoulos, C.A.; Zabetakis, I. In vitro anti-atherogenic properties
of traditional Greek cheese lipid fractions. Dairy Sci. Technol. 2014, 94, 269–281. [CrossRef]

97. Antonopoulou, S.; Detopoulou, M.; Fragopoulou, E.; Nomikos, T.; Mikellidi, A.; Yannakoulia, M.; Kyriacou, A.; Mitsou, E.;
Panagiotakos, D.; Anastasiou, C. Consumption of yogurt enriched with polar lipids from olive oil by-products reduces platelet
sensitivity against platelet activating factor and inflammatory indices: A randomized, double-blind clinical trial. Hum. Nutr.
Metab. 2022, 28, 200145. [CrossRef]

156



Nutrients 2022, 14, 4414

98. Shah, B.H.; Nawaz, Z.; Pertani, S.A.; Roomi, A.; Mahmood, H.; Saeed, S.A.; Gilani, A.H. Inhibitory effect of curcumin, a food
spice from turmeric, on platelet-activating factor- and arachidonic acid-mediated platelet aggregation through inhibition of
thromboxane formation and Ca2+ signaling. Biochem. Pharmacol. 1999, 58, 1167–1172. [CrossRef]

99. Jantan, I.; Rafi, I.A.; Jalil, J. Platelet-activating factor (PAF) receptor-binding antagonist activity of Malaysian medicinal plants.
Phytomedicine 2005, 12, 88–92. [CrossRef] [PubMed]

100. Sugatani, J.; Fukazawa, N.; Ujihara, K.; Yoshinari, K.; Abe, I.; Noguchi, H.; Miwa, M. Tea polyphenols inhibit acetyl-CoA:1-alkyl-
sn-glycero-3-phosphocholine acetyltransferase (a key enzyme in platelet-activating factor biosynthesis) and platelet-activating
factor-induced platelet aggregation. Int. Arch. Allergy Immunol. 2004, 134, 17–28. [CrossRef] [PubMed]

101. Tsoupras, A.; Lordan, R.; Harrington, J.; Pienaar, R.; Devaney, K.; Heaney, S.; Koidis, A.; Zabetakis, I. The Effects of Oxidation on
the Antithrombotic Properties of Tea Lipids Against PAF, Thrombin, Collagen, and ADP. Foods 2020, 9, 385. [CrossRef] [PubMed]

102. Vasange, M.; Rolfsen, W.; Bohlin, L. A sulphonoglycolipid from the fern Polypodium decumanum and its effect on the platelet
activating-factor receptor in human neutrophils. J. Pharm Pharm. 1997, 49, 562–566. [CrossRef]
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Abstract: Non-communicable diseases (NCDs) and multimorbidity (≥two chronic conditions), are
increasing globally. Diet is a risk factor for some NCDs. We aimed to investigate the association
between diet quality (DQ) and incident NCDs. Participants were from the Australian Longitudinal
Study on Women’s Health 1973–78 cohort with no NCD and completed dietary data at survey 3
(2003, aged 25–30 years) who responded to at least one survey between survey 4 (2006) and survey
8 (2018). DQ was measured by the Alternative Healthy Eating Index-2010 (AHEI-2010). Outcomes
included coronary heart disease (CHD), hypertension (HT), asthma, cancer (excluding skin cancer),
diabetes mellitus (DM), depression and/or anxiety, multimorbidity, and all-cause mortality. Repeated
cross-sectional multivariate logistic regressions were performed to investigate the association between
baseline DQ and NCDs over 15 years. The AHEI-2010 mean (±sd) for participants (n = 8017) was
51.6 ± 11.0 (range: 19–91). There was an inverse association between AHEI-2010 and incident asthma
at survey 4 (ORQ5–Q1: 0.75, 95% CI: 0.57, 0.99). Baseline DQ did not predict the occurrence of any
NCDs or multimorbidity between the ages of 25–45 years. Further well-planned, large prospective
studies conducted in young women are needed to explore dietary risk factors before the establishment
of NCDs.

Keywords: Alternative Healthy Eating Index-2010; non-communicable diseases; multimorbidity;
childbearing age; women

1. Introduction

Globally non-communicable diseases (NCDs) were the leading cause of mortality in
women in 2019 [1,2]. Coupled with epidemiological transition, changing disease patterns
from communicable diseases to NCDs, and demographic transition, resulting in population
ageing and growth, NCD occurrence is expected to increase [3]. Furthermore, though NCDs
are not restricted to a particular age group or sex, women are more likely to experience
their socio-economic impacts compared with men [4]. Of concern, women of childbearing
age are susceptible to NCDs, and the most common diseases are cardiovascular disease
(CVD), hypertension (HT), cancer and diabetes mellitus (DM) [5]. Some health disorders
during pregnancy are associated with NCDs in later life. For instance, hypertension during
pregnancy (HTpreg) can affect the vascular health of the mother, thereby leading to the
occurrence of CVD and stroke in later life [6,7]. In addition, gestational diabetes mellitus
(GDM), one of the hyperglycemic disorders in pregnancy, increases the risk of developing
DM in later life [8].

NCD and multimorbidity (the concurrence of two or more chronic diseases in the
same person) [9,10] have become public health challenges. Australia is experiencing a
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catastrophic level of NCDs [11], and estimates from the 2017-18 National Health Survey
indicated that almost half of Australian females were experiencing one or more NCDs,
including asthma, cancer, DM, and mental and behavioural problems [12]. Notably, 43% of
Australian women aged 45 years and younger reported as having at least one NCD [12].

With regard to disease aetiology, a differential distribution of NCD risk factors among
men and women was observed in a European study [13]. It was accepted that a set of
risk factors such as lifestyle or behavioural factors, environmental factors, underlying
metabolic/physiological factors and infections are multifactorial causes that are related to
NCD mortality and morbidity [14]. Of these, diet has been identified as one lifestyle or
bahavioural risk for CVD, some cancers and DM [15]. Moreover, dietary risk factors are
globally ranked second (to high blood pressure) for attributable deaths for women [16].
Diet, the combination of foods and nutrients, can be condensed into a simple measure
or summative score [17–19] by constructing diet quality indices (DQIs) based on dietary
guidelines or specific dietary pattern recommendations [20–22]. While this method also has
limitations and measurement errors [23], it goes further than the single nutrient approach
in recognising the synergistic nature of micro- and macronutrients [24].

A higher score on a DQI generally reflects healthier or optimal diet quality (DQ) or
closer compliance to dietary recommendations [25]. The original DQIs such as the Healthy
Eating Index (HEI), Diet Quality Index, and Diet Quality Index-Revised were developed in
alignment with the Dietary Guidelines for Americans [26–28], whereas the Mediterranean
Diet Score was based on the Mediterranean dietary pattern [29]. More recently, DQIs have
been developed in alignment with country-specific dietary guidelines (e.g., the Dietary
Guideline Index [30], China Dietary Guideline Index [31], and Healthy Dietary Habits In-
dex [32]), or modified from earlier indices (e.g., Recommended Food Score [33], Australian
Recommended Food Score [34], and alternative Mediterranean Diet [35]). Additionally, the
Alternative Healthy Eating Index (AHEI), modelled on the original HEI, was constructed
according to extensive epidemiological evidence for NCD prevention [33]. Although both
HEI and AHEI are measurements of DQ, there are differences in scoring (e.g., the original
HEI included total fat and protein (meat and beans) for fat and protein components [26],
whereas the AHEI included trans-fat and the ratio of polyunsaturated fatty acid (PUFA)
to saturated fatty acid (SFA) in the fat component; and the ratio of white to red meat,
nuts and soy protein in the protein component [33]. Both the HEI and AHEI have been
regularly updated (HEI-2005 [36], HEI-2010 [37], HEI-2015 [38], and HEI-2020 [39] for HEI;
AHEI-2010 [40] for AHEI).

DQIs have been extensively applied in diet-health outcome relationship studies, in-
cluding those considering NCDs [17,19,20,41–47]. The most commonly assessed health
outcomes have been CVD or coronary heart disease (CHD) [41,44], HT [45], cancer [41,42],
DM [41,43], depression [46,48], and all-cause mortality [41,47]. Previous evidence has
shown that a high level of DQ assessed by the AHEI and/or AHEI-2010 is associated with
a reduced risk of CVD, cancer, DM, neurodegenerative disease, and all-cause mortality [41].
However, in term of the clustering of NCDs, evidence on the relationship between overall
diet and NCD multimorbidity is very limited [49]. Previously, we examined the relationship
between DQ (measured as Healthy Eating Index for Australian Adults-2013 (HEIFA-2013),
Mediterranean Diet Score (MDS), and Alternative Healthy Eating Index-2010 (AHEI-2010))
and the incidence of NCDs, including multimorbidity among a cohort of women born be-
tween 1946 and 1951 that was drawn from the Australian Longitudinal Study on Women’s
Health (ALSWH) [50]. Data showed that mid-aged women with the highest DQI quintiles
had reduced odds of NCDs in later surveys (9 to 15 years later), and AHEI-2010 was the
most sensitive DQI for prediction of NCDs [50].

Of note, taking a life course approach in NCD prevention and control has been introduced
in recent years [51]. Despite slow progression and having a long latency in the development
of NCDs [14], it is important to tackle risk factors in earlier life stages, transitional stages and
critical life stages [52]. Partnering and parenting are major transitional stages and turning
points for young adults [53], as they are associated with changes in dietary habits and physical
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activity [54]. In a 6-year follow-up of a nationally representative sample, young Australian
women who were living with a partner at baseline survey and those who become partnered
during follow-up or remained partnered consumed a relatively healthier diet compared to
singles [55]. Parenting or living with children has been reported as having favourable and
unfavourable effects on dietary intakes or quality [53,55–58].

Some risk factors for NCDs are prevalent in young women of childbearing age, for
example, overweight or obesity [59]. Overweight, obesity, or weight gain in childbearing
women is partly associated with marriage, pregnancy and motherhood [59], which could be
related to changes in dietary behaviours and/or physical activity during such a transition
period [59]. Overweight or obesity is linked to the occurrence of CVD [60], breast cancer
and endometrial cancer [61], and DM [62].

The tracking of lifestyle or behavioural factors, especially unhealthy diet, in young
women could be a useful strategy for NCD prevention. Given that the prevalence of NCDs
is increasing with age, with women disproportionately affected [11,63], and almost half of
Australian women who reported NCDs being of childbearing age [11,12], an investigation
of DQ as a key modifiable predictor of NCDs among younger women is warranted.

It would be beneficial to make comparisons across generations in investigating the
relationship between DQ and NCDs. A longitudinal analysis investigating the temporal
associations between DQ and NCDs is needed. However, prior to the initiation of longi-
tudinal analysis, initial cross-sectional analyses using baseline variables would provide
context. This study was aimed to determine if DQ, assessed by AHEI-2010, is predictive
of NCD outcomes during a 15-year follow-up of women born 1973–78 from the age of
25–30 years. The NCD outcome of interests included CHD, HT, asthma, cancer (except skin
cancer), DM, depression and/or anxiety, and multimorbidity. We hypothesized that women
with a high DQ assessed by AHEI-2010 would have reduced odds of NCD outcomes and
multimorbidity during the 15-year follow-up compared to those with a low DQ.

2. Materials and Methods

2.1. Study Population

Data for this study were drawn from the Australian Longitudinal Study on Women’s
Health (ALSWH), a national population-based study funded by the Commonwealth De-
partment of Health and Ageing. The ALSWH study commenced in 1996 and approximately
45,000 women born between 1973 and 1978, 1946 and 1951, and 1921 and1926 were selected
from the Medicare health insurance database, which included all Australian citizens and
permanent residents [64]. A new cohort of women born between 1989 and 1995 were
enrolled by means of in-person, internet and social media contact methods [65]. Ethical
clearance for all participants was granted from the Human Ethics committees of the Uni-
versity of Newcastle and the University of Queensland. Further details about the ALSWH
can be found elsewhere [66].

The present study included data from a cohort of women born between 1973 and
1978. A total of 14,247 women aged 18–23 years responded to survey 1 (S1, 1996), then
followed up every 3 years (apart from the 4 years between S1, 1996 and S2, 2000) until 2018.
Self-administered questionnaires were sent to collect information on women’s physical and
mental health, health service use, and socio-demographic and behavioural characteristics.
At S3 (aged 25–30 years in 2003), the dietary intakes of women were assessed by the Dietary
Questionnaire for Epidemiological Studies version 2 (DQES-v2) [67]. The DQES-v2 has
been validated among young Australian women and demonstrated its ability to assess
habitual intake (energy-adjusted correlation coefficients: 0.28 to 0.70) [68].

This analysis comprised women at S3 (2003, aged 25–30 years), when dietary data
were first assessed. Women were included if they responded to S3 with complete FFQ
data and responded at least once between S4 (2006, aged 28–33 years) and S8 (2018, aged
40–45 years). To ensure that the dietary predictor was measured before the onset of the
NCD (i.e., incident cases), women were excluded if they reported pre-existing NCDs prior
to S3. An exception was made for asthma and depression and/or anxiety, where histories of
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these conditions were adjusted for and a recent episode was deemed an incident occurrence.
Exclusions comprised the self-reported diagnosis of: CHD (heart disease) at S1, S2 and S3;
HT (HT (high blood pressure) at S1, HT (high blood pressure) other than during pregnancy
at S2 and S3); cancer at S1, S2 and S3; and DM (diabetes (high blood sugar) at S1, non-
insulin dependent (type II) diabetes at S2 and S3). Women who had no or missing S3-FFQ
data were excluded. Figure 1 shows a simple illustration of the ALSWH 1973–78 data for
analysis. In the present analysis, 8017 women from S3 (2003) and afterwards were included
(Figure 2). The number of respondents in five consecutive surveys (from S4, 2006 to S8,
2018) can be seen in Supplementary Table S1.

Survey (S) S1 S2 S3 S4 S5 S6 S7 S8 

Year 1996 2000 2003 2006 2009 2012 2015 2018 

1973–78 co-

hort 
        

Age (years) 18–23 22–27 25–30 28–33 31–36 34–39 37–42 40–45 

Key Data   Baseline; 

Diet quality, 

Covariates   

 

NCD out-

comes 

 

 

NCD out-

comes 

 

 

NCD out-

comes 

 

NCD out-

comes 

 

NCD out-

comes 

Exclusions History of 

NCD 

History of 

NCD 

History of 

NCD 

     

FFQ  

Figure 1. Simplified diagram showing women born between 1973 and 1978 in the Australian
Longitudinal Study on Women’s Health (ALSWH).

Figure 2. Diagram showing participants’ sampling from the Australian Longitudinal Study on
Women’s Health (ALSWH), born in 1973–78. * NCDs at or before S3 were coronary heart disease,
hypertension, cancer and diabetes mellitus.
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2.2. Dietary Intake Assessment

The diet of the ALSWH 1973–78 cohort was assessed by using the DQES-v2 [67] at
S3 (in 2003). The FFQ included questions for reporting the usual frequency of 74 food
items and six alcoholic beverages in the last 12 months. The responses ranged from 1 to
10 points; “Never” to “≥ 3 times per day” for food items and “Never” to “Every day”
for beverages. Portion-size photographs were used to adjust respective servings. Further
questions assessing the daily servings of fruit, vegetable, bread, dairy products, egg, fat
spread, and sugar were also asked. The partaking of food items (in grams/day) and
nutrients was calculated using the national food composition database of Australian foods,
the NUTTAB95 [69].

2.3. Exposure Variable

The exposure variable of the ALSWH 1973–78 cohort was DQ assessed by the Alterna-
tive Healthy Eating Index-2010 (AHEI-2010) calculated from the DQES-v2 at S3. Dietary
data at S3, assuming constancy throughout the 15-year period, were used in this cross-
sectional study to investigate the association between the baseline DQ of the ALSWH
1973–78 cohort and NCDs during follow-ups (from S4 in 2006 to S8 in 2018). Previously, it
was shown that the DQ of women in the ALSWH 1946–51 cohort was relatively stable over
a 12-year period (from S3, 2001 to S7, 2013) [70]. Therefore, in our ALSWH 1973–78 cohort,
DQ at S3 was used to examine the association between DQ and incident NCDs during a
15-year follow up (from S4 to S8). The AHEI-2010 was selected based on its relevance to
current dietary recommendations [71], having performed well when critically appraised
compared with other DQIs based on a specific dietary pattern [72], and because it allowed
us to make comparisons across generations based on our previous ALSWH 1946–51 cohort
analyses [50]. The detailed scoring of AHEI-2010 is provided in Supplementary Table S2.

The AHEI-2010 was constructed using foods and nutrients for NCD prevention in-
cluding CVD, some cancers, and DM based on clinical and epidemiological investiga-
tions [33,40]. The components of this index were modelled on the original HEI [26] and
the original AHEI [33]. Each component ranged from 0 (suboptimal diet) to 10 (optimal
diet), and intermediate values were correspondingly assigned. The total score was set as
the sum of 11 components so that the AHEI score had a possible range from 0 to 110. The
computations of scoring for 11 components have been previously reported in detail [40].
The positive components were vegetables, fruit, whole grains, nuts and legumes, long
chain omega-3 fats, and PUFAs. Intakes of sugar sweetened beverages (SSBs) and fruit
juice, red and processed meat, trans-fat, and sodium were coded as negative components.
Moderate alcohol consumption contributed to a higher score (i.e., higher diet quality).

2.4. Outcome Variables

The outcomes of the ALSWH 1973–78 cohort at five surveys (from S4, 2006 to S8, 2018)
included the cumulative incidence of NCDs [CHD, HT, asthma, cancer (except skin cancer),
DM, and depression and/or anxiety], multimorbidity (the concurrence of two or more of
NCDs of interest), and all-cause mortality.

The incidence of each disease was based on the ALSHW survey when it was first
reported. The occurrence of common NCDs in the ALSWH 1973–78 cohort was self-
reported. At S1, participants were asked if they had a known diagnosis of heart disease,
HT (high blood pressure), asthma, cancer, and/or diabetes (high blood sugar) by using the
question “Have you ever been told by a doctor that you have . . . ? (circle one number on
each line)?” At S2, their known status of heart disease, HT (high blood pressure) other than
during pregnancy, asthma, cancer (specify type), non-insulin dependent (type 2) diabetes,
and depression (not postnatal) and anxiety disorder was assessed using the question “Have
you ever been told by a doctor that you have . . . ? (Mark all that apply).” The responses
were “yes, in the last four years” and “yes, more than four years ago”. At S3 and S4, the
self-reported diagnosis of heart disease, HT other than during pregnancy, asthma, cancer
(specify type), non-insulin dependent (type 2) diabetes, and depression (not postnatal) and
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anxiety disorder was assessed using the question “In the last three years, have you been
diagnosed or treated for . . . ? (Mark all that apply)”. For S5 to S8, the self-reported status
of HT, cancer and depression was assessed in terms of HT, cancer (skin cancer and other
cancer) and depression by using the same format of S3 and S4. Skin cancer could not be
excluded at S4, so cancer (except skin cancer) was used for S5 to S8 only.

The self-reported status of NCDs was considered in terms of enduring conditions,
meaning participants who had reported an NCD (except for asthma and depression and/or
anxiety) in any survey were counted as having that NCD throughout subsequent surveys
(Supplementary Table S3). The self-reported diagnosis of NCDs among the ALSWH study
participants was considered reliable and valid based on previous evaluations against
administrative data [73,74]. The incidence of multimorbidity at five subsequent surveys
(from S4, 2006 to S8, 2018) was calculated as the presence of two or more NCDs of interest
in any combination. The deaths of ALSWH participants were reported through data
linkage with the Australian National Death Index [75]. The Cause of Death file, containing
the primary or underlying cause and other additional causes, is available for assessing
mortality [75]. For the all-cause mortality of our sample, any death was counted and
reported as descriptive data.

2.5. Covariates

To obtain unbiased estimates of the association between exposure and outcome, poten-
tial confounding variables are adjusted for in statistical analyses [76]. Generally, covariates
are selected from possible candidates using statistical prerequisites, criteria for selecting
variables (the Directed Acyclic Graph (DAG) based on background knowledge is one
approach), and variable selection algorithms [77]. In this study, theoretical models in the
form of DAGs [78–80] were developed based on background knowledge and literature to
identify the relationship between exposure, outcome, and covariates across five surveys
(from S4, 2006 to S8, 2018) (Supplementary Figures S1–S7). Covariates at S3 that were asso-
ciated with both the exposure and outcomes were considered as confounders and adjusted
for in this study. They were variables measuring socioeconomic status (residence status,
marital status, education, occupation, and income stress), behaviour (physical activity) and
childbearing (history of breastfeeding, history of GDM for DM, and history of HTpreg for
HT). The role of prescribed medication in the diet-NCDs pathway differs by condition. For
instance, taking cholesterol-lowering agents may prevent CHD, but for DM, participants
were more likely to take prescribed medications for diabetes following diagnosis. Therefore,
prescribed medicine was not included in DAGs but was included in the sensitivity analysis,
testing the effect estimates with and without this variable. Being pregnant at the time of
the survey was treated as an indicator variable in the regression models. The body mass
index, which can be affected by DQ [81] and can influence NCD outcomes [82–88], was
considered a mediator and not adjusted for in the models.

In this study, participants’ responses for residence status were classified as “major
cities, inner regional, and outer regional/rural”. For marital status, responses were classi-
fied as “never married, married/de facto, and separated/divorced/widowed”. Education
status was classified as “no formal education, high school level, diploma, and university
degree”. Occupation was coded as “no paid employment and paid employment”. Partici-
pants’ income stress was assessed via questions asking how they were able to manage on
available income and classified as “easy and difficult”. Physical activity was measured
using the Active Australia Survey items [89] incorporated into the ALSWH surveys by
asking two questions on frequency and duration of walking (recreation and transport) and
moderate- and vigorous-intensity activity over the previous 7 days. By using responses
from these two questions, the metabolic equivalent per minute (MET.mins) was calculated
as (3*minutes walking) + (4*minutes moderate activity) + (7.5* minutes vigorous activity).
Then, 0–39 MET min/week was classified as “none/sedentary”, 40–599 MET min/week as
“low”, 600–1199 MET min/week as “moderate”, and ≥1200 MET min/week as “high” [90].
Childbearing variables were current pregnancy status (no or yes), parity (none or one and
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above), history of breastfeeding (no or yes), history of GDM (no or yes), and history of
HTpreg (no or yes).

The participants’ status of taking prescribed medicine and over-the-counter (OTC)
medicine over the previous 4 weeks was reported as the quantity of various medications (S1
and S2) and a binary response (S3 and S4). From S5 onwards, they were asked to record the
names of any medication taken over the previous 4 weeks without specifying as prescribed
or OTC medicines [91]. We accessed the original medication data for S5 to S8 and created
three new variables: taking both prescribed and OTC, prescribed medicine only, and OTC
medicine only. Taking prescribed medicine, coded as a binary variable (no or yes), was
used in this analysis.

At each ALSWH survey, women were asked “Are you currently pregnant?”. The
responses were “yes, no, or don’t know” for S1 to S3 and “no, less than 3 months, 3 to
6 months, more than 6 months, or don’t know” for the remaining surveys. We generated
a binary variable for pregnancy status. Moreover, the women who had a child’s date of
birth recorded in the child dataset were included as pregnant if they returned a survey
0–9 months before a child’s date of birth.

In the ALSWH child dataset, women who ever had a child were identified based on
the date of birth and the breastfeeding status of children. Parity was categorised as “no”
and “one and above”. Women who ever had breastfed were recorded in the child dataset.
Histories of breastfeeding across the surveys (from S2 to S8) were generated and assigned
as a binary variable (no or yes).

In ALSWH main surveys, at S2, women were asked whether they had ever been told
that they had GDM and/or HTpreg in the last four years or more than four years ago. At
S3 and S4, women were asked to report their diagnosis or treatment status of GDM and
HTpreg. From S5 to S7, they were asked to recall the diagnosis or treatment for GDM and
HTpreg for each child during their pregnancy. Moreover, in the child dataset, the status
of women’s GDM and HTpreg was also recorded. From these two data, binary variables
measuring the history of GDM and HTpreg were generated from S2 to S8.

There were missing values in covariates such as the area of residence, marital status,
education, occupation, income stress, physical activity, and taking prescribed medicine. The
carry-forward approach [92] from the subsequent survey was used from S4 to S7. For example,
if the value at S4 was missing, values at adjacent surveys (S3 and S5) were checked and
replaced the corresponding value labels. For a missing item at S8, the value at S7 was checked
and replaced. After filling, no variable had missing values more than 5% of the total data.
However, variables related to childbearing such as current pregnancy status, parity, history of
breastfeeding, history of GDM, and history of HTpreg had missing values less than 5%, and
the carry-forward approach for missing values was not deemed necessary.

2.6. Statistical Analysis

The statistical software package Stata version 15 was used in all analyses. A descriptive
summary of AHEI-2010 was reported as a continuous measure (mean ± sd) and categorical
measure (quintiles). The baseline characteristics of women (at S3) with respect to the AHEI-
2010 quintiles were described as mean± standard deviation (sd) or n (%), and they were
compared by using an analysis of variance (ANOVA) or chi-squared test. The occurrences
of all-cause mortality and NCDs (each NCD and multimorbidity) were reported. The
baseline characteristics of women who had been excluded and included in the current
study were compared (Supplementary Table S4).

The univariate analyses of AHEI-2010 at S3 and NCD outcomes (each NCD and
multimorbidity) over 15 years (from S4 to S8) were performed. The number of CHD
events was low compared with other NCDs, so multivariate models were not fitted for the
association between AHEI-2010 and CHD. For others, multivariate models (adjusted for
covariates at S3 including age, residence, marital status, education, occupation, income
stress, physical activity, current pregnancy status, parity, history of breastfeeding, history
of GDM for DM, and history of HTpreg for HT) were fitted to investigate the short-term
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and long-term effects of AHEI-2010 on NCD outcomes. Multivariate logistic regression
models [93] were used to investigate the effect of AHEI-2010 on the NCD outcomes. The
DQI data from S3, 2003 were used for the prediction of NCD outcomes at five consecutive
surveys (from S4, 2006 to S8, 2018). The odds ratios (ORs) and 95% confidence intervals
(95% CIs) for NCD outcomes relative to AHEI-2010 were computed using the quintile 1 as
the reference category, and they are presented as the main results.

To test the robustness of our results, sensitivity analyses were performed. We per-
formed multiple tests, applying the Bonferroni correction in the logistic regression models
to account for the covariates whose 95% CIs were near 1. Analyses that used taking pre-
scribed medicine as a covariate (Supplementary Table S5) and changes of childbearing
variables (Supplementary Table S6) were also performed.

3. Results

A total of 8017 women were included at baseline (S3, 2003), with the mean AHEI-2010
score at S3 being 51.6 (sd 11.0; range: 19–91). Women with the AHEI-2010 quintile 5 (Q5
AHEI-2010) were reported as married/de facto, living in major cities, having a university
degree, having paid employment, easily managing income, and being more physically
active than those in quintile 1 (Q1 AHEI-2010) (Table 1).

Table 1. Baseline characteristics of the sampled women (n = 8017; survey 3 in 2003) by quintiles of
Alternative Healthy Eating Index-2010.

AHEI-2010 Quintiles

Characteristics Q1 (n = 1635) Q2 (n = 1572) Q3 (n = 1582) Q4 (n = 1636) Q5 (n = 1592) p-Value §

Age (years) [mean (sd)] 27.5 (1.5) 27.6 (1.5) 27.5 (1.5) 27.6 (1.5) 27.6 (1.4) 0.02 **
Marital status [n (%)] <0.001 **
Never married 415 (25.5) 487 (31.1) 557 (35.3) 630 (38.6) 734 (46.3)
Married/de facto 1141 (70.1) 1028 (65.6) 974 (61.7) 939 (57.5) 810 (51.1)
Separated/divorced/widowed 72 (4.4) 52 (3.3) 47 (3.0) 64 (3.9) 42 (2.6)
Area of residence [n (%)] <0.001 **
Major cities 810 (49.6) 835 (53.2) 868 (55.0) 992 (60.7) 1002 (63.2)
Inner regional 499 (30.5) 435 (27.7) 430 (27.2) 388 (23.7) 388 (24.4)
Outer regional/rural 325 (19.9) 300 (19.1) 281 (17.8) 254 (15.6) 197 (12.4)
Education [n (%)] <0.001 **
No formal education 21 (1.3) 22 (1.4) 21 (1.3) 11 (0.7) 9 (0.6)
High school level 582 (36.1) 507 (32.7) 452 (29.0) 375 (23.3) 289 (18.4)
Diploma 449 (27.9) 414 (26.7) 398 (25.6) 402 (25.0) 340 (21.7)
University degree 558 (34.7) 607 (39.2) 685 (44.1) 821 (51.0) 929 (59.3)
Occupation [n (%)] <0.001 **
No paid employment 393 (24.2) 354 (22.6) 269 (17.1) 257 (15.9) 195 (12.3)
Paid employment 1228 (75.8) 1210 (77.4) 1304 (82.9) 1364 (84.1) 1385 (87.7)
Income stress [n (%)] <0.001 **
Easy 885 (54.3) 884 (56.4) 904 (57.4) 1031 (63.2) 1036 (65.2)
Difficult 746 (45.7) 683 (43.6) 670 (42.6) 600 (36.8) 552 (34.8)
Physical activity [n (%)] <0.001 **
None/sedentary 204 (12.7) 167 (10.8) 129 (8.3) 101 (6.3) 56 (3.6)
Low 625 (38.9) 578 (37.3) 510 (32.7) 482 (29.8) 375 (23.8)
Moderate 359 (22.3) 355 (22.9) 380 (24.2) 414 (25.6) 381 (24.2)
High 420 (26.1) 450 (29.0) 543 (34.8) 618 (38.3) 761 (48.4)
Taking prescribed medicine [n (%)] 0.22
No 1170 (72.7) 1107 (71.5) 1134 (72.7) 1206 (74.6) 1171 (74.5)
Yes 440 (27.3) 442 (28.5) 425 (27.3) 411 (25.4) 401 (25.5)

The number of participants in each Alternative Healthy Eating Index-2010 (AHEI-2010) quintile varied because of
missing data in the covariates. ** p-value < 0.05. § p-values were obtained from analysis of variance (ANOVA) for
continuous variables and chi-squared test for categorical variables.

The relationship between AHEI-2010 and the risk of common NCDs (each NCD and
multimorbidity) are presented in Table 2. Multivariate logistic regression models with and
without a history of asthma were fitted. In the models without a history of asthma, women
in the Q5 AHEI-2010 had lower odds of asthma in S4 (2006) when compared to those in the
Q1 AHEI-2010 (OR: 0.75, 95% CI: 0.57, 0.99). After the Bonferroni correction was applied to
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the univariate model (asthma at S4) and multivariate model (asthma at S4 without a history
of asthma variable) (Table 2), the odds of asthma in S4 (2006) when compared with the
highest vs. lowest quintile of AHEI-2010 resulted in a non-significant association (Table 2,
footnote: p-value = 0.41 and 0.42, respectively). In the model with a history of asthma, the
association was attenuated and non-significant. Univariate inverse associations between
AHEI-2010 and HT at S7 and S8 were found, though these associations became insignificant
in the multivariate models. DQ did not predict the occurrence of DM, cancer, depression
and/or anxiety, and multimorbidity (Table 2).

When performing the sensitivity analyses using prescribed medicine as a covariate
and changes in childbearing variables, the odds of NCDs and multimorbidity remained
consistent (Supplementary Tables S5 and S6).

Table 2. Odds of common non-communicable diseases (including multimorbidity) over 15 years
of follow-up (from survey 4, S4 to survey 8, S8) based on quintiles of Alternative Healthy Eating
Index-2010: 1973–78 Australian Longitudinal Study on Women’s Health cohort.

Survey S4 S5 S6 S7 S8

NCD OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

CHD n = 11 n = 17 n = 29 n = 42 n = 69

S4 (n = 6871) a S5 (n = 6127) a S6 (n = 6017) a S7 (n = 5452) a S8 (n = 5394) a

Univariate 1.0 (0.1–7.0) 3.9 (0.4–34.6) 1.2 (0.3–4.3) 2.7 (0.6–13.6) 1.1 (0.5–2.5)

HT n = 77 n = 231 n = 346 n = 433 n = 556

S4 (n = 6871) a S5 (n = 6127) a S6 (n = 6017) a S7 (n = 5452) a S8 (n = 5394) a

Univariate 0.9 (0.4–1.8) 0.7 (0.4–1.1) 0.7 (0.5–1.0) 0.6 (0.4–0.9) * 0.7 (0.5–0.9) *

S4 (n = 6608) b S5 (n = 5905) b S6 (n = 5814) b S7 (n = 5268) b S8 (n = 5214) b

Multivariate c 1.0 (0.5–2.3) 0.7 (0.4–1.2) 0.7 (0.5–1.0) 0.7 (0.5–1.1) 0.8 (0.6–1.1)

Asthma n = 662 n = 559 n = 558 n = 464 n = 478

S4 (n = 6871) a S5 (n = 6127) a S6 (n = 6017) a S7 (n = 5452) a S8 (n = 5394) a

Univariate 0.76 (0.59–0.99) * § ¥ 0.8 (0.6–1.0) 0.8 (0.6–1.1) 0.9 (0.6–1.2) 0.9 (0.6–1.1)

S4 (n = 6621) b S5 (n = 5914) b S6 (n = 5824) b S7 (n = 5279) b S8 (n = 5226) b

Multivariate d 0.75 (0.57–0.99) * § ¥ 0.8 (0.6–1.0) 0.8 (0.6–1.1) 0.8 (0.6–1.1) 0.8 (0.6–1.1)

Multivariate d+ 0.8 (0.6–1.1) 0.8 (0.6–1.1) 0.9 (0.7–1.2) 0.9 (0.6–1.2) 0.8 (0.6–1.2)

Cancer (excludes skin cancer) n = 68 n = 100 n = 148 n = 200 n = 274

S4 (n = 6871) a S5 (n = 6127) a S6 (n = 6017) a S7 (n = 5452) a S8 (n = 5394) a

Univariate 1.3 (0.6–2.8) 1.5 (0.7–2.9) 1.1 (0.6–1.8) 1.0 (0.6–1.6) 0.9 (0.6–1.3)

S4 (n = 6621) b S5 (n = 5866) b S6 (n = 5785) b S7 (n = 5279) b S8 (n = 5226) b

Multivariate 1.4 (0.6–3.1) 1.4 (0.7–3.0) 1.1 (0.6–2.0) 0.9 (0.5–1.5) 0.85 (0.6–1.3)

DM n = 24 n = 62 n = 110 n = 136 n = 167

S4 (n = 6871) a S5 (n = 6127) a S6 (n = 6017) a S7 (n = 5452) a S8 (n = 5394) a

Univariate 0.8 (0.2–3.0) 1.4 (0.5–3.6) 0.8 (0.4–1.6) 0.7 (0.4–1.4) 0.6 (0.3–1.1)

S4 (n = 6560) b S5 (n = 5905) b S6 (n = 5814) b S7 (n = 5268) b S8 (n = 5214) b

Multivariate e 0.9 (0.2–4.0) 1.5 (0.5–4.5) 0.8 (0.4–1.6) 0.7 (0.3–1.4) 0.6 (0.3–1.3)

Depression and/or anxiety n = 999 n = 1106 n = 1199 n = 1058 n = 1024

S4 (n = 6871) a S5 (n = 6127) a S6 (n = 6017) a S7 (n = 5452) a S8 (n = 5394) a

Univariate 1.0 (0.8–1.2) 1.0 (0.8–1.2) 1.0 (0.8–1.2) 0.9 (0.8–1.2) 0.9 (0.8–1.2)

S4 (n = 6621) b S5 (n = 5914) b S6 (n = 5824) b S7 (n = 5279) b S8 (n = 5226) b

Multivariate f 1.0 (0.8–1.3) 1.0 (0.8–1.2) 1.1 (0.9–1.4) 1.0 (0.8–1.3) 1.0 (0.8–1.3)

Multimorbidity n = 198 n = 253 n = 360 n = 346 n = 413

S4 (n = 6871) a S5 (n = 6127) a S6 (n = 6017) a S7 (n = 5452) a S8 (n = 5394) a

Univariate 0.9 (0.6–1.5) 0.9 (0.6–1.4) 0.9 (0.6–1.2) 1.0 (0.7–1.4) 0.9 (0.6–1.2)

S4 (n = 6621) b S5 (n = 5914) b S6 (n = 5824) b S7 (n = 5279) b S8 (n = 5226) b

Multivariate f 1.1 (0.7–1.8) 0.9 (0.6–1.4) 0.9 (0.6–1.3) 1.0 (0.7–1.5) 0.8 (0.6–1.2)

CHD: coronary heart disease; CI: confidence interval; DM: diabetes mellitus; HT: hypertension; NCD: non-
communicable disease; OR: odds ratio; S: survey. OR (95% CI) expressed in the table is the comparison of odds of
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having NCDs (each disease and multimorbidity) in the highest quintile to the lowest quintile of AHEI-2010. The
main presented results were ORs (95% CI) obtained from respective models. ORs (95% CIs) in respective models
were rounded off to 1 decimal place. ¥ ORs (95% CIs) were expressed in 2 decimal places when the CI was close
to 1 and rounding would have altered the interpretation. The Bonferroni correction was applied to logistic
regression models where 95% CIs were near 1. § Inverse association became non-significant after Bonferroni
correction was applied (p-value = 0.41 for univariate model and p-value = 0.42 for multivariate model without a
history of asthma variable). Age, socioeconomic status (marital status, residence, education, occupation, and
income stress), and the behavioural variable (physical activity) were adjusted for in multivariate models of all
NCD outcomes. a Number in bracket shows the number of participants in respective surveys for univariate
regression; b Number in bracket shows the number of participants in respective surveys for multivariate
regression; c A history of hypertension during pregnancy at S3 was included as a covariate; d Model without a
history of asthma at S3; d+ Model with a history of asthma at S3; e A history of gestational diabetes mellitus at
S3 was included as a covariate; f A history of depression and/or anxiety at S3 was included as a covariate. Texts
in bold and italic represent accumulative figures of NCD cases (except asthma, depression and/or anxiety) in
every survey. * p-value < 0.05.

4. Discussion

In this large population-based study of Australian women aged 25–30 years at baseline,
greater adherence to the AHEI-2010 was only associated with the occurrence of asthma at
3 years after the measure of diet. Overall, there was no association between the AHEI-2010
and NCDs and multimorbidity. This suggests that a specific dietary pattern, based on
clinical and epidemiological evidence and representing dietary components that have
been associated with a lower risk of chronic diseases, is not immediately and obviously
associated with NCDs in this group of women.

In the present study, we found no association between AHEI-2010 and CHD in univari-
ate analysis. This finding is inconsistent with the previous studies. In an analysis conducted
among Caucasian nurses aged 38–63 years at baseline, those in the Q5 AHEI-2010 had
a reduced risk of CHD compared to those in the Q1 AHEI-2010 (HR: 0.66, 95% CI: 0.58,
0.78) over 24 years [40]. The inverse association between AHEI-2010 and incident CVD
over 22–26 years, including CHD has been supported in US community-based Atheroscle-
rosis Risk in Communities (ARIC) study participants (aged 45–64 years, 56% women at
baseline) [94,95]. Furthermore, in a 10-year follow-up of the NutriNet-Sante (NNS) study
cohort (mean age = 41 years, 79% women), participants in quartile 4 of AHEI-2010 had a
22% reduced risk of CVD compared to those in quartile 1 [96]. One reason the results may
be inconsistent is that the samples in previous research have generally been older than the
sample in the current study. DQ quintiles and its distributions reported in previous studies
were higher than those of [95] or similar to our study [40,94]. Many components included
in AHEI-2010 are foods and nutrients that have been shown to prevent CVD, including
CHD [40]; however, we could not investigate the relationship between AHEI-2010 and CHD
because of the very low incidence in this cohort. The self-reported prevalences of CHD in
Australian women at various age groups were 0.3% at 18–44 years, 0.7% at 45–54 years,
3.6% at 55–64 years, 6.0% at 65–74 years, and 8.1% at 75 years and older [97].

There was no association between AHEI-2010 and HT in multivariate models. HT,
as a risk factor of CVD and investigated as raised systolic blood pressure (SBP) or dias-
tolic blood pressure (DBP), has been investigated in NCD-related research [98–100]. A
significant reduction in SBP, not DBP, was demonstrated among people in quartile 4 of
AHEI-2010 compared to those in quartile 1 of the 2007–2010 National Health and Nutrition
Examination Survey (NHANES) (n = 4097, aged ≥ 20 years) [100]. Furthermore, there is
now considerable evidence on food and nutrients beneficial for blood pressure (BP) or HT
such as fruits [101], vegetables [101], legumes [102], omega-3 fatty acids and PUFAs [103].
Nevertheless, there was no association between AHEI-2010 and HT or BP in a nested
case-control study conducted within the Singapore Chinese Health Study (SCHS) (n = 1994,
aged 45–75 years, 35% women) [99].

In the present study, women in the Q5 AHEI-2010 had a 25% reduction in the odds
of asthma at S4 (2006) compared to those in the Q1 AHEI-2010. However, the association
was attenuated and was not found to be statistically significant after applying a Bonferroni
correction in the multivariate logistic regression models. Current evidence on DQ and
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asthma outcome is inconclusive, and studies investigating the role of diet in adults have
been limited [104]. The preventive roles of fruits, vegetables, and vitamin E [105,106], as
well as fiber [107], and the deleterious roles of red processed meat [108,109] and SSB [110]
on asthma have been documented in observational studies. A favourable effect of DQ on
asthma was observed in the French prospective Epidemiological study on the Genetics and
Environment and Asthma Study (n = 969, mean age = 43 years, 51% women), indicating
that a 10-unit increase in AHEI-2010 was shown to improve asthma symptoms, measured as
the frequency of respiratory symptoms during the last year [111]. In another French cohort
study (n = 26,197 women, aged ≥ 18 years), a 21% reduced odds of asthma symptoms in
women and AHEI-2010 was also observed [112]. Opposite findings were observed among
73,228 women from NHS [113] and among 12,687 adult participants (60.2% women) from
the Hispanic Community Health Study/Study of Latinos [114]. The conflicting findings
between studies could be related to different methodological approaches of measurements
for asthma such as asthma symptom score [111,112], self-reported diagnosis [113], current
asthma status [114] and for dietary assessments such as FFQ [111,113] or 24-hour dietary
recalls [112,114].

With regard to overall cancer and DQ, an inverse association between AHEI-2010
and overall cancer was observed in 71,495 women aged 38–63 years from the NHS over
24 years [40] and 41,543 participants from the NNS study over 9 years (aged ≥40 years,
73.5% women) [115]. In our study, we did not find any association between DQ and
cancer (excluding skin cancer). The previous analysis conducted among the ALSWH
cohort showed similar results [50]. The discrepancies between studies might be partly
explained by shorter follow-up durations since cancer cannot be detected within a far
shorter period [116]. Another reason may be the components measured in AHEI-2010
were not cancer-specific but based on dietary factors related to chronic disease risk in
general [40]. Given that specific types of fruits and vegetables have an impact on cancer,
their effect could not be found when all fruits and vegetables are combined as components
in a DQI [117]. Furthermore, the endpoint for total cancer is heterogeneous compared with
other NCDs such as CHD, asthma, or DM [40].

Previous studies have demonstrated a significant inverse association between AHEI-
2010 and the risk of DM among participants from the NHS over 24 years of follow-up
(n = 71,495, aged 38–63 years) [40], among white women from the MEC study (aged
45–74 years, 53% women) [118], among participants from the Women’s Health Initiative
Observational Study (aged 50–79 years) [119], among women from the Singapore Chinese
Health Study (aged 45–74 years) [120], and among the ALSWH 1946–51 cohort (n = 5350,
aged 50–55 years) [50]. However, these findings were not replicated in the present study or
in a recent analysis of the ARIC Study over a median follow-up of 22 years (n = 10,808, aged
45–64 years, 56.1% women) [95]. Many components in AHEI-2010 had been constructed
based on the optimal dietary factors for the prevention of DM [40]. Notwithstanding
AHEI-2010 being the most sensitive DQI for incident DM among the three DQIs tested in
the previous ALSWH cohort analysis [50], these results cannot extend to the younger age
ALSWH cohort.

Previous evidence showed that healthy dietary patterns characterized by vegetables,
fruits and whole grains was inversely associated with depression [121]. The underlying
preventive effects of vegetables and fruits for depression may be related to (1) the an-
tioxidant actions of vitamin C, vitamin E, and carotenoid compounds; (2) the balancing
of neurotransmitter levels, for instance, by reducing homocysteine concentrations by fo-
lates [122]. The anti-inflammatory properties of long-chain omega-3 PUFA also contribute
to neurotransmission and are beneficial for depression [123]. The deleterious effects of
red/processed meat and SSBs have been shown in previous studies [124,125]. In the
scoring of AHEI-2010, higher points are given to high intakes of beneficial components
and low intakes of deleterious components. The preventive potential of DQ assessed by
AHEI-2010 on depression and/or anxiety was observed among Iranian adults (n = 3363,
mean age = 36 years, 58.3% women) [126] and Spanish adults (n = 15,093, aged ≥18 years,
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59% women) [127]. However, there was no association between AHEI-2010 and depression
and/or anxiety in the present study, nor in a French cohort (n = 26,225, aged 18–86 years,
76% women) [128]. Compared with our results, reported prevalence or incidence of depres-
sion were higher in the Iranian study (30% in total participants, 35% in women) [126] but
lower in the Spanish (~7%) [127] and French (~8.3%) [128] studies. Given that the incidence
of depression and/or anxiety in our participants (~15%) was lower than Iranian women
(35%), it might have been underpowered to detect the difference.

Regarding the relationship between dietary factors and NCD multimorbidty, the litera-
ture is limited and inconclusive [50,129–136]. Inverse associations between vegetable and fruits
consumption and NCD multimorbidity have been documented in cross-sectional [130,131]
and longitudinal [132–134] studies. The harmful effect of soft drink consumption on multimor-
bidity was reported in an Australian study (n = 36,663, aged ≥ 16 years, 51.1% women) [129].
In exploring the relationship between overall diet assessed by DQIs and multimorbidity,
decreased relative odds were observed among European adults who adhered to the Mediter-
ranean diet (n = 291,778, aged 43–58 years, 64% women vs. n = 1140, aged 18 years, 56%
women) [135,136] and Australian women who adhered to the Australian Dietary Guideline
and AHEI-2010 (n = 5,350, aged 50–55 years) [50] when compared to those who did not. In
contrast to the previous findings [50], there was no association between AHEI-2010 and NCD
multimorbidity in this study. A potential explanation for the lack of association could be the
differences between the AHEI-2010 scores amongst the ALSWH 1946–51 cohort (mean (±sd):
56.0 ± 10.3, range: 26–93.8) and this study cohort (mean (±sd): 51.6 ± 11.0, range: 19–91).

Descriptive summaries of AHEI-2010 have been reported in previous studies: similar
to [40,94,119], higher than [50,95,98,118,127], or smaller than [113] the present study. Comparisons
cannot made with some studies since they did not include trans-fat [99,100,111,112,115,120] or
alcohol [126] because those data were not available.

The application of the most sensitive DQI, AHEI-2010, in predicting NCD outcomes in the
previous study [50] is one of the strengths of this study. AHEI-2010 is the latest version based
on the clinical and epidemiological evidence, and it is widely used in diet-health relationship
studies [41]. However, most of these studies have been conducted in the United States [41]. A
few Australian studies have used AHEI-2010 as a measurement of DQ [137–141], and only
two studies were related to NCDs such as urothelial cell carcinoma [141] and ovarian cancer
survival [137]. Hence, this study adds to the body of evidence on DQ. The analysis of healthy
childbearing women from a nationally representative population [142] is another strength of
this study.

Several limitations should be acknowledged. Firstly, in comparison with the originally
recruited young women at S1 (n = 14,247), those excluded from the study for the reasons of
having NCDs and missing FFQ at S3 (n = 1,064) were more likely to be married, originate
from inner regional and outer regional/rural areas, have no formal education, have no
paid employment, have difficulty in income management, have lower physical activity,
have poor/fair self-rated health, and have taken prescription medications (Supplementary
Table S4). Women excluded from the present study were distributed in lower DQ quintiles
such as quintiles 1 and 2 (data not shown). This affected the examination of DQ differences
between the groups, making it difficult to detect small variations that could have been
biased towards the null. Secondly, the exposure and variables at S3 were used in logistic
regression models. Cross-sectional studies cannot determine whether there is temporal
relationship between exposure and outcome of interests. A longitudinal analysis that
allows for the adjustment of time-varying covariates should be performed. However, the
effects of change in childbearing variables such as current pregnancy status, parity, history
of breastfeeding, history of GDM, and history of HTpreg were investigated in sensitivity
analysis (Supplementary Table S6). Thirdly, the insufficient NCD cases at each survey,
particularly CHD and DM, could have introduced high uncertainty in our effect sizes.
Fourthly, the number of cancer cases (except skin cancer) could have been affected by
the inability to exclude skin cancer at earlier surveys (from S1 to S4). However, when
the proportions of cancer cases (not specified) at S1 to S4 were checked amongst skin
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cancer cases across S5 to S8, these data comprised no more than 5% (data not shown). The
selected NCDs are characterised by increasing incidence with age, which makes it difficult
to obtain results based on clinical endpoints such as CHD and DM. However, looking at
modifiable risk factors early, even prior to disease onset, is important given that Australian
reports have shown that 43% of women aged 45 and younger are affected by one or more
NCDs [11,12]. Exploring NCD risk factors and considering which NCDs are the most
prevalent at different life stages [143,144] are important for developing appropriate primary
prevention strategies. In assessing dietary intake, FFQs, such as the DQES-v2, are more
useful in providing relative ranking than absolute values of intake [145]. Calculating a
DQI from FFQs introduces further uncertainty in the dietary measure and by no means
represents a complete picture of diet [146]. Instead, it provides a simple summary that
performs well across large-scale national and international studies [23]. Lastly, residual
confounding is still possible even though appropriate covariates adjustments were made
with multivariate analysis and selected based on DAGs.

5. Conclusions

A high DQ measured by AHEI-2010 was only associated with the occurrence of
asthma at S4. A cross-sectional analysis examining the association between overall DQ and
NCDs could not determine the causal relationship. A longitudinal analysis is therefore
necessary to investigate the temporal associations. While most research examining diet-
health outcome relationship has suggested the preventive effect of overall diet on NCDs, the
present findings did not demonstrate early evidence of this between the ages of 25–45 years.
Further well-planned, large prospective studies with sensitive indicators of NCD risk
factors and incident NCDs are indispensable.
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Abstract: The aim of this study was to evaluate the association between fruit intake and stroke
risk considering the genetic predisposition. We used data from 34,871 participants from the project
of Prediction for Atherosclerotic Cardiovascular Disease Risk in China (China-PAR project) from
2007 to 2020. A polygenic risk score comprising 534 genetic variants associated with stroke and its
related factors was constructed to categorize individuals into low, intermediate, and high genetic
risk groups. The associations of genetic and fruit intake with incident stroke were assessed by
the Cox proportional hazard regression. We documented 2586 incident strokes during a median
follow-up of 11.2 years. Compared with fruit intake < 200 g/week, similar relative risk reductions in
stroke with adherence to fruit intake > 100 g/day across the genetic risk categories were observed
(28–32%), but the absolute risk reductions were relatively larger in the highest genetic risk group
(p for trend = 0.03). In comparison to those with a fruit intake < 200 g/week, those with a fruit
intake >100 g/day in the low, intermediate, and high genetic risk groups had an average of 1.45
(95% CI, 0.61–2.31), 2.12 (1.63–2.59), and 2.19 (1.13–3.22) additional stroke-free years at aged 35,
respectively. Our findings suggest that individuals with a high genetic risk could gain more absolute
risk reductions and stroke-free years than those with a low genetic risk from increasing fruit intake
for the stroke primary prevention.

Keywords: polygenic risk score; fruit; stroke
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1. Introduction

Stroke, caused by a combination of both a genetic predisposition and environmental
risk factors, is the second-leading cause of death globally [1]. Notably, the stroke inci-
dence is increasing over time in China, with a severe disease burden [2]. Fruit, including
micronutrients and bioactive compounds, have been widely recommended in stroke pre-
vention [3,4]. However, according to the China National Nutrition Surveys, only 4% of
Chinese residents met the guideline-recommended level of fruit intake in 2012 [5]. Al-
though there was a slight increase in average daily fruit intake among Chinese adults from
1982 to 2012, a low fruit intake still ranked as the second most common cause of stroke
death [6].

Recent genome-wide association studies have identified a variety of genetic variants
associated with stroke and its correlated traits, such as blood pressure (BP), type 2 dia-
betes, blood lipids, body mass index (BMI), etc. [7–11]. Subsequently, the polygenic risk
score (PRS) was developed by combing multiple risk alleles to predict the risk of incident
stroke [12–14]. Using PRS, some researchers estimated whether fruit intake could modify
the effect of the genetic predisposition to stroke and its risk factors. Previous research in the
USA found that increasing the fruit intake could attenuate the genetic predisposition on
long-term weight gain [15]. However, the UK Biobank study failed to find an interaction
between a genetic risk and a healthy diet, involving fruit intake, on stroke [12]. Further,
it is still unclear whether the interaction on stroke existed among Chinese adults, and the
extent to which an increased genetic predisposition to stroke can be offset by increasing
the fruit intake, considering the different genetic backgrounds and dietary patterns from
western populations.

Therefore, the aim of this study was to examine whether associations of fruit intake
with the risk of stroke varied in different genetic risk groups among Chinese adults from
the project of Prediction for Atherosclerotic Cardiovascular Disease Risk in China (China-
PAR project).

2. Materials and Methods

2.1. Study Design and Participants

The study design and methods of the China-PAR project have been reported in detail,
previously [16,17]. The study included three prospective cohorts with dietary records
that were part of the China-PAR project, comprising the China Multi-Center Collaborative
Study of Cardiovascular Epidemiology (China MUCA-1998), the International Collabora-
tive Study of Cardiovascular Disease in Asia (InterASIA), and the Community Intervention
of Metabolic Syndrome in China and Chinese Family Health Study (CIMIC). The baseline
examination was 1998 for China MUCA-1998, 2000–2001 for InterASIA, and 2007–2008 for
CIMIC, respectively. A follow-up survey was conducted for both the China MUCA-1998
and InterASIA cohorts during 2007 to 2008. Then all three cohorts were followed up in
2012–2015 and 2018–2020. The methods for the follow-up surveys were identical for all
cohorts. The data collection was carried out after written informed consent was obtained
from the participants, including an interviewer-administered questionnaire, physical exam-
ination, and blood sampling. This study was approved by the Institutional Review Board
at Fuwai Hospital (Beijing, China). To avoid the influences of the economic development
on fruit intake across the three cohorts enrolled at different periods [18], the survey in
2007–2008 with a unified questionnaire on dietary intake was used as the baseline in the
present study.

Among a total of 41,006 participants from three cohorts with available genotypic
data [19], we further excluded 4856 individuals with missing information on fruit intake,
1265 with prevalent cardiovascular disease or cancer at 2007–2008, and 14 with missing
data on follow-up, leaving 34,871 eligible participants in the final analysis.
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2.2. Fruit Intake and Covariate Assessment

Dietary intake, including fruit intake, was collected by a simple standardized food-
frequency questionnaire (FFQ), indicating acceptable reproducibility and validity in pre-
vious study [20]. Consumption frequency (daily, weekly, monthly, yearly, or never) and
average consumption amount per unit of time for each food group during the previous
year were reported by the participants, which were further converted into average daily
intake. Processed fruit was excluded. Fruit intake was classified into three categories,
based on the tertiles (<200 g/week, 200 g/week–100 g/day, and >100 g/day). The dietary
score was computed, according to the consumption of four commonly eaten food groups in
cardiometabolic health, based on current dietary guideline recommendations and our pre-
vious study evidence, including red meat, legumes, fish, and tea. The ideal levels were red
meat < 75 g/day, legumes ≥ 125 g/day, fish ≥ 200 g/week, and tea ≥ 3 times/week [21,22].
The participants were given one point for each dietary component that reached the ideal
level, otherwise they were given zero points. Based on this, we assigned equal weight for
each food type and summed all points together, ranging from 0 to 4, with a higher index
indicating a healthier dietary lifestyle.

The following variables were self-reported via standardized questionnaires, such as
age, sex, region, urbanization, educational level, current smoking status, alcohol drinking
status, physical activity, and medical conditions (use of antihypertensive, antidiabetic
and lipid-lowering medications). Anthropometric measurements (height, weight, blood
pressure, fasting blood glucose, and serum lipid levels) were performed following standard
techniques by trained staff. Current smoking status was classified as smoker or non-
smoker by asking the participant whether he or she had smoked more than 100 cigarettes
and whether he or she kept smoking up till then. Alcohol drinking was defined as alco-
hol consumption at least 12 times in the previous year. The physical activity level was
evaluated by summing the time spent on moderate physical activity and on vigorous
physical activity weighted by 2, and the ideal physical activity level was defined as at
least 150 min/week of moderate physical activity or 75 min/week of vigorous physical
activity or an equivalent combination. Body height and weight were measured twice
by standardized anthropometric procedures with the participant wearing light garments
and no shoes. The BMI was calculated as weight (kg)/height (m)2. Hypertension was
diagnosed as mean systolic BP ≥ 140 mmHg and/or diastolic BP ≥ 90 mmHg (averaging
three times standardized measurements with 30 s intervals in a seated position), and/or
antihypertensive treatment in last two weeks. Overnight fasting blood samples were drawn
for the measurements of serum glucose and lipid concentrations. Diabetes mellitus was de-
fined as a fasting glucose level ≥ 126 mg/dL, and/or previous diagnosed diabetes, and/or
antidiabetic treatment within two weeks. Subjects with a total cholesterol ≥ 240 mg/dL,
or triglycerides ≥ 200 mg/dL, or low-density lipoprotein cholesterol ≥ 160 mg/dL, or
high-density lipoprotein cholesterol < 40 mg/dL, or taking lipid-lowing medicine within
two weeks were classified as dyslipidemia.

2.3. Ascertainment of Incident Stroke Events

Information on stroke incidence was collected by well-trained staff to obtain medical
records or death certificates from participants or their proxies. Local investigators initially
recorded fatal and nonfatal stroke events. All medical and death records were reviewed
by the central adjudication committee at Fuwai Hospital (Beijing, China) to determine the
final diagnosis. Two adjudication committee members, blinded to the baseline information
of the participants, verified the events independently, and any discrepancies were resolved
by discussion with involvement of an additional committee member. Incident stroke was
defined as a confirmed first ever fatal or nonfatal stroke event during the follow-up period,
consisting of ischemic stroke (International Classification of Diseases, Tenth Revision I63),
hemorrhagic stroke (I60–I62), and unspecified stroke (I64–I69) [19].
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2.4. Polygenetic Risk Score for Stroke

The detailed information on single nucleotide polymorphisms (SNPs) selection and
genotyping process used in the China-PAR study has been described, previously [19].
Briefly, a combined PRS was derived, based on 534 SNPs by using a meta-analytic approach
and large genome-wide association results for stroke and stroke-related traits, including BP,
type 2 diabetes, lipids, obesity, atrial fibrillation, and coronary artery disease, in East Asians.
The detailed information on the selected SNPs is provided in Table S1. Genotyping for all
participants was performed by multiplex PCR targeted amplicon sequencing technology.
We designed multiplexed primers targeting each SNP and amplified the target regions for
a high-throughput sequencing on a Hiseq X10 sequencer (Illumina, San Diego, CA, USA).
Individual SNPs were coded as 0, 1, and 2 according to the number of risk alleles. The
weight coefficient for each SNP was calculated in a previous publication. The PRS was
formulated as the sum of the number of risk alleles at each locus multiplied by the respective
weight coefficient, which was developed in a training set and validated in a validation
set. The participants were categorized into low (lowest quintile of PRS), intermediate
(quintiles 2 to 4 of PRS), and high (highest quintile of PRS) genetic risk groups, as described,
previously [19].

2.5. Statistical Analysis

The baseline characteristics of the participants were described as mean (standard devi-
ation) for continuous variables and numbers (percentages) for categorical variables. Age-
and sex-adjusted incidence rates of stroke were calculated using the Poisson regression [23].

Person-years of follow-up were calculated from the date of the baseline examination
to the date of the incident stroke, death, or follow-up interview for each study participant,
whichever occurred first. To address the potential effect variation among the sub-cohorts,
cohort-stratified Cox proportional hazards models with the duration of the follow-up as
the time metric were applied to estimate the hazard ratios (HRs) and their 95% confidence
intervals (CIs) of incident stroke, with the lowest category of genetic risk score or fruit
intake as reference. Proportional hazards assumptions were not violated when assessed
using the Schoenfeld residuals (p > 0.05). The selection process of the potential confounders
was based on an extensive literature search and then tested by a univariate Cox regression
analysis. Two models were constructed to account for the potential confounders. The
base model included age and sex for the genetic risk association analysis, as previously
described [19], and included age, sex, region, urbanization, and educational level, for the
fruit intake association analysis. The full model further included the current smoking
status, alcohol drinking status, physical activity, BMI, diet score, and vegetables intake.
The tests of trend were conducted by modeling the median of the PRS or fruit intake of
each category, as a continuous variable. Potential nonlinear relationships of incident stroke,
associated with the PRS and fruit intake were assessed by restricted cubic splines with
three knots at the 25th, 50th (reference), and 75th percentiles of the distribution.

Moreover, we investigated the combined effects of the PRS and fruit intake on stroke,
with the lowest genetic risk and fruit intake > 100 g/day, as reference. We further explored
their potential interaction between the PRS and fruit intake. To test for the multiplicative
interaction, we included a multiplicative interaction term in the full model. An additive
interaction was also tested by calculating the relative excess risk due to the interaction
(RERI) and the attributable proportion due to the interaction (AP) [24].

We calculated the cumulative incidence of stroke for three categories of fruit intake
within each genetic risk stratum. The absolute risk reductions (ARRs) in 10-year stroke
incidence between low and high fruit intake groups were computed, and their trends across
the genetic risk categories were tested using the weighted least-squares model [19].

The gained stroke-free years related to fruit intake were estimated as the differences
of the areas under the survival curves, based on the fully-adjusted Cox proportional
hazard model with age as the underlying timescale, and 95% CIs were derived by drawing
500 bootstrap samples from the estimation dataset [25].
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To examine the robustness of our results, we performed several sensitivity analyses
by (1) using the chronological age as the primary timescale instead of the time-on-study;
(2) accounting for competing the risk of a non-stroke death using Fine and Gray’s ap-
proach [26]; (3) adjusting for the smoking packs per year and daily alcohol intake as
continuous variables instead of categorical variables; (4) further adjusting for the family
history of stroke or per-capita household income; (5) separately investigating the interaction
between each SNP in the PRS and fruit intake.

We additionally estimated the association of the frequent intake of fruit with stroke
risk stratified by the genetic risk category. All statistical analyses were performed using SAS
software, version 9.4 (SAS Institute, Cary, NC, USA) and R software, version 4.2.1 (R Foun-
dation for Statistical Computing, Vienna, Austria). The R package “forestplot”, “cmprsk”,
and “survival” were used. A two-sided p value < 0.05 indicated statistical significance.

3. Results

During a median of 11.2 years of follow-up, we documented 2586 first-ever incident
stroke events, including 1834 ischemic stroke, 439 hemorrhagic stroke, 55 both ischemic
and hemorrhagic stroke, and 258 strokes with an unknown subtype, with the incidence of
7.7 per 1000 person-years. The baseline characteristics of the study population, stratified
according to the presence of incident stroke are shown in Table 1, and the characteristics
according to the genetic risk category and fruit intake are presented in Table S2. The mean
age of the participants eligible for the analysis was 55 ± 10 years, and 58% were female. The
average fruit intake was 83 g/day. Compared to the non-cases, the stroke cases were more
likely to be older, had a higher BMI and waist circumference, a higher baseline prevalence
of hypertension, diabetes mellitus and dyslipidemia, a poorer ideal level of diet score, and
a lower fruit and vegetable intake.

Table 1. Baseline characteristics of the participants.

Characteristic
No Incident Stroke Incident Stroke

p Value
(n = 32,285) (n = 2586)

Age, year 55 ± 10 60 ± 9 <0.001
Female, n (%) 18,701 (58) 1427 (55) 0.007

Northern, n (%) 15,389 (48) 1437 (56) <0.001
Urban residence, n (%) 5462 (17) 151 (5.8) <0.001

High-school or above, n (%) 15,544 (48) 779 (30) <0.001
Current smoker, n (%) 7560 (23) 633 (25) 0.22
Alcohol drinker, n (%) 7571 (23) 521 (20) <0.001

Family history of stroke, n (%) 3188 (10) 303 (12) 0.003
Ideal physical activity, n (%) 20,244 (63) 1662 (64) 0.11

Ideal diet score, n (%) 17,019 (53) 1086 (42) <0.001
Body mass index, kg/m2 24 ± 4 24 ± 4 <0.001
Waist circumference, cm 82 ± 10 84 ± 10 <0.001

Hypertension, n (%) 11,945 (37) 1435 (56) <0.001
Diabetes mellitus, n (%) 2596 (8.3) 329 (13) <0.001

Dyslipidemia, n (%) 10,047 (32) 1025 (41) <0.001
Fruit intake, g/day 85 ± 86 66 ± 78 <0.001

Vegetable intake, g/day 335 ± 157 327 ± 158 0.02
Data are mean ± standard deviation for the continuous variables and numbers (percentages) for the dichotomous
variables. Ideal physical activity level was defined as at least 150 min/week of moderate physical activity
or 75 min/week of vigorous physical activity or an equivalent combination. The ideal diet was defined as
a healthy diet score ≥ 2 components: red meat < 75 g/day, legumes ≥ 125 g/day, fish ≥ 200 g/week, and
tea ≥ 3 times/week.

The univariate Cox regression analysis results of potential confounders were shown
in Table S3. The genetic risk score showed a normal distribution (Figure S1). The stroke
risk increased monotonically across the range of the genetic risk score (p overall < 0.001,
p nonlinear = 0.37). Compared with those with a low genetic risk score, the age- and
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sex-adjusted HRs (95% CIs) for the intermediate and high genetic risk groups were
1.19 (1.06–1.32) and 1.51 (1.33–1.71) when only adjusted for age and sex, respectively
(Table S4). The results were basically unchanged by the adjustment for other factors. Con-
versely, a higher fruit intake was associated with a lower risk of stroke (p overall < 0.001,
p nonlinear = 0.02). Based on the fully adjusted model, the participants with a fruit intake
of 200 g/week–100 g/day and >100 g/day had 19% (HR, 0.81; 95% CI, 0.74–0.89) and
31% (HR, 0.69; 95% CI, 0.62–0.77) lower risk of stroke, respectively, compared with those
consuming less than 200 g/week.

When the genetic risk and fruit intake were combined, the overall risk of incident
stroke increased as both the genetic risk and unfavorable fruit intake increased (Figure 1).
Specifically, the age- and sex-adjusted incidence rates of stroke per 1000 person-years
ranged from 5.7 (95% CI, 4.6–7) for participants with a low genetic risk and a high fruit
intake to 9.3 (95% CI, 8.2–10.5) for participants with a high genetic risk and a low fruit
intake. Participants with a high genetic risk and a low fruit intake had the highest risk
of incident stroke, with a HR of 1.87 (95% CI, 1.46–2.41). No significant multiplicative or
additive interactions between the PRS and fruit intake on stroke were recorded.

Figure 1. The joint association of genetic risk and fruit intake with incident stroke. Age- and sex-
adjusted incidence rates per 1000 person-years of stroke were calculated using the Poisson regression.
The overall genetic risk for stroke was defined as high (quintile 5 of PRS), intermediate (quintile
2–4 of PRS), and low (quintile 1 of PRS). In these comparisons, the participants with a low genetic
risk and a fruit intake > 100 g/day served as the reference group. HRs were derived from the
Cox proportional hazards models stratified by cohort and adjusted for age (continuous), sex (male,
female), region (North/South China), urbanization (urban, rural), education level (less than high
school, high school, or above), current smoking status (yes, no), alcohol drinking status (yes, no),
physical activity (continuous), body mass index (continuous), diet score (continuous), and vegetables
intake (daily intake ≥ 500 g/day or not). Multiplicative interaction was evaluated using the hazard
ratios for the product term between the fruit intake (<200 g/week vs. >100 g/day) and the PRS (low
vs. high). p multiplicative interaction was 0.78. To estimate the additive interaction, the participants
with a fruit intake of ≥200 g/week and the low genetic risk (quintile 1 of PRS) were used as the
reference with consideration of the practical interpretations. Two indexes were calculated: the relative
excess risk due to the interaction (RERI) and the attributable proportion due to the interaction (AP).
p additive interaction was 0.28. RERI was 0.13 (95% CI: −0.11–0.38). AP was 0.09 (95% CI: −0.04–0.21).
Abbreviations: CI, confidence interval; HR, hazard ratio; PRS, polygenic risk score.

Further analyses stratified by the genetic risk category with a fruit intake less than
200 g/week as the reference group confirmed that a higher fruit intake was associated with
a lower risk of stroke within each category of genetic risk, with adjusted HRs (95% CIs)
of 0.72 (0.54–0.95), 0.68 (0.59–0.78), and 0.70 (0.56–0.87) among the participants in the low,
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intermediate, and high genetic risk groups, respectively (Figure S2). However, in terms of
the absolute benefit of increasing the fruit intake, there was a significant gradient of ARRs
across the low, intermediate, and high genetic risk categories (1.3%, 1.8%, and 2.3%, p for
trend = 0.03, Figure 2).

Figure 2. Adjusted 10-year cumulative incidence of stroke according to the genetic risk and fruit
intake. Standardized to the means of cohort, age, sex, region, urbanization, education level, current
smoking status, alcohol drinking status, physical activity, body mass index, diet score, and vegetables
intake within the study population. Abbreviations: ARR, absolute risk reduction.

We also estimated the gains of the stroke-free years of increment in the fruit intake
under the overall and the three genetic risk groups. In participants aged 35 years, a fruit
intake of 200 g/week–100 g/day and >100 g/day were associated with an average of
0.64 (95% CI, 0.38–0.89) and 2 (95% CI, 1.57–2.4) additional stroke-free years, respectively,
compared to a fruit intake of less than 200 g/week (Figure 3). The additional stroke-free
years of a fruit intake >100 g/day were 1.45 (95% CI, 0.61–2.31), 2.12 (95% CI, 1.63–2.59),
and 2.19 (95% CI, 1.13–3.22) for the participants in the low, intermediate, and high genetic
risk groups, respectively, as compared with a fruit intake of less than 200 g/week at the age
of 35.

The results were consistent in a series of sensitivity analyses (Table S5). For the inter-
actions between the individual SNPs and fruit intake, two SNPs (rs12999907 at AC092684.1
and rs2531995 at ADCY9) showed significant additive interactions with p < 0.001, however,
they would not reach significance after a Bonferroni adjustment (p < 0.05/534) (Table S1).
Moreover, a significant gradient of the absolute benefit from the daily consumption of
fruit across the low, intermediate, and high polygenic risk categories was also observed
(p trend = 0.03, Table S6).

187



Nutrients 2022, 14, 5056

Figure 3. Stroke-free years gained associated with the fruit intake. The overall genetic risk for stroke
was defined as high (quintile 5 of PRS), intermediate (quintile 2–4 of PRS), and low (quintile 1 of PRS).
Models were adjusted for the cohort, age, sex, region, urbanization, education level, current smoking
status, alcohol drinking status, physical activity, body mass index, diet score, and vegetables intake.
Abbreviations: PRS, polygenic risk score.

4. Discussion

Using a large-scale Chinese prospective cohort study, an increased PRS was positively
associated with a stroke risk. Adherence to a higher fruit intake was associated with a
reduced risk of developing stroke and the absolute risk reduction was most evident among
those at the highest genetic risk. It was also estimated that increasing the fruit intake from
less than 200 g/week to above 100 g/day resulted in longer stroke-free years among those
with a high genetic risk, compared with those with a low genetic risk at the age of 35 years.

Our findings of the positive influence of adherence to an increased fruit intake to
prevent stroke are generally comparable with the previous studies [3,4,27–29]. However,
the findings from the Prospective Urban Rural Epidemiology (PURE) did not find an
association between fruit intake and incident stroke [30]. The difference in the types of
fruit consumed may partly explain the negative result in the PURE study, which were
also found in an early study [31]. Moreover, the association between the fruit intake and
stroke risk in individuals with different genetic burdens for stroke were not evaluated
in these studies. Although two prior studies showed that the increased cardiovascular
disease risk associated with the genetic variants in the chromosome 9p21 region, such as
rs2383206 and rs4977574, appeared to be modified by the adherence to a higher fruit and
vegetable intake [32,33], population-based studies that qualify the potential interactions of
the aggregated genetic susceptibility and fruit intake with stroke risk were rather limited.

With the advances in the field of nutritional genetics, some researchers cast doubt
on the “one size fits all” public Dietary Reference Intakes for individuals. The reality of
nutrition and dietetic practice is complicated. Accordingly, it is time to unravel the degree
to which the diet influences the disease development, and whether it may depend more on
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a person’s genetic background [34,35]. The UK Biobank study reported that a healthy diet
including a fruit intake could not decrease the stroke risk across all genetic risk categories,
using 11 SNPs [36]. However, a significant relative risk of incident stroke associated with
an unhealthy diet was merely observed among the high genetic risk group when extending
to 90 SNPs [12]. That might be explained by the high predictive power due to the inclusion
of more SNPs. Consistent with our study, no evidence was identified for the interaction
between the genetic risk and adherence to a healthy diet, including the fruit intake [12].
Nonetheless, it is worth noting that individuals with the highest burden of genetic risk
derived the greatest absolute risk reductions and largest gain in stroke-free years with a
fruit intake >100 g/day, in the present study, which may provide evidence for the beneficial
effects of increasing the fruit intake on stroke prevention among Chinese populations,
especially for those with a high genetic risk.

The potential mechanisms that an increased fruit intake might be beneficial to cardio-
vascular health have been suggested. Fruit provides excellent sources of fiber, potassium,
micronutrients, and bioactive compounds which are necessary for human health. The
involved biological mechanisms included protecting the vascular endothelial function, reg-
ulating lipids metabolism, modulating blood pressure, alleviating ischemia/reperfusion in-
jury, suppressing thrombosis, reducing oxidative stress, and attenuating inflammation [37].

The strengths of this study included its large sample size, long-term follow-up period,
and the strict and comprehensive data collection. We first estimated the interaction of the
genetic risk and fruit intake on incident stroke, as well as stroke-free years by increasing
the fruit intake among the Chinese population. Our results were robust to a variety of
sensitivity analyses. Nevertheless, the present study has several limitations. First, the fruit
intake was assessed by a simple FFQ. A recall bias of self-reported dietary information
is of concern, which might lead to misclassification. However, the FFQ has been well
validated among the Chinese population [20]. Second, the total fruit were analyzed with
a lack of the information on different types of fruit available in the present study. Hence,
it is still not clear which types of fruit may be the most relevant in gene-diet interactions,
which need further studies. Third, participants with increased fruit consumption are likely
to have a relatively healthier lifestyle. Although we adjusted for several major lifestyle
and dietary factors in the analysis, some potential confounders, such as salt or sugar
intake (not measured in this study), may modulate the genetic association with stroke.
Fourth, a change in fruit intake over the follow-up period was not evaluated, and future
studies would be warranted. Fifth, due to the limited number of hemorrhagic stroke
cases and the heterogeneity in the influence of the genetic variants on different stroke
subtypes, the associations of fruit intake and subtype-specific stroke genetic risk scores
are not evaluated [14]. Finally, our study was restricted to the Chinese population, and
further study is needed to evaluate the generalizability of our stroke PRS to other East
Asian populations.

5. Conclusions

In summary, increasing the fruit intake was associated with a significantly decreased
risk of stroke, and individuals with a high genetic risk derived greater benefit from increas-
ing their fruit intake. Our study supports the recommendations of the adherence to fruit
intake for the reduction of strokes in the Chinese population, particularly in those at a high
genetic risk.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14235056/s1, Table S1. Information about the selected SNPs
and the interplay between a single SNP and fruit intake. Table S2. Baseline characteristics by
the genetic risk score and the daily fruit intake. Table S3. Association of the stroke risk with the
sociodemographic and behavioral factors. Table S4. Multivariable-adjusted HRs (95% CIs) for genetic
risk, fruit intake, and incident stroke. Table S5. Sensitivity analysis of the fruit intake associated with
incident stroke, according to the genetic risk category. Table S6. Risk of incident stroke, according to
the fruit intake frequency and genetic risk. Figure S1. Associations between the genetic risk score and
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incident stroke. Figure S2. Cumulative incidence of stroke, according to the categories of the genetic
risk and fruit intake.
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