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Preface

Vitamin D deficiency has been noted in people worldwide and thus it is a global
problem. As such, there is growing interest from scholars and health practitioners in
the function of vitamin D in human health and diseases, especially in its pleiotropic
outcomes. It is generally accepted that vitamin D is an essential substance for the
homeostasis of calcium and phosphorus in the human body. It is a neuroactive sec-
osteroid that may be implicated in the development of various pathological disorders.
The functionally active form of vitamin D (1.25-OH-VD 2) reveals both genomic and
non-genomic effects.

The book presents new insights into the role of vitamin D deficiency in the develop-
ment of various chronic diseases, including COVID-19. It is organized into four
sections: “Introduction”, “Vitamin D Status and Childhood”, “Vitamin D Status and
COVID-19” and “Vitamin D Status and Non-Hormonal/Hormonal Disorders”.

After the first section, which is the introduction, an important theme developed

in Section 2 is vitamin D status in the neonatal and postnatal periods in children.
Chapters in this section examine the consequences of vitamin D deficiency in children
and discuss strategies for addressing this deficiency. Section 3 discusses the profound
role of vitamin D deficiency in the era of COVID-19. Finally, Section 4 reviews the
implication of vitamin D deficiency in the physiological and biochemical processes

of renal, endocrine, and cardiovascular diseases.

Julia Fedotova, MD, Ph.D., Dr. habil, Sc.D.
Associated Professor,

Laboratory of Neuroendocrinology,

Pavlov Institute of Physiology RAS,

St. Petersburg, Russia

National Research South Ural State University,
Chelaybinsk, Russia
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Chapter1

Introductory Chapter: Vitamin D
Deficiency

Julia Fedotova

1. Introduction

Vitamin D (VD) is a unique bio-regulatory molecule as it can be synthesized in
the skin in addition to its dietary sources [1, 2]. The well-studied function of VD is
associated with its ability to regulate metabolic processes in skeletal tissue by affecting
mineralization, maintaining a balance between the formation and resorption of bone
tissue, thereby contributing to the prevention of osteoporosis and the occurrence of
fractures [1-3].

VD comes in two major forms, D, and Dj, with D; being the most prominent.

Both forms can be sourced from food, D, from plants and mushrooms while D; can be
found in fish oil [2-4]. However, the majority of the body’s VD is synthesized de novo
in the skin after exposure to ultraviolet B radiation such as sunlight [2, 5].

Earlier studies have suggested that a serum level of VD should range around
40-60 ng/1 lowers the risks of developing different diseases, as well as an all-cause
lower mortality [1, 2]. A daily intake or production of 4000-6000 international units
is required to sustain these levels [2]. While it is possible to produce the required levels
of VD through 2 times in a week sun exposure for 10-30 minutes, many patients are
unable to produce that much because of issues related to the environment, health and
socioeconomic reasons [1, 2].

That is why, it is recommended for healthy adults at risk for VD deficiency to
supplement with 1500-2000 IU with an upper limit of 10.000 IU a day orally [1, 2].
A correlation between very low VDj; levels and numerous diseases and a correlation
between an impact of VD levels and normal functioning of the whole organism have
well-established [1].

2. COVID-19 era and Vitamin D deficiency

VD is postulated to impact innate and adaptive immunological responses [6]. Low
concentrations of VD are associated to elevated autoimmunity and increased suscep-
tibility to virus diseases [6, 7]. The implication of VD in the protective mechanisms
against respiratory tract infections by COVID-19 has been reported [7]. VD produces
anti-microbial peptides secretion, especially cathelicidins and defensins, thereby
resulting in the replication rate of viruses and pro-inflammatory cytokines levels.
Supplementation of VD in patients with COVID-19 for treatment has been made in
human studies [6, 7]. Beneficial effects of VD to protect the incidence of influenza A
are associated with very low VD levels due to lack of sunlight exposure [7]. VD might
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help in preventing influenza by preventing a cytokine storm in the influenza state,

reducing the production of IL-1 and IL-6 [7, 8]. Recently, low VD levels are linked with

elevated IL-6 levels in patients with the human immunodeficiency virus disease [9].
As mentioned, VD has multiple effects on the immune system. Many studies

have therefore looked into whether VD status and VD supplementation could lower

the risk of contracting acute respiratory infections in general, also in some another

pandemic like COVID-19 in the future.

3. Summary

Overall, VD deficiency might affect the treatment response and remission rate in
different population with numerous disorders. We do not exactly know the precise
mechanisms how VD deficiency might implicate in many disorders. However, we
must take into account that patients with VD deficiency can be resistant to available
therapeutic options, which poses a major therapeutic challenge to health experts.
Thus, it is possible to suggest that VD deficiency is likely a driving factor for the
development of a whole number of severe diseases.

The following recommendations can be made:

1.Each individual with VD deficiency is a unique case and needs detailed evalua-
tion to identify the prior drug response and make a correct diagnosis.

2. Assessment of risk factors for different disorders in patients with VD deficiency
is equally important to guide health professionals in tailoring an appropriate
management plan for such patients.

3.There are a wide variety of options for the treatment of VD deficiency; therefore,
every therapeutic paradigm needs to be utilized when helping patients with VD
deficiency.

4.1In light of the demonstrated importance of truly adequate VD levels to the long-
term outcomes of various disorders, further randomized clinical trials involving
newer drugs and therapies are needed in the future.

New technologies might offer ways to treat patients with various disorders in a
association with VD deficiency more effectively.
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Chapter?2

Vitamin D Deficiency in Pediatric
Dentistry

Elif Giil Aydin

Abstract

Vitamin D (vitD) deficiency has essential effects on general health. It is known
that oral and dental health is an integral part of public health, and there is a close rela-
tionship between them. From the development and eruption stages of the teeth to the
formation of caries, vitD deficiency has accepted significant effects on oral health. It
is essential to understand the role of vitD deficiency in early childhood caries (ECC),
which is considered one of the most critical problems, especially in pediatric patients.
Low vitD levels during pregnancy have even been reported to increase ECC risk in
infancy. For this reason, care should be taken to ensure that the mother’s 25(OH)d
level and later the child is in optimal conditions, starting from the pregnancy period,
to improve the oral health status of children.

Keywords: pediatric dentistry, vitD deficiency, early childhood caries, primary teeth

1. Introduction

Today, within the framework of increasing holistic health understanding, it is seen
that the interest in the relationship between oral and systemic health has improved.
The relationship between dental caries and nutrition is known from when caries
are defined. 25-hydroxyvitamin D (25(OH)D) <30 nmol/L is accepted as a vitamin
D deficiency, and it is stated that it may be associated with poor oral health. The
incidence of periodontal disease, dental caries, and enamel hypoplasia is increased
with vitamin D deficiency. In addition, 25-hydroxyvitamin D or its metabolites are
involved in the immunological response together with the antimicrobial peptides
cathelicidin and defensins that play an immunological role.

2. Vitamin D deficiency in pediatric dentistry

Tooth caries seen in children remain its place as a significant disease that affects
more than 600 million children worldwide. Early childhood caries (ECC) is defined
as the presence of one or more decayed (non-cavitated or cavitated lesions), missing
or filled (due to caries) surfaces in any primary tooth of a child under 6 years of age
[1]. Permanent teeth under the primary teeth play a protective place to come to their
appropriate places in the mouth. Due to caries in these teeth, chronic pain, infections,
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and nutritional problems occur in children. These problems have a negative impact
on the quality of life of children and families and increase the burden of community
health programs. For this reason, they should be considered an integral part of
general health.

Early childhood caries, like other types of caries, is a dynamic disease that starts
with biofilm, can persist in the presence of sugar, is considered multifactorial, and
occurs with the deterioration of the balance between demineralization and reminer-
alization of dental hard tissues. Tooth decay occurs due to the biological, behavioral,
and psychosocial factors associated with the individual’s environment. Common
risk factors for ECC include improper infant feeding, exposure to sugar, poor oral
hygiene, poverty, and late access to preventive dental care. ECC has common risk
factors for other noncommunicable diseases associated with excessive sugar con-
sumption, such as cardiovascular disease, diabetes, and obesity. Excessive sugar con-
sumption causes prolonged acid production from the bacteria attached to the tooth
and changes the composition of the oral microbiota and the pH of the biofilm. When
this condition persists, the tooth structures demineralize [1]. Severe early childhood
caries (S-ECC) is a more aggressive manifestation that frequently necessitates dental
treatment under general anesthesia. Those with S-ECC often suffer from pain, sleep
disturbance, behavior changes, and altered eating habits. In recent cross-sectional
studies, children with S-ECC have been found to have lower vitamin D status, iron
status, or anemia [2-6].

The relationship between nutrition, general health, and dental caries studies dates
to the 1920s. The study by Mellanby and Pattison, published in 1928, provides the
first evidence that vitamin D deficiency is associated with dental caries in children
[7, 8]. A growing body of studies and evidence shows that low serum concentrations
of 25-hydroxyvitamin D (25(OH)D) are associated with increased caries experience
[2, 8-11]. It has even been reported that low 25(OH)D levels in the mother during
pregnancy increase the risk of ECC in children [9, 10, 12].

Minerals, such as magnesium, calcium, and phosphorus, the essential structural
components of the tooth, should be taken at sufficient levels with the diet. These
minerals play a role by interacting with vitamins in strengthening the tooth structure.
A deficiency of magnesium, calcium, and phosphorus in diet and nutrition content
usually results in loose teeth and premature tooth loss. If magnesium deficiency
occurs during the formation stages of teeth, delay in eruption times, enamel or dentin
hypoplasia appear. Also, the alveolar bone becomes brittle, and the gingiva becomes
hypertrophic. It is stated that magnesium strengthens the antimicrobial environment,
reduces oral inflammation, and increases the flexibility of tooth enamel by increasing
calcium absorption in the teeth [13, 14], especially vitD is related to calcium, mag-
nesium, and zinc. Without magnesium, the immune system cannot activate vitamin
D, and sufficient calcium absorption does not occur in the teeth. vitD is a hormone
essential for the intestinal absorption of Calcium, Magnesium and Phosphate.
Vitamin D helps regulate calcium and phosphate balance to maintain healthy bone
function. Magnesium helps activate vitamin D, which helps regulate calcium and
phosphate homeostasis, influencing bone growth and maintenance. There is a syner-
gistic relationship between vitD and magnesium [13].

Several different mechanisms have been proposed to express the role of vitD
among the factors reducing caries.

One of these mechanisms is to play a role in the formation, calcification, min-
eralization, and protection of teeth by affecting serum calcium, phosphate levels,
and parathyroid hormone. The balance between calcium and phosphate levels is
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important for the formation, calcification, mineralization, and preservation of teeth,
bone, hard tissue, maxilla, and mandible. Enamel and dentin defects-hypoplasia have
been linked with hypocalcemia and hypophosphatemia [11, 15].

Dental caries and VDD (vitamin D deficiency) affect children worldwide.
Changes in both enamel and dentin are observed in children with a VDD. Therefore,
vitD has a significant role in forming oral hard tissue, comprising tooth enamel and
dentin, and affects primary and permanent teeth development [8, 11, 16].

Vitamin D deficiency may cause defects in enamel and dentin and increase the
risk of dental caries. In a systematic review of controlled clinical trials, 2827 children
were included. As a result of this systematic review, the significant relationship found
between vitamin D levels, and dental caries showed that vitamin D is a promising
anticaries agent [4, 8, 17].

Vitamin D has a significant role in odontogenesis [11, 18]. The mechanism by
which vitD excites the mineralization of tooth enamel involves binding to vitamin D
receptors (VDR) expressed in both tooth and bone cells. VDR directs the transcription
of several target genes, mostly defined by ameloblasts and odontoblasts [11, 15, 19].

It coordinates physiological functions by controlling calcium and phosphate metabo-
lism, promotes growth, and induces necessary remodeling of the bones and teeth [4].
VDR stimulates the formation of structural gene products in dentin, together with
calcium-binding proteins and diverse extracellular matrix proteins. The gene encoding
VDR is positioned on chromosome 12q13.11 and comprises several polymorphisms
[19]. The VDR gene adjusts the biological role of primary vitD metabolites; thus,
having a vital role in the configuration of teeth, particularly in mineralizing dentin
and enamel. Consequently, developmental deficiencies, for example, enamel hypopla-
sia, can result from VDD. Ultimately, vitD and VDR at the molecular level influence
the tooth germ formation, supply the regulation of enamel and dentin structure and
maturation, and organize the phases of dental crown growth [11, 15]. In addition to
dental problems due to vitamin D deficiency, genetic polymorphism of VDR gene
polymorphism has been associated with dental problems, such as external apical root
resorption, periodontal diseases, dentinogenesis imperfecta, chronic periodontitis,
and dental caries [20].

Tooth development and eruption are complex mechanisms involving the resorp-
tion of alveolar bone and the eruption pathway. A disorder in these processes causes
persistent primary teeth and delays in permanent tooth eruption. It is stated that
decreased vitamin D levels increase the rate of constant primary teeth and cause
delays in eruption in permanent teeth. It was known that maternal vitamin D defi-
ciency affects the formation and mineralization of primary teeth. It is considered
among the dental effects of vitamin D deficiency, which cause tooth eruption delays
in children [20].

Moreover, vitD adjusts and adapts both the innate and adaptive immune systems.
The immunological role of vitD is stimulating the arrangement of some antimicrobial
peptides, for example, defensins and cathelicidin (LL-37), which defend against
many pathogens, counting oral bacteria [4, 11, 12, 21]. Cathelicidin (LL-37 or hCAP-
18) is controlled by vitD, which has antiendotoxin and antimicrobial properties [22].
Vitamin D induces cathelicidin (LL-37), which is found in the immune system. LL-37
exhibits both antimicrobial and antiendotoxin activity. It is stated that there is an
inverse relationship between dental caries and LL-37, and the concentration of LL-37
is low in children with high caries activity. Epithelial antimicrobial peptides (LL-37 is
one of them) are the protectors of the oral cavity. It is stated that these antimicrobial
peptides have essential roles in reducing gingivitis in oral health. Therefore, vitamin
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D may be helpful in the treatment of periodontitis due to its direct effects on bone
metabolism and possible anti-inflammatory effects on periodontopathogens [13].

Early tooth loss, bone resorption, and bleeding tendency increase in mineral
deficiencies due to absorption disorders [13]. The chewing efficiency of individuals
provides the highest nutrient intake efficiency. Prematurely lost teeth have adverse
effects on diet selection and nutritional efficiency. Deterioration of nutritional
efficiency also causes deficiencies in vitamin intake. The resulting vitamin deficiency
also negatively affects the formation of dental hard tissue. Vitamin deficiencies in the
developmental stages of teeth cause disorders in the formation of hard tissue of the
tooth. Therefore, it has been stated that there is a strong positive correlation between
vitamin deficiencies. Malnutrition and dental hard tissue hypoplasia increase the risk
of dental caries in children during the primary dentition period [2, 23]. In addition,
mineral deficiencies cause bleeding in the gums, delayed tooth eruption, periodontal
disease, and destruction patterns in the alveolar bone [13, 23].

It is stated that dental health in children has started to decrease in industrial-
ized countries due to identifying risk factors and developing preventive strategies.
However, it was determined that while the prevalence of caries decreased, enamel
defects began to increase. It is considered a global burden, with the majority of
enamel defects rising to 38% in Western European countries [24]. Developmental
enamel defects are present when the affected tooth erupts. When the tooth newly
erupts, it may appear hypo mineralized, porous, and more yellow-brown opaque in
color. These impacted teeth are susceptible to fracture easily, and the permanent first
molars are affected quite frequently. Although these defects predispose to atypical
and extensive caries, they may result in the loss of the relevant permanent teeth in
the early period of life [25]. Even if the developmental enamel defects are mild, they
cause pain in children due to dentin sensitivity, poor esthetic color, and caries suscep-
tibility. Considering the effects of enamel defects on quality of life and health care
utilization, a significant public health problem arises [24-26]. Developmental enamel
defects are associated with the calcification processes of the teeth. Since calcifica-
tions of primary and permanent teeth occur in the early postnatal period following
the intrauterine period, it is necessary to examine these periods while investigating
the etiological factors. Studies indicate maternal disease, drug use during pregnancy,
premature birth, birth complications, and early childhood diseases as the etiological
factors of enamel defects [27]. However, these pieces of evidence are unfortunately
insufficient and therefore preventable. Vitamin D plays a crucial role in enamel for-
mation, and vitamin D deficiency is now also considered a common health challenge
in westernized societies [4].

A randomized controlled study conducted with high-dose vitamin D supplemen-
tary to mothers during pregnancy and early postpartum showed an inverse relation-
ship between high-dose vitamin D intake and the formation of enamel defects. In
other words, high-dose vitamin D supplementation taken during pregnancy and
early postpartum showed a 50% reducing effect on enamel defects in 6-year-old
children [26]. It is on the agenda to recommend vitamin D supplementation as a
primary preventive measure for enamel defects, potentially impacting dental health.
Considering the crucial role of vitamin D in enamel mineralization [19, 28], the bio-
logical relationship between vitamin D supplementation and these enamel defects is
considered reasonable. Vitamin D has an effect on the function of ameloblasts and the
mineralization of enamel in the early stages of tooth formation. It is stated that high-
dose vitamin D supplementation has a protective effect on the structural strength and
development of enamel [26].
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Vitamin D is also very effective, along with minerals, in protecting oral health.
Vitamin D helps maintain the calcium-phosphate balance and contributes to the shaping
of the bone. The beneficial effects of vitamin D on oral health are not only limited to the
direct impact on tooth mineralization. Still, they are also exerted through anti-inflam-
matory functions and the ability to stimulate the production of antimicrobial peptides.
It also has essential functions by showing anti-inflammatory effects. It is reported that
with sufficient Vit-D levels, the onset and progression of caries in the tooth structure can
be stopped, caries can be formed, and enamel loss can be prevented [4, 11, 13].

Early childhood caries affects not only dental health but also has severe effects on
general health. Malnutrition, iron deficiency anemia, and VDD are seen in children
with ECC because their nutritional status is affected [11, 17]. When the relation-
ship between vitamin D levels and caries was evaluated, it was determined that the
incidence of dental caries was higher in the children of mothers with low serum
vitamin D during pregnancy, and there was a strong correlation between vitamin D
levels and DMFT scores in the early childhood period of children up to 6 years of age
[3]. It is stated that the incidence of caries in the permanent first molar teeth is lower
in children with serum vitamin D levels greater than 50 nmol in the 10-11 years of
early adolescence period [3]. Similarly, in children aged 6-17 years, it was determined
that every 10 mg/ml increase in serum vitamin D resulted in a 0.66 decrease in DMFT
scores. It is also expected that malnutrition and related vitamin deficiencies increase
the incidence of enamel hypoplasia [2, 5, 9, 11]. According to the results of an obser-
vational study, the rate of dental caries was found to be more than three times higher
in 6-year-old children of mothers with 25 OHD deficiency in the third trimester of
pregnancy compared to the children of mothers with adequate 25 OHD levels in the
third trimester of pregnancy [3].

Vitamin D use may have a role in the protection of caries early in life. According
to meta-analysis studies, it is thought to be a promising caries prevention agent, given
that Vit-D supplementation relates to a 47% reduction in caries in children [3, 17].
Considering intrauterine life, an essential and critical stage for the development of
teeth, and vitamin D deficiency during pregnancy plays a crucial role in the suscepti-
bility to enamel hypoplasia and caries [2, 11, 23].

Improving vitD levels in children from an early stage appears to be an essential
task. This requires awareness of pregnancy. Pregnant women should have their vitD
levels tested routinely during the first trimester of pregnancy, and the risk of VDD,
VDD, and vitD ingestion should be evaluated. Prenatal vitD levels appear to influ-
ence the development of primary dentition and ECC [3, 9, 11, 23]. In addition, a
study found that pregnant women’s poor oral hygiene and low vitamin D levels were
positively correlated with preterm birth and low birth weight [29].

Vitamin D is an essential hormone for absorbing calcium, magnesium, and phos-
phorus from the intestine, which is necessary for properly mineralizing bones and
teeth. Although there are no applications in children, it has been shown that coating
the implant surfaces with vitD during dental implant application increases osteointe-
gration. In addition, intraperitoneal application of vitD creates positive effects (such
as facilitating acceleration) on tooth movements during orthodontic treatment [13].

3. Conclusions

When evaluated from a holistic perspective, it should be kept in mind that oral
health is also a part of general health. When seeking solutions for dental problems in
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children, the vitamin values of individuals should be considered. Increasing social
awareness in the fight against ECC and evaluating vitamin D deficiency is essential.
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Chapter 3

Vitamin D Deficiency and Critical
Care in the Neonatal Period

Pedvam Ghahvemani

Abstract

Neonates in critical care constitute a vulnerable group, and vitamin D status
in this group is the subject of extensive research. Studies suggest that critically ill
neonates and children have lower mean vitamin D levels than healthy ones, and there
is evidence linking vitamin D deficiency to an increased risk of mortality, illness
severity, and complications in these patients. Vitamin D deficiency in neonates and
children with congenital heart disease (CHD) undergoing corrective surgical treat-
ment has attracted particular attention. Overall, studies show high prevalence rates
of vitamin D deficiency in this group. Moreover, several studies report significant
associations between low vitamin D levels and unfavorable findings, such as increased
requirements for vasoactive support and mechanical ventilation and prolonged ICU
stays. Available data suggest vitamin D deficiency as a risk factor in neonatal and
pediatric critical illness, specifically in CHD patients undergoing surgical treatment.
Clinical trials have been proposed to examine the beneficial effect of preoperational
vitamin D supplementation on the outcome in this group. However, for now, vitamin
D supplementation should be considered in critically ill neonates, particularly those
undergoing surgery for CHD, aiming to maintain vitamin D at safe levels over the
threshold of vitamin D deficiency.

Keywords: vitamin D deficiency, neonatal period, critical care, congenital heart disease

1. Introduction

The traditional roles of vitamin D in skeletal dynamics, renal calcium reabsorp-
tion, and intestinal calcium absorption have long been known, as are the effects of
vitamin D deficiency on skeletal abnormalities such as rickets [1], but in recent years,
our understanding of vitamin D functions has rapidly evolved, and the list of roles
attributed to this compound in the body is greatly expanded. Basic science studies
have demonstrated the presence of vitamin D receptors on a wide range of cell types
in the body, from myocytes to white blood cells, implying a physiological role for vita-
min D in these organs. Similarly, laboratory animal studies have shown that a large
number of diseases can occur in genetically modified, vitamin D receptor knockout
mice and also in normal animals with nutritionally-induced vitamin D deficiency. In
humans, vitamin D deficiency is now linked to various disorders, from unfavorable
pregnancy outcomes to an increase in all-cause mortality, cardiovascular and cerebro-
vascular events, infectious and autoimmune diseases, and numerous cancers [2]. As
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aresult, vitamin D is now studied as a crucial substance with potential effects on the
initiation, progression, and outcome of a wide range of pathological conditions.

The possible links between vitamin D status and outcomes in critically sick
patients are fascinating subjects of current research. It has been hypothesized
that vitamin D deficiency may have a negative impact on the outcome in critically
ill patients due to a variety of roles that this vitamin plays in vital organs and life
processes [3]. Several studies have found a link between vitamin D deficiency and
the risk of death in people receiving critical care, and clinical trials are conducted
to look at the potential positive effect of supplemental vitamin D in this popula-
tion of patients [4]. Neonates and infants in critical care constitute a particularly
vulnerable group, and a considerable amount of research is focused on vitamin D
status in this group. Studies suggest that neonates and children who are critically ill
have lower mean vitamin D levels than healthy ones, and there is evidence linking
vitamin D deficiency to an increased risk of mortality, illness severity, and compli-
cations in these patients [5, 6]. In this chapter, we look into the ongoing research on
this exciting topic.

2. Defining vitamin D deficiency

Experts generally agree that 25-hydroxyvitamin D [25(OH)D] concentration
should be used to evaluate vitamin D status because it captures the contribution from
both diet and dermal synthesis [7], but there has been much debate regarding the
suggested thresholds (cut-offs) to define vitamin D deficiency. The Endocrine Society
Task Force on Vitamin D in the US has recommended that people with serum 25(OH)
D levels of less than 50 nmol/L be classified as vitamin D-deficient [8], while an inter-
national expert panel assembled by the European Society for Pediatric Endocrinology
has suggested serum 25-hydroxyvitamin D levels of 30-50 nmol/L as vitamin D
insufficiency and levels <30 nmol/L as deficiency [9].

In addition to clinical care guidelines, the question of vitamin D deficiency has
been addressed from the population health perspective. Some expert bodies tasked
with developing dietary recommendations for vitamin D propose 50 nmol/L as the
concentration of serum 25(OH)D that would satisfy the physiological vitamin D
requirement of nearly all “normal healthy persons” [7]. The Institute of Medicine
(IOM) in the US chose calcium absorption, bone mineral density (BMD), and two
well-studied clinical conditions- rickets in children and osteomalacia in adults- as
indicators for developing their vitamin D recommendations, known as Dietary
Reference Intakes (DRI) [7]. The DRI committee developed the Recommended
Dietary Allowance (RDA) based on the estimate that serum 25(OH)D concentration
of 50 nmol/L (15 pg/day for those aged 1 to 70 and 20 pg/day for those over 70) would
satisfy the needs of nearly all (i.e., 97.5%) of “normal healthy persons” [7]. Likewise,
the Scientific Advisory Committee on Nutrition (SACN) in the UK chose musculo-
skeletal status (rickets, osteomalacia, falls, muscle strength, and function) for devel-
oping their vitamin D recommendations, known as Dietary Reference Values (DRV).
They believe that the evidence overall suggests the risk of poor musculoskeletal health
increases at serum 25(OH)D concentrations below 20-30 nmol/L [10]. Based on this
reasoning, SACN chose a serum 25(OH)D target of 25 nmol/L as the “population
protective level” in order to safeguard the musculoskeletal health of people in the UK
throughout the year. They suggest a Reference Nutrient Intake (RNI) of 10 pg/day for
those aged 4 years and older [10].
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Overall, according to guidelines, serum 25(OH)D concentrations above 50 nmol/L
indicate vitamin D sufficiency for the majority of people, whereas concentrations
between 50 and 30 nmol/L indicate a risk of vitamin D inadequacy or deficiency for
some people [7]. Even though there is not yet universal agreement on what consti-
tutes vitamin D deficiency, it is generally accepted that we do not want people in our
populations to have 25(OH)D concentrations below 25/30 nmol/L. Preventing such
vitamin D deficiency is a public health priority.

3. Vitamin D deficiency in neonates and infants

Vitamin D deficiency is one of the most significant dietary deficits in children
worldwide. The International Osteoporosis Foundation (IOF) estimates that vitamin
D deficiency affected 84% of pregnant women and 96% of babies in 2009 [11]. A
2016 systematic review considered 25(OH)D concentrations in neonates and preg-
nant women worldwide from 1959 to 2014. Results showed that the mean maternal
25(OH)D concentrations ranged from 13 to 130 nmol /L, while the mean neonatal
25(OH)D concentrations ranged from 5 to 77 nmol/L. Around 54% of pregnant
women and 75% of newborns had vitamin D deficiency, defined as a serum 25(0OH)D
concentration below 50 nmol /L, and 18% of pregnant women and 29% of newborns
had severe vitamin D deficiency, defined as a serum 25(OH)D concentration below
25 nmol/L. There was a wide variation in vitamin D levels between WHO regions.

In the Eastern Mediterranean region, the average maternal 25(OH)D concentration
was <25 nmol /L, while it ranged from 75 to 100 nmol/L in the African region. In the
Americas, the average newborn 25(OH)D concentration was >75 nmol/L, but it was
<25 nmol/L in the Eastern Mediterranean. Similarly, 79% of pregnant women in the
Eastern Mediterranean region had severe vitamin D deficiency. The prevalence of
severe vitamin D insufficiency among pregnant women in the Americas, Western
Pacific, and Europe were much lower (9%, 13%, and 23%, respectively). The preva-
lence of vitamin D deficiency in neonates from the South-East Asian region was very
high (96%), while in the Americas, 30% of neonates were vitamin D deficient [12].

Leading causes of vitamin D deficiency in neonates include lower nutritional
intake, exclusive breastfeeding when the mother has vitamin D deficiency, and
decreased sun exposure due to seasonal changes. Maternal vitamin D deficiency is
demonstrated to be a significant risk factor for newborns with vitamin D deficiency
[11]. Neonatal 25(OH)D concentrations at delivery are generally lower than normal
in babies born to mothers with deficient and insufficient vitamin D levels but not in
babies of mothers with sufficient vitamin D status [13]. Infants in a disadvantaged
socioeconomic position exhibit a higher rate of vitamin D deficiency. This could
be explained by the likelihood of decreased calcium and vitamin D intake in these
children. Likewise, preterm newborns are more susceptible to vitamin D deficiency
due to diminished placental transfer, insufficient sun exposure, and lower vitamin D
storage as a result of low-fat mass. Babies with nephrotic syndrome, cystic fibrosis,
or malabsorption syndrome are also at higher risk of vitamin deficiency [14]. Drugs
such as phenobarbital, carbamazepine, oxcarbazepine, and phenytoin can interfere
with vitamin D metabolism [8]. The absorption, metabolism, or activation of vita-
min D are also impacted by other medications, including corticosteroids and azole
antifungals.

Secondary hyperparathyroidism, secondary hyperphosphatemia, and hypocalce-
mia are the main biochemical changes seen in babies with vitamin D deficiency [15].
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Along with vitamin D deficiency, other factors that may contribute to hyperphospha-
temia in this group include a decreased glomerular filtration rate, low intact para-
thyroid hormone (iPTH) levels, and renal tubular nonresponse to PTH, particularly
in the first days after birth. It is possible that co-occurring metabolic bone disease—
especially in preterm, small-for-gestational-age (SGA) neonates—also contributes to
these biochemical alterations.

Clinically, vitamin D deficiency in infants presents as rickets in extreme situations,
which can cause bowing of the knees, wrist widening, frontal bossing, spontaneous
fractures, and skeletal abnormalities. In older children, it can cause short stature,
muscle weakness, and pain. In addition to skeletal signs, vitamin D insufficiency can
cause developmental delay, growth failure, and recurrent respiratory infections [14].
Early vitamin D insufficiency can go undetected without clinical symptoms and later
proceed to florid rickets in older children if undiagnosed. In fact, in the neonatal age
group, the symptoms of hypocalcemia, there may the only clinical manifestations of
vitamin D deficiency.

To avoid the risk of later skeletal abnormalities and reduce pulmonary morbidity,
vitamin D insufficiency must be promptly identified and treated in neonates and
infants. A dosage of 400-1000 international units (IU) of vitamin D per day for 8
to 12 weeks is the recommended course of treatment for newborns with vitamin D
insufficiency, while infants after the newborn stage need 1000-5000 IU of vitamin
D per day for 8-12 weeks [15]. To treat vitamin D deficiency and prevent the hungry
bone syndrome, which develops as a result of underlying hypocalcemia, vitamin D
therapy is combined with appropriate calcium administration. To attain ideal serum
levels, children with malabsorption syndromes and those taking anticonvulsants,
glucocorticoids, antifungals, or antiretroviral drugs require longer and higher oral
doses of vitamin D [16].

Dietary consumption and cutaneous production both contribute to the mainte-
nance of vitamin D levels. Neonates and children have a greater potential to generate
vitamin D from sunshine because they have a higher body surface area to volume ratio
than adults [17]. A 10- to 15-minute period of direct sunshine exposure can generate
10,000 t0 20,000 IU of vitamin D. It has been demonstrated that completely dressed
infants exposed to sunlight for 2 hours each week can avoid severe vitamin D insuf-
ficiency [18]. However, it should be noted that exposure to direct sunshine is not rec-
ommended in infants younger than 6 months. Geographical latitude, degree of skin
pigmentation, and the amount of skin exposed to sunlight are among the most critical
variables that affect vitamin D synthesis from sunlight. Therefore, children with more
skin pigmentation are at a higher risk of vitamin D deficiency. Compared to children
with less skin pigmentation, these children need five to ten times more time in the sun
for the same amount of 25(OH) vitamin D to be produced. Asian children need three
times more sun exposure than white American children to maintain adequate vitamin
D levels due to their darker complexion.

4. Vitamin D deficiency and neonatal and pediatric health outcomes

In addition to its well-defined classical functions related to calcium homeostasis
and bone development, the relationship between vitamin D levels and health out-
comes in infancy has also attracted exceptional attention in the scientific community.
We begin our review of possible links between vitamin D status and health outcomes
with pregnancy outcomes. Despite its critical importance, it is still unclear whether
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maternal vitamin D status plays a role in proper fetal and placental development and
consequently in pregnancy outcomes. One recent review found no clear evidence

to suggest that low vitamin D levels in early pregnancy are associated with adverse
pregnancy outcomes, mainly preeclampsia, fetal growth restriction, preterm birth,
and stillbirths [19]. In contrast, another review concluded that pregnant women
with low 25(OHD) levels had an increased risk of gestational diabetes, preeclampsia,
small for gestational age infants, and lower birth weight infants but no association
with delivery by cesarean section [20]. Aghajafari et al. reviewed five randomized
controlled trials and suggested a protective effect of vitamin D supplement during
pregnancy on low birth weight (LBW) but no effect on preterm delivery [21].

The relationship between maternal vitamin D levels and particular child health
outcomes, such as infections, has been investigated. Evidence suggests a relationship
between maternal vitamin D levels and infants’ predisposition to infection. One study
found a significantly higher risk of respiratory infections (colds, cough, whooping
cough, chest infection, and ear infection) by 3 months of age among infants with
cord blood levels of 25(OH)D less than 25 nmol/L [22]. In contrast, a cohort study
followed-up children at the age of 9 months and found that mothers in the top quar-
tile of 25 (OH) D statuses in late pregnancy were significantly more likely to report
their children having been diagnosed with pneumonia or bronchiolitis compared with
those in the bottom quartile [23]. One recent study showed an association between
early-onset neonatal sepsis and low maternal vitamin D levels in term infants [24].
Studies have also suggested that vitamin D pathways may be involved in the suscepti-
bility to and outcome of Hepatitis B Virus infection acquired early in life [25].

The epidemiological evidence of the link between maternal vitamin D levels
and infection is inconclusive, but vitamin D has a direct role in the production of
antimicrobial peptides such as cathelicidin, which may help prevent infection dur-
ing pregnancy and early childhood. This mechanism suggests a plausible biological
basis for the relationship between maternal vitamin D levels and infection in infancy.
Preventive measures in pregnant women aim to ensure that they have enough vitamin
D, either from sunlight exposure or the right vitamin D supplements, and protect the
newborn against possible adverse effects of vitamin D deficiency.

5. Vitamin D deficiency in neonatal and pediatric critical care

Accumulating evidence from various parts of the world points to a high prevalence
of vitamin D deficiency among children admitted to neonatal and pediatric critical
care units. Babies in the neonatal period are particularly vulnerable to a range of
diseases requiring NICU hospitalization, and the study of vitamin D status in this
group has attracted considerable interest in recent years. In a study by Bhimji et al. in
Tanzania, about 80% of newborns admitted to the NICU of a tertiary care hospital
showed vitamin D insufficiency [26]. A study from the U.S. discovered vitamin D
inadequacy or insufficiency in 80% of preterm newborns with birth weights under
1500 g [27]. Another study from Australia found such conditions in 35.7% of preterm
neonates admitted to NICU [28]. To determine the prevalence of vitamin D defi-
ciency, Chacham et al. carried out an observational study on infants aged equal to or
younger than 1 year at a tertiary care facility in Northern India. Neonates comprised
80% of the population under study and had a 79% prevalence of vitamin D insuf-
ficiency [29]. According to a recent study from Iran, 37% of neonates hospitalized in
the NICU had vitamin D deficiency, while 58% had vitamin D insufficiency. Thus,

23



Vitamin D Deficiency - New Insights

95% of neonates had abnormal vitamin D levels at admission [30]. Kim et al. studied
vitamin D status in very-low-birth-weight neonates in Korea and reported a mean
serum vitamin D level of 13.4 + 9.3 ng/mL, with 79.8% of the subjects being vitamin D
deficient. They found a higher prevalence of respiratory morbidities, such as bron-
chopulmonary dysplasia and respiratory distress syndrome in preterm neonates, that
had severe vitamin D deficiency. Moreover, vitamin D deficiency was associated with
alonger NICU stay [31].

Vitamin D status has also been studied beyond the neonatal period and in the
pediatric critical care setting. Rey et al. studied vitamin D levels of critically ill
children in PICU and healthy kids in Spain. They found a nearly twofold higher
rate of vitamin D deficiency in PICU patients compared to healthy controls [32].

In a multicenter study of critically ill children across Canada by McNally et al., the
mean 25(OH)D levels (43 nmol/L) were much lower than the 67-75 nmol/L mean
levels observed among healthy Canadian and US children. In patients who needed
catecholamine infusions, required mechanical breathing, and received more than

40 ml/kg of fluid resuscitation, 25(OH)D levels were lower. Vitamin D deficiency was
also independently associated with a 2-day increase in PICU stays [33]. The authors
hypothesized that, during critical illness, sudden reductions in vitamin D levels
might be more physiologically relevant than chronic deficiency because compensa-
tory mechanisms are affected by inflammation and multiorgan failure in this setting.
Similarly, in their study of a tertiary care PICU in India, Sankar et al. found a vitamin
D deficiency prevalence of 74%. Furthermore, vitamin D deficiency was associated
with a longer duration of PICU stay in this study [34].

A prospective study by Madden et al. at Boston Children’s Hospital’s pediatric
intensive care unit (PICU) examined vitamin D levels at the time of admission. The
study did not include patients undergoing heart surgery. The 25(OH)D deficiency
was significantly associated with poorer clinical outcomes. In patients with vitamin D
deficiency, the scores of illness severity were higher, and they were more likely to need
vasopressor treatment. However, no association was discovered between 25(OH)D
levels and the time spent on mechanical ventilation, and ionized serum calcium levels
were normal in almost all cases [35]. The authors suggested that these findings were
secondary to vitamin D’s function in immunological regulation, inflammation, and
calcium homeostasis and not due to fluid shifts and hemodilution.

6. Vitamin D deficiency and critical care in congenital heart disease

Congenital heart disease (CHD) and its surgical treatment is one the conditions
that necessitate ICU admission and critical care in neonates and pediatric patients.
In recent years, a considerable amount of research has been dedicated to vitamin D
status in children with cardiac disease and the relationship between vitamin D levels
and treatment outcomes in this group. In the study by Rippel et al. on critically ill
children, two-thirds of the patients were postoperative cardiac patients. The research-
ers found no association between 25(OH)D deficit and the requirement for mechani-
cal ventilation, the need for vasoactive support, the length of hospital or ICU stays,
the severity of disease scores, or mortality. However, the likelihood of being vitamin
D deficient in patients with cardiac diseases was almost twice that of non-cardiac
patients in this study (40% vs. 22%) [36].

In 2013, McNally et al. reported the findings of a prospective cohort study on the
vitamin D status of 54 children with CHD who underwent open heart surgery at a

24



Vitamin D Deficiency and Critical Care in the Neonatal Period
DOI: http://dx.doi.org/10.5772/intechopen.107454

mean age of 8.4 months and 4 children who had coarctation of the aorta and under-
went closed heart surgery. Forty-two percent of patients had a preoperative 250HD
deficiency (<50 nM), with the mean value being 58.0 nM (SD, 22.4). Following
surgery, there was a 40% reduction in mean 250HD to 34.2 nM (SD, 14.5), with 86%
of subjects having vitamin D deficiency. The open-heart surgery group’s decline in
vitamin D levels was more remarkable. Intraoperative measurements showed a sudden
drop in vitamin D with the start of cardiopulmonary bypass. Additionally, the authors
investigated the need for catecholamines and discovered an association between lower
postoperative- but not preoperative- vitamin D levels and the need for catecholamines
[37]. A study of the vitamin D levels in 20 children with CHD having open heart
surgery was published in 2017 by Abou Zahr et al. Prior to surgery, 40% of the patients
had 250HD deficiency, with values <20 ng/mL. After cardiac bypass surgery, the
investigators found that the mean vitamin D level had significantly decreased [38].
Dohain et al. examined the vitamin D status of 69 CHD children following open heart
surgery in 2020. Of the patients, 34 (49.5%) had vitamin D deficiency before surgery,
and 63 (91.3%) after surgery. They found a 42.03% reduction in 25(OH)D after
surgery and noted an association between decreased postoperative vitamin D levels
and a rise in inotropic support requirement. These findings suggest a link between
unfavorable circumstances and the postoperative decline in vitamin D levels [39]. In
2021, Ye et al. evaluated the relationship between preoperative vitamin D deficiency
and the maximum vasoactive-inotropic score 24 hours after surgery in 900 children
with CHD. The median total serum 25(OH)D level before surgery was 24.0 ng/mL,
and 32.6% of the patients had vitamin D deficiency (25(OH)D < 20 ng/mL). They
discovered an association between low vitamin D levels and the need for more postop-
erative inotropic support 24 hours after cardiac surgery [40].

A number of studies have focused on vitamin D status in neonates with CHD in
critical care settings. In 2013, Graham et al. studied the vitamin D status of 70 neo-
nates with CHD having open heart surgery. Before the procedure, 84% (59/70) of the
subjects had vitamin D insufficiency. There was no significant decline in vitamin D
levels after the operation. However, higher inotropic support was required when post-
operative 25(OH)D levels were lower [41]. In 2022, Mosayebi et al. studied changes
in vitamin D status in neonates with CHD having heart surgery. The study included
33 open-heart surgery patients and 13 patients with closed-heart surgery. This wide
coverage allowed researchers to compare vitamin D status in the open- and closed-
heart surgeries. Before the procedure, 66.7% of the patients were vitamin D deficient.
This number rose to 84.4% after surgery. After surgery, vitamin D levels declined
significantly in patients who had open heart surgery but not those who had closed
heart surgery. A significant association was found between the rate of postoperative
decrease in vitamin D levels and an unfavorable outcome while preoperative vitamin
D levels did not demonstrate a link with the outcome and did not predict the rate of
postoperative vitamin D decline. The authors suggested a sharp decrease in vitamin D
levels after surgery as an indicator of an unfavorable outcome [6].

Citing the evidence that links vitamin D deficiency to poor outcomes in neonate
and infant CHD surgery, in 2020, McNally et al. conducted a dose evaluation feasibil-
ity study in preparation for a clinical trial of vitamin D supplementation in children
with CHD undergoing corrective surgery. They reported that supplementation with
a daily high dose of vitamin D before surgery improved vitamin D status at the time
of pediatric ICU admission. The authors recommended modifying the trial protocol
and giving vitamin D supplements to patients for at least 1 month before surgery or
considering a loading dose [42].
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7. Conclusion

With the gradual recognition of the crucial role of Vitamin D status in many
physiological and pathological processes, vitamin D deficiency has been proposed as a
possible modifiable risk factor for ICU outcomes. The discovery of the role of vitamin
D in stress response in the immune, cardiovascular, and respiratory systems has lent
support to this possibility. Moreover, numerous clinical studies have identified a high
prevalence of vitamin D deficiency among ICU patients.

Neonates and pediatric patients constitute a particularly vulnerable group, and the
vitamin D status in this group in critical illness has come under increasing scrutiny in
recent years. The studies have predominantly shown a high prevalence of vitamin D
deficiency in critically ill neonates and pediatric patients, pointing to a potential role
for vitamin D status in critical illness in these patients. Vitamin D deficiency in CHD
patients undergoing corrective surgical treatment has attracted particular attention,
and a number of studies have focused on this topic. Overall, these studies report
high prevalence rates of vitamin D deficiency in this group of neonates and pediatric
patients. Moreover, several studies report significant associations between low vita-
min D levels and unfavorable findings, such as increased requirements for vasoactive
support and mechanical ventilation and prolonged ICU stays, in these patients.

An evaluation of available data suggests vitamin D deficiency as a modifiable risk
factor in neonatal and pediatric critical illness, specifically in CHD patients undergo-
ing surgical treatment. Clinical trials have been proposed to examine the potential
beneficial effect of preoperational vitamin D supplementation on the outcome of
heart surgery in this group. Studies on this topic are still in progress. However, for
now, vitamin D supplementation should be considered in critically ill neonates in
general and in those undergoing surgery for CHD in particular. Such supplementa-
tion aims to maintain serum/plasma 25(OH)D concentrations at safe levels over the
threshold of vitamin D deficiency.
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Chapter 4

Vitamin D Deficiency in Childhood
Obesity: Behavioral Factors or
Altered Metabolism?

Teodoro Durd-Travé and Fidel Gallinas-Victoriano

Abstract

Obesity childhood is related to vitamin D deficiency, but the mechanisms for
this association still remain questionable. We hypothesized that behavioral factors
would be decisive in reducing the body content of vitamin D in patients with obesity.
A cross-sectional clinical and analytical study (calcium, phosphorus, calcidiol,
and parathyroid hormone) was carried out in a group of 377 patients with obesity
(BMI-DS >2.0), 348 patients with severe obesity (BMI-DS >3.0), and 411 healthy chil-
dren. The place of residence was categorized as urban or rural. Vitamin D status was
defined according to the US Endocrine Society criteria. The prevalence of vitamin D
deficiency was significantly higher (p < 0.001) in severe obesity (48.6%) and obesity
groups (36.1%) than in the control group (12.5%). Vitamin D deficiency was more
frequent in severe obesity and obesity groups living in urban areas than in those living
in rural areas (not in the control group). The patients with obesity living in urban
residence did not present significant seasonal variations in vitamin D deficiency
throughout the year in contrast to those patients with obesity living in rural residence.
These findings suggest that the most probable mechanism for vitamin D deficiency in
children and adolescents with obesity, rather than altered metabolic, is the behavioral
factors (sedentary lifestyle and lack of adequate sunlight exposure).

Keywords: adolescents, children, calcidiol, obesity, parathyroid hormone, rural areas,
urban areas, vitamin D

1. Introduction

Vitamin D is currently assigned a pleiotropic profile [1-3]. In point of fact, basically
every human tissue and cell contains vitamin D receptors, and its biological effects
are categorized as skeletal (bone metabolism and calcium homeostasis) and extra-
skeletal (hypovitaminosis D appears to be involved in autoimmune diseases, infec-
tions, neuropsychiatric disorders, cardiovascular risk, prostate and breast cancer,
etc.), a circumstance that justifies the interest in monitoring its body content.

Furthermore, the prevalence of childhood obesity has gradually increased in the
course of the last decades, establishing as the most relevant nutritional disorder in our
environment [4-6]. Even though obesity is considered as a multifactorial disorder, the
celerity of its increase in prevalence is related essentially to behavioral factors: scarce
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healthy nutrition habits as well as a sedentary lifestyle conditioned, in large part, by
new technologies (screen time, including television viewing, use of computers and
video games) [7, 8].

Several studies have demonstrated that obesity childhood is related to vitamin D
deficiency [9-12]. The main source of vitamin D is the exposure to natural sunlight
(cutaneous synthesis through ultraviolet B radiation) and, therefore, the higher preva-
lence of vitamin D deficiency in children and adolescents with obesity could be second-
ary to a more sedentary lifestyle (less mobility and participation in outdoor activities)
and, consequently, a lack of adequate sun exposure. However, many explanations have
been proposed for this association, but, interestingly, they hardly introduce theoretical
mechanisms that imply limited sun exposure: storage or sequestration in adipose tissue,
volumetric dilution, impaired hepatic 25-hydroxylation, etc. [3, 13-16].

The main causes of vitamin D deficiency are generally ascribed either to some
physical agent that obstructs solar radiation (clothing, sunscreen, etc.) or to geographi-
cal characteristics, such as latitude and season of the year, cloudy weather, altitude,
etc. [2, 17]. In fact, recent studies using an objective and accurate method for ultravio-
let radiation monitoring in children and adolescents have revealed that rural residents
receive higher levels of ultraviolet radiation exposure than urban residents do [18, 19].

This study aims to compare vitamin D status between children and adolescents
with obesity living in an urban area and in a rural area in Navarra, Spain (latitude
between 43°16”42 and 41°55"22 North). We hypothesized that behavioral factors
(outdoor activities and sun exposure) would be decisive in reducing the body content
of vitamin D in patients with obesity.

2. Methods
2.1 Participants

We conducted a cross-sectional study in a group of 377 patients, aged
6.50-15.7 years, previously diagnosed with obesity (obesity group, BMI-DS >2.0,
97th percentile) and 348 patients, aged 7.4-15.3 years, diagnosed with severe obe-
sity (severe obesity group, BMI-DS >3.0, 99th percentile). The participants were
assessed in a clinical evaluation in the Pediatric Endocrinology Unit in this hospital
in January 2014-December 2021. Clinical features (sex, age, season of study visit,
place of residence, and BMI) and blood testing data (calcium, phosphorus, calcidiol,
and PTH) were collected. Tanner’s classification was used for the assessment of
pubertal staging, and the individuals were subsequently classified in school sub-
group (Tanner stage I) and adolescent subgroup (Tanner stages II-V). Additional
classification based on the place of residence (population or the city, higher or
less than 10,000 inhabitants, respectively) was made, establishing urban or rural
subgroups.

These features and measurements (clinical examination and blood testing) were
estimated in a control group made up of 411 healthy children, aged 7.1-14.9 years,
with BMI-DS in a range of —1.0 (15th percentile) to +1.0 (85th percentile).

Every participant in the study was Caucasian and lived in Navarra, Spain. Clinical
records were surveyed in order to exclude any condition that could affect bone health,
or any chronic pathology that could affect growth, body composition, food ingestion,
or physical activity, or the previous intake of any medication (antiepileptic drugs or
glucocorticoids), vitamin D, or calcium supplements.
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2.2 Clinical examination

A previously published standardized protocol was applied for the anthropometric
measurements [20]: participants were placed in underwear and barefoot, and we used
an Afo-Sayol scale (reading interval 0-120 kg and a precision of 100 g) for weight
measures, and a Holtain wall stadiometer (reading interval 60-210 cm, precision
0.1 cm) for height measures.

The program Aplicacién Nutricional, from the Spanish Society of pediatric
gastroenterology, hepatology, and nutrition (Sociedad Espafiola de Gastroenterologia,
Hepatologia y Nutricién Pedidtrica, available at http://www.gastroinf.es/nutritional/)
was used to calculate the standard deviation (DS) values for the BMI. The graphic
charts from the study of Ferrandez et al. (Centro Andrea Prader, Zaragoza 2002) were
used as the reference pattern [21].

2.3 Blood testing

The blood sample for biochemical determinations (calcium, phosphorus, 25(0H)
D, and PTH) was obtained in basal fasting conditions (between 8:00 h and 9:00 h
after an overnight fast).

The medical device used for the determination of calcium and phosphorous
plasma levels was a COBAS 8000 analyzer (Roche Diagnostic, Mannheim,
Germany). The determination of calcidiol levels was made with a high-specific
chemiluminiscence-immunassay (LIAISON Assay, Diasorin, Dietzenbach,
Germany), and the determination of PTH levels using a highly specific solid-phase,
two-site chemiluminescent enzyme-labeled immunometric assay in an Immulite
analyzer (DPC Biermann, Bad Nauheim, Germany).

The criteria of the United States Endocrine Society [22, 23] were applied to
distribute individuals according to vitamin D plasma levels. In this way, a determina-
tion of calcidiol plasma level below 20 ng/ml (<50 nmol/L) was considered vitamin D
deficiency, calcidiol plasma levels between 20 and 29 ng/ml (50-75 nmol/L), vitamin
D insufficiency, and concentrations equal to or higher than 30 ng/ml (> 75 nmol/L)
vitamin D sufficiency.

2.4 Statistical analysis

Tables show the results as percentages (%) and means (M) with corresponding
standard deviations (SD). The program Statistical Packages for the Social Sciences
version 20.0 (Chicago, IL, USA) was used to perform the statistical analysis (descrip-
tive statistics, Student’s t-test, analysis of variance, x2 test, and Pearson’s correlation).
Statistical significance was assumed when P value was <0.05.

Parents and/or legal guardians were informed and provided consent for the par-
ticipation in this study in all cases. This study was approved by the Ethics Committee
for Human Investigation at our institution (in accordance with the ethical standards
laid down in the 1964 Declaration of Hensinki and later amendments).

3. Results

Table 1 shows and compares the distribution of demographic features in the severe
obesity, obesity, and control groups. No significant differences were found in the
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Variables Control group Obesity group Severe obesity P values
(n=411) (n=377) (n=348)

Sex

Boys 188 (45.7%) 176 (46.7%) 172 (47.8%) 0.754

Girls 223 (54.3%) 201 (53.3%) 188 (52.2%)

Age Group

Childhood 175 (42.6%) 118 (31.3%) 111 (30.8%) 0.420

Adolescent 236 (57.4%) 259 (68.7%) 249 (69.2%)

Season of study visit

Winter 128 (31.1%) 99 (26.3%) 83 (23.1%) 0.364
Spring 87 (21.2%) 80 (21.2%) 84 (23.3%)

Summer 54 (13.1%) 69 (18.3%) 75 (20.8%)

Autumn 142 (34.5%) 129 (34.2%) 118 (32.8%)

Residence

Urban 229 (55.7%) 181 (48.7%) 173 (48.1%) 0.553
Rural 182 (44.3%) 191 (51.3%) 187 (51.9%)

"Chi2.
Table 1.

Distribution of geographic/demographic featuves in severe obesity, obesity, and control groups.

distribution in relation to sex, age group, season of blood sample collection, and place
of residence.

The mean values for age in the severe obesity, obesity, and control groups were
114 +£2.9,11.3 + 2.7, and 11.1 + 2.5 years, respectively, and there were no significant dif-
ferences (p = 0.650) in age between the different groups. Obviously, the mean values
for BMI-SD were significantly higher (p < 0.001) in the severe obesity (4.27 + 1.28)
and obesity groups (2.48 + 0.28) with respect to control group (0.24 + 0.23).

Figure 1 depicts and compares the prevalence of vitamin D status in the control,
obesity, and severe obesity groups. The prevalence of vitamin D deficiency was
significantly higher (Chi2: 159.8, p < 0.001) in severe obesity (48.6%) and obesity
groups (36.1%%) than in the control group (12.5%). That is, only 12.2% and 16.2% of

M Deficiency BInsufficiency O Sufficiency

Chi2: 159.8 (p < 0.001) \

50 48 49
45,

40 36 39
30
» 16

12 12
10
0

Control group Obesity group Severe obesity group

Figure 1.
Prevalence of vitamin D status in control, obesity, and severe obesity groups.
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Groups Deficiency Insufficiency Sufficiency pvalue
Control:

Calcium (mg/dL) 10.0:0.3 99:+03 99:03 0.714
Phosphorus (mg/dL) 4605 45+0.5 4606 0.670
PTH (pg/mL) 355+ 149" 31.8+139" 285+125" 0.001
Calcidiol (ng/mL) 158 +2.6 245+26 352+45 0.001
Obesity:

Calcium (mg/dL) 98+0.3 99+06 99+0.3 0.416
Phosphorus (mg/dL) 46 +0.5 45+ 0.6 45+05 0.311
PTH (pg/mL) 55.5+ 194" 461:187" 4061:169" 0.001
Calcidiol (ng/mL) 142+37 24.0 +2.7 353+4.6 0.001

Severe obesity:

Calcium (mg/dL) 97+ 03 (173) 98:03 99103 0.216

Phosphorus (mg/dL) 45+06 45+06 43+0.5 0.689

PTH (pg/mL) 62.0 213" 50.2 £ 184" 413:153" 0.001

Calcidiol (ng/mL) 139+38 24.0£2.5 36.0£53 0.001
‘ANOVA.

"ANOVA between groups (p < 0.001).

Table 2.
Biochemical determinations according to vitamin D status in severe obesity, obesity, and control groups (M + SD).

patients of the severe obesity and obesity groups showed levels of 25 (OH)D higher
than 30 ng/mL, respectively, in contrast to 42.6% of the participants in the control
group (p < 0.01).

Table 2 shows and compares the mean values for biochemical determinations in
both groups in accordance to vitamin D status. There were not any significant differ-
ences in calcium and phosphorus levels between the different groups of vitamin D
status, and obviously 25(OH)D levels were significantly lower (p < 0.001) in vitamin
D insufficiency and deficiency individuals than in vitamin D sufficiency individuals
in each group. PTH levels were significantly higher (p < 0.001) in the group with
vitamin D insufficiency and deficiency than in vitamin D sufficiency within each
group. In addition, there were not any significant differences in calcium, phosphorus,
and 25(0OH)D levels in each vitamin D status group between the different groups.
However, PTH levels were significantly higher (p < 0.001) for each vitamin D status
in the severe obesity and obesity groups with respect to the control group.

Figure 2 presents and compares the prevalence of vitamin D deficiency according
to the seasons of the year between control, obesity, and severe obesity groups. In each
group, the highest prevalence of vitamin D deficiency (Chi2: 65.01, p < 0.001) cor-
responded to winter (severe obesity group: 65.1%, obesity group: 40.4%, and control
group: 19.5%), and they reached a minimum in the summer (severe obesity group:
26.7%, obesity group: 26.1%, and control group: 3.8%). The prevalence of vitamin D
deficiency in the different seasons of the year was significantly higher (p < 0.001) in
the severe obesity and obesity groups with respect to the control group.

Figure 3 exposes and compares the prevalence of vitamin D deficiency in relation
to the place of residence between control, obesity, and severe obesity groups. In the
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Figure 2.
Prevalence of vitamin D deficiency according to the seasons of the year in control, obesity, and severe obesity groups.
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Figure 3.
Prevalence of vitamin D deficiency in velation to the place of residence in control, obesity, and severe obesity groups.

control group, there were no significant differences (p = 0.466) in vitamin D defi-
ciency between urban (14.7%) and rural (10.5%) subgroups. As for the obesity group,
vitamin D deficiency was significantly more frequent (p < 0.01) in the urban (48.6%)
than in the rural subgroup (24.1%); additionally, in the severe obesity group, also
vitamin D deficiency was significantly more frequent (p < 0.01) in the urban (61.3%)
than in the rural subgroup (36.9%).

Figure 4 displays and compares the prevalence of vitamin D deficiency accord-
ing to the seasons of the year between the individuals in the control, obesity, and
severe obesity groups that lived in urban residence. In the control group, there were
significant seasonal variations (Chi2: 38.1, p < 0.01) in vitamin D deficiency, which
showed the lowest prevalence of vitamin D deficiency during the summer (7.1%) and
the highest during the winter (25%). In contrast, there were no significant seasonal
variations in the prevalence of vitamin D deficiency throughout the year in both the
severe obesity and obesity groups. In fact, in severe obesity group, the prevalence
of vitamin D deficiency during the summer was 51.6% and during the winter 67.6%
(Chi2: 9.1, p = 0.170), and within the obesity group, vitamin D deficiency was 47% in
the summer and 49.6% in the winter (Chi2: 9.2, p = 0.161).

Figure 5 shows and compares the prevalence of vitamin D deficiency according
to the seasons of the year between the participants in the control, obesity, and severe
obesity groups that lived in rural residence. All groups presented significant seasonal
variations in vitamin D deficiency throughout the year. In each group, the lowest

36



Vitamin D Deficiency in Childhood Obesity: Behavioral Factors or Altered Metabolism?
DOI: http://dx.doi.org/10.5772/intechopen.105819

B Control group B Obesity group [ Severe obesity group

56
50 47 = -
15
™ 8
1

Winter Spring Summer Autumn

Figure 4.
Prevalence of vitamin D deficiency according to the seasons of the year in individuals in the control, obesity, and
severe obesity groups that lived in urban residence.
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Figure 5.
Prevalence of vitamin D deficiency according to the seasons of the year in participants in control, obesity, and
severe obesity groups that lived in rural residence.

prevalence of vitamin D deficiency corresponded to summer, and they reached a maxi-
mum in the winter. In severe obesity group, the prevalence of vitamin D deficiency
during the summer was 9.1% and during the winter 57.1% (Chi2: 50,1, p < 0.01). In
obesity group, vitamin D deficiency was 7.7% in the summer and 33.3% in the winter
(Chi2: 21,9, p < 0.01). And, finally, in the control group, vitamin D deficiency was
0.0% during the summer and 10.4% during the winter (Chi2: 27,9, p < 0.01).

A negative correlation (p < 0.01) between calcidiol and PTH levels (r = —0.375)
was detected. In addition, a positive correlation (p < 0.01) between PTH and BMI-SD
(r = 0.345) and a negative correlation (p < 0.01) between calcidiol and BMI-SD
(r = —0.363) were observed.

4. Discussion

This study verifies that vitamin D deficiency is a common condition in chil-
dren and adolescents with obesity. Furthermore, our data suggest that this higher
prevalence of vitamin D deficiency in these patients could be ascribed to inadequate
sunlight exposure, since there was a weaker trend to vitamin D deficiency in those
patients living in rural areas than in those living in urban areas.

Different geographic/demographic specificities, such as gender, age, season,
or place of residence, have been described as factors associated with vitamin D
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deficiency [9-12, 24]; however, in this case, no significant differences were detected
in the distribution of these characteristics among the participants included in this
study (severe obesity, obesity, and control groups). This eventuality allows the
comparison of the results obtained, avoiding confounding factors. The age range
selected in the different groups of participants was due to the fact that they usually
have enough autonomy to carry out their extracurricular and/or leisure activities at
these ages.

The higher prevalence of vitamin D deficiency in obesity has been sustained by
several studies [9-12], even though the potential mechanisms for this association still
remain questionable. Nevertheless, at present, the most qualified hypotheses about
the inverse relationship between vitamin D deficiency and obesity refer either to stor-
age or sequestration of vitamin D in adipose tissue or volumetric dilution of vitamin
D. Clinical studies have shown that obesity does not affect the cutaneous synthesis
of vitamin D, but as it is a fat-soluble vitamin, it is accumulated and retained in the
adipose tissue (storage site or sequestration hypothesis). Therefore, the greater the
storage capacity of this vitamin in adipose tissue (severe obesity and obesity groups),
the lower the serum levels of calcidiol [25, 26]. In fact, we found that calcidiol levels
in the participants included in this study (severe obesity, obesity, and control groups)
were inversely correlated with body mass index; this is an anthropometric measure-
ment that has been frequently used in the diagnosis and follow-up of children and
adolescents with obesity since it shows a good correlation with body fat content [27, 28].
A second probable mechanism of the inverse relationship between vitamin D defi-
ciency and obesity could be a volumetric dilution; that is, vitamin D would be dis-
tributed in body compartments that increase with obesity (serum, fatty tissue, liver,
etc.), thereby making serum levels lower [13, 15]. It has also been suggested that lower
levels of calcidiol in obese patients could be due to impaired hepatic 25-hydroxylation
related to nonalcoholic fatty liver disease, a condition that is common in obese adults
but less frequent in childhood obesity [29]. However, none of the previously men-
tioned hypotheses would explain by itself, for example, the stronger trend to vitamin
D deficiency in patients with obesity (severe obesity and obesity groups) living in
urban areas than in those living in rural areas, as we identified in this study.

Vitamin D receptors are present in a large variety of tissues and cells in the body
(muscle, heart, blood vessels, neurons, immune cells, breast, colon, prostate, etc.),
and additionally, they have the capacity to produce calcitriol from circulating calcidiol.
This fact supports the biological importance of sufficient calcidiol serum levels [1, 22].
Moreover, adipose tissue also expresses vitamin D receptors, and la-hydroxylase enzyme
locally converts calcidiol to calcitriol (biological active form of vitamin D), and that
process is not regulated by parathyroid hormone, in contrast with renal 1a-hydroxylase
[30]. Additionally, some experimental data support that vitamin D could have an
antiobesity effect by inhibiting adipogenesis during early adipocyte differentiation and
independently of PTH. That is, vitamin D might be implicated in the pathogenesis of
obesity, rather than being a consequence [3, 16]. These findings suggest, on one side, that
adipose tissue could play a role in vitamin D metabolism rather than being a passive store
of fat-soluble nutrients and, on the other side, that a bidirectional causal relationship
between vitamin D deficiency and obesity cannot be excluded. However, several stud-
ies have shown no effect of vitamin D treatment on reducing body weight and/or body
composition, suggesting that although vitamin D deficiency is associated with obesity, it
is not bidirectional [31, 32].

In accordance with most authors [9, 10, 12, 24], we found a negative correlation
between PTH and calcidiol levels, and this would be consistent with the physiological
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feedback mechanism of vitamin D on PTH secretion. But, interestingly, it is worth
noting our finding that PTH levels were also significantly higher—independent of
vitamin D status—in the patients with obesity (severe obesity and obesity groups)
with respect to the control group. Many researchers have postulated that this elevation
of PTH might increase calcium influx into adipocytes, which then leads to increased
lipogenesis and potentially reduces catecholamine-induced lipolysis and, consequently,
fosters fat storage [33, 34]. Additionally, several observational studies have shown that
PTH levels in obesity are independent of vitamin D status, and it does not represent,
as is commonly assumed, secondary hyperparathyroidism from hypovitaminosis D
[35]. However, despite the above biological assumptions that obesity is related with
vitamin D deficiency and elevated parathyroid hormone levels, the reason given for
this association remains unexplained. In fact, some authors are currently questioning
whether vitamin D deficiency is a consequence or cause of obesity [16], or whether the
association between obesity and vitamin D deficiency is causality or casualty [3].

Obviously, unhealthy eating habits are related to childhood obesity, and this
entails a lower intake of vitamin D. However, the main source of vitamin D is expo-
sure to natural sunlight, while approximately 10% comes from natural dietary sources
[1, 2]. Few foods naturally contain vitamin D (oily fish such as salmon, sardines,
mackerel, and tuna, as well as shiitake mushrooms and eggs yolk) and, depending on
the country, additional sources include fortified foods such as dairy products, orange
juice, breakfast cereals, cookies, and butter or margarine [2, 36]. Therefore, even
though diet seems to be probably an irrelevant factor in the acquisition of optimal
levels of vitamin D, it could not be completely excluded.

Because geographical conditions affect body vitamin D levels, we cannot refer to a
vitamin D status in a determined population without mentioning them. In our case,
it should be noted that Navarre is a Spanish region located in the north of the Iberian
peninsula with a population of 661,537 inhabitants (2021 census, National Institute of
Statistics), 58.1% of whom live in urban areas and 41.9% in rural areas. Besides, it is
characterized by a high frequency of precipitations and/or cloudiness and, especially,
a high latitude (between 41°55"22 and 43°16”42 North). When the zenith angle of the
sun is oblique, as occurs in the winter months in both hemispheres, type B ultraviolet
radiation barely reaches the earth’s surface above and below 40°N and 40°S latitude,
causing a very low or absence cutaneous synthesis of vitamin D, even with prolonged
sun exposure [17, 22, 23]. In compliance with several studies [9, 24, 37, 38], this is
a potential explanation for the seasonal variations in the prevalence of vitamin D
deficiency (maximum prevalence in the winter months and minimum in the summer
months) that we found in the control group.

Recent studies using personal electronic ultraviolet radiation dosimeters have
displayed higher ultraviolet radiation exposure in children and adolescents living in
rural areas compared with those living in urban areas due to differences in types of
activity. Children and adolescents living in rural areas spend more time after school
and during weekdays practicing outdoors chores during peak ultraviolet radiation
hours (10 am-4 pm), compared with those living in urban areas who spend more
time participating in indoor sports and/or leisure activities and, therefore, reducing
exposure to sunlight [18, 19]. These data allowed us to hypothesize a much simpler
explanation for the relationship between obesity and vitamin D deficiency: behavioral
factors (outdoor activities and sun exposure) would be determined in reduced body
content of vitamin D in patients with obesity.

Indeed, we also found seasonal variations in the prevalence of vitamin D deficiency
(maximum prevalence in the winter months and minimum in the summer months)
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in patients with obesity (obesity and severe obesity groups), although showing
significantly lower values with respect to control group. That is, on the one hand, this
would confirm that sunlight exposure has a large impact on vitamin D status also in
patients with obesity and, on the other hand, we found a stronger trend to vitamin D
deficiency in patients with obesity (obesity and severe obesity groups) living in urban
areas than in those living in rural areas. No significant differences were observed in
the prevalence of vitamin D deficiency in the control group in relation to place of
residence (urban or rural). Nevertheless, the most remarkable finding of this study
was that patients with obesity (obesity and severe obesity groups) living in urban
residence did not present significant seasonal variations in vitamin D deficiency
throughout the year in contrast to those patients with obesity (obesity and severe
obesity) living in rural residence, who presented a maximum prevalence of vitamin
D deficiency in the winter months and a minimum in the summer months. Therefore,
these findings would support the hypothesis that the greater tendency to present
vitamin D deficiency in obese children and adolescents would be related to a seden-
tary lifestyle and, consequently, to the lack of adequate sun exposure. Otherwise, the
participants of the control group, who presumably did not have a sedentary lifestyle,
showed no differences in vitamin D status in relation to the place of residence (rural
or urban).

5. Conclusion

At present, and despite the hypotheses recounted above, vitamin D photobiology
suggests that the most probable mechanism for vitamin D deficiency in children and
adolescents with obesity, rather than altered metabolic (sequestration in adipose
tissue, volumetric dilution, impaired hepatic 25-hydroylation, etc.), is the behavioral
factors (reduced sunlight exposure), such as our findings outline. However, other
mechanisms cannot be completely excluded, as they may contribute concurrently.
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Abstract

SARS-CoV-2 has affected socio-economic activity in every country around the
world since its outbreak began in 2019. 3.5 million people have died worldwide as
of now, including 3.2 lakh in India. The cytokine storm significantly contributes to
COVID mortality. To put it simply, the virus causes an uncontrolled release of cyto-
kines, which results in severe inflammation, multi-organ failure, and death. Vitamin
D was discovered to be a significant risk factor for cytokine storm in COVID patients.
Numerous studies have demonstrated that those with deficient serum vitamin D
levels have a significant mortality rate. The current understanding of the role of
vitamin D in immune modulation in the innate and adaptive immune systems and
how this may relate to COVID-19 is discussed in this article. Additionally, we evalu-
ated the most recent clinical information about vitamin D deficiency, cytokine storm,
and COVID-19 mortality.

Keywords: Covid-19, cytokine storm, immune regulation, pandemic, vitamin D

1. Introduction

As with SARS (severe acute respiratory syndrome) and MERS (Middle East
respiratory syndrome), the rapid spread of SARS-CoV-2 (severe acute respira-
tory syndrome coronavirus 2) wrecked global health and economics. As of May
13, 2022, the SARS-CoV-2 outbreak has caused more than 519.9 million infections
with over 6.3 million deaths [1] (https://wwwworldometers.info/coronavirus).
The SARS-CoV-2 infected or COVID-19 patients may develop various clinical
manifestations,including severe acute pulmonary disease [2, 3], heart damage [4],
kidney injury [4], hepatic dysfunction [4], pancreatic symptoms [5], gastrointes-
tinal [6] and olfactory dysfunction [7]. However, the impact of COVID-19 may
have long-lasting effects on the physiological systems. Nevertheless, these numbers
are increasing at a frenetic pace [8]. In certain people, COVID-19 infection is
accompanied by a “cytokine storm.” The cytokine storm is a phenomenon in which
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pro-inflammatory cytokines are released at an abnormally rapid rate, allowing for
the recruitment of additional immune cells to the injury site, resulting in organ
damage. Numerous investigations evaluating COVID-19 patient cytokine profiles
discovered that the cytokine storm is associated with significant lung injury and
potentially multi-organ failure in COVID-19 patients [9].

Recent research has revealed that different people’s bodies respond differently to
the infection. Despite sharing the same race, culture, age, and sex, some people con-
tract the virus while others do not exhibit the core symptoms/remain asymptomatic.
According to studies, some people’s immune systems handle COVID-19 better than
others. COVID-19 is more prevalent in those with pre-existing health disorders such
as cardiovascular disease, diabetes, respiratory disease, or hypertension, particularly
those over 60. These comorbidities/factors impair the immune system, hence raising
the severity of the disease [10]. Vitamin D deficiency and cytokine storm have been
identified as risk factors; more studies have shown that vitamin D deficiency causes
chronic illness and mortality in COVID-19 patients. Vitamin D supplementation has
been proven to reduce the likelihood of a cytokine storm, although the molecular
mechanism is unknown [11]. Additionally, vitamin D has been identified to dampen
cytokine storms during the 1918-1919 viral influenza pandemic and prior coronavirus
pandemics [12]. Thus, vitamin D’s astounding quality draws our attention to author-
ing this review on its role in lowering the COVID-19-associated cytokine storm.

2. Pathology of SARS-CoV-2 infection

Chinese researchers utilized Cryo-electron microscopy to demonstrate how
SARS-CoV-2 infects humans. The virus targets angiotensin-converting enzyme II
(ACE II), located in human cells and tissues such as the lungs, heart, kidneys, and
intestines [13]. According to Mark Fielder, a scientist at Kingston University, the
virus appears to target two types of lung cells: goblet cells, which coat the respiratory
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cell.
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tract with mucus, and ciliated cells, filtering out debris [14]. Two receptor-binding
domains (RBD) are present on the viral spike protein, one pointing downward and
the other facing upward. As a result, the virus can bind to and infect human cells.
The virus interacts with upward-facing RBD via spike proteins. Once inside the
cell, the virus breaks down its protein coat and releases its Ribonucleic acid (RNA)
payload, according to the British Society for Immunology. It replicates itself by
taking control of the endoplasmic reticulum and the host cell structure. As a result
of hijacking, the Golgi bodies of hijacked cells become encased in a protein shell that
caps viral RNA and proteins, creating new viruses that exit the infected cell via the
membrane. Coronavirus infection disturbs the host cell, according to a study pub-
lished in Frontiers in Microbiology. Apoptosis, or cell death, occurs when an infec-
tion overwhelms the host cell’s ability to sustain homeostasis (Figure 1) [15].

3. Role of vitamin D in immune regulation

Vitamin D is produced by the skin when it is exposed to sunshine. To begin,
cholesterol is converted to 7-dehydrocholesterol by an enzyme called DHCR?
(7-Dehydrocholesterol Reductase). It is then converted to pre-vitamin D by the sun’s
ultraviolet B (UV-B) light, which spontaneously turns into vitamin D at body temper-
ature. Although nature contains five different forms of vitamin D, only vitamin D,
also known as cholecalciferol, is synthesized by the human body [16]. Cholecalciferol
is an inactive form of vitamin D that the body must activate. It is converted to
calcidiol in the liver by the enzyme vitamin D 25-hydroxylase. Calcidiol is then
converted in the kidney to calcitriol (1,25-dihydroxycholecalciferol), the active form
of vitamin D [17]. It is primarily regulated by parathyroid hormone, blood calcium/
phosphorus levels, and calcitriol levels. Its active form aided in calcium absorption in
the small intestine and was historically used to treat osteoporosis and rickets.

Additionally, it assists in the form of calcium deposits in the bones. Vitamin D
has been recognized as a critical immune modulator and is also implicated in various
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Figure 2.
Role of vitamin D in immune regulation. It down-regulates pro-inflammatory substances and up-vegulates anti-
inflammatory substances.
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diseases, including autoimmune illnesses. The significant 1969 discovery that vitamin
D, like other steroid vitamins such as vitamin A, may act on various cell types via
activation of the vitamin D receptor (VDR) revealed a new window into understand-
ing its role in health and disease [18]. As a result, vitamin D has been discovered as

an immunomodulator, and VDR is detected in nearly all immune cells. Vitamin D
increases IL-10 and T regulatory cells while decreasing T helper cytokines like IL-2,
IL-32, Interferon-gamma (IFN-y), and IL-17 [19]. This results in a change in damage-
associated molecular pattern signaling, which is linked to numerous disorders
(Figure 2).

4. Vitamin D as a regulator of the innate immune system

Vitamin D can augment the innate immune system’s antimicrobial defenses. This
role was discovered 30 years ago. Previous research has revealed that our immune
cells, notably macrophages and monocytes, may synthesize vitamin D on their own
and boost the development of an antimicrobial protein called cathelicidin, enhancing
the intracellular clearance of Mycobacterium tuberculosis [20]. In epithelia, similar
processes that contribute to barrier function have been discovered. Vitamin D recep-
tor complexes enhance the transcription of cathelicidin by binding to vitamin D
response sites in the cathelicidin gene promoter [21]. Cathelicidin is a significant
antimicrobial protein with additional functions, including chemotaxis stimulation,
generation of pro-inflammatory cytokines, recruitment of T-lymphocytes to the site
of infection, and clearance of respiratory pathogens by apoptosis and autophagy
infected epithelial cells. Vitamin D levels in the blood regulate macrophages’ ability to
generate cathelicidin.

Additionally, vitamin D appears to influence another intrinsic antibacterial com-
pound, called p-defensin 2. f-defensin 2 induces the release of antiviral cytokines and
chemokines that recruit macrophages, neutrophils, natural killer cells, and T cells,
resulting in strong host defense [22]. Vitamin D can also serve as an antibacterial by
regulating cellular iron metabolism. The survival of bacteria is dependent on intracel-
lular iron. During an infection, hepcidin is formed, which blocks transcellular iron
export via ferroportin, increasing cellular iron levels. Vitamin D is a potent hepcidin
suppressor, increasing ferroportin and decreasing intracellular iron levels, inhibiting
bacterial growth [23].

5. Vitamin D as a regulator of adaptive immune response

The adaptive immune system responds to threats based on the characteristics of
the adversary, hence the name. In comparison to the innate immune response, it takes
time to mature. A unique type of cell triggers this form of immune response called an
antigen-presenting cell (APC). These cells next activate B and T lymphocytes, which
are in charge of subsequent antigen identification. After a priming period, T and B
cells are activated in body tissues such as lymph nodes, often located far from the origi-
nal antigenic substance exposure site. The proliferation of activated T and B cells and
post-translational alterations of immunoglobulin synthesis utilize this time, allowing
the cell to respond uniquely to an antigen. An antigen’s context and the surrounding
environment, including serum vitamin D levels, determine the type of T-cell activated,
CD4 or CDS, or within the helper T-cell class Th1, Th2, Th17, or T-regulatory cells
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(Treg). There is evidence that vitamin D suppresses inflammatory T-cells and increases
regulatory T-cell activity (Tregs) [24]. Tregs are a critical component of the immune
system. Its essential purpose is to reduce the immunological response after removing
the threat from the body. Because the immune response persists after the threat has
been eradicated, collateral damage to healthy cells and tissues may occur. Tregs are
crucial in COVID-19 for preventing the cytokine storm associated with severe respira-
tory distress. Additionally, vitamin D is a potent suppressor of macrophage activation
mediated by IFN-y, which is likely to play a role in COVID-19 [25].

6. COVID-19 and its link to vitamin D and cytokine storm

As previously acknowledged, vitamin D deficiency has been found as a possible
risk factor for COVID-19. Vitamin D acts as an immunological modulator, and its lack
results in a reduced innate immune system. COVID-19’ severity is determined by
an individual’s immune system?s state. This virus severely impacts individuals with
weakened immune systems, whilst those with more robust immune systems remain
asymptomatic or exhibit mild-to-moderate symptoms. As a result, we could establish
alink between vitamin D deficiency and the severity of COVID-19 [26].

Vitamin D’s antibacterial activity was found three decades ago [27]. Besides
antibacterial function, vitamin D promotes antiviral activity, which is particularly
relevant in COVID-19. It possesses/promotes antiviral activity by preventing viruses
from entering cells and inhibiting viral reproduction via induction of cathelicidin and
defensins [28]. Additionally, vitamin D may increase antiviral activity via a critical
cellular process called autophagy. Autophagy contributes to the creation of a hostile
cellular environment for viruses such as coronavirus [29].

In some individuals, COVID-19 infection is accompanied by a “cytokine storm,” in
which several pro-inflammatory cytokines, such as IL-1, colony-stimulating factor
(granulocyte CSF, macrophage CSF, granulocyte-macrophage CSF), and tumor necrosis
factor-alpha (TNF-a), are released in large quantities, allowing for the recruitment of
additional immune cells to the site of injury. The coronavirus causes damage by infecting
both the upper and lower airways, leading to fast viral replication and extensive infiltra-
tion of immune cells, resulting in a significantly increased release of pro-inflammatory
cytokines and chemokines. This results in a condition known as acute respiratory dis-
tress syndrome (ARDS) [30]. The epithelial cells of infected airways secrete cytokines
that further disrupt the innate immune system. Furthermore, it stimulates the inflow of
inflammatory cells such as monocytes, neutrophils, and macrophages, exposing healthy
lung cells to apoptosis [31]. The lungs’ microvascular and alveolar epithelial barriers are
damaged by apoptosis, contributing to vascular leakage and alveolar edema. In addition,
T-cell response to viral clearance is slowed, which reduces their capacity to regulate
cytokine storms [32].

Vitamin D is critical for regulating the pathophysiological manifestations of the
cytokine storm. Along with 1,25-(OH),D and CYP27B1, vitamin D receptors are
expressed on the airway epithelia. In addition, pulmonary alveolar macrophages
express vitamin D receptors as well as CYP27B1. As a result, by boosting/activating
the innate immune system and increasing local 1,25-(OH),D synthesis, vitamin D
can slow down the cytokine storm and chemokine production. This increases viral
neutralization and clearance while moderating pro-inflammatory reactions that fol-
low. Vitamin D also inhibits the adaptive immune system from becoming hyperactive,
facilitating a quick response to viral loads [22].
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6.1 Clinical evidence between COVID-19 and vitamin D

UV-B radiations are negligible at the earth’s surface throughout the winter at
latitudes over 40°. In a study, Rhodes et al. discovered a link between COVID-19 deaths
and countries based on latitude. He discovered that countries with latitudes less than
35° North have low death rates. This could be related to the fact that persons living in
regions north of 35° North do not receive enough sunlight during the winter, resulting
in vitamin D insufficiency [33].

According to D’Avolio et al., 107 numbers of COVID-19 nasopharyngeal swabs
were obtained from March 1 to April 14, 2020 [34]. He determined that those who
tested positive for the virus suffer from severe vitamin D insufficiency. In contrast,
those who tested negative have an average or insufficient vitamin D level in their
blood. The median 25-OHD concentration in the 27 individuals tested positive for
SARS-CoV-2 was 11.1 ng/ml, compared to 24.6 ng/ml in those who tested negative.
Gennari et al. reported reduced 25-OHD levels in COVID-19 patients hospitalized in
Italy [35]. Bergman et al. performed a meta-analysis of randomized controlled trials
(RCTs) evaluating vitamin D to prevent respiratory tract infections (RTI). They estab-
lished that preventive vitamin D treatment decreases the risk of developing RTIs [36].

Ahmed’s research incorporated bioinformatics and system biology techniques to
gain a deeper understanding of the SARS-CoV-2-induced cytokine storm. Vitamin D
inhibits the synthesis of pro-inflammatory cytokines by inhibiting the TNF-o induced
NFKkBI1 signaling network. It activates the IFN-a induced Jak-STAT signaling route,
promoting interferon-alpha stimulating genes (ISGs) for antiviral defense [11].

According to Daneshkhah et al., Italy, Spain, and France have the highest COVID-
19 age-specific case fatality rate as well as the lowest 250HD levels (0.25 ng/1) com-
pared to other countries. Italians and Spaniards are heavily affected by COVID-19 and
have the highest rate of hypovitaminosis D in Europe (142 according to endocrinol-
ogy) [37]. According to a study of 700 Italian women aged 60 to 80, 76% had 25-OHD
levels less than 12 ng/ml. (154). Over 80% of postmenopausal women have hypovita-
minosis D in summer, whereas only 32% have it during the winter [38, 39].

Lau et al. evaluated the levels of 250HD in twenty COVID-19 patients admitted
to an intensive care unit. Vitamin D insufficiency was detected in 11 participants
and all patients under the age of 75. Seven of these individuals exhibited 250HD
concentrations of at least 10 ng/ml. According to this study, vitamin D deficiency
worsened COVID-19 infection [40]. The highest rates of vitamin D deficiency were
associated with the highest rates of infection and mortality, according to a study of
COVID-19 severity in Europe. Further, a preliminary investigation conducted in the
United States revealed a high correlation between vitamin D deficiency and mortality
and other risk factors for adverse outcomes [12]. Carpegnano et al. demonstrated in
aretrospective and observational investigation that vitamin D insufficiency predicts
poor prognosis in patients with acute respiratory failure caused by COVID-19 [41].

In COVID-19 patients, vitamin D deficiency is associated with a high risk of
hospitalization. A team of investigators undertook a recent study on elderly patients
on a sample of 105 persons aged 65 and up who displayed COVID-19-like symptoms.
They discovered that 35 (33.3%) of the participants tested negative for SARS-CoV-2
(vitamin D level = 52 nmol/l) when tested. Whether or not, 70 (66.7%) of individuals
tested positive for SARS-CoV-2 (vitamin D level = 27 nmol/l). Among the 70 (66.7%)
people, 39 (55.7%) had vitamin D levels below 30, whereas the remaining 31 (44.3%)
had Vitamin D levels above 30, and their D-dimer value was lower (D-dimer is
considered a risk factor for blood clots in COVID-19) [42].
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The production of IL-6 by monocytes, dendritic cells, and macrophages during
COVID-19 infection resulted in producing a large number of pro-inflammatory cytokines
and C-reactive protein (CRP). CRP is a nonspecific inflammatory marker that becomes
more specific to the bioactivity of IL-6. It can generate significant inflammation, which
is critical in the development of cytokine storms in individuals with severe COVID-19
[43]. Guan et al. reported that approximately 44.5% of severe COVID-19 patients with
high CRP levels had a higher risk than patients with mild COVID-19 [44]. Vitamin D
deficiency promotes the release of cytokines such as TNF-a and IL-1, leading to increased
inflammation and elevated CRP [45]. This could explain the concurrent reduction in CRP
and inflammatory cytokines (CD4" and IFN) in hemodialysis patients following cal-
citriol treatment, as well as the elevation of both CRP and cytokines in severe COVID-19
patients. Experiments have shown that vitamin D can inhibit the production of inflam-
matory cytokines such as IL-6 and L-17 while increasing anti-inflammatory cytokines
such as IL-10 [46]. This could lead to a reduction in CRP and inflammation.

Studies show that vitamin D deficiency can exacerbate RTI in vulnerable populations
(elderly and those with underlying health conditions). To maintain an adequate vitamin
D status and prevent mortality, supplementation is recommended to restore vitamin
D levels depleted due to insufficient sunlight exposure. The clinical data on vitamin D
status on COVID-19 disease is still in the initial stage. As of now, many of the papers in
this field have been published without extensive peer review, retrospectively, and with
only associative data [47].

7. Supplemental vitamin D acts as an anti-inflammatory agent

By regulating the production of inflammatory cytokines and inhibiting the growth
of pro-inflammatory cells, vitamin D aids in modulating the immune system [48].
According to various studies assessing the association between low vitamin D levels
and acute infections, vitamin D supplementation improves clinical responses to
acute infections. In addition to its role in natural cellular immunity, vitamin D also
plays a role in physical barriers and adaptive immunity [49]. Several studies have
shown that vitamin D influences the adaptive immune response in inflammatory and
autoimmune diseases [50, 51]. In addition, it may play a role in the etiology of chronic
inflammatory disorders, such as asthma, atherosclerosis-associated cardiovascular
disease, inflammatory bowel disease, nonalcoholic fatty liver disease, and chronic
renal disease [52]. During the autumn and winter months in the UK, the National
Institute for Health and Care Excellence has recommended taking vitamin D supple-
ments to prevent bone, muscle, and immunological problems [53].

Vitamin D intake reduces the likelihood of contracting influenza, according to a
study [54]. More research, however, is needed to confirm these findings. Vitamin D
supplementation aids in HIV infection by blocking viral entry, regulating CD4" cell
surface antigen expression, dampening viral p24 production, and reducing mono-
cyte proliferation [55]. A deficit of vitamin D is associated with acute respiratory
distress syndrome, chronic illness, and increased mortality rates in the elderly [56].
An experimental report indicates that high-dose vitamin D supplementation may
be beneficial, especially for the elderly, obese, those with dark skin, those living at
higher latitudes, and those living at 35° north, where sunlight intake is insufficient
to maintain adequate vitamin D levels during winter. A vitamin D supplement may
be beneficial to people at risk of chronic diseases such as respiratory tract infections,
cardiovascular disease, cancer, diabetes, and hypertension. In the bloodstream, levels
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of vitamin D above 50 ng/ml (125 nmol/l) have been linked to a lower risk of many
viral infections, including COVID-19 [57, 58].

8. Conclusion

Based on recent clinical investigations, we conclude that vitamin D may have a
role in lowering the complications associated with COVID-19-induced uncontrolled
inflammation and cytokine storm. Additionally, researchers found a link between
patients with COVID-19 and insufficiency of serum vitamin D. The widespread effects
of vitamin D on various organ systems have sparked discussion regarding a possible
interaction between it and the processes by which the SARS-CoV-2 virus infects
humans. In COVID-19 patients, adequate vitamin D levels in serum were associated
with a significantly lower frequency of disease severity, despite limited clinical data.
It is expected that there will be more studies published regarding its role in upper
respiratory infections such as COVID-19 in the near future. A sufficient amount of
patient-level data is required to demonstrate the protective effect of vitamin D.
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Abstract

People with schizophrenia are at high risk for vitamin D deficiency. There is more
likely as association between vitamin D and COVID-19 development and even severe
outcomes following SARS-CoV-2 infection. It should be noted that other factors
except schizophrenia are also related to the severity of the COVID-19 such as heart
conditions, respiratory disorders, overweight, and hypertension in which are preva-
lent in patients with schizophrenia linked with vitamin D deficiency. This book aimed
to determine the relationship between the level of vitamin D and COVID-19 severity
in patients with schizophrenia.

Keywords: schizophrenia, vitamin D, 25(OH) D, respiratory infection, COVID-19,
coronavirus disease

1. Introduction

In December 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
emerged in Wuhan, Hubei province, China. The World Health Organization (WHO)
declared coronavirus disease 2019 (COVID-19) a pandemic on 11 March 2020. While
itis estimated that 80% of those infected with COVID-19 are asymptomatic or have a
self-limiting disease, the case fatality rate for those hospitalized with COVID-19 was
2.3%, increasing to 10.5% in those with cardiovascular disease, 7.3% in those with dia-
betes mellitus, 6% in those with hypertension and 5.6% for cancer [1]. COVID-19 was
distributed worldwide and showed various symptoms, including lung involvement,
liver and kidney damage, and conjunctivitis. COIVD-19 is considered a disease with
multi-organ failure ability [2-7]. After declaring the Pandemic by WHO, researches
were done further to find remedy and vaccines [8-10]. Vitamin D is one of the subjects
that had controversial effects on the treatment or recovery process of patients with
COVID-19. Now we elaborate on the details of vitamin D [11].

Vitamin D, a steroid hormone, plays the main role in the immune system [12, 13].
Vitamin D influences many reactions against the normal immune response to
pathogens. Vitamin D can facilitate the recovery of COVID-19 because both cytokine
storms and inflammation are related to severe outcomes in patients with COVID-19
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who have high prevalence of pneumonia and lung failure, especially in older patients
with lots of comorbidities results in high mortality rate. More than 70% of all schizo-
phrenia (SCZ) patients also have one or more clinical conditions, including diabetes
type II [14-16], chronic pulmonary disease [17], heart diseases, obesity, and hyper-
tension, so the life span in these people decreases [18-20] and may be vulnerable to
infection with SARA-CoV-2 [21].

People who have psychotic disorders are at high risk for vitamin D deficiency [22].
There is a close relationship between COVID-19 and SCZ. The results of a study showed
that SCZ is associated with high mortality following COVID-19 development [23].

Low accessibility to suitable medical care aggravates this scenario [24]. Patients
with SCZ and their home care providers may have problem seeking health services.
Additionally, even if they want to ask for medical assistance, due to the stigma sur-
rounding SCZ, there is more likely to not take proper assessment or treatment [25].

Patients with schizophrenia are prone to be infected with worse outcomes,
especially if they are suffering from several comorbidities. They are vulnerable to
worsening psychiatric symptoms and relapse due to fear of the disease, stress, and the
boredom associated with compulsory isolation. Thus, health and care providers need
more attention and support to prevent COVID-19 among in this group and should
detect both psychiatric and respiratory problems as soon as possible.

In this chapter, we tried to describe the reason for high COVID-19 morbidity and
mortality among individuals with SCZ through a literature review.

2. Development of vitamin D deficiency in patients with schizophrenia

Schizophrenia may be developed by environmental and genetic factors [26].
According to epidemiological research, schizophrenia is seen more in people: 1) born
in the winter and spring seasons [27], 2) living in the urban area in childhood [28-31],
and 3) living at high latitudes [32]. On the other hand, we know that dark skin needs
much sunlight exposure to produce enough vitamin D, so children with dark skin who
migrate to cold climates have more chance of developing SCZ due to low levels of vita-
min D during gestation [33]. A Danish case—control study indicated that vitamin D
deficiency in neonates is associated with an increased risk for SCZ in later life. People
with 250HD less than 20.4 nmol/L [34] had a 44% increased risk of SCZ compared to
people over 40.1-53.5 nmol/L [22].

However, randomized clinical trials to investigate the effects of maternal vitamin
D supplements on the development of SCZ in their children may never happen due
to two reasons. First, there is no strong evidence suggesting high dose of 250HD for

Study Hypothesis

Finnish birth cohort Lack of vitamin D supplements in the first year of life is associated with SCZ
development in men [36].

Danish case-control Vitamin D deficiency in neonates is associated with SCZ development in later

study life [22].

KiGGS' study The offspring of migrants with dark skin develop more SCZ [33].

"The German National Health Intevview and Examination Survey for Children and Adolescents.

Table 1.
Summary of hypothesis related to vitamin D and SCZ.
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health targets. Second, it is unethical to screen pregnant women for vitamin D defi-
ciency and allocate this group to take vitamin D supplements or the placebo. Finally,
itis hard to follow up on large mother-offspring samples for 2-3 decades to determine
the risk of SCZ development [35]. A summary of the hypothesis related to vitamin D
and SCZ is presented in Table 1.

3. Prevalence of vitamin D deficiency in schizophrenia

Vitamin D deficiency and insufficiency are in different people worldwide, but its
burden, such that the prevalence of serum 250HD < 25/30 nmol/L ranges from 5 to
18%, depends on the Food and Agriculture Organization (FAO) world region, varies
from 24 to 49% in the case of serum 250HD < 50 nmol/L [37]. It is not clear which
dose of vitamin D levels are sufficient, insufficient, and deficient, and we showed
typical thresholds in Table 2. The main circulating form of vitamin D is 250HD
which is usually taken as a proxy of vitamin D status in blood [39, 40]. Two promi-
nent studies report an association between neonatal vitamin D deficiency and an
increased risk of SCZ [26, 41]. A meta-analysis study including 31 studies showed that
there were statistically significant differences in the mean 250HD between SCZ and
the control group in which; the control group in the case—control and cohort studies
consisted of healthy subjects with no history of psychiatric disorders, while in the
cross-sectional studies, psychiatric patients but non-schizophrenic were considered to
be the control group. Consequently, it can be concluded that, compared with healthy
people or other psychiatric patients, peripheral blood mean 250HD is low in patients
with SCZ [26].

Generally, patients suffering from SCZ have poor general health, poor nutrition,
low activity, and more comorbidity. So it is important to be cautious in any causal
interpretation for patients with SCZ [42]. Some studies have inconsistent results
from existing vitamin D supplementation trials in patients with SCZ [43, 44]. We can
conclude that vitamin D deficiency can increase the risk of SCZ development, and it
is strongly recommended to do ongoing research.

4. Vitamin D deficiency and respiratory infection risk
with SARS-CoV-2 virus

There are two critical questions emanating from the title of this part. The first is
whether there is an association between susceptibility to develop COVID-19 and vita-
min D deficiency or not. The second is whether vitamin D use in deficient people can
prevent or improve infection with SARS-CoV-2 or change the course of its disease.

Serum 25(OH)D concentration, mean: nmol/L (ng/mL) Prevalence, % Classification
<25 (<10) 6.7 Deficiency
<50 (<20) 37 Insufficiency
>75 (>30) 11 Sufficiency

25(0H)D, 25-hydroxyvitamin D [38].

Table 2.
Vitamin D level and its prevalence worldwide.
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Improvement of the immune system by correct nutrition is a considerable factor.
Vitamin D as a nutrient plays a significant role in the immune system. However, there
is little evidence about the role of vitamin D in preventing COVID-19 and its conse-
quences [45].

COVID-19 pandemic has raised challenges in terms of the benefits of vitamin D
used to prevent and even treat it. Sufficient blood vitamin D can help in a satisfac-
tory cellular response and in protecting against the severity of infections caused by
microorganisms such as SARS-CoV-2 [45]. Vitamin D deficiency is related to severe
outcomes following COVID-19 [46]. In a systemic review and meta-analysis consist-
ing of 14 studies, the effect of vitamin D supplementation in lowering the risk of non-
COVID-19 respiratory tract infections in patients with lower vitamin D levels was
found [47]. Moreover, a systematic review consisting of 7 meta-analyses on 30 clinical
trials showed the same results [48]. Higher COVID-19 mortality rates in Europe have
been identified in patients suffering from vitamin D deficiency [45].

There is still limited evidence in favor of the effect of vitamin D in people with
COVID-19 in the treatment process [49]. A meta-analysis consisting of eight observa-
tional studies revealed that people with vitamin D < 50 nmol/l (i.e., <20 ng/ml) have
64% more risk of community-acquired pneumonia [50].

The results of the meta-analysis showed that vitamin D deficiency could result in
the severe form of COVID-19, especially in the elder people [49], which is explained
by both lower exposure to sunlight and lower 7-dehydrocholesterol values in the skin
compromising the cutaneous synthesis of 250HD in the elderly [51]. Moreover, aging
is accompanied by lots of chronic diseases [52].

We recommend developing cohort studies, especially clinical trials on different
age groups in various climatic conditions, to evaluate the causality between vitamin D
and COVID-19.

4.1 Mechanism: vitamin D regulating inflammation

The association of vitamin D and C-reactive protein (CRP) level, an anti-inflamma-
tory factor, is proposed. Vitamin D use is associated with a reduction in CRP level [53],
while in patients with SCZ, an inverse relationship was found between CRP levels and
vitamin D [54]. Low serum level of vitamin D seems to be associated with the inappropri-
ate function of the immunomodulatory. Also, insufficient vitamin D levels result in less
efficient antigen presentation and macrophage function. Low vitamin D may potentially
contribute to a delayed response to the body’ initial contact with the SARS-CoV-2 virus.

5. Schizophrenia and COVID-19

A large cohort study was carried out on 1092 patients with/without SCZ hospital-
ized due to COVID-19. Only 15 patients had SCZ. The overall in-hospital mortality
rate was 9%. Patients with CSZ had more mortality compared to non-SCZ patients
(26.7% vs. 8.7%) (Adjusted odds ratio: 4.36). We know that an adjusted odds ratio
of more than one is considered a risk factor, while here, it is 4.36 [23]. Vitamin D
deficiency is associated with higher risk of respiratory infection. There are more
respiratory infections and deaths in patients with SCZ where vitamin D deficiency is
prevalent. This potentially offers a modifiable risk factor to reduce the risk for and the
severity of respiratory infection in people with SCZ [21].
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5.1 Prognostic factors in developing COVID-19
5.1.1 Age and gender

In spite of the fact that females experience more morbidity (not mortality)
than males [54], the relative risk of mortality following COVID-19 was higher for
males than females in all regions and almost all age groups. The overall relative
risk ranged from 1.11 in Portugal to 1.54 in France, showing the risk factor role of
gender in COVID-19 consequences. In most regions, sex differences increase until
60-69 years [55]. Clinicians obviously noted that COVID-19 mortality rises with
aging, unlike other respiratory diseases [56]. People >65 years have a strikingly
higher mortality rate following COVID-19 compared to younger adults, and males
have a higher mortality rate following COVID-19 compared to females. Over the
42-day period, there were 178,568 deaths following COVID-19 deaths. Mortality
was influenced by age and sex in patients with COVID-19. Compared with individ-
uals<54 years, the incident rate ratio [57] was 8.1, indicating the high mortality rate
following COVID-19, and also IRR was 62.1 for patients>65 years or older. Totally
mortality rate due to COVID-19 was 77% higher in males compared to females
(IRR = 1.77) [58].

In addition, age may also have interaction with SCZ in respect of the mortality
rate following SARS-CoV-2 infection. A retrospective case—control study showed that
patients with SCZ >65 years had higher risk compared to the patients with SCZ aged
18-65 years (Adjusted odds ratio = 1.74) [59].

5.1.2 Ethnicity

In the general population, mortality following infection with SARS-CoV-2 among
people from ethnic minorities is four times higher than in the white European popula-
tion [60]. In an observational study, as compared to white patients, African-American
people suffering from SCZ had higher prevalence of SARS-CoV-2 infection (adjusted
odds ratio: 2.33) and higher mortality rate (6.2% vs. 3.7%), and men had higher
mortality rate than women (6.6% vs. 3.4%) [61].

5.1.3 Comorbidities

The risk factors for severe SARS-CoV-2 infection, such as cardiovascular dis-
ease (CVD), chronic respiratory diseases such as chronic obstructive pulmonary
disease (COPD) and diabetes mellitus (DM) [62-64], are frequent in patients with
SCZ compared to the general people. More than 70% of all patients with SCZ have
one or more comorbidity, including diabetes type II [15, 16], chronic pulmonary
disease [17], hypertension, heart diseases, and obesity, so overall survival in
these patients decreases [18-20] and is the vulnerable group to COVID-19 with
high mortality [21]. Patients with SCZ and/or with other mental problems such
as bipolar disorders had high risk of mortality following COVID-19. This can be
justified by their immunological profile. Variation in the human leukocyte anti-
gen complex is one of the most consistently replicated findings in genome-wide
association studies in patients with SCZ and bipolar disorders [65]. In conclusion,
the highest risk of mortality in individuals with SCZ and/or bipolar disorders is
not far off [66].
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5.2 Vitamin D deficiency in schizophrenia implications for COVID-19 infection

The global age-standardized prevalence of SCZ is 0.28% [67]. Among COVID-19
risk factors identified in patients with SCZ, the presence of comorbidities, stigma
experience, poor insight into somatic symptoms, cognitive impairment, and delusions
have been identified as factors that can lead to misperception of the risk related to
the virus. Moreover, patients with SCZ are often heavy smokers with lower vitamin
D levels, and it is unknown how it can affect their chance of COVID-19 survival. A
case—control study on patients with COVID-19 in southern France showed that the
mortality rate was 9.0%. The patients with SCZ had increased mortality compared
to the non-SCZ patients (26.7% vs. 8.7%, respectively). In contrast, the patients with
SCZ were admitted to the ICU less than those without SCZ. SCZ is associated with
further COVID-19 mortality, confirming the existence of health disparities described
in other somatic diseases [23].

Lack of vitamin D causes deterioration in the health of our body and thus
increases the risk of mental disorders. Research is ongoing, but studies have shown
that sunlight provides a significant protective effect for respiratory problems and
inflammation disorders. In the context of the coronavirus pandemic, research has
been conducted on the relationship between vitamin D, CZ, and increased rates of
acute respiratory infection.

There is more respiratory infection and mortality in patients with SCZ whose vita-
min D deficiency is prevalent [68]. A case series study including 14 elderly COVID-19
positive inpatients presenting with dementia or SCZ and other medical conditions
was done. All patients received 800 IU daily vitamin D prior to the infection. Most of
the patients were asymptomatic or with very few symptoms. There was no need for
an intensive care unit, or deaths were not reported. But cognitive functioning of the
patients was unchanged. It can be concluded pre-existing vitamin D use may reinforce
the immune system and lower the severity of COVID-19 in elderly patients with
psychiatric disorders [69].

6. Conclusions

It seems vitamin D deficiency is associated with an increased risk of acute respira-
tory infection and mortality after the development of COVID-19. There are further
respiratory tract infections and mortality in patients with schizophrenia because vita-
min D deficiency is prevalent in these patients. Patients with schizophrenia are prone
to be infected with worse outcomes, especially if they suffer from several comorbidi-
ties. They are vulnerable to worsening psychiatric symptoms and relapse due to fear
of the disease, stress, and the boredom associated with compulsory isolation. Thus,
health and care providers need more attention and support to prevent COVID-19 in
this group and should detect psychiatric and respiratory problems as soon as possible.
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Chapter7

Vitamin D Deficiency: Implications
in COVID-19 and Schizophrenia

Sepehr Saberian, Fahim Atif, Donald Stein and Seema Yousuf

Abstract

Deficiencies in vitamin D can have several etiologies, broadly classified as the
following: suboptimal exposure to ultraviolet-B (UV-B) light from sunlight, low
dietary intake of vitamin-D or reduced absorption due to gastrointestinal pathologies,
reduced production due to liver or kidney disease, pseudo-deficiencies caused by end
organ resistance despite normal or elevated vitamin D levels, and medication-induced
stimulation of hepatic cytochrome P450 enzymes for which vitamin D is a substrate.
Deficiencies in this important vitamin can have several adverse clinical implications
such as osteomalacia, osteoporosis, muscle pain, and depression to name a few. More
recently, vitamin D has been shown to be involved in modulating various aspects of
the immune system. Vitamin D receptors have also been found to be present in certain
regions of the brain, especially those involved in schizophrenia. We will discuss the
implications of vitamin D deficiency and its immunomodulatory role in the setting of
the COVID-19 virus, the proposed cellular and molecular mechanisms of action for
vitamin D in the context of schizophrenia, and the clinical outcomes associated with
these two pathologies as a function of low vitamin D levels.

Keywords: vitamin D deficiency, schizophrenia, COVID-19, immunomodulation

1. Introduction

Vitamin D plays a crucial role in several biologic processes. As such, maintaining
physiologic levels of this vitamin is essential for the proper functioning of various
organ systems. Unfortunately, vitamin D deficiency (VDD) is a global health concern
with potentially severe clinical outcomes [1]. This is true for both adults as well as the
pediatric population. Although a wide range of risk factors exists, the most well-
studied and accepted risk factor remains lack of sun exposure. Certain studies have
also looked at race and skin color as potential risk factors (more on this later) [2]. Risk
factor associated with VDD is an area of continuing research.

Although bone disease is the most well-established consequence of VDD, it
is important to appreciate the complex and nuanced ways in which the endo-
crine system, intestines, and kidneys interact with and depend on vitamin D [3].
Furthermore, previously unknown functionalities of this vitamin have been eluci-
dated in recent years. Perhaps the most fascinating findings have been vitamin D’s
ability to modulate the immune system. Various experiments have shown the surpris-
ing ability of vitamin D to stimulate the immune system to mount a more potent
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and effective response against foreign pathogens. Interestingly, these observations
have been made in both the innate and adaptive immune systems [4]. Another area
of research in the setting of vitamin D has been the brain [5]. Detection of vitamin D
receptors in the central nervous system has provided an avenue for researchers to
examine how the vitamin may be implicated in various diseases as well as the devel-
opmental stages of the brain.

The significant amount of information on these new areas, as well as the excite-
ment surrounding it, is evident in the literature. We have analyzed several studies
and experiments to provide an informative and structured review of the most recent
progress and discoveries in this area. In this chapter, we first approach VDD broadly
by discussing its epidemiology, pathogenesis, and pathophysiology. We then narrow
the scope of our discussion to focus on the most recent and exciting findings in the
context of vitamin D. Finally, we conclude our review of VDD by exploring how these
recent findings are implicated in schizophrenia as well as the novel COVID-19 virus at
much more granular level.

2. Epidemiology

The diagnosis of VDD is made when levels of 25-hyroxy vitamin D, or 25(OH)D,
levels are found to be below the threshold value of 12ng/mL [3]. The global prevalence
of VDD is estimated to be 14-59% in the adult population. Although there is a paucity
of data on infants and children in several countries, the global prevalence of VDD
in this group is estimated to be higher than the adult population, with some studies
reporting rates as high as 80% [6-8]. Furthermore, prevalence of the disease varies
significantly by region, age group, season in which measurements were taken, and
gender. Of note is the markedly higher rates seen in the Middle East, especially in
Iran(infants, 86%; adults, 51%) [7, 9]. VDD is also seen in some South Asian countries
such as India, Pakistan, and Bangladesh, where ~80% of adults are known to be
affected; the same statistic in US adults has been reported as ~35% [1]. Conversely,
the European population has a relatively lower prevalence compared to other regions,
with an estimated 8.3% - 17.7% of the population affected [10].

A significant risk factor for VDD is race. For instance, in the US, 82.1% of African
American adults and 62.9% of Hispanic adults are deficient in vitamin D; this is in
comparison to the overall VDD rate of 41.6%. This is attributable to the relatively
higher melanin levels observed in the skin of these individuals [11]. Melanin is a
polymer that not only provides skin pigmentation, but also absorbs ultraviolet (UV)
radiation [2, 12]. By doing so, melanin decreases the amount of UV light available to
keratinocytes (which are a crucial component of vitamin D synthesis) located within
the skin epidermis [13].

In recent decades, younger individuals have been at much higher risk of VDD.
This is largely thought to be a result of the accelerating use of technology. Electronic
devices such as video game consoles, portable tablets, computers, and cell phones
have provided children with entertainment that can be enjoyed indoors. As a result,
they are less likely to engage in outdoor activities, which has significantly decreased
exposure to sunlight in this age group [11, 14]. Although obesity has also been
reported as a risk factor for VDD with various proposed mechanisms of action, a
portion of the VDD observed in obese individuals may be a result of confounding
effects [15]. In other words, it is possible that obese children also tend to spend more
time indoors and do not get sufficient sun exposure. Further studies investigating
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the true effect of obesity on VDD would require comparing data on obese children
who engage in outdoors activities to obese children who do not engage in such
activities.

3. Pathogenesis

There are several reasons why VDD may develop. It can be helpful to broadly
categorize these etiologies. Although these are varied in their mechanisms of action,
they all lead to absolute or functional deficiencies in vitamin D:

* Suboptimal exposure to ultraviolet-B (UV-B) light from sunlight: The precursor
molecules to initiating vitamin D synthesis, located in the skin, require exposure
to UV-B light. As a result, low levels of sun exposure cause decreased vitamin D
synthesis [1].

* Low dietary intake of vitamin D: The vitamin can also be absorbed through the
intestinal tract. Consuming foods that do not contain adequate vitamin D can
result in VDD.

* Reduced absorption due to gastrointestinal pathologies: Certain diseases of the
gastrointestinal tract can result in decreased ability of the intestinal lining to
absorb various nutrients, including vitamin D [16].

* Reduced production due to liver or kidney disease: As we will discuss later, the
liver and kidneys contain important enzymes that are required to produce func-
tional vitamin D. Chronic liver or kidney disease can result in sub-physiologic
levels of these enzymes, leading to decreased vitamin D production [17, 18].

* Pseudo-deficiencies caused by end organ resistance despite normal or elevated
vitamin D levels: Because vitamin D exerts its effects by binding to the vitamin
D receptor, signs and symptoms of vitamin D deficiency can manifest if the
receptor does not function properly. As a result, vitamin D levels can be normal
or even elevated [19].

* Medication-induced stimulation of hepatic cytochrome P450 enzymes: The
cytochrome P450 enzymes are a family of proteins found in the liver that are
responsible for metabolizing a wide range of substrates. Specific cytochrome
P450 enzymes, for which vitamin D is a substrate, can be stimulated as a side
effect of certain medications. This in turn leads to hypermetabolism of vitamin D
and with chronic use, can lead to VDD [20].

4. Pathophysiology

Examination of the pathophysiology of VDD and how it interacts with various
organs can clarify the various roles this vitamin plays. Vitamin D3 and vitamin D2,
precursors to mature vitamin D, must first enter the liver where they are converted
to 25(OH)D [21]. Following another enzymatic conversion by the kidneys, 25(OH)
D becomes 1,25(0H)D; this is the mature and functional form of vitamin D [22].
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Figure 1.

Vi%amin D Physiology: Classical Pathway. The Vitamin D precursor enters the liver, where it is engymatically
modified to yield 25(OH)D. It then enters the kidneys, wheve it is once again enzymatically modified to yield
1,25(OH)D, the functional form of vitamin D. In the intestines, calcium and phosphorous absorption is stimulated
(green arrow); in the bones, mineralization is stimulated (green arrow); in the parathyroid glands, PTH
(parathyroid hormone) secretion is inhibited (red arrow).

Classically, there are three pathways in which vitamin D has been implicated: the
endocrine system by way of the parathyroid glands, the gastrointestinal tract, and the
skeletal system. Vitamin D inhibits the secretion of parathyroid hormone (PTH) by
the parathyroid glands (PTH increases serum calcium levels, decreases phosphorous
levels, and stimulates bone resorption), stimulated intestinal absorption of calcium
and phosphate, and increased mineralization in the bones [23]. These pathways are
outlined in Figure 1.

Having discussed the normal functions of vitamin D, we will now examine the
sequalae of VDD. Low levels of vitamin D stimulate PTH release from the parathyroid
glands, leading to increased serum calcium levels and decreased phosphorous levels.
Elevated PTH also induces bone resorption (or breakdown). There is also decreased
stimulation of the intestine for absorption of calcium and phosphorous as well as
decreased bone mineralization in the setting of VDD. The overall result of VDD,
therefore, is decreased bone density, decreased serum phosphorous and calcium lev-
els, and elevated PTH [1]. Depending on the severity of the deficiency, symptomatol-
ogy can be nuanced and may include any combination of the list included below [24].

* Bone fractures from mild trauma
* Bone pain

* Joint pain
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* Muscle pain
* Fatiguability
* Psychological symptoms

This section has focused solely on the classical roles of vitamin D and the clini-
cal outcomes observed as a result of VDD. In addition to these classical roles, there
are other roles of vitamin D that have been elucidated more recently. These will be
discussed in detail in the following section.

5. Recent developments: schizophrenia and COVID-19

This section will examine new insights on the roles of vitamin D. The main topics
of discussion will center around the implications of vitamin D in the immune system
as well as the central nervous system. Furthermore, we will present a more focused
discussion of these topics in the context of schizophrenia and COVID-19.

5.1 Schizophrenia

Schizophrenia is an often debilitating, chronic mental disorder, where patients
present with symptoms such as hallucinations, delusions, altered perception, as well
as disorganized speech and behavior [25]. It has been well established that an imbal-
ance of various neurotransmitters in the brain is responsible for these symptoms.

The most widely studies neurotransmitters in the context of schizophrenia include
dopamine, serotonin, and glutamate [26]. Of these, dopamine activity appears to
have the strongest correlation to symptomatology by modulating dopamine-1 (D1)
and dopamine-2 (D2) receptors [27, 28]. Specifically, dopamine’ effects on four main
pathways within the brain have been implicated in schizophrenia and medication

side effects: the mesocortical pathway, mesolimbic pathway, nigrostriatal pathway,
and tuberoinfundibular pathway. In terms of disease symptoms, the combination of
decreased activity of the mesocortical pathway and increased activity of the mesolim-
bic pathways are the culprit.

On the other hand, the nigrostriatal and tuberoinfundibular pathways are only
affected when anti-psychotic medications are administered [29]. This is due to the
presence of D2 receptors in all four regions. Because schizophrenia is a disease of
localized dopamine dysregulation in the brain, pharmacologic intervention requires
blockage of D2 receptors to restore homeostatic dopamine activity. However, these
medications do not specifically target the mesocortical and mesolimbic pathways,
but instead act on all brain regions that contain D2 receptors. As mentioned, the D2
receptor is also present in the nigrostriatal and tuberoinfundibular pathways, with
unintended blockage causing undesirable side effects including movement disorders
(extrapyramidal effects), milk discharge (galactorrhea), enlarged breasts, sexual
dysfunction, among others [30].

Most recently, vitamin D’s role in schizophrenia has become major a topic of inter-
est for many researchers. Not only has VDD been shown to be associated with schizo-
phrenia, but it has also been implicated in individuals experiencing single episodes
of psychosis [31]. In one report, vitamin D levels of three study groups consisting of
schizophrenic patients in remission, schizophrenic patients having an acute episode,
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and patients without psychiatric illness were analyzed and compared. Interestingly,
patients who were in the midst of an acute episode were found to have significantly
lower vitamin D levels, with a median of 718 ng/mL, as compared to both patients

in remission (15.03 ng/mL) and non-schizophrenic patients (15.02 ng/mL) [32].

The authors concluded that there exists a clear association between low vitamin D
levels and schizophrenic episodes. This does not imply a causative effect, however, as
interactions with other pathways must be considered. In fact, a 2015 study searching
for potential interactions of vitamin D with other pathways reported proline as one
candidate. It was found that the proline dehydrogenase, or PRODH, gene’s transcrip-
tion was significantly modulated by vitamin D [33]. This enzyme plays an important
role in proline catabolism; as a result, proline levels decreased with increasing proline
dehydrogenase concentrations and vice versa [34]. Not surprisingly, VDD was found
to be associated with higher proline levels. Furthermore, hyperprolinemia was shown
to contribute to 33% of the relationship between VDD and schizophrenia [33].

Recently, the presence of vitamin D receptors (VDR) in the brain has been
confirmed. More specifically, high concentrations of this receptor have been demon-
strated in the hippocampus, supraoptic and paraventricular nuclei, and substantia
nigra [35]. Interestingly, organs classically associated with the site of vitamin D
activity (such the kidneys, bone, and gut) contain multiple VDR isoforms, however,
the brain contains only one isoform [36]. Once the vitamin D-VDR complex forms, it
induces various downstream pathways by binding DNA response elements [5]. These
VDR can be found in both the adult and the developing brain. As such, VDD in the
developing brain can have serious implications. Studies utilizing rodent models have
shown that subphysiologic levels of vitamin D in offspring led to abnormalities in
neuronal differentiation, altered anatomy, neurotransmitter imbalance, and abnor-
mal gene expression [37]. These findings are also accompanied by abnormal behav-
ioral and cognitive observations, further confirming the vital role of vitamin D in
the proper development of the brain [37, 38]. Two retrospective human studies have
also been conducted, both of which demonstrated a significant association between
neonatal VDD and increased risk of later developing schizophrenia in adulthood [36].

Although it can be useful to understand the mechanisms by which VDD affects
the brain and potentially causes schizophrenia, it is even more important to examine
whether vitamin D repletion can restore normal brain function. In one study, admin-
istration of vitamin D for an eight-week period in schizophrenic patients treated with
the medication Clozapine has been shown to improve cognition, without significant
effects on psychotic episodes [39]. Interestingly, a similar study demonstrated that in
addition to improving cognition, vitamin D supplementation led to improved symp-
toms in patients suffering from schizophrenia. Of note is that in this study, vitamin D
supplementation was not constrained by the wight-week period, but instead vitamin
D levels of > 30ng/mL was used as the threshold [40]. This is an important consid-
eration, because it provides an explanation as to why one study reported isolated
improvement in cognition while the other reported improved cognition as well as
psychotic symptoms. These results imply that there exists a concentration-dependent
relationship between vitamin D levels and symptom improvement.

Considering this body of evidence that has recently become available, it is clear
that vitamin D is a vital component for not only proper functioning of the adult
brain, but also appropriate growth and maturing of the developing brain. We have
also discussed insights gathered from recent studies on the link between VDD and
schizophrenia. Lastly, it is important to consider the various levels at which we have
examined this topic. From a basic science standpoint, we discussed microscopic and
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macroscopic changes resulting from VDD seen in the neonatal brain and potential
cellular and extracellular mediators of disease. From a clinical standpoint, we’ve
reviewed several studies that explored the relationship between VDD and the risk of
developing schizophrenia and lastly, we discussed studies in which vitamin D supple-
mentation was shown to improve schizophrenia symptoms. Next, we will explore
associations between VDD and the COVID-19 virus, how it might affect various
aspects of the disease, and whether supplementation with vitamin D has been shown
to be beneficial in mitigating the severity of the disease.

5.2COVID-19

The coronavirus disease 2019 (COVID-19), which first began as an endemic, but
rapidly spread to become a global pandemic, has affected millions of people. With death
tolls rising at an unprecedented rate, medical research set out to identify potential thera-
peutic and prophylactic agents to battle the COVID-19 virus and accompanying fatal
symptoms [41]. The main syndrome associated with the COVID-19 is acute respiratory
distress syndrome (ARDS). ARDS results from overactivation of the immune system,
causing extravasation of large volume of fluids into the lungs [42]. This syndrome is
extremely dangerous and can lead to death even with maximal medical intervention. In
the search for answers to a therapeutic solution, one viable candidate has been vitamin D.

As previously discussed, recent interest in the role of vitamin D in various physi-
ologic processes has provided a plethora of new insights. One such finding has been
vitamin D’ role in modulating the body’s immune system. The mechanism by which
this is accomplished involves the same VDR mentioned in the previous section. The
receptor has been found in a vast number of immune cells and is thought to modulate
the immune system in this way. High concentrations have been found particularly
in antigen-presenting cells (APC) such as dendritic cells, CD4* and CD8" lympho-
cytes, as well as macrophages [43]. As an intracellular receptor, VDR binds with
vitamin D and upon activation, can regulate the transcription of a number of genes
[44]. Transcriptional regulation is not however the only way that vitamin D exerts
its effects. It has also been shown to interact directly with protein other than VDR,
modify histone and chromatin structure, among others [45]. To understand how
vitamin D relates to the COVID-19 virus, we will first examine the immune system’s
role, then we will explore how these findings related to COVID-19 specifically.

The immune system has one basic, yet functionally complex goal: to destroy foreign
particles that pose a threat to the body. The intricate network of immune cells works to
neutralize such threats. In order to do so, they communicate with one and another by
way of cytokines and other hormones, which are chemicals that act as messengers by
binding to their intended receptors located on cell surfaces. Within the innate immune
system, signaling via IFN-y, STAT-1a, lipopolysaccharide (LPS) and toll-like receptors
(TLRs) has been shown to increase the activity of 1a- hydroxylase levels in monocytes;
this enzyme is responsible for the last step of vitamin D synthesis [4]. Activation of the
enzyme, and the ensuing surge of vitamin D levels in monocytes, leads to differentiation
of these cells into mature macrophages. Interestingly, in both macrophages and dendritic
cells, vitamin D induces an anti-inflammatory state by simultaneously decreasing pro-
inflammatory and increasing anti-inflammatory cytokines [46]. Additionally, lympho-
cytes also express fewer inflammatory receptors in response to vitamin D.

Within the adaptive immune system, the effects of vitamin D can be more nuanced.
For instance, vitamin D induces apoptosis of activated B cells and decreases produc-
tion of plasma cells. Importantly, there is no effect on B cell differentiation. T cells
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may respond differentially to vitamin D as a function of cellular state and phenotype
[43]. The vitamin D-T cell interaction can result in the downregulating the levels of
several cytokines including IL-2, IFN-y, IL-17, and IL-21; the end result is an overall
anti-inflammatory state [46]. One important observation that is common to both B
and T cells is the markedly decreased proliferation of autoreactive cells [47]. These cells
are responsible for various autoimmune disorders, and as multiple studies have shown,
vitamin D can be therapeutic in this setting. Given vitamin D’s extensive immunomod-
ulatory role, it has become increasingly evident that it may have major implications in
infectious diseases. In the context of COVID-19, the viral pathogen’s main entry point
into the body is the respiratory system. Not only is there a high concentration of VDR
in the macrophages located in the lung epithelium, but there are also high levels within
the epithelial cells themselves. Activation of VDR in the epithelium stimulates produc-
tion of several anti-microbial proteins that hinder the entrance of such pathogens.
Concurrently, VDR activation in lung macrophages is thought to prevent immune
system hyperactivity by way of decreasing inflammatory signals [48].

Vitamin D does not only modulate the effects of COVID-19 by way of immuno-
modulation. Another very important physiologic pathway involved in COVID-19
infection is the renin-angiotensin-aldosterone system (RAAS). RAAS is involved in
regulating blood volume and pressure. It's imperative to understand how this system
works physiologically in order to understand how COVID-19 causes its pathological
sequalae. Renin is a hormone produced and secreted by the kidneys in response to
changes in blood volume or blood pressure. If either of these parameters are decreased,
renin is secreted and induces the conversion of angiotensinogen (produced by the
liver) to angiotensin I (AT1). Subsequently, angiotensin I travels to the lungs through
the systemic circulation. The lungs contain the enzyme angiotensin converting enzyme
(ACE), which is responsible for converting AT1 to angiotensin IT (AT2). AT2 then acts
on several end organs, resulting in increased blood pressure and volume. The enzyme
responsible for breaking down AT2 is angiotensin converting enzyme 2(ACE2). In the
setting of COVID-19 infection, the virus causes abnormal downregulation of ACE2.
This results in the inability to degrade AT2, yielding exceptionally high concentrations
of the hormone. Increased AT?2 levels then activate the RAAS, which cause hyper-
tension and above physiologic blood volume. With this dramatic increase in blood
volume and pressure, substantially more fluid leaks into the lung parenchyma causing
ARDS. Vitamin D has been shown to act at several levels to mitigate these pathologic
processes. At the level of RAAS biosynthesis, vitamin D acts as a negative regulator by
inhibiting renin synthesis [49]. It also has been shown to increase ACE2 levels, allow-
ing more AT-2 breakdown [50]. Lastly, vitamin D has downstream vasodilatory effects
which provide a counterforce against the vasoconstriction caused by AT-2 [51, 52].

Taking together the immunomodulatory functions of vitamin D as well as its role
in regulating the RAAS system, we can understand its significant therapeutic poten-
tial in the setting of COVID-19. In the immune system, vitamin D stimulates a more
robust immune response against pathogens, such as the COVID-19 virus; by modulat-
ing RAAS, it decreases volume overload in the circulatory system and potentially
decreases the likelihood of developing ARDS.

6. Conclusions

In this chapter, we have discussed several key topics related to VDD. These
included the epidemiology, recent basic science and clinical developments, and the
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role that vitamin D plays in schizophrenia and COVID-19. Epidemiologically, there is
a staggering portion of the population who suffers from VDD; this is especially true
of certain countries in the Middle East. Aside from geographic location, darker skin
colors are also significantly associated with higher rates of VDD. There are also several
additional modifiable and non-modifiable risk factors associated with suboptimal
vitamin D levels, as discussed previously.

From a basic science standpoint, there have been a number of new discoveries
and developments in identifying the role of vitamin D in organ systems besides those
involved in the classical pathways. These include the vitamin’s role in modulating
the immune system, regulating the circulatory system by way of RAAS, the proper
functioning of the central nervous system, as well as appropriate development of the
growing brain. Implications of these new findings can then be analyzed in the clinical
setting. In the context of schizophrenia, vitamin D supplementation, in a dose and
concentration-dependent manner, has been shown to improve symptoms. This has
been attributed to the detection of vitamin D receptors in the brain.

Furthermore, the immunologic and circulatory regulation capabilities of vitamin
D have made it a topic of interest in searching for a treatment for COVID-19 infec-
tion. By stimulating various immune cells involved in both the innate and adaptive
immune system, vitamin D plays a role in neutralizing and clearing the COVID-19
virus. Additionally, a feared consequence of the infection is ARDS. By counteracting
the pathological disruptions in the RAAS system, vitamin D may help decrease the
severity of or even prevent ARDS.

In conclusion, we have seen that vitamin D’s functions in the body are far more
nuanced than previously thought. The new insights discussed in this chapter provide
a broader range of both physiologic and pathophysiologic effects that this crucial
vitamin has throughout the body. Although the roles of vitamin D in the endocrine,
gastrointestinal, and skeletal systems are extremely important, it is imperative to also
consider its immune system, circulatory system, and nervous system implications
moving forward.
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Abstract

Hypovitaminosis D is a common health problem in postmenopausal women that
predisposes to the development of various conditions, such as difficult-to-manage
osteoporosis, cardiovascular diseases, metabolic syndrome, autoimmune diseases and
cancer. In the last two decades, the extensive role of vitamin D has been character-
ized, where besides controlling bone mineral metabolism, it also precisely regulates
the immune system and metabolism. Early detection of hypovitaminosis D can help
provide timely care to improve the health of postmenopausal women. This chapter
aims to discuss the most relevant aspects of vitamin D in postmenopausal women and
the probable consequences that it has on the development of pathological processes
characteristic of this stage.

Keywords: postmenopause, hypovitaminosis D, vitamin D sufficiency,
vitamin D insufficiency, vitamin D deficiency, post-menopausal osteoporosis,
vitamin D immunomodulation

1. Introduction

The reproductive system in women experiences a senescence process called
menopausal transition. It leads to an imbalance in estrogenic hormonal regulation
that is evident around the fifth to sixth decade of life [1-3]. Ovarian insufficiency
during menopausal transition, triggers a series of adaptive physiological responses
to estrogen reduction, producing clinical signs and symptoms related to central
nervous system disorders, cardio-metabolic changes, musculoskeletal disorders,
urogenital and skin atrophy, and sexual dysfunction [4]. After this period, meno-
pause occurs. It is the last menstruation and represents the end of a woman's repro-
ductive life. Nowadays, a demographic aging phenomenon is occurring worldwide,
and it has been accompanied by a gender transition [5]. Indeed, the life expectancy
of women will reach 82 years in 2025, which implies that one-third of women will
have postmenopause [6].

Hypovitaminosis D is a public health problem considered a pandemic. In Mexico,
we have a prevalence of hypovitaminosis of 89.79% in postmenopausal women.
Hypovitaminosis D status in this population has been associated with musculoskeletal
problems and a wide range of acute and chronic diseases, including heart disease,
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autoimmune diseases, metabolic syndrome, and obesity [7, 8]. Furthermore, it can
cause secondary hyperparathyroidism in most patients, increasing bone loss and the
risk of developing osteomalacia, and predisposing to fragility-fractures in the elderly
[9, 10]. It is thought that vitamin D deficiency, defined as serum concentrations of
25-hydroxy-vitamin D (250HD) <30 nmol/L or <20 ng/mL, should be corrected.
However, we have observed that also vitamin D insufficiency, defined as serum levels
<50 nmol/L or <29 ng/mL, must also be corrected. Most international guidelines
define vitamin D sufficiency as serum levels of 250HD >50 nmol/L or >29 ng/mL to
achieve optimal bone health in older adults. However, we have found that sufficiency
levels should even be considered between 40-50 ng/mL of 25 OHD. In selected popu-
lations, randomized controlled trials (RCTs) with vitamin D and calcium supple-
mentation, have shown a decrease in the incidence of hip fractures and non-vertebral
fractures by ~15%, with the greatest effect in people 80 years or older [11, 12].

2. Vitamin D as a hormone

Formally, vitamin D is defined as a non-essential nutrient. However, It should
be considered a hormone because of its biotransformation and transport, and
the multiple functions it has in various enzymatic, metabolic, physiological, and
even pathophysiological processes [13]. This concept makes the skin and liver the
primary glands for the synthesis of vitamin D. As a result, cholecalciferol should
be considered a prohormone, transformed into its active form by those organs that
express the CYP27B1 enzyme, (mainly the kidney and the immune system), chang-
ing Cholecalciferol to Calcitriol. Considering the above, and adding the mechanism
of action of vitamin D, this system would be quite reminiscent of the axis of thyroid
hormones. Therefore, the concept of “Hormone D” should be considered a serious
proposal [14, 15].

2.1 Rich sources of vitamin D

Asvitamin D is considered a non-essential nutrient instead of a hormone, it is
thought to mostly be acquired through diet. However, it is mainly obtained through
an endogenous synthesis that begins in the skin after sunlight exposure. Nonetheless,
it is important to address the main nutritional sources that provide vitamin D, since
they provide the remaining 10% of daily requirements. The addition of vitamin D in
dairy products was effective in the 1930s in the attempt to eradicate Rickets. Adolf
Windaus, the Nobel Prize in Chemistry in 1928, had already described this process,
in the studies on the constitution of sterols and their connection with vitamins
[16, 17]. As we mentioned above, the major source of vitamin D is the production
in the skin, which synthesizes 90% of the total vitamin D that we require daily. The
rest is obtained through the diet. Plant-based products mainly provide ergocalciferol
or vitamin D2, while animal-based products provide vitamin D3. Although current
diets are theoretically considered sufficient in vitamin D, many countries have a high
prevalence of malnutrition, like Mexico and other Latin American countries; so,
this assumption cannot be generalized. As we have already mentioned, the diet only
provides a small proportion of the daily needs of vitamin D. If we depended only on
the diet completely to accomplish the daily vitamin D requirements, we would face
serious problems since the amount of vitamin D in food is very low. For instance,
the amount of vitamin D in international units (IU) in egg yolk is 44 IU, if the total
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Food and portion 1U of Vitamin D Amount per day to obtain 4000 IU
Cod liver oil, 1 tablespoon 1360 IU 4 spoons
Cooked trout, 3 ounces 64510 18 ounces
Cooked salmon, 3 ounces 570 IU 21 ounces
Mushrooms, white, raw, sliced, exposed to 366 1U 5 Y4 cups
UV light, ¥4 cups

Milk, 2% milkfat, fortified with vitamin 120 IU 33 cups
D,1cup

Sardines (Atlantic), canned in oil, drained, 461U 172 sardines
2 sardines

1 egg yolk 4410 90 eggs
Tuna, canned in water, 3 ounces 401U 300 ounces
Cheddar cheese, 1.5 ounces 121U 500 ounces

Adaptation from: [18].

Table 1.
Food requirements to meet the daily amount of vitamin D.

needs depended on the diet, it would require 90 eggs per day to get almost 4000 IU of
vitamin D from the diet, something unreasonable. Table 1 shows some examples of
these relationships [19-22].

The relevance of sun exposure comes from the impossibility of achieving suf-
ficient vitamin D requirements solely through diet. However, the question would
be, how much sun exposure is required to synthesize optimal vitamin D levels per
day. That is known as the minimum erythema dose (MED), defined as the dose of
ultraviolet B radiation (UV-B) radiation necessary to produce perceptible erythema
after 24 hours of irradiation in an exposed subject. Exposure equivalent to 1/4 of
the MED on the face, hands and arms produces approximately 1000 IU of vitamin
D, while exposure equivalent to 1/6 produces 200 to 600 IU [23]. We have observed
that at least 4000 IU daily of vitamin D are needed to reach sufficient serum levels
of 25(OH) between 30-50 ng/mL. However, as we can analyze, we need a rich diet in
vitamin D and high sun exposure, difficult to achieve because of several social issues.
Moreover, high exposure to the sun's rays could also predispose to developing mela-
noma. Therefore, the daily use of vitamin D supplements could be the best source to
get the daily requirements.

2.2 Vitamin D synthesis

Being endogenous synthesis the most important way to obtain vitamin D, we are
going to explain the process briefly. After exposure to UV-B rays with a wavelength
of 290 to 320 nm in the skin (basal layer of the epidermis), pre-vitamin D3 is syn-
thesized from 7-dehydrocholesterol or pro-vitamin D, which is thermally unstable;
therefore, it is spontaneously isomerized into vitamin D3. On the other hand, vita-
min D2 and D3 obtained from the diet, are absorbed in the small intestine with the
help of bile acids and later transported to the liver. The blood transport of vitamin
D2 and vitamin D3 is done through the vitamin D-binding protein (DBP). Once
in the liver, the 25 (OH) or vitamin D3 is bio-transformed through enzymes
from the P450 complex that includes the CYP2R1, CYP3A4, and CYP2J3 [24, 25].
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Figure 1.
Vitamin D synthesis pathway.

The main circulating form of vitamin D is vitamin D3, which has a half-life of
approximately 2-3 weeks in the blood. This inactive form is transported from the
liver to the kidney by DBP. Then, it is transformed into the active form in the proxi-
mal tube, the 1-alfa,25-dihidroxicolecalciferol (1,25 (OH) 2 D3) or calcitriol that has
a half-life of 4 to 8 hours. This biotransformation is carried out by 1a-hydroxylase,
also known as CYP27B1. This is expressed in renal tubular cells after stimulation by
the parathormone (PTH). CYP27B1 synthesis is inhibited by high levels of calcium
(Ca), phosphorous (P), fibroblast growth factor 23 (FGF23), and 1,25 (OH) 2

D3 itself by the action of 24-hydroxylase that produces 24,25 (OH) 2 vitamin D3
[26-28]. The 1,25 (OH) 2 D3 finally interacts with the vitamin D receptor (VDR) to
exert its physiological function. Magnesium (Mg?**) plays an essential role in some of
the previously identified steps, such as the binding of vitamin D2, D3, and 1,25 (OH)
2 D3 to DBP, as well as the renal and hepatic hydroxylation for producing 25 (OH)

D and the 1,25 (OH) 2 D. Thus, a magnesium deficiency could be relevant for the
synthesis and transportation of vitamin D (Figure 1) [29].

2.3 Mechanism of action

After obtaining the bio-active form of vitamin D, the interaction with the
vitamin D receptor (VDRs) is essential to carry out all its functions. VDRs were
initially described in the cytoplasm and the nucleus. Still, they were also found in
some fundamental organelles, such as mitochondria [30]. This location reinforced
the notion of non-genomic effects on vitamin D. Firstly, 1,25 (OH) 2 D3 interacts
with the VDR located in the cytoplasm to form a complex VD/VDR. Then, VD/
VDR complex is translocated to the cell nucleus to produce the modulation of
multiple target genes, especially those that mediate the bone-mineral metabolism
[31]. However, the 1,25 (OH) 2 D3 also regulates genes associated with malignant
cell potency, hormone secretion, cytokines, and transcription factors that modulate
immune cells. It is important to emphasize that estrogens increase VDRs in certain
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cells, such as osteoblasts, osteoclasts, and immune cells [9]. Therefore, there is a
close relationship between estrogen regulation and vitamin D responsiveness, which
could have important consequences in conditions of estrogen deficiency, such as
postmenopause.

The VDR gene has many copies in each subject, with several polymorphisms. The
main polymorphism modifications occur in promoter and exon regions that have
been studied using restriction enzymes, such as Bsml, Apal, Taql, and FokI [32].
People could be homozygous and heterozygous for any polymorphism. Indeed, each
person has a combination of them due to their co-dominance property, similar to
what happens with the Major Histocompatibility Complex (MHC). Hence, haplotype
is the name given to the combination of the different polymorphisms in each person.
Each different haplotype determines the responsiveness of the cells to vitamin D and
can predispose them to develop some diseases, such as cancer or autoimmune diseases
[33-37]. The recessive VDR-Bmsl GA/GG polymorphism and the heterozygous
recessive VDR-Fokl Ff/FF polymorphism predispose to developing breast cancer. The
homozygous dominant VDR-Bmsl BB polymorphism, the homozygous dominant
VDR-Fokl FF polymorphism, and the homozygous dominant VDR-CDX2 GG poly-
morphism predispose to developing ovarian cancer [38]. Also, the fF/bB+ff/BB+FF/
bb haplotype is more frequent in women with gestational hypertension and vitamin
D deficiency [39]. Regarding the non-genomic effect, it is an action that takes place
shortly, such as the mobilization of calcium contained in intracellular vesicles, or the
activation of enzymes that metabolize phosphatidylinositol acid.

Moreover, recent studies have shown non-classical extraosseous effects of vitamin
D, which are mainly related to immunomodulation and could play an important role
in different autoimmune and autoinflammatory diseases, such as Type 1 Diabetes
Mellitus, Systemic Lupus Erythematosus (SLE), Rheumatoid Arthritis (RA),
Inflammatory Bowel Disease (IBD), Psoriasis, among others [40, 41].

3. Postmenopause and hypovitaminosis D

As vitamin D is fat-soluble and requires bile salts to be absorbed in the duode-
num, malabsorption syndromes could have significant consequences in this process.
Therefore, the absorption of vitamin D is significantly affected by short bowel
syndrome, celiac disease, cystic fibrosis, pancreatic insufficiency, and cholestatic liver
diseases. Likewise, it is affected by the low intake of vitamin D in the elderly popula-
tion and the amount of vitamin D in the different types of diets [42, 43].

As aresult of current human behavior (long stays in hospital, the use of sunscreen,
religious reasons), there is a significant deficiency of vitamin D. The type of skin also
decreases the synthesis of vitamin D since melanin is a natural blocker of ultraviolet rays,
slowing down the production of vitamin D. Also, age decreases vitamin D synthesis in
the skin, whereby hypovitaminosis is very marked in postmenopausal women [44—-46].

Chronic liver diseases such as cirrhosis and liver failure may have a defective
hydroxylation that leads to a lack of vitamin D activation.

Likewise, renal biotransformation can be affected by hyperparathyroidism, renal
failure, 1-a hydroxylase deficiency, and in elderly patients whose hydroxylation is
decreased due to an idiopathic cause. Some drugs can induce hepatic p450 enzymes,
which leads to increased vitamin D degradation, including phenobarbital, carba-
mazepine, tamoxifen, rifampin, spironolactone, dexamethasone, nifedipine, and
clotrimazole, which activate the Pregnane X receptor (PXR) [47].
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Obese people have a higher risk of vitamin D deficiency due to the decrease in
its availability; since vitamin D is a fat-soluble vitamin, it might be sequestered in
body fat. Moreover, adipose tissue has VDR receptors, so it could act as a sponge
that also sequesters 80% of serum vitamin D, especially when the waist perimeter
exceeds 85 cm [48, 49].

Moreover, the production of vitamin D could be affected by some polymorphisms,
mutations, or epigenetic changes in genes associated with endogenous production,
such as the gene of the CYP27B1 enzyme.

3.1 Postmenopausal osteoporosis and hypovitaminosis D

Osteoporosis is a condition most favored by the state of hypovitaminosis D in post-
menopause. According to the National Institutes of Health Consensus Development
Panel on Osteoporosis, it is defined as “a skeletal disorder characterized by com-
promised bone strength leading to an increased risk of fracture.” According to the
criteria of the World Health Organization (WHO), osteoporosis is defined as a bone
mineral density that is 2.5 or more standard deviations (SD) below average [50, 51]. In
February 2010, the United States Preventive Services Task Force conducted a system-
atic review of trials published and concluded that vitamin D reduced falls by 17%
(95% CI, 11%-23%) over 6 to 36-month follow-up [52]. In the last decade, commercial
assays for 25(OH)D have become widely available, allowing researchers to easily mea-
sure vitamin D stores in people. Subsequently, many research studies indicated that
higher levels of 25(OH)D were associated with higher calcium absorption efficiency,
lower risk of secondary hyperparathyroidism, higher bone mineral density, and lower
risk of fractures. Physiopathological situations can be associated with the natural
effect of aging and secondary hypoestrogenism (Figure 2).
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Figure 2.
Effects of vitamin D on different ovgans and tissues.
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In 2005, six experts reviewed the literature and published a paper indicating that
the optimal vitamin D level for bone health was 30 ng/mL or greater (75 nmol/L).
However, others stated that a 25(OH)D level of 20 ng/mL or greater (50 nmol/L) was
adequate. Laboratories across the country adopted 30 ng/mL as the new threshold
showing regular stores of vitamin D.

The Institute of Medicine will improve a vitamin D intake of 400 IU/d for people
between the ages of 0 and 1 year, 600 IU/day for people between 1 and 70 years
(including pregnant and lactating women), and 800 IU/day for those older than 70
years [50]. However, we have already mentioned that most of the beneficial effects of
vitamin D, both in bone-mineral metabolism and in the immune system, are reached
when serum levels get between 30-50 ng/ml.

3.2 Vitamin D supplementation remit hyperparathyroidism

Intermittent pulses of parathyroid hormone (PTH) have shown to be osteo-
anabolic. However, chronic exposure to high levels of PTH, like hyperparathyroidism, is
catabolic for bone. Vitamin D therapy can reduce PTH levels and improve bone mineral
density (BMD). Therefore, the serum level of 25(OH)D that minimizes PTH is relevant
for bone health, particularly among individuals with normal renal function. Some
authors concluded that the risk of secondary hyperparathyroidism was significantly
reduced when serum 25(OH)D levels exceeded approximately 20-30 ng/ml [50].

Our experience has demonstrated that most of our post-menopausal patients with
hypovitaminosis D also suffer from hyperparathyroidism and all respond to vitamin
D supplementation. Indeed, we have had patients with levels above 30 ng/ml with
hyperparathyroidism that also remit after vitamin D supplementation. Interestingly,
the remission of hyperparathyroidism avoids the catabolism of bone and improves
BMD in patients with severe osteoporosis [53]. Thereby, this is why we have ques-
tioned the current cut-off levels of “vitamin D sufficiency”. Therefore, vitamin D
sufficiency should be considered only when vitamin D serum levels are between
40-50 ng/ml, especially in postmenopausal women.

Currently, it exists a controversy regarding the dose of complementary adminis-
tration of vitamin D. The Osteoporosis Clinical Practice Guidelines in Mexico recom-
mend the administration of 1000 mg of calcium and 800 IU of vitamin D per day in
women with postmenopausal osteoporosis. However, we have observed that supple-
mentation with 4000 IU daily achieves an improvement in serum levels of vitamin D
(41.7 ng/dL) with no adverse effects.

3.3 Glucose, vitamin D and Type 2 Diabetes Mellitus (DM2)

In obese postmenopausal women, lipid peroxidation can promote the sequestration
of vitamin D in adipose tissue, increasing the risk of developing DM2 [54]. There are sev-
eral mechanisms that could explain the association between glucose alterations, diabetes
mellitus, and vitamin D, such as the relationship between the VDR and 1-a-hydroxylase
in beta cells of the pancreas, as well as the interaction between the peroxisome prolifera-
tor-activated receptor y (PPARy) and the VDR to release insulin [55].

3.4 Biochemical and clinical markers of cardiovascular risk related to
hypovitaminosis D

Dyslipidemia and high blood pressure are important cardiovascular risk factors
in postmenopausal women. A recently published meta-analysis including 81 studies,
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suggests that vitamin D supplementation is useful in protecting against cardiovascu-
lar disease by improving risk factors, including high blood pressure, hyperparathy-
roidism, dyslipidemia, and chronic inflammation. There were observed beneficial
effects on lipid levels and high-sensitivity C-reactive protein (hs-CRP) after vitamin
D supplementation. A dose of 3000 IU/day of vitamin D, showed a significant reduc-
tion in total cholesterol, LDL cholesterol (cLDL), and triglycerides, with an increase
in HDL cholesterol (cHDL). Subgroup analysis showed that the effect on triglycerides
and cHDL was more significant in participants who received vitamin D supplementa-
tion for >6 months. hs-CRP concentrations were slightly lower with vitamin D doses
>4000 IU/day compared with lower doses [56].

Arterial hypertension is the main cardiovascular risk factor that affects women.
Cardiovascular aging is accelerated by the presence of risk factors that appear in
postmenopause. The increased stiffness of the large arteries results in a larger pulse
wave that increases arterial hypertension [57].

Some studies suggest that vitamin D deficiency can predispose to developing
high blood pressure. Possible mechanisms in the association of vitamin D and blood
pressure include an inverse relationship between vitamin D concentrations and the
renin-angiotensin-aldosterone system (RAAS), as well as the prevention of secondary
hyperparathyroidism [58]. Furthermore, high levels of PTH are related to vitamin
D deficiency, which can be related to myocardial hypertrophy and elevated blood
pressure.

4. Vitamin D and the immune system

Vitamin D plays an important role in the function of the immune system. The
cessation of estrogens is typical in menopause and affects the function of the immune
system, favoring a change in the basal immune response. After this event, the systemic
immune response tends to be polarized towards a mixed type 1 and type 3 pro-inflam-
matory response, which is associated with the pathogenesis of multiple diseases. Type
1 and type 3 responses could be essential in the pathophysiology of various condi-
tions in postmenopause. The mixed pro-inflammatory response that we previously
mentioned generates an increase in other pro-inflammatory serum cytokines, such
as TGF-B, adiponectin, adipsin, plasminogen activator inhibitor-1 (PAI), IL-6, IL-7,
IL-12, IL-17 and IL-23, and decreases cytokines associated with a regulatory response
or pro-healing type 2 response, such as IL-4 and IL-10 (Figure 3) [59-70].

Regarding the adaptive immune system cells, the number of CD4 T cells decreases
with a predominance of T helper cells (Th) with Thl and Th17 phenotypes. In addi-
tion, the number of CD8 T cells increases, causing a reversal of the CD4/CD8 cell
ratio [71]. It is still to be discerned the importance of the type 3 response in the patho-
physiology of classic postmenopausal disorders. Nevertheless, the involvement of this
mixed pro-inflammatory response could explain many cases of treatment-resistant
osteoporosis that have occurred in our clinic. The treatment of osteoporosis is often
focused on inhibiting the action of the osteoclast and the RANKL pathway to enhance
the synthesis of bone mineral matrix by osteoblasts. However, the osteoclastic and
osteoblastic functions can also be regulated by other cytokines and cells from both
type 1and type 3 responses (Figure 4). Studies in murine models with monoclonal
antibodies anti-IL-17 and anti-IL-23 have demonstrated to be capable of reducing the
expression of pro-inflammatory cytokines type 1 and 3 and increasing the BMD, either
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Figure 3.
Heat map of cytokine impairment during perimenopause and post-menopause.

of cancellous and cortical bone [72]. Anti-IL-23 treatment also inhibits osteoclastogen-
esis and promotes osteogenic differentiation of mesenchymal stem cells (MSCs).

Also, anti-IL-17 therapy has shown a greater improvement in BMD and a greater
decrease in type 1 and type 3 cytokines, compared to monoclonal anti-RANKL
and anti-TNFa [73]. Although hormone therapy has shown an effect in reducing
IL-2, TNF-a, and even IL-17, it does not completely reverse the effects of immune
dysregulation.

4.1 The non-classical role of vitamin D on the immune system and the
consequences of hypovitaminosis in postmenopausal women

This impairment in the immune response has also been associated with a state of
hypovitaminosis D and hyperparathyroidism in post-menopause [74-76]. Vitamin
D is an essential hormone to maintain the homeostasis of bone mineral metabolism.
However, vitamin D also plays a vital role in maintaining a proper immune response.
The active form of calcitriol has autocrine and paracrine effects on both innate and
adaptive immune cells.
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Antigen-presenting cells (APCs), such as macrophages, dendritic cells, and B cells,
express the enzyme 1-a-hydroxylase, also known as CYP27B1, an enzyme previously
thought to be expressed only by renal tubular cells. This enzyme converts 25 (OH)
to 1,25 (OH)2 D3 or calcitriol, the active form of vitamin D [77]. Contrary, T cells
express a very low amount of this enzyme, thus requiring APCs to bio-transform 25
(OH) into 1,25 (OH)2 D3, illustrating the important role of APCs in regulating the
bioavailability of calcitriol for T cells. Interestingly, CYP27B1 expression on APCs is
increased after contact with their major histocompatibility complexes (MHCs) with T
cell receptors (TCRs). This means that APCs can always use vitamin D, but in the case
of T cells, vitamin D metabolism and utilization, only efficiently occur after antigen
presentation (Figure 5) [78].

To understand better the function of vitamin D in the immune system, it is
essential to remember the interaction between APCs and T cells, which comprises
three signals wonderfully explained by Janeway [79]. The first signal corresponds to
the initial contact of T-cells with APCs through the TCR and the MHC, besides the
interaction of CD4 or CD8 co-receptors. The second signal comprises stimulation
through the interaction of CD80 or CD86 with CD28, enhancing the state of lympho-
cyte activation. These interactions occur a dozen times within a close contact zone
between the APC and the lymphocyte, called the immunological synapse. It is well
known that these two signals trigger many downfall pathways either in the APCs and
T cells. Regarding APCs, these pathways trigger the transcription of many cytokines,
constituting the third signal, which helps to polarize the stimulated T-cells towards
the distinct Th phenotypes. Moreover, these signals are necessary to enhance the
transcription of the CYP27B1 enzyme, which stimulates the production of calcitriol in
APCs, being released to lymphocytes with the rest of the cytokines as part of the third
signal [80]. In this context, the stimulation of 1,25 (OH)2 D3
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Figure 5.
The role of vitamin D in both innate and adaptative immune systems.

Decreases the production, of type I and type 3 proinflammatory cytokines, such
as IL-21, IFN-y, and IL-17, and stimulates the production of transcription factors
and regulatory cytokines (such as FOXP-3, IL-10, and CTLA-4), as well as transcrip-
tion factors that polarize the response towards a pro-healing type 2 response (such
as GATA-3). Likewise, the autocrine stimulation of vitamin D on APCs produces a
decrease in Toll-like receptors 2 and 4 and decreases their proliferation. Furthermore,
calcitriol increases the production of CYP24A, cathelicidin, f-defensin 2, and IL-1.
Together, these phenomena enhance the antimicrobial activity and phagocytosis
of APCs without triggering an exaggerated inflammatory response, showing the
undoubted capacity of immunomodulation that vitamin D possesses (Figure 5)
[77-81].

This information suggests that vitamin D plays an essential role in every immune
response, works as a handbrake to prevent excess production of proinflammatory
cytokines, and helps to produce regulatory cytokines, optimizing the clearance process
of pathogens or damaged products and promoting tissue repair and homeostasis. The
immunomodulatory effect of vitamin D on type 1 and 3 responses helps to explain why
high-dose vitamin D supplementation improves the severity of signs and symptoms
in cohorts of patients with SLE and RA. Likewise, it aids in explaining why vitamin D
has a protective effect on patients at risk of developing breast and ovarian cancer. In
addition, it is possible to understand the relevance of hypovitaminosis D in cohorts of
postmenopausal patients by knowing the role of vitamin D in the immune system.

This can have consequences on the bone and also on the immunological system,
explaining why numerous women with post-menopausal osteoporosis do not show
significant improvement in BMD with antiresorptive therapies or even with the
monoclonal therapies based on RANKL neutralization until they receive supple-
mentation with high doses of vitamin D. Moreover, improvement of hard-to-treat
osteoporosis with vitamin D supplementation could be due to immunomodulation of
osteoclastic function and other immune cells associated with bone marrow, endos-
teum and periosteum [82-87]. Future studies will be necessary to continue learning
more about the relevance of immuno-endocrine effect of vitamin D. However, it is
time to break with the dogma and start treating the hypovitaminosis D in our patients
to achieve a proper performance of their immune systems.
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5. Conclusion

Vitamin D or "Hormone D", has multiple functions on various tissues and organs,
especially in the immune system. This important regulation over the immune system
could explain why a deficiency of this hormone can predispose to the development of
some pathological conditions in postmenopause women, such as osteoporosis, cancer,
metabolic, and cardiovascular diseases. It is necessary to continue carrying out more
studies to know the physiological scope of vitamin D, as well as to finish understand-
ing the therapeutic benefits of reaching optimal levels of vitamin D.
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Prevention and Treatment of
Diabetic Nephropathy with
Vitamin D
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Abstract

The number of people suffering from diabetes mellitus, especially Type 2 diabetes
mellitus, is increasing every year. Approximately one-third of the patients with
diabetes mellitus will develop diabetic nephropathy and chronic kidney disease.
Diabetic nephropathy represents the main cause of end-stage renal disease. Vitamin D
deficiency is often present in patients with diabetes mellitus and could present a risk
factor for a higher incidence of cardiovascular events. Vitamin D supplementation
could have a renoprotective effect and the potential to delay occurrence and slow
down the progression of diabetic nephropathy. The renoprotective effect is reflected
in better glycoregulation, reduction of proteinuria and proinflammatory cytokines,
and improved lipid regulation. New research shed the light on the important role of
vitamin D in reducing renal fibrosis and stabilization of podocyte function. If we take
into consideration the cost of end-stage renal disease treatment and the quality of life
of patients on dialysis, any delay in end-stage renal disease is significant.

Keywords: vitamin D, diabetes mellitus, diabetes nephropathy, podocyte, urinary
biomarker

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disease and one of the leading
health problems in the world. The incidence is constantly increasing, not only in the
developed countries of western Europe and America but also in the developing
countries due to abrupt changes in lifestyle [1, 2]. According to the 2019 Global
Burden of Disease project, DM is the fifth leading cause of death and the eighth
leading cause of disability worldwide, with an increasing prevalence in low-middle
income countries (LMICs) [1]. In addition, LMICs have a higher percentage of
undiagnosed diabetes than in high-income countries (80-90% in sub-Saharan Africa
versus 20-30% in western Europe and North America) [1].

According to the International Diabetes Federation (IDF) data for 2021, there are
537 million adults (aged 20-79) living with DM in the world. This number is projected
to rise to 643 million by 2030 and 783 million by 2045. More than 3 out of 4 adults
with DM live in LMICs. In 2021, DM is responsible for 6.7 million deaths in adults
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aged 20-79 years, excluding the risk of mortality associated with the COVID-19
pandemic. This corresponds to 12.2% of the global deaths of all causes in this age
group. Of course, the percentage of mortality varies across different regions.
Approximately one-third (32.6%) of all diabetic deaths are people of working age
(under 60). This corresponds to 11.8% of the total number of global deaths in people
under the age of 60. It is estimated that one person dies of DM every 5 seconds [3].

The cost of treating DM patients and its complications is very high. During 2021, at
least $966 billion was spent on DM therapy, which represents an increase of 316% in
the last 15 years [3].

About 541 million adults have impaired glucose tolerance (IGT) and therefore a
high risk of developing Type 2 diabetes mellitus (T2DM). Life expectancy prolonga-
tion as well as the global increase in obesity strongly affects the increase in the
prevalence of T2DM [3-5].

The prevalence of DM is similar between the sexes. Although according to IDF
data, the estimated prevalence of DM in men, aged 20-79 years, is slightly higher than
in women (10.8% vs 10.2%). Only at the age above 70 years, the percentage of female
patients is higher, presumably due to the longer women’s lifespan [3].

About 87-91% of DM patients have T2DM, which is also caused by the growing
epidemic of obesity worldwide. The frequency depends on genetic predisposition and
environmental factors. Risk factors for the development of T2DM are obesity, a
positive family history, belonging to certain ethnic groups, female sex, low body
weight at birth, excessive weight in the adolescent period, and gestational diabetes of
the mother during pregnancy increases the risk of the newborn developing DM in the
later period. An increase in the incidence of T2DM is found in an increasingly young
population [1, 3, 6].

The incidence of type 1 DM (T1DM) is also on the rise, and the lower age limit is
constantly lowering, most commonly occurring in Europe and North America [3].
Risk factors for TIDM are genetic predisposition, viral infections, especially enterovi-
rus infections, immunization (only in genetically predisposed), diet, exposure to cow’s
milk in early life, higher socioeconomic status, obesity, vitamin D deficiency, and
perinatal factors, such as maternal age, preeclampsia history, and neonatal jaundice.
Contrary to T2DM, low birth weight reduces the risk of developing T1DM [3, 7].

A lot of complications develop during DM. Besides the changes in large blood
vessels, small blood vessels are also affected called microvascular complications.
Microvascular complications arise from changes in the arterioles, capillaries, and
venules, which are responsible for the control of the permeability of blood vessels and
the muscle tone that adjusts blood flow to the metabolic needs of tissues. DM causes
pathognomonic changes in small blood vessels, affecting the basal membrane of
arterioles in the glomerulus, retina, myocardium, skin, and muscles, leading to its
thickening [8]. One of the most common microvascular complications is diabetic
nephropathy (DN) or diabetic kidney disease, which develops in just over a third of
DM patients. Diabetic nephropathy is the leading cause of end-stage renal disease
(ESRD) in the world [9, 10].

2. Diabetic nephropathy

DN is a chronic microvascular complication of DM, manifested as a clinical
syndrome characterized by persistent albuminuria (urine albumin-to-creatinine ratio
(UACR) > 300 mg/g), progressive reduction in glomerular filtration rate (GFR),
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hypertension, and an increase in the incidence of cardiovascular events and
cardiovascular fatal events [11]. In addition to the term diabetic nephropathy,

Dr. Krolewski introduced the term diabetic kidney disease in 1995 to indicate clinically
diagnosed kidney disease caused by DM, and the term DN should be reserved for
pathohistologically confirmed kidney damage by DM; the same attitude is expressed
by the Japanese Society of Pathology and the Japanese Society of Nephrology [12].
Both terms are still used in the literature. Based on previous research, we distinguish
two forms of diabetic nephropathy: proteinuric diabetic nephropathy (P-DN) and
non-proteinuric diabetic nephropathy (NP-DN) [13].

2.1 Pathophysiological mechanisms in diabetic nephropathy

The two main risk factors for developing DN are poor glyco-regulation and duration
of DM. The mechanisms by which hyperglycaemia causes DN are complex and numer-
ous, with renal haemodynamics disorder, impaired glucose metabolism, ischaemia,
increased oxidative stress, inflammation, and increased activity of the renin-angiotensin-
aldosterone system (RAAS) at the kidney level being the most important [14].

When glycoregulation is normal, 90% of the glucose filtered in the glomeruli is
reabsorbed in the S1 segment of the proximal tubule via the sodium-glucose
cotransporter-2 (SGLT2) receptors on the brush epithelium, and only 10% via the
sodium-glucose cotransporter-1 (SGLT1) receptors located in the distal parts of the
proximal tubules. In hyperglycaemia, a large amount of glucose is filtered in the
glomeruli resulting in hypertrophy of the proximal tubule due to an attempt of the
proximal tubule to reabsorb this glucose. The absorption of glucose is associated with
sodium chloride absorption via the SGLT2 receptor. Due to the hypertrophy of the
proximal tubule glucose and sodium chloride, reabsorption are increased, resulting in
a smaller amount of sodium chloride arriving in the distal tubule, which is recognized
by macula densa as hypovolemia and consequently reduces tubuloglomerular
feedback (TGF). TGF is the mechanism by which the macula densa controls the
vasoconstriction of the afferent arteriole by releasing adenosine, and other signalling
molecules. By blocking TGF, vasodilatation of the afferent arteriole occurs via
vasoactive mediators, such as insulin-like growth factor-1 (IGF-1), nitric oxide (NO),
prostaglandins, and glucagon. At the same time, due to the increased local effect of
angiotensin II in hyperglycaemia, increased vasoconstriction of the efferent arteriole
and the consequent disruption of autoregulation occur, resulting in the development
of intraglomerular hypertension. Thus, the “sodium paradox” is expressed in DN, the
higher the sodium chloride restriction in the diet, the smaller the amount of sodium
chloride that arrives in the distal tubule and the GFR increases. GFR may be increased
up to 40%. In normoglycemia, changes in systemic perfusion pressure are not
transferred to intraglomerular pressure due to autoregulation, but since
autoregulation is compromised in DM, systemic perfusion pressure is freely
transferred to the capillary glomerular network [14, 15].

Functional changes in blood flow and glomerular pressure provoke structural
changes. Increased intraglomerular pressure damages the endothelial surface of
glomerular capillaries, disrupts the normal structure of the glomerular barrier, and
induces the expression of cytokines and growth factors that cause the increased
synthesis of collagen, fibronectin, and laminin. Hyperfiltration is associated with
glomerulomegaly and renal enlargement. Glomerular enlargement is due to an
increase in the number of capillary loops with a consequent increase in the filtration
area and enlargement of the mesangial matrix [16].
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Changes also affect tubular cells, besides glomeruli, such as proliferation and
increase in cellular size. Mechanisms by which increased blood glucose levels induce
hypertrophy to include stimulation and increased expression of multiple renal growth
factors, including IGF-1, epidermal growth factor, platelet-derived growth factor
(PDGF), vascular endothelial growth factor (VEGF), and transforming growth
factor-Beta 1 (TGF-p1) [16-18].

The following section will briefly describe the main pathogenetic mechanisms
in DN.

2.1.1 The role of protein kinase C

One of the main side effects of hyperglycaemia is the increased activation of
protein kinase C (PKC). PKC is an enzyme, a member of the serine-threonine-protein
kinase family that regulates various vascular functions, including contractility, blood
flow, cellular proliferation, and vascular permeability. PKC activity in DM patients is
particularly increased on the surface of the retina, aorta, heart, and glomerular cells
including podocytes, presumably due to increased de novo synthesis of diacylglycerol,
being the main endogenous PKC activator [19, 20].

Several isoforms of PKC exist, however, PKCua is considered to be the most
important for DN development. The main role of PKCa is in increased endocytosis
of nephrin, which is one of the main components of the slit diaphragm (SD).
Increased expression of PKCa on podocytes in DM patients increases nephrin
endocytosis leading to SD instability [20, 21]. The PKCp isoform is responsible for
hyperglycaemia-induced renal fibrosis via the upstream regulation of TGF-p1,
which contributes to the development of glomerular fibrosis. The PKC is form
activated by advanced glycation end products (AGEs) leads to increased
expression of VEGF164 and VEGF165 isoforms at the podocytes, which leads to
structural and functional renal changes seen in animal models of DN, including
proteinuria, glomerular hypertrophy, thickening of the glomerular basal
membrane, mesangium proliferation, and loss of SD and foot extensions of
podocytes [18-20].

2.1.2 Effect of advanced glycation end products

Chronic hyperglycaemia leads to non-enzymatic glycosylation of amino acids and
proteins known as AGEs. AGEs mediate various cellular activities, including molecule
expression and adhesion, cellular hypertrophy, extracellular matrix synthesis,
epithelial-mesenchymal transformation of tubular cells, and inhibition of nitrogen
monoxide synthesis. They can bind to a variety of cell types, including macrophages
and mesangial cells. Binding to macrophages leads to increased production and release
of proinflammatory mediators: tumor necrosis factor alpha (TNF-a), interleukins,
PDGF, and IGF-1. Released mediators stimulate mesangial cells to increase mesangial
matrix synthesis, which contributes to glomerulosclerosis. AGEs stimulate proximal
tubule epithelial cells to increase TGF-p1 synthesis and its release, leading to
tubulointerstitial fibrosis [18, 20, 22].

2.1.3 Effect of sorbitol

Hyperglycaemia stimulates the polyol pathway of glucose metabolism and increased
sorbitol production. Chronic hyperglycaemia leads to increased glucose uptake in

116



Prevention and Treatment of Diabetic Nephvopathy with Vitamin D
DOI: http://dx.doi.org/10.5772 /intechopen.106717

tissues that do not require insulin for glucose uptake, such as retina, eye lens and
kidney. Increased glucose concentration in the tissue leads to sorbitol accumulation. The
deposition of sorbitol in the epithelial cells of the proximal tubules leads to decreased
free myo-inositol and decreased activity of sodium potassium adenosine triphosphatase
(Na+/K+-ATP-ase), an increase in the consumption of the nicotinamide dinucleotide
phosphate (NADPH) and nicotinamide dinucleotide (NAD+), which results in a change
in cell oxidative potential and disruption of cell function [18, 20, 22].

2.1.4 Renin-angiotensin-aldosterone system in diabetic nephropathy

Local RAAS activity is increased in DM patients, that is, activity is increased in
the glomerulus and renal vessels. Prorenin production is increased and prorenin
binds to specific prorenin-renin receptors, followed by non-enzymatic activation
of prorenin into renin, then renin induces local production of angiotensin II.

The expression of angiotensin II type 1 receptor (AT1R) is increased, through
which angiotensin II, as a potent vasoconstrictor, induces vasoconstriction of

the efferent arteriole, which, in addition to dilatation of the afferent arteriole,
leads to increased hydrostatic pressure in the glomerular capillaries and increased
glomerular filtration. Increased activity of angiotensin II also leads to an increase
in systemic blood pressure. Angiotensin II also directly stimulates renal produc-
tion of TGF-P1 in the mesangium and epithelial tubular cells and stimulates the
production of other cytokines and growth factors in renal cells, such as
endothelin-1, monocyte chemoattractant protein-1 (MCP-1), interleukin-6 (IL-6),
regulated upon activation, normal T cell expressed and presumably secreted
(RANTES), and osteopontin. In addition to lowering intraglomerular pressure,
angiotensin-converting enzyme inhibitors (ACEi) reduce renal expression of
TGF-p1. Angiotensin II increases the release of VEGF from podocytes, which
contributes to the disruption of the filtration barrier and the progression of
proteinuria. All released mediators contribute to the development of glomerulo-
sclerosis and tubulointerstitium fibrosis. The aldosterone release is increased,
which also accelerates the progression of renal damage independent of angiotensin
II. Several clinical studies have shown that blocking the mineral corticosteroid
receptor lowers proteinuria [14, 18, 22].

2.1.5 Inflammation and diabetic nephropathy

DN was previously defined as a non-inflammatory disease. However, the results
of numerous clinical studies show that activation of the immune system and
chronic inflammatory processes play a very important role in the development of
DN [20, 23].

The most significant inflammatory cells involved in the development of DN are
macrophages (M1 and M2 macrophages) and T lymphocytes. M1 macrophages acti-
vated by Th1 cells increase the inflammatory response by increased expression of
cytokines (interleukins, TNF-a, and interferon y), unlike M2 macrophages (activated
by Th2 cells), which lead to increased expression of anti-inflammatory cytokines. M1
macrophages increase the inflammatory response also by increasing the production of
free oxygen radicals [14, 18, 23].

Numerous chemokines are involved in the inflammatory response in DN, the most
significant and first described is MCP-1, which also plays an important role in the
early development of atherosclerosis. MCP-1 induces the transformation of
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monocytes into macrophages, which then increasingly produce IL-6 and TNF-a,
leading to initial atherosclerotic changes in the blood vessel wall, resulting in disease
progression [14, 18, 20, 23].

In DM patients, the secretion of proinflammatory cytokines, interleukin-1 (IL-1),
interleukin-6 (IL-6), and interleukin-18 (IL-18), is increased. IL-1 induces increased
expression of adhesion molecules in glomerular endothelial cells and other renal
structures, leading to changes in glomerular haemodynamics, vascular permeability,
and increased chemokine expression, resulting in proliferation and synthesis of extra-
cellular matrix in the mesangium. IL-6 in DN has pleiotropic effects, the proliferation
of the extracellular matrix, thickening of the glomerular membrane, and is considered
important for the progression of DN. Local IL-18 in the kidney DM patients is secreted
by T lymphocytes, macrophages, monocytes, and proximal tubule cells. It increases
the expression of intracellular adhesion molecule 1 (ICAM-1), as well as the produc-
tion of other inflammatory cytokines in mesangial cells, and is responsible for endo-
thelial apoptosis. A direct correlation between IL-18 and increased urinary excretion
of albumin has been confirmed, some authors even consider it as an early indicator of
DN [14, 18, 20, 23].

TNF-a has multiple roles in the inflammatory response, and it is synthesized by
monocytes, macrophages, and T lymphocytes, as well as by some renal cells. It leads to
the activation of secondary messengers, transcriptional factors, growth factors, adhe-
sion molecules, and the expression or synthesis of other cytokines. TNF-a as well as
the before mentioned interleukins in renal structures changes the haemodynamics
within glomeruli, increases vascular permeability, increases infiltration by inflamma-
tory cells, and increases extracellular matrix production and production of reactive
oxygen species (ROS) [14, 18, 20, 23].

Adhesion molecules ICAM-1 and vascular cell adhesion molecule-1 (VCAM-1)
allow the leukocytes to bind to the vascular wall and their infiltration of tunica intima,
where they secrete proteolytic enzymes responsible for the tissue damage and the
development of atherosclerosis [18].

2.1.6 Oxidative stress in diabetic nephropathy

Oxidative stress plays a significant role in the development of microvascular
complications of DM. Metabolic abnormalities in DM, and above all
hyperglycaemia leads to increased production of ROS in mitochondria.

Increased production of ROS at the mitochondrial level causes activation of

the five main pathways involved in the development of microvascular compli-
cations of DM: polyol pathway, increased AGEs production, increased AGEs
receptor expression and ligand activation, PKC isoform activation, and increased
hexosamine pathway activity. Through these pathways, the increased concentra-
tion of intracellular ROS causes a change in angiogenesis in response to ischemia,
activates numerous proinflammatory pathways, and causes long-acting epigenetic
changes. These epigenetic changes lead to persistent expression of
proinflammatory genes also after normalization of blood glucose (so-called
hyperglycaemic memory) [14, 18, 20].

Persistent expression of proinflammatory genes is achieved through multiple sig-
nalling pathways; however, the importance of the JAK/STAT pathway is particularly
emphasized [20, 24].
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2.2 Diagnosis and clinical manifestation of diabetic nephropathy
2.2.1 Diagnosis and clinical manifestation of proteinuric diabetic nephropathy

Diagnostic criteria for proteinuric diabetic nephropathy (P-DN) include UACR
of 30 mg/g or greater [11]. According to the recommendations of the American
Diabetes Association (ADA) and the National Kidney Foundation Kidney Disease
Outcomes Quality Initiative (NKF KDOQI), a positive finding in at least two out
of three urine samples, 3-6 months apart, is required for the diagnosis of
persistent microalbuminuria [25]. Albuminuria can be determined in a spot sample of
morning urine from which the UACR is calculated. UACR for normal albuminuria is
< 30 mg/g, for microalbuminuria UACR is between 30 and 300 mg/g, for
macroalbuminuria UACR is> 300 mg/g. Albuminuria can be calculated also from a
24-hour urine sample, where albuminuria up to 150 mg/24h is considered
normoalbuminuria, microalbuminuria from 150 to 300 mg/24h, and
macroalbuminuria over 300 mg/24h [11].

DN develops through five different phases: 1st phase glomerular
hyperfiltration, 2nd phase normoalbuminuria, 3rd phase microalbuminuria,
4th phase macroalbuminuria, and 5th phase renal insufficiency (GFR less than
60 mL/minute/1.73 m?). These five phases are clearly separated in T1DM, while in
T2DM when diagnosed, microalbuminuria may be present, due to the long silent
lasting of hyperglycaemia [11]. Changes in the first three phases are reversible,
especially in patients with T2DM. Japanese authors reported regression of
microalbuminuria in almost 50% of the patients followed [26]. Japanese and other
authors published that regression was positively correlated with glycated
haemoglobin Alc (HbAlc) values, systolic blood pressure, and duration of
microalbuminuria [26, 27].

The occurrence of microalbuminuria and macroalbuminuria in addition to kidney
damage is an independent risk factor for cardiovascular diseases. P-DN is developed in
patients with TIDM and T2DM. In patients with TIDM, DN occurs after a longer
disease evolution, over 10 years, and is usually associated with diabetic retinopathy
(DR). In T2DM, DN can be diagnosed immediately after DM diagnosis, even without
DR [11, 13].

2.2.2 Diagnosis and clinical manifestation of non-proteinuric diabetic nephropathy

Some DM patients have a reduction in GFR of less than 60 mL/minute/1.73 m”
without microalbuminuria. This type of DN is called non-proteinuric diabetic
nephropathy (NP-DN). NP-DN is more commonly associated with female sex,
hypertension, poor glyco-regulation, smoking, and use of RAAS blockers. It occurs
more often in patients with T2DM. NP-DN shows a weak correlation with retinopathy
but shows a linear correlation with the percentage of cardiovascular complications,
that is, with macroangiopathy [12, 13, 28].

According to the results of the DEMAND study in the population of patients with
T2DM and creatinine clearance lower than 60 ml/min/1.73m2, about 40% of patients
had normal albumin secretion. These individuals were shown to have a higher degree
of insulin resistance, a higher level of serum triglycerides and total cholesterol, and
low-density lipoprotein (LDL), that is, a more pronounced metabolic syndrome com-
pared to those with preserved GFR [29]. In his work, Krolewski proposes the theory
that NP-DN occurs primarily as part of inflammation and tubular lesions, while
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Reutens believes that repeated and untreated episodes of acute renal impairment play
a key role in NP-DN [30, 31]. Authors published that endothelial dysfunction and
increased vascular resistance in interlobar renal arteries are important for the patho-
genesis of NP-DN, which can be monitored by measuring the renal resistance index if
elevated in patients with DM a more intensive treatment of DM should be started even
before decreasing GFR [20, 32, 33].

Based on several studies, it is concluded that patients with NP-DN compared to
P-DN still have a slower GFR decrease, better blood pressure control, and a lower risk
of developing ESRD [13, 27, 28].

2.3 Pathohistological changes in diabetic nephropathy

Pathohistological changes of DN are thickening of the glomerular basal
membrane, mesangium proliferation, glomerulomegaly, nodular glomerular sclerosis
(Kimmelstiel-Wilson nodule), hyalinosis lesions characterized by exudative/
insudative lesion and fibrin cap, arteriolar hyalinosis, and reduction in podocyte count
with loss of foot extensions. Nodular glomerular sclerosis is characteristic of PN-DN.
Tubulointerstitial basal membrane thickening, tubular atrophy, interstitial peritubular
fibrosis, and atherosclerosis occur at the tubulointerstitium level.

Tervaret et al. proposed a classification of morphological changes in DN and
divided into IV classes:

Class I: Thickening of the glomerular basal membrane—changes in GBM are
present with the absence of mesangium expansion, as well as nodular changes in
the mesangial matrix.

Class II: Mesangium proliferation—defined as the increase of the mesangium
extracellular matrix so that the width of the interspace reaches two nuclei of

mesangium cells in at least two glomeruli. Mesangium proliferation may be mild

(ITa) and severe (IIb).

Class III: Nodular sclerosis (Kimmelstiel-Wilson nodes)—focal, oval, or round

mesangium lesions composed of an acellular hyalinized nucleus that is surrounded

by rare crescent mesangial nuclei. It is sufficient to see one clear Kimmelstiel-

Wilson change in the preparation and if there is no more than 50% global

glomerulosclerosis, the changes are classified as Type III.

Class IV: Global (diffuse) diabetic glomerulosclerosis—the final stage

characterized by the accumulation of extracellular matrix proteins in the

mesangium space with the formation of numerous Kimmelstiel-Wilson

changes [34].

These changes can be seen in PN-DN and NP-DN. However, in NP-DN, changes in
glomerulus are less pronounced, smaller number of patients have changes character-
istic of class III and class IV, while changes in tubules have similar prevalence in both
forms of DN [13, 28].

3. Vitamin D and diabetic nephropathy

Considering the burden of constantly increasing DM, with more than a third of the
patients developing DN, and the fact that DN is the leading cause of ESRD, it is
important to find other possible mechanisms and risk factors for the development of
DN. Since the costs of ESRD treatment by haemodialysis or kidney transplantation are
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extremely high, constant research is being conducted to prevent the development of
DN or slow its progression, and to find biomarkers for early diagnosis of DN.

Vitamin D deficiency is becoming pandemic and is found in different age
populations. Vitamin D deficiency is not recognized and not adequately treated in
many countries. A vitamin D deficiency is present in more than one billion people
worldwide. The prevalence of vitamin D deficiency is high in countries around the
world. In Italy, the prevalence in the general population is 17%, in Spain 33.9%, in
Germany 50%, while in the UK, it is 87.1%. Vitamin D deficiency is associated with an
increase in morbidity for cardiovascular, carcinogenic, metabolic—DM, immunologi-
cal, psychological, and other chronic diseases [35].

For the normal function of vitamin D, the kidney plays an important role. Vitamin
D is transported bound to vitamin D binding protein (VDBP). After the first hydrox-
ylation is carried out in the liver, the resulting 25-hydroxyvitamin D3 (25(OH)D3) is
transported to the kidney bound to VDBP, where it is first filtered in the glomerulus
and then reabsorbed through the receptors on the brush border of the proximal
tubule. In the kidney, in the presence of 1-alpha-hydroxylase (CIP27B1), the second
hydroxylation is carried out to form a more polar compound 1,25-hydroxyvitamin D3
(1,25(OH)2D3), that is, calcitriol, being a physiologically active form of vitamin D,
and based on its physiological effects, vitamin D is classified as a vitamin and as a
hormone [36, 37].

Multiple studies have shown that the prevalence of 25(OH)D3 deficiency is
significantly higher in patients with T1IDM and T2DM compared to the healthy
population. Complementary, a significant negative correlation has been found
between the concentration of 25(OH)D3 and HBA1c (r = -0.277, p < 0.0001) [34].
Also, several studies have shown a significantly higher risk of developing T2DM in
individuals with a concentration of 25(OH)D3 of < 20 ng/mL ( <50 nmol/L).
Studies also showed a significantly strong positive correlation between 25(0OH)D3
concentration and GFR. Patients with DM and concentration of 25(OH)D3 <15ng/mL
(<37,5 nmol/L) have a faster GFR reduction compared to patients with a concentra-
tion of 25(OH)D3>15 ng/mL( > 37,5 nmol/L) [38, 39].

Patients with microalbuminuria and macroalbuminuria have significantly lower
serum concentrations of 25(OH)D3 than patients with normoalbuminuria [40].

In lean DM patients, the risk of vitamin D deficiency is 25% higher than in the
general population, while in obese DM patients, the risk is 35% higher. Females with
DM more often have vitamin D deficiency, which is explained by the higher fat
content in women with consequent formation of vitamin D depot in the body [35, 38].

DM patients have multiple risk factors for vitamin D deficiency. In DN, vitamin D
metabolism may be disrupted due to major loss of VDBP as part of proteinuria, which
may also be of nephrotic rank. Also, 25(OH)D3 filtered in glomerulus bound to VDBP
can be reabsorbed to a significantly lesser extent at the level of proximal tubules due
to their damage, which contributes to vitamin D deficiency [38].

Previous studies showed that vitamin D may have an anti-inflammatory, immu-
nomodulatory, and hypoglycaemic effect and may affect later occurrence and slower
progression of DN. These are renoprotective effects of vitamin D that are assumed
that can delay the occurrence and slow down the development of DN

3.1 Effect of vitamin D on glycoregulation

The vitamin D prevents the occurrence of DM by increasing insulin sensitivity by
stimulating and increasing the expression of insulin receptors in the skeletal muscles
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with the activation of the peroxisome proliferator activator receptor 8 (PPAR §), and
by inhibiting RAAS (inhibitor of the insulin effect on peripheral tissues) [36]. Also,
vitamin D affects increased insulin release by increasing intracellular calcium in pan-
creatic beta cells. Vitamin D can also have a direct effect on beta cell function, which is
done by binding its active form in the blood to the vitamin D receptor (VDR), which
is present in the beta cells of the pancreas. Mice without functional VDR have been
shown to have impaired insulin secretion after glucose load [38, 41, 42]. Vitamin D
also increases the level of osteocalcin synthesized in the osteoblasts, which in turn
increases insulin synthesis in the pancreas and reduces the inflammation responsible
for insulin resistance [38, 42]. It is considered that an optimal blood level between 80
and 119 nmol/L is required for vitamin D to achieve its effect on lowering insulin
resistance [35, 43].

The use of vitamin D can reduce the risk of diabetes to a certain extent [39, 42, 44].
Thus, the observational study in Denmark “Copenhagen City Heart Study”,
conducted on 9841 non-DM patients followed for 29 years, showed that patients who
had an average value of 25(OH)D <12.5 nmol/L (< 5 ng/ml) had a 22% higher risk of
developing T2DM compared to patients with serum concentration of 25(OH)D >50
nmol/L (>20 ng/ml), patients who had 25(OH)D >75 nmol/L (>30ng/ml) had an 8%
lower risk of morbidity compared to patients whose 25(OH)D level was between 50
and 75 nmol/L (20-30 ng/ml) [45].

A double-blind, randomized, placebo-controlled study of 118 patients with
T2DM and vitamin D deficiency showed that 8-week combined administration
of vitamin D at a dose of 50000 IU/week and 1000 mg/day of calcium was
significantly more effective in reducing the levels of morning glycaemia and
HbA1lc compared to the effect of administration of individual components or
placebo [46].

Petrovic et al. conducted a prospective cohort study on 90 patients with T2DM
and vitamin D deficiency in whom vitamin D supplementation was conducted for
six months (at the beginning, cholecalciferol drops supplementation was started at
the dose of 20,000 IU twice a week). After two months in patients who normal-
ized vitamin D levels, the supplementation was continued with 5000 IU of chole-
calciferol twice a week for the next four months, and in patients whose vitamin D
levels remained reduced, the substitution was continued with 20,000 IU twice a
week. The study showed that vitamin D supplementation for six months led to a
statistically significant reduction of HbAlc in all patients regardless of the degree
of albuminuria [40].

3.2 Anti-inflammatory effect of vitamin D

Chronic inflammation is considered to play a central role in the development of
DM and DN, and vitamin D can directly or indirectly reduce its effect [23]. The anti-
inflammatory effect is reflected in the reduced release of numerous proinflammatory
cytokines, such as TNFa, IL-6, IL-12, IL-18, IL-1p, interferon-gamma (INF-y), den-
dritic cell differentiation blockade, inhibition of lymphocytic proliferation, inhibition
of foam cell formation, reduced cholesterol uptake into macrophages, and improved
regulatory development of T lymphocytes (Th1 inhibition and Th2 lymphocyte acti-
vation) or in increased release of anti-inflammatory cytokines, such as IL-10. Vitamin
D also induces CD4+ and CD25+ regulatory lymphocytes that inhibit inflammation
and inhibit the effects of TNF-a, ICAM, and VCAM-1 [20, 38, 47].
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All of the above mechanisms affect the slower development of atherosclerotic
changes and the lower incidence of adverse cardiovascular events.

3.3 Effect of vitamin D on proteinuria

Several authors reported the anti-proteinuric effect of correcting vitamin D defi-
ciency in DM [40, 48-50]. Since proteinuria is the main treatment target in terms of
slowing DN progression, this effect should be highlighted. The anti-proteinuric effect
of vitamin D is done by the inhibition of RAAS in the juxtaglomerular kidney appara-
tus by downstream regulation of gene transcription, due to binding to the transcrip-
tion factor cyclic adenosine monophosphate-response element (CRE)-binding protein
and disabling renal transcription. In addition to the inhibition of renal RAAS, vitamin
D lowers the expression of renin at the heart level, thus decreasing blood pressure. De
Zeeuw confirmed the anti-proteinuric effect of vitamin D in the VITAL study, similar
results were published by other authors [40, 49, 50]. In addition to the effect on renin,
the hypotensive effect is also due to the direct effect on vascular cells and calcium
metabolism. With these mechanisms, vitamin D leads to better control of blood
pressure and intraglomerular pressure [38]. According to the literature, a negative
correlation was found between serum vitamin D concentration and blood pressure
level [51]. The antiproteinuric effect is also achieved by improving glyco-regulation,
anti-fibrotic effect—lowering the activity of TGF-p1 in the urine, increasing the
expression of nephrin at the kidney level, reducing levels and other growth factors
that interfere with SD and podocyte function, such as VEGF-A and MCP-1 [38]. In
addition, slowing fibrosis prevents and slows the progression of left ventricular
hypertrophy and the development of cardiac weakness and reduces the expression of
genes involved in atherosclerosis as well as vascular growth factors [38, 52].

3.4 Effect of vitamin D on lipid status

Correction of vitamin D deficiencies in patients with T2DM improves lipid status,
and thus, can prevent cardiovascular complications [40, 53]. Xiao Fei Qin et al. have
demonstrated that the administration of vitamin D in patients with reduced vitamin D
levels and hyperlipidaemia, after use of statins and vitamin D (20001U/day) together
for six months, leads to a significant reduction in both triglycerides and cholesterol
levels compared to patients who used placebo with statins [54]. PalomaMufioz-
Aguirre also achieved a significant reduction in triglyceride levels after administration
of vitamin D at a dose of 4000 IU/day in postmenopausal women with T2DM [55].
Other authors have also confirmed a significant decrease in cholesterol and triglycer-
ide levels after vitamin D supplementation in patients with T2DM and vitamin D
deficiency [40]. Some authors have not confirmed any positive effect of vitamin D on
lipid status [56].

Based on the above data, we conclude that correction of vitamin D deficiency in
DM patients with DN has a significant renoprotective effect, which is reflected in the
improvement of glyco-regulation, lowering of proteinuria, improvement of lipid sta-
tus, anti-inflammatory effect, anti-fibrotic effect, inhibition of RAAS.

Since albuminuria is not always an indicator of initial changes within DN, identi-
fication of new renal biomarkers is crucial to establish early diagnosis and start early
treatment, aiming to slow the progression of DN. Several urinary biomarkers have
been distinguished from previous studies. Biomarkers of glomerular injury are
nephrin, VEGF-A, collagen type IV, transferrin, podocalyxin, immunoglobulins,
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ceruloplasmin, laminin, fibronectin, and glycosaminoglycans. Biomarkers of the
tubular injury are neutrophil gelatinase-associated lipocalin (NGAL), nephrin, VEGF-
A, alpha 1-microglobulin, kidney injury molecule-1 (KIM-1), MCP-1, N-acetyl-p-D
glucosaminidase, cystatin C, liver-type fatty acid binding protein (L-FABP), and
others. Data in the literature related to these biomarkers still refer to studies
conducted on a small number of patients, so it is necessary to plan studies on a larger
number of patients. The following text will describe the additional renoprotective
effect of vitamin D based on the effect on some of these biomarkers.

3.5 Effect of vitamin D on renal fibrosis in diabetic nephropathy

The renoprotective effect of vitamin D is also reflected in the anti-fibrotic effect
because it has been proven that in DM patients, the use of vitamin D leads to a
lowering of the level of TGF-f1 in the urine, and TGF-p1 is considered the main
culprit for the development of renal fibrosis. Also, the administration of vitamin D
lowers the increased synthesis of type 1 collagen and fibronectin, which are compo-
nents of the extracellular matrix [38, 52].

TGF-p1 is a multifunctional cytokine considered to play one of the key roles in DN
pathophysiology. In conditions of hyperglycaemia, TGF-p1 formation is increased in
almost all renal cells, its expression is increased in both glomerulus and tubuloin-
terstitium. Increased mRNA expression for TGF-$1 has been demonstrated in all renal
tissue structures. In DM patients, in addition to hyperglycaemia, increased TGF-f1
synthesis is influenced by: AGEs, oxidative stress, intraglomerular hypertension, PKC
activation, de novo diacylglycerol synthesis, and elevated levels of vasoactive substances,
such as angiotensin II and endothelin. TGF-p1 stimulates the synthesis of the extracellu-
lar matrix. Receptors for TGF-1 can be observed on all glomerular structures. In
response to the action of TGF-f1, mesangium and epithelial cells increase the synthesis of
proteoglycans, fibronectin, collagen, and laminin. TGF-1, on the other hand, inhibits
the synthesis of collagenases and stimulates the tissue production of metalloproteinase
inhibitors, thereby reducing the activity of matrix metalloproteinases that are responsi-
ble for the degradation of the extracellular matrix. Matrix metalloproteinases consist of
interstitial collagenase, stromelysin, and type IV collagenase, the most important being
matrix metalloproteinase-2 (MMP-2) — produced by mesangium cells. In human renal
bioptic material in patients with DN, downstream gene regulation for MMP-2 has been
demonstrated. It has also been confirmed that the glycosylated matrix components are
resistant to degradation. Angiotensin II directly stimulates renal production of TGF-f1 in
the mesangium and epithelial tubular cells, also leads to the upstream regulation of
TGF-p1 receptor expression, and increases their production and sensitivity of
mesangium cells to this growth factor [38, 52, 57].

In addition to the increased synthesis of the extracellular matrix and its reduced
degradation, TGF-p1 induces the transformation of tubular epithelial cells into fibro-
blasts, and this process is responsible for renal fibrosis as a result of persistent inflam-
mation. Inhibition of TGF-f1 at the level of the proximal tubules is considered to have
a greater effect on the reduction of albuminuria and renal fibrosis, while inhibition at
the level of the glomeruli has a greater effect on the preservation of GFR [57, 58].

Inflammation-related effects of TGF-p1 are done mainly through SMADs. SMADs
are a family of structurally similar intracellular proteins, some of which are signalling
molecules, and some transcriptional factors that carry the extracellular signal after
binding TGF-f1 to its receptor in the nucleus, and subsequently inhibit or stimulate
the expression of certain genes [38].
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Based on the above, we can conclude that urinary TGF-p1 can be considered as a
biomarker of renal impairment in DN. The level of TGF-f1 according to some authors
correlates with albuminuria and GFR decrease. Min Joeng Kim et al. and Yanian Tian
et al. have demonstrated that the administration of vitamin D preparations can reduce
the urine level of TGF-B1 in DM type 2 patients with consequent albuminuria reduc-
tion [59, 60]. The use of 1,25(0OH)2D3 leads to downstream regulation of the TGF-f1
signalling pathway, lowering the expression of SMAD3 in the renal tissue of DM
patients [41]. Also, the use of vitamin D in DM patients lowers hyperglycaemia-
induced increased synthesis of fibronectin, type 1 collagen, the main components of
the proliferated extracellular matrix. It is assumed that only TGF-p1 suppression at the
renal level is significant for slowing the progression of DN. TGF-f1 suppression at the
systemic level affects the metabolism of water and sodium leading to primary
hyperaldosteronism [57].

3.6 Vitamin D and podocyte

Podocyte dysfunction is known to play one of the key roles in DN pathophysiol-
ogy. It is assumed that in the future, the stabilization of podocyte function will play a
key role in slowing the progression of DN.

Nephrin, podocin, and podocalyxin are structural proteins that determine the
structure of SD and are responsible for its selective permeability. They can be consid-
ered as biomarkers of podocyte damage, nephrin also being a marker of proximal
tubule damage. Within DN, the expression of nephrin, podocin, and podocalyxin at
the podocyte level is reduced, but their urinary secretion is increased and is consid-
ered to correlate with proteinuria [38, 61].

Nephrin is a structural and signalling protein, member of the immunoglobulin
family, responsible for the control of cytoskeletal architecture, the shape, and viability
of podocytes. For adequate glomerular function, a certain level of nephrin expression
is necessary. In patients with DM, mutations occur in the nephrin gene NPHS1 and the
podocin gene NPHS2 leading to their reduced expression at the podocyte level. As a
consequence, permeability dysfunction of the glomerular membrane and albuminuria
occur. One of the main mechanisms in the development of proteinuria in diabetic rats
is increased nephrin endocytosis, mediated by a complex consisting of PKCa, protein
interacting with C kinase 1 (PICK1), and beta-arrestin 2 [21, 38, 62].

Nephrin is also a signal protein located on the surface of f cells of the pancreas.
Nephrin phosphorylation mediates the release of insulin from pancreatic p cells. At the
experimental level, Uchida K. et al. demonstrated that nephrin dephosphorylation
occurring in the kidney in DM plays a significant role in the development of albu-
minuria [63].

Zhang et al. argue that the use of vitamin D preparations in DM and DN patients
increases nephrin expression in podocyte culture. It has been confirmed that the
administration of vitamin D also enhances podocin and podocalyxin expression on
podocytes, thus stabilizing their function [38, 41].

VEGF-A belongs to the group of pro-angiogenic glycoproteins. It is essential for
the survival, proliferation and differentiation of endothelial cells, podocytes, and
mesangial cells, and is also considered responsible for normal glomerulogenesis. It is
produced at the renal level by podocytes and epithelial cells of the proximal tubule.
VEGF-A is a part of the SD and controls its permeability. In hyperglycaemia, its
synthesis and release are increased. The histopathological finding of early DN stage
renal biopsy shows increased expression of mRNA VEGF-A. Increased VEGF
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synthesis lowers the level of nephrin expression in renal tissue via the VEGFR2
receptor, inhibiting phosphorylation of nephrin and accelerating its endocytosis,
causing SD permeability dysfunction and albuminuria. VEGF-A stimulates TGF-p1
activity under hyperglycaemic conditions and contributes to mesangial proliferation,
fibrosis, and later glomerulosclerosis. VEGF-A also lowers nitrogen monoxide levels
with consequent endothelial dysfunction. High VEGF concentrations are responsible
for pathological angiogenesis in both the kidney and other tissues [38, 52, 62, 64].

The isoform of PKCs activated by AGEs in hyperglycaemia leads to increased
expression in the podocytes of VEGF164 and VEGF165 isoforms that in animal models
lead to structural and functional renal changes seen in DN, including proteinuria,
glomerular hypertrophy, thickening of the glomerular basement membrane,
mesangium proliferation, and loss of SD function and foot extensions [65].

In the period of initial and moderate renal tissue damage, the level of VEGF-A is
increased, however, over time, as podocytes and proximal tubular cells damage pro-
gresses, as fibrosis is more pronounced, the level of VEGF-A decreases because the
cells that secrete it are definitely damaged. It is assumed that the stabilization of
podocyte function and control of the effect of VEGF-A will play a key role in slowing
the progression of DN. Several authors have already presented the positive effect of
vitamin D on VEGF-A in patients with DN, in terms of lowering its value after the
administration of vitamin D [38, 64].

Some authors have not confirmed the positive effect of vitamin D in DM. A meta-
analysis, including 35 studies, showed no positive effect of vitamin D on glucose
homeostasis and DM prevention [66]. Different results on the effect of vitamin D in
DM type 2 patients are assumed to be due to incoherent data, a small number of
patients and a short follow-up period.

4. Administration of vitamin D in patients with diabetes mellitus
and diabetic nephropathy

Based on the results of numerous researches and multicentric studies, several
scientific associations such as the European Society for Clinical and Economic Aspects
of Osteoporosis and Osteoarthritis, European Menopause and Andropause Society,
Kidney Disease: Improving Global Outcomes Clinical Practice, or American Geriatrics
Society, and American Academy of Developmental Medicine and Dentistry published
a recommendation for the use of vitamin D. The individual approach to the patient
was considered, that is, life in different climatic conditions in terms of exposure to the
sun, followed by diet, physical activity, age, obesity and associated diseases [35, 67].

Serum concentration of calcidiol—25(OH)D is the most reliable indicator of vita-
min D status in the humans. The recommended optimal blood level of 25(OH)D
should be between 30-50 ng/mL or 75-125 nmol/L or even 40-60 ng/mL (100-150
nmol/L). It is necessary for vitamin D to reach a serum level of at least 32 ng/mL (80
nmol/L) in DM patients to express a positive effect [35, 42, 67-69].

Screening of 25(OH)D level should be performed in all DM patients, especially in
patients who use chronic therapy that affects vitamin D metabolism and with associ-
ated diseases, such as osteoporosis, osteomalacia, hyperparathyroidism, cardiovascu-
lar diseases, malabsorption syndrome, hepatic insufficiency, recurrent respiratory
tract infections, cancer, neurological diseases, autoimmune diseases, over 65 years of
age, obese (Body mass index -(BMI)>30 kg/m?2), people with non-traumatic frac-
tures, musculoskeletal pain, and persons with black skin colour [35, 67-69].
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In order to maintain optimal vitamin D level, a healthy lifestyle is recommended
for all persons as a diet with sufficient vitamin D and calcium intake, safe controlled
sun exposure, physical activity, weight control, and smoking cessation. When using
vitamin D preparations, adequate calcium intake through diet is also necessary. If the
diet cannot provide adequate calcium intake or there is a malabsorption problem,
calcium supplements (1000 mg calcium /day) should be used [35, 67, 69].

A detailed overview of vitamin D administration is given in Tables 1 and 2
[35, 67, 69].

For the treatment of vitamin D deficiency in adults, oral cholecalciferol
(vitamin D3) is recommended. Calcifediol can be used instead of vitamin D in
certain conditions, such as obesity, malabsorption, liver disease, chronic kidney
disease (stage 3 or 4), and in all conditions where rapid correction of vitamin D
deficiency is required. The use of calcifediol may also be helpful in patients taking
drugs that interfere with the hepatic cytochrome P-450 enzyme system, including
those taking glucocorticoids, anticonvulsants, anticancer drugs, or antiretroviral
drugs. In certain risk groups (e.g., patients with severe malabsorption), vitamin D
may also be administered parenterally [67, 70, 71].

Calcitriol (1,25(OH)2D) and its analogues are used at much lower doses compared
to vitamin D3, have a relatively high risk of hypercalcaemia, and have a relatively

Sufficient 25(OH)D 30-50 ng/mL or 75-125 nmol/L

* Moderate sunlight exposure is recommended, with adequate dietary intake of vitamin D. The use of
vitamin D preparations is recommended depending on the season, BMI, age, skin colour, and risk
factors.

* During the winter months from November to April, the use of 800-2000 IU/day of vitamin D is
recommended in people without risk factors

* Administration throughout the year of 800-2000 IU/day of vitamin D is recommended in:
* women planning pregnancy, during prolonged hospitalizations, in patients over 65 years of age, in
patients with osteoporosis or the risk of falling and fractures, as maintenance dose after treatment of
vitamin D deficiency

* 2-3 times higher doses of vitamin D are recommended in people with malabsorption syndrome, obese
(BMI >30 kg/m2), and persons with black skin colour.

Table 1.
Preventive use of vitamin D.

Insufficient >20 — <30 ng/ml (>50- <75 nmol/L) or deficient <20 ng/mL( <50 nmol/L)

* If clinically indicated rapid 25(OH)D correction in patients with vitamin D deficiency without
significant risk factors, it is recommended to use 6000 IU D3/day. In certain persons, high doses of
vitamin D-10,000 IU D3/day are applied: patients with malabsorption syndrome, patients using
chronic therapy with drugs that disrupt vitamin D metabolism and obese persons (BMI > 30 kg/m?)

* The treatment lasts 4-12 weeks depending on the degree of vitamin D deficiency.

* If the recommended vitamin D level is reached, 30-50 ng/mL or 75-125 nmol/L, the administration of
800-2000 Ul/day of the vitamin D is continued.

* Approximately 6-12 weeks after starting treatment, the level of 25(OH)D is checked.

Table 2.
Therapeutic doses of vitamin D.
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narrow therapeutic window. Active treatment with calcitriol is indicated only in
certain diseases, for example, chronic hypoparathyroidism and chronic kidney
disease—mineral and bone disorder (CKD-MBD) [67, 72, 73].

4.1 Side effects of vitamin D

Vitamin D intoxication occurs at a level of 25(OH)D > 375 nmol/l (150 ng/ml) and is
a very rare complication. The first manifestation of vitamin D intoxication is calciuria,
caused by reducing the reabsorption of calcium in the proximal tubules. When the
compensatory mechanisms can no longer increase calciuria, its concentration in the
blood increases. Hypercalcaemia decreases the parathyroid hormone (PTH) level,
which consequently reduces renal phosphorus excretion. A high concentration of 25
(OH)D directly through VDR in the intestine further increases intestinal absorption of
calcium and phosphorus, which further increases their blood level, and as a result
calcium/phosphorus solubility product increases, leading to calcifications in soft tissues
and renal tissue (nephrocalcinosis), and also in the blood vessels. Hypercalcaemia also
causes constipation, vasoconstriction with subsequent arterial hypertension, cardiac
arrhythmias, depression, confusion, polyuria, and polydipsia [35, 74].

Therefore, in patients with advanced DN and significantly reduced GFR, care
should be taken when supplementing vitamin D, that is, monitor the level of
calcium and phosphorus in the blood. If the phosphorus level is elevated, stop the
administration of vitamin D, until the phosphorus in the blood normalizes and
include one of the phosphorus-binding preparations in the therapy. Also in case of
hypercalcemia, discontinue the administration of vitamin D.

5. Conclusion

We can conclude that the use of vitamin D in patients with DM and DN has a
significant renoprotective effect, both in patients with albuminuria and in patients
without albuminuria. The particularly significant renoprotective effect of vitamin D is
reflected in the stabilization of podocyte function. Vitamin D has also cardiovascular
protection by decreasing albuminuria, correcting lipid status, and improving parame-
ters of glycoregulation and inflammation.

In order to obtain more data on the renoprotective effect of vitamin D, additional
studies are needed, including more patients and longer follow-up.
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Acronyms and abbreviations

1,25(0H)2D3 1,25- hydroxyvitamin D3

25(0OH)D3 25-hydroxyvitamin D3

ACEi Angiotensin-converting enzyme inhibitors
ADA American Diabetes Association

AGEs Advanced glycation end products
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AT1R
BMI
CIP27B1
CKD-MBD
CRE
DM

DN

DR
ESRD
GFR
HbAlc
ICAM-1
IDF
IGF-1
IGT
INF-y
IL
KIM-1
L-FABP
LDL
LMICs
M
MCP-1
MMP-2

Na+/K+-ATP-ase

NAD+
NADPH
NGAL

NKF KDOQI

NP-DN
P-DN
PDGF
PICK1
PKC
PPAR &
PTH
RAAS
RANTES

ROS
SD
SGLT1
SGLT2
T1DM
T2DM
TGF
TGF-p1
Th
TNF-«
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Angiotensin II type 1 receptor

Body mass index

1-alpha-hydroxylase

Chronic kidney disease-mineral and bone disorder
Cyclic adenosine monophosphate-response element
Diabetes mellitus

Diabetic nephropathy

Diabetic retinopathy

End-stage renal disease

Glomerular filtration rate

Glycated haemoglobin Alc

Intracellular adhesion molecule 1
International Diabetes Federation
Insulin-like growth factor 1

Impaired Glucose Tolerance
Interferon-gamma

Interleukin

Kidney injury molecule-1

Liver-type fatty acid binding protein
Low-density lipoprotein

Low- and middle-income countries
Macrophages

Monocyte chemoattractant protein-1
Matrix metalloproteinase-2

Sodium potassium adenosine triphosphatase
Nicotinamide dinucleotide

Nicotinamide dinucleotide phosphate
Neutrophil gelatinase-associated lipocalin

National Kidney Foundation Kidney Disease Outcomes Quality

Initiative

Non-proteinuric diabetic nephropathy
Proteinuric diabetic nephropathy
Platelet-derived growth factor

Protein interacting with C kinase 1

Protein kinase C

Peroxisome proliferator activator receptor &
Parathyroid hormone
Renin-angiotensin-aldosterone system
Regulated upon activation, Normal T cell expressed and
presumably Secreted

Reactive oxygen species

Slit diaphragm

Sodium-glucose cotransporter-1
Sodium-glucose cotransporter-2

Type 1 diabetes mellitus

Type 2 diabetes mellitus

Tubuloglomerular feedback

Transforming growth factor Beta 1

T lymphocytes

Tumor necrosis factor-alpha
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UACR Urine albumin-to-creatinine ratio
VCAM-1 Vascular cell adhesion molecule-1
VDBP Vitamin D binding protein

VEGF Vascular endothelial growth factor
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Abstract

Recent evidence reported that a higher concentration of 25-hydroxyvitamin D
[25[OH] D] has been associated with greater cardiorespiratory fitness [CRF] and
muscle strength in both sexes. Low levels of 25[OH]D may be related to hypertrophy
of myocardial, high blood pressure, and endothelial dysfunction, which is related
to decreased amino acid uptake, prolonged time to peak muscle contraction and
relaxation, dysregulation of intracellular Ca2+, muscle weakness, myalgia, impaired
neuromuscular function, and hypotonia. Because CRF is defined as a function of
maximal cardiac output and maximal arteriovenous oxygen difference, low levels
of 25[OH]D may lead to deleterious effects on CRF. Recent findings also indicated
vitamin D3 supplementation that leads to an increase in muscle fiber especially type
2, the cross-sectional area of muscle fibers, and improved muscle strength. In this
chapter, we will systematically review the observational studies and randomized
controlled trials that evaluated the association of vitamin D with CRF and muscle
strength.

Keywords: vitamin D, 25-hydroxyvitamin D, Vo2 max, fitness, muscle strength

1. Introduction

Vitamin D deficiency has become a major public health issue around the world
affecting approximately 1 billion individuals worldwide. Vitamin D has long been
known to play a role in the performance of many organs and tissues throughout the
human body [1]. A low serum vitamin D level has been linked to an increased risk of
diabetes, hypertension, and cardiovascular disease [CVD], as well as obesity, hyper-
lipidemia, and poor physical fitness, particularly low cardiorespiratory endurance
and muscle strength [2, 3]. It has been documented in medical guidelines that vitamin
D enhances muscular function in poor vitamin D conditions [4].

Cardiorespiratory fitness [CRF] is a physiologic fitness definition that refers to
the circulatory and respiratory systems’ ability to deliver oxygen during prolonged
physical activity. It is partially determined by several non-modifiable characteristics
such as gender, age, and hereditary factors. CRF also has been used to analyze the
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association between physical activity and health status in recent years as a mediator
[5]. In addition, muscle strength is a marker of the quality of functional performance.
A decline in muscle strength leads to physical malfunction and disability in parallel
to age and is associated with mobility restriction [6]. It has been debated that greater
muscular strength may improve exercise performance by allowing for higher levels of
cardiorespiratory stress [7].

A higher quantity of 25-hydroxyvitamin D [25[OH] D] has been linked to
increased CRF and muscle strength in both sexes, according to accumulative research.
Low amounts of 25[OH]D may have a negative influence on CRF. Furthermore, previ-
ous research has found a substantial link between serum vitamin D levels and physical
fitness [8, 9]. The current chapter discusses the most recent knowledge about the link
between vitamin D status, CRF, and muscle strength.

2. What is vitamin D?

Vitamin D is a fat-soluble component that can be synthesized via sun exposure
to the skin. The ultraviolet rays in sunlight make your skin make vitamin D [10].
Of course, the amount of production of this vitamin by your skin depends on vari-
ous factors. For instance, what season of the year and what time of the day you
are exposed to sunlight, is effective in the production of this vitamin by your skin.
Note that usually, the sun’s rays are less in the winter months. Also, the sun’ rays are
strongest between 10 am and 3 pm. The amount of cloud cover and air pollution and
geographical location also have a significant effect on the production of vitamin D in
the skin, as sites near the equator have higher levels of UV radiation. Vitamin D pro-
duction in the skin is reduced by more than 95% when using sunscreen. To produce
the same quantity of vitamin D as someone with white skin, someone with a naturally
dark skin tone needs to be exposed to the sun for at least three to five times longer
[11-14]. Furthermore, obesity is linked to vitamin D deficiency since there is an
inverse relationship between serum 25[OH]D, activated in the liver, and a body mass
index [BMI] of more than 30 kg/ m? [15]. The synthesized vitamin D in human skin
is called D3, which is also found in salmon, sardine, mackerel, tuna, liver, egg yolk,
and fortified foods like milk [16]. Another type of vitamin D, dubbed D2, is abundant
in mushrooms [17]. The majority of the body’s tissues and cells include the vitamin
D receptor [VDR]. Numerous biological processes are influenced by 1,25[OH]2D,
the active form of vitamin D that is transformed in the kidney, including the inhibi-
tion of cellular proliferation, induction of terminal differentiation, inhibition of
angiogenesis, stimulation of insulin production, and inhibition of renin production
[18]. Up to 200 genes that are thought to be involved in many of the health-related
functions of vitamin D may be controlled by the local synthesis of 1,25[0OH]2D [18].
The Institute of Medicine [[OM] recommends that vitamin D deficiency is defined as
serum 25[OH]D concentration < 50 nmol/L and vitamin D sufficiency as 50 nmol/L,
and optimal level is >75 nmol/L [1].

2.1 Relationship with cardiorespiratory fitness

Besides many biochemical and physiological properties of active vitamin D in
the body, this vitamin can have huge effects on CRF, as recent research revealed a
significant association between serum 25[OH]D levels and CRF. In a recent systematic
review and meta-analysis [To find the answers to a particular topic, a systematic
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review makes an effort to compile all accessible empirical studies. The statistical
method of assessing and combining data from numerous related studies is called a
meta-analysis [19].], our team that included both observational and interventional
studies [up to October 2018, Tables 1 and 2] showed that in observational studies,
serum 25[OH]D is directly related to CRF, as shown in Figure 1, with a significant
increase in CRF in line with an increased 25[OH]D level [+0.65]. Furthermore, it was
found through reanalysis of five clinical trials that vitamin D3 treatment raised CRF
in comparison to placebo (Figure 2).

VO2 max, one of the most often used tests to quantify endurance capacity, is
used to assess cardiorespiratory fitness. VO2 max stands for the maximal capacity to
transport and utilize oxygen during exercise performed at increasing intensities. In
other words, the maximum rate of oxygen consumption that may be achieved during
intense activity is known as VO2 max [20]. It is used to describe the intensity of the
aerobic process and displays the level of physical preparedness of an athlete. VO2 max
is typically evaluated in laboratories on treadmills, cycling ergometers, or rowing
ergometers by gradually increasing intensity over some time of more than 5 minutes
[21]. Cardiac output, arterial oxygen content, the blood supply to active muscles, and
oxygen use by muscles all contribute to VO2 max [3]. Through the action of vitamin
D receptors, low serum 25[OH]D levels can result in cardiac hypertrophy, increased
blood pressure, and endothelial dysfunction. It can, therefore, affect VO2 max by
lowering cardiac output and raising peripheral vascular resistance [22]. Exercise
raises VO2 max by boosting cardiac output. Those with modest levels of physical
exercise may benefit more from vitamin D in terms of cardiac remodeling and VO2
max [23]. Furthermore, vitamin D insufficiency and physical inactivity can promote
muscular atrophy and change the muscle fiber type [24].

The mechanisms behind Vitamin D’s beneficial effects are the increased numbers
of fast-twitch muscle fibers [IIa] in place of another type of fast-twitch muscle fibers
[1Ib], modification of maximum heart rate and stroke volume. In addition, because
low levels of 25[OH]D affect bone mineralization and muscle function, they are
linked to a decline in physical fitness. Vitamin D may have a function in lowering cor-
tisol by preventing specific enzymes from working. High levels of cortisol boost anti-
inflammatory and calcification effects. By causing the dilatation of blood vessels, a
decreased cortisol level frequently worsens blood pressure. By lowering blood cortisol
levels, vitamin D aids in enhancing physical performance and lowering cardiovascular
risk factors. Additionally, inflammation is decreased and interleukin-10 is produced
by vitamin D. Thus, the probable mechanisms that define the effect of this vitamin on
maximum oxygen intake are expanded airways, antimicrobial peptides, and greater
air entry into the lungs by vitamin D [25-27].

2.2 Relationship with muscle strength

Skeletal muscle helps organ systems maintain homeostasis. Muscle is malleable,
adapting to physical activity, load, injury, sickness, and aging. The reduction of
skeletal muscular strength, muscle mass, and physical performance as people get
older has been linked to falls and fractures in elderly people, yet it is still a generally
undetected disorder [28].

The presence of vitamin D3 metabolizing enzymes in skeletal muscle raises
the possibility that vitamin D3 levels are locally regulated in this extrarenal tissue
[28]. Total fat mass, lean mass, and balance are all physical fitness indices that are
commonly influenced by vitamin D levels. Studies have demonstrated that severe
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Study %
ID ES (95% Cl) Weight
Al Asoom (2016) —_— 0.71(0.46,0.97) 4.95
}
Mowry (2009) | 1.00 (0.71, 1.29) 4.83
HA (2013) ! 1.12(1.04, 1.19) 542
Valtuen™a (2013) — ! 0.29(0.17,041) 535
Valtuen~a (2013) -T— ' 0.06 (-0.06, 0.18) 5.35
Ellis (2014) l—o— 095 (0.68,1.23) 488
Serra (2016) —_—— 0.71(0.38, 1.05) 4.64
Koundourakis (2014) ! ——> 1.22(0.97,1.48) 4.96
Dong (2010) —— H 0.27 (0.16,0.38)  5.37
Waschbisch (2012) | ———— 1.12(0.79, 1.45) 4.65
Park (2013) i 0.90 (0.81, 1.00)  5.40
|
Sun (2014) | —— 0.94 (0.72,1.16) 5.09
Sun (2015) | —— 1.00 (0.81,1.19) 5.17
Ardestani (2011) —— 0.80 (0.63,0.96) 5.24
Fitzgerald (2014) — 1 0.14 (-0.23, 0.52) 4.47
Saponaro (2017) —_— E 0.44 (0.28, 0.59) 5.26
Marawan (2018) - ! 0.27 (0.21, 0.33) 5.44
Ksigzek (2016) —_—t 0.05(-0.36,0.47) 4.27
Pandey (2018) — 0.71(0.49,0.94) 5.06
Pandey (2018) —_— 0.21 (-0.23, 0.65) 4.18
Overall (l-squared = 96.7%, p = 0.000) <> 0.65(0.47,0.84) 100.00
1
NOTE: Weights are from random effects analysis !
T T
-1.48 0 1.48
Figure 1.
Forest plot of correlation between 25(OH) D and CRF.
Study %
D WMD (85% Cl) Weight
Carrillo (2013) 0.30 (651,6.11) 775
Boxer (2013) e 0.51 (-0.61, 1.63) 16.50
Scholten (2015) —_— -0.40(-3.72,2.82) 1232
‘Scholten (2015) —_— 2.38(0.11, 4.65) 14.54
Todd (2018) - 1.36(0.76, 1.96) 17.03
Singla (2017) ——%—— 7.78(6.39,9.17) 16.13
Karefylakis (2018) —_— -0.20 (-1.83, 1.43) 15.74
Overall (I-squared = 83.1%, p = 0.000) -=<> 1.86 (-0.32, 4.04) 100.00
NOTE: Weights are from random effects analysis
T T

917 0

Figure 2.
Forest plot for the effects of vitamin D3 supplementation on CRE.
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vitamin D deprivation can result in physiologic, histological, and electrophysiological
alterations, supporting the role of vitamin D in maintaining muscle health. A strong
resistance exercise’s ability to restore strength may be predicted by a higher 25[OH]

D concentration [29]. In younger adults, supplementing with vitamin D [4000 IU

for 5 days] can increase muscle strength. However, it is important to note that the
methodologies, dosages, participant characteristics, length of interventions, and
findings of the research on the impact of vitamin D supplementation varied [30].
Both vitamin D insufficiency and vitamin D receptor [VDR] malfunction appear to
have detrimental effects on the homeostasis of skeletal muscles. However, overexpres-
sion of VDR appears to have negative effects on skeletal muscle as well [31]. Although
it has been demonstrated that vitamin D is also involved in the cellular metabolism of
skeletal muscles, the precise molecular pathways that vitamin D activates in muscles
are yet unknown. Vitamin D, through the activity of its active metabolite, 1,25[OH]2
D3, is crucial for normal calcium and phosphorus balance and the maintenance of
skeletal health. The homeostasis of calcium involves vitamin D. Vitamin D controls
the gut’s absorption of calcium and maintains the levels of calcium and phosphate in
the serum. It has been demonstrated to be crucial in controlling skeletal muscle tone
and contraction [32]. The most recent study showed that treatment with 1,25[OH]2
D3 increased the oxygen consumption rate of skeletal muscle cells, demonstrating
the role of vitamin D in the regulation of mitochondrial oxygen consumption and
dynamics. An increase in respiration was associated with the production of ATP,
suggesting that vitamin D improves the mitochondrial activity in muscle [33]. The
hypothesis is that vitamin D can affect the blood supply to skeletal muscles and their
ability to use oxygen due to the presence of the VDR in cardiac muscle, vascular
tissue, and skeletal muscle. However, direct 1,25[0OH]2 D3 administration of isolated
mitochondria failed to increase oxygen consumption rate, indicating that 1,25[OH]2
D3’ effects on oxygen consumption rate may be dependent on VDR or other extra-
mitochondrial metabolic processes. People with lower vitamin D concentration get
more benefits from vitamin D supplementation and more improvement in muscle
strength [31, 33].

As a complementary basis to further strengthen the possible effect of vitamin D
on muscle strength, numerous in vivo and in vitro experimental studies have dem-
onstrated physiologic, histological, and electrophysiological alterations of skeletal
muscle in severe vitamin D insufficiency, indicating a possible role for vitamin D
in maintaining healthy muscles. As stated previously, it seems that the binding of
vitamin D to its receptors promotes the absorption of inorganic phosphate needed
for the production of energy-rich phosphate compounds [ATP] required for muscle
cell contractility [34]. Additionally, high parathyroid hormone [PTH] has been
proven to accelerate the breakdown of muscle proteins, and low vitamin D levels have
been linked to secondary hyperparathyroidism [35]. Studies on muscle biopsies and
electrophysiological tests further show the role of vitamin D in muscle cell activity.
Treatment with vitamin D has been shown to reverse these changes, including an
increased number of type II muscle fibers. Vitamin D deficiency has been linked to
the atrophy of type II muscle fibers as well as nonspecific histological abnormalities
like fatty infiltration, interstitial fibrosis, and sarcolemmal nuclear proliferation, all
linking to lower muscle strength. Electrophysiological studies have connected low
vitamin D levels to abnormal patterns, such as reduced motor unit potential length
and amplitude, greater percentages of polyphasicity, and no concomitant denervation
evidence [36].
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3. Conclusion

By calculating VO2 max, serum 25[OH]D is directly correlated with CRF. The
most recent findings suggest that vitamin D supplementation may result in higher
CRF improvements in men and younger adults. However, since science is constantly
evolving and changing, and many facts are misunderstood or unknown, these
findings might be modified over time. Furthermore, multiple lines of research have
indicated that vitamin D supplementation has a positive impact on aged people’s
muscle function. An effect, however, is not always there as more studies demonstrat-
ing the absence of an effect than studies demonstrating positive benefits have been
published. The lack of clear explanations for the discrepant findings is due to the fact
that studies showing positive benefits from those showing no effect of an increased
vitamin D level do not appear to share many common traits.
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Chapter11

Pharmacological Efficacy

and Mechanism of Vitamin D in
the Treatment of “Kidney-Brain”
Disorders

Jia-Li Zhang, Yong-Jun Wang and Yan Zhang

Abstract

Accumulating evidences have shown that serum 25-hydroxyvitamin D
concentrations were inversely correlated with the incidence or severity of coronavirus
disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), and that vitamin D deficiency might be associated with an increased
susceptibility to many of the complications accompanied by COVID-19, such as
disorders in kidney and brain. Our previous experimental studies demonstrated that
vitamin D and its analogs could protect from kidney diseases, neuroinflammation,
and musculoskeletal disorders such as osteoporosis and muscle atrophy, through
the suppressive effects on overactivation of the renin-angiotensin system (RAS)
in tissues. Moreover, we published a review describing the therapeutic effects of
traditional Chinese medicine (TCM) for organ injuries associated with COVID-19
by interfering with RAS. In the TCM principle “Kidney dredges brain,” this chapter
will emphasize the potential preventive and therapeutic effects of vitamin D on both
renal injuries and central nervous system disorders in COVID-19 patients and further
elucidate the pharmacological effects with underlying mechanisms of vitamin D in
“Kidney-Brain” disorders.

Keywords: vitamin D receptor, kidney, brain, renin-angiotensin system,
traditional Chinese medicine, vitamin D

1. Introduction

The outbreak of Coronavirus Disease 2019 (COVID-19) has created a global public
health crisis. Observational studies provided evidence that serum 25-hydroxyvitamin
D [25(OH)D] concentration was inversely correlated with the incidence or severity of
COVID-19 [1]. Moreover, very severe vitamin D deficiency (<10 ng/ml) was consider-
ably more common in COVID-19 patients than in non-COVID-19 ones [2]. Consistently,
a significant correlation between vitamin D sufficiency and reduction in clinical severity
and inpatient mortality from COVID-19 disease has been explored [3, 4].
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Actually, as vitamin D is concerned, traditional Chinese medicine (TCM) and
Western medicine could share similar philosophical logic to fight against COVID-19,
mainly because in TCM theory, the pathogenesis of COVID-19 is closely associated
with cold dampness, which could be attenuated by sun exposure and Wen-Yang herbs,
both of which could restore the blood level of vitamin D in Western medicine [5].
Clinically, TCM medications have been exhibiting benefits in decreasing the rate of
disease progression, time to the resolution of fever, and rate of progression to severe
COVID-19 cases [6], and we published a review summarizing the pharmacological
interventions and the underlying mechanisms of TCM for organ injuries associated
with COVID-19 [7].

As we know, the renal 1la-OHase enzyme catalyzes the biosynthesis of active
vitamin D, 1,25(OH),D;, and conversely, the 24-OHase enzyme in the kidney deac-
tivates vitamin D via hydroxylation at site 24 on the chemical structure of 25(OH)D
and 1,25(0OH),D;. In our group, we have published a series of research articles uncov-
ering that the kidney-tonifying herb Fructus Ligustri Lucidi could manage vitamin
D metabolism and enhance circulating 1,25(OH),D; level [8-10]. Intriguingly,
there are TCM theories supporting the relevance between kidney and brain, such as
“Interaction between Kidney and Brain,” and “Kidney dominates bone, and dredges
brain,” etc., where the biological basis for this interaction might be attributed to
vitamin D. Therefore, the effects and the mechanisms of vitamin D on comorbidity in
kidney and brain of COVID-19 patients are elaborated in this chapter.

2. Vitamin D and kidney injuries
2.1 Clinical practice

Several previous studies have demonstrated that the risk of COVID-19 and associ-
ated death increases with the coexistence of various underlying diseases, including
liver and kidney failure, cerebrovascular disease, chronic obstructive pulmonary
disease, coronary heart disease, hypertension, diabetes, and so forth [11-16]. Among
those comorbid diseases, the incidence of kidney injuries in the general population
after infection with SARS-CoV-2 was around 3-15%, 14.5-50% in patients with
severe COVID-19 infection in the intensive care unit, and even higher in patients
with chronic kidney disease (CKD), which is related to severe infection and higher
fatality rate in COVID-19 patients [17, 18]. In a retrospective case-control study from
a Los Angeles Health System, Chang et al. [19] observed that renal diseases were the
predominant premorbid risk factors for COVID-19 patients. In New York, a longitu-
dinal prediction study at two centers showed that the death rate in COVID-19 patients
accompanied by acute kidney injury (AKI) is approximately five times that of mortal-
ity in non-AKI patients (31.5% and 6.9%) and that the COVID-19 patients developed
AKI about 3 days after hospitalization [20].

A growing body of evidence suggests that vitamin D and COVID-19 are linked.
The first study to examine whether the last vitamin D status before COVID-19 testing
is associated with COVID-19 test results of 489 patients was published after the
outbreak of the COVID-19 pandemic. This single-center retrospective cohort study
concluded that adults with hypovitaminosis D were more likely to be infected by
SARS-CoV-2 [21]. Similarly, in 20 European countries, substantial inverse associa-
tions between mean blood 25(OH)D concentrations and the frequency of COVID-

19 cases and mortality were discovered [22]. The above data illustrate the close
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correlation between serum vitamin D levels and the risk rate of developing COVID-19.
In addition, at the same time, studies found that vitamin D supplementation could
reduce the risk of being infected with SARS-CoV-2. As presented in a retrospective
cohort study done in Switzerland, vitamin D supplementation reduced the probabil-
ity of SARS-CoV-2 infections [23]. Furthermore, frequent vitamin D; supplementa-
tion, at least in the elderly, in boluses taken routinely throughout the year preceding
diagnosis, has indicated a reduction in the risk of mortality and clinical improvement
in old COVID-19 patients [24]. In a short term, randomized, placebo-controlled trial
in 25(OH)D deficient (<20 ng/mL) COVID-19 individuals from India, 62.5% of those
treated with 60,000 IU/1500 pg/day of vitamin D; for 7-14 days were negative for
SARS-CoV-2 after 21 days, compared with just 20.8% of those who were not given
vitamin Dj [25].

Vitamin D is a vital protector for inhibiting inflammation and cytokine storms in
the kidney [26]. The correlations were demonstrated between low vitamin D levels
and the risk of influenza infection. Same as influenza, different studies showed
that vitamin D status could influence the outcome of COVID-19 patients, including
kidney injuries [27]. In Spain, a retrospective cohort clinical trial was held to compare
whether the administration or not of oral calcifediol could alleviate mortality risk
and the underlying diseases arising from COVID-19 [24]. Among the 537 included
COVID-19 patients, those who received calcifediol (0.266 mg/capsule, two capsules
on entry, and then one capsule on days 3, 7, 14, 21, and 28) were more likely to have
alow rate of CKD and even mortality [24]. The COVID-19 patients accompanied by
CKD with maintenance hemodialysis have a very high 3-month mortality rate, but
researchers found that the same type of patient treated with active vitamin D had a
lower risk of mortality caused by COVID-19 [28]. The facts all indicated that either
serum vitamin D status or vitamin D supplementation has a strong link with the
degree of severity of kidney injuries associated with COVID-19.

2.2 Mechanism studies
2.2.1 Renin-angiotensin system (RAS)

SARS-CoV-2 enters cells when its spike proteins are bound to angiotensin-con-
verting enzyme 2 (ACE2) receptors, which are the potent negative regulators on the
RAS and are highly expressed in the kidney [7]. The excess activity of the renal RAS,
characterized as the increased production of angiotensin II (Ang II), is responsible for
kidney destruction, inflammation, and functional failure related to SARS-CoV-2 [29].

Vitamin D inhibits renin expression and in turn reduces Ang II expression, thus,
serving as a negative RAS regulator [29, 30]. The deficiency of vitamin D activates the
intrarenal RAS, thereby inducing an increase in the level of Ang II, which is an important
stimulator of kidney injury [31, 32]. Our study demonstrated that active vitamin D ana-
logs paricalcitol and doxercalciferol were able to suppress RAS activation, alleviate glo-
merular and tubulointerstitial damage, and reduce proteinuria in streptozotocin (STZ,
40 mg/kg)-induced diabetic DBA/2 ] mice [33, 34]. Similarly, treatment of STZ (60 mg/
kg)-induced type 1 diabetic rats with calcitriol (0.2 pg/kg, i.g.) significantly reduced
urine albumin and improved glomerular ultrastructure by reducing the renin expression
and alleviating the oxidative stress of the kidneys [35]. The role of RAS in the kidney of
type 2 diabetic mice (db/db mice) in our study was consistent with those studies per-
formed on the type 1 diabetic animal models [36, 37]. As vitamin D exerts a vital effect
by binding to vitamin D receptor (VDR), which is widely expressed in various organs
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and tissues including kidneys, we considered that VDR signaling may be a paramount
modulator in the process of kidney injuries and therefore constructed the VDR knockout
mice and performed a series of systematic studies. At first, our study found a significant
elevation in renin gene expression in VDR-null mice [38, 39]. In in vitro experiments, we
revealed that the direct inhibitory effect of 1,25(OH),D; on renin was mainly attributed
to its ability to inhibit the transcription of the renin gene and consequently cut off the
activation of the RAS [38, 39]. The results of our subsequent study revealed that the
absence of VDR stimulated severe renal damage with marked tubular atrophy, intersti-
tial fibrosis, and increased renin expression and Ang II accumulation in the obstructed
kidney of mice after surgery of unilateral ureteral obstruction (UUO) [29].

In line with the iz vivo studies, in the podocytes with the absence of VDR, the
mRNA levels of angiotensinogen (AGT), renin, and Ang II type 1 receptor (AT1R) were
significantly upregulated, displaying the activation of RAS and therefore exacerbat-
ing podocytes damage [40]. Vitamin D and its analogs also repressed the activation of
RAS in other renal cells, such as HIV-induced tubular cell injury, high-glucose-induced
mesangial cells, juxtaglomerular cells, and Ang II-induced primary tubular cells [41, 42].

Collectively, vitamin D might prevent kidney injury associated with SARS-CoV-2
infection by attenuating renal RAS as shown by an upregulation of ACE2 expression
and downregulation of renin expression as well as a reduction in the production of
Ang IT locally in the kidney.

2.2.2 Epithelial-mesenchymal transition (EMT)

Researchers supported that in addition to the RAS imbalance caused by SARS-
CoV-2 infection, the COVID-19 may also bring about the EMT, which has been
reported as a major mechanism responsible for the abnormal accumulation of extra-
cellular matrix (ECM). As reported, the accumulation of proteins and fibroblasts in
ECM is a predominant factor in causing most kidney diseases [29]. It is believed that
vitamin D could prevent kidney fibrosis by repressing the process of EMT [29].

As shown in recent research, calcitriol and paricalcitol (at equivalent doses of
1000 IU/kg) prevented the renal fibrosis in the 7/8 nephrectomy model within
4 weeks of treatment through the inhibition of EMT characterized by the changes
of E-cadherin and Snail [43]. Similarly, type I and type III collagen, fibronectin,
a-smooth muscle actin, and E-cadherin, which are the typical markers of EMT, were
significantly regulated in UUO mice treated with paricalcitol, which therefore amelio-
rated renal interstitial fibrosis and preserved tubular epithelial integrity in obstruc-
tive nephropathy [44]. Furthermore, the in vitro experimental studies demonstrated
that the isolated primary tubular cells from VDR-null mice showed a significant EMT
process, which was reached by analyzing the abundance of landmark indicators of
EMT [29]. Consistent with the conclusion drawn from the primary tubular cell study,
paricalcitol treatment also profoundly suppressed EMT in the human renal proximal
tubular epithelial cells [45].

Overall, EMT might be one of the key pathogenic pathways for COVID-19-induced
kidney injury, and the inhibition of EMT by vitamin D analogs suggests that it may
ameliorate renal injury via declining renal EMT caused by SARS-CoV-2 infection.

2.2.3 Oxidative stress, inflammation, and cytokine storm

As mentioned earlier, vitamin D is not only an essential factor for modulating
real RAS and suppressing the EMT process, but also for regulating oxidative stress
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and inhibiting inflammation and cytokine storm, consequently reducing COVID-19-
induced kidney damage [26]. The SARS-CoV-2 infection triggers the massive produc-
tion of reactive oxygen species (ROS) and promotes oxidative damage. Jain et al. [46]
have proposed that ROS overproduction and excessive oxidative stress are responsible
for impaired immunity, cytokine storm secretion, and the onset of organ dysfunction
in response to COVID-19 infection. The insights could be interpreted as follows: for
example, Wu et al. [47] revealed that cholecalciferol has the potential, as a clinical drug,
to protect renal function in ischemia/reperfusion (I/R)-induced AKI by reducing ROS
production and inhibiting oxidative stress. Other studies also suggested that vitamin
D analogs could participate in the induction of intracellular free radical scavenging
and attenuate kidney disorder through the downregulation of mTOR expression and
autophagy-related oxidant response [48-50].

Low 25(OH)D status in COVID-19 patients was correlated with high levels of
interleukin-6 (IL-6) and C-reactive protein (CRP), which are the independently
inflammatory markers. Furthermore, the COVID-19 patients with insufficient
25(OH)D content may exert a high incidence of inflammation-induced renal injury
[51]. Several experimental studies have reported that the administration of VDR
activators reduced the presence of inflammatory cells in the kidney, thereby suppress-
ing inflammatory responses and cytokine storms [7, 52-54]. Additionally, vitamin D
intervention could decrease the production of inflammatory cytokines such as IL-6,
IL-8, IL-12, IL-17, tumor necrosis factor-a (TNF-«), and interferons-y (IFN-y), and
thus prevent inflammation from progressing and damaging other organs, including
the kidneys [55-57]. As a result, numerous preclinical studies have been conducted
using vitamin D as a treatment for various types of AKI, such as sepsis-induced AKI,
with promising results in mitigating both renal oxidative stress and the expression of
inflammatory cytokines in kidney [58].

Therefore, vitamin D could have the potential in diminishing the cytokine storm
caused by COVID-19 and could exert protective effects against kidney injury.

2.2.4 Immune response

The active vitamin D molecule 1,25(0OH),D; could be produced in the kidneys and
in extrarenal tissues such as activated monocytes/macrophages, where VDR is also
expressed and is therefore vitamin D targets as well [59, 60]. Various studies have
shown a stimulatory effect of vitamin D on Tregs (CD4", CD25*, CD127", FoxP3"),
which are the important immune response cells in humans [61-63].

In detail, a study by Yuan et al. [64] found that combined treatment with vitamin
D and tacrolimus effectively alleviated renal tissue damage in rats with IgA nephropa-
thy through modulating the immune response and the nuclear factor kappa-B/
toll-like receptor 4 (NF-kB/TLR4) pathway, the overactivation of which is a typical
appearance of immune injury. Similar findings have been reported that 1,25(0OH),D;
protected against tubulointerstitial fibrosis by downregulating the innate immune
NF-xB/TLR4 pathway in STZ (45 mg/kg)-induced diabetic rats with kidney disease
and in high-glucose (25 mmol/L)-induced NRK-52E cells (a rat kidney tubular epithe-
lial cell line) [65]. In addition, Penna et al. [66] demonstrated that the treatment of
nonobese diabetes mice, a model of susceptible autoimmune disease, with a synthetic
analog of 1,25(OH),D; could reduce IL-17 expression. Several studies also sup-
ported that vitamin D could play a role in the cross talk between innate and adaptive
immunity in CKD patients, illustrating that vitamin D could improve organ damage,
including kidney damage, by modulating the immune response [67-69].
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Since SARS-CoV-2 infection affects the immune system first and foremost,
vitamin D intervention could somehow regulate the body’s immune function and the
stress of immune cells in the kidney. Hence, it could be assumed that the modulations
on the immune response might be one potential mechanism for the beneficial effects
of vitamin D on kidney deterioration.

3. Vitamin D and CNS disorders
3.1 Clinical practice

As the current understanding of COVID-19 continues to evolve, accumulating
evidence demonstrated the neurological impact of this novel virus [70], particularly,
the term “NeuroCovid” has been proposed in 2020 [71]. During the acute phase of
COVID-19, about 36% of cases developed neurological symptoms of which 25% could
be attributed to the direct involvement of the central nervous system (CNS) [72].
Patients with neurological deficits such as Parkinson’s disease (PD) did not exhibit
an elevation in COVID-19 risk and mortality compared with the general population
[73, 74]; however, COVID-19 might lead to the medium- and long-term consequences
on CNS with neurodegenerative and neuropsychiatric diseases manifested as depres-
sion, insomnia, cognitive decline, accelerated aging, Parkinson’s disease (PD), or
Alzheimer’s disease [71, 75]. The infection with SARS-CoV-2 even aggravates the CNS
disorders and neurological complications of COVID-19 patients with preexisting
neurological injury. In children with multiple sclerosis, the results of the web-based
survey showed high anxiety levels during the pandemic [76]. Additionally, the
affected patients associated with cognitive deficits might be at higher risk of cognitive
decline after overcoming the COVID-19 infection [70]. Importantly, a systematic
review of studies reporting data on PD patients with a diagnosis of COVID-19
indicated a higher case fatality in PD patients affected by COVID-19 than the general
population [74]. Therefore, a strengthened awareness of the possibility of neurologi-
cal involvement and a further investigation into the relevant pathophysiology would
be essential to understand and ultimately abrogate SARS-CoV-2-related neurological
symptoms [77].

An unselected large cohort study from Italy showed that the nonadvanced PD
patients without vitamin D supplementation were more likely to be infected [73], and
a retrospective survey from Spain elucidated that lower blood level of vitamin D was
one of the main factors for developing COVID-19 in children with neuroimmunologi-
cal disorders [78]. Consistently the systematic analysis including 16 studies reporting
on a total of 11,325 PD patients suggested vitamin D might be a key protective factor
against this infection [74], and the meta-analysis indicated the close correlation of
vitamin D supplementation with COVID-19 in people with PD [79]. Furthermore,
an early study using a multivariate general linear model found that a low serum level
of 25(OH)D could predict an increased vulnerability to the stressful impact of the
COVID-19 outbreak [80]. Collectively, vitamin D deficiency in circulation not only
increases susceptibility to COVID-19 in patients with CNS disorders but also acceler-
ates or aggravates preexisting neurodegenerative disease in COVID-19 patients.

Most of the emerging clinical results supported the beneficial effects of vitamin
D supplements or therapy on neurological complications in COVID-19 patients, in
accordance with the neuroprotective effects of vitamin D and its analogs. It is well
elucidated that SARS-CoV-2 is a neuroinvasive virus capable of eliciting a cytokine

156



Pharmacological Efficacy and Mechanism of Vitamin D in the Treatment of “Kidney-Brain’...
DOI: http://dx.doi.org/10.5772/intechopen.105820

storm, with persistent effects in specific populations. The impact of SARS-CoV-2
infection on the onset and progression of neurological diseases of neuroinflammatory
origin is regarded as the potential cause of a delayed pandemic [81]. Remarkably, as a
nonclassical role beyond action on skeletal homeostasis, the pharmacological regula-
tions of vitamin D on inflammation responses including neuroinflammation have
been widely studied. An interesting review stated that vitamin D could partially pro-
duce positive effects on the development of brain function for infants of mothers who
experienced viral infections in early pregnancy by reducing some pro-inflammatory
cytokines [82]. Vitamin D might act as a strong immunosuppressant repressing cyto-
kine release syndrome in COVID-19 via attenuating the production and secretion of
crucial pro-inflammatory cytokines including NF-kB, IL-6, IL-1p, and TNF [83]. One
recent review implicated that the immunomodulatory effects of vitamin D signifi-
cantly reduced the level of pro-inflammatory interleukins and enhanced the synthesis
of anti-inflammatory chemical mediators [84]. Taken together, supplementation with
vitamin D could be an effective option to avoid the development and progression of
neurodegenerative pathologies in post-COVID-19 patients.

3.2 Mechanism studies

Given the extrarenal regulation of vitamin D on tissue function, its extrarenal
metabolism, especially in CNS, will be extremely concerned in the research studies
on neurological illnesses accompanied by COVID-19. Experimental data showed
that VDR is expressed in CNS such as neurons and microglia, and 25(OH)D; could
be directly metabolized to 1,25(0OH),Dj; due to the local presence of 1a-hydroxylase,
implying a potential modulation of vitamin D in CNS in an autocrine or paracrine
fashion. 1,25(OH),D; could stimulate the expression of glial cell line—derived neu-
rotrophic factor, nerve growth factor, and neurotrophins-like nerve growth factor
(NGF), thereby preventing loss of neural sensation in COVID-19 [83]. Moreover,
1,25(0OH),Dj; could promote the expression of brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT3), and neurotrophin receptor p75" ~ in neurons, glial
cells, and Schwann cells [83], as well as induce the migration and differentiation
of oligodendrocyte progenitors and enhance remyelination of neurons to improve
neurotransmission in a model of toxic demyelination [85]. Additionally, it improved
serotoninergic and dopaminergic neurotransmission in cultured neuronal cells by
modulating serotonin and dopamine metabolism [86]. These effects account for the
potential therapeutic efficacy of vitamin D on COVID-19-derived neuropsychiatric
disorders [84].

Considering our previous work emphasized the role of RAS in the development
of tissue injuries and the inhibitory effects of vitamin D on overactivity of tissue
RAS, we attempted to uncover the underlying molecular mechanisms involved in
the protection of vitamin D in COVID-19 patients from CNS damages on the aspect
of brain RAS, which has been proposed five decades ago [87]. Human studies on the
postmortem brain revealed that human coronavirus variants and SARS-CoV-2 could
infect neurons and glia, demonstrating that SARS-CoV-2 may have similar neuroviru-
lence [77]. In fact, the SARS-CoV-2 virus could use the ACE2 to cross the blood-brain
barrier and invade neuronal and glial cells, as the studies have explored that SARS-
CoV-2 has a high affinity for its receptor, the ACE2 protein [84, 88]. Furthermore,
the research data showed the expression of ACE2 in neuronal and glial cells [89],
which are also potentially vulnerable to SARS-CoV-2 infection. Attractively, a few
studies have demonstrated the existence of RAS components in the basal ganglia, and
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particularly in the nigrostriatal system [90], even in mitochondria of dopaminergic
neurons [91], though there are still controversial opinions about the presence of brain
RAS as the angiotensin generation in the brain is concerned [87, 92].

It is well defined that there are two counterregulatory arms within RAS, namely
the classical axis ACE/Ang II/AT1R and the newly emerged axis ACE2/Ang(1-7)/
Mas [93]. The identification of the ACE homolog, ACE2 as a key Ang(1-7)-forming
enzyme, unravels the existence of a distinct enzymatic pathway for the production
of Ang(1-7), which has a broad range of effects in different organs and tissues that
goes beyond its initially described cardiovascular and renal actions [94]. The decline
in ACE2 expression that occurs with aging has been associated with higher morbidity
and mortality rates in older adults [95]. Furthermore, numerous studies discovered
that the cross talk and the interaction between the dual-axis systems of RAS contrib-
ute to tissue homeostasis. Our research project entitled “Biological effect of the double
axes within RAS, ACE/Ang II/AT1R and ACE2/Ang(1-7)/Mas, in bone metabolism
disturbance induced by high glucose and intervention study of active components in
kidney-tonifying TCM,” funded by National Natural Science Foundation of China,
illustrated that the two axes distinctly regulated the differentiation and functions of
osteoblasts and osteoclasts upon exposure to high glucose [96]. Our study [96] and
another study [97] support the concept that the ACE2/Ang(1-7)/Mas axis is able to
counteract most of the deleterious actions of the ACE/Ang II/AT1R axis, especially in
pathological conditions. Thus, we suppose that the interfering of SARS-CoV-2 with
ACE2 in the brain would lead to a disturbance between the two axes and, in turn,
produce deleterious effects in CNS observed in infected patients.

In vivo and in vitro studies clarified a counterregulatory interaction between
dopamine and angiotensin receptors [98] and between SIRT3 and angiotensin
receptors [99] in the striatum and substantia nigra, especially in an age-dependent
manner, thereafter induced dopaminergic function injury accounting for the rise in
the risk of neurodegenerative diseases, such as PD. Besides that, the hyperactivation
of the ACE/Ang II/AT1R axis could exacerbate dopaminergic cell death, the animal
study explicated that the Ang(1-7)/Mas axis possessed a neuroprotective role in
the dopaminergic system, and in turn, ameliorated aging-related vulnerability to
neurodegeneration [100].

Vitamin D could raise the bioavailability and upregulate the expression of ACE2,
which may be responsible for trapping and inactivating SARS-CoV-2 [101, 102].
Importantly, vitamin D could mitigate the RAS-activation-evoked tissue destruc-
tion by serving as an RAS inhibitor. The overall effects of vitamin D on brain RAS
are assumed as a drop-in Ang II level and a rise in Ang(1-7) level by inducing the
ACE2/Ang(1-7)/Mas axis activity and suppressing ACE/Ang II/AT1R axis [88, 103].
Our research articles have reported that active vitamin D analog paricalcitol could
dramatically improve LPS-induced depressive-like behavior of mice by abolishing
neuroinflammation via diminishing RAS activity in the hypothalamus [104], and the
kidney-tonifying traditional herb Fructus Ligustri Lucidi displayed the suppressive
effects on levels of pro-inflammatory cytokines by improving vitamin D metabolism
[105]. Consistent with these findings, vitamin D supplementation appeared to reverse
COVID-19-related neurodegeneration and neuroinflammation, which are aggravated
in Parkinson’s and Alzheimer’s patients [95]. These pieces of evidence heighten the
key role of vitamin D as a neuroprotective and neuroreparative agent against the
neurological sequelae of COVID-19.

Taken together, the mechanism studies revealed the crucial role of VDR in the protec-
tion of nephropathy through regulating multiple biological events (Figure 1) and that
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Vitamin D displayed nephrvoprotective effects through regulating multiple biological events.
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Figure 2.
Vitamin D exerted neuroprotective effects via, at least partially, modulating RAS homeostasis in CNS.

vitamin D exerted neuroprotective effects by balancing RAS in CNS (Figure 2), thereby
vitamin D and its analogs possess the high potential in the protection and treatment of
kidney and CNS disorders associated with COVID-19.
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