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Objective: We conducted this study to visualize hot spots and trends in

the correlation between vitamin D and immunity over the past decade with

bibliometric analysis.

Methods: We collected relevant articles in the Web of Science Core Collection

from 2012 to 2021 as the data source, and then used CiteSpace software to

perform the data analysis. Some graphics were done with Graphpad software.

Results: A total of 1,656 articles were retrieved, with an average citation count

of 25.2 times. The United States (439 articles, 26.51%) has the top number

of published articles, followed by China (164 articles, 9.90%), England (135

articles, 8.15%), Italy (114 articles, 6.88%), and India (82 articles, 4.95%). The

most literature is found in areas of Immunology (337 articles, 20.35%) and

Biochemistry Molecular Biology (179 articles, 10.81%). In terms of institutions,

the top five institutions with the highest number of publications all belong to

Europe. Among them, the League of European Research Universities (LERU)

(121, 7.31%) has a greater proportion of output articles. The United States

Department of Health Human Services (225, 13.59%) and National Institutes

of Health United States (223, 13.47%) funded most articles. The leading five

authors with the largest number of publications were Hewison M (19, 1.15%),

Bergman P (14, 0.85%), Agerberth B (13, 0.76%), Carlberg C (12, 0.73%),

and White JH (12, 0.73%). The top five keywords with the highest co-

occurrence frequency are “vitamin d” (367), “d deficiency” (217), “expression”

(195), “association” (151), and “d receptor” (132). Among the 17 keyword

clusters, the largest cluster is #0 “diet.” Despite cluster #13 “covid-19,” most

of the clusters were conducted the studies before 2012.

Conclusion: The overall development of research in this field is promising.

Western developed countries made outstanding contributions in this area

and still take the leading role. But the participation of developing and

low-income countries is also impressive. The potential therapeutic effects of
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vitamin D in immune-related diseases have been noted, especially in multiple

sclerosis, COVID-19, etc. This is also the focus and frontier of current research.

However, there is still no consensus conclusion in this field. Further research

is needed in the future.

KEYWORDS

vitamin D, immunological, hot spots, trend, visualization analysis

Introduction

Vitamin D is a fat-soluble vitamin that belongs to the steroid
group. Vitamin D has two forms: vitamin D2 (ergocalciferol)
and vitamin D3 (cholecalciferol). Vitamin D2 is present in plants
as a product of ultraviolet B (UVB) radiation from ergosterol—
available as a dietary supplement or fortified in foods. Vitamin
D3, the product of UVB exposure to 7-dehydrocholesterol, is
either synthesized in the human epidermis or taken through
dietary sources (oily fish, fortified foods, or supplements) (1).
Because of the essential role of UVB in vitamin D auto-
synthesis, vitamin D status is thought to be related to seasons
and latitude (2, 3). Both vitamin D2 and vitamin D3 are
not active and require two continuous hydroxylation steps of
cytochrome P450 (CYP) enzymes to produce a fully activated
form of vitamin D. Firstly, vitamin D is trafficked to the liver
through vitamin D binding proteins. In the liver, vitamin D2
and vitamin D3 are hydroxylated to develop 25(OH)D by
the enzyme 25-hydroxylase (CYP2R1) (4). 25(OH)D is the
major circulating metabolite of vitamin D and is now the
well-recognized indicator of vitamin D status due to its long
half-life (5). 25(OH)D is subsequently rehydroxylated by the
enzyme 1-α-hydroxylase (CYP27B1) in the kidney to produce
1,25(OH)2D, the active form of vitamin D (6). 1,25(OH)2D
entails binding first to the vitamin D receptor (VDR),
sequentially to the retinoid X receptor (RXR), and functions
as a nuclear transcription factor, altering gene expression and
inducing protein synthesis (7). Surprisingly, VDR and metabolic
enzymes are expressed in a variety of immune cell types,
including monocytes, macrophages, lymphocytes, and dendritic
cells (8, 9). Many other tissues also express CYP27B1, including
parathyroid, microglia, breast, colon, and keratinocytes, and
are capable of converting 25(OH)D in circulation into the
activated hormone form in an autocrine or paracrine way (10).
Particularly, in such immune cells as macrophages and dendritic
cells, the absence of feedback mechanisms in contrast to renal
cells would instead allow the generation of high concentrations
of calcitriol required for immune regulation (11).

The traditional classical role of vitamin D is to regulate
calcium homeostasis and bone metabolism. However, based
on these surprising discoveries that the VDR and metabolic
enzyme are expressed in numerous cell types not involved in

bone and mineral metabolism, the views about how vitamin
D affects human health changed dramatically. Experimental
studies showed that vitamin D exhibited significant biological
activity in the innate and adaptive immune systems. Animal
studies also suggested that vitamin D administration could
result in changes in the onset and progression of diverse
immune-related illnesses (12). These findings also prompted
further clinical and epidemiological studies which explored the
association between vitamin D and the prevalence and severity
of many diseases, such as multiple sclerosis, diabetes mellitus,
rheumatoid arthritis, and infectious diseases (13). Recently,
Vitamin D is considered to be crucial in regulating both innate
and adaptive immune functions. However, others argue that
vitamin D does little for the immune system. The outbreak
of the coronavirus disease 2019 (COVID-19) epidemic which
ravaged the world has brought this debate to a climax. Since
vitamin D deficiency is a globally prevalent health issue, the
in-depth studies in this field are required and continue to be
extremely valuable.

Of note, the number of research publications in this field
has increased rapidly in past years. Bibliometric techniques
are used for assessing and characterizing research findings and
trends. Bibliometric studies allow for more objective and less
biased results when comparing publication contributions from
different countries, units, or individuals (14). In addition, the
bibliometric analysis could be used to investigate the dynamics
of a specialty, with a time-varying mapping from its knowledge
foundation to its research forefront. Therefore, in recent years,
bibliometrics has been widely applied in the field of medical
science, and related studies are rapidly increasing (15). At
present, there are few bibliometric studies on vitamin D. Most
of these articles were about vitamin D on bone metabolism or
COVID-19 (16, 17). Our previous study analyzed the dynamics
and trends of vitamin D research in the field of infections
(18). However, to date, there are no bibliometric studies that
systematically describe the relationship between vitamin D
and immunity. Using the bibliometric software CiteSpace, we
have collected and analyzed relevant data. By presenting a
realistic and intuitive overview of the development trends of
research hotspots in this field, our study could provide a
better insight into the research progress for scholars, physicians,
policymakers, and medical students (15). We hope this study
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will contribute to the detection of new insights on academic
trends, pharmaceutical development, and disease therapies, and
support evidence-based practice in clinical education.

Materials and methods

Data collection

We conducted a systematic search of the literature in the
Web of Science Core Collection (WoSCC) database with the
following strategy: [TS = (“vitamin d”)] AND TS = (“Immunity”
OR “Immunization” OR “Immunization” OR “Immunological”)
AND Articles OR Review Articles (Document Types), and the
search period was set from 2012 to 2021. To avoid the impact
of frequent database updates, we completed all the literature
searches and data collection on the date of May 11, 2022. A total
of 2,445 documents were collected. The final search returned
1,656 papers, including 1,043 articles and 613 reviews. The
search process was illustrated in Figure 1.

Data analysis

The retrieved literature data were imported into CiteSpace
software (version 5.8.R3) to be further analyzed (19). The
detailed settings of the parameters in CiteSpace are listed below:
methods (LLR), time slice (January 2012—December 2021),

FIGURE 1

Diagram of the literature screening process. All data collection
was done within 1 day on May 12, 2022. Initially, 2,445 records
were retrieved from the Web of Science Core Collection
(WoSCC) database. The type of articles selected for our study
was limited to ARTICLE and REVIEW, and the language was
limited to English. The time was set from 2012 to 2021. The final
1,656 data were obtained.

year/slice (1), term source (title, abstract, author keyword,
and keyword plus), node type (keyword), pruning: pathfinder,
selection criteria: g-index.

We evaluated the number of literature, leading countries,
leading research institutions, major authors, keywords, and
other indicators in the field of vitamin D and immune
correlation from 2012 to 2021. Keyword co-occurrence,
keyword cluster, and keyword burst graphs were drawn. The
keyword co-occurrence graph consists of two parts: nodes and
links. The nodes indicate the keywords and the larger the
nodes, the more articles in relevant research direction. The
links between the nodes refer to the connections between the
keywords, and the thicker the links, the closer the associations.
Keyword clusters are network groups formed by keywords with
similar research topics, reflecting the evolution of themes in
the field over a specified time interval. The keyword timeline
cluster map brings time into the network and presents the
historical trajectory and time span of the keyword evolution
in each cluster. Keyword burst shows the sudden increase of
keywords in a particular period, indicating a sharp growth in
the popularity of a research topic in different periods. Highly
cited articles were also analyzed. A comprehensive analysis of
these charts could provide a more integrated picture of the
development of research trends and hot spots in related fields.
Microsoft Excel (version 2016) and Graphpad software (version
9.3.1) were also used for the drawings.

Results

General information and the global
research trend

The publication quantity is an essential indicator
representing the trend of the research field. A total of 1,656
documents matching the limitation were retrieved. There was
30,983 literature cited, and the average citation frequency of
each article was 25.2 times. As shown in Figure 2, the annual
number of publications in this field gradually increased from
131 in 2012 to reach 266 in 2021. The yearly citation frequency
grew from 153 in 2012 to 9,997 in 2021. These studies spanned
72 research directions, among which Immunology (337 articles,
20.35%) and Biochemistry Molecular Biology (179 articles,
10.81%) have more publications. Other favorite research
areas include Nutrition Dietetics (160, 9.66%), Endocrinology
Metabolism (126, 7.61%), and Pharmacology Pharmacy (110,
6.64%) (Table 1).

Analysis of countries’ contribution

Of the 116 countries/regions involved in this research field,
those with a high number of publications are the United States
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FIGURE 2

Publications and citations over time (2012–2021). The green line
indicates the number of publications. The black curve indicates
the number of cited articles.

(439 articles, 26.51%), China (164 articles, 9.90%), England
(135 articles, 8.15%), Italy (114 articles, 6.88%), and India (82
articles, 4.95%), respectively (Table 1). In addition, we carried
out a further analysis of the citation burst during the last
decade by countries (Figure 3). The top five countries with the
strongest citation bursts are Germany (2014–2015), South Africa
(2015–2017), Finland (2016–2021), Sweden (2017–2018), and
Saudi Arabia (2019–2021). Among these countries, Saudi Arabia
(4.2) has the highest burst strength, representing the highest
research fervor in recent years. Table 1 also illustrates the
top five grant funds. The United States Department of Health
Human Services (225, 13.59%) and the National Institutes
of Health United States (223, 13.47%) sponsor approximately
the same number of articles. Other funding sources with a
greater number of articles are the European Commission (108,
6.52%), NIH National Institute of Allergy Infectious Diseases
(67, 4.05%), and the National Natural Science Foundation of
China (63, 3.80%).

Analysis of institutions and authors

As presented in Table 1, League of European Research
Universities (LERU) has the highest number of papers (121,
7.31%) among the 2,447 participating institutions, while others
include the University of California System (66, 3.99%), Harvard
University (49, 2.96%), Karolinska Institutet (45, 2.72%),
University of London (45, 2.72%), etc. The top five authors
with the highest number of publications are Hewison M (19,
1.15%), Bergman P (14, 0.85%), Agerberth B (13, 0.76%),
Carlberg C (12, 0.73%), and White JH (12, 0.73%) (Table 1).
Their research subjects include the pathophysiology of vitamin
d-related immunological disorders and clinical investigation.
Hewison M, with an H-index of 51, works at the Institute of
Metabolism and Systems Research, University of Birmingham,

England. Bergman P and Agerberth B are both colleagues
serving at the Karolinska Institutet, Sweden with an H-index of
32 and 55, respectively. Carlberg C is employed at the University
of Eastern Finland and his H-index is 59. White J is at the McGill
University, Canada with an H-index of 49.

Analysis of research topics

Analysis of keyword co-occurrence and
keyword cluster

Two or more keywords simultaneously presented in the
same paper are regarded as one co-occurrence. Keyword co-
occurrence graph is predicated on the frequency of keyword
co-occurrences in the cited literature. Keyword co-occurrence
analysis facilitates the identification of research hotspots and
trends in the field. As shown in Figure 4 and Table 2, the

TABLE 1 Top 5 based on the publications number (2012–2021).

Field Record
count

% of
1,656

Research areas Immunology 337 20.35

Biochemistry Molecular
Biology

179 10.81

Nutrition Dietetics 160 9.66

Endocrinology Metabolism 126 7.61

Pharmacology Pharmacy 110 6.64

Countries United States 439 26.51

China 164 9.90

England 135 8.15

Italy 114 6.88

India 82 4.95

Affiliations League of European Research
Universities

121 7.31

University of California
System

66 3.99

Harvard University 49 2.96

Karolinska Institutet 45 2.72

University of London 45 2.72

Authors Hewison M 19 1.15

Bergman P 14 0.85

Agerberth B 13 0.76

Carlberg C 12 0.73

White JH 12 0.73

Funding
agencies

United States Department of
Health Human Services

225 13.59

National Institutes of Health
United States

223 13.47

European Commission 108 6.52

NIH National Institute of
Allergy Infectious Diseases

67 4.05

National Natural Science
Foundation of China

63 3.80
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FIGURE 3

Top five countries with the strongest citation bursts
(2012–2021). Burst refers to a sudden increase in the number of
citations in a certain period, suggesting an increased research
intensity in that country. The red bands indicate the duration of
burst.

keywords with high co-occurrence frequency include “vitamin
d” (367), “d deficiency” (217), “expression” (195), “association”
(151), “d receptor” (132), “immunity” (130), “risk” (129),
“dendritic cell” (112), “disease” (110), and “regulatory t cell”
(109).

Based on the keyword co-occurrence map, it can be
found that the keyword co-occurrence network has gathered
into an irregular area, namely a cluster. Briefly, the keyword
cluster is a network consisting of keywords with similar study
topics to discover the main subjects. In total, 17 separate
clusters were obtained. Within each cluster, the topic term
used more frequently in articles serves as the cluster marker

by CiteSpace. In the calculation rules of CiteSpace, clusters
are sorted from zero. That is, cluster #0 is the largest cluster;
cluster #1 is the next largest cluster, and so forth. According
to the keyword cluster analysis, the five largest clusters are
“diet,” “response,” “zinc,” “multiple sclerosis,” and “vitamin d”
(Figure 5 and Table 3). In cluster #0, the associated keywords
include “obesity” and “nutrition.” In cluster#1 “response,” the
most appeared keywords are “d receptor,” “mycobacterium
tuberculosis,” “experimental autoimmune encephalomyelitis”
and “asthma.” In cluster #2 “zinc,” the keywords mentioned
mainly include “supplementation,” and “adolescent.” In
cluster#13 “COVID-19,” the most prevalent keywords are
“ace2,” “severe acute respiratory syndrome coronavirus 2,”
“renin-angiotensin-aldosterone system” and “sars-cov-2.”

It could be concluded that the association between vitamin
D and immune function received long-standing attention
during the past decade, especially in immune-related diseases
such as multiple sclerosis (MS), tuberculosis (TB), experimental
autoimmune encephalomyelitis, and asthma. COVID-19 is
also a hot concern.

Analysis of keyword cluster timeline and
keyword bursts

The keyword timeline graph after clustering was plotted
using Timeline view in CiteSpace (Figure 6). In the timeline
view, these keywords are distributed in their corresponding
clusters according to the year in which they appeared. The length

FIGURE 4

Keywords co-occurrence network (2012–2021). Nodes indicate keywords, and a larger node means that there are more research articles in that
direction. The lines connecting the nodes represent the research associations between the keywords. The thicker the line, the stronger the
association. The top 10 co-occurrence keywords are “vitamin d” (367), “d deficiency” (217), “expression” (195), “association” (151), “d receptor”
(132), “immunity” (130), “risk” (129), “dendritic cell” (112), “disease” (110), and “regulatory t cell” (109).
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TABLE 2 Keywords co-occurrence frequency (Top 35 in count
order, 2012–2021).

Keywords Count Centrality First appearance
year

Vitamin d 367 0 2012

D deficiency 217 0 2012

Expression 195 0 2012

Association 151 0.01 2012

D receptor 132 0.08 2012

Immunity 130 0.01 2012

Risk 129 0 2012

Dendritic cell 112 0.03 2012

Disease 110 0.02 2012

Regulatory t cell 109 0.02 2012

Vitamin d receptor 108 0 2012

Infection 106 0.01 2012

D supplementation 103 0.09 2012

T cell 93 0.04 2012

Cell 91 0.13 2012

Mycobacterium
tuberculosis

86 0.03 2012

Inflammation 85 0 2012

Double blind 78 0.02 2012

Activation 77 0 2012

Innate immunity 76 0.01 2012

Vitamin d deficiency 74 0.02 2012

Children 68 0.11 2012

Prevalence 67 0.02 2012

Receptor 61 0.01 2012

25 hydroxyvitamin d 61 0.02 2012

Health 57 0.15 2012

Supplementation 55 0 2013

Differentiation 53 0.06 2012

Gene expression 52 0.03 2012

Prevention 49 0.1 2012

Crohns disease 46 0.17 2012

Immune system 46 0 2012

In vitro 45 0.15 2012

Multiple sclerosis 45 0.01 2012

1 alpha 45 0.07 2012

of the horizontal line of each cluster indicates its timeframe.
The timeline view reveals the historical span of the literature
visually and is used to track the progression of research trends.
As presented in Figure 6, the study of cluster #13 “COVID-
19” started in 2019, coinciding with the sudden outbreak of
the COVID-19 epidemic. Apart from that, most of the cluster
studies started before 2012.

We further mapped the keyword citation burst with
CiteSpace (Figure 7). In general, the keyword burst is a sudden
increase of keywords citation in a specific research area at a
specific time. The red line shows the citation burst duration,

indicating the progression of hot topics. As illustrated in
Figure 7, a total of 48 keywords burst emerged from 2012
to 2021, with “induction” (7.61) having the highest intensity.
The keywords burst lasting more than 4 years include “genome
wide association” (2012–2015), “mycobacterium tuberculosis”
(2012–2015), “induction” (2013–2016), “hiv” (2013–2016),
“antimicrobial peptide II 37” (2013–2016), “mice” (2014–
2018), “epstein barr virus” (2014–2017), “immunization” (2015–
2018), “induction” (2013–2016), “autoimmunity” (2016–2019),
“impact” (2018–2021), and “women” (2018–2021). The result
indicated that research in these directions have received a high
level of attention from researchers and have a long duration
of popularity. The latest burst keywords include “oxidative
stress” (2019–2021), “prevention” (2019–2021), “vdr” (2019–
2021), and “insulin resistance” (2019–2021), and so on.

It can be summarized that the research contents on vitamin
D in immunity in the past decade include specific molecular
mechanisms, studies with animal models, and clinical trials,
especially in the applications in immune-related disorders.

Analysis of highly cited articles
Highly cited articles can reflect the hot spots of the research.

Table 4 shows the top ten most cited articles on the association
between vitamin D and immunity. Three of these ten articles
(ranked 4th, 9th, and 10th) discussed the relationship between
vitamin D and multiple sclerosis. The third- and sixth-ranked
articles overviewed the role of vitamin D in the human immune
system and the possible mechanisms. The second- and third-
ranked articles also addressed the link between vitamin D and
multiple sclerosis and other immune-related conditions. The
fifth- and eighth-ranked articles focus on the role of vitamin
D in anti-inflammatory and anti-infection. These heavily cited
articles showed the consistent interest in the association between
vitamin D and immunity over the past decade. In addition, the
association of vitamin D in multiple sclerosis has certainly been
the focus of attention.

Discussion

General tendency of research

As seen in Figure 2, the growth of articles on vitamin D and
immunity was relatively stable in each year before 2019. After
2019, the significant increase in the number of articles in this
research area should be related to the outbreak of COVID-19.
About twice as many issues in 2021 as in 2012. Interestingly,
there has been notable growth in the number of citations over
the past decade, from hundreds in 2012 to nearly ten thousand
in 2021 (Figure 2). This also indirectly reflected the overall
favorable development of research in this field. Our results
are consistent with previous studies (17, 20). Their findings
suggested that in recent years, the research hotspot for vitamin D
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FIGURE 5

Keyword cluster analysis (2012–2021). There are 17 clusters in all, distinguished by different colors. Cluster #0 is the largest, following by cluster
#1, and so on. The topic term used more frequently in relevant articles was assigned by CiteSpace as the cluster label. The top five clusters are
“diet,” “response,” “zinc,” “multiple sclerosis,” and “vitamin d”.

has changed significantly from bone metabolism to other fields,
such as neuroscience, cardiovascular diseases, cancer, as well as
immune-related diseases.

As presented in Table 1, the United States, China, England,
Italy, and India are the top five countries with the highest
number of publications. Notably, the number of articles
contributed by United States scholars is almost the same as
the total number of publications from the other following
four countries together. Among the top five institutions—the
LERU, the University of California System, Harvard University,
Karolinska Institutet, and the University of London—two
belong to the United States and three to Europe. Of the five
grants with the highest number of sponsored articles, three
come from the United States, one from Europe, and the
other from China (Table 1). With ample financial support, the
strong academic atmosphere, and leading research institutions,
it is understandable that the United States ranks top in the
number of publications. Of the five most prolific authors,
Bergman P and Agerberth B are both from Karolinska Institutet.
Moreover, these two authors account for more than half of
the total number of publications by the affiliated institution.
It is worth noting that although China ranks second in terms
of the number of publications, neither the top five research
institutions nor the top five authors are from China. Similarly,
among the top 10 highly cited articles, no paper was written
by Chinese scholars (Table 4). These data indicate that the

influence of Chinese academics and research institutions in
this field is relatively limited compared to that of developed
Western countries. The lack of impact of Chinese scholars
may be related to the weak international collaboration (17).
The same situation is present for India. Developing countries
need further in-depth research in the future to enhance their
impact. As shown in the Figure 3, Saudi Arabia, a developing
country, has also shown a high level of enthusiasm for research
and has conducted active studies in recent years. It should
be aware that although vitamin D deficiency is considered a
global issue, it is worse in less developed countries. According
to a global study on the prevalence and disease burden of
vitamin D deficiency, India (61%), Iran (86%), and Turkey
(51%) were associated with high rates of severe vitamin D
deficiency in infants, while the incidence of vitamin D deficiency
in these countries was 90% or worse (21). In addition, despite
abundant sunlight, vitamin D deficiency is common in Middle
Eastern countries (22, 23). A fully covered clothing style,
reduced outdoor activity due to the hot summer months,
and dietary customs may contribute to the poor vitamin D
level in these countries (24, 25). We should be pleased with
the growth of studies being conducted in these low-income
and less developed countries. It is also expected that these
studies on vitamin D will draw the awareness of the authorities
in these countries and enable them to initiate necessary
actions.
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TABLE 3 Cluster summary (2012–2021).

ClusterID Label (LLR) Size Mean (year)

0 Diet 35 2015

1 Response 33 2014

2 Zinc 30 2014

3 Multiple sclerosis 29 2013

4 Vitamin d 28 2015

5 C reactive protein 27 2015

6 Double blind 27 2015

7 Tuberculosis 27 2014

8 Epithelial cell 26 2015

9 Inflammatory bowel
disease

26 2014

10 In vitro 23 2015

11 Dendritic cell 19 2013

12 D receptor gene 18 2016

13 Covid-19 17 2020

14 Vdr 17 2016

15 Epidermal barrier 17 2016

16 Expression 13 2014

In general, our results show the alignment of highly
productive authors, leading institutions and leading countries,
and funding agencies. Furthermore, our study indicates the
pioneering position of Western developed countries in the field.
Developing countries and low-income countries have also made
significant contributions to this area.

Evolutions and focuses of research

The shift in research hotspots was illustrated in Figure 7.
The focus of the research was initially on the role of vitamin
D in the pathophysiological process of disease. Thus, the
popular keywords included “toll like receptor” (2012–2014),
“host defense” (2012–2013), and “cytokine production” (2012–
2014). As the knowledge of the functioning mechanism
of vitamin D gradually improved, the research hotspots
accordingly transitioned to the treatment and even prevention
of vitamin D for immune-related diseases. Hence, “mice”
(2014–2018), “randomized trials” (2016–2018), “management”
(2018–2021), and “prevention” (2019–2021) have emerged as
research hotspots recently. Of note, as the Timeline View
illustrates (Figure 6), the developments of these research
hotspots are not isolated; they are intertwined and progressing
together. Since the detailed molecular mechanisms of vitamin
D in immunity have not been elucidated, this crossover
development is rational. Vitamin D is currently being
extensively studied in many immunological diseases, especially
MS and TB, as shown in our results (Figure 4 and
Tables 3, 4).

Multiple sclerosis is an inflammatory neurodegenerative
demyelinating disease of the central nervous system (CNS),
most probably of autoimmune origins. The fourth most highly
cited article (Table 4) reviewed the literature and indicated
that low vitamin D was an underlying risk factor in the
development of MS (26). The third-ranked article (Table 4)
also reviewed the impacts of vitamin D on the innate and
adaptive immune system, with a special focus on its research
progress in MS, such as possible molecular mechanisms,
therapeutic effects, etc. (10). These highly cited articles have also
contributed to the flourishing research on vitamin D in MS.
Meanwhile, MS lacks effective therapeutic drugs and patients
suffer from poor life quality, while vitamin D supplementation
is both inexpensive and easy to monitor. It is therefore not
surprising that a large number of studies have focused on the
relationship between vitamin D deficiency and the incidence
of MS. The extensive epidemiological studies supported the
causal relationship between low vitamin D levels and MS onset
and progression (27). In a previous groundbreaking study,
Munger and colleagues demonstrated that increasing vitamin D
concentrations, especially before the age of 20 years, was related
to decreasing the later risk of developing MS (28). Further
study revealed that vitamin D supplementation at the ages of
13–18 could reduce the risk of MS (29). These findings were
consistent with the results from the experimental autoimmune
encephalomyelitis (EAE) animal model studies. A study in the
EAE model of MS indicated that vitamin D levels only affected
the incidence and course of disease in adolescent rats, but not
in pregnant or adult ones (30). These findings reinforced that
adolescence was a critical period of susceptibility for developing
MS in adults. Therefore, it is not surprising that the keyword
“adolescent” is a hot research topic (Figure 6).

Another bibliometric study on vitamin D in
neurodegenerative diseases also showed that vitamin D
was most studied in MS, especially for its use as a biomarker,
while the genetic aspects of this molecule were less studied
(31). However, our results suggested the popularity of the
keyword “genome wide association” (Figure 7). Genome-wide
association studies (GWAS) have already identified that genetic
abnormalities in genes implicated in vitamin D metabolism,
such as specific CYP27B1, and CYP24A1, are associated with
an elevated risk of MS (32). A Mendelian randomization
study with data from the SUNLIGHT Study, the largest
GWAS of vitamin D so far, identified four single nucleotide
polymorphisms (SNPs) (rs10741657, rs12785878, rs2282679,
rs6013897) that were related to lower vitamin D concentrations
and increased susceptibility to MS (33). This study, together
with the other three independent Mendelian randomized
studies consistently concluded that individuals with genetically
motivated lower serum 25(OH)D levels were at elevated risk
of having MS either in adolescence or adulthood (34). The
latest Mendelian randomization study assessed data from the
International Multiple Sclerosis Genetics Consortium discovery
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FIGURE 6

Timeline view of keyword cluster. Timeline maps are used to show the evolution of research hotspots in a time-based manner. The length of
the horizontal straight line of a cluster indicates its time frame.

phase GWAS, using six SNPs linked to serum 25(OH)D levels
and found them to be associated with an increased risk of MS
onset (35).

Many studies further posed the issue of the possibility of
vitamin D supplementation as a therapeutic agent for MS. Thus
it is reasonable that keywords including “randomized trials”
(2016–2018), “management” (2018–2021), and “prevention”
(2019–2021) become popular (Figure 7). In an observational
study, high vitamin D levels were associated with reduced
axonal damage in MS patients as evaluated by the cerebrospinal
fluid neurofilament light chain level, a sensitive biomarker of
neuronal axonal injury (36). Similar results were obtained in
another large randomized controlled trial (RCT) containing
1,482 participants. It showed that in MS patients treated with

interferon beta-1b, higher 25(OH)D levels were correlated
with a lower rate of MS activity measured on MRI (37).
However, different studies yielded different results. Recently,
several clinical RCTs revealed that high-dose vitamin D3

supplementation for 48 or 96 consecutive weeks failed to present
benefits on neurofilament light chain levels (38, 39). Another
RCT study recruited 229 relapsing-remitting MS (RRMS)
patients and treated them with subcutaneous interferon β-1a
therapy. These individuals were also randomized to add the
placebo or vitamin D3. The effectiveness of adding vitamin
D3 was then evaluated. Interestingly, although 48 weeks of
vitamin D supplements did not improve the endpoint of disease
activity status, the results still suggested a protection against the
progression of fresh MRI lesions in RRMS patients (40). This
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FIGURE 7

Keywords with the strongest citation burst (2012–2021). The red line shows the duration of the keyword citation burst, indicating the progress
of the frontier hot topics.
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TABLE 4 Top 10 high-cited articles related to vitamin D and immunology.

Ranking Title Authors Journal Year Citations

1 The IOC consensus statement: beyond the Female
Athlete Triad-Relative Energy Deficiency in Sport
(RED- S)

Mountjoy, M; Sundgot-Borgen, J;
Burke, L et al.

British Journal of Sports
Medicine

2014 565

2 Vitamin D effects on musculoskeletal health,
immunity, autoimmunity, cardiovascular disease,
cancer, fertility, pregnancy, dementia and
mortality-A review of recent evidence

Pludowski, P; Holick, MF.; Pilz, S
et al.

Autoimmunity Reviews 2013 511

3 Vitamin D and Immune Function Prietl, B; Treiber, G; Pieber, TR.
et al.

Nutrients 2013 474

4 Interactions between genetic, lifestyle and
environmental risk factors for multiple sclerosis

Olsson, T; Barcellos, LF.;
Alfredsson, L

Nature Reviews
Neurology

2017 407

5 A comprehensive summary of LL-37, the factotum
human cathelicidin peptide

Vandamme, D; Landuyt, B;
Luyten, W et al.

Cellular Immunology 2012 361

6 An update on vitamin D and human immunity Hewison, M Clinical Endocrinology 2012 333

7 So depression is an inflammatory disease, but
where does the inflammation come from?

Berk, M; Williams, LJ.; Jacka, FN.;
et al.

BMC Medicine 2013 323

8 Why does COVID-19 disproportionately affect
older people?

Mueller, AL.; McNamara, MS.;
Sinclair, DA.

Aging-Us 2020 293

9 Role of the innate and adaptive immune responses
in the course of multiple sclerosis

Hemmer, B; Kerschensteiner, M;
Korn, T

Lancet Neurology 2015 291

10 Clinically isolated syndromes Miller, DH.; Chard, DT.;
Ciccarelli, O

Lancet Neurology 2012 284

finding was in line with a previous study in which vitamin D3

supplementation alongside interferon β-1b treatment reduced
MRI disease activity in MS (41). In general, there is still
a lack of conclusive evidence for the benefit of vitamin D
supplementation in MS. The dispute in this research area
continues, thus it is natural that the topic stays popular.

Our results also suggested that VDR received long-standing
attention in immune-related diseases (Figures 6, 7), which
was consistent with another bibliometric study on VDR
(42). As addressed in the previous section, VDR mediates
much known physiological functions of the active form
of vitamin D, 1,25(OH)2D. Upon binding to 1,25(OH)2D,
VDR is heterodimerized with the retinoid X receptor in the
nucleus, which then combines with the vitamin D-response
element (VDRE) in the promoter of the target gene, thereby
initiating gene transcription (7). In fact, approximately 3%
of the mouse and human genomes are directly or indirectly
regulated by vitamin D, suggesting a broad contribution of
vitamin D/VDR in diverse disease mechanisms (43, 44). For
several organ dysfunctions, the vitamin D/VDR signaling
pathway is essential in regulating connectivity components
and maintaining epithelial barrier integrity, including intestinal
inflammation, infection, and chronic inflammatory lung
diseases (45). It was previously proposed that the main
mechanism by which VDR activation affected autoimmunity
was through genetic activation of myeloid immune cells,
particularly antigen-presenting dendritic cells (DCs), thereby
triggering a tolerance status in the immune system, particularly

in DCs (46, 47). More recently, it has been shown that VDR
bound to thousands of loci in the genomes of human monocytes
and DCs, about half of which possessed typical VDRE motifs
(48). This study further suggested that the interference with
VDR binding at certain relevant disease risk gene variants may
facilitate the susceptibility to latitude-dependent autoimmune
diseases, such as MS. Recently, the promising role of VDR as
a therapeutic target has been acknowledged (49). Thus, it is
understandable that keywords including “vdr,” “d receptor gene,”
and “dendritic cell” are attracting more attention (Figures 6, 7).
However, to date, there is no safe and effective method of
modifying VDR activity. Additional research is required in the
future.

Besides MS, our results showed the interest of researchers
in the role of vitamin D in tuberculosis (Figure 6 and Table 2).
The fifth most highly cited article reviewed related insights on
human cathelicidin LL-37 in immune regulation and response
(50) (Table 4). This article also highlighted the role of vitamin
D and VDR in the regulatory mechanism of cathelicidin
peptide expression. It was revealed that vitamin D mediated
the host response to Mycobacterium infection through the
induction of the antibacterial peptide cathelicidin (51, 52).
Therefore, various RCTs of vitamin D supplementation for the
treatment and prevention of TB were conducted. Interestingly,
vitamin D was used to treat TB long before the availability
of antibiotics. Niels Finsen was awarded the 1903 Nobel Prize
in Physiology or Medicine for his success in treating disease,
particularly cutaneous tuberculosis, with exposure to the arc
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lamplight. However, those RCTs yielded mixed results. One
RCT study conducted by Martineau and colleagues showed that
2.5 mg vitamin D3 supplementation had no significant effect on
sputum culture conversion time in the entire study population,
but had a significant accelerated effect on sputum culture
conversion in participants with the TaqI VDR polymorphism
(53). In another RCT in Mongolia enrolling 390 adult TB
patients, supplemental vitamin D3 only speeded sputum culture
conversion in individuals carrying one or more SNP minor
alleles in the gene encoding the VDR and CYP27B1, while
remaining unaffected in the overall population (54). The most
recent large RCT study that recruited 4,000 adults living with
HIV suggested that vitamin D supplementation did not reduce
overall mortality or TB incidence when compared to the placebo
group (55). However, a recent RCT study in Indonesian TB
children showed that vitamin D supplementation could improve
fever and cough (56). Given that TB is the 13th cause of death
worldwide and the second leading cause of infectious disease
following COVID-19 (57), it warrants continued research in this
area.

Research frontiers and future
prospects

As mentioned in the previous section, the role of vitamin
D in immune regulation and related diseases has been widely
discussed, yet it remains inconclusive. The outbreak of the
COVID-19 epidemic further fuels the debate. Hence, it is
not surprising that related studies are at the frontier of
research (Figure 6). Extensive studies confirmed the association
between low vitamin D levels and COVID-19, including disease
severity, incidence, and mortality (58–60). The ninth-ranked
high-cited article addressed the issue of vulnerability in older
adults (Table 4) and suggested low vitamin D status as a
possible factor (61). However, some studies concluded that no
causal link was identified between vitamin D deficiency and
COVID-19 (62, 63). The debate on the relevance of the two
continues, while research on vitamin D in disease treatment
and prevention has been conducted. However, different RCTs
came to different conclusions either (64, 65). To date, three
bibliometric studies on vitamin D and COVID-19 are available.
Two of them used Elsevier’s Scopus database, which was
different from the WoSCC database of our studies (66, 67).
The remaining other study chose to use the WoS database
and concluded that the direction of research on vitamin
D and COVID-19 changed over time. According to their
results, recent research trends focused on vitamin D deficiency
and the incidence of disease, and the promise of vitamin
D supplementation in treating COVID-19 (16). Interesting,
our findings showed that the most popular keywords in
cluster#“COVID-19” included “ace2” and “renin-angiotensin-
aldosterone system,” suggesting that the associated molecular

mechanisms were also of interest. The difference in these
results is related to the fact that our study focused on
vitamin D and immunity, while their study emphasized more
on the association of vitamin D with COVID-19. Xu and
colleagues indicated that vitamin D could protect rats from
lipopolysaccharide-induced acute lung injury by modulating the
angiotensin-converting enzyme 2 (ACE2) expression via the
renin-angiotensin system (RAS) (68). It was further illustrated
that following COVID-19 infections, downregulation of ACE2
and impairment of RAS may be responsible for multi-organ
damage (69). Currently, outbreaks due to mutated strains of the
virus are still prevalent worldwide. Research in this area remains
urgent.

Many factors contribute to the varied findings of these
studies about vitamin D. It should be noted that these trials
differed regarding the region, ethnicity, amount, age, and
baseline vitamin D levels of the recruited population. The
supplementation regimens also varied. In particular, the RCT
design protocol for vitamin D is quite different from those
for generic drugs. One essential factor is that any conclusions
about the beneficial effects of vitamin D supplementation
on health must be validated by baseline and post-treatment
vitamin D status in the study population (70). Researchers
should pay attention to rational designs when conducting
future investigations. In addition, vitamin D status is inherently
influenced by numerous factors, such as vitamin D binding
proteins, genetic factors, seasons, latitude, lifestyle, etc. (71,
72). Although 25(OH)D is recognized to be the most reliable
indicator of vitamin D status (73), there is still controversy
regarding vitamin deficiency and insufficiency, as well as the
appropriate dose of supplementation. Overall, despite several
advances, our understanding of this field is still lagging.
The detailed mechanisms by which vitamin D is engaged
in the immune system have not been entirely elucidated.
Moreover, low vitamin D levels are relatively prevalent among
individuals of all ages worldwide (72). While the way to
improve vitamin D status is simple and inexpensive, relevant
authorities should be concerned about this issue and take
appropriate measures. Even a modest experimental benefit
could have a significant public health impact on a large
population. It is expected more evidence of vitamin D benefits
will emerge in this field.

Limitations

Compared with conventional literature reviews, the
bibliometric analysis of CiteSpace provides much better insight
into the research trends and hotspots, as well as a more
comprehensive and objective view of data. Our study presents
the first bibliometric analysis of vitamin D concerning immune
function, but it still has several limitations. Firstly, we performed
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the literature search only in the WoSCC database. While it
ensures the accuracy of data, such as author names, it may
overlook some articles that are only available in other databases.
Meanwhile, since the database is continuously updated, the
results of this study are somewhat different from the actual
number of available literature. In addition, only articles and
reviews were selected for our study, but the papers were of mixed
quality. Last but not least, only papers in English were collected
in this study and we may miss some articles published in other
languages. However, we still believe that our visual analysis
could give scholars a quick overview of the whole research
situation and frontiers in this area.

Conclusion

While Vitamin D’s role is widely recognized in bone
health, its capability to modulate immune responses has
been extensively studied over the past decade. Our study
systematically evaluated the role of vitamin D in this area,
using a bibliometric analysis of 1,656 publications collected
from the WoSCC database from 2012 to 2021. Our findings
highlight the significant influence and contribution of developed
Western countries, represented by the United States, in this
area. It is also noted that many developing countries and
low-income countries/regions are engaged in research on this
topic. The potential contribution of vitamin D to the treatment
and prevention of immune-related disorders, as represented
by multiple sclerosis, has received considerable attention. The
outbreak of the COVID-19 epidemic also prompted enthusiasm
for research in this area. However, despite many hopeful and
encouraging findings, there is no established consensus. The
integral picture of the role of vitamin D in immunomodulation
deserves and needs further study.

Data availability statement

The original contributions presented in this study are
included in the article/supplementary material, further inquiries
can be directed to the corresponding author.

Author contributions

WH proposed the conception of this study and critically
revised the manuscript. XL and YD conducted the data
collection and analysis. XL wrote the draft of the manuscript.
All authors contributed to the article and approved the
submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

1. Holick MF. Cancer, sunlight and vitamin D. J Clin Transl Endocrinol. (2014)
1:179–86. doi: 10.1016/j.jcte.2014.10.001

2. van der Mei IAF, Ponsonby A-L, Engelsen O, Pasco JA, McGrath JJ, Eyles DW,
et al. The high prevalence of vitamin D insufficiency across Australian populations
is only partly explained by season and latitude. Environ Health Perspect. (2007)
115:1132–9. doi: 10.1289/ehp.9937

3. Andersen R, Brot C, Jakobsen J, Mejborn H, Mølgaard C, Skovgaard LT, et al.
Seasonal changes in vitamin D status among Danish adolescent girls and elderly
women: the influence of sun exposure and vitamin D intake. Eur J Clin Nutr. (2013)
67:270–4. doi: 10.1038/ejcn.2013.3

4. Charoenngam N, Shirvani A, Holick MF. Vitamin D for skeletal and non-
skeletal health: What we should know. J Clin Orthop Trauma. (2019) 10:1082–93.
doi: 10.1016/j.jcot.2019.07.004

5. Holick MF. Vitamin D deficiency. N Engl J Med. (2007) 357:266–81. doi:
10.1056/NEJMra070553

6. DeLuca HF. Overview of general physiologic features and functions of
vitamin D. Am J Clin Nutr. (2004) 80:1689S–96S. doi: 10.1093/ajcn/80.6.1
689S

7. Kato S. The function of vitamin D receptor in vitamin D action.
J Biochem. (2000) 127:717–22. doi: 10.1093/oxfordjournals.jbchem.a02
2662

8. Battault S, Whiting SJ, Peltier SL, Sadrin S, Gerber G, Maixent JM. Vitamin D
metabolism, functions and needs: from science to health claims. Eur J Nutr. (2013)
52:429–41. doi: 10.1007/s00394-012-0430-5

9. Adams JS, Rafison B, Witzel S, Reyes RE, Shieh A, Chun R, et al. Regulation
of the extrarenal CYP27B1-hydroxylase. J Steroid Biochem Mol Biol. (2014) 144(Pt
A):22–7. doi: 10.1016/j.jsbmb.2013.12.009

10. Prietl B, Treiber G, Pieber TR, Amrein K. Vitamin D and immune function.
Nutrients. (2013) 5:2502–21. doi: 10.3390/nu5072502

11. Baeke F, Takiishi T, Korf H, Gysemans C, Mathieu C. Vitamin D: modulator of
the immune system. Curr Opin Pharmacol. (2010) 10:482–96. doi: 10.1016/j.coph.
2010.04.001

12. Aranow C. Vitamin D and the immune system. J Investig Med. (2011)
59:881–6. doi: 10.2310/JIM.0b013e31821b8755

13. Charoenngam N, Holick MF. Immunologic effects of Vitamin D on human
health and disease. Nutrients. (2020) 12:E2097. doi: 10.3390/nu12072097

Frontiers in Nutrition 13 frontiersin.org

https://doi.org/10.3389/fnut.2022.1000400
https://doi.org/10.1016/j.jcte.2014.10.001
https://doi.org/10.1289/ehp.9937
https://doi.org/10.1038/ejcn.2013.3
https://doi.org/10.1016/j.jcot.2019.07.004
https://doi.org/10.1056/NEJMra070553
https://doi.org/10.1056/NEJMra070553
https://doi.org/10.1093/ajcn/80.6.1689S
https://doi.org/10.1093/ajcn/80.6.1689S
https://doi.org/10.1093/oxfordjournals.jbchem.a022662
https://doi.org/10.1093/oxfordjournals.jbchem.a022662
https://doi.org/10.1007/s00394-012-0430-5
https://doi.org/10.1016/j.jsbmb.2013.12.009
https://doi.org/10.3390/nu5072502
https://doi.org/10.1016/j.coph.2010.04.001
https://doi.org/10.1016/j.coph.2010.04.001
https://doi.org/10.2310/JIM.0b013e31821b8755
https://doi.org/10.3390/nu12072097
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1000400 September 21, 2022 Time: 11:4 # 14

Luo et al. 10.3389/fnut.2022.1000400

14. Thompson DF, Walker CK. A descriptive and historical review of
bibliometrics with applications to medical sciences. Pharmacotherapy. (2015)
35:551–9. doi: 10.1002/phar.1586

15. Kokol P, Blažun Vošner H, Završnik J. Application of bibliometrics in
medicine: a historical bibliometrics analysis. Health Info Libr J. (2021) 38:125–38.
doi: 10.1111/hir.12295

16. Shah MW, Ahmad T, Khan M, Muhammad S, Sun G. Global research on
vitamin D and coronavirus disease 2019: A bibliometric and visualized study.
Medicine (Baltimore). (2022) 101:e29768. doi: 10.1097/MD.0000000000029768

17. Malik AA, Baig M, Butt NS, Imran M, Alzahrani SH, Gazzaz ZJ. Bibliometric
analysis of global research productivity on Vitamin D and bone metabolism (2001-
2020): learn from the past to plan future. Nutrients. (2022) 14:542. doi: 10.3390/
nu14030542

18. He W, Deng Y, Luo X. Bibliometric analysis of the global research status and
trends of the association between Vitamin D and infections from 2001 to 2021.
Front Public Health. (2022) 10:934106. doi: 10.3389/fpubh.2022.934106

19. Chen C, Song M. Visualizing a field of research: A methodology of systematic
scientometric reviews. PLoS One. (2019) 14:e0223994. doi: 10.1371/journal.pone.
0223994

20. Yang A, Lv Q, Chen F, Wang D, Liu Y, Shi W. Identification of recent trends in
research on Vitamin D: a quantitative and co-word analysis. Med Sci Monit. (2019)
25:643–55. doi: 10.12659/MSM.913026

21. Roth DE, Abrams SA, Aloia J, Bergeron G, Bourassa MW, Brown KH, et al.
Global prevalence and disease burden of vitamin D deficiency: a roadmap for
action in low- and middle-income countries. Ann N Y Acad Sci. (2018) 1430:44–79.
doi: 10.1111/nyas.13968

22. Ardawi M-SM, Sibiany AM, Bakhsh TM, Qari MH, Maimani AA. High
prevalence of vitamin D deficiency among healthy Saudi Arabian men: relationship
to bone mineral density, parathyroid hormone, bone turnover markers, and
lifestyle factors. Osteoporos Int. (2012) 23:675–86. doi: 10.1007/s00198-011-1606-1

23. Al Shaikh AM, Abaalkhail B, Soliman A, Kaddam I, Aseri K, Al Saleh Y, et al.
Prevalence of Vitamin D Deficiency and Calcium Homeostasis in Saudi Children. J
Clin Res Pediatr Endocrinol. (2016) 8:461–7. doi: 10.4274/jcrpe.3301

24. Mallah EM, Hamad MF, Elmanaseer MA, Qinna NA, Idkaidek NM, Arafat
TA, et al. Plasma concentrations of 25-hydroxyvitamin D among Jordanians: Effect
of biological and habitual factors on vitamin D status. BMC Clin Pathol. (2011) 11:8.
doi: 10.1186/1472-6890-11-8

25. Hwalla N, Al Dhaheri AS, Radwan H, Alfawaz HA, Fouda MA, Al-Daghri
NM, et al. The prevalence of micronutrient deficiencies and inadequacies in the
middle east and approaches to interventions. Nutrients. (2017) 9:E229. doi: 10.
3390/nu9030229

26. Olsson T, Barcellos LF, Alfredsson L. Interactions between genetic, lifestyle
and environmental risk factors for multiple sclerosis. Nat Rev Neurol. (2017)
13:25–36. doi: 10.1038/nrneurol.2016.187

27. Hemmer B, Kerschensteiner M, Korn T. Role of the innate and adaptive
immune responses in the course of multiple sclerosis. Lancet Neurol. (2015)
14:406–19. doi: 10.1016/S1474-4422(14)70305-9

28. Munger KL, Levin LI, Hollis BW, Howard NS, Ascherio A. Serum 25-
hydroxyvitamin D levels and risk of multiple sclerosis. JAMA. (2006) 296:2832–8.
doi: 10.1001/jama.296.23.2832

29. Cortese M, Riise T, Bjørnevik K, Holmøy T, Kampman MT, Magalhaes S,
et al. Timing of use of cod liver oil, a vitamin D source, and multiple sclerosis
risk: The EnvIMS study. Mult Scler. (2015) 21:1856–64. doi: 10.1177/135245851557
8770

30. Adzemovic MZ, Zeitelhofer M, Hochmeister S, Gustafsson SA, Jagodic M.
Efficacy of vitamin D in treating multiple sclerosis-like neuroinflammation depends
on developmental stage. Exp Neurol. (2013) 249:39–48. doi: 10.1016/j.expneurol.
2013.08.002

31. Caballero-Villarraso J, Jiménez-Jiménez MJ, Escribano BM, Agüera E,
Santamaría A, Túnez I. Implications of Vitamin D in Multiple Sclerosis
and Other Neurodegenerative Processes: Bibliometric Analysis and Systematic
Review. CNS Neurol Disord Drug Targets. (2019) 18:478–90. doi: 10.2174/
1871527318666190703102330

32. International Multiple Sclerosis Genetics Consortium, Wellcome Trust
Case Control Consortium 2, Sawcer S, Hellenthal G, Pirinen M, Spencer
CCA, et al. Genetic risk and a primary role for cell-mediated immune
mechanisms in multiple sclerosis. Nature. (2011) 476:214–9. doi: 10.1038/nature
10251

33. Mokry LE, Ross S, Ahmad OS, Forgetta V, Smith GD, Goltzman D,
et al. Vitamin D and Risk of Multiple Sclerosis: A Mendelian Randomization
Study. PLoS Med. (2015) 12:e1001866. doi: 10.1371/journal.pmed.10
01866

34. Bouillon R, Manousaki D, Rosen C, Trajanoska K, Rivadeneira F, Richards
JB. The health effects of vitamin D supplementation: evidence from human studies.
Nat Rev Endocrinol. (2022) 18:96–110. doi: 10.1038/s41574-021-00593-z

35. Jacobs BM, Noyce AJ, Giovannoni G, Dobson R. BMI and low vitamin
D are causal factors for multiple sclerosis: A Mendelian Randomization study.
Neurology(R) Neuroimmunol Neuroinflam. (2020) 7:e662. doi: 10.1212/NXI.
0000000000000662

36. Sandberg L, Biström M, Salzer J, Vågberg M, Svenningsson A, Sundström P.
Vitamin D and axonal injury in multiple sclerosis. Mult Scler. (2016) 22:1027–31.
doi: 10.1177/1352458515606986

37. Fitzgerald KC, Munger KL, Köchert K, Arnason BGW, Comi G, Cook S, et al.
Association of Vitamin D Levels With Multiple Sclerosis Activity and Progression
in Patients Receiving Interferon Beta-1b. JAMA Neurol. (2015) 72:1458–65. doi:
10.1001/jamaneurol.2015.2742

38. Smolders J, Mimpen M, Oechtering J, Damoiseaux J, van den Ouweland J,
Hupperts R, et al. Vitamin D3 supplementation and neurofilament light chain in
multiple sclerosis. Acta Neurol Scand. (2020) 141:77–80. doi: 10.1111/ane.13185

39. Holmøy T, Røsjø E, Zetterberg H, Blennow K, Lindstrøm JC, Steffensen
LH, et al. Vitamin D supplementation and neurofilament light chain in multiple
sclerosis. Acta Neurol Scand. (2019) 139:172–6. doi: 10.1111/ane.13037

40. Hupperts R, Smolders J, Vieth R, Holmøy T, Marhardt K, Schluep M, et al.
Randomized trial of daily high-dose vitamin D3 in patients with RRMS receiving
subcutaneous interferon β-1a. Neurology. (2019) 93:e1906–16. doi: 10.1212/WNL.
0000000000008445

41. Soilu-Hänninen M, Aivo J, Lindström B-M, Elovaara I, Sumelahti M-L,
Färkkilä M, et al. A randomised, double blind, placebo controlled trial with vitamin
D3 as an add on treatment to interferon β-1b in patients with multiple sclerosis. J
Neurol Neurosurg Psychiatry. (2012) 83:565–71. doi: 10.1136/jnnp-2011-301876

42. Abouzid M, Glowka AK, Karazniewicz-Lada M. Trend research of vitamin
D receptor: Bibliometric analysis. Health Inform J. (2021) 27:14604582211043158.
doi: 10.1177/14604582211043158

43. Wang Y, Becklund BR, DeLuca HF. Identification of a highly specific and
versatile vitamin D receptor antibody. Arch Biochem Biophys. (2010) 494:166–77.
doi: 10.1016/j.abb.2009.11.029

44. Bouillon R, Carmeliet G, Verlinden L, van Etten E, Verstuyf A, Luderer HF,
et al. Vitamin D and human health: lessons from vitamin D receptor null mice.
Endocr Rev. (2008) 29:726–76. doi: 10.1210/er.2008-0004

45. Sun J, Zhang Y-G. Vitamin D Receptor Influences Intestinal Barriers in
Health and Disease. Cells. (2022) 11:1129. doi: 10.3390/cells11071129

46. Nagy L, Szanto A, Szatmari I, Széles L. Nuclear hormone receptors enable
macrophages and dendritic cells to sense their lipid environment and shape their
immune response. Physiol Rev. (2012) 92:739–89. doi: 10.1152/physrev.00004.2011

47. Adorini L, Penna G. Dendritic cell tolerogenicity: a key mechanism in
immunomodulation by vitamin D receptor agonists. Hum Immunol. (2009)
70:345–52. doi: 10.1016/j.humimm.2009.01.016

48. Booth DR, Ding N, Parnell GP, Shahijanian F, Coulter S, Schibeci SD, et al.
Cistromic and genetic evidence that the vitamin D receptor mediates susceptibility
to latitude-dependent autoimmune diseases. Genes Immun. (2016) 17:213–9. doi:
10.1038/gene.2016.12

49. Jiang S, Huang L, Zhang W, Zhang H. Vitamin D/VDR in acute kidney
injury: a potential therapeutic target. Curr Med Chem. (2021) 28:3865–76. doi:
10.2174/0929867327666201118155625

50. Vandamme D, Landuyt B, Luyten W, Schoofs L. A comprehensive summary
of LL-37, the factotum human cathelicidin peptide. Cell Immunol. (2012) 280:22–
35. doi: 10.1016/j.cellimm.2012.11.009

51. Liu PT, Stenger S, Li H, Wenzel L, Tan BH, Krutzik SR, et al. Toll-like receptor
triggering of a vitamin D-mediated human antimicrobial response. Science. (2006)
311:1770–3. doi: 10.1126/science.1123933

52. Martineau AR, Wilkinson KA, Newton SM, Floto RA, Norman AW,
Skolimowska K, et al. IFN-gamma- and TNF-independent vitamin D-inducible
human suppression of mycobacteria: the role of cathelicidin LL-37. J Immunol.
(2007) 178:7190–8. doi: 10.4049/jimmunol.178.11.7190

53. Martineau AR, Timms PM, Bothamley GH, Hanifa Y, Islam K, Claxton AP,
et al. High-dose vitamin D(3) during intensive-phase antimicrobial treatment of
pulmonary tuberculosis: a double-blind randomised controlled trial. Lancet. (2011)
377:242–50. doi: 10.1016/S0140-6736(10)61889-2

54. Ganmaa D, Munkhzul B, Fawzi W, Spiegelman D, Willett WC, Bayasgalan
P, et al. High-Dose Vitamin D3 during Tuberculosis Treatment in Mongolia.
A Randomized Controlled Trial. Am J Respir Crit Care Med. (2017) 196:628–37.
doi: 10.1164/rccm.201705-0936OC

55. Sudfeld CR, Mugusi F, Muhihi A, Aboud S, Nagu TJ, Ulenga N, et al. Efficacy
of vitamin D3 supplementation for the prevention of pulmonary tuberculosis and

Frontiers in Nutrition 14 frontiersin.org

https://doi.org/10.3389/fnut.2022.1000400
https://doi.org/10.1002/phar.1586
https://doi.org/10.1111/hir.12295
https://doi.org/10.1097/MD.0000000000029768
https://doi.org/10.3390/nu14030542
https://doi.org/10.3390/nu14030542
https://doi.org/10.3389/fpubh.2022.934106
https://doi.org/10.1371/journal.pone.0223994
https://doi.org/10.1371/journal.pone.0223994
https://doi.org/10.12659/MSM.913026
https://doi.org/10.1111/nyas.13968
https://doi.org/10.1007/s00198-011-1606-1
https://doi.org/10.4274/jcrpe.3301
https://doi.org/10.1186/1472-6890-11-8
https://doi.org/10.3390/nu9030229
https://doi.org/10.3390/nu9030229
https://doi.org/10.1038/nrneurol.2016.187
https://doi.org/10.1016/S1474-4422(14)70305-9
https://doi.org/10.1001/jama.296.23.2832
https://doi.org/10.1177/1352458515578770
https://doi.org/10.1177/1352458515578770
https://doi.org/10.1016/j.expneurol.2013.08.002
https://doi.org/10.1016/j.expneurol.2013.08.002
https://doi.org/10.2174/1871527318666190703102330
https://doi.org/10.2174/1871527318666190703102330
https://doi.org/10.1038/nature10251
https://doi.org/10.1038/nature10251
https://doi.org/10.1371/journal.pmed.1001866
https://doi.org/10.1371/journal.pmed.1001866
https://doi.org/10.1038/s41574-021-00593-z
https://doi.org/10.1212/NXI.0000000000000662
https://doi.org/10.1212/NXI.0000000000000662
https://doi.org/10.1177/1352458515606986
https://doi.org/10.1001/jamaneurol.2015.2742
https://doi.org/10.1001/jamaneurol.2015.2742
https://doi.org/10.1111/ane.13185
https://doi.org/10.1111/ane.13037
https://doi.org/10.1212/WNL.0000000000008445
https://doi.org/10.1212/WNL.0000000000008445
https://doi.org/10.1136/jnnp-2011-301876
https://doi.org/10.1177/14604582211043158
https://doi.org/10.1016/j.abb.2009.11.029
https://doi.org/10.1210/er.2008-0004
https://doi.org/10.3390/cells11071129
https://doi.org/10.1152/physrev.00004.2011
https://doi.org/10.1016/j.humimm.2009.01.016
https://doi.org/10.1038/gene.2016.12
https://doi.org/10.1038/gene.2016.12
https://doi.org/10.2174/0929867327666201118155625
https://doi.org/10.2174/0929867327666201118155625
https://doi.org/10.1016/j.cellimm.2012.11.009
https://doi.org/10.1126/science.1123933
https://doi.org/10.4049/jimmunol.178.11.7190
https://doi.org/10.1016/S0140-6736(10)61889-2
https://doi.org/10.1164/rccm.201705-0936OC
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1000400 September 21, 2022 Time: 11:4 # 15

Luo et al. 10.3389/fnut.2022.1000400

mortality in HIV: a randomised, double-blind, placebo-controlled trial. Lancet HIV.
(2020) 7:e463–71. doi: 10.1016/S2352-3018(20)30108-9

56. Tamara L, Kartasasmita CB, Alam A, Gurnida DA. Effects of
Vitamin D supplementation on resolution of fever and cough in children
with pulmonary tuberculosis: A randomized double-blind controlled
trial in Indonesia. J Glob Health. (2022) 12:04015. doi: 10.7189/jogh.12.
04015

57. World Health Organization. Tuberculosis (TB). (2022). Available online at:
https://www.who.int/news-room/fact-sheets/detail/tuberculosis (accessed July 17,
2022).

58. Whittemore PB. COVID-19 fatalities, latitude, sunlight, and vitamin D. Am J
Infect Control. (2020) 48:1042–4. doi: 10.1016/j.ajic.2020.06.193

59. Subramanian„ S, Griffin G, Hewison M, Hopkin J, Kenny RA, Laird E, et al.
Vitamin D. and COVID-19-Revisited. J Intern Med. (2022) doi: 10.1111/joim.13536
[Epub ahead of print].

60. Ilie PC, Stefanescu S, Smith L. The role of vitamin D in the prevention
of coronavirus disease 2019 infection and mortality. Aging Clin Exp Res. (2020)
32:1195–8. doi: 10.1007/s40520-020-01570-8

61. Mueller AL, McNamara MS, Sinclair DA. Why does COVID-19
disproportionately affect older people? Aging (Albany NY). (2020) 12:9959–81.
doi: 10.18632/aging.103344

62. Hernández JL, Nan D, Fernandez-Ayala M, García-Unzueta M, Hernández-
Hernández MA, López-Hoyos M, et al. Vitamin D Status in Hospitalized Patients
with SARS-CoV-2 Infection. J Clin Endocrinol Metab. (2021) 106:e1343–53. doi:
10.1210/clinem/dgaa733

63. Brandão CMÁ, Chiamolera MI, Biscolla RPM, Lima JV, De Francischi Ferrer
CM, Prieto WH, et al. No association between vitamin D status and COVID-
19 infection in São Paulo, Brazil. Arch Endocrinol Metab. (2021) 65:381–5. doi:
10.20945/2359-3997000000343

64. Karonova TL, Golovatyuk KA, Kudryavtsev IV, Chernikova AT, Mikhaylova
AA, Aquino AD, et al. Effect of Cholecalciferol Supplementation on the Clinical
Features and Inflammatory Markers in Hospitalized COVID-19 Patients: A

Randomized. Open-Label, Single-Center Study. Nutrients. (2022) 14:2602. doi:
10.3390/nu14132602

65. Fernandes AL, Murai IH, Reis BZ, Sales LP, Santos MD, Pinto AJ, et al. Effect
of a single high dose of Vitamin D3 on cytokines, chemokines and growth factor
in patients with moderate to severe COVID-19. Am J Clin Nutr. (2022) 115:790–8.
doi: 10.1093/ajcn/nqab426

66. Taheri S, Asadi S, Nilashi M, Abumalloh RA, Ghabban NMA, Yusuf SYM,
et al. A literature review on beneficial role of vitamins and trace elements: Evidence
from published clinical studies. J Trace Elem Med Biol. (2021) 67:126789. doi:
10.1016/j.jtemb.2021.126789

67. Dayal D, Gupta BM, Surulinathi M, Nanda PM. Covid-19 and Vitamin D
deficiency: a scientometric assessment of global publications during 2020-21. J
Young Pharm. (2021) 13:S89–94. doi: 10.5530/jyp.2021.13s.77

68. Xu J, Yang J, Chen J, Luo Q, Zhang Q, Zhang H. Vitamin D alleviates
lipopolysaccharide-induced acute lung injury via regulation of the renin-
angiotensin system. Mol Med Rep. (2017) 16:7432–8. doi: 10.3892/mmr.2017.
7546

69. Ni W, Yang X, Yang D, Bao J, Li R, Xiao Y, et al. Role of angiotensin-
converting enzyme 2 (ACE2) in COVID-19. Crit Care. (2020) 24:422. doi: 10.1186/
s13054-020-03120-0

70. Heaney RP. Guidelines for optimizing design and analysis of clinical
studies of nutrient effects. Nutr Rev. (2014) 72:48–54. doi: 10.1111/nure.1
2090

71. Lordan R. Notable Developments for Vitamin D Amid the COVID-19
Pandemic, but Caution Warranted Overall: A Narrative Review. Nutrients. (2021)
13:740. doi: 10.3390/nu13030740

72. Palacios C, Gonzalez L. Is vitamin D deficiency a major global public health
problem? J Steroid Biochem Mol Biol. (2014) 144(Pt A):138–45. doi: 10.1016/j.
jsbmb.2013.11.003

73. Seamans KM, Cashman KD. Existing and potentially novel functional
markers of vitamin D status: a systematic review. Am J Clin Nutr. (2009) 89:1997S–
2008S. doi: 10.3945/ajcn.2009.27230D

Frontiers in Nutrition 15 frontiersin.org

https://doi.org/10.3389/fnut.2022.1000400
https://doi.org/10.1016/S2352-3018(20)30108-9
https://doi.org/10.7189/jogh.12.04015
https://doi.org/10.7189/jogh.12.04015
https://www.who.int/news-room/fact-sheets/detail/tuberculosis
https://doi.org/10.1016/j.ajic.2020.06.193
https://doi.org/10.1111/joim.13536
https://doi.org/10.1007/s40520-020-01570-8
https://doi.org/10.18632/aging.103344
https://doi.org/10.1210/clinem/dgaa733
https://doi.org/10.1210/clinem/dgaa733
https://doi.org/10.20945/2359-3997000000343
https://doi.org/10.20945/2359-3997000000343
https://doi.org/10.3390/nu14132602
https://doi.org/10.3390/nu14132602
https://doi.org/10.1093/ajcn/nqab426
https://doi.org/10.1016/j.jtemb.2021.126789
https://doi.org/10.1016/j.jtemb.2021.126789
https://doi.org/10.5530/jyp.2021.13s.77
https://doi.org/10.3892/mmr.2017.7546
https://doi.org/10.3892/mmr.2017.7546
https://doi.org/10.1186/s13054-020-03120-0
https://doi.org/10.1186/s13054-020-03120-0
https://doi.org/10.1111/nure.12090
https://doi.org/10.1111/nure.12090
https://doi.org/10.3390/nu13030740
https://doi.org/10.1016/j.jsbmb.2013.11.003
https://doi.org/10.1016/j.jsbmb.2013.11.003
https://doi.org/10.3945/ajcn.2009.27230D
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

	Visual analysis of the research trend and status on the association between vitamin D and immunity: From 2012 to 2021
	Introduction
	Materials and methods
	Data collection
	Data analysis

	Results
	General information and the global research trend
	Analysis of countries' contribution
	Analysis of institutions and authors
	Analysis of research topics
	Analysis of keyword co-occurrence and keyword cluster
	Analysis of keyword cluster timeline and keyword bursts
	Analysis of highly cited articles


	Discussion
	General tendency of research
	Evolutions and focuses of research
	Research frontiers and future prospects
	Limitations

	Conclusion
	Data availability statement
	Author contributions
	Conflict of interest
	Publisher's note
	References


