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Preface

There is growing recognition that nutrition plays a key role in age-related chronic diseases
and mortality. Calcium and vitamin D are particularly important for musculoskeletal health, and
deficiencies increase the risk of osteoporosis and fragility fractures in older adults. Supplementation,
especially in frail and institutionalized individuals, reduces hip and fracture risk and may improve
muscle function and lower fall risk. Beyond skeletal effects, low vitamin D levels have been associated
with higher risks of dementia, diabetes, cancer, and infections, although further well-designed studies
are needed. This Special Issue highlights recent evidence on the role of calcium and vitamin D in

health, particularly during aging.

Stefano Gonnelli and Ligia J. Dominguez
Guest Editors
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Calcium, Vitamin D, and Aging in Humans

Ligia J. Dominguez '* and Stefano Gonnelli 2
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There is currently a growing awareness that nutritional factors have major impacts on
the risk of age-associated chronic non-communicable diseases and mortality [1]. Two of
these nutrients, calcium and vitamin D, have been particularly implicated in maintaining
musculoskeletal health, which are increasingly common conditions at different stages of
life but particularly in old age. In fact, adults and older persons with inadequate dietary
calcium intake or insufficient vitamin D levels have an increased risk of osteoporosis and
fragility fractures, which are continuously increasing worldwide [2]. There is evidence
that the supplementation of these nutrients in frail older adults living in long-term care
facilities reduces the risk of hip and other fragility fractures [3-5]. In addition, vitamin D
supplementations may improve muscle function and contribute to decreasing the risks
of falling in older adults with deficiency of this nutrient [6-8]. Moreover, vitamin D may
have biological effects well beyond the skeleton, and several studies support an association
between low vitamin D concentrations and an increased risk of dementia, diabetes, cancer,
and infectious diseases [9-11]. However, further well-designed studies are needed to better
define the role of vitamin D in the prevention and treatment of these diseases in older adults.
This Special Issue brings together some articles with recent and relevant data on these two
nutrients that are essential for human health at all ages, and, in particular during aging.

One of the articles explored the efficacy of the recommendations promoted for a
decade in Poland aiming to prevent vitamin D deficiency in older adults [12]. Lech
et al. analyzed data from community-dwelling participants of the PolSenior 2 study
who were admitted to a geriatrics ward to evaluate the prevalence of vitamin D deficiency
and the adherence to recommended health-promoting behaviors (i.e., taking vitamin D
supplements). The authors found that among 240 participants, over two-thirds (67.5%) had
inadequacy of 250HD levels (<30 ng/mL), and 15% had profound deficiency (<10 ng/mL)
of this fundamental nutrient. Only 18.3% of participants were on vitamin D supplements
before admission, and, as expected, insufficiency was significantly more prevalent in those
without using supplements (70.9% vs. 52.3%) and in obese participants (body mass index
[BMI] > 30 kg/m?). Furthermore, obese participants had over twice the risk of vitamin D
deficiency compared to those not receiving supplements. Thus, despite recommendations,
the prevalence of vitamin D deficiency is remarkably high in community-dwelling Polish
older adults, and targeted interventions and education for older adults, caregivers, and
health providers are still needed to fill this gap. Currently, it could be hypothesized that
vitamin D deficiency in children no longer exists in Western countries. As a comparison
with what occurs in adulthood and in old age, the study by Van de Walle and coworkers
evaluated the vitamin D status among a large sample (n = 14,887) of Belgian children aged
0-18 years between 2014 and 2021 [13]. Even in this young group, 17.7% were vitamin D
severely deficient (<12 ng/mL), 25.2% were insufficient (12-20 ng/mL), and another large
proportion (28.3%) was borderline (20-30 ng/mL). Sufficient levels (>30 ng/mL) were met
in only 28.8% of the sample. Adolescents aged 13-18 years had the highest prevalence
of severe vitamin D deficiency (24.9%). Thus, vitamin D deficiency and insufficiency

Nutrients 2024, 16, 3974. https:/ /doi.org/10.3390/nu16233974 1 https:/ /www.mdpi.com/journal /nutrients
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are also remarkably prevalent in this young age group. The authors warn that Belgian
health authorities should be aware of these results, as the current Belgian recommendation
suggests ceasing vitamin D supplementation at the age of six. These children, who will
become adults and old people in the future, could be exposed to a lifelong vitamin D
deficiency with worrying consequences for their health in later life.

Cianferotti and coworkers reviewed available randomized controlled trials, prospec-
tive and intervention studies, and systematic reviews on the screening, assessment, and
management of nutritional and vitamin D status and calcium intake in patients before and
after having a hip fracture [14]. The in-depth review of the studies available in recent years,
with all their contradictions, collectively suggests that targeted nutritional interventions,
including calcium and protein intake through diet or supplements, together with rehabili-
tation programs, can significantly contribute to improved recovery and mobility after hip
fractures. Such strategies can also contribute to the prevention of future new fractures by
improving overall bone and skeletal muscle health. The review also emphasizes the role of
fracture liaison services, which represent the most reliable model of management for hip
fracture patients.

The most widely used supplements of vitamin D are ergocalciferol, cholecalciferol, and
calcifediol, with differences in their utilization in European and American countries in part
depending on the availability of these compounds, i.e., calcifediol is not available in many
countries. Calcifediol is formed by the addition of a 25-hydroxyl group to its precursor,
mainly by the enzymes microsomal CYP2R1 and mitochondrial CYP27A1 in the liver [9,15].
Previous studies have shown that calcifediol administration determines a faster increase in
circulating 250HD when compared to cholecalciferol [16,17]. In fact, calcifediol is rapidly
absorbed by intestinal cells and transported through the portal vein, hence becoming
immediately available in the circulation system. In order to test the efficacy and safety of
monthly 0.266 mg calcifediol, Occhiuto et al. performed an open-label investigation with
calcifediol administration for two years in post-menopausal women with hypovitaminosis
D [18]. The results of this study showed a significant continuous increase in mean 250HD
values even if the mean values at month 24 were not significantly different vs. those at
12 months, but in any case, stable. Similar results were observed for the reduction in mean
bone alkaline phosphatase, while no safety concerns were reported. It is worth mentioning
that this is the first long-term study with calcifediol administration showing stable and
sustained 250HD concentrations compared to previous investigations that had a much
shorter duration, i.e., a few months [19,20].

In addition to the recognized functions in the regulation of calcium absorption, bone
remodeling, and bone growth, vitamin D plays a fundamental role as a hormone due to
its involvement in numerous enzymatic, physiological, metabolic, and pathophysiological
processes in various human organs and systems. There is increasing evidence supporting
the role of vitamin D in pancreatic islet dysfunction and insulin resistance in type 2 diabetes,
with recent convincing data of the true role of vitamin D supplementation in the prevention
of incident type 2 diabetes. However, most meta-analyses evaluating this role have been
conducted in people aged 50-60 years [21-24], with only one focusing on older adults, even
if this is the population at highest risk of hypovitaminosis D and type 2 diabetes. Therefore,
we conducted an update of the previous systematic review and meta-analysis examining
whether hypovitaminosis D could predict incident diabetes in prospective longitudinal
studies including older adults [25]. We found that low 250HD levels were associated with
higher incident type 2 diabetes in older adults even after adjusting for relevant potential
confounders, confirming and updating the previous meta-analysis conducted in 2017 [26].

Various studies have investigated the association of dietary components and patterns
with osteoporosis and bone mineral density in different ethnic groups. However, there
are limited studies conducted in Arabian populations. In order to fill this gap, the study
by Al-Daghri and collaborators examined whether dietary patterns, and calcium intake
in particular, were associated with osteoporosis risk in Saudi Arabian adults [27]. The
authors examined cross-sectional data from almost two thousand patients (416 men and
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1534 women) with known risk factors for osteoporosis from those attending tertiary hos-
pitals in Riyadh City. The prevalence of osteoporosis was 21.3% and, as expected, was
more frequent in women (93.5%) and older participants with lower BMI. The mean calcium
intake was only 445.1 mg/day (vs. recommended dietary intake of 1300 mg/day). The
consumption of tea was associated with a 20% reduced presence of osteoporosis, while the
consumption of fish and eggs was associated with a 10% lower presence of this condition.
Conversely, the consumption of biscuits, cakes, and bread slices was significantly associ-
ated with a 30% higher presence of osteoporosis. The authors conclude that the finding of
extremely low dietary calcium intake among Saudi adults already at risk of osteoporosis
suggests an urgent need to promote correction of this alarming dietary deficit in the Saudi
adult population.

Aging is a complex and multifactorial process resulting from a number of intrinsic
factors and their interactions with the external environment (e.g., air pollutants and radi-
ation, ultraviolet sunlight, physical exercise, diet quality, chemicals in the water), which
have become an extensive field of study. In 2013, nine hallmarks of aging were proposed by
Lopez-Otin et al., comprising genomic instability, telomere attrition, epigenetic alterations,
mitochondrial dysfunction, loss of proteostasis, deregulated nutrient sensing, cellular
senescence, stem cell exhaustion, and altered intercellular communication [28], which
were expanded in 2023, adding autophagy, microbiome disturbance, and inflammation,
among other emerging ones [29,30]. This complex network of cellular and intercellular
connections might represent possible targets for the research of agents with pleiotropic
effects. Vitamin D has a positive impact not only on skeletal muscle and bone health but
also on multiple extra-skeletal organs that express the vitamin D receptor. Thus, vitamin
D and its receptor could be molecules potentially targeting the hallmarks of the aging
network. In a comprehensive review article, Ruggiero et al. [31] report evidence on the
potential effects of vitamin D on the hallmarks of aging, which are still underrepresented
in humans and mainly based on pre-clinical models. However, studies in humans seem to
confirm the modulatory effect of vitamin D on some of the hallmarks of aging and diseases,
opening up new possibilities for future research in this fascinating and useful field.

It is well known that the synthesis of vitamin D3 in the human skin is initiated by solar
ultraviolet radiation (UVR) exposure of the precursor 7-dehydrocholesterol (7/DHC), but the
influence of age on this stage of vitamin D metabolism is not completely clear. Borecka et al.
performed a prospective standardized study in a group of healthy adults aged > 65 and
<40 years examining baseline skin 7DHC concentrations and the impact of older age on
serum vitamin D3 response to solar simulated low-dose UVR to ~35% of the body surface
area [32]. The concentration of 7DHC measured in skin biopsies was from unexposed skin
(baseline), as well as immediately after UVR exposure and 24 h post-UVR exposure. Blood
250HD assays were performed at baseline, 24 h, and 7 d post-UVR. Baseline skin 7DHC
were similar and not significantly different in younger vs. older adults. Baseline serum
250HD was also similar in younger vs. older adults and showed significant increases
in both groups post-UVR without significant differences between the age groups. Thus,
skin 7DHC concentration was not a limiting factor for vitamin D3 production in older
adults relative to younger adults. These results may help public health guidance on sun
exposure and vitamin D nutrition, with particular relevance to the growing populations
of healthy older adults. This is in contrast to a previous study of about 40 years ago
suggesting that low vitamin D status in older adults was at least partially attributable to
lower levels of the skin precursor 7DHC [33]. The authors admit that the main limitation of
this study is the relatively low number of volunteers, as intensive in vivo multiple biopsy
studies are challenging to recruit a higher number of participants, and this potentially
resulted in missed detection of significant differences. Furthermore, the participants were
healthy, which prevents the results from being applied to frail older participants with
multimorbidity and polypharmacy. Nevertheless, the results are novel and encourage
future larger studies to confirm these intriguing results.
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Thus, the articles of this Special Issue add important information on the role of two
key nutrients, calcium and vitamin D, in human aging and the importance of identifying
their deficiency/insufficiency with the aim of implementing an appropriate correction of
these deficits.
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Abstract: Osteoporosis is a major public health concern in Saudi Arabia’s aging population. There is
particularly limited information on how diet affects bone loss in this ethnic group. The purpose of
this study was to examine the association between dietary calcium (Ca) intake and osteoporosis risk
in Saudi adults. A total of 1950 patients (416 males and 1534 females) with known risk factors for
osteoporosis participated in this cross-sectional study. A short questionnaire (CaQ) was used to assess
dietary Ca intakes in patients attending tertiary hospitals in Riyadh City. The prevalence of osteo-
porosis was 21.3% and was more common in females (93.5%). Patients with osteoporosis were older
(p < 0.001) and had lower BMI (p < 0.001). Results showed that the overall mean Ca intake was only
445.1 mg/day (recommended dietary intake of 1300 mg/day). Tea intake (OR = 0.8 95%CI: 0.7-1.0;
p = 0.02) and consumption of fish and eggs (OR = 0.9 95%CI: 0.8-1.0; p = 0.01) were significantly
associated with a lower risk of osteoporosis. Furthermore, consumption of biscuits, cake and bread
slices were significantly associated with higher incidence of osteoporosis (OR = 1.3 95%CI: 1.0-1.5;
p = 0.02). In conclusion, extremely low dietary Ca intake was observed among Saudi adults already
at risk of osteoporosis. A balanced diet including high amount of Ca, vitamin D and omega-3 fatty
acids accompanied by limiting consumption of foods high in saturated fats and glycemic index may
be helpful in reducing osteoporosis risk in the Saudi adult population.

Keywords: osteoporosis; dietary intake; bone mineral density

1. Introduction

Osteoporosis is a common disease in Saudi Arabia (SA), resulting from decreased bone
mass, strength and microarchitecture, which ultimately elevates the risk of fractures [1].
The World Health Organization (WHO) defined osteoporosis as a decrease in bone min-
eral density (BMD), measured by dual-energy X-ray absorptiometry (DXA), to at least
2.5 standard deviations below the mean peak BMD of a young adult woman [2]. In SA, the
most recent hospital-based study showed that the prevalence of osteoporosis was as high as
64% in men and 58% in post-menopausal women above 50 years old [3]. Factors contribut-
ing to the high prevalence of osteoporosis in SA include advancing age, history of previous
fracture, family history of low bone mass, menopause and use of corticosteroids [4].

Individuals diagnosed with osteoporosis have a 40% risk of fractures, which can result
in mobility impairment and significantly reduce quality of life [1]. Available evidence
suggests that bone loss related to age and/or post-menopause is influenced by the level of
peak bone mass attained during childhood and adolescence, as well as the rate at which
bone is lost [5]. Genetic factors can also explain between 60% and 80% of the variations in
peak bone mass, with the remainder modulated by external factors such as nutrition [5-7].
In fact, consuming sufficient dietary calcium (Ca) and protein are necessary to attain ideal
peak bone mass and prevent bone loss in adults [8].

Diet plays a significant role in the prevention and management of osteoporosis [8].
Consuming a diet that is rich in Ca, vitamin D, vitamin K and magnesium, and a balanced
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intake of protein, fruits, milk, yogurt, cheese, dark leafy green vegetables, such as spinach
and kale, fish such as sardines, eggs and fortified foods such as breakfast cereals can
contribute to good bone health by promoting bone formation and reducing bone loss [9-13].
However, cakes, biscuits and other foods that are high in added sugars and refined grains
do not provide the same benefits for bone health and may be associated with an increased
risk of inflammation and bone loss over time [7-9].

Several studies have investigated the association of dietary patterns with osteoporosis
and BMD in different ethnic groups and have reported mixed results [14-16]. In con-
trast, there are limited studies conducted in Arabian populations, particularly in SA, as
the available literature has focused mainly on osteopenia in post-menopausal women,
extra-skeletal effects of vitamin D and more recently, biochemical osteomalacia in Arab
adolescents [17-19]. In order to fill this gap, this study examined whether dietary patterns,
and Ca intake in particular, are associated with osteoporosis risk in Saudi Arabian adults.

2. Materials and Methods

This multi-center cross-sectional study was taken from the Osteoporosis Registry
database of the Chair for Biomarkers of Chronic Diseases (CBCD) in King Saud University
(KSU), SA, in collaboration with the Ministry of Health. The project received approval from
the Ethics Committee at the College of Medicine, KSU, Riyadh, SA (number H-01-R-012).
In brief, 2185 records of all consenting Saudi adults visiting the major tertiary hospitals
in Riyadh (King Fahad Medical City (KFMC), King Khalid University Hospital (KKUH)
and King Salman Hospital (KSH)) who were advised to have their BMD assessed from
2013-2016 were included [20].

2.1. Study Design and Participants

Data collection for the Osteoporosis Registry started in 2013 and ended in August
2016. Screening of participants for inclusion in the registry were overseen by trained
physicians in their respective radiology departments in participating hospitals where a
BMD (DXA) scan is available. The inclusion criteria were those preferably, but not limited
to, post-menopausal women, those with history of fracture in the last 5 years, diminished
height in the last 2 years, men and women with history of malabsorption and nutritional
deficiencies (vitamin D and Ca), who had endocrine disorders affecting skeletal mass (e.g.,
hyperparathyroidism), were at risk for bone density loss (family history of osteoporosis)
and had an available BMD scan. All participants were asked for their consent before
inclusion in the registry. Participants were excluded if they were <35 years of age or if
they have any malignancy, cardiac disorders, lung disease or any disease that required
immediate medical attention. For this particular study, participants were excluded if there
were no dietary data available. Figure 1 shows the flowchart of participants.

Osteoporosis Disease Registry
N =2185

Excluded
* No dietary information (N=235)

Final Analysis
N =1950
(Non-Osteoporosis, N=1534; Osteoporosis, N=416)

Figure 1. Flowchart of participants.
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2.2. Diagnosis of Osteoporosis

Diagnosis of osteoporosis was undertaken by measuring BMD through a DXA scan of
the femoral neck or spine and calculating the T-score. A patient with a T-score
of <-2.5 (standard deviations, SD, from the mean value of young normal Caucasian
women) is classified as having osteoporosis [21,22]. DXA scans were overseen by a qual-
ified technician certified in densitometry, while the machine itself was calibrated using
a standard phantom provided by the manufacturer. Upon completion of the test, the
BMD findings and corresponding T-scores were forwarded to the Chair for Biomarkers
in Chronic Diseases (CBCD) at King Saud University, SA, for classification according to
osteoporosis status and data entry.

2.3. Anthropometry, Blood Collection and Sample Analysis

Clinical data were obtained by trained nurses using standard techniques to mea-
sure anthropometrics which included height (cm), waist/hip measurements (cm) and
weight (kg). Body mass index (BMI) was computed as weight (in kilograms) divided by
height (in squared meters). Blood pressure (mmHg) was recorded twice, with a 10-min
interval between readings, using a mercurial sphygmomanometer, and the average reading
was noted. Fasting blood samples were extracted and subsequently sent to the CBCD
laboratory for biochemical analysis using an automated biochemical analyzer (Konelab 20,
Thermo-Fischer Scientific, Espoo, Finland). This analysis included serum lipid profiling as
well as quantification of fasting glucose, Ca and albumin levels.

2.4. Dietary Intake

Participants were invited for the administration of a short questionnaire (CaQ) adopted
from Macdonald et al. [23]. The CaQ is a validated instrument to assess daily dietary Ca
intakes [23]. The information collected was on weekly consumption of food and beverages
that are common sources of Ca in SA which included milk, tea with milk, coffee with milk,
bread, biscuits, cakes, eggs, fish, cheese, yogurt, green vegetables, porridge, pancakes and
lasagna. The participants were asked to provide weekly standard servings of the mentioned
foods and beverages. Then, weekly Ca intake was calculated by multiplying the amount of
Ca present in the standard serving of the food/beverage.

2.5. Data Analysis

Data were analyzed using SPSS, version 21.0. The continuous variables were expressed
as the mean with the standard deviation or as the median with the quartile range. The
categorical variables were presented as frequencies and percentages. To determine signif-
icance, the independent sample {-test and Mann-Whitney U test were used for normal
and non-normal variables, respectively. Age and BMI were adjusted for using univariate
analysis of variance. Prior to conducting parametric testing, non-normal variables were
log-transformed. Multivariate logistic regression analysis was used to obtain both unad-
justed and adjusted odds ratios (OR). A correlation matrix was performed among different
sources of dietary Ca prior to univariate modelling to confirm absence of multicollinearity.
Significance was set at p < 0.05.

3. Results

A total of 1950 patients (N = 1534 (389 males and 1145 females) without osteoporosis
and N = 416 (27 males and 389 females with osteoporosis)) were included in this obser-
vational study. The prevalence of osteoporosis was 21.3%, of which 93.5% were females.
Patients with osteoporosis were significantly older (p < 0.001) and had lower BMI (p < 0.001).
Table 1 shows the anthropometrics, clinical characteristics and biochemical parameters
according to osteoporosis status.
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Table 1. Anthropometrics and biochemical parameters according to osteoporosis status.

Parameters Non-Osteoporosis Osteoporosis p-Value p-Value *
N 1534 416
Age (years) 533 £ 11.5 59.3 £8.7 <0.001 --
BMI (kg/m?) 323462 303 +6.1 <0.001 -
M/F 389/1145 27/389 <0.001 --
T2DM 725 (47.3) 193 (46.4) 0.30 0.06
Hypertension 547 (35.7) 128 (30.8) 0.06 0.01
WHR 09+04 09+0.2 0.40 0.26
Systolic BP (mmHg) 1253 £ 164 1244 +17.8 0.36 0.05
Diastolic BP (mmHg) 77.5 £ 10.0 76.2 £ 10.3 0.02 0.005
Total Cholesterol (mmol/L) 51+12 51+1.1 0.64 0.57
Glucose (mmol/L) 6.4 (5.3-9.5) 6.2 (5.3-8.8) 0.76 0.01
HDL-C (mmol/L) 1.1+04 1.2+04 0.18 0.12
Triglycerides (mmol/L) 1.6 (1.2-2.2) 1.5 (1.1-2.0) 0.006 0.001
25(0OH) D (nmol/L) 59.4 (36.9-89.1) 72.2 (44.8-100.1) <0.001 0.09
Ca (mmol/L) 23403 23403 0.16 0.49
Phosphorous (mmol /L) 1.3 (1.0-1.7) 1.2 (1.0-1.7) 0.61 0.50
BMD Spine 1.0£03 0.8+0.2 <0.001 <0.001
BMD Femur 1.0 £ 0.1 09+0.2 <0.001 <0.001
T-score Spine —-08=£12 —-31=£06 <0.001 <0.001
T-score Femur —0.1+29 -1.3+09 <0.001 <0.001
Tea with Milk (cups/wk) 0.8+29 0.7+3.3 <0.001 0.53
Coffee with milk (cups/wk) 05+£29 02+1.0 <0.001 0.12
Slices (Count/wk) 56+75 6.5+ 6.9 <0.001 0.42
Biscuits (Count/wk) 09+29 0.7+22 0.06 0.92
Cake (Portion/wk) 0.8+47 0.6 +3.0 0.001 0.33
Pancakes (Count/wk) 03+33 02+0.7 0.40 0.99
Lasagna (Portion/wk) 1.0+11.2 0.8 +104 0.45 0.76
Whole meal Slices (Count/wk) 0.6+22 05+17 0.19 0.38
Milky drinks (Count/wk) 2.7 +£57 29+ 64 0.44 0.67
Milk with cereal (Portion/wk) 02416 0.1+0.6 0.15 0.95
Cheese (Triangle/wk) 25£113 25+£88 0.20 0.48
Milk pudding (Portion/wk) 04=£37 02+15 0.001 0.16
Cottage Cheese (Portion/wk) 1.5+6.0 14+65 0.45 0.16
Sardines pilchards (Portion/wk) 09+79 0.5+6.0 0.002 0.05
Fish (Portion/wk) 1.1+£79 07 +47 0.04 0.87
Eggs (Eggs/wk) 1.2+37 08+24 <0.001 0.60
Cheese omelet (Count/wk) 04 £6.0 0.5+£6.2 0.16 0.83
Porridge (Portion/wk) 02421 02406 0.87 0.98
Muesli (Portion/wk) 09+53 0.8+5.6 0.001 0.97
Green vegetable (Portion/wk) 35+59 39+68 0.08 0.20

Note: Data presented as N (%) for frequencies; mean &= SD for normal variables and median (quartile 1-quartile 3)

for non-normal variables; p < 0.05 considered significant. * indicates p-values adjusted for age, BMI and gender.
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After adjusting for age and BMI, the osteoporosis group appeared to have significantly
lower systolic blood pressure (p = 0.05), diastolic blood pressure (p = 0.005), glucose
level (p = 0.01) and triglycerides (p = 0.001) than the non-osteoporosis group. However,
the osteoporosis group have significantly higher 25(OH)D concentrations than the non-
osteoporosis group (p < 0.001).

Figure 2 shows the overall mean Ca intake which was 445.1 mg/day, which is far
below the recommended dietary intake of 1300 mg/day. Mean Ca intake among women
was 464.0 mg/day while in men it was 375.1 mg/day. No significant difference in Ca intake
was observed between men and women.

800.0 p=0.99

700.0 }\

600.0

4451 464.0
375.1

= n
o 9o
= =
o o

300.0

200.0

Calcium intake (mg/day)

100.0
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Owerall Female Male

Figure 2. Mean Ca intake among Arab adults.

Table 2 shows the Ca intake from food groups according to osteoporosis status. The
Ca intake from tea with milk was significantly higher in the non-osteoporosis group than
the osteoporosis groups with odds ratio (OR) of 0.7 (0.6-0.8) (p < 0.001). Similarly, the Ca
intake of coffee with milk was significantly higher in the non-osteoporosis group than the
osteoporosis group with an OR 0.6 (0.5-0.8) (p < 0.001). Furthermore, Ca intake from fish
and eggs was also significantly higher in the non-osteoporosis group than the osteoporosis
group with an OR 0.8 (0.7-0.9) (p < 0.001). Ca intake from porridge and oats was also
significantly higher in the non-osteoporosis group than osteoporosis group with OR 0.8
(0.8-0.9) (p = 0.005). On the other hand, Ca intake from biscuits, cake and bread slices were
significantly higher in the osteoporosis group than the non-osteoporosis group (p < 0.001).
After adjusting for age and BMI, only consumption of tea with milk, biscuits, cake and
bread slices and fish and eggs remained significantly different between groups, while
consumption of coffee with milk showed borderline significance (p = 0.05).

Table 3 shows the odds of osteoporosis according to Ca intake from different food
groups obtained from multivariate logistic regression analysis. All these variables were
log transformed and added simultaneously to the logistic model adjusting for one another.
Results showed that consuming tea (p = 0.005), coffee with milk (p = 0.007) and fish and eggs
(p = 0.002) were significantly associated with lower risk of osteoporosis. After adjustment
with age and BMI, consumption of biscuits, cake and bread slices remained significantly
associated with higher risk of osteoporosis (p = 0.02).

10
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Table 2. Ca intake from different food groups according to Osteoporosis status.

Non-Osteoporosis Osteoporosis Univariate Adjusted *
Parameters Median Median . . p-Value  p-Value *
Mean + SD (Q1-03) Mean + SD (Q1-03) OR (95%CI) OR (95%CI)
Tea with Milk 33.6 £117.2 0.0 26.4 +132.7 0.0 0.7 (0.6-0.8) 0.8 (0.6-0.9) <0.001 <0.001
Coffee with Milk 239 + 144.1 0.0 854507 0.0 0.6 (0.5-0.8) 0.8(0.6-1.0)  <0.001 0.05
Biscuits, cake, 240.0 260.0
bread slices 479.5 £ 2920.0 (110.0-350.0) 432.3 £ 2618.1 (150.0-360.0) 1.1(0.9-1.3) 1.2 (1.0-1.5) 0.30 0.02
Milk and milk 1000.0 975.0
products 1627.9 + 4794.6 (335.0-2000.0) 1641.3 4 4389.7 (320.0-1850.0) 1.0 (0.9-1.1) 1.0 (0.9-1.1) 0.78 0.61
G tabl 140.8 4= 235.5 1200 154.5 £ 272.4 120.0 1.1(1.0-1.3) 1.1(1.0-1.3) 0.13 0.15
reen vegetables . . (400—2000) o " (400_2000) . U-1. . U1 . .
Fish and eggs 601.4 + 47207 (005_2?2_0) 457.5 + 52445 (0.03_71'80.0) 08(07-0.9)  08(08-09)  <0.001 0.001
Porridge and oats 96.4 + 553.1 0.0 (0.0-100.0) 80.8 & 561.9 0.0 (0.0-37.0) 0.8 (0.8-0.9) 1.0 (0.8-1.1) 0.005 0.37
Note: Data presented as ca intake from different food groups (mg/wk); OR obtained from logistic linear regression;
* indicates p-value adjusted for age and BMI.
Table 3. Odds of Osteoporosis according to Ca intake from food groups.
Model 1 Model 2
OR (95%CI) p-Value OR (95%CI) p-Value
Tea with Milk 0.8 (0.7-0.9) 0.005 0.8 (0.7-1.0) 0.02
Coffee with Milk 0.7 (0.6-0.9) 0.007 0.8 (0.6-1.1) 0.18
Biscuits, Cakes, Pancakes, Bread 1.1 (0.9-1.4) 0.22 1.3 (1.0-1.5) 0.02
Milk and Milk products 1.0 (0.9-1.1) 0.83 0.9 (0.8-1.1) 0.30
Green vegetables 1.2 (1.0-1.4) 0.08 1.1 (0.9-1.3) 0.32
Fish and Eggs 0.8 (0.8-0.9) 0.002 0.9 (0.8-1.0) 0.01
Porridge, Muesli and Oats 0.9 (0.8-1.0) 0.18 1.0 (0.9-1.1) 0.94

Note: Data presented as OR (95%CI); Model 1 include results of multivariate logistic regression; Model 2 include
results adjusted for age and BMI; p < 0.05 considered significant.

4. Discussion

The present study aimed to determine the association between dietary Ca intake
and osteoporosis risk in Saudi adults with known risk factors for osteoporosis. Results
showed that the overall mean Ca intake, which was 445.1 mg/day, was substantially below
the recommended dietary intake of 1300 mg/day. Mean Ca intake of women was 464.0
mg/day, while in men it was 375.1 mg/day. Dietary Ca intake from tea with milk, fish and
eggs were significantly associated with lower risk of osteoporosis while biscuits, cake and
bread slices showed a significant association with higher risk of osteoporosis independent
of age and BML

Ca is an essential divalent cation that is mainly present outside cells and plays a major
role in a multitude of vital functions such as muscle contraction, neuronal excitability,
neurotransmitter release and blood coagulation. Additionally, the Ca reservoir significantly
contributes to the mineral matrix of bone, an indication that the reservoir can influence
bone strength [24] and serve as a buffer when required [25]. It is well-established that
consuming enough Ca during the period of growth is the most significant nutritional
factor for attaining optimal peak bone mass [25-27]. A 2017 systematic review found that
the average Ca intake in national diets ranged from 175 to 1233 mg/day, as reported in
78 studies from 74 countries [28]. Similar to the present study, the average dietary Ca intake
in many Asian countries is less than 500 mg/day, while countries in Africa and South
America generally ranged from 400 to 700 mg/day [28].

Additionally, a more recent systematic review was conducted on the diets of indi-
viduals aged 25 and older in 195 countries, which used national or sub-national repre-
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sentative nutrition surveys and multiple dietary data sources from the Global Health
Data Exchange [29]. According to this review, the global average daily Ca intake is ap-
proximately 400 mg/day, with lower intakes observed in Sub-Saharan African countries
and Southeast Asia (around 200 mg/day) as compared to high-income countries (around
600-800 mg/day) [29]. In this study, the average Ca intake in adult males was 375.1 mg/d,
while for females it was 464.0 mg/d. Unfortunately, inadequate Ca intake and suboptimal
levels of vitamin D are prevalent among the elderly population of SA, with the latter
improving over time across all demographic groups due to successful public health cam-
paigns [30]. It is expected that this improvement in vitamin D levels may also bring a
general improvement in Ca intake through continuous public health campaigns.

This study suggests that Ca intake from tea with milk is significantly associated
with decreased risk of osteoporosis. Some studies reported that frequent tea and coffee
intake had little influence on BMD and were not associated with fracture risk among
postmenopausal women with osteoporosis [31,32]. In a meta-analysis which included
17 studies [14], the odds of osteoporosis for the highest versus the lowest categories of
tea consumption was 0.62 (95%CI, 0.46-0.83). Furthermore, the risk-lowering effect of
tea consumption on osteoporosis was consistent in males and females, different study
periods, study designs and multiple geographic locations [14]. This beneficial effect of tea
consumption with milk may be due to the presence of polyphenols that are responsible
for improving BMD by reducing oxidative stress and inflammation [33]. Additionally,
polyphenols are known to be sequestered into physiological bone, which may help protect
it from degradation [14,33]. While more research is needed to understand the exact mecha-
nisms by which polyphenols may help protect bone health, it is suggested that consuming
polyphenol-rich foods, such as tea, may help protect against bone loss.

The present study also found the protective effects of fish and eggs consumption on
osteoporosis risk. Both fish and eggs are known to be great sources of protein which help
build and maintain strong bones and muscles. Pujia et al. [17] also reported a positive
association between whole egg consumption and bone health. Furthermore, numerous
studies have shown that fish consumption is linked to decreased osteoporosis risk, in-
creased BMD and decreased fracture risk for both men and women—more so in Asian
populations [34-37] than Caucasians, as observed in the Cardiovascular Health Study [38].

In the present study, Ca intake from cake, biscuits and bread contributed to increased
osteoporosis risk. These results are consistent with other observations which found that
high glycemic index (GI) foods had negative consequences for bone health, including
decreased osteoblast activity, increased bone resorption, oxidative stress and inflammation,
as well as the induction of acidosis [39,40]. In contrast, complex carbohydrates such as those
found in vegetables, legumes and whole grains can increase Ca absorption and neutralize
metabolic acid loads in the body [9]. Inulin-type fructans are a form of non-digestible
carbohydrate found in various vegetables and fruits, which cannot be broken down by
mammalian enzymes [9]. Inulin-type fructans alter intestinal Ca absorption, enhance Ca
solubility in the lumen and amplify bioavailability, eventually leading to improved passive
transport of into the body [9,41]. While the present study did not observe an association
between vegetable and fruit consumption on osteoporosis risk, it should not supersede
previous findings on the beneficial effects of vegetables and fruits consumption on bone
health [41-43].

Large populations across the globe consider milk and dairy products, including cheese,
butter, cream and yogurt, to be major sources of Ca, which can increase BMD and potentially
reduce the risk of fractures, particularly in postmenopausal women [15,40,44]. A recent
2021 systematic review of 8 case-control studies, 10 cross-sectional studies, 17 prospective
cohort studies and 14 randomized clinical trials (RCT) reported that dairy consumption had
a moderate effect on bone health in older adults aged 50 years or more [44]. All case-control
studies showed reduced hip fracture risk with the exception of one study; the included
cross-sectional studies showed favorable impact of milk intake on BMD; and RCTs showed
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a beneficial impact of fortified dairy products [44]. In the same review, however, there is
ambiguity as to the life period in which milk intake is most advantageous [44].

It is important to note that the relationship between dairy intake and bone health
is also influenced by other factors such as exercise, genetics and overall nutrition [45,46].
For instance, hip fracture risk in the elderly was found to be higher in those who self-
reported consuming milk and dairy products, specifically at the age of 20 years, suggesting
a potential negative impact of high dairy intake [46]. In Feskanich et al.’s investigation, Ca
supplements may help prevent osteoporotic fractures in certain bone areas, but regularly
consuming high amounts of Ca-rich foods during middle age is unlikely to confer any
protective benefits against hip or forearm fractures, at least for white middle-aged women
in the US [45]. The mentioned study was followed-up after 6 years and involved analysis
of 72,337 postmenopausal women where a total of 603 hip fractures occurred due to low
or moderate trauma during the period from 1980 to 1998 [47]. The risk of hip fracture
was not linked to either milk intake or total Ca consumed, and instead there was a lower
risk of osteoporotic hip fractures in postmenopausal women with sufficient intake of
vitamin D [47]. The results of our study also showed no association between Ca intake from
dairy products and risk of osteoporosis. These inconsistencies in the research regarding a
potential link between milk consumption and bone health can be attributed, in part, to the
biases and inaccuracies inherent in dietary data collection [48].

The present study has certain limitations which should be taken into consideration
when interpreting findings. First, the results are based on observational study; thus,
causality cannot be inferred. Second, Ca intake from supplements and medications in
general were not recorded and this could have explained why the osteoporosis group
appeared to have a better metabolic profile (e.g., lower BP and glucose, higher 25(OH)D)
than the non-osteoporosis group. Finally, the findings of the present study are most relevant
to Arab adults already at risk of osteoporosis. Similar studies using other populations (e.g.,
pregnant, pre-menopausal) in the same ethnic group may be able to provide additional
information on the over-all dietary deficiencies present in the modern-day Saudi diet.

5. Conclusions

In conclusion, extremely low dietary Ca intake was observed among Saudi adults at
risk of osteoporosis. Ca intake from tea with milk, fish and eggs decrease, while Ca intake
from cakes, biscuits and bread increase, the risk of osteoporosis. These findings suggest an
urgent need to promote Ca supplementation in this high-risk population since diet alone is
clearly not enough to meet daily Ca needs. A balanced diet that meets the recommended
intake of Ca, vitamin D and omega-3 fatty acids, as well as limiting foods high in saturated
fats and/or glycemic index, may be effective in reducing osteoporosis risk in the Saudi
adult population.
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Abstract: Despite a decade of available recommendations aimed at preventing vitamin D (VD)
deficiency in Poland, the efficacy of these measures among community-dwelling older individuals
remains inconsistent. The PolSenior2 study provided valuable insights into VD status among
community-dwelling older individuals in Poland. However, it is important to note that this research
did not include the elderly living in care institutions. Therefore, our study concentrates on evaluating
VD status in older patients admitted to a geriatrics ward to indirectly assess their adherence to existing
recommendations and preventive actions in this particular setting (whether they translate into health-
promoting behaviors (i.e., taking vitamin D supplements) and whether the recommended, optimal
25(OH)D concentration values are achieved). This approach offers a comprehensive understanding
of VD status in a previously understudied population. We aimed to evaluate VD status in patients
aged 70 and above within the geriatrics ward, exploring its association with age, sex, BMI, and
the use of VD supplements. The study involved the measurement of serum VD concentration in
240 individuals. Of these participants, 177 (73.8%) were women, and 193 (80.4%) were over 75 years
old. The median 25(OH)D concentration was found to be 22.95 (IQR, 13.7-33.0) ng/mL. Notably,
profound deficiency (<10 ng/mL) was noted in 15% of the participants, while 67.5% exhibited VD
inadequacy (<30 ng/mL). It is worth mentioning that only 18.3% of individuals took VD supplements
preadmission. Insufficiency was more prevalent in nonsupplemented individuals (70.9% vs. 52.3%,
p = 0.02) and those with a BMI >30 kg/ m? (76.2% vs. 59.2%, p = 0.007). The logistic regression model
demonstrated that obese patients had over two times higher odds of VD inadequacy (OR =2.21, p
=0.0074), as did nonsupplemented individuals (OR = 2.23, p = 0.0187). The high prevalence of VD
deficiency and inadequacy in geriatric ward admissions emphasizes the urgent need for targeted
interventions and enhanced education for older adults, caregivers, and physicians to improve
adherence to preventive supplementation practices.

Keywords: vitamin D; vitamin D deficiency; vitamin D inadequacy; aged; frail older adults; dietary
supplements; supplementation; odds ratio; logistic regression; recommendations

1. Introduction

Vitamin D (VD) constitutes a group of fat-soluble steroid chemicals that play an
essential role in various physiological processes. It influences and maintains the condition
of the skeletal system as its primary function is related to calcium—phosphate metabolism.
Deficiency of VD in older adults is associated with osteoporosis, osteomalacia, myalgia,

Nutrients 2024, 16, 193. https:/ /doi.org/10.3390/nu16020193 16 https:/ /www.mdpi.com/journal /nutrients



Nutrients 2024, 16, 193

and sarcopenia. Studies focused on the holistic understanding of the effect of VD on
the human body suggest that maintaining an optimal VD level, coupled with physical
activity and proper nutrition, may mitigate the risk of musculoskeletal system diseases.
This, in turn, positively impacts the overall quality of life for older individuals [1]. A
low concentration of 25(OH)D in the serum (an indicator of VD resources in the body)
is associated with a higher incidence of cardiovascular diseases, compromised immune
system functioning, depression, and neurodegenerative disorders such as Alzheimer’s
disease [1-5]. In addition, some studies indicate that maintaining an appropriate VD level
reduces the risk of developing colon, breast, ovarian, and prostate cancer [6]. However, it
is crucial to note that while a meta-analysis of randomized trials showed that it had no role
or effect on cancer incidence, it demonstrated a reduction in cancer-related mortality once
cancer was diagnosed [7]. Despite these promising observations regarding various cancers,
there is an evident need for well-designed research in this area [8]. In light of the current
knowledge, it is clear that VD plays a significant role in the body, and efforts should be
made to maintain its appropriate level in the serum.

In human plasma, VD is present in the forms of cholecalciferol (vitamin D3) or ergo-
calciferol (vitamin D2). Cholecalciferol is formed in the skin from 7-dehydrocholesterol
under the influence of UV rays (particularly solar ultraviolet B radiation (UV-B)), and
ergocalciferol is obtained as a component of plant-based foods [7]. Both variants exhibit
similar biological activities. Within the liver, both cholecalciferol and ergocalciferol un-
dergo 25-hydroxylation to form 25-hydroxycholecalciferol and 25-hydroxyergocalciferol,
respectively. Subsequently, in the kidney, 1-alpha-hydroxylation occurs to produce 1,25-
dihydroxyergocalciferol and the more metabolically active 1,25-dihydroxycholecalciferol
(calcitriol). The enzyme 24-hydroxylase further converts 25(OH)D to 24,25(OH)2D, an
inactive metabolite (Figure 1) [9].

VD participates in the regulation of calcium and phosphate metabolism, influencing
bone metabolism, promoting bone mineralization by osteoblasts, and increasing the ab-
sorption of calcium and phosphates in the intestine. Its role in the pathogenesis of several
diseases also results from its so-called “nonclassical,” pleiotropic effects. The presence of
VD 1-hydroxylase in the cells of many tissues (known as peripheral hydroxylases) and local,
peripheral production of 1,25(0OH)2D have been demonstrated [9]. VD exerts its effects by
activating the membrane receptor (MARRS, membrane-associated, rapid response steroid-
binding) and VD receptors (VDR) present in the nuclei of most cells. These transcription
factors regulate the expression of over 2000 genes responsible for cell differentiation, prolif-
eration, and apoptosis [10]. A significant portion of the VD in the human body is produced
in the skin following exposure to solar ultraviolet B radiation (UV-B) [11]. In the absence of
sufficient biosynthesis in the skin, which is common among the older population, dietary
intake becomes the most critical source of VD.

The primary sources of VD in the diet are the few products that naturally contain VD
(e.g., fatty fish, beef, egg, egg yolk, veal, mushrooms, liver), fortified foods (cereal and
dairy products), and supplements [12]. Notably, a deficiency in VD has been associated
with an increased risk of cancer development [13]. Recognizing the importance of VD and
a healthy diet, the World Cancer Research Fund recommends them as key elements for
cancer prevention. Following these guidelines has shown a significant reduction in the risk
of developing colorectal cancer, as indicated by the subjects of a recent study conducted
by Serrano and co-workers [14]. According to the current recommendations, VD supple-
mentation based on cholecalciferol for older adults is recommended throughout the year.
For younger seniors (65-75 years), due to decreased efficacy of the skin synthesis, a dose of
10002000 IU/day (25-50 pg/day) is recommended; for older seniors (>75-89 years) and
the oldest individuals (90 years and older), due to decreased efficacy of the skin synthesis,
potential malabsorption and altered metabolism of VD, a higher dose of 20004000 IU/day
(50-100 pg/day) is recommended [15,16]. When determining the quantity individually,
one should account for factors such as age, body weight, VD intake from food, comor-
bidities, and medications taken [15]. An essential aspect when determining the dosage
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is obesity. Recommendations for supplementation in individuals diagnosed with obesity
indicate the need to double the daily VD intake amount compared to those without obesity.
Therefore, obese people over 75 should take 4000-8000 IU/day (100-200 pg/day). In cases
of VD deficiency, doses should be appropriately higher, adjusted to the degree of deficiency
(therapeutic doses) [15-17].
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Figure 1. Vitamin D metabolic pathway (created using GIMP 2.10 software). In the skin, exposure to
sunlight (UV-B) transforms provitamin D3 (7-dehydrocholesterol) into previtamin D3. Vitamin D3
is produced from previtamin D3 in the basal layers of the epidermis and is absorbed from natural
and fortified foods and supplements (D2, D3) in the intestines. It then binds to vitamin D binding
protein (DBP) in the bloodstream, before being transported to the liver and hydroxylated there by
25-hydroxylases. In the kidneys, 25-hydroxycholecalciferol [25(OH)D] (calcifediol or calcidiol) is
hydroxylated by 1x-hydroxylase, resulting in the formation of the active secosteroid 1,25(OH)2D
(calcitriol), which then affects various target tissues. The synthesis of 1,25(OH)2D is stimulated by
parathyroid hormone and inhibited by calcium, phosphates, and 1,25(OH)2D [18].

Despite widely available knowledge regarding the importance of VD for human
health and published international recommendations aimed at preventing VD deficiency, it
remains a global public health challenge affecting specific vulnerable groups, including
pregnant women, children with low birth weight, and older adults. The prevalence of VD
deficiency remains unknown. It depends on factors such as measurement methodology,
criteria for deficiency classification, socio-economic status, and the age of the population
under study [19]. Published data indicate that approximately 40% of the European popula-
tion has a VD concentration (assessed as serum 25(OH)D) not exceeding 20 ng/mL (<50
nmol/1), and 40-80% of the older population struggle with VD deficiency [20]. High per-
centages of inadequate VD levels among seniors are found regardless of gender, skin color,
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or place of residence [21]. The nationwide PolSenior 2 study conducted in Poland from
2016 to 2020 showed that VD deficiency (25(0OH)D concentration <20 ng/mL) was present
in half of the participants over 60. The authors of the study indicated the need to consider
VD supplementation when establishing the fundamental canon of public health activities
for seniors in Poland [22-24]. Thanks to the PolSenior2 study, we now have up-to-date and
relatively comprehensive information on VD status in Polish community-dwelling older
people. However, the research did not include the elderly living in care institutions, or those
who are hospitalized, more disabled, or diseased. Therefore, our study aims to assess VD
concentrations in older patients admitted to a geriatric ward and to evaluate the adherence
to existing recommendations and preventive actions in this particular setting (whether they
translate into health-promoting behaviors (i.e., taking vitamin D supplements) and whether
the recommended, optimal 25 (OH) D concentration values are achieved). This assessment
may offer insights into the effectiveness of current recommendations within this specific
group, indicating potential areas for additional actions in addressing VD deficiency.

2. Materials and Methods

This study included patients admitted to the Department of Geriatrics at the Hospital
of the Ministry of Interior and Administration in Bialystok, Poland, between May 2019
and January 2020. One of the admission criteria, in alignment with the principles of the
National Health Fund, was a minimum age of 60 years. However, the specific health issues
of individuals referred to geriatrics departments often result in the majority being over
70 years old [25-27].

Each patient underwent a comprehensive geriatric assessment (CGA), which included
a detailed medical history, physical examination, and laboratory tests. One of the crucial
elements was evaluating the patient’s nutritional status, with a focus on the levels of essen-
tial vitamins. In the analysis, we considered socio-demographic data (age, gender, place
of residence), anthropometric parameters (BMI), and VD concentration. We specifically
included patients for whom 25-hydroxyvitamin D (25(OH)D, including 25(OH)D2 and
25(0OH)D3) levels were determined, considering it the most reliable indicator of VD sta-
tus [16]. Total vitamin D/25(OH)D concentration measurements were conducted using the
Cobas Pure e402 immunochemical analyzer (manufacturer Roche). The chemiluminescence
method, based on an immunochemical reaction using the biotin-streptavidin system, was
employed for accurate assessment.

In addition to these measurements, information was gathered on the intake of VD
supplements when patients were admitted to the hospital. These data were considered
indicative of compliance with recommendations for supplementation and the prevention
of VD deficiency. The recommendations in force in Poland at the time of the study stated
that older adults should be constantly supplemented with vitamin D throughout the
year, in a dose adapted to body weight (higher doses for obese people) and age. Seniors
(65-75 Years), due to decreased efficacy of the skin synthesis, should receive a dose of 800-
2000 IU/day. The eldest seniors (>75 Years), due to decreased efficacy of the skin synthesis,
potential malabsorption, and altered metabolism of vitamin D, should be provided with a
dose of 2000-40001U/day. The optimal range of vitamin D concentration, which should
be strived for (25 (OH)D = 30-50 ng/mL), suboptimal concentration (>20-30 ng/mL),
deficiency (>10-20 ng/mL), and severe deficiency (0-10 ng/mL) were also indicated, as
well as high concentrations (>50-100 ng/mL) and toxic concentrations (>100 ng/mL) [16].

2.1. Study Parameters

Following the most recent guidelines for the prevention and treatment of VD deficiency
in Poland [15-17], patients were stratified according to their 25(OH)D concentration as
follows:

e  Severe VD deficiency: level in the range of 0-10 ng/mL;
e VD deficiency: >10-20 ng/mL;
e  Suboptimal level (insufficiency): >20-30 ng/mL;
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Optimal range: >30-50 ng/mL;
High level: >50-100 ng/mL;
Toxic range: >100 ng/mL.

For the current analysis, a concentration of 25(OH)D <30 ng/mL was treated as VD
inadequacy because a concentration of VD >30 ng/mL is regarded as the optimal level one
should aim for to achieve optimal benefits from VD status.

BMI [kg/m?] was stratified according to World Health Organization guidelines [28]

as follows:

o <18.5—underweight;

e  18.5-24.99—normal weight;
e  25.0-29.99—overweight;

e 30 and over—obesity.

2.2. Statistical Analysis

The data collected for analysis were processed using the IBM SPSS Statistica Version 27
Software suite (SPSS, Chicago, IL, USA) and R version 4.3.1. The Kolmogorov—Smirnov
test was used to assess the distribution of variables. Data were presented as mean (M)
and standard deviation (SD) for normally distributed continuous variables, median (Me)
and interquartile range (IQR) for non-normally distributed ones, and the number of cases
and percentages for categorical variables. Proportions were compared using x tests or
Fisher’s exact test, as appropriate, while the independent samples Student’s t-test and
the Mann-Whitney U-test were used to compare the distribution of continuous variables.
For comparisons among more than two groups, Kruskal-Wallis and post hoc tests were
used. Logistic regression (direct method) was used to create a multivariable model to
assess the association between VD inadequacy and selected predictors. Odds ratios with a
95% confidence interval (CI) and p-value were estimated. Only VD deficiency predictors
with a p-value lower than 0.1 were included in the model. The cut-off point was set at 0.5,
and each model underwent ten-fold cross-validation. Missing values were omitted, and
statistics in such cases were calculated for the adequately reduced groups. A two-tailed
p-value of less than 0.05 was considered statistically significant in all analyses.

2.3. Ethics Approval

The study was approved by the Ethics Committee at the Medical University of Bia-
lystok (no R-1-002/326/2017). All procedures performed adhered to the ethical standards
set by the Medical University of Bialystok Ethics Committee in accordance with the Helsinki
Declaration and its subsequent amendments. This study adheres to the usual practice
protocols. Informed consent for participation was obtained from study participants or
their guardians.

3. Results

The study included 240 out of 250 patients consecutively admitted to the geriatric
ward, with 177 (73.8%) being women and 193 (80.4%) aged 75 and above. The average age
for men was 81 (+7.65) years, and for women, it was 80 (£6.27) years, with no statistically
significant difference between the genders. The median 25(OH)D concentration for the
entire study group was 22.95 (IQR 13.7-33.0) ng/mL. Breaking down by gender, the median
VD concentration for women was 23 (IQR 14.0-34.0) ng/mL, and for men, it was 22 (IQR
13.0-32.0) ng/mL, with no significant differences observed in VD concentration between
the sexes (Table 1). In terms of age groups, patients aged 60-74 showed a median VD
concentration of 24 (IQR 14.0-33.0) ng/mL, while those aged 75 and above had a median
VD concentration of 19.8 (IQR 13.0-30.0) ng/mL (p > 0.05).
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Table 1. Vitamin D concentration strata in the sex groups.

Women (1 =177) Men (n = 63) Total (n = 240)
25(0OH)D Concentration [ng/mL] p-Value

n % n % n %

<0;10 30 16.9 6 9.5 36 15.0

<10; 20 50 28.2 22 34.9 72 30.0

<20; 30 40 22.6 14 222 54 22.5 0.73
<30; 50 43 24.3 19 30.2 62 25.8
<50; 100 14 7.9 2 3.2 16 6.7

A significant difference in VD concentration was observed among BMI categories
(p = 0.048) (Figure 2a). The highest median VD concentration was found in the overweight
group (BMI 25-29.99 kg/m?) at 29 (IQR 16.0-38.0) [ng/mL]. Patients classified as obese
(BMI 30 kg/ m? or more) had a median VD concentration of 22 (IQR 15.00-29.60), while
those with a normal BMI level (<25 kg/m?) had a median of 21 (IQR 11.00-32.50) [ng/mL].

2
80 o BMI [kg/m©] 80 - o Concentration of 25(OH)D
(a) €2499 @ 25-2999 M 230 (b) 0 <30 ng/mL. B 230ng/mlL

° -
8 p=0.048 o p=0.002

60

60 -

40 7 40

Concentration of 25(OH)D [ng/mL]

20 20

Concentration of 25(0H)D [ng/mL]

<24.99 25-29.99 =30 No Yes
2
BMI[kg/m’] Vitamin D supplementation

Figure 2. Concentration of VD by BMI group (a) and VD supplementation (b).

The prevalence of VD inadequacy (25(OH)D < 30 ng/mL) in the study group was
67.5% (162 patients). The deficiency in 15% of cases was profound, with a VD level of
<10 ng/mL. The percentage of VD inadequacy was similar between the sexes (Figure 3a).
Individuals aged 60-74 had a slightly higher prevalence of VD inadequacy than those aged
75 and older (Figure 3d). However, there were no statistically significant differences in VD
inadequacy between sex and age groups.

The prevalence of VD inadequacy in the study group was also not associated with
the place of residence (p = 0.753) (Figure 3b). However, those living in the countryside
exhibited the highest average VD concentrations, with a median VD concentration of (IQR:
17.00-33.60). Similar median values of VD concentrations were observed among those
living in large cities (Me: 22; IQR: 13.00-33.00) and towns (Me: 22.50; IQR: 15.00-37.00).

A parameter significantly associated with the prevalence of VD inadequacy was
BMI (p = 0.01). Patients classified as overweight (BMI 25-29.99 kg/m?) had the lowest
prevalence of VD inadequacy, with a rate of 54.69% (Figure 3c). The prevalence of in-
adequacy among patients with a normal BMI (18.5-24.99 kg/m?) was 66.67%. Patients
diagnosed with obesity (BMI > 30 kg/m?) showed the highest prevalence of VD inade-
quacy, equal to 76.24%. Calculating OR of VD inadequacy between patients diagnosed
with obesity (BMI > 30 kg/m?) and those without obesity (BMI < 30 kg/m?) resulted in
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OR =2.21 (95% CI: 1.24-3.95) (p = 0.0074). This indicates that the odds of VD inadequacy
are 2.21 times higher in patients diagnosed with obesity than in the group without obesity.

80.00% 80.00%
@) o00% +  67:80 66.70 p =087 (b) I
p=0.75
60.00%
& Concentration of 60,00
€ s000% 25(OH)D
2 o S000% Concentration of
g e @< 30 ng/mL < 25(0H)D
B 000 g
: -9
R oo @230 ng/mL 5 000% @<30ng/mL
ES @230 ng/mL
10.00% 20.00%
0.00% 10.00%
Female Male
0.00%
Large city Town Countryside
80.00% 90.00%
C d
(©) 70.90 (d) iR 76.60 p=0.14
p=0.02 oo
@ n 60.00%
= Concentration of 5 o Concentration
E- 25(0H)D s of 25(0OH)D
o ,E' 40.00%
L L @< 30 ng/mL
@< 30 ng/mL Sono%
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@230 ng/mL ook €
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60-74 75 and over
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BMI [kg/m?]

Figure 3. Prevalence of VD inadequacy by sex (a), place of residence (b), intake of vitamin D
supplements (c), age (d), and BMI (e).

Furthermore, the concentration of 25-hydroxyvitamin D was significantly higher in
the group taking VD supplements than those who did not (p = 0.002). The median VD
concentration in the supplementation group was 29.80 (IQR 21.50-40.50) ng/mL, whereas
in the nonsupplementation group, it was 20.50 (IQR 13.00-32.00) ng/mL (Figure 2b).

Only 44 patients (18.33%) reported taking VD supplements. Among the 196 (81.67%)
who did not take supplements, 139 (70.9%) were found to have VD inadequacy, while 57
(29.10%) had proper levels (Figure 3c). Among those who claimed to take supplements, 23
(52.30%) had VD inadequacy, while 21 (47.70%) had proper levels. The statistical analysis
demonstrated a significant association between taking VD supplements and experiencing
inadequacy (p = 0.017). The odds of VD inadequacy in the nonsupplemented VD group
were 2.43, while the odds of inadequacy in the supplemented group were 1.09. After
calculating the odds ratio, the result was 2.23 (95% CI: 1.14-4.34) (p = 0.0187). This indicates
that the odds of VD inadequacy in the nonsupplementing VD group are 2.23 times higher
than in the supplementing VD group. We analyzed the relationship between the occurrence
of insufficiency of vitamin D concentration (i.e., <30 ng/mL) and sex, age, place of residence,
and BMI separately for the groups taking and not taking vitamin D supplements. The
results were similar and presented together. There was no significant association between
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age, gender, and the use of VD supplements, respectively (Table 2). There was also no
significant association between the place of residence and the use of VD supplements.

Table 2. Use of vitamin D3 supplements by sex and age.

Taking Vitamin D3 Supplements p-Value
Yes No
n (%) n (%)
Sex
Woman (1 = 177) 33(18.6) 144(81.4) 0.13
Man (n = 63) 11 (17.5) 52 (82.5)
Age
60-74 years (n = 47) 5(10.6) 42 (89.4) 0.84
75+ years (n = 193) 39(20.2) 154 (79.8)

In the multivariable logistic regression assessing the concurrent association between
VD inadequacy, supplementation, and obesity diagnosis, the AUC was 0.625 (£0.03)
(Table 3). It was found that by holding the obesity diagnosis constant, the odds of VD
inadequacy increased by 128% (95% CI: 1.13—4.58) for patients not supplementing VD
compared to supplementing VD. It was also found that by holding VD supplementing
constant, the odds of VD inadequacy increased by 112% (95% CI: 1.19-3.86) for obese
patients compared to nonobese patients.

Table 3. Multivariate logistic regression analysis—association of vitamin D inadequacy with VD
supplementation and obesity.

Coefficients Estimate  Std. Error ~ Odds Ratios 95% CI p-Value
(Intercept) —1.309 0.2462 0.27 0.16-0.43 <0.001
vD suPp(lril)T)‘entanon 0.8228 0.3542 228 1.13-4.58 0.02
Obesity 0.7527 0.2999 2.12 1.19-3.86 0.01

(BMI > 30 kg/m?)

4. Discussion

Our research confirmed that in older patients admitted to the Department of Geriatrics,
VD concentration is below the appropriate value in most cases. The concentration of
25(0OH)D ranged from 3 to 81 ng/mL, but it was within the optimal level (i.e., within
the range > 30-50 ng/mL) in only 25% of patients (Table 1). Only 6.7% had a high
level, i.e., >50 ng/mL, whereas potentially toxic levels, i.e., >100 ng/mL, were not found.
Therefore, as our study shows, most older patients of the geriatrics ward, regardless of
age, sex, or place of residence, are inadequate in VD. Older people are at risk of VD
insufficiency due to age-related impaired skin biosynthesis, more frequently observed
inadequate absorption and metabolism [1]. According to some studies, nursing home
residents and older inpatients are at the highest risk for VD deficiency [29].

In the nationwide PolSenior2 study in 2018-2019 among community-dwelling older
people in Poland, severe VD deficiency was found in 11.5% of respondents, deficiency in
44.8%, and a suboptimal level in 30.9%. Only 12.7% of the subjects had a concentration of
VD within the optimal range, defined as >30 ng/mL [22]. Compared to these results, the
VD status of geriatrics ward patients participating in our study in 2019 was better, probably
due to their frequent use of medical advice, including the geriatrics outpatient clinic, and
the opportunities to receive recommendations on proper vitamin D3 supplementation.

A study conducted in 2019 in Europe and the Middle East indicates that low VD
levels may affect up to 40% of the general population with 12.5% experiencing a severe
deficiency [21]. Seniors and nursing home residents had worse results than the general
population. It is also worth emphasizing that the percentage of people with a deficiency
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is relatively low in Scandinavian countries despite unfavorable geographical conditions
(due to the geographical latitude, skin synthesis is significantly limited) [17]. Between 6.6%
and 33.6% of the population of northern Europe has VD < 20 ng/mL, while in Western
Europe, this prevalence range varies from 27.2% to even 61.4%. The most crucial factor
here is widely used preventive measures such as VD supplementation, consumption of
products rich in it (e.g., cod liver oil), and fortifying food with this vitamin. The estimated
supply of VD in northern countries is about 10 mcg/day on average, while in Western
European countries, it ranges from 1.5 mcg/day to about 5 mcg/day [21]. Unfortunately,
there is no standardized data on this subject for Eastern Europe. Still, the deficiency affects
a more significant percentage of the population than in Northern or Western European
countries, and the average concentration is usually below 20 ng/mL.

In cross-sectional studies, the lowest average value was observed in Germany
(39.50 = 7.50 nmol/L) (15.82 £ 3.00 ng/mL), while the highest average concentrations
were observed in Austria (56.50 = 30.70 nmol/L) (22.63 £ 12.29 ng/mL) and Spain
(50.70 £ 29.2 nmol/L) (20.31 £ 11.69 ng/mL) [25,26]. The incidence of VD deficiency is
estimated from 30% of the elderly population in Germany to as high as 60% among Eastern
European countries [21,30,31]. Retrospective research from the United Kingdom, analyzing
data from 2005 to 2015, states that approximately 30% of surveyed women and men over
the age of 65 years have a confirmed deficiency [32].

Therefore, despite the commonly available knowledge on the importance of VD for
human health and published international recommendations on preventing its deficits, VD
deficiency is a global public health concern. In 2009, the Polish standardized guidelines
for VD supplementation were established [33]. The recommended supplementation dose
for adults ranged between 800 and 1000 IU/day, with no specific recommendations for
individuals aged over 75 years. In 2013, new guidelines for the Central European popu-
lation were published, introducing many changes to the reference values. The proposed
optimal concentration was set between 30 and 50 ng/mL with a more stringent deficiency
threshold of 20 ng/mL [34]. The adult supplementation dose range has been increased,
setting it at 800-2000 IU/day. However, there were still no specific recommendations for
seniors over 75 years. The subsequent change occurred in 2018, with the next update of
recommendations [16]. It suggested that older seniors should use a higher dose, ranging
between 2000 and 4000 IU/day, depending on their weight and initial VD concentration
in plasma. It also distinguished a deficiency in the range of 10-20 ng/mL, and values
below 10 ng/mL were classified as a severe deficiency. The latest guidelines from 2023
still maintain the previously established reference values, only raising the lower dose limit
for supplementation to 1000 IU/day instead of 800 IU/day [15]. Nevertheless, despite the
prevention standards having been in force for many years, instances of severe VD deficiency
persist in this population. Our research has shown that it is essential to consider a higher
supplementation dose for obese individuals. The presence of obesity more than doubles
the likelihood of an inadequate VD concentration, even with controlled supplementation.
The reason for the increased need for VD augmentation in people with obesity is not imme-
diately apparent. Increased VD clearance or impaired VD synthesis does not seem to be
the correct explanation, as the values do not differ between the obese population and that
of normal-weight individuals. Therefore, at this point, the most relevant factor seems to be
excessive “dilution” due to increased mass and tissue volume in obese individuals [35].

The use of vitamin, mineral, and fish oil supplements is common among older people
living in the community outside of care institutions, and studies suggest an increase in their
consumption, particularly of calcium and VD, over the years [36]. According to current
guidelines, VD supplementation in the senior population should be maintained year-
round [15,36]. Despite the fact that recommendations for preventive VD supplementation
have been in force in Poland for about 15 years, the prevalence of inadequacy and deficiency
remains high, suggesting that the number of seniors adhering to these recommendations is
meager. In the nationwide PolSenior2 study conducted in 2018-2019, only 16.3% of women
and 6.4% of men over 60 reported taking vitamin D3 supplements [22]. Consequently,
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in both groups—the general population of seniors in the PolSenior2 study and those
hospitalized in our study—most elderly subjects had VD inadequacy.

Based on the available literature, improving the VD status among older adults will
require a multifaceted approach. One crucial step is to intensify the focus on educating
the community, particularly seniors. The potential challenge lies in the low compliance
observed among older patients, especially when they are physically and cognitively im-
paired. It then becomes imperative to educate their caregivers properly. This issue has been
identified in care institutions, and adequate education and training of staff responsible for
nursing home residents has demonstrated improvement in addressing VD deficiencies [37].

Research conducted in Poland highlights the importance of extending educational
efforts to include physicians, particularly family physicians, as they are the first line of
contact for patients. The study titled “Vitamin D Knowledge, Attitudes, and Practices
of Polish Medical Doctors” analyzed doctors” knowledge of VD in the context of their
clinical practice and personal application of the recommendations. The study involved
701 medical doctors from various specialties, predominantly women, working in diverse
settings. The findings revealed that approximately 25% of the participants had their VD
levels assessed, and 62% were found to have low levels. Although 82% reported that
they provide information to patients about recommendations regarding supplementation,
only around 40% did so for most patients. Alarmingly, 18% of surveyed doctors never
discussed recommendations concerning VD supplementation with their patients [38]. This
is crucial because both the study conducted in the geriatric ward and the nationwide
PolSenior2 study demonstrate that VD supplementation significantly improved VD status.
In both studies, a majority of seniors receiving VD preparations achieved optimal levels
of 25(OH)D.

According to some authors, maintaining an optimal VD concentration requires a
combination of education, supplementation, and regular monitoring of VD levels [39]. Bo-
luses of higher doses of VD3 may improve compliance with prophylactic supplementation
and deficiency therapy recommendations. The extended serum half-life (4-6 weeks) and
tissue storage of the circulating metabolite of VD allow for less frequent administration,
such as every other day, twice a week, or once a week. Intervention studies indicate that
preparations containing higher VD doses can help achieve and maintain the appropriate,
stable level of 25(OH)D. However, if the level remains insufficient, patients should avoid
excessively escalating VD doses in boluses. Instead, in such cases, the intervals between
doses should be shortened [40].

Another potential measure can be a more significant enrichment of commonly con-
sumed food products like margarine, milk, or eggs with VD [41,42]. As the modeling
results for Canada’s population suggest, while this policy could improve VD levels for
individuals not taking VD supplements, the overwhelming majority of Canadians (76%)
would still fall below the estimated average requirement (10 mg/day or 400 IU/day).
Therefore, it remains crucial to promote VD supplementation to address population-level
VD inadequacies [43,44].

The high quality of VD supplements is also very important [45]. In the context of
Poland, it is important to note that only a few of the VD preparations available in the market
have the status of a “drug,” ensuring a reliably assessed content of cholecalciferol in each
tablet. Some older people may take various multivitamins with differing VD content and
possibly varying bioavailability, which could be a contributing factor [46]. Efforts should
be made to ensure that the VD supplements consumed by older people are of high quality.

When interpreting the results of the presented study, it is important to consider its
limitations, which constrain the extent of the conclusions that can be drawn. This is a
single-centered study concentrating on VD intake upon admission to the department,
with no inquiry into past or periodic supplementation. Information about the type of
supplement (whether VD or multivitamin preparations) and the dosage taken by patients
is not available. This study neither assesses the patient’s/caregiver’s knowledge on this
topic nor the reasons for supplement intake. Additionally, the analysis did not include
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questions about sun exposure and consumption of VD-enriched foods. It is important to
perceive this analysis as a preliminary study, indicating the need for further investigation.

5. Conclusions

The conducted study showed that despite recommendations for VD supplementation
having been in place for over a decade, the percentage of seniors admitted to the Depart-
ment of Geriatrics with VD deficiency and inadequacy remains alarmingly high. This
emphasizes the urgent need for further actions to address this concerning trend. These
actions should include educational initiatives targeting older adults and their caregivers,
along with enhancing the knowledge of physicians caring for seniors. An assessment of ac-
tivities promoting VD supplementation should be conducted to optimize their effectiveness.
Additionally, research on available VD supplements in the market is crucial, considering
that only select preparations in Poland hold “drug” status and meet quality standards.
Modifications of therapy methods, using preparations containing higher doses of VD, may
help to improve compliance by older adults. Improvement at the population level may
also be brought about by promoting the availability of food products fortified with VD or
increasing the degree of this food enrichment.

Author Contributions: Conceptualization, M.W., M.A.L., AW. and Z.B.W.; methodology, M.S. and
Z.B.W.; investigation, M.S. and Z.B.W.; software, M.W. and Z.B.W.; validation, M.W., M.A.L., A.W.,
J.R., and Z.B.W.; formal analysis, M.W. and Z.B.W.,; data curation, M.W. and Z.B.W.; writing—original
draft preparation, M.W.,, M.A.L., AW., and Z.B.W,; writing—review and editing, M.W,, M.A.L., AW.,,
and Z.B.W.; visualization, M.W.; supervision, Z.B.W.; funding acquisition, M.S., Z.B.W. All authors
have read and agreed to the published version of the manuscript.

Funding: The research was funded by the Medical University of Bialystok under grant number
N/ST/ZB/15/001/3301, awarded to M.S. The financial sponsor had no involvement in the design,
execution, analysis, or interpretation of the data. We presented this paper, including interim findings,
at the 19th International Congress of the European Geriatric Medicine Society (20-22 September 2023,
Helsinki, Finland), as a poster presentation (Eur. Geriatr. Med. 2023, 14 (Suppl. 1), S319) [47].

Institutional Review Board Statement: The study was conducted in adherence to the Declaration of
Helsinki and received approval from the Ethics Committee of the Medical University of Bialystok (no
R-1-002/326/2017, 28 September 2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy and ethical considerations.

Acknowledgments: Figure 1 was created using GIMP 2.10 software. Four anonymous peer reviewers
are kindly acknowledged for their comments and suggestions, which helped improve the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

VD—YVitamin D; MARRS—membrane-associated rapid response steroid; VDR—Vitamin D re-
ceptors; UV-B—ultraviolet B radiation; DBP—vitamin D binding protein; CGA—comprehensive
geriatric assessment; BMI—Body Mass Index; M—mean; SD—standard deviation; Me—median;
IQR—interquartile range; OR—odds ratio; CI—confidence interval.

References

1. Kupisz-Urbariska, M.; Lukaszkiewicz, J.; Marcinowska-Suchowierska, E. Vitamin D in Elderly. In Vitamin D; IntechOpen: Rijeka,
Croatia, 2021. [CrossRef]

2. Yaman, A.E,; Ceylan, U.S. Effects of Vitamin D Levels on Long-Term Coronary Events in Patients with Proven Coronary Artery
Disease: Six-Year Follow-Up. J. Clin. Med. 2023, 12, 6835. [CrossRef]

3. Ao, T, Kikuta, J.; Ishii, M. The Effects of Vitamin D on Immune System and Inflammatory Diseases. Biomolecules 2021, 11, 1624.
[CrossRef]

26



Nutrients 2024, 16, 193

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Pludowski, P.; Grant, W.B.; Konstantynowicz, J.; Holick, M.F. Editorial: Classic and Pleiotropic Actions of Vitamin D. Front.
Endocrinol. 2019, 10, 341. [CrossRef] [PubMed]

Lason, W.; Jantas, D.; Leskiewicz, M.; Regulska, M.; Basta-Kaim, A. The Vitamin D Receptor as a Potential Target for the Treatment
of Age-Related Neurodegenerative Diseases Such as Alzheimer’s and Parkinson’s Diseases: A Narrative Review. Cells 2023, 12,
660. [CrossRef] [PubMed]

Martin-Moreno, ].M.; Martin-Gorgojo, A. “The Role of Vitamin D in Cancer Prevention”: Some New Clues on a Fascinating
Subject. Nutrients 2023, 15, 2560. [CrossRef]

Haykal, T.; Samji, V.; Zayed, Y.; Gakhal, I.; Dhillon, H.; Kheiri, B.; Kerbage, J.; Veerapaneni, V.; Obeid, M.; Danish, R.; et al. The
role of vitamin D supplementation for primary prevention of cancer: Meta-analysis of randomized controlled trials. J. Community
Hosp. Intern. Med. Perspect. 2019, 9, 480-488. [CrossRef] [PubMed]

Arayici, M.E.; Basbinar, Y.; Ellidokuz, H. Vitamin D Intake, Serum 25-Hydroxyvitamin-D (25(OH)D) Levels, and Cancer
Risk: A Comprehensive Meta-Meta-Analysis Including Meta-Analyses of Randomized Controlled Trials and Observational
Epidemiological Studies. Nutrients 2023, 15, 2722. [CrossRef]

Holick, M.F. Resurrection of vitamin D deficiency and rickets. J. Clin. Investig. 2006, 116, 2062-2072. [CrossRef]

Tabaei, S.; Motallebnezhad, M.; Tabaee, S.S. Vitamin D Receptor (VDR) Gene Polymorphisms and Risk of Coronary Artery
Disease (CAD): Systematic Review and Meta-analysis. Biochem. Genet. 2021, 59, 813-836. [CrossRef]

Botelho, J.; Machado, V.; Proenca, L.; Delgado, A.S.; Mendes, J.J. Vitamin D Deficiency and Oral Health: A Comprehensive Review.
Nutrients 2020, 12, 1471. [CrossRef]

Ofoedu, C.E.; Iwouno, J.O.; Ofoedu, E.O.; Ogueke, C.C.; Igwe, V.S.; Agunwah, LM.; Ofoedum, A.F.; Chacha, ].S.; Muobike, O.P.;
Agunbiade, A.O,; et al. Revisiting food-sourced vitamins for consumer diet and health needs: A perspective review, from vitamin
classification, metabolic functions, absorption, utilization, to balancing nutritional requirements. Peer] 2021, 9, €11940. [CrossRef]
[PubMed]

Liu, L, Jin, R;; Hao, J.; Zeng, J.; Yin, D.; Yi, Y.; Zhu, M.; Mandal, A.; Hua, Y.; Ng, C.K; et al. Consumption of the Fish Oil High-Fat
Diet Uncouples Obesity and Mammary Tumor Growth through Induction of Reactive Oxygen Species in Protumor Macrophages.
Cancer Res. 2020, 80, 2564-2574. [CrossRef] [PubMed]

Serrano, D.; Bellerba, F.; Johansson, H.; Macis, D.; Aristarco, V.; Accornero, C.A.; Guerrieri-Gonzaga, A.; Trovato, C.M.;
Zampino, M.G.; Sale, E.O; et al. Vitamin D Supplementation and Adherence to World Cancer Research Fund (WCRF) Diet
Recommendations for Colorectal Cancer Prevention: A Nested Prospective Cohort Study of a Phase II Randomized Trial.
Biomedicines 2023, 11, 1766. [CrossRef]

Pludowski, P; Kos-Kudla, B.; Walczak, M.; Fal, A.; Zozulinska-Ziolkiewicz, D.; Sieroszewski, P.; Peregud-Pogorzelski, J.;
Lauterbach, R.; Targowski, T.; Lewinski, A ; et al. Guidelines for Preventing and Treating Vitamin D Deficiency: A 2023 Update in
Poland. Nutrients 2023, 15, 695. [CrossRef] [PubMed]

Rusiniska, A.; Ptudowski, P.; Walczak, M.; Borszewska-Kornacka, M.K.; Bossowski, A.; Chlebna-Sokét, D.; Czech-Kowalska, J.;
Dobrzanska, A ; Franek, E.; Helwich, E.; et al. Vitamin D Supplementation Guidelines for General Population and Groups at Risk
of Vitamin D Deficiency in Poland-Recommendations of the Polish Society of Pediatric Endocrinology and Diabetes and the
Expert Panel With Participation of National Specialist Consultants and Representatives of Scientific Societies-2018 Update. Front.
Endocrinol. 2018, 9, 246. [CrossRef]

Czerwinska, A.; Czuchraj, W. Estimations of the Erythemal UV Doses and the Amount of the Sun-Synthesized Vitamin D by
Adults during the Cruise to Spitsbergen—Polar Measurement Campaign (2-21 July 2017). Atmosphere 2021, 12, 474. [CrossRef]
Dominguez, L.J.; Farruggia, M.; Veronese, N.; Barbagallo, M. Vitamin D Sources, Metabolism, and Deficiency: Available
Compounds and Guidelines for Its Treatment. Metabolites 2021, 11, 255. [CrossRef]

Amrein, K.; Scherkl, M.; Hoffmann, M.; Neuwersch-Sommeregger, S.; Kostenberger, M.; Tmava Berisha, A.; Martucci, G.; Pilz, S.;
Malle, O. Vitamin D deficiency 2.0: An update on the current status worldwide. Eur. J. Clin. Nutr. 2020, 74, 1498-1513. [CrossRef]
Cashman, K.D.; Dowling, K.G.; Skrabakova, Z.; Gonzalez-Gross, M.; Valtuena, ].; De Henauw, S.; Moreno, L.; Damsgaard, C.T.;
Michaelsen, K.F.; Molgaard, C.; et al. Vitamin D deficiency in Europe: Pandemic? Am. . Clin. Nutr. 2016, 103, 1033-1044.
[CrossRef]

Lips, P; Cashman, K.D.; Lamberg-Allardt, C.; Bischoff-Ferrari, H.A.; Obermayer-Pietsch, B.; Bianchi, M.L.; Stepan, J.; El-Hajj
Fuleihan, G.; Bouillon, R. Current vitamin D status in European and Middle East countries and strategies to prevent vitamin D
deficiency: A position statement of the European Calcified Tissue Society. Eur. |. Endocrinol. 2019, 180, P23-P54. [CrossRef]
Btedowski, P.; Grodzicki, T.; Mossakowska, M.; Zdrojewski, T.; Spolecznego, 1.G.; i Dydaktyki, Z.P. PolSenior2—Badanie
Poszczegolnych Obszaréw Stanu Zdrowia Osob Starszych, w Tym Jakosci Zycia Zwiqzanej ze Zdrowiem; Gdanski Uniwersytet Medyczny:
Gdansk, Poland, 2021.

Wierucki, L.; Kujawska-Danecka, H.; Mossakowska, M.; Grodzicki, T.; Btedowski, P.; Chudek, J.; Kostka, T.; Wiecek, A.; Hajduk,
A.; Bandosz, P; et al. Health status and its socio-economic covariates in the older population in Poland—The assumptions and
methods of the nationwide, cross-sectional PolSenior2 survey. Arch. Med. Sci. 2022, 18, 92-102. [CrossRef] [PubMed]

27



Nutrients 2024, 16, 193

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Wyskida, M.; Owczarek, A.; Szybalska, A.; Brzozowska, A.; Szczerbowska, I.; Wieczorowska-Tobis, K.; Puzianowska-KuzZnicka,
M.; Franek, E.; Mossakowska, M.; Grodzicki, T.; et al. Socio-economic determinants of vitamin D deficiency in the older Polish
population: Results from the PolSenior study. Public Health Nutr. 2018, 21, 1995-2003. [CrossRef] [PubMed]

Charkiewicz, M.; Wojszel, Z.B.; Kasiukiewicz, A.; Magnuszewski, L.; Wojszel, A. Association of Chronic Heart Failure with Frailty,
Malnutrition, and Sarcopenia Parameters in Older Patients-A Cross-Sectional Study in a Geriatric Ward. J. Clin. Med. 2023, 12,
2305. [CrossRef] [PubMed]

Wojszel, Z.B. What Serum Sodium Concentration Is Suggestive for Underhydration in Geriatric Patients? Nutrients 2020, 12, 496.
[CrossRef] [PubMed]

Wojszel, Z.B. Impending Low Intake Dehydration at Admission to A Geriatric Ward- Prevalence and Correlates in a Cross-
Sectional Study. Nutrients 2020, 12, 398. [CrossRef] [PubMed]

WHO Consultation. Obesity: Preventing and Managing the Global Epidemic. Report ofa WHO Consultation; World Health Organization:
Geneva, Switzerland, 2000; Volume 894, pp. 1-253. Available online: https:/ /books.google.pl/books?id=AvnqOsqv9doCé&
printsec=frontcover&hl=pl&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false (accessed on 5 December 2023).
Griffin, T.P.; Wall, D.; Blake, L.; Griffin, D.G.; Robinson, S.M.; Bell, M.; Mulkerrin, E.C.; O’Shea, PM. Vitamin D Status of Adults in
the Community, in Outpatient Clinics, in Hospital, and in Nursing Homes in the West of Ireland. J. Gerontol. A Biol. Sci. Med. Sci.
2020, 75, 2418-2425. [CrossRef] [PubMed]

Richter, K.; Breitner, S.; Webb, A.R.; Huth, C.; Thorand, B.; Kift, R.; Linseisen, J.; Schuh, A.; Kratzsch, J.; Mielck, A.; et al. Influence
of external, intrinsic and individual behaviour variables on serum 25(OH)D in a German survey. |. Photochem. Photobiol. B 2014,
140, 120-129. [CrossRef]

van Schoor, N.; Lips, P. Global Overview of Vitamin D Status. Endocrinol. Metab. Clin. N. Am. 2017, 46, 845-870. [CrossRef]
Crowe, EL,; Jolly, K.; MacArthur, C.; Manaseki-Holland, S.; Gittoes, N.; Hewison, M.; Scragg, R.; Nirantharakumar, K. Trends in
the incidence of testing for vitamin D deficiency in primary care in the UK: A retrospective analysis of The Health Improvement
Network (THIN), 2005-2015. BM] Open 2019, 9, e028355. [CrossRef]

Charzewska, J.; Chlebna-Sokot, D.; Chybicka, A.; Czech-Kowalska, J.; Dobrzariska, A.; Helwich, E.; Imiela, ].R.; Karczmarewicz,
E.; Ksiazyk, ].B.; Lewiniski, A.; et al. Polskie zalecenia dotyczace profilaktyki niedoboréw witaminy D—2009 [Prophylaxis of
vitamin D deficiency—Polish recommendation 2009]. Ginekol Pol. 2010, 81, 149-153.

Ptudowski, P.; Karczmarewicz, E.; Bayer, M.; Carter, G.; Chlebna-Sokot, D.; Czech-Kowalska, J.; Debski, R.; Decsi, T.; Dobrzarnska,
A.; Franek, E.; et al. Practical guidelines for the supplementation of vitamin D and the treatment of deficits in Central Europe—
Recommended vitamin D intakes in the general population and groups at risk of vitamin D deficiency. Endokrynol. Pol. 2013, 64,
319-327. [CrossRef] [PubMed]

Walsh, ].S.; Bowles, S.; Evans, A.L. Vitamin D in obesity. Curr. Opin. Endocrinol. Diabetes Obes. 2017, 24, 389-394. [CrossRef]
[PubMed]

Savikko, N.; Pitkdld, K.H.; Laurila, J.V.; Suominen, M.H.; Tilvis, R.S.; Kautiainen, H.; Strandberg, T.E. Secular trends in the use
of vitamins, minerals and fish-oil products in two cohorts of community-dwelling older people in Helsinki--population-based
surveys in 1999 and 2009. . Nutr. Health Aging 2014, 18, 150-154. [CrossRef] [PubMed]

Feehan, O.; Magee, PJ.; Pourshahidi, L.K.; Armstrong, D.J.; McSorley, E.M. Vitamin D deficiency in nursing home residents: A
systematic review. Nutr. Rev. 2023, 81, 804-822. [CrossRef] [PubMed]

Zgliczynski, W.S.; Rostkowska, O.M.; Sarecka-Hujar, B. Vitamin D Knowledge, Attitudes and Practices of Polish Medical Doctors.
Nutrients 2021, 13, 2443. [CrossRef] [PubMed]

Lee, CJ.; Kim, S.S.; Suh, W.Y;; Kim, J.S.; Jung, ].G.; Yoon, S.J.; Seo, Y.R.; Yang, H.]. The Effect of Education and Vitamin D
Supplementation on the Achievement of Optimal Vitamin D Level in Korean Postmenopausal Women. J. Bone Metab. 2019, 26,
193-199. [CrossRef] [PubMed]

Vilimaki, V.V,; Loyttyniemi, E.; Pekkarinen, T.; Valiméki, M.]. How well are the optimal serum 250HD concentrations reached in
high-dose intermittent vitamin D therapy? a placebo-controlled study on comparison between 100 000 IU and 200 000 IU of oral
D3 every 3 months in elderly women. Clin. Endocrinol. 2016, 84, 837-844. [CrossRef]

Sengupta, S.; Christensen, T.; Ravn-Haren, G.; Andersen, R. Vitamin D Food Fortification Strategies on Population-Based Dietary
Intake Data Using Mixed-Integer Programming. Foods 2023, 12, 698. [CrossRef]

Vici¢, V.; Mikus, R.P; Kugler, S.; Gersak, K.; Osredkar, J.; Kukec, A. Vitamin D Fortification of Eggs Alone and in Combination
with Milk in Women Aged 44-65 Years: Fortification Model and Economic Evaluation. Zdr. Varst. 2023, 62, 30-38. [CrossRef]
Vatanparast, H.; Longworth, Z.L. How does Canada’s new vitamin D fortification policy affect the high prevalence of inadequate
intake of the vitamin? Appl. Physiol. Nutr. Metab. 2023, 48, 870-875. [CrossRef]

Dunlop, E; James, A.P; Cunningham, J.; Rangan, A.; Daly, A.; Kiely, M.; Nowson, C.A.; Adorno, P.; Atyeo, P; Black, L.J. Vitamin
D Fortification of Milk Would Increase Vitamin D Intakes in the Australian Population, but a More Comprehensive Strategy Is
Required. Foods 2022, 11, 1369. [CrossRef] [PubMed]

Chugh, PK,; Dabas, A. Price Dispersion of Vitamin D Supplements Over Time: An Initiative for Prescriber Education. Indian J.
Endocrinol. Metab. 2021, 25, 142-147. [CrossRef] [PubMed]

28



Nutrients 2024, 16, 193

46. Jittat, N.; Pongpirul, K.; Tepwituksakit, B.; lammaleerat, P.; Heath, J.; Lungchukiet, P.; Taechakraichana, N.; Charukitpipat,
A. Effects of Oral Multi-Vitamin Multi-Mineral Supplement Formulations on Laboratory Outcomes and Quality of Life: A
Quasi-Experimental Study. Front. Nutr. 2022, 9, 889910. [CrossRef] [PubMed]

47. Christiaens, A.; Henrard, S.; Bonnet-Zamponi, D.; Zerah L. Abstracts of the 19th Congress of the European Geriatric Medicine
Society: Live from Helsinki and Online, 20-22 September 2023. Eur. Geriatr. Med. 2023, 14 (Suppl. S1), S319.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

29



€23

g nutrients MoPY

Brief Report

Vitamin D Status in Belgian Children: A Regional Study

Louise Van de Walle !, Yvan Vandenplas 2, Jaan Toelen I and Anke Raaijmakers *5*

Department of Development and Regeneration, University of Leuven, 3000 Leuven, Belgium;
jaan.toelen@uzleuven.be (J.T.)

2 KidZ Health Castle, UZ Brussel, Vrije Universiteit Brussel (VUB), 1090 Brussels, Belgium;
yvan.vandenplas@uzbrussel.be

Department of General Pediatrics, University Hospitals Leuven, 3000 Leuven, Belgium

Department of Paediatric Nephrology, Sydney Children’s Hospital Randwick, Sydney Children’s Hospital
Network, Randwick, NSW 2031, Australia

Randwick Clinical Campus, School of Women’s and Children’s Health, University of New South Wales,
Randwick, NSW 2031, Australia

Correspondence: anke.raaijmakers@health.nsw.gov.au

Abstract: Background: Vitamin D deficiency is the most frequent cause of impaired skeletal growth,
and can lead to the development of nutritional rickets. The aim of this study was to evaluate the
vitamin D status in a large group of children aged 0-18 years. Methods: We collected laboratory data on
vitamin D levels from children who underwent blood sampling between 2014 and 2021. Results: We
included 14,887 samples. In this group, 17.7% were vitamin D severely deficient (<12 ng/mL), 25.2%
were insufficient (12-20 ng/mL), and another large proportion (28.3%) was borderline (20-30 ng/mL).
Sufficient levels (>30 ng/mL) were met in 28.8% of children. We observed no association between
gender and vitamin D status (p = 0.132). Adolescents aged 13-18 years (n = 3342) had the highest
prevalence of severe vitamin D deficiency (24.9%). Vitamin D levels were higher in summer/autumn
compared to winter/spring. Conclusions: Vitamin D deficiency/insufficiency has a high prevalence in
children, mostly in children above 7 years of age. Many of these children (over 80%) do not meet the
30 ng/mL sufficiency threshold. It is essential that Belgian Health Authorities are aware of this high
prevalence, as the current Belgian recommendation suggests ceasing vitamin D supplementation
at the age of six. Additional research is required to investigate the consequences of our findings,
and what specific approach is needed to achieve normal vitamin D levels in children aged 0 to
18 years.

Keywords: vitamin D; vitamin D status; vitamin D deficiency; rickets prevention

1. Introduction

Vitamin D plays a pivotal role in calcium and phosphate homeostasis, as well as in
healthy bone metabolism, especially during growth [1]. In addition to the role of vitamin
D in growth, it is believed that it might also plays a role in the regulation of the immune
system [2,3].

Vitamin D is an umbrella term which comprises vitamin D3 (cholecalciferol) and
vitamin D2 (ergocalciferol). Both forms are found in nature; vitamin D2 is derived from
plants, whereas vitamin D3 is found in animal sources. However, the amount of vitamin
D in natural food sources is low, and the contribution of dietary vitamin D is small or
even negligible [4,5]. The main source of vitamin D3 comes from 7-dehydrocholesterol
(previtamin D3) synthesis in the skin, in response to UVB rays. Solar UVB intensity is based
on the season (higher radiation in summer) and geographical latitude (higher radiation in
areas closer to the equator). The cutaneous synthesis of previtamin D3 cannot be detected
above 50° geographical latitude from October to March [6], hence people in these areas
(including Belgium) are at risk of low vitamin D levels, particularly in winter.
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There is much debate about the optimal concentration of vitamin D in children. Re-
search on pediatric vitamin D references is scarce [6]. Most studies on the optimal vitamin
D levels are performed in adults [7]. Most experts agree that levels <12 ng/mL (30 nmol/L)
represent severe deficiency, as these levels carry a high risk of rickets, even with an ad-
equate calcium intake; today, most experts use 20-30 ng/mL (50 nmol/L) as the target
value, which includes a safety margin [1,2,8,9]. For levels >30 ng/mL (75 nmol/L), the
concentration of parathyroid hormones remains constant, which means that there is no
secondary hyperparathyroidism. Some authors state that >30 ng/mL would be the logical
‘optimal’ vitamin D level [10], which is supported by the European Society of Pediatric
Nephrology [9].

Vitamin D deficiency is the most frequent cause of impaired skeletal growth. More-
over, defective bone mineralization can lead to the development of rickets (or osteo-
malacia in older children) [11,12]. Globally, nutritional rickets, due to insufficient vi-
tamin D and/or calcium, is the leading cause of pediatric bone disease [11,12]. How-
ever, the diagnosis of rickets is challenging, as the symptoms are insidious and diffi-
cult to recognize [8]. The use of surrogate markers is usually recommended [9]. Sec-
ondly, clinical research has demonstrated that vitamin D deficiency is associated with
many acute and chronic illnesses, including calcium metabolism, several autoimmune dis-
eases and cancers, type 2 diabetes mellitus, cardiovascular diseases, and potentially many
more [4,7,13].

More than one billion humans worldwide are affected by vitamin D deficiency and
insufficiency [1]. Additionally, a recent study performed in Belgium confirmed that vitamin
D insufficiency and deficiency is still common in children, particularly at the end of
winter [14]. In this study, we investigated the vitamin D status in children, visiting a
regional hospital network (ZNA) in Antwerp, Belgium. We assessed vitamin D statuses
and the factors associated with a poor status in a large group of children (0-18 years).

2. Materials and Methods
2.1. Data Collection and Subjects

Vitamin D data were retrospectively collected from the hospital central laboratory
system, and personal data, barring sex and date of birth, were not including in the dataset.
Children (aged 0-17 years and 364 days) who underwent a blood test including a vitamin D
level in the ZNA hospitals network between 2014-2021 (n = 26,233) were retrieved. These
years were chosen deliberately, as they represent the period after the consensus of vitamin
D supplementation by the Flemish Society of Pediatrics [15]. Additional demographics
(age, gender, and date of sampling) were also extracted. Individual data on vitamin D
supplementation, diet, and level of sun exposure were not available, due to the retrospective
and anonymous nature of the study.

We only included first-time samples in every patient, as subsequent samples are
likely to be biased by comorbidities (unwell or chronically ill patients will have more
samples) and/or treatment (low levels will trigger treatment). Samples taken at birth were
considered maternal values and were excluded. Children having multiple (>2) vitamin D
values measured in their sample or with missing information regarding their date of birth
or gender were also excluded. The final sample size was n = 14,887 (Figure 1).
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Figure 1. Overview of the total sample and the excluded and final included samples.

2.2. Laboratory Assessment and Reference Values

The quantitative determination of total 25-OH-vitamin D in the serum was performed
by electrochemiluminescence binding assays (ECLIA) using Cobas E immunoassay analyz-
ers (Roche Diagnostics, Mannheim). Vitamin D cut-offs were considered as per most used
definitions of severely deficient, insufficient, borderline, and sufficient vitamin D levels of
<12 ng/mL, 12-20 ng/mL, 20-30 ng/mL, and >30 ng/mL, respectively (Table 1) [1,2,8,9].

Table 1. Sample sizes by age and gender.

Total (1) Female (1) Prolz(;)l;tion Male (n) Prol(a(f/:r)tion
<1 (125%230) 1079 45.8% 1275 54.2%
% 1-6 (3?1730) 2348 46.3% 2722 53.7%
,g 7-12 (2471.301/0) 2141 52.0% 1980 48.0%
éo 13-18 (2352(?/0) 2016 60.3% 1326 39.7%
Total (11 51 68(?0/70) 7584 50.9% 7303 49.1%

2.3. Statistical Analysis

For database management and statistical analysis, we used SPSS Statistics for Macin-
tosh (Version 28.0, Armonk, NY, USA). Data were measured at the ratio level. No significant
outliers were identified based on the visual inspection of the created boxplots.

Frequency tables were calculated based on vitamin D levels in relation to age group
and season. Differences in the frequency distributions of vitamin D status between cate-
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gories were assessed using Pearson’s Chi-Square test. Significant differences were consid-
ered if the p-value was <0.05. The following age categories were defined: <1 year, 1-6 years,
7-12 years, and 13-18 years. Seasons were defined according to the following months:
spring (March, April, and May), summer (June, July, and August), autumn (September,
October, and November) and winter (December, January, and February).

3. Results
3.1. Characteristics of the Cohort

Baseline characteristics are provided in Table 1. Males were slightly overrepresented
in the youngest age group, while females were more prominent in the oldest group. The
largest group were those aged between 1 and 6 years old (n = 5070, 34.1% of total sam-
ple size). Children up to 1 year old were the smallest group (n = 2354, 15.8% of total
sample size).

3.2. Vitamin D Status

In our total sample, the distribution of the vitamin D serum concentration had a
mean value of 23.94 ng/mL and a standard deviation of 12.11 ng/mL. The lowest level of
concentration was 3.04 ng/mL. The highest level was 58.41 ng/mL.

Table 2 contains the distribution of vitamin D statuses in both absolute numbers
and percentages within each age group for the total sample. Overall, 2635 (17.7%) were
severely deficient, 3746 children (25.2%) were insufficient (12-20 ng/mL), and 4215 children
(28.3%) were borderline (20-30 ng/mL). In total, 71.2% of the population did not meet
the >30 ng/mL threshold, most prominent in the over-7 age groups (83.6% and 83.0%
of children in the 7-12 and 13-18 age groups, respectively). There was no significant
association between the vitamin D status and gender (Pearson Chi-Square: p = 0.132).

Table 2. Vitamin D status by age groups.

Age
Years
Total
<1 1-6 7-12 13-18

Severely deficient Count (n) 526 423 853 833 2635

<12 ng/mL Percentage 22.3% 8.3% 20.7% 24.9% 17.7%

é Insufficient Count (n) 547 875 1343 981 3746
] 12-20 ng/mL Percentage 23.2% 17.3% 32.6% 29.4% 25.2%
a Borderline Count (n) 521 1483 1250 961 4215
g 20-30 ng/mL Percentage 22.1% 29.3% 30.3% 28.8% 28.3%

]

S Sufficient Count (n) 760 2289 675 567 4291
>30 ng/mL Percentage 32.3% 45.1% 16.4% 17.0% 28.8%
Total Count (1) 2354 5070 4121 3342 14,887

The prevalence of vitamin D insufficiency along with vitamin D deficiency was highest
in 7-12-year-old children and adolescents (13-18 years), being 24.9% and 20.7%, respectively.
In the youngest age group, 23.2% of the children had insufficient vitamin D levels, and
22.3% had severely deficient vitamin D levels. Overall, the groups of children above 7 years
of age had the lowest vitamin D status.

In our study population, we were vigilant of seasonal variation. Vitamin D values
measured during summer and autumn were significantly higher when compared to values
measured in winter and spring. The proportion of vitamin D-sufficient children were
highest in the summer and autumn months, as shown in Figure 2.
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Figure 2. Percentages of vitamin D sufficient, insufficient, and deficient children.

Figure 2 is a graph showing the percentages of children who were vitamin D severely
deficient, insufficient, borderline, and sufficient, according to the season. The percentages
shown in black, dark grey, white, and light grey represent levels <12 ng/mlL, 12-20 ng/mL,
20-30 ng/mL, and >30 ng/mL.

4. Discussion

Vitamin D deficiency is prevalent among Belgian children, with the highest prevalence
in adolescents. The proportion of children with severely deficient vitamin D levels rises
significantly with age, and reaches a peak before adolescence, where up to 55% of children
have vitamin D levels below 20 ng/mL, and up to 84% have a vitamin D level that does
not meet the sufficiency threshold (i.e., above 30 ng/mL). Additionally, our data confirm
that at the end of winter vitamin D status is the lowest, when up to 77% of children have
vitamin D levels below 30 ng/mL.

Our research shows results in line with studies in other European countries [6,16,17].
Furthermore, a recent study conducted in Belgium showed that up to half their population
of adolescents have very low (<20 ng/mL) vitamin D levels [14]. We acknowledge that
the cut-offs used in this study could be debated, and the stricter we would be, the more
striking the results. The European Society for Pediatric Nephrology have developed
recommendations for the evaluation, treatment, and prevention of vitamin D deficiency [9].
Their aim was to provide guidance on children with chronic kidney disease, but their
systematic approach covered healthy children too. They recommend using levels above
30 ng/mL as sufficient [9], and our study concurred.

The reasons for the high prevalence of low vitamin D levels could be plenty. Firstly,
(the lack of) supplements could play a role. The administration of 400 IU/day to babies
during their first year of life, regardless of season, diet, or other potentially influencing
factors, is a generally accepted recommendation in Europe to prevent nutritional rickets in
babies. Despite this, our results show that only a third (32.3%) of the infants had sufficient
vitamin D levels. These results are in line with previous studies, which showed that Belgian
babies often have insufficient vitamin D levels [14,18].

Secondly, children with chronic diseases or conditions such as obesity do need extra
vitamin D, especially in winter [1,3,7,9,19]. Vitamin D deficiency in obese children is mostly
due to dilution in the larger volumes of fat, serum, liver, and muscle present in obese
children [20]. According to a previous Belgian study, vitamin D levels are significantly influ-
enced by body composition [21]. Similarly, an Italian study showed that children who were
overweight had higher levels of vitamin D deficiency than those with optimal weight [22].
Unfortunately, we did not have data on body composition available for our study.
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Thirdly, children with limited sun exposure are more likely to suffer from a vitamin D
deficiency [5]. Although Italy (45.6-41.5°) is located below 50° geographical latitude, we
detected the same high prevalence of vitamin D deficiency as detected in Antwerp, located
at 51.2° latitude [17,23]. Sunlight is thought to be the most important source of vitamin
D, but the same high prevalence of vitamin D deficiency in both countries might indicate
that other factors, like differences in lifestyle (outdoor play, veiling, etc.), diet (including
food-fortification policies, vegetarian or vegan diet, etc.), vitamin D supplementation,
or/and socio-economic dissimilarities, are as important as sun exposure [23]. By achieving
sufficient solar exposure, the debate on proper photoprotection (to protect children against
sunburn, cancer and photoaging) and the importance of sunlight exposure to establish
adequate vitamin D levels rises in the majority of healthcare professionals and parents [24].
The effect of sunscreen application on vitamin D synthesis remains a topic of debate [1,24].
However, it is likely that the combination of sunscreens, along with covered clothing,
dark pigmentation of the skin, and shade-seeking behavior are more likely to compromise
vitamin D status in children [24]. Our results could imply that children lack sufficient
safe sun exposure. Moreover, a low socioeconomic status is a risk factor for vitamin D
deficiency [25,26].

Potential interventions should be multifaced too [7]. Firstly, our results seem to suggest
that the WHO recommendation (administer supplements to all infants <1 year) is either not
well-communicated and/or followed-up by healthcare professionals (pediatricians, general
practitioners, well baby clinics, etc.) or not well administered /followed by parents. Raising
awareness through straightforward communication and parental education could improve
vitamin D levels in neonates. However, infants absorb calcium independently of vitamin
D [27,28], so the clinical consequences of low levels in infancy might be limited. Moreover,
the recommendation in Belgium is to supplement 400 IU of vitamin D daily for all children
aged up to the age of six [15]. Based on the high prevalence of hypovitaminosis in children
aged over 6 in our study, we suggest that maintaining vitamin D supplementation beyond
the age of 6 could reduce the risk for vitamin D deficiency at a later age.

Secondly, individualized administration of supplements in children based on the pres-
ence of risk factors for low vitamin D production and intake (e.g., obesity, malabsorption
diseases, veiling, . . .) should always be considered in clinical practice.

Lastly, sun exposure is the major source of vitamin D [7]. Research shows that playing
outside for at least 15 min per day with uncovered arms and legs between 10 am and
3 pm and in the months between May and October would be sufficient to have adequate
vitamin D levels throughout winter for children with pale skin [22]. The importance of
extending sun-safe outdoor time in childhood should be highlighted properly in schools
by promoting playing outdoor during all seasons.

Lastly, besides recommending supplements and adequate sun exposure, along with
photoprotection, making vitamin D supplements and/or wider food fortification with
vitamin D could also help to meet the vitamin D requirements in children [7,29,30]. Based on
our study, action is needed to achieve sufficient vitamin D levels, especially in adolescents.

This study should be interpreted within the context of its limitations. Firstly, this
is an observational retrospective study that does not consider biometrics, sun exposure,
supplementation, nutrition, or ethnicity. Due to the nature of our study, detailed information
was not available. Additionally, the indication for the blood test was not available, and this
potential bias should be considered when interpreting the results. Secondly, children visiting
a hospital were used to select our study population. This population does not perfectly
reflect the general population. Well-known risk factors (chronic kidney disease, chronic
liver disease, use of certain drugs, malabsorption, cholestasis, etc.) were not accounted
for. However, given the large sample size, we consider the study population to be a
representative sample, keeping in mind that unwell children or children with risk factors are
more likely to be sampled when compared to their ‘healthy’” counterparts. Also, clinicians
ordering the blood test could have a clinical suspicion of vitamin D deficiency that was not
accounted for in our study, and would therefore create an additional bias. Lastly, because of
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the absence of data regarding PTH, phosphate, and bone density, conclusions about bone
strength and clinical consequences in children with vitamin D deficiency cannot be drawn.

Additional research is required to investigate the consequences of our findings. Identi-
fying causes might be effective to prevent and treat vitamin D deficiency. Also, research
on specific approaches is needed to achieve normal vitamin D levels in children aged
0 to 18 years, especially in adolescents.

5. Conclusions

We report a very high prevalence of low vitamin D levels during childhood, mostly
during late childhood and adolescence, in a large retrospective analysis of laboratory data
in children. A huge proportion (over 70%) of these children do not meet the 30 ng/mL
sufficiency threshold, especially children above 7 years of age. Additionally, we confirmed
a seasonal variation with the lowest vitamin D serum values in winter and spring. No
association between vitamin D and gender was found. It is essential that national health
authorities are aware of the high prevalence of vitamin D deficiency in children, as the
current Belgian recommendation would imply ceasing vitamin D supplementation at the
age of six.
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Abstract: Aging is the result of several complex and multifactorial processes, where several agents
contribute to an increased intrinsic vulnerability and susceptibility to age-related diseases. The hall-
marks of aging are a set of biological mechanisms that are finely regulated and strictly interconnected,
initiating or contributing to biological changes and anticipating several age-related diseases. The
complex network of cellular and intercellular connections between the hallmarks might represent
a possible target for the research of agents with pleiotropic effects. Vitamin D (VitD) is known to
have a positive impact not only on muscle and bone health but also on several extra-skeletal districts,
due to the widespread presence of Vitamin D Receptors (VDRs). VitD and VDR could be molecules
potentially targeting the hallmarks of the aging network. To date, evidence about the potential
effects of VitD on the hallmarks of aging is scarce in humans and mainly based on preclinical models.
Although underpowered and heterogeneous, in-human studies seem to confirm the modulatory
effect of VitD on some hallmarks of aging and diseases. However, more investigations are needed to
clarify the pleiotropic effects of VitD and its impact on the hallmark of aging, hopefully highlighting
the courses for translational applications and potential clinical conclusions.

Keywords: aging; vitamin D; hallmarks of aging; clinical studies

1. Introduction

Aging is a complex and multifactorial process, marked by a progressive decline in
organ functions and an increased risk of age-related diseases and mortality [1,2]. At the
biological level, it is a universal process characterized by accumulating damages linked to
different mechanisms and pathways defined as “hallmarks” of aging [3]. These hallmarks
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manifest not merely during physiological aging; they exhibit tight connections with age-
related changes, often anticipating alterations associated with age-related diseases and
clinical phenotypes years in advance. Therefore, a better understanding of the features and
mechanisms related to the hallmarks of aging becomes crucial for the early identification,
prediction, and modulation of trajectories of organs and systems’” age-related structural
and functional changes. Moreover, experimental manipulation of hallmarks aligns with
exacerbating or reducing aging processes and disease-related pathological changes.

To date, mammalians are characterized by twelve biological hallmarks of aging,
namely genomic instability, telomere attrition, epigenetic alterations, loss of proteosta-
sis, disabled macroautophagy, deregulated nutrient sensing, mitochondrial dysfunction,
cellular senescence, stem cell exhaustion, altered intercellular communication, chronic
inflammation, and dysbiosis [2]. These are biomolecular, time-dependent manifestations of
alterations and mechanisms accompanying the aging process, enabling aging acceleration
experiments and possibly deceleration interventions [4].

While these hallmarks have been extensively discussed in the following section, it is
essential to recognize that they do not act as a single independent cause. They are incredibly
complex and highly interrelated, complementing others in explaining some or all features
of the aging and age-related disease processes [5]. Individually or synergistically, hallmarks
can lead to molecular and cellular damage due to primary, antagonistic, and integrative
mechanisms. The cumulative effects of the damages are universally adverse and might
contribute to the initiation and progression of age-related diseases.

Understanding the mechanistic relationship among the hallmarks and identifying
interventions that modulate such processes hold promise for developing strategies to
intervene in human aging at the earlier onset of such changes and thus prevent age-
related diseases.

Vitamin D (VitD) is renowned for its positive impact on musculoskeletal structure and
functions, particularly in preventing falls, fragility fractures, impaired locomotion, and
mobility disability among older adults with deficient plasma levels [6]. In the aging process,
the decline in physical performance is recognized as the first phenotypical clinical feature
of accelerated aging, preceding and contributing to the onset of muscle-skeletal chronic
diseases and the burden of disability [7-9]. Consistently, aging is associated with a higher
likelihood of vitamin D deficiency and dysregulated vitamin D function due to reduced
sensitivity to 1,25(OH)2D3. This results from the combined effect of age-related decline
in (Vitamin D Receptor) VDR expression, impairment of cutaneous vitamin D synthesis,
and altered expression of vitamin D metabolic enzymes. In addition, poor nutrition and
reduced exposure to sunlight are commonly seen in long-term care recipients—a population
at a particularly high risk of deficiency [10]. Therefore, the clinical practice guidelines
state that serum VitD levels of less than 25 nmol/L should be considered as vitamin
D deficiency (hypovitaminosis D), 25-50 nmol/L as insufficiency, and over 50 nmol/L
as sufficient [11]. Beyond its skeletal benefits, extensive preclinical research and some
clinical studies support the extra-skeletal advantages of VitD at multi-organ levels through
the 1a-hydroxylase enzyme, which is present in many tissues besides bone, including
endothelial cells, vascular smooth muscle cells, cardiomyocytes, pericytes, neural stem
cells, neurons, astrocytes, microglia, fibroblasts, osteoblasts, epithelial cells adipocytes,
myocytes, monocytes, and macrophages.

The endocrine, intracrine, and paracrine actions of VitD may suggest its involvement
in attenuating the aging process and the age-related pathological changes associated with
multiorgan diseases [12]. Some studies suggest a role for VitD in influencing biological age
at the epigenetic level since individuals with low VitD levels are biologically older than
people with adequate levels [13]. Furthermore, VitD has been extensively investigated
concerning age-related diseases, particularly cardiovascular disorders. Evidence links low
levels of VitD to an increased risk of coronary artery disease, myocardial infarction, and
heart failure. VitD supplementation has shown protective effects against the development
and progression of cardiovascular diseases [14]. Therefore, randomized clinical trials
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were conducted to test VitD supplementation for preventing or improving non-skeletal
diseases related to poor VitD status. Although the results were mixed, they support the
multitargeting actions of low levels of VitD, which significantly affect the aging process
by regulating cell homeostasis, counteracting oxidative and inflammatory damage, and
cellular senescence.

This narrative review aims to summarize the available evidence regarding the effects
of VitD on modulating age-related changes, either leading to or preventing diseases and
frailty. Ultimately, we seek to determine whether VitD may be a feasible intervention for
attenuating the hallmarks of aging, ultimately suggesting a role in promoting healthy aging
or decelerating age-related changes anticipating multi-organ diseases.

2. Methods

To serve the purpose of this manuscript, we conducted Pubmed and Embase research,
using keywords comprehending “VitD” and each hallmark of aging as previously de-

a7 [

scribed, including “genomic instability”, “telomere attrition”, “epigenetic alterations”,

s a Vs

“loss of proteostasis”, “disabled macroautophagy”, “deregulated nutrient sensing”, “mito-
chondrial dysfunction”, “cellular senescence”, “stem cell exhaustion”, “altered intercellular
communication”, “chronic inflammation”, and “dysbiosis”, by restricting the search to
interventions conducted in the human species. We included English literature for the
last ten years (the last search was performed in January 2024), with some exceptions for

literature about general concepts.

3. The Hallmarks of Aging

Ten years after the initial report, in 2023, Lopez-Otin et al. revisited the hallmarks of
aging, expanding the list of common denominators of aging [2]. The hallmarks, identified
across various organisms with special emphasis on mammalians, meet three main criteria.
Firstly, they are time-dependent molecular or cellular manifestations of changes or alter-
ations accompanying aging. Secondly, their experimental modulation may accelerate aging
processes, and the therapeutic interventions targeting the hallmarks have the potential to
decelerate, halt, or reverse age-related processes. The hallmarks of aging are currently cate-
gorized as primary, antagonistic, and integrative. Primary hallmarks are the causal agents
of cellular damage; they encompass genomic instability, telomere attrition, epigenetic
alterations, and loss of proteostasis. Antagonistic hallmarks include deregulated nutrient
sensing, mitochondrial dysfunction, and cellular senescence. These initially counteract
damages caused by primary hallmarks; however, incidentally or with prolonged pathway
stimulation, the antagonistic mechanisms become harmful, contributing to accumulated
deleterious age-related changes and processes. Integrative hallmarks, such as stem cell
exhaustion, altered intercellular communication, chronic inflammation, and dysbiosis, are
interconnected with other damage mechanisms and collectively contribute to functional
age-related decline (Figure 1).

The hallmarks of aging are strongly related to each other, exhibiting intricate interac-
tions, with each contributing to and exacerbating the effects of others. Genomic instability
crosstalks to epigenetic alterations (e.g., through the loss-of-function mutation of epige-
netic modifiers such as TET2), loss of proteostasis (e.g., due to the production of mutated,
misfolded proteins), disabled macroautophagy (e.g., through the capacity of autophagy to
remove supernumerary centrosomes, extranuclear chromatin, and cytosolic DNA), deregu-
lated nutrient-sensing (e.g., because SIRT6 is an NAD+ sensor involved in DNA repair but
also responding to nutrient scarcity), mitochondrial dysfunction (e.g., due to the mutation
of mtDNA), cellular senescence (e.g., because DNA damage triggers senescence), altered
intercellular communication (e.g., by hampering activation of communication pathways),
chronic inflammation (e.g., because CHIP and leakage of DNA into the cytosol induce
inflammation), and dysbiosis (e.g., because mutations in intestinal cells favors dysbiosis,
whereas specific microbial proteins and metabolites act as mutagens). In addition, senes-
cence can initiate inflammation, which in turn may worsen mitochondrial dysfunction and
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genomic instability. Epigenetic alterations, on the other hand, can influence gene expression,
including the upregulation of proteins like p16 and p21, which promote senescence. Again,
the loss of proteostasis, leading to the accumulation of misfolded and damaged proteins,
triggers senescence pathways in response to stress. Then, dysregulation of the mTOR
pathway, which regulates nutrient sensing, can increase mitochondrial dysfunction and
impact on its biogenesis and function. Ultimately, increased ROS release associated with
mitochondrial dysfunction can induce epigenetic alterations through DNA methylation
and histone modification, which in turn creates a feedback loop of declining mitochondrial
function [15]. The interdependence of the hallmarks unveils the complexity of the aging
processes and the intricate links between aging and the organ’s thresholds for diseases,
and then highlights the need for conceiving aging as a whole and looking for organisms’
macro-biomarkers that are able to quantify the energetic efforts associated with underlying
regulatory or compensatory mechanisms leading to diseases [16]. Indeed, whether and how
one specific hallmark’s experimental accentuation or attenuation affects other hallmarks
does not reveal molecular or cellular beneficial or detrimental effects immediately, given
the onset of antagonistic or compensatory mechanisms that, over time, fail, given their
intrinsic poor sustainability as disease markers. In addition, evidence is needed to identify
whether aging is driven by the deterioration of cellular hallmarks converging on a common
aging pathway in all cells or if independent mechanisms will result in different aging
pathways in individual cells or tissues. A better understanding of the independence or
interdependence of the hallmarks of aging will provide a rational basis for the development
of novel therapeutics or interventions to modify the rate of aging.

Pre-Clinical Data Hallmarks of Aging Clinical Evidence
Cancer 7 GENOMIC INSTABILITY |«
Multimorbidity TELOMERE ATTRITION |
Neurodegeneration % > <
Diabetes type 2 — % I EPIGENETIC ALTERATIONS J€
a

Hypertension LOSS OF PROTEOSTASIS
cvb | DISABLED MACROAUTOPHAGY

—l

— i 3

Cancer DYSBIOSIS VITAMIN D

Multimorbidity S| 9
_ > CHRONIC INFLAMMATION <
Neurodegeneration [ = <
' 9 ALTERED INTERCELLULAR
Anemia = COMMUNICATION )
Immune response STEM CELL EXHAUSTION
Cancer 2 CELLULAR SENESCENCE <€
Sarcopenia 5 g,
. =z MITOCHONDRIAL
gftsc’poms's , T § _ DYSFUNCTION ]
labetes type = DEREGULATED NUTRIENT- |
Hypertension, CVD Z SENSING

Figure 1. Pre-clinical data supporting the relationship between diseases and hallmarks of aging on
the left, and available clinical evidence about the potential impact of Vitamin D on the hallmarks of
aging, on the right. Legend: the thickness of the arrows is representative of the amount of available
evidence.
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3.1. Genomic Instability

The genomic instability pathway involves accumulating genetic damages caused by
exogenous (chemical, physical, and biological) agents and endogenous challenges (DNA
replication errors, chromosome segregation defects, reactive oxygen species (ROS), and
spontaneous hydrolytic reactions). Such an accumulation of damage causes mosaicism,
explaining the coexistence of normal and pathological aging. DNA lesions, such as mu-
tations, deletions, translocations, telomere shortening, single- and double-strand breaks,
chromosomal rearrangements, defects in nuclear architecture, and gene disruption caused
by the integration of viruses or transposons, impact genes and transcriptional pathways,
resulting in dysfunctional cells that compromise tissue and organism homeostasis [2].
When alterations impact stem cells, leading to their exhaustion or hampering their role in
tissue renewal, the damage becomes relevant, accelerating the aging process and increasing
susceptibility to age-related diseases [17]. DNA repair deficiencies have been linked to
aging, suggesting that interventions reducing the mutational nuclear or mitochondrial load
and enhancing or rerouting repair mechanisms may slow aging and delay the onset of
age-related diseases. VitD emerges as a potential intervention in this context [18].

3.2. Telomere Attrition

Telomeres are nucleotide sequences that protect chromosome ends and preserve their
genomic stability. Telomeres, together with the sheltering complex, ensure the correct
segregation of genetic material during the cell division cycle and prevent DNA repair
systems [19]. Due to the inability of the replicative DNA polymerases to complete the
copy of telomere regions during cellular division cycles, a shortening of the telomere
cap occurs (i.e., telomere attrition) with advancing age, then activating a DNA damage
response cascade leading to cellular senescence or apoptosis [20]. Telomerase activity
is affected with advancing age, and telomere shortening compromises cell function and
life span and is associated with multiple age-related diseases, including cardiovascular
disease, malignancies, dementia, osteosarcopenia, frailty, and other conditions [21]. Notably,
deficient telomerase activity is also associated with pulmonary fibrosis, aplastic anemia,
and dyskeratosis congenita, characterized by a hampered regenerative capacity of the
affected tissues. Telomere attrition is adjustable to intrinsic and extrinsic factors, including
diet and lifestyle, with evidence for protective effects due to VitD [22].

3.3. Epigenetic Alterations

Although the chromosomes carry genetic information, the epigenome is responsible
for the functional use and stability of that valuable information, connecting the genotype
with the phenotype [23]. Epigenetic alterations represent reversible, heritable mechanisms
that occur without altering the underlying DNA sequence. Epigenetic changes can either
be spontaneous or driven by external or internal influences, and they may potentially
explain different patterns of aging between genetically identical individuals, such as iden-
tical twins [24]. A vast array of enzymatic systems is involved in the generation and
maintenance of epigenetic patterns, including DNA methyltransferases, histone acetylases,
deacetylases, methylases, and demethylases, as well as protein complexes implicated in
chromatin remodeling or in ncRNA synthesis and maturation. Then, the major epigenetic
alterations affecting aging include alterations in patterns of DNA methylation, abnormal
posttranslational modification of histones, aberrant chromatin remodeling, and the deregu-
lated function of non-coding RNAs [2]. Diet interventions, exercise, and pharmacological
interventions based on epigenetic-related compounds, including VitD [13,25], are the most
accepted strategies to target aging and age-related diseases in humans [14,24].

3.4. Loss of Proteostasis

The loss of proteostasis is the mechanism underlying the intracellular or extracellular
accumulation of impaired proteins’ aggregates (i.e., misfolded, oxidized, glycated, or ubig-
uitinylated proteins). Proteome integrity requires tight regulation and crosstalk among
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distinct proteostasis networks, from translation to degradation. Protein mutations increase
their intrinsic tendency to misfolding and aggregation, hence saturating the protein repair,
removal, and turnover mechanisms required to maintain a healthy state. In accelerated
aging, the burden of misfolded proteins exceeds the capacity of cells to maintain proper
proteome integrity and leads to disruptions of cellular function [1]. Over time, the en-
hanced production of erroneously translated misfolded or incomplete proteins, the slowed
translation elongation, and the accumulation of oxidative damaged proteins sustain the
collapse of the intracellular network for proteostasis. These alterations increasingly distract
the chaperones from folding healthy proteins required for cellular fitness and then increase
the failure of the quality control protein response to damage. Several preclinical models
found evidence about the loss of proteostasis among neurodegenerative diseases. Dietary
VitD supplementation has profound effects on protein homeostasis, with preclinical studies
showing profound effects on IRE-1, XBP-1, and SKN-1 functions, suggesting the promotion
of protein homeostasis and the slowing of aging processes [26].

3.5. Disabled Macroautophagy

Autophagy is an evolutionary, highly conserved, catabolic process that engulfs cyto-
plasmic materials and dysfunctional organelles by forming a double-layered autophago-
some that fuses with the lysosome for the degradation and recycling of nutrients to maintain
cellular homeostasis. Autophagy induces stress responses, and starvation, infection, and
toxin exposure trigger the catabolic process to protect cells. Alterations in the autophagic
functions compromise the intrinsic cellular housekeeping functions, limiting the recycling
of metabolic substrates (i.e., free amino acids, carbohydrates, nucleotides, and lipids) for
the biosynthetic process for cell maintenance and survival, favoring the accumulation of
dysfunctional organelles and protein aggregates, and limiting the clearance of intracel-
lular microbes through lysosomal degradation [27]. Indeed, autophagy primarily serves
as a cytoprotective mechanism, and its impairment is associated with neural disorders,
developmental abnormalities, inflammatory diseases, aging, and cancer [27]. VitD prompts
cellular autophagic activities through genomic and non-genomic signaling, influencing
various physiological functions along with calcium metabolism. Autophagic mechanisms
regulated by VitD and its receptor exert protective effects in inhibiting oxidative stress
and apoptosis, controlling cellular proliferation, differentiation, inflammation, and host
immunity by activating antimicrobial defense mechanisms [27].

3.6. Deregulated Nutrient-Sensing

The nutrient-sensing pathways detect and respond to fluctuations in environmental
nutrient levels. Physiologically, nutrient abundance activates anabolism and storage,
whereas scarcity triggers homeostatic mechanisms that mobilize internal stores through
autophagy. The nutrient-sensing network includes extracellular ligands (i.e., insulins, IGFs,
and receptor tyrosine kinases) with which they interact and intracellular signaling cascades.
These cascades involve the PI3K-AKT and Ras-MEK-ERK pathways and transcription
factors, including FOXOs and E26 factors, which transactivate genes involved in diverse
cellular processes.

Deregulated nutrient-sensing metabolic status is associated with a compromised so-
matotrophic axis, which includes the growth hormone (GH) and IGF-1, mainly produced
by hepatocytes in response to the blood glucose concentration and activating intracellu-
lar signaling pathways. In preclinical models, diminished IGF-1 levels and GH/IGF-1
signaling are associated with improved stress defenses, autophagy, and cell survival via
reduced PI3K/Akt and mTOR signaling. Moreover, GH receptor deficiency improves
the defense from oxidative stress in healthy tissues and promotes apoptosis in neoplastic
cells [28]. Modulating or perturbing nutrient-sensing node pathways seems to be a robust
way to slow aging processes, extend the human lifespan, and protect against aging-related
diseases. Ongoing studies testing caloric restriction (a reduction in caloric intake without
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apparent signs of malnutrition), pharmaceuticals, dietary patterns, or genetic interventions
are waiting for more convincing results [29,30].

3.7. Mitochondrial Dysfunction

Mitochondrial structure and dynamics change with aging. Mitochondria from older
subjects swell while their numbers decline and cannot replace themselves as quickly as in
their optimal functional state [31,32]. Mitochondrial dysfunction follows the accumulation
of mitochondrial DNA mutations, the increased production of ROS and related damage to
cellular macromolecules, the impaired cellular bioenergetic and higher permeabilization of
mitochondrial membranes, causing inflammation, altered stress responses, and cell death
(when activators of caspases, nucleases, or other lethal enzymes are released from the inter-
membrane space). Notably, mitochondrial dynamics and quality control changes promote
the accumulation of damaged mitochondria, which contributes to aging and age-related
pathologies. In addition, several cardiac and neurodegenerative diseases, muscle atrophy,
and sarcopenia recognize alterations in mitochondrial fission and fusion machinery [33].
Strategies aiming to counteract the age-related decline in L-carnitine levels, which may
limit fatty acid oxidation by mitochondria, have revealed improvement or rescue of mito-
chondrial dynamics and quality control defects in a placebo-controlled trial on pre-frail
subjects and older men [34]. Mitochondrial-derived peptides are emerging as key players in
mitochondrial dysfunction through interactions with stress-sensitive transcription factors.
Humanin is a microprotein encoded by mtDNA that declines with age, exhibits high levels
in centenarians and their offspring, and emerges as a potential anti-aging factor linking
organellar function to organismal homeostasis [35]. Humanin lacks contributions to cellular
senescence, chronic inflammation, and cognitive decline [36]. Concerning mitochondrial
dysfunction, VitD directly promotes and prevents protein oxidation, lipid peroxidation, and
DNA damage and indirectly regulates autophagy, inflammation, epigenetic modifications,
DNA abnormalities, and calcium and ROS signaling changes [37].

3.8. Cellular Senescence

Senescence is a state of permanent cell cycle arrest in response to different damaging
stimula. During development, adulthood, and after injury, senescent pathways play a
pivotal role in tissue remodeling, acting as a positive regulator of the regenerative potential
and function of tissues. Senescent cells are also a strong safeguard against tumorigenesis,
pacing irreversible proliferation arrest via cell and non-cell autonomous pathways. In
aged organisms, the accumulation of cellular senescence and the release of secreted factors
(SASP) adversely modify the behavior of senescent and non-senescent cells, remodel the
extracellular environment, and sustain inflammation and tumorigenesis. Dysfunctional
senescent cells may be powerful targets for slow-aging approaches, but the existence of
beneficial senescence programs complicates the development of interventions without
incurring toxicities [38]. Nutrition and a healthy lifestyle are intimately linked and can
greatly impact cellular senescence. Nutritional elements can influence cellular senescence,
with evidence for VitD from both in vitro and in vivo research [39]. In preclinical models,
interventions targeting senescent cells have been shown to delay, prevent, or alleviate tissue
damage and multiple disorders. Senolytic drugs may target selectively senescent cells,
inducing their lysis, leading to promising strategies for preventing or treating multiple
diseases and age-related conditions in humans. However, in some cases, their molecular
targets have not been precisely identified and characterized, making them hard to introduce
in clinical practice in the short term [40].

3.9. Stem Cell Exhaustion

Stem cell exhaustion refers to the numerical decline and impaired dynamics of the
constitutional stem cells; both aspects are crucial strategies for living organisms. With
unstable populations of proliferating stem cells, tissues and organs lose their ability to re-
cover from primary or injury-induced damage and begin to fail. Cellular de-differentiation,
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plasticity, and cellular reprogramming, i.e., the plasticity of resident stem cells under nor-
mal conditions, are the main mechanisms for tissue renewal and repair. While stem and
progenitor cells are all subject to the same hallmarks of aging, the mechanism of cellular re-
programming is thought to act autonomously on multiple cell types, with higher relevance
for the long-term impact on tissue rejuvenation. Cellular re-programming consists of the
conversion of adult somatic cells into embryonic pluripotent cells; transient reprogramming
confers repair capacity to old tissues so that subsequent damage is repaired as efficiently as
in young individuals; partial reprogramming encompasses features of the natural process
of tissue repair, according to the finding that the epigenetic methylation clock accelerates
soon after tissue injury and partially reverses during tissue repair [2]. A large body of the
preclinical literature reports stem cell-based interventions’ therapeutic impacts on tumors,
fibrotic disorders, and tissue damage [41]. Human trials of any stem cell therapy must
be approached cautiously due to the risk of genetic and epigenetic alterations occurring
during their induction and manipulation. So far, insufficient clinical evidence supports the
effectiveness and safety of anti-aging stem cell infusions [42]. Therefore, we are waiting
for findings from trials looking for the effects of stem cell-based interventions on physical
frailty and skin aging, which are still in their development phase [43].

3.10. Altered Intercellular Communication

Aging is characterized by altered intercellular communication due to extensive changes
in the amount and secretion of cellular factors and hormonal signaling pathways. On one
side, neural, neuroendocrine, and hormonal signaling pathways decline with aging due
to intrinsic adaptations, including adrenergic, dopaminergic, and insulin/IGF1-based
and renin-angiotensin systems and sex hormones. On the other side, intrinsic cellular
alterations and environmental cellular exposures increase the SASP (senescent-associated
secretory phenotype) and extracellular vesicles (EVs), acting as carriers for intercellular
messaging through miRNAs that progressively impact the function of neighboring and
distant cells, modifying the body’s coordinated functions and responses. The intercellular
communication derangements ultimately sum up the hallmarks of aging on its own bridg-
ing the cell-intrinsic hallmarks to meta-cellular hallmarks, including chronic inflammatory
reactions, impaired immunosurveillance against pathogens and premalignant cells, and al-
terations in the bidirectional communication between the human genome and microbiome.
The main focus in this area is exploring the effects of blood-borne systemic factors on
pro-aging or pro-longevity properties. VitD is a fine-tuned immunomodulatory molecule
that impacts immunosenescence and inflammaging, with evidence showing that adequate
VitD levels help counteract the natural decline in immune surveillance [44].

3.11. Chronic Inflammation

Inflammation is a ubiquitous mechanism evolved to protect an organism from infection
and injury. While the inflammatory cascade in response to acute infection or injury clears
invading pathogens and incites wound healing, chronic inflammation is a potentially
pathologic process arising from the perpetuity of the initial trigger or the dysregulation of
signaling pathways that is harmful to health. The term “inflammaging” has been coined
to describe such a low-grade, chronic inflammation process that progresses with age and
impacts several processes. Chronic inflammation occurs because of multiple derangements
stemming from the hallmarks of aging, and then it progressively increases according to
different trajectories depending on the spatial-temporal degree of interaction between
coexistent hallmarks and intrinsic and extrinsic factors [45]. The VitD immunomodulatory
role is widely recognized to have positive effects on health span and lifespan. An adequate
level of VitD counteracts inflammation with multilevel targeting effects, i.e., inhibiting the
expression and signaling of TLR2, 4, and 9, reducing the production of cytokines such as
TNF-a, IL-6, and 11-23, and repressing the activity of T cells recruiting chemokines [46].
The combination of VitD and curcumin supplements has been recently hypothesized to
counteract neurodegeneration [44].
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3.12. Dysbiosis

Dysbiosis refers to an imbalance in the gut microbiome, which can occur because of
several factors related to host genetic variants (ethnicity), dietary factors, and lifestyle habits
(culture), as well as environmental conditions (geography), which makes it challenging
to unveil the relationships between the microbiota and pleiotropic age-associated disease
manifestations. In the context of the human microbiome interaction, dysbiosis negatively
impacts health, acting as a catalyst factor for fueling inflammation. Moreover, interventions
aimed at restoring a youthful microbiome may extend health span and lifespan, with several
inflammatory microbial metabolites, including SCFAs, and exopolysaccharides microbially
derived, downregulating gut inflammation [47]. Caloric restriction diets induce structural
changes in the gut microbiome, increasing the abundance of Lactobacillus and other species
that influence healthy aging. A randomized, double-blind, placebo-controlled pilot study
in overweight/obese insulin-resistant volunteers showed that the oral administration of
pasteurized A. muciniphila improved insulin sensitivity and reduced insulinemia and
plasma total cholesterol levels [48]. Notably, the composition of the intestinal microbiome
could be altered by vitD deficiency, and supplementation has been determined to improve
gut microbiomes with a positive impact on their overall health and immune system function.
Ultimately, fecal microbiota transplantation opens the possibility of manipulating the gut
microbiota with pre-, pro-, and post-biotics to rejuvenate the immune system and connected
organs, prospecting the analysis of microbiome data for personalized patient care [49].

4. Vitamin D and Its Potential Impact on the Biological Hallmarks of Aging

VitD is a highly regulated fat-soluble hormone, and biosynthesis starts after sub-
cutaneous UV irradiation of 7-dehydrocholesterol. UV radiation plays a crucial role in
initiating the conversion of 7-dehydrocholesterol to pre-vitamin D3, which further trans-
forms into cholecalciferol, following the mevalonate pathway and the Kandutsch—-Russell
branch of the sterol pathways. Interestingly, VitD shares common metabolic pathways
with cholesterol; their biosynthesis starts with acetyl coenzyme A (AC-CoA) in the cytosol
and recognizes the influence of similar SNPs [50]. Cholecalciferol then converts into cal-
cidiol (25(OH)D) after liver metabolic activation and finally into the active form calcitriol
(1,25(0OH)2D). The active form of VitD is involved in several complex metabolic pathways,
occurring in several cellular types, and spanning extracellular regions, cytosol, lysosome,
endoplasmic reticulum, and mitochondria. Both circulating calcidiol and calcitriol bind
to the VitD binding proteins (VitD-BP), then calcitriol dissociates in tissues to bind to the
VDR, a nuclear receptor transcription factor, and calcidiol seems able to bind accessory
pockets of the VDR [51]. The calcitriol uptake into cells occurs in both bound and unbound
forms and regulates calcium and phosphorus homeostasis through binding to VDR [52].
Beyond bone metabolism, VitD-BPs have immunomodulatory functions, being a negative
acute phase protein with levels dropping by about a third in patients with acute health
conditions [53]. Notably, VDR seems essential for mitochondrial bio-energetic function
through the regulation of key mitochondrial gene sets. The role of single nucleotide poly-
morphisms (SNPs) in the VDR gene has been largely investigated but yet makes definitive
conclusions difficult due to variable methodologies and different demographics among
study populations [54]. Additionally, no evidence exists proposing a molecular basis for the
differences seen between those who carry VDR SNPs and those who do not; clarification
of the mechanisms underlying the functional consequences of these SNPs would provide
further information into the role of the vitamin D/VDR axis and the extent to which its
genetic component contributes to our physiology [55].

Considering the wide range of functions that VitD exerts on many cellular systems,
it would not be surprising to find an impact on the hallmark of aging. However, the
literature about the potential role of VitD on hallmarks of aging is scarce, limited to a
few clinical studies and mainly preclinical models, probably due to the complexity of
pathways involved in the aging process. Nevertheless, the fact that VitD exerts genomic
actions has been known for a few years now. VitD acts through binding to VDR, after
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which heterodimers with retinoid receptors are created, and interacts with VitD response
elements (VDREs), enhancer elements in DNA. Indeed, classic VDR belongs to the nuclear
receptors and directly affects gene expression. It could induce gene transcription and
also suppress gene expression, depending on the VDR interactions [56]. In addition, 1,25-
dihydroxyVitD may also act through a receptor in the cytoplasmic membrane associated
with a special type of lipid rafts called caveolas. Through the VDR in the cytoplasmic
membrane, 1,25-dihydroxyVitD can activate signaling pathways and elicit a rapid cellular
response [57]. The wide gene targeted by VitD and VDRs justifies the pleiotropic functions
of VDRs. Table 1 summarizes the main human studies investigating the effects of VitD
supplementation on the main hallmarks of aging. A detailed description of the studies is
reported and discussed in the following sections.

4.1. Vitamin D and Genomic Instability

Associations between VitD and markers of DNA integrity and stability have been
mainly presented in studies conducted in human cultured cells and observational studies
conducted in patients with comorbid diseases, such as Type 2 Diabetes Mellitus (T2DM),
obesity, infertility, cancer patients, and the general population [2,58,59]. Oncogenic-induced
senescence has been the drive to demonstrate VitD and VDR genomic functions. Without
going deeply through oncogenic pathways, oncogene-induced senescence is the conse-
quence of the expression of oncogenic RAS, as a tumor suppressor mechanism. In more
detail, the expression of RAS leads to the down-regulation of VDR, which in turn deter-
mines a reduction in BRCA1 and 53BP1, which are the main actors involved in genome
stability. The levels of those factors appear to improve with VitD supplementation [60]. In
a placebo-controlled trial involving 92 patients with a history of colorectal adenoma, there
was no clear evidence of a reduction in 8-hydroxy-2-deoxyguanosine, a marker of DNA
damage in normal colorectal epithelial crypt cells. The daily administration of 800 IU VitD3
alone for six months led to a significant increase in Bax expression, an apoptosis promoter,
without changes in Bcl-2 expression, an apoptosis inhibitor [61]. However, a randomized
control trial conducted in 92 people with VitD insufficiency (<30 ng/mL) showed that VitD
supplementation (2000 IU daily for 3 months) decreased the percentage of DNA damage
and oxidative parameters when compared to the control group, either with or without
diabetes [62].

A potential role of VitD in modulating genomic instability has been assessed in T2DM.
Indeed, poor glucometabolic control might affect genomic stability; at the same time, VitD
plays a role in sustaining DNA damage repair. In their study, Fagundes et al. aimed
to evaluate the effect of VitD in improving glucose and lipid metabolism as well as the
modulation of the genomic instability derived from T2DM. The Damage Index obtained
from a comet essay was reduced during VitD supplementation therapy, together with
an anti-mutagenic action. VitD supplementation led to a significant decrease in nitric
oxide (NO) and total thiols and an increase in the concentration of reduced glutathione
(GSH), leading to a decrease in oxidative processes in cells. Even though this result might
be debated, it is important that the antioxidant function of VitD may be a protective
mechanism against DNA damage [63].

4.2. Vitamin D and Telomere Attrition

Several human studies have aimed to elucidate the relationship between VitD and
telomere biology. A positive correlation between serum 25(OH)D levels and telomere length
was found in peripheral blood leukocytes among women in the twins UK cohort. Even
after adjusting for various factors, the difference in telomere length between the highest
and the lowest 25(OH)D tertiles equated to a 5-year difference in telomeric aging [64]. The
Nurses’ Health Study, conducted on 1424 women, confirmed a positive correlation between
telomere length and serum 25(OH)D concentrations. However, no significant association
was found with 1,25(OH)2D3 levels. Genetic factors related to VitD metabolism did not
significantly affect telomere length [65]. However, the association between 25(OH)D or
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1,25(OH)2D3 levels and peripheral blood leukocyte telomere length was not confirmed
in 2483 men [66] and 5096 young adults from the Northen Finland Birth Cohort 1966 [67].
Nevertheless, the study identified an inverse association between body mass index (BMI)
and telomere length, even after adjusting for various factors, including 25(OH)D levels [67].

A more recent analysis conducted in older adults (>85 years old) examined the associa-
tion between 25(OH)D concentration and telomere length in peripheral blood mononuclear
cells (PBMCs) over time. They found a significant positive association at baseline but in-
consistent relationships at subsequent time points [68]. Focusing on patients with systemic
lupus erythematosus and healthy controls with VitD deficiency, again a significant correla-
tion appeared between telomere length and serum 25(OH)D concentrations [69]. Ultimately,
active VitD treatment was associated with a greater telomere length in PBMCs in a small
sample of hemodialysis patients, supporting its potential protective role [70]. The effect of
an intervention based on the combination of regular-strength exercise and supplements
that included branched-chain amino acids (BCAAs), calcium, and VitD was tested on the
telomere length and the expression of telomeric repeat-containing RNA (TERRA). Such
an intervention significantly increased TERRA but did not alter telomere shortening [71].
TERRA is central to the modulation of telomere length. In cells with longer telomeres,
TERRA competes with the telomerase’s DNA substrate or it enhances the catalytic reverse
transcriptase subunit of the enzyme to inhibit the elongation of telomeric repeats [72]. On
the contrary, in cells with shorter telomeres, TERRA promotes telomere lengthening by
facilitating the recruitment of telomerase. It is possible that the findings reflect a lag in
the increase in telomere size. The cross-sectional design of this study limits any causal
associations between TERRA and telomere length, which need to be explored using a
prospective study design. By using summary-level data from the largest genome-wide
association studies, a Mendelian randomized study investigated the causal relationship
between serum VitD (n = 73,699) and telomere length (n = 37,684). The findings did not
support any causal effect of VitD on telomeric length [73].

Obesity is a condition characterized by low-grade chronic inflammation with increased
oxidative stress status, which in turn negatively impacts telomerase wellness. It has already
been demonstrated that obesity accelerates aging and is associated with shorter telomeres.
Telomerase activity maintains telomere lengths and prevents T cell senescence, preserving
long-term immune function. On this basis, Zhu et al. recently evaluated whether VitD
supplementation might increase telomerase activity in a population of overweight African
American subjects compared to the control group. Telomerase activity was measured using
the Telomeric Repeat Amplification Protocol (TRAP). At baseline, PBMC telomerase activity
did not differ between the two groups, but VitD supplementation significantly increased
telomerase activity, persisting after an adjustment for sex, BMI, and age, supporting the
idea of a beneficial effect of VitD on telomer wellness [74]. However, telomere length was
not measured in this study [74].

4.3. Vitamin D and Epigenetic Alterations

On a different note, the concept of epigenetic alterations leading to accelerated aging
has been developed in recent years and has been associated with several diseases, such as
obesity, Werner syndrome, Huntington’s disease, and Down syndrome. The cumulative
effects of epigenetic alterations are measured as the DNAm (DNA metilation) and seem to
be highly correlated with the individual’s chronological age [75]. The possible role of VitD
in modulating epigenetic regulation has been hypothesized, considering the association
between global DNA hypometilation, leucocyte DNA metilation changes, and increased
global metilation levels after VitD administration [76,77]. In a recent study conducted
to evaluate the effect of VitD on epigenetic aging in a cohort of young, obese African
women, DNAm age was correlated with chronological age in patients with low VitD levels,
while the supplementation decreased DNA metilation and slowed epigenetic aging [75].
Pregnancy has been another condition of interest for the study of epigenetics and DNA
methylation. As part of the Southampton Women’s Survey (SWS) mother—offspring study,
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it has been demonstrated that methylation at the retinoid-X-receptor-alpha (RXRA) locus
in the umbilical cord was associated with the offspring bone mass. The relevance of this
discovery is due to the fact that RXRA is part of VitD intracellular signaling, and greater
VitD levels were associated with a lower RXRA methylation burden [78]. From the cohort
of the Maternal VitD Osteoporosis Study (MAVIDOS), Curtis et al. measured the DNAm at
a specific site in the RXRA locus (10 CpG) and found that in the cohort of mothers receiving
cholecalciferol, the methylation levels in the RXRA-specific site were significantly lower
compared to the placebo group [79].

Anderson et al. implemented an epigenome-wide approach to identify differentially
methylated loci among infants born to mothers supplemented with 400 IU (i.e., control)
versus 3800 IU (i.e., intervention) daily of VitD. Among mothers, supplementation with
3800 IU of VitD per day was associated with mean 25(OH)D levels reflective of a sufficient
maternal VitD status by birth among the intervention group, as well as significant gains
in maternal leukocyte DNA methylation associated with genes involved in cell migra-
tion/motility, development, and growth. The implications of methylation gain for gene
expression and pathway activity could be related to blood vessel development, which is
central to the biological processes associated with the demands for a hypertrophic maternal
circulatory system. The continued development of the circulatory needs of the placenta
and maternal VitD status have been shown to affect placental vascular endothelial growth
factor gene expression. Among infants, those born to mothers in the intervention group
showed methylation gain at loci with biological implications for the developmental pro-
cesses, including bone, lung, metabolic, and nervous systems. Among infants of mothers in
the intervention group, methylation loss was associated with genes known to play a role in
metabolic processes and signal transduction pathways, a finding also noted in examining
the leukocytes of their mothers [80].

4.4. Vitamin D and Lack of Proteostasis

How VitD participates in maintaining proteostasis has been studied in the preclinical
model of C. Elegans, in which DAF-16, HSF-1, and SKN-1 are associated with the premature
accumulation of insoluble proteins and alterations of protein homeostasis. In their study,
Mark et al. found that VitD feeding was able to suppress the toxicity of amyloid-beta and
slow protein insolubility, reducing protein toxicity in favor of longevity [26]. Preclinical
studies have shown a role of VitD in muscle proteostasis, with a fine regulation in place
between muscle protein synthesis (MPS) and catabolism (muscle protein breakdown:
MPB). The ubiquitin-proteasomal pathway (UPP) is one of the proteolytic systems where
VitD plays a recognized role. In fact, the deficiency of VitD in rats leads to increased
MPB and increased expression of ubiquitin conjugating enzyme and ubiquitin conjugates,
with no increase in lysosomal enzymes; as a result, VitD deficiency seems to contribute
to increased non-lysosomal proteolysis [81]. Moreover, the lack of VitD signaling leads
to muscle atrophy of type II fibers [82], sustaining the critical role of VDR in muscle
metabolic flexibility and pancreatic insulin response. Recent studies have suggested that
VDR-deficient mice are predisposed to utilize fatty acids as the primary energy source
and accordingly exhibit an increase in the oxidative type I and type Ila fibers and atrophy
affecting both of these muscle fiber types [83]. On the other hand, VitD has a role in the
phosphorylation of mitogen-activated protein kinase (MAPK) pathway, influencing cellular
signaling involved in myogenesis [81]. Adenosine monophosphate-activated protein kinase
(AMPK) represents another proteostasis regulator that is linked to VitD levels. Indeed,
AMPK is activated during metabolic stress, acting as a nutrient sensor and positively
regulating the cellular response to stressors. It is known that AMPK expression declines
with age, but in vitro studies suggest that its activity seems to increase after treatment with
1,25(0OH)2D3. Moreover, VitD-deficient rats had reduced activation of sirtuin-1, whose
activity was derived from AMPK activation [55]. So far, evidence in this regard comes from
preclinical models, but considering the widely recognized role of VitD supplementation for
muscle health, some analogue mechanisms in humans could be hypothesized.
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4.5. Vitamin D and Mitochondrial Dysfunction

Protein homeostasis and cellular respiration should not be considered separately.
The finding of novel mitochondrial localization of VDR has shed light on the impact of
VitD on mitochondrial function. Indeed, after binding VRD, VitD seems able, in preclin-
ical models, to reduce mitochondrial respiration, consequently preventing the excess of
ROS [84]. In aged mice, the expression of the protein Nrf2 (nuclear factor erythroid 2—-
related factor 2, a regulator of cellular defense from oxidants), which is known to improve
mitochondrial function, is reduced, but increases after treatment with calcitriol, further
confirming the role of VitD in mitochondrial homeostasis [85]. The regulation of mitochon-
drial function has been seen as helpful in reversing age-related hypertension in young
male mice [85]. Again, due to the known role of mitochondria in neurodegeneration and
Alzheimer’s disease in particular, Mohanad et al. found that VitD was able to improve
the oxidative stress and mitochondrial function in a preclinical model of induced AD,
through calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK2)-mediated
phosphorylation of Sirtuin1 (SIRT1) [86].

One of the districts that highly depends on adequate energy production and cellular
respiration is the muscular one. In chronic obstructive pulmonary disease (COPD), besides
the pulmonary impairment, several extra pulmonary districts are involved. In particu-
lar, type I muscle fibers suffer from reduced airflow and oxygenation, and the muscular
structure switches from slow to a fast-glycolytic metabolism. Thus, increased fatigue and
reduced endurance lower extremity strength with consequent impaired mobility, and fi-
nally, sarcopenia or cachexia represent possible consequences [87]. VitD deficiency has
been demonstrated to be linked to mitochondrial dysfunction, ATP depletion, increased
production of ROS, with the known damage that oxidative stress causes to muscular tissue,
and VitD supplementation, which has a positive impact on improving lung function, inspi-
ratory muscle strength, and oxygen uptake. Ca?* homeostasis is a key player in muscle
health; moreover, Ca?* represents, together with ROS, secondary messages in cellular sig-
naling. VitD is the main regulator of Ca metabolism, and its deficiency may impair calcium
uptake in mitochondria, compromising adequate homeostasis. Again, VitD plays a role
in protein synthesis degradation and peroxidation, actively impacting the ATP-ubiquitin-
dependent system and nitrosative stress [87]. Several other examples of evidence support
the VitD beneficial effect on the attenuation of mitochondrial oxidative stress. In rats, VitD
attenuated the oxidative stress neurotoxicity induced by cyanide. In rats’ cardiovascular
systems, VitD was proven efficient in reversing the oxidative cardiac injury induced by
isoproterenol, reducing H,O, levels, and increasing anti-oxidant mechanisms. Moreover,
VitD modulates the expression of monoamine oxidase, known to be a mitochondrial pro-
oxidative enzyme, and restores vascular function [88]. The VitD beneficial function is
exerted through VDRs activation; in mouse hearts, VDR'’s activation was able to reduce
tissue ischemia/reperfusion stress, and its overexpression ameliorated the myocardial
infarct size and increased cardiac function.

Improvement in mitochondrial stress with VitD has also been seen in the central
nervous system; in fact, pre-treatment with calcitriol showed attenuation of oxidative stress
and ROS production in conditions of mild hyperomocysteinemia. The same protective effect
was demonstrated in the heart tissue when exposed to the same condition. Interestingly,
VitD combined with lipoic acid reduced mitochondrial stress in astrocytes and neurons,
both activated by HyO, and streptozotocin [88]. With aging, the accumulation of AGE
leads to several alterations in the cardiovascular system, such as stiffness, atherosclerosis,
plaque formation, and endothelial dysfunction. In cardiomyocyte cells treated with AGE,
mitochondrial dysfunction was associated with contractile impairment. Treatment with
VitD reduced AGE accumulation in rats, therefore suggesting a further potential protective
role [89]. Mitochondrial dysfunction, and consequently, altered placental metabolism
and increased ROS production, is a feature widely recognized in obese pregnant women;
similarly, obese women seem to be more frequently VitD-deficient. Phillips et al. evaluated
whether trophoblast cells treated with VitD could show an improvement in mitochondrial
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respiration: in vitro treatment with calcitriol showed an increased expression of VDR,
both in obese and non-obese women, while no significant difference was found in oxygen
respiration after treatment in non-obese women, and some improvement was seen in obese
ones [90]. Crohn’s disease (CD) represents a chronic invalidating disease, and intestinal
fibrosis is a common complication. Epithelial cells switch to mesenchymal cells through a
process called epithelial-mesenchymal transition (EMT). Aside from the knowledge that
patients with CD have reduced VitD levels and that VDD could lead to intestinal fibrosis,
Yu et al. investigated whether VDR might have a role in modulating intestinal fibrosis
through mitochondrial regulation. In VDR-knockout mice, epithelial mitochondria showed
altered morphology, accumulation of ECM in the interstices, and reduced functional genes,
suggesting a potentially protective role of VDR activation against intestinal fibrosis [91].
Finally, sarcopenia represents a widely recognized clinical syndrome, characterized by
impaired physical performance and related to poor outcomes. The role of VitD in sarcopenia
has been evaluated since hypoVitD is linked to muscle weakness, reduced strength and
mass, fatigue, and reduced mitochondrial activity. However, the results from intervention
studies evaluating the role of VitD are conflicting and inconclusive, recommending further
studies to better understand and define the possible role of VitD supplementation in
sarcopenic patients [92].

4.6. Vitamin D and Cellular Senescence

There are several insults that might activate the cellular senescence process. When the
cell reduces proliferative capacity, it remains in the Egl-g2 PHASE, and then interrupts
divisions and changes morphology. The hallmark of senescence is the senescence-associated
secretory phenotype (SASP). Proinflammatory cytokines released by the secretome may
increase and trigger secondary senescence in the surrounding environment. Again, VitD
supplementation seems to be related to decreased cellular senescence and SASP [93].
Part of the aging process is related to the aging of the immune system due to thymic
involution and function and the increased number of T immature T lymphocytes, with the
immune phenotype changing towards a lower CD4/CDS8 ratio and a decreasing amount of
T CD8+CD28+ cells. The inevitable process of immunosenescence exposes older people to
recurrent infections and cancers; moreover, chronic disease and low-grade inflammation
represent a further step down in immune system efficiency [94].

A recent trial aimed to test the possible effect of a nutraceutical supplement (compre-
hensive of Sambucus nigra, zinc, tyndallized Lactobacillus acidophilus (HA122), arabino-
galactans, VitD, vitamin E, vitamin C, and group B vitamins) on some specific signatures
of immunosenescence in hospitalized older adults. These supplements determined a re-
duction in inflammatory mediators such as IL-6, CRP, and lymphocyte number, and they
were also associated with perceived better wellness [55,95]. Considering the effect of VitD
on the immune system, mainly exerted through the inhibition of monocyte and cytokine
overproduction and direct action on T lymphocytes, Rizka et al. evaluated the poten-
tial effect of alphacalcidol supplementation in an inflammatory profile (I11-6, IL-10, TNF,
CD4/CD8 ratio, CD8+, and CD28-) in 110 older fit or frail subjects. The population was
randomized to alphacalcidol or placebo and administered orally for ninety days. The cohort
receiving alphacalcidiol had a better immune profile across the whole cohort as well as
the cohort divided according to frailty status [96]. These results support the immunomod-
ulatory function of VitD and highlight the importance of maintaining sufficient levels of
VitD, which seem crucial in immunosenescence and chronic conditions characterized by
low-grade chronic inflammation. In addition, calcium and calcium signaling have been
established as critical factors in the implementation and regulation of cellular senescence.
Increased intracellular calcium accumulation occurs in different cell types and in response
to many different senescence-inducing stimuli. In senescent cells, intracellular calcium
concentration increases in the cytosol and mitochondria, coming from the extracellular
space through plasma membrane channels, the release by the endoplasmic reticulum, and
mitochondrial dysfunction. Calcium fluxes between different subcellular compartments,
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calcium channels, calcium-binding proteins, calcium-regulated enzymes, and transcription
factors also play pivotal roles in promoting senescence. However, a thorough assessment
of the functional contribution and regulation of each of the factors involved in calcium
signaling is still needed to fully understand it [97].

4.7. Vitamin D and Stem Cell Exhaustion

The influence of VitD on stem cells (SCs) mainly refers to in vitro studies conducted
on fetal or adult osteoblasts. The administration of VitD per se or loaded onto nanoparticles
and other nanostructures is associated with great potential in bone regeneration and
improved stem cells” differentiation into osteoblasts [98].

VDR signaling also plays a vital role in the modulation of neuronal SCs, which exhibit
a prominent role in developing the entire nervous system during the embryonic stage; even
in adult brains, neuronal SCs are located in restricted regions and support the replacement
of damaged neurons [99]. VDR-mediated cellular signaling cascades are involved in en-
hancing neuronal SCs through Wnt/ 3-catenin and Sonic Hedgehog pathways. Based on
the canonical signaling of Wnt in activating neurogenesis in the brain and maintaining
balance between activated neural stem cells (aNSC)/qNSC avoiding depletion, it is crucial
to maintain persistent VDR activity. Therefore, deficiency in VitD could cause an imbalance
in Wnt signaling and inhibit the gradual neural SC stimulation required to maintain a neu-
rogenic rate [100]. However, more research is needed in this field to identify potential VDR
agonists targeting neuronal SCs. More recently, preclinical studies identified a potential
role of VitD on SCs from patients with acute myeloid leukemia (AML). These patients
usually display insufficient or deficient VitD levels, which are significantly associated with
poorer overall survival, both at diagnosis and before allogeneic stem cell transplantation.
There is seminal evidence from animal studies that VDR agonists may impair leukemic
stem cell activity, while the lack of VDR results in increased numbers of hematopoietic
and leukemia stem cells and quiescent hematopoietic stem cells, suggesting a function of
VitD as regulators of stem cell homeostasis [101,102]. However, therapeutic interventions
with VitD analogues have resulted in inconclusive data in humans due to adverse events
related to systemic hypercalcemia [103]. Possibly more promising results could be derived
from recent pilot studies evaluating the effects of adding VitD to the adipose tissue-derived
stromal/stem cell (ASC) infusion in patients with Type 1 Diabetes [104].

4.8. Vitamin D and Altered Intercellular Communication

Very scarce literature is available regarding the possible role of VitD in intercellular
communication, and it is mainly focused on bone cells. It is already known that fibrob-
lasts and other osteoblast-lineage cells lead to the formation of osteoclasts. However, it
is not clear whether intercellular interactions have an impact on the expression of genes
implied in osteoclastogenesis. In their study, Bloemen et al. evaluated the effect of the
cell—cell interaction on the micro-RNA (mRNA) expression of the molecules involved in
osteoclast formation in cell cultures. Moreover, they evaluated the formation of tartrate-
resistant acid phosphatase (TRACP)-positive cells as well as their ability to resorb bone.
Interestingly, their data showed that osteoclastogenesis-related genes were up-regulated
in co-cultures compared to mono-cultures and were overpowered by both VitD and dex-
amethasone [105]. Intercellular communication is also a contributing factor for receptor
expression on osteoblast-like cells, which is fundamental for hormone and neurotransmitter
binding and signaling. Several years ago, Schirrmacher analyzed the electric coupling in a
gap junction of rat osteoblast-like cells after stimulation with VitD, 173-estradiol (173-E2),
the neurotransmitter vasoactive intestinal peptide (VIP), and the excitatory amino acid
glutamate (Glu). They found that the electric coupling response was cell-pair-specific when
exposed to the above-mentioned hormones. Specifically, VitD increased the coupling in
some cell pairs but not in others [106]. Considering the pleiotropic actions of VitD at cellular
levels, it could possibly have an influence on intercellular communication as well, and
more studies are warranted to better address this topic.
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4.9. Vitamin D and Chronic Inflammation

VitD influences the innate and adaptative immune responses given to the wide distri-
bution of VDR among immune cells and their intrinsic ability to convert VitD metabolic
precursors into the active form, and then allows for an autonomic regulation of the active
VitD concentration in an inflamed site [107]. Although several preclinical and epidemiolog-
ical studies confirmed the inverse relationship between VitD and chronic inflammation,
intervention studies addressing the impact of VitD supplementation on low-grade inflam-
mation are not consistent. Indeed, VitD supplementation reduces the high-sensitivity
C-reactive protein (hs-CRP) in patients with diabetes [108], psychiatric disorders [109],
polycystic ovary syndrome [110], and advanced kidney disease [111], and reduces the
tumor necrosis factor-o« (TNF-) in patients with diabetes [112]. However, a systematic
review of meta-analyses and randomized controlled trials (RCTs) found that VitD3 sup-
plementation at a range of doses had no significant effect on the biomarkers of systemic
inflammation and hypothesized that a low VitD status is a consequence of ill health rather
than its cause [113]. The VITAL study aimed at the primary prevention of cancer and CVDs
and was conducted among 25,871 women > 55 and men > 50 years of age, with a mean
treatment period of 5.3 years. It confirmed that VitD supplementation (2000 IU/daily),
with or without n-3 FAs, decreased hs-CRP by 19% at year 2, although the reduction was
attenuated at 4 years. Other inflammatory biomarkers (IL-6, IL-10, and TNF-«) were not
significantly altered at year 2 or year 4, while n-3 FAs, with or without VitD3, did not
significantly affect these biomarkers at either time point. Therefore, the authors partially
confirmed a potential role of VitD supplementation in modulating the chronic inflammatory
process, systemic inflammation, and possibly autoimmune disease progression [114].

4.10. Vitamin D and Dysbiosis

Dysbiosis and gut microbiota dysfunction may result from the interplay of several
factors, and chronic inflammation represents a possible drive for them. HIV-1 infection is
an example of a chronic disease where VitD seems to counteract dysbiosis. Indeed, patients
with HIV-1 infection are characterized by persistent immune activation led by lipopolysac-
charides (LPS) and microbial products migrating through a defective gut mucosal barrier.
They often present with hypovitaminosis D, and, as a consequence, a concomitant dys-
regulation of the gut microbiota has been described. The immunomodulatory function
of VitD seems to be exerted through the induction of the antimicrobial peptide LL-37,
which is protective via the activation of autophagy, the inhibition of HIV-1 transcription,
and pathogen killing [115]. Moreover, preclinical and clinical studies demonstrated a
potential role of VitD in stabilizing the epithelial tight junction, as well as regulating the
intestinal microbiota composition, reducing pro-inflammatory intestinal probacteria. Based
on these premises, Missalidis et al. evaluated whether VitD or phenylbutyrate (PBA) may
have modulatory action on microbiota composition, metabolite production, and immune
activation. As a result, VitD and PBA supplements increase VitD levels, without having
a significant improvement in the circulating antimicrobial peptide LL-37 and an actual
impact on microbiota [115]. Another chronic inflammatory condition linked to gut mi-
crobiome dysbiosis is osteoarthritis (OA). Considering that microbiota dysfunction may
lead to chronic low-grade systemic inflammation through LPS, and that LPS is increased
in OA patients with low-grade inflammation, Ramasamy et al. conducted a pilot study
evaluating the interplay between microbiome, knee OA (KOA), and VitD levels, with the
ultimate object of establishing whether VitD deficiency is associated with microbiome
dysfunction. In the cohort, specific bacteria were identified in VDD subjects compared to
normal controls, and KOA_VDD patients showed specific bacteria species that were not
identified in KOA without VDD, suggesting a possible influence of VitD on gut microbiome,
depending on the KOA status, and a microbiome influence of the KOA condition in VDD
subjects. However, in the KOA_VDD group, the core bacteria from KOA or VDD were not
identified, suggesting a possible interplay of both conditions in microbiota dysbiosis [116].
Keeping in line with the potential role of VitD supplementation on microbiota composition
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in patients with different chronic conditions, Kanhere M et al. demonstrated a different gut
microbiota composition in patients with VDD and cystic fibrosis compared to patients with
normal VD levels; more specifically, potentially pathogenic species were identified in the
microbiome of VDD subjects. Moreover, favorable changes in bacteria species were seen in
the VDD group after supplementation compared to the placebo group [117]. The effect of
VitD supplementation on gut microbiota in healthy individuals has also been studied. In
their RCT, Singh et al. showed a significant increment of health-promoting gut probiotics
after VitD supplementation [118]. This finding supports the potentially beneficial role
of VitD supplementation in microbiota health. Considering how much VitD is related to
several chronic inflammatory diseases and how negatively low-grade chronic inflammation

impacts general health, adequate VitD storage should be a priority.

Table 1. Clinical studies reporting the effects of Vitamin D supplementation on hallmarks of aging.
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5. Discussion and Future Perspectives

Aging is a complex and multifactorial process, marked by the progressive decline
in organ functions, leading to frailty and increased susceptibility to age-related diseases.
Although years of research have supported the importance of each hallmark in the process
of aging, a significant amount of recent evidence indicates that the hallmarks are not acting
in isolation but rather have complex, interconnected interactions. Hallmarks of aging
are a set of interconnected biological mechanisms that, individually or synergistically,
contribute to molecular and cellular damage, potentially initiating and accelerating the
onset of age-related diseases. The interconnection among hallmarks of aging highlights the
need to consider aging holistically and investigate biological and phenotypical changes
integrally, ultimately disentangling the potential agonistic, antagonistic, and modulator
factors leading to organ disease. Currently, we are not certain what impact hallmark
interactions have on normal or pathological aging or if there are possible hierarchies among
the hallmarks. In addition, whether there is a threshold beyond which such interactions
could overwhelm compensatory mechanisms needs to be investigated [15]. Given the
epidemiological scenarios and the available scientific and technological achievements, it
seems pivotal to move and integrate the routes of research from the biological to the clinical
layers in the continuum of dynamism from integrity to damage, from vitality to frailty, with
the ultimate goal of expanding a valuable lifespan. In this perspective, it appears a priority
to explore the efficacy of available multi-target interventions with potential for modulating
the hallmarks of aging, then verifying the impact on the overall body’s homeostasis and
functioning. Indeed, the hallmarks of aging could represent a milestone to be addressed
and understood in healthy aging studies and interventions, hopefully driving the transition
from preclinical contexts to clinical settings.

In light of promoting active longevity, strong evidence supports the deleterious effects
of hypoVitD on musculoskeletal health, particularly in causing falls, fragility fractures,
and mobility issues. Beyond its musculoskeletal effects, VitD may exert several potential
extra-skeletal actions, modulating several biomolecular mechanisms and pathways that
have been identified as VDR-related in a wide range of cellular types and at multiple
cellular layers. Among the biomolecular mechanisms, the hallmarks of aging are pivotal
to disentangle the modulatory or causal effects of VitD on the onset and progression of
aging and age-related diseases. VitD appears to regulate and influence several hallmarks of
aging through genomic and non-genomic pathways, influencing their expression directly
or indirectly by activating epigenetic changes or just influencing the cellular environmental
milieu. Based on the available clinical studies, we can conclude that ViD may contribute
to genomic stability, but it does not seem to have an impact on telomere length, although
some findings support a protective role of VitD on telomerase activity in obese individuals.
Encouraging evidence supports the epigenetic effects of VitD, which may be able to control
and attenuate DNA damage in adults, infants, and their mothers. Then, some evidence
supports the protective role of VitD in modulating senescence and related-SASP, but proves
concerning the capacity of VitD to lower chronic inflammation in the long term are still
waiting to come, as well as those showing better intercellular communication. Calcium
is also recognized as a potential regulator of senescence in vivo and plays a key role in
several processes in which senescence is involved, such as wound healing, cell migration,
and invasion, as well as insulin sensitivity [119], suggesting that calcium and senescence
may be functionally linked in many contexts [120]. To date, there is no evidence for an
impact of VitD on attenuating SC exhaustion, but it looks promising that VitD modulates
the vitality and efficacy of SC infusion. However, caution is needed in interpreting these
findings, considering the novelty and the debate about this approach. Notably, clinical
studies support the potential of VitD supplementation in hampering dysbiosys, prompting
the recovery of gut microbiota health, and providing multiple health benefits.

Despite the interest in VitD supplementation as a strategy supporting human longevity
and some evidence about its potential in modulating hallmarks of aging, we are still far
from the point of translation from bench to bed. With some exceptions, the majority of
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human studies investigated the impact of VitD supplementation on the single hallmark of
aging by using disease models or peculiar subgroups of the population, focusing mainly
on inflammatory-related changes without exploring the correlations with other hallmarks
or functional or biological markers of aging. Therefore, current knowledge does not
allow yet to define a potential optimal VitD dosage for modulating hallmarks of aging
or the chronological or functional age at which VitD supplementation might be useful in
modulating aging biologically related factors. However, aging is a progressive process
that starts soon after achieving the structural and functional body’s maturation. It mainly
consists of adaptative changes that lead over time to the accumulation of deficits and
insults. Then, we could speculate that early interventions to avoid VitD insufficiency might
be protective in the long run, but longitudinal studies based on homogenous cohorts and
targeted therapy are warranted.

Indeed, there are few intervention studies conducted in humans that confirm potential
pathways already explored in preclinical models. Human studies carried out so far are
mainly transverse, and those few longitudinal studies were too small, limited by a short
follow-up time, or focused on a single biomolecular mechanism, unable to obtain clarify-
ing results or provide a wide perspective on the overall cellular and pathophysiological
changes. Moreover, many literature discrepancies exist and may be justified by the use of
different VitD supplements, different dosages, heterogeneous VitD baseline levels, often
even unknown, different measurement techniques for hallmarks, and, ultimately, different
target populations and aims.

From a clinical standpoint, it is a relevant approach to preventing VitD deficiency at
any age since it is associated with osteomalacia and ensuring a sufficient level of VitD in
the general population. It is strongly recommended that seniors with a fall history or those
living in long-term care institutions maintain or regain optimal VitD levels by means of
supplementation (at least 800-1000 IU daily). However, optimal VitD levels are recom-
mended in adults or older adults at high risk for fragility fractures. Supplementation with
VitD is a first-line intervention in the secondary prevention of falls and fragility fractures,
and, in these cases, it is advisable to measure the patient’s serum VitD concentrations after
two-to-three months of ViD supplementation. Indeed, there is no direct evidence support-
ing a clear advantage in performing a basal assessment of VitD at the levels reached with
supplementation. On the contrary, the failure or inadequate supplementation with vitamin
D in patients on antiresorptive or anabolic treatment for osteoporosis is thought to further
amplify the problem and expose patients to a high risk of re-fracture and mortality [121].

In summary, a growing body of research has explored the relationship between VitD
and some hallmarks of aging, with varying results depending on study subgroups and
design. Despite encouraging routes for potential interventions based on VitD, further
investigations are required to elucidate the effects from an integrated perspective and set
the pillars for the potential clinical implications of these findings.
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Abstract: Vitamin D3 synthesis in human skin is initiated by solar ultraviolet radiation (UVR)
exposure of precursor 7-dehydrocholesterol (7DHC), but influence of age on the early stage of
vitamin D3 metabolism is uncertain. We performed a prospective standardised study in healthy
ambulant adults aged >65 and <40 years examining (1) if baseline skin 7DHC concentration differs
between younger and older adults and (2) the impact of older age on serum vitamin D3 response
to solar simulated UVR. Eleven younger (18-40 years) and 10 older (65-89 years) adults, phototype
I-II, received low-dose UVR (95% UVA, 5% UVB, 1.3 SED) to ~35% of the body surface area.
Biopsies were taken for 7DHC assay from unexposed skin, skin immediately and 24 h post-UVR,
and blood sampled at baseline, 24 h and 7 d post-UVR for vitamin D3 assay. Samples were analysed
by HPLC-MS/MS. Baseline skin 7DHC (mean + SD) was 0.22 £ 0.07 and 0.25 £ 0.08 pug/mg in
younger versus older adults (no significant difference). Baseline serum vitamin D3 concentration was
1.5+ 1.5and 1.5 £+ 1.7 nmol/L in younger versus older adults, respectively, and showed a significant
increase in both groups post-UVR (no significant differences between age groups). Thus, skin 7DHC
concentration was not a limiting factor for vitamin D3 production in older relative to younger adults.
This information assists public health guidance on sun exposure/vitamin D nutrition, with particular
relevance to the growing populations of healthy ambulant adults >65 years.

Keywords: skin; 7-dehydrocholesterol; vitamin D; photobiology; ultraviolet radiation; elderly

1. Introduction

Vitamin D is established to be essential for musculoskeletal health. However, older
adults are prone to a low vitamin D status [1]. As there is a growing population of >65-year-
olds living in developed countries, including in the UK, where almost a quarter (24.4%) of
the population is aged 60 or above [2,3], it is imperative to better understand the functional
aspects of ageing skin. The early stage of vitamin D3 metabolism is one such crucial area
for translational research.

Skin contains the precursor for vitamin D3 (cholecalciferol) synthesis, i.e., 7-dehydroch-
olesterol (7DHC), with its exposure to solar ultraviolet radiation (UVR) initiating vitamin
Dj; biosynthesis. This is usually the major source of vitamin D in humans, with oral intake
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usually making a smaller contribution [4]. Although both vitamin D; and vitamin D3
can be obtained orally, only vitamin D3 is synthesised by the skin. The 7DHC is found
in higher concentrations in the upper layer of the skin, i.e., the epidermis, than the lower
layer, i.e., the dermis, and is present in both keratinocytes and fibroblasts [5,6]. It is
rapidly photoconverted to pre-vitamin D3 with peak production in the ultraviolet B (UVB)
waveband at 295 nm [7]. Subsequently, pre-vitamin Dj is converted more slowly to vitamin
D3 through heat-induced isomerisation. The vitamin D3 diffuses through the dermal
capillary beds and enters the body’s general circulation [8]; hence, it is the metabolite
that links the skin and blood pathways of vitamin D3 supply and metabolism. It then
undergoes hepatic hydroxylation to 25-hydroxyvitamin D3 (25(OH)D3), and following this,
renal hydroxylation to the active hormone, i.e., 1,25-dihydroxyvitamin Ds (1,25(OH),D3).
Ex vivo studies indicate that less than 15% of 7DHC is converted to pre-vitamin D3 by a
single low UVR exposure [9]. However, higher levels of UVR exposure, and exposure to the
ultraviolet A (UVA) component of solar UVR, can, on the other hand, lead to the production
of inactive photoisomers, and if prolonged, might degrade newly formed vitamin Dj [9].

A study published in the 1980s involving skin specimens from surgical patients aged
8-92 years reported a negative correlation (r = —0.89) between patient age and epidermal
7DHC concentration, and concluded that a lower vitamin D status in older people could
be explained by a lower skin 7DHC concentration [10]. However, the study had some
limitations, including the use of skin samples taken opportunistically from different body
sites following a variety of surgical procedures; these ranged from leg amputation to
reduction surgery and correction of protuberant ears in children [10]. In contrast, a further
study using skin from surgical samples and dermatology outpatients (from unspecified
body sites) reported no correlation between patient age and skin 7DHC concentration [11].
These earlier studies used liquid chromatography (LC)-UV detection methodology, and no
further research addressing skin 7DHC concentration and ageing has to our knowledge
been published.

Here, we have performed a standardised comparative study in prospectively recruited
groups of younger and older healthy ambulant adults, with the objective firstly to compare
the baseline skin content of 7DHC between these age groups, and secondly to examine
their 7DHC-vitamin D3 response to UVR exposure. Multiple sampling was performed of
matched skin sites (for 7DHC) and blood (primarily for vitamin D3) pre and post low, sub-
erythemal (sub-sunburn) dose of solar simulated UVR (SSR; emission comprising 5% UVB
and 95% UVA) in vivo. This replicates the dose and UVB: UVA balance that can be obtained
from ambient solar UVR exposure in everyday life. A modern HPLC-MS/MS assay was
employed for analyte measurements, including our recently developed methodology for
measurement of 7DHC [12,13].

2. Materials & Methods
2.1. Volunteers

This study was performed in volunteers residing in Greater Manchester, UK, in the
Photobiology Unit, Dermatology Research Centre, University of Manchester, based at
Salford Royal Hospital, Greater Manchester, UK, in 2019. Inclusion criteria were healthy
volunteers, ambulant males or females, of phototype I-III (white Caucasian), and aged
18-40 or 65-89 years. Exclusion criteria were history of skin cancer or photosensitivity, use
of a sunbed or sunbathing within the past 3 months, and taking photoactive or bone active
therapies, vitamin D > 200 IU (5 pg)/day, or anticoagulants (including aspirin, clopidogrel,
warfarin, and propranolol).

Volunteers were recruited through advertisement and the Photobiology Unit database.
Four potential volunteers were excluded: three younger adults did not fit the phototype
criteria, and one older adult was undergoing immune-suppressant therapy. The North West
Greater Manchester Research Ethics Committee gave approval (reference 18/NW /0493)
on 25 July 2018, and volunteers completed the study during January—March 2019. The
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study adhered to Declaration of Helsinki principles, and volunteers gave written, informed
consent. The trial is registered on the ISRCTN website, reference ISRCTN72674753.

2.2. Protocol

The study protocol is shown in a flowchart (Figure 1), with further details of the
methodology in the following text.

Visit 1. Consent and baseline assessments

- Informed consent taken
- Assessment of skin type

- Height and weight measurements

Visit 2. UV Exposure

Y
- Pre-UV blood sample collected for 25(OH)D assay

- Single sub-sunburm UVR dose

- 4 skin hiopsies taken immediately post-UVR exposure
{2 samples from unexposed and 2 from exposed sites)
for 7DHC assay

- Distribution of diary and questionnaire to volunteers

Visit 3. 24h after visit 2

A 4
- Post-UVR blood sample collected for 25(0H)D assay

- 2 skin biopsies taken from sites UVR exposed 24h

earlier for 7DHC assay

Visit 4. 1 week after visit 2

- Post-UVR blood sample collected for 25(0OH)D assay
- Removal of biopsy stiches

- Return of diary and questionnaire

Figure 1. Research protocol flowchart.

2.3. Phototype Assessment

Volunteers were assessed for sun-reactive skin type (phototype) by researchers based
at the Photobiology Unit, Salford Royal Hospital, using a standardised series of questions
relating to their history of skin sunburn and tanning responses to sunlight exposure,
alongside their physical characteristics, including eye, hair, and skin colour (modified
Fitzpatrick system [14]).

2.4. Simulated Summer Sunlight Exposures

Volunteers were given a single sub-sunburn SSR dose: 1.3 standard erythemal dose
(SED), equivalent to ~15 min UK midday summer exposure. This dose took approximately
6 min 20 s to administer.

66



Nutrients 2024, 16, 1147

A whole-body irradiation cabinet (Philips HB588 Sunstudio, Eindhoven, The Nether-
lands) was re-fitted with Arimed B fluorescent lamps (Cosmedico GmbH, Stuttgart, Ger-
many), providing UVR emission close to UK ambient midday summer sunlight (290400 nm;
95% UVA: 320-400 nm, 5% UVB: 290-320 nm). The cabinet emission was characterised
with the use of a DTM300 spectroradiometer (Bentham, Reading, UK).

During the UVR exposure, the volunteers lay prone and wore standardised knee-
length shorts and a short-sleeved T-shirt, i.e., exposing their hands, forearms, face, and
lower legs, equating to ~35% of the body surface area (BSA). A 10 cm x 10 cm area was cut
out from one side of their shorts to expose an upper buttock site (UVR biopsy site), and
the other buttock was further covered with opaque UVR material (unexposed site). The
volunteers wore protective eye goggles.

The study was performed as planned between the months of January and March, in
accordance with ambient UVB being insufficient to produce appreciable vitamin D at the
study latitude (Manchester, UK; 53.5° N) during that time period. The UV index (UVI,
measure of erythemal effective UV radiation) has been monitored in Manchester since 1997,
and daily plots of the UVI can be viewed at https:/ /uk-air.defra.gov.uk/data/uv-index-
graphs (accessed on 1 February 2020), where a bell-shaped curve indicates a clear day, and
interruptions from such are indicative of clouds. When the UVI s less than 2, it is generally
accepted as “safe,” i.e., minimal risk of sunburn and sun protection not required. Vitamin
D synthesis is also deemed negligible in any practical scenario of daily life. The UVI only
approaches 2 in the middle of the day at the very end of March, and earlier in the year it is
far lower.

2.5. Skin Biopsies and 7DHC Concentration Analysis

Six 5 mm buttock skin punch biopsies were taken from each volunteer, i.e., two from
unexposed skin, two immediately post-UVR (within 30 min of the irradiation), and two
at 24 h post-UVR. Extraction, chromatographic separation, and measurement of 7DHC
in ug was performed using HPLC-MS/MS, as previously reported [12]. In brief, 7DHC
was extracted using ethyl acetate:methanol (1:1, v/v) and derivatized with 4-phenyl-1,2,4-
triazoline-3,5-dione (PTAD) to enhance the ionization efficiency for electrospray ionization
mass spectrometry (ESI-MS). Additionally, solid-supported liquid extraction (SLE) was
employed to eliminate larger lipids from the 7DHC and reduce potential matrix effects.
The LC-MS/MS assay met the validation criteria set by the International Council for
Harmonisation. The calibration curve demonstrated linearity, with an average r2 value of
0.997. The coefficients of variation were 11.1% and 4.32% for inter-assay and intra-assay
precision, respectively. The lower limit of quantification was 1.6 ug/g, and the upper limit
was 100 png/g. The average recovery of 7DHC through SLE was 91.4%.

Total cellular protein content of the biopsies was used to normalise the 7DHC assay
results. This was performed with a colorimetric Lowry-based protein assay using the DC
Protein Assay Kit II (Bio-Rad, Hercules, CA, USA). Samples and the calibration curve were
prepared following the manufacturer’s protocol [15], and the absorbance was measured
using a Multiskan FC plate reader (Thermo Fisher Scientific, Waltham, MA, USA) with an
internal shaker at 650 nm. The data obtained from the protein assay were expressed as mg
of protein per biopsy, and the 7DHC concentration was expressed as g of 7DHC per mg
of protein.

2.6. Blood Sampling, Analysis of Serum Vitamin D Metabolites, and Routine Biochemistry

Blood samples were collected on 3 occasions, i.e., immediately prior to UVR, and 24 h
and 7 days post-UVR, and serum was stored at —80 °C prior to analysis. Analysis of serum
vitamin D3 and vitamin D;, 25(OH)D,, and 25(0OH)D3; was performed by LC-MS/MS.
Serum 25(OH)D; and 25(OH)D3; were measured using a Micromass Quattro Ultima Pt
electrospray ionisation mass spectrometer (Waters Corp., Milford, MA, USA), as described
previously [13]. The measurement ranges of the assays were 0.1-200 nmol/L for 25(OH)D,
and 25(OH)D;, calibrated using standard reference material SRM972a from the National
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Institute of Science and Technology (NIST). The mean coefficient of variation (CV) for
intra-assay imprecision across the measuring range of the assays was 4.9% for 25(OH)D3
and 8.3% for 25(OH)Dj3, and the cumulative inter-assay CV was <7.4% for 25(OH)D,
and <9.6% for 25(OH)D3. Our 25(0OH)D assays showed <6% accuracy bias against the
Centers for Disease Control and Prevention’s reference method on the Vitamin D External
Quality Assessment Scheme (DEQAS). We met the certification performance standards
set by DEQAS throughout the time the analyses were performed. Vitamin D3 and vita-
min D, were analysed using the 4-phenyl-1,2,4-triazoline-3,5h-dione (PTAD) derivatised
precursor to product mass ion transitions for vitamin D3 (591.4 > 298.1) and vitamin D,
(603.5 > 298.1). Serum vitamin D3 and D, assays were calibrated using certified pure stan-
dards (IsoSciences, King of Prussia, PA, USA) spiked into vitamin D depleted serum (BBSI
solutions, Recklinghausen, Germany) and an isotopic-labelled vitamin D3-[23,24,25,26,27-
13C5] as an internal standard (IsoSciences). The intra- and inter-assay precision coefficients
of variation (CV) were 2.2-9.4% across the calibration range of 0-250 nmol/L, with an
assay recovery of between 99.7 and 106.3%. The lower limit of quantification (LLoQ) was
1 nmol/L for both vitamin D3 and vitamin D,; the lower limit of detection (LLoD) was
0.5 nmol/L. All analyses were undertaken by the Good Clinical Laboratory Practice and
DEQAS-certified Bioanalytical Facility at the University of East Anglia. Deficient vitamin D
status was defined as 25(OH)D < 25 nmoL/L and sufficient status as 50 to 120 nmol/L [16].

Routine biochemistry, including renal function and parathyroid hormone (PTH), was
analysed at Salford Royal Hospital, Greater Manchester, UK. Analysis of PTH was with
a 2-site sandwich immunoassay using direct chemiluminometric technology (Siemens
Centaur XP Intact PTH assay), and routine biochemistry was analysed via the Siemens
ADVIA assay.

2.7. Sample Size and Statistical Analyses

Sample size was constrained by the number of adults willing to undergo studies
involving multiple skin biopsies. The sample size was estimated using confidence interval
methodology. Based on data on 7DHC concentration in earlier studies [10,11], a sample
size of n = 10 in each age group was estimated to have sufficient power to detect an
approximate 2-fold difference in baseline skin 7DHC content between older and younger
adults (80% power, alpha = 0.05). With respect to serum vitamin D3, using published
data [17,18], we estimated n = 10 participants in each age group would give 80% power to
detect a mean difference between younger and older groups of approximately 17 nmol/L
and 12 nmol/L at 24 h and 7 days post-UVR, respectively, at a 5% significance level.

The 7DHC data were transformed using the y = 1/y equation, after which the data
were normally distributed and parametric tests were performed. Vitamin D3 results were
assessed for normality using the Shapiro-Wilk test and QQ plots (data were normally
distributed); similarly, 25(OH)D3 data were assessed for normality using the Shapiro-Wilk
test and QQ plots. Data were analysed using mixed-effects analysis and the multiple
comparisons (Sidak correction) test using GraphPad Prism statistical software (version
8.4.3, 10 June 2020).

3. Results
3.1. Volunteers

Twenty-five volunteers were recruited, with 14 and 11 in younger and older groups,
respectively. Post-recruitment, three younger participants were excluded (one withdrew
participation, one took a sunny holiday, and one had an abnormally high PTH concentration
(13.1 pmol/L); see Figure 2, CONSORT patient flow diagram).

One older volunteer was excluded due to total 25(OH)D being > 2 SD above the
mean of the cohort (suggesting the volunteer was taking a higher dose of vitamin D
supplements than allowed per study protocol). In total, 11 younger adults and 10 older
adults were included in the analysis (Table 1). The 7DHC data were excluded for two
younger volunteers in their 24 h post-UVR biopsies due to an error that occurred in the
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protein assay. One older participant was not able to attend the photobiology unit at 24 h
post-UVR, such that no biopsies were collected at this timepoint. Routine biochemistry and
PTH results were found to be in the normal range for all the included volunteers.

Assessed for eligibility (n=29)

Excluded (n=4)
- Did not meet inclusion criteria (n=3)
- Met exclusion criteria (n=1)

v

Recruited (n=25)

A \ 4

Younger group (n=14) Older group (n=11)

\4
Excluded (n=2)
- Assay error

Withdrew (n=1)

A
Excluded (n=1)
- Non-compliance with
study protocol

A 4 A 4

Final analysis (n=11) Final analysis (n=10)

Figure 2. CONSORT patient flow diagram.

Table 1. Volunteer demographics *.

Younger (18-40 Years Old)

Older (65-89 Years Old)

Participants (n) 11 10
Sex (n): male, female 7,4 6,4
Age (years) 295+ 6.3 70.2 £ 3.8
BMI [kg/m?] 27.1+£438 26.8 +5.6
Skin type L, II, III (n) 3,2,6 1,2,7

* Mean + SD values unless otherwise stated. Healthy BMI range is 18.5-25 kg/m?.

3.2. Skin 7DHC

Baseline 7DHC was very similar, and not lower, in the older group versus the younger
group (Table 2, Figure 3). No difference was found in 7DHC concentration between younger
and older groups at the unexposed/exposed sites in a mixed-effects analysis (p = 0.17; F
(2,35) = 1.87). The Sidak test-corrected multiple comparisons showed no difference between
groups in unexposed (p = 0.66), immediately post-UVR (p = 0.58), and 24 h post-UVR
(p = 0.99) skin.
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Table 2. Mean (+SD) 7DHC, serum vitamin D3, and 25(OH)Dj3 concentrations in combined, younger,
and older groups of volunteers.

Groups Combined Younger Older
7DHC (ng/mg)
Unexposed 0.24 £ 0.08 0.22 £ 0.07 0.25 £ 0.08
Immediately post-UVR 0.25 £ 0.09 0.27 £0.10 0.22 £+ 0.08
24 h post-UVR 0.27 £0.11 0.27 £ 0.08 0.28 £0.13
Serum Vitamin D3 (nmol/L)

Baseline 15+15 15+15 15+17

24 h post-UVR 28+20! 31+20! 25+20!1

7 d post-UVR 1.8+17 20+21 17+12

25(0OH)D3 (nmol /L)

Baseline 442 £229 374 +18.9 51.7 £ 255
24 h post-UVR 47.7 42232 40.5 £ 18.6 541 +£243
7 d post-UVR 46.8 £21.0 41.3+£19.0 527 £224

! Significant/near-significant value when compared to baseline in this group; p = 0.0002, p = 0.006, p = 0.06.
2 Significant value when compared to baseline in this group; p = 0.0445.

0.8
2
5 0.6
=2
c
£
® °
‘% 0.4 ® @
E .: o® 'Y 4
@) oe® [
~ ® H .
®
0.0 T T T
Unexposed Immed post-UVR 24h post-UVR
® Young Older

Figure 3. Concentration of skin 7DHC in younger (n = 11/11/9) and older (n = 10/10/9) adults at
baseline immediately post-UVR and 24 h post-UVR, respectively. Statistical analyses were performed
on transformed data (y = 1/y). Horizontal lines indicate means.

3.3. Serum Vitamin D3

As the limit of detection of the vitamin D3 assay was <1 nmol/L, all values below
this level were treated as 0.5 nmol/L for data analysis purposes (Table 2, Figure 4). A
mixed-effect analysis showed that time was a significant factor influencing vitamin D3
concentrations in both age groups (p = 0.002; F (1.645, 27.97) = 8.462), indicating that the
single sub-erythemal UVR dose influenced vitamin D3 concentration. Age and interaction
of time and age were not statistically significant as determinants of vitamin D3 level. At
baseline, there was no difference in serum vitamin D3 between the age groups (the mean
in both groups was 1.5 nmol/L). The increase from baseline to 24 h post-UVR was 107%
and 67% in younger and older groups, respectively (p = 0.006 and p = 0.06, respectively,
multiple comparisons analysis). In both groups, serum vitamin D3 decreased by 7 days,
and no differences were found between baseline level and that at 7 days post-UVR.
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Figure 4. Serum vitamin D3 concentration in (a) younger (n = 11/8/11) and (b) older (n = 10/9/10)
adults at baseline, 24 h post-UVR, and 7 days post-UVR. Horizontal lines indicate means.

3.4. Serum 25(0OH)Dj3

Serum 25(0OH)D3 and 25(OH)D, were assayed alongside vitamin D3 as the standard
measure of vitamin D status. We report on 25(OH)D3, the only form of 25(OH)D obtained
from skin production (Table 2). Mean 25(0OH)Dj3 concentrations were not lower in the older
group than the younger group, contrary to traditional expectations [1,19], potentially reflect-
ing their health and ambulance. Mixed-effects analysis showed no difference in 25(OH)D3
in the groups combined at different timepoints (F (0.1800, 3.240) = 1.416; p = 0.16), while
multiple comparison testing showed an increase in 25(OH)D3 between the baseline and
the 24 h post-UVR level (p = 0.045). No difference was found in age, time, or interaction of
time and age for 25(OH)D3 in the younger versus the older groups.

4. Discussion

This study was performed to explore whether the cutaneous portion of the vitamin
Dj biosynthetic pathway differs between younger and older adults. Under standardised
conditions, and following our development of an updated skin 7DHC assay [12], we
showed that skin 7DHC concentration is not lower in older adults (mean 0.25 pg/mL) than
younger adults (0.22 pg/mL), contrasting with a previous study of influence of age on
7DHC [10]. We additionally examined the impact of low-dose SSR in vivo on skin 7DHC
and serum vitamin Dj3, i.e., the metabolite bridging the skin and the circulation in the
vitamin D biosynthetic pathway. No detectable change occurred in 7DHC concentration of
biopsies taken at two timepoints following UVR exposure, potentially reflecting the small
percentage of 7DHC converted to pre-vitamin D, while serum vitamin D3 increased at
24 h following UVR exposure in both groups. Consistent with this, there was a significant
increase in vitamin D status (25(OH)D3) from baseline to 24 h following UVR in the
combined groups. Our findings indicate that baseline skin 7DHC concentration is not a
limiting factor for vitamin D3 synthesis in healthy older adults relative to younger adults,
and that response to low-dose UVR is similar in older and younger adults.

The data collected in the current study indicated that skin 7DHC concentration was
very similar in healthy volunteers in younger and older groups at baseline, and indeed
under all conditions examined (unexposed skin, skin immediately post-UVR, and at 24 h
post-UVR). This is in contrast with data reported by MacLaughlin and Holick in 1985,
where an approximately two-fold lower baseline epidermal 7DHC content was found
in surgical patients 70 years of age versus 30 years of age [10]. Their findings could be
attributable to the widely differing skin sites sampled between patients and age groups, and
also potentially to the suboptimal health status of some tissue [10,16]. Additionally, the skin
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7DHC content was normalised using the surface area and wet weight of samples, which can
be unreliable due to potential water loss by evaporation; normalisation by dry weight [20]
or protein content [21,22], as we have used, is a more consistent method. In a technical
study evaluating a skin 7DHC quantification method [11], a seven-fold variation was found
in the 7DHC concentration (n = 25, 12.1-80.6 ug/g dry weight), while no correlation was
seen with age. Additionally, both of the earlier studies used an LC-UV system to quantify
the 7DHC, which can be challenging when compounds of similar molecular weights are
found in the extracted mixture.

The amount of 7DHC that is converted to pre-vitamin D3 after one UVR exposure
appears to be relatively small based on in vitro and ex vivo studies [23]. Thus, it was
found that within 5 min of summer sunlight exposure (Boston, MA, USA, 42° N), 3%
of 7DHC in methanol in vitro was converted to pre-vitamin Ds, and after 1 h, ~9% was
converted. Inert isomers were formed from pre-vitamin D3, which accumulated with
time. Similarly, in ex vivo skin experiments, after 3 h of sunlight exposure, only 7% of
7DHC was converted to pre-vitamin D3 [23]. In skin specimens irradiated ex vivo with
narrowband UVB (295 + 5 nm; 0.15 J/cm?), the conversion rate of 7DHC to pre-vitamin
Dj; ranged from 8 to 17%, with the highest rates in the youngest patients, and at a rate of 24
to 33% if evaluating the epidermis separately; these higher conversion rates may reflect the
artificially narrow UV waveband used [10]. MacLaughlin and Holick [10] also irradiated
skin specimens from five patients ex vivo with 0.15 J/cm? UVB (295 4+ 5 nm) and found
that the production of pre-vitamin D from 7DHC in very young people (aged 8 years and
18 years) was two-fold higher than in the three older patients (aged 77 years, 77 years, and
82 years), with mean conversions of 31.9% and 25.8%, respectively. In contrast, our protocol
involved UVR exposure of emission spectrum (UVB and UVA) and a dose mimicking
~15 min of midday summer sunlight exposure, and our in vivo approach allowed for
the potential influence of blood flow, body temperature, and neighbouring tissues; this
improved representation of biology may have contributed to any reduction in 7DHC being
too small for detection, and/or the 7DHC may have been rapidly restored. Additionally,
the number of post-UVR timepoints that could be subjected to skin biopsy was limited by
ethical acceptability.

Changes in circulating vitamin D3 following UVR exposure also reflect the early stage
of vitamin D metabolism. There was no difference in the mean baseline value of circulating
vitamin D3 between age groups (both were 1.5 nmol/L), and vitamin D3 was observed
to increase in both age groups at 24 h after UVR, indicating the conversion of 7DHC to
pre-vitamin Dj. Although vitamin D3 increased by 107% and 67% in the younger and
older groups, respectively, there was no statistically significant difference between groups.
At present, there are no comparable published studies examining the influence of age
on circulating vitamin D3 response to UVR exposure. However, studies using a variety
of protocols have examined the impact of UVR on the level of serum vitamin D3, and
our baseline measurements are similar to those of other recent studies reporting average
levels of ~1.3 and 2.5 nmoL/L [18]. Other studies generally show larger average increases
in serum vitamin D3 post-UVR [17], which can be accounted for by protocol differences,
including higher UVR dose, higher UVB content (converts 7DHC to pre-vitamin D3) relative
to UVA (in contrast, leads to production of inactive isomers), repeated exposures, and
more BSA exposed. Thus, reported average increases in serum vitamin D3 post-UVR
have ranged from 6.5 nmoL /L in 15 adults aged 23 4 2.3 years given a single UVR dose
of 2.2 £+ 0.8 SED to ~50% BSA [18], to 37.7 nmol/L in 10 volunteers aged 48 £ 12 years
given 0.66-1.4 SED on 3 consecutive days to ~50% BSA [17]. However, similarly to Libon
et al. [18], who measured serum vitamin D3 concentration 5 days post-UVR, the serum
vitamin D3 concentration in our study decreased towards baseline at 7 days post-UVR.

The strengths of our study include its prospective design, use of healthy volunteers,
standardised procedures and skin sites, mimicking of casual natural sunlight exposure, use
of modern assays, and originality of the approach. We recruited volunteers of matched
skin type, and skin samples were collected from a body site protected from the sun.
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Furthermore, the study was conducted during winter months in the UK, when ambient
UVB is insufficient to produce appreciable vitamin D3 in skin. The UV irradiation protocol
was designed to mimic natural sunlight exposure in humans, using UVR comprising 95%
and 5% UVB (similar to ambient UVR in summer), approximately 35% BSA exposure (as
when wearing summer clothes, such as T-shirt and shorts), and a low sub-erythemal UVR
dose that is believed to be the most efficient in vitamin D3 synthesis [9]. We previously
showed that such low doses of SSR can increase vitamin D status whilst minimising but
not eliminating the risk of skin damage in lighter skin types [24,25].

A limitation of the study is the relatively low number of volunteers, as intensive
in vivo multiple biopsy studies are challenging to recruit and perform in higher numbers,
and this potentially resulted in missed detection of significant differences. Repeated UVR
doses might also be needed to detect a difference in 7DHC concentration following UVR
exposure. Similarly, repeated low doses of UVR, as well as a study with a larger volunteer
sample size, are indicated to further explore serum vitamin D3 differences between age
groups post-UVR exposure.

Taken together with inconsistent evidence of the benefits of vitamin D supplements
for musculoskeletal health in vitamin D-replete healthy older adults [26], our study may
influence assumptions regarding oral vitamin D requirements [27] in the >65-year-old age
group. Our findings do not negate the need to be mindful of vitamin D requirements in
older adults in residential care or with lower levels of independent mobility, as they can
have significantly reduced sunlight exposure and hence lower vitamin D status [28].

5. Conclusions

For approximately 40 years, it has been suggested that vitamin D nutrition is compro-
mised in older adults at least partially through lower levels of the skin precursor 7DHC.
However, data from our prospective, standardised study indicate that baseline 7DHC
concentration is not lower in healthy older adults compared to younger adults. Similar
synthesis of vitamin D3 was seen in the different age groups upon exposure to a low,
sub-sunburn dose of UVR, as can be gained upon casual exposure in daily life. This study
provides information assisting health guidance on sun exposure and vitamin D nutrition,
which is particularly relevant for the growing populations in many countries of healthy
ambulant adults aged >65 years.
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Abstract: Vitamin D deficiency is very common worldwide, particularly in old age, when people are
at the highest risk of the negative adverse consequences of hypovitaminosis D. Additionally to the
recognized functions in the regulation of calcium absorption, bone remodeling, and bone growth,
vitamin D plays a key role as a hormone, which is supported by various enzymatic, physiological,
metabolic, and pathophysiological processes related to various human organs and systems. Accruing
evidence supports that vitamin D plays a key role in pancreatic islet dysfunction and insulin resistance
in type 2 diabetes. From an epidemiological viewpoint, numerous studies suggest that the growing
incidence of type 2 diabetes in humans may be linked to the global trend of prevalent vitamin D
insufficiency. In the past, this association has raised discussions due to the equivocal results, which
lately have been more convincing of the true role of vitamin D supplementation in the prevention of
incident type 2 diabetes. Most meta-analyses evaluating this role have been conducted in adults or
young older persons (50-60 years old), with only one focusing on older populations, even if this is the
population at greater risk of both hypovitaminosis D and type 2 diabetes. Therefore, we conducted
an update of the previous systematic review and meta-analysis examining whether hypovitaminosis
D (low serum 250HD levels) can predict incident diabetes in prospective longitudinal studies among
older adults. We found that low 250HD was associated with incident diabetes in older adults even
after adjusting for several relevant potential confounders, confirming and updating the results of the
only previous meta-analysis conducted in 2017.

Keywords: vitamin D; diabetes; hypovitaminosis D; aging; elderly; older adults; meta-analysis

1. Introduction

According to the International Diabetes Federation (IDF) Diabetes Atlas, the global
diabetes prevalence in people 20-79 years old in 2021 was estimated to be 10.5% (536.6 mil-
lion people), with a prospective 12.2% increase (783.2 million) by 2045. The number of
people diagnosed with type 2 diabetes has increased fivefold in the past 25 years. As in pre-
vious estimates, diabetes prevalence was highest in older adults, particularly in those aged
75-79 years. Due to its association with relevant complications, global diabetes-related
health expenditures were estimated at 966 billion USD in 2021 and are projected to reach
1054 billion USD by 2045 [1]. These current numbers and projections make diabetes one of
the most devastating diseases of the 21st century [2].

Long-lasting diabetes can lead to a wide range of complications such as chronic
pain [3], lower limb amputations [4], increased healthcare costs [5-7], falls [8], and cogni-
tive decline and dementia [9,10], among others. Even if pharmacological treatments for
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diabetes have recently advanced significantly, there are still no effective interventions in
the prevention of this alarming disease, and governments have proven to be slow to adopt
the action necessary for diabetes prevention [11].

A deficit of vitamin D is a potential reversible target for diabetes prevention in older
adults. In fact, another condition for which interest has grown in recent years is hypovi-
taminosis D, which has been increasingly reported to be associated with several negative
health outcomes, including an increasing risk of incident diabetes [12,13]. Furthermore,
vitamin D deficit is extremely frequent, particularly in old age [14] as well as in patients
with type 2 diabetes [15].

Several mechanisms may help explain the link between vitamin D and type 2 diabetes,
including vitamin D-mediated stimulation of pancreatic insulin secretion, the association
of hypovitaminosis D with metabolic syndrome and with inflammation, as well as genetic
polymorphisms of vitamin D that may lead to impaired blood glucose control [16,17].

Previous observational studies showed an inverse association between 25 hydroxyvi-
tamin D (250HD) and the risk of incident type 2 diabetes confirmed in a meta-analysis by
Song et al., including twenty-one prospective observational studies [18]. However, inter-
vention studies have been either negative or showed only limited benefit [19,20]. A former
meta-analysis of eight trials did not show any effect of supplementing vitamin D on incident
diabetes or glycemic control [21]. More recently, a meta-analysis by Barbarawi et al., includ-
ing nine randomized controlled trials (RCTs) (43,559 participants), reported that in patients
with prediabetes, vitamin D supplementation at moderate to high doses (>1000 IU/day)
significantly reduced the risk of incident type 2 diabetes, compared with the placebo [22].
However, the significant association persisted only for those with a body mass index (BMI)
lower than 30 kg/m? and was not significant for those with a BMI higher than 30 kg/m?.
Similarly, a meta-analysis by Zhang et al., including eight RCTs of patients with prediabetes
(4896 participants), comparing vitamin D vs. the placebo (regardless of dose, type, route of
administration, and duration) showed that overall vitamin D supplementation significantly
reduced the risk of type 2 diabetes, but group analysis showed that the benefit was found
in nonobese subjects but not in obese subjects [23]. Pittas et al. have recently reported
the results of a meta-analysis including only RCTs specifically designed and conducted
to test the effects of oral vitamin D vs. the placebo on new-onset diabetes in adults with
prediabetes [24]. Among three RCTs with a low risk of bias, vitamin D reduced the risk
for incident diabetes by 15% in adjusted analyses. In participants in the intervention arm
who maintained a mean serum 250HD level >50 ng/mL vs. 20-29 ng/mL throughout
follow-up, vitamin D supplementation reduced the risk for diabetes by 76%, with a 3-year
absolute risk reduction of 18.1%. Even if the results are remarkable, the authors admit that
they may not be directly applicable to the general population because the studies included
people with prediabetes, which was an inclusion criterion of the meta-analysis [24].

All the above-mentioned meta-analyses [18,22-24], which support hypovitaminosis
D as a possible key determinant of incident type 2 diabetes, have been done in popula-
tions of adults or young older adults (aged 50-60 years). Most studies excluded older
people, even if this is the population at greater risk for both hypovitaminosis D [14,25]
and type 2 diabetes [1,26]. A previous meta-analysis, including nine prospective studies
(28,258 participants), investigated whether hypovitaminosis D was associated with incident
diabetes among older participants (mean age: 67.7 years; median follow-up: 7.7 years).
The authors found that lower levels of 250HD were associated with a significantly higher
risk of incident diabetes compared with higher levels of 250HD. The results remained
significant even after adjustments for a median of eleven potential confounders among the
available studies [27].

Given this background, we conducted an update of the previous systematic review
and meta-analysis examining whether hypovitaminosis D (a low serum 250HD level)
can predict incident diabetes in prospective longitudinal studies conducted among older
adults.
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2. Materials and Methods

The present systematic review was performed following strengthening the reporting
of observational studies in epidemiology [STROBE] criteria [28] and the recommendations
in the preferred reporting items for systematic reviews and meta-analyses [PRISMA]
statement [29].

2.1. Search Strategy

Four authors in couples independently searched for longitudinal studies that considered
diabetes and serum 250HD levels among older people. Major databases (PubMed, SCOPUS)
were examined from 10 July 2016 until 15 October 2023, without language restrictions.

The search strategy used in PubMed was: (vitamin D OR 25-hydroxyvitamin D OR
calcidiol OR calcitriol OR calcifediol) AND (insulin OR glucose OR beta-cell function OR
diabet*) AND (old OR elderly OR older OR aged). An analogous search (adapted to the
requirements of Scopus) was performed.

2.2. Eligibility Criteria and Study Selection

We considered the following requisites for articles to be eligible: (1) longitudinal
prospective design; (2) assessment of serum 250HD considering that it is currently accepted
as the best indicator for vitamin D status [19]; (3) including only older people (mean age
of participants >60 years; (4) self-reported diagnosis of diabetes during follow-up, or
diagnosis through medical and/or hospital records, or at least one diagnostic criterion
according to the American Diabetes Association (i.e., glycosylated hemoglobin (HbA1c)
>6.5%, fasting plasma glucose (FPG) >126 mg/dL, or use of antidiabetic medications).
Studies with the following characteristics were excluded: (1) having a cross-sectional
design; (2) assessment of vitamin D status with methods different than serum 250HD
(e.g., dietary intake of vitamin D); (3) including only subclinical estimations of diabetes
(e.g., changes in FPG). References of the included articles were hand-searched in order to
identify additional, potentially pertinent publications. Abstracts from conferences were
also examined, and in such cases, we contacted the corresponding authors to obtain the
data enabling inclusion.

2.3. Data Extraction

Data extracted from the selected studies were independently recorded into a stan-
dardized Microsoft Excel spreadsheet by one author checking as well the quality of the
extracted data. Any discrepancy was resolved by agreement with a third expert author.
For each study, the following information was extracted: (i) characteristics of the study
(e.g., demographics, sample size, country in which the study was conducted); (ii) setting
of the study; (iii) number of people developing diabetes during the follow-up period;
(iv) number of years of follow-up; (v) levels of serum 250HD and methods utilized for the
assessment of 250HD; (vi) diagnostic criteria considered for the formulation of diabetes
diagnosis; (vii) type and number of covariates included in the multivariable analyses. If
the study included >2 categories for serum 250HD, we considered the lowest quantile as
low level and the highest quantile as the reference group.

2.4. Study Quality Assessment

One investigator assessed the quality of the study, which was independently checked
by another one. The assessment of the study quality was performed using the Newcastle—
Ottawa Scale (NOS) [30]. This scale allocates a maximum of nine points according to three
quality parameters: selection, comparability, and outcome.

2.5. Statistical Analysis

A random effects meta-analysis was undertaken using MedCalc® Statistical Software
version 22.023 (MedCalc Software Ltd., Ostend, Belgium; https:/ /www.medcalc.org; ac-
cessed on 1 March 2024) to take into account the expected heterogeneity. The primary
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analyses synthesize data by calculating pooled RRs and 95% CI (including the number of
incident cases of diabetes in higher levels of serum 250HD vs. lower values). Secondary
analyses considered the hazard ratio/odds ratio (HR/OR) adjusted for the highest number
of available covariates for each study examined together using fully adjusted RRs. Het-
erogeneity among the included studies was evaluated using chi-squared and I-squared
statistics, assuming a p < 0.05 and a value > 50%, respectively, indicative of a significant
heterogeneity [31]. When we found significant heterogeneity, and there were >4 studies
available, metaregression analysis was preplanned considering the potential moderators:
(1) continent in which the study was performed; (2) study setting (community vs. others);
(3) follow-up in years (continuous); (4) diagnostic criteria utilized in the formulation of
diabetes diagnosis (self-reported vs. others); and the number of covariates; (5) visual
inspection of funnel plots and the Egger bias test were used to assess publication bias [32].
We used the Duval and Tweedie nonparametric trim-and-fill method to examine the po-
tential publication bias when >3 studies were available. Assuming that the effect sizes of
all the studies were normally distributed around the center of a funnel plot, in the event
of asymmetries, this procedure adjusts for the potential effect of unpublished (trimmed)
studies [33].

3. Results
3.1. Literature Search

As shown in Figure 1, after the update, we identified 2653 nonduplicated, potentially
eligible studies. Of them, 37 full texts were examined, and three were eligible for the update
of our meta-analysis for 12 works [34—45].

]

- . Records removed before
Studies included in screening:

previous version of >

review (n =9) Records identified from: auﬂ'ﬁgt; )records removed

gzs"::zd(gn;;‘g) Records marked as ineligible
P by automation tools (n =0)

Records removed for other

reasons (n =0 )

Reports of studies
included in previous
version of review (n =9 )

Identification

Figure 1. PRISMA flow-chart.
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3.2. Study and Participants Characteristics

In Table 1, the characteristics of the 12 included studies involving 40,664 older partici-
pants, followed up for a median period of 7.3 (range: 2-14) years, are shown. From the total
participants at baseline, 4263 participants (10.5% of the baseline population) developed
diabetes. The mean age of the participants was 69.1 years, and most of them were women
(66%). All the studies were carried out among community dwellers, mainly in European (n.
of studies = 6) and North American (n. of studies = 5) populations. As shown in Table 1,
most of the studies used the radioimmunoassay (RIA) method for assessing 250HD levels.
In none of the studies included, did the authors report baseline vitamin D supplementation
by the future risk of diabetes. Regarding the diagnosis of diabetes, two studies used only
self-reported information. Other studies used self-reported information, followed by a
final specialist adjudication in four studies, with a value of FPG over 126 mg/dL in another
one and with the use of antidiabetic medications in a third study. Two studies used a
value of HbAlc over 6.5% for the diagnosis of type 2 diabetes, one only a value of FPG
over 126 mg/dL, and one study considered all the criteria suggested by the American
Diabetes Association.

The median NOS values (median = 7; range: 5-9) indicate that the quality of the
studies was generally of moderate quality (Table 1).

3.3. Unadjusted Findings Concerning Lower 250HD Levels and Diabetes

Figure 2 shows the results of the meta-analysis, including 960 older participants with
lower 250HD (from a total of 6717 participants; 14.3%) and 1000 participants with higher
250HD (from a total of 9207 participants; 10.9%) with a diagnosis of diabetes during the
follow-up period. Lower baseline 250HD levels were associated with a higher risk of
incident diabetes vs. older people with higher 250HD levels: this analysis included a
total of 15,924 older participants and reported an RR = 1.20; 95% CI: 1.06-1.35; p = 0.001;
12 = 29.9%). No publication bias was found (Egger’s test = 0.26; p = 0.85) (Figure 3), and the
trim and fill analysis did not modify our results.
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Risk Ratio %
Author, year (95% ClI) Weight
Bolland A J et al., 2010 -+ :‘ 1.07 (0.52, 2.20) 282
Pilz Setal., 2012 % + 1.78 (0.63, 5.00) 1.41
Shottker B et al., 2012 -—:0—— 1.24 (1.086, 1.46) 30.11
Thorand B et al., 2011 :r—o— 1.46 (1.16, 1.82) 20.25
Veronese N et al., 2014 —0——§— 0.91 (0.62, 1.32) 9.28
Zhu, 2022 —0—5— 1.11 (0.97, 1.26) 36.12
Overall, DL (F =29.9%, p = 0.211) <> 1.20 (1.08, 1.35) 100.00
T T
0.25 1 4

NOTE: Weights are from rmndom-effects model

Figure 2. Association between lower 25 hydroxyvitamin D (250HD) levels at baseline and incident
diabetes [34,37,40,43-45].
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Figure 3. Funnel plot of the unadjusted associations.
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3.4. Adjusted Analyses Concerning Lower 250HD Levels and Diabetes

Figure 4 shows the association between lower baseline serum 250HD levels and
incident diabetes at follow-up after adjusting for potential confounders. The median
number of adjustments in the multivariable analyses was 11 (range: 4-17), with all the
studies including adiposity estimates, as fully detailed in Table 1. In the 12 studies included,
we observed that lower baseline 250HD levels increased the risk of developing diabetes by
19% (HR = 1.22; 95% CI: 1.12-1.33; p < 0.0001; 12 = 0%). We did not observe publication bias
(Egger’s test = —0.34; p = 0.87) (Figure 5), and the trim and fill analysis did not affect our

original findings.

exp(b) %
Author, year (95% CI) Weight
Bolland A J et al 2010 : 0.90 (0.41, 1.96) 1.23
Kositsawat J et al 2014 i 2.33(1.00, 5.41) 1.05
McCarthy, 2022 i 1.36 (0.55, 3.36) 0.92
MNapoli N et al., 2016 —o-—e— 0.93 (0.53, 1.64) 2.36
PilzS et al, 2012 : 2.15(0.50,9.21) 0.35
Robinson G et al., 2011 —t——é— 0.88 (0.53,1.47) 289
Schafer AL et al., 2014 ——O-E— 1.14 (0.83, 1.56) 7.55
Shottker B et al., 2012 —0‘:— 1.17 (0.97, 1.41) 21.48
Thorand B et al., 2011 ——i*— 1.28 (0.79, 2.08) 321
Veronese N etal., 2014 ——é—o— 1.37 (0.87, 2.16) 363
Xia, 2021 -}0— 1.28 (1.14, 1.47) 4521
Zhu, 2022 —-t-é— 1.14 (0.87, 1.50) 10.13
Overall, DL (F = 0.0%, p = 0.766) ¢ 122 (1.12,1.33) 10000

| T

0.125 1 8

NOTE : W eights are from random-e fiects model

Figure 4. Association between lower 25-hydroxyvitamin D (250HD) levels at baseline and incident
diabetes, after adjusting for potential confounders [34—45].

3.5. Metaregression and Sensitivity Analysis

We did not observe high heterogeneity among the outcomes included in our analyses;
therefore, metaregression analyses were not performed. However, since serum 250HD
concentrations may change during the time [46], we did run a metaregression analysis
overall, showing that a longer follow-up did not moderate for unadjusted (beta = 0.01;
p =0.67; R2 = 0%) or adjusted (beta = 0.03; p = 0.85; R2 = 0%) data.
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Figure 5. Funnel plot of the adjusted associations.

We also did a cumulative analysis, removing one study at each time, but the results
were unchanged, as shown in Figures 6 and 7.
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Figure 6. Cumulative analysis for unadjusted data.

87



Nutrients 2024, 16, 1561

Study r (95% Cl)

1 : 0.90 (0.41, 1.97)
2 . 1.40 (0.79, 2.48)
3 : 1.39 (0.85, 2.25)
4 1.17 (0.81, 1.69)
5 : 1.21 (0.85, 1.73)
6 — 1.09 (0.82, 1.46)
7 — 1.11 (0.90, 1.38)
8 — 1.15 (0.99, 1.32)
9 —— 1.16 (1.01, 1.32)
10 — 1.17 (1.03, 1.33)
11 e 1.23 (1.12, 1.34)
12 — 1.22 (1.12, 1.33)

05 1 2

Figure 7. Cumulative analysis for adjusted data.

4. Discussion

In the present meta-analysis, including 12 longitudinal prospective studies and 40,664 older
participants, we found that low baseline levels of circulating 250HD (hypovitaminosis D) were
significantly associated with incident diabetes at follow-up (mean of 7.3 years), after adjusting
for several potentially relevant confounders.

Noteworthy, none of the prospective studies included reported a significant rela-
tionship between baseline hypovitaminosis D and incident diabetes in the multivariable-
adjusted analyses. Conversely, when the data were combined in the meta-analysis, includ-
ing a median of 11 potential confounders, the presence of hypovitaminosis D at baseline
was significantly associated with an increased risk of incident diabetes at follow-up by
19%. Our findings suggest that hypovitaminosis D may be a potentially reversible risk
factor for the development of diabetes in older adults, who are at the highest risk of both
hypovitaminosis D and type 2 diabetes and of their disabling consequences.

As mentioned above, previous studies including adults (aged 50-60 years) did not
report unambiguous results regarding the relationship between vitamin D deficiency and
type 2 diabetes. Although observational studies showed an inverse association between
250HD and the risk of incident type 2 diabetes [18], intervention studies were negative or
showed limited benefit [19-21]. More recent meta-analyses have reported that vitamin D
supplementation significantly reduced the risk of incident type 2 diabetes in patients with
prediabetes either considering a moderate to high dose (>1000 IU/day) [22] or regardless
of type, dose, duration, and route of administration [23]. Interestingly, in both of these
meta-analyses, the significant association persisted only for nonobese participants and was
not significant for obese participants. This is particularly relevant for older adults since,
in this population, adiposity appears to be an important factor determining low 250HD
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levels [47], which may help explain the results of some studies reporting no association
between vitamin D and diabetes in older people included in our meta-analysis. These
studies may have been negative or neutral when considered in isolation, but by increasing
the statistical power by means of the meta-analysis, the final results showed a significant
inverse association between low 250HD levels and incident diabetes in older adults.

The most recent meta-analysis by Pittas et al. [24] with a very rigorous and well-
conducted design showed that supplementation with vitamin D reduced the risk for
incident diabetes by 15% in adjusted analyses, reaching a reduction of 76% in participants
maintaining 25-OHD levels >50 ng/mL vs. 20-29 ng/mL during follow-up. These results
are outstanding; however, the meta-analysis included a population of adults or not very old
people rather than older adults who are at greatest risk of both, hypovitaminosis D [14,25]
and type 2 diabetes [1,26].

An observational study based on data from the vitamin D and type 2 diabetes (D2d)
study, examined whether intratrial vitamin D exposure affected the risk of incident di-
abetes in adults with prediabetes. The authors found that the HR for diabetes among
participants treated with vitamin D who maintained intratrial 250HD levels of 100-124
and >125 nmol/L were 0.48 (0.29-0.80) and 0.29 (0.17-0.50), respectively, compared with
those who maintained a level of 50-74 nmol/L, suggesting that vitamin D supplementation
should maintain 250HD serum level >100 nmol/L (>40 ng/mL) in order to reduce the
risk of diabetes in adults with prediabetes [48].

In a cohort study of 903 adults with a mean age of 74 years, higher 250HD concentra-
tions (>30 ng/mL) were associated with significantly lower risk for diabetes with an inverse
dose-response gradient: each 10 ng/mL higher 250HD concentration was associated with
a 36% lower risk of developing diabetes [49]. This study was not included in the analysis
due to a too-long follow-up time (12 years) since the 250HD measurement.

Another crucial point to be considered in the interpretation of our results is the
evidence that low vitamin D levels are associated with a higher risk of mortality [50-52].
Therefore, it is possible that older persons with low serum 250HD levels may die before
evolving into diabetes.

Several mechanisms may help explain our findings of a significant association between
low vitamin D levels and an increased risk of incident diabetes, including vitamin D’s mod-
ulation of insulin secretion [16,53-55]; a reduction of insulin resistance with evidence of vi-
tamin D receptor (VDR) presence in the major insulin-sensitive tissues, i.e., adipocytes [56],
muscle [57], and hepatocytes [58]; improved insulin reactivity for glucose transport [59,60];
indirectly through the regulation of calcium [60—-64] and magnesium [65-67] metabolism,
essential for intracellular processes mediated by insulin; a reduction of chronic inflamma-
tion [67-71]; because most patients affected by type 2 diabetes are obese, they may have
repression of the bioactivation of vitamin D by cytochrome P450 2R1 [72,73] leading to
reduced production of 250HD; and finally, vitamin D sequestration in excess adipose tissue
may blunt vitamin D serum levels [14,74].

Regarding insulin secretion, beta cells express both VDR and 1 alpha-hydroxylase
(Cyp27bl), which catalyzes the activation of 250HD into 1,25(OH),;D, denoting the cell-
intrinsic role for VDR [75]. Nevertheless, even if the relationship between vitamin D
levels and islet function is significant, whether vitamin D supplementation can directly
ameliorate insulin secretion in humans remains uncertain because intervention clinical
trials have reported mixed results [75-78]. As regards the ubiquitous expression of VDR,
and, in particular, in insulin-sensitive tissues, a study analyzing human and rodent data
showed that: (1) 250HD repletion in insulin-resistant, overweight-to-obese persons was
associated with reductions in subcutaneous adipose tissue expression of pro-inflammatory
and profibrotic genes, decreased collagen immunofluorescence, and improved hepatic
insulin sensitivity as well as worsening trends after six months on the placebo suggesting
progressive metabolic effects of 250HD deficiency. Adipocyte-specific VDR knockout mice
following a high-fat diet for 12 weeks mirrored the vitamin D-deficient humans, displaying
increased adipose tissue fibrosis and inflammation and hepatic insulin resistance [56].
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Because VDR detection in muscle has been controversial, a study examined differences
in muscle VDR protein abundance between two mouse strains and between mice and
humans. VDR protein was generally lower in some mice models and was higher in humans
than in mouse muscle, suggesting that further preclinical and clinical studies are still
needed to confirm possible VDR isoforms in human muscle [57]. An in vitro study on
hepatocyte ischemia/reperfusion injury showed that VDR mediates hepatocyte apoptosis
and proliferation not only through inflammation and immunity, as shown previously,
but also through autophagy [58]. As regards glucose transport, it has been reported
that 1,25(OH),D improved glucose uptake via the Sirtuin 1/Insulin receptor substrate
1/glucose transporter 4 (SIRT1/IRS1/(GLUT4) axis by activation of SIRT1, phosphorylation
of IRS1, and finally translocation of GLUT4 in myotubes [59]. Moreover, activation of VDR
increases calcium concentrations in muscle, enhances the translocation of GLUT4, and
increases glucose uptake [60]. Additionally, the pleiotropic role played by the VDR in
insulin resistance may comprise: (1) increases in parathyroid hormone (PTH) induced by
vitamin D, which increases insulin sensitivity by prompting higher quantities of GLUT1
and GLUT4 in vitamin D-deficient adipose tissue, muscle, and liver [79,80]; (2) suppression
of the renin-angiotensin-aldosterone system activity, which damages beta cell function,
inhibits peripheral insulin sensitivity [81], delays GLUT4 recruitment [82], and triggers
insulin resistance [83].

Vitamin D may regulate insulin secretion and action indirectly through calcium in-
tracellular handling. In the beta cell, 1,25(OH),D leads to the depolarization of cellu-
lar membranes, the opening of calcium channels, and the elevation of intracellular cal-
cium levels [61,64]. A possible molecular mechanism of this effect is due to the fact that
1,25(0OH),D activates protein kinase A and increases channel function by phosphorylating
L-type voltage-dependent calcium channel-related proteins [64]. Furthermore, 1,25(OH),D,
through activating VDR, regulates voltage-gated calcium channel expression to improve
insulin secretion [84]. An additional mechanism is that 1,25(0OH),D promotes the syn-
thesis of phospholipase C and activates inositol triphosphate that releases calcium from
the endoplasmic reticulum (ER) [61,85]. Vitamin D may also regulate calbindin expres-
sion [85,86], a calcium-binding protein involved in maintaining calcium concentrations.
Regarding magnesium metabolism, the relationship between vitamin D and magnesium
is bilateral: several steps in vitamin D metabolism (i.e., 250HD binding and transport,
liver and renal hydroxylation) depend on magnesium as a cofactor [67]. Vitamin D, in
turn, plays a key role in magnesium metabolism both by stimulating intestinal magnesium
absorption and preventing renal excretion [87]. Thus, it appears that the deficit of each of
these two compounds feeds the deficit of the other, leading to a perverse cycle with further
worsening of both deficits. The combined deficit of vitamin D and magnesium may lead to
clinically relevant outcomes, including not only a higher risk of fragility fractures [88] but
also altered insulin secretion and action contributing to an increased risk of incident type 2
diabetes [65,66,89].

Substantial evidence supports the role of vitamin D as an immunomodulatory hor-
mone with notable biological effects on the innate and adaptive immune systems [12].
Vitamin D or overexpression of VDR were reported to suppress cytokine-induced pro-
inflammatory responses and apoptosis in beta cell lines and islets [68-70], probably due
to the direct suppression of nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB) activation by VDR. Besides its anti-inflammatory role, vitamin D is also an active
suppressor of ER stress and islet amyloid polypeptide-induced beta cell dysfunction [68].
Vitamin D downregulates essential ER stress players in monocytes, the liver, and islets [71].

Finally, the sequestration of vitamin D inside excess adipose tissue decreases 250HD
serum levels [14,74]. There is compelling evidence of the association of an elevated body
weight with low circulating 250HD levels. Vitamin D may impact gene expression by the
modulation of inflammation and adipose tissue metabolism in vitro; nevertheless, the exact
metabolism of vitamin D in adipose tissue is unknown at present. White adipose tissue
expresses VDR and hydroxylase enzymes, but the distribution and concentrations of the
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generated vitamin D compounds in adipose tissue are largely unidentified. Further options
have been proposed in order to measure vitamin D compounds in adipose tissue accurately
by using liquid mass spectrometry [74].

Our study has some strengths, such as being one of the few meta-analyses system-
atically investigating the relationship between vitamin D and incident diabetes in older
adults, two relevant aspects of old age. We can also include among the strengths of our
study the large number of participants included, the high number of covariates used in
the adjusted analyses, a long follow-up period, particularly long considering that older
adults have a lower life expectancy, and the low heterogeneity found in almost all of
the outcomes included. Nevertheless, the results of the present meta-analysis should be
considered taking into account its limitations as well. First, the observational nature of
the included studies does not allow us to clarify causative effects and potential pathways
responsible for the association of hypovitaminosis D with diabetes. Second, the mean age
of the participants included was about 69.1 years. There are currently no studies in the
literature on old-old people. Future studies focused on very old people, who are at the
highest risk of hypovitaminosis D, are warranted to better understand this association in
a vulnerable population. Third, there were a limited number of studies considering each
gender; hence, we could not run analyses separated by gender, even if both serum 250HD
and diabetes are generally dissimilar in men and women. Lastly, most of the included
studies measured serum 250HD with RIA, which seems not to be the best method to
measure serum 250HD instead of chemiluminescence [90].

5. Conclusions

The present meta-analysis suggests that hypovitaminosis D is associated with incident
diabetes in older adults even after adjusting for several relevant potential confounders,
confirming and updating the results of the only previous meta-analysis conducted in older
adults in 2017 [27]. This confirms the increasing evidence showing that vitamin D exerts
multiple effects beyond bone and calcium metabolism. Since hypovitaminosis D is among
the most frequent conditions in old age and the available RCTs investigating the role of
vitamin D supplementation in the prevention of type 2 diabetes have been conducted
in adults or young older adults, future larger scale well-designed studies are needed to
confirm these positive results in old-old populations.
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Abstract: Background: We assessed the long-term (24 months) efficacy and safety of monthly
calcifediol (0.266 mg) in the correction and maintenance of total 25(OH)D levels in postmenopausal
women with basal values <30 ng/mL. Methods: We initially enrolled 45 consecutive patients during
the period September 2019-September 2020. After an initial visit, patients were instructed to return
at 3, 6, 9, 12 and 24 months for measuring serum total 25(OH)D, ionised calcium, creatinine and
isoenzyme of alkaline phosphatase (bALP). Here, we report only the per-protocol analysis, because
the COVID-19 pandemic precluded adherence to the scheduled visits for some patients. Results:
The patients’ mean age was 62.4 & 9.0 years. Mean basal 25(OH)D levels were 20.5 & 5.3 ng/mL.
There was a continuous increase of mean 25(OH)D values (p for trend < 0.001). However, mean
values at month 24 (36.7 £ 15.9) were not significantly different in respect to values at month
12 (41.2 £ 11.18). At 24 months, only 1 out 19 patients had a value <20 ng/mL. There was a significant
decrease with time of mean values of bALP (p < 0.0216), with no significant changes between 12 and
24 months. No significant changes were observed as far as ionised calcium or creatinine were
concerned. Conclusions: The long-term administration of calcifediol maintains stable and sustained
25(0OH)D concentrations, with no safety concerns.

Keywords: calcifediol; vitamin D; ionised calcium; bone alkaline phosphatase

1. Introduction

Vitamin D insufficiency (and deficiency) is largely prevalent in the world [1]. If we
consider a threshold of 12 ng/mL (30 nmol/L; to convert ng/mL to nmol/L multiply
the ng/mL by 2.5), it has been estimated that about 5% of the American population and
about 9% of the Canadian population have serum values of 25(OH)D below this level [2].
Furthermore, the risk of being vitamin D-deficient in the United States is higher in the
black population. Based on the same thresholds, about 13% of the population is at risk of
vitamin D deficiency in Europe. This percentage can increase up to 28-65% if we take into
consideration ethnic minority groups within Northern European countries [2]. However,
the prevalence of serum 25(OH)D below 20 ng/mL raises in the range of 27.2 to 61.4%.
Considering both continents, it has been estimated that 120 million subjects are vitamin
D-deficient using a 12 ng/mL threshold, while there are 390 million subjects with 25(OH)D
below 20 nmol/L. These figures are astonishing and are a call to action for specific initiatives
to eliminate this “global pandemic”. However, even though many such initiatives have
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been undertaken over the last few years to increase awareness about this clinical problem,
the situation seems to be unchanged.

Low values of 25(0OH)D, considered the best biological marker of body stores of vi-
tamin D from all sources, have detrimental effects on the skeleton and have been also
associated with a number of non-skeletal outcomes [3-5]. Indeed, a huge number of
epidemiological studies have consistently demonstrated that low 25(OH)D values are
associated with an increased risk of cancer and chronic diseases, among which are cardio-
vascular, neurological, autoimmune and infectious diseases. Some studies have also found
an association with an increased risk of mortality [6].

Vitamin D is synthesised from 7-dehydrocholesterol in the skin by absorbing ultravio-
let B (UVB) radiation. Vitamin D can also be obtained from the diet or by means of dietary
supplementation in the form of either vitamin D3 (cholecalciferol) or D2 (ergocalciferol).
Within a few hours of being synthesised in the skin or taken with foods, it undergoes two
consecutive hydroxylation steps: the first one is represented by the addition of one hydroxyl
group in position 25 to generate 25(OH)D in the liver; the second step involves the addition
of another hydroxyl group in position 1 in the kidney to generate the final metabolite, that
is, 1,25(OH),D. The most important function of the final metabolite is an effect on intestinal
calcium absorption. Without vitamin D, only 10-15% of dietary calcium and about 60%
of phosphorus are absorbed. Vitamin D sufficiency enhances calcium and phosphorus
absorption by 30-40% and 80%, respectively. Other tissues contain the enzymes needed
for hydroxylation, but the liver is the main source for 25-hydroxylation, and the kidney is
the main source for 1x-hydroxylation. Control of the metabolism of vitamin D to its active
metabolite, 1,25(OH);D, is exerted primarily at the renal level, where calcium, phosphorus,
parathyroid hormone, fibroblast growth factor 23 (FGF23) and 1,25(OH),D regulate the
levels of 1,25(OH), D that are produced.

There are essentially four possibilities for increasing circulating levels of 25(OH)D,
each carrying inherent advantages and disadvantages. Firstly, by increasing skin synthesis
of vitamin D with exposure to UVB light. Secondly, by increasing the intake of vitamin
D foods; however, few foods contain vitamin D. The flesh of fatty fish (that is, trout,
salmon, tuna and mackerel) and fish oils are among the best sources. Beef liver, egg
yolks and cheese have small amounts of vitamin D, primarily in the form of vitamin
D3 and its metabolite 25(OH)D3. Mushrooms provide variable amounts of vitamin D2.
Thirdly, by enriching food with vitamin D or 25(OH)D and finally, by pharmacological
supplementation [7]. Concerning the last option, there are a number of commercial products
that can be utilised [8]; they basically recapitulate the biosynthetic pathway of vitamin D
from its origin to the final metabolite. The most utilised of these products are ergocalciferol,
cholecalciferol, calcifediol, 1«(OH)D and calcitriol, even though their utilisation is markedly
different in European and American countries. Other compounds are utilised in specific
clinical conditions, such as in chronic kidney disease [9].

Calcifediol is the intermediate metabolite in the metabolic pathway that leads from
cholecalciferol to calcitriol production, being formed by the addition of a 25-hydroxyl
group to its precursor (mainly by the enzymes microsomal CYP2R1 and mitochondrial
CYP27A1). Calcifediol binds to Vitamin D-binding protein in the circulation. It has distinct
metabolic and pharmacokinetics profiles, compared to both its precursor and downstream
final metabolite [10]. A number of previous investigations have shown that calcifediol
administration determines a rapid increase of circulating 25(0OH)D compared to chole-
calciferol [11]. Indeed, calcifediol is rapidly absorbed by intestinal cells and transported
through the portal vein, and therefore, it is immediately available in the circulation. Native
vitamin D is transported more slowly by chylomicrons via the lymphatic system. The rapid
absorption and its independence from hepatic 25-hydroxylation lead to pharmacokinetics
that make calcifediol an immediately available substrate for the synthesis of calcitriol, either
for systemic transport or for local paracrine or autocrine actions. In this context, Charoen-
ngam et al. [11] evaluated the effect of cholecalciferol and calcifediol in 6 patients with
malabsorption and 10 healthy subjects, reporting thought-provoking pharmacokinetic data.
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After administration of 900 mcg of cholecalciferol, the area under the curve was 68% lower
for patients with malabsorption than for healthy patients. However, the administration of
900 mcg of calcifediol revealed no differences between the two groups. This suggests that
the bioavailability of 900 mcg of orally administered 25(OH)D3 was not different between
malabsorptive patients and healthy participants.

Concerning long-term effects, the longest time frame of calcifediol investigation has
been 12 months, with studies differing in both the amount and schedule of administra-
tion [12-14]. In the longest-lasting study to date, the monthly administration of 0.266 mg of
calcifediol for as long as one year produced stable and sustained 25(OH)D concentrations
with no associated safety concerns [12].

This study has been therefore carried out to investigate the 2-year effect of monthly
0.266 mg calcifediol administration in restoring and maintaining 25(OH)D levels in post-
menopausal females with hypovitaminosis D.

2. Materials and Methods

This is an open-label study in which patients received calcifediol at a dose of 0.266 mg
monthly (Neodidro soft gelatine capsule, Bruno Farmaceutici S. p. A., Rome, Italy) for a
period of two years. In addition to being a response to the lack of long-term data (i.e., more
than one year), this schedule was chosen because it is the one suggested by the Italian
Medical Agency (note 96 of the Agenzia Italiana del Farmaco, AIFA, Rome, Italy) for
vitamin D replenishment when circulating values are between 13 and 20 ng/mL or above
20 ng/mL. Furthermore, this type of administration aims, on the one hand, at avoiding any
serious adverse events while, on the other hand, guaranteeing a good adherence in respect
to daily or weekly administration. All participants signed their informed consent prior to
entering the investigation.

We initially enrolled 45 consecutive postmenopausal patients with total 25(OH)D
values less than 30 ng/mL, during the period September 2019-September 2020. Being
postmenopausal was defined as amenorrhea for more than 6 months or follicle-stimulating
hormone levels above 30 I. U./L, with oestradiol values less than 30 pg/mL) They at-
tended our mineral metabolism unit because they had already carried out a bone mineral
density (BMD) measurement or because they were worried about a possible diagnosis of
osteoporosis. Exclusion criteria were medical or therapeutic conditions that could inter-
fere with our investigation. These were represented by the following: progressive major
illnesses, severe malabsorption syndrome, stage IV chronic kidney disease (that is, an
estimated glomerular filtration rate between 15 and 29 mL/min, together with moderate to
severe kidney damage), nephrolithiasis, Paget’s disease of the bone, primary hyperparathy-
roidism, genetic and acquired hypoparathyroidism, hypercalcaemia, hypothyroidism and
hyperthyroidism, sarcoidosis, hypercalciuria and intolerance to calcifediol. Patients taking
treatments interfering with bone and mineral metabolism such as glucocorticoids, diuretics,
lithium, immunosuppressants, antiretroviral therapy and other drugs possibly interfering
with vitamin D absorption and catabolism were also excluded. The initial visit included
a physical examination, blood collection and BMD imaging of the spine and hip with
a vertebral fracture assessment, as previously described [15]. An experienced skeletal
radiologist evaluated the presence of fractures according to an algorithm-based qualitative
approach. Both the vertebral shape and the appearance of the endplate were evaluated, to
clearly differentiate vertebral fractures from developmental variants, degenerative change
and so on. Patients were therefore instructed to return at 3, 6, 9, 12 and 24 months for
measuring serum total 25(OH)D, ionised calcium, creatinine and isoenzymes of alkaline
phosphatase (bALP). Professional nurses obtained blood samples at each visit and carried
out a medical history for possible intercurrent illnesses, changes in the usual therapy and
possible side effects.
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2.1. Biochemical Analysis

Briefly, blood samples were taken between 8.00 and 10.00 a.m. for the measurement of
serum ionised calcium (Ca**), 25-hydroxyvitamin D, creatinine and isoenzymes of alkaline
phosphatase in the fasting state. Details for the measurement of blood chemistries and
bone mineral density have been previously described [16,17]. More specifically, except
for Ca*", the level of which was measured immediately after collection (within 2 h of
sampling, while the room temperature was kept at 4 °C), aliquoted blood samples were
stored at —80 °C and assayed at a later time in batches. Serum Ca*™* determination
was carried out using an ion-selective electrode with the fully automated biochemical
analyser NOVA 8 (Nova Biomedical, Waltham, MA, USA); 25(0OH)D was measured by
chemiluminescence-immunoassay (CLIA) with the fully automated LIAISON® analyser
(Diasorin S.p.A. Saluggia, Italy). Due to technical limitations imposed by use of the
LIAISON® instrument, the 25(OH)D assays were performed on a quarterly basis. The
determinations of serum 25(OH)D were performed with a competitive one-step backfill
chemiluminescence assay (Vitamin D TOTAL Assay, DiaSorin USA, Stillwater, MN, USA)
having a measurement range of 4-150 ng/mL and functional sensitivity <4.0 ng/mL; the
intra- and inter-assay precision were 8.9% and 12.8%, respectively, with a reported 100%
detection of both 25-hydroxyvitamin D2 and 25-hydroxyvitamin D3. Serum creatinine was
measured by a Cobas c501 analyser (Cobas® Roche Diagnostics S.p.A., Monza, Italy). The
bone isoenzyme of alkaline phosphatase was measured by IDS-iSYS Ostase® BAP assay
(Immunodiagnostics Systems, Boldon, UK).

Safety and tolerability were also examined throughout the study. This study was per-
formed in accordance with the Declaration of Helsinki, as well as local laws and regulations.
The ethical committee of our university reviewed and approved the protocol.

2.2. Statistical Analysis

Quantitative variables are summarised by mean =+ standard deviation. Student’s ¢ test
or the Mann-Whitney test was used for pairwise comparisons as appropriate, depending
on the characteristics of the data. The effect of time on the trend of each single outcome has
been assessed using linear mixed-effect models for repeated measures. Post hoc pairwise
comparisons were performed to assess the significance of the differences of the outcomes
at various times. For statistical significance, a p value < 0.05 was considered appropriate.

3. Results

We initially enrolled 45 consecutive postmenopausal patients attending our mineral
metabolism service who satisfied our inclusion and exclusion criteria, with serum 25(OH)D
levels below 30 ng/mL. Thirty-six of them initially agreed to participate. The enrolment
period (September 2019-September 2020) and the follow-up observation period coincided
with the beginning of the COVID-19 pandemic in Italy and subsequent restrictions on
mobility. In respect to the initial protocol, this had two important consequences: first,
not all the enrolled patients ended the protocol, and secondly, not all patients adhered to
the scheduled visits, mainly because they were afraid of coming to our hospital, which
was a referral centre for COVID-19. We therefore report the results according to a per-
protocol analysis.

Table 1 shows the anthropometric, biochemical and densitometric parameters of the
36 patients who initially adhered to the study protocol. There were no significant statistical
differences in respect to those that declined to participate.

The mean (£1 SD) age of the patients was 62.4 & 9 years and about 18% of them
had one or more vertebral fractures. Basal total 25(OH)D levels were 20.9 & 4.2 ng/mL.
Two patients were already taking generic alendronate (without vitamin D), and a further
nine patients started taking various therapies for osteoporosis during the study, owing to
fractures or a high risk of fractures as determined by FRAX®. The mean T-score values at
the three sites considered (that is, lumbar spine. femoral neck and total hip) were in the
osteopenic range. Twelve patients were treated for essential hypertension, two for type
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2 diabetes mellitus and nine for hyperlipidaemia. None of them was taking drugs that
could interfere with vitamin D metabolism.

Table 1. Main anthropometric, biochemical and densitometric parameters of patients investigated.

Age (years) 62.4 (£9)
Weight (kg) 60.7 (£9.5)
Height (cm) 161.8 (£7.1)
Body Mass Index (kg/m?) 23.1 (£3.4)
Years since menopause 14 (£8.7)
Vertebral fractures 17.6%
L1-L4 BMD (g/cm?) 0.840 (£0.161)
L1-L4 T-score (SD) —2.0 (£1.3)
Femoral neck BMD (g/cm?) 0.654 (£0.102)
Femoral neck T-score (SD) —1.92 (£0.86)
Femoral total BMD (g/cm?) 0.765 (£0.124)
Femoral total T-score (SD) —1.48 (£1.05)
25 OH vitamina D (ng/mL) 20.5 (£5.3)
Ionised calcium (mmol/L) 1.26 (£0.03)
Total calcium (mg/dL) 9.2 (+£0.7)
Phosphate (mg/dL) 3.7 (£0.3)
Creatinine (mg/dL) 0.74 (£0.17)
Bone alkaline phosphatase (ug/L) 22.9 (£10.4)

There was a continuous increase in mean 25(OH)D values (p for trend < 0.001) during
the 2-year observation study. However, the mean values at month 24 (36.7 & 15.9) were not
significantly different in respect to values at month 12 (41.2 4= 11.18) (Figure 1). At the end
of the study (i.e., 24 months) only 1 out 19 patients had a value less than 20 ng/mL, and
5 patients had values above 20 ng mL.

25(0OH)D (ng/mL)

p for trend <0.001

50 - | |
40 T
() oo e o TR ool | Y
10 —
0

Basal value 3 6 9 12 24

MONTHS

Figure 1. Time course of serum 25(OH)D following monthly administration of 0.266 mg calcifediol.
Error bars indicate 1 SD.
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There was a significant decrease with time in mean values of bone ALP (p < 0.0216),
with no significant changes in mean values between 12 and 24 months (22.9 £ 11.9 vs.
20.8 & 20.5 mg/L) (Figure 2).

Bone Alkaline phosphatase (mg/L)

p for trend <0.0216
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Figure 2. Time course of serum bone alkaline phosphatase following monthly administration of
0.266 mg calcifediol. Error bars indicate 1 SD.

No significant changes were observed as far as mean values of serum ionised calcium
(Figure 3) or creatinine were concerned. No serum ionised calcium above 1.33 nmol/L
was documented.

Throughout the entire period of treatment, 12 of the patients enrolled reported at least
one adverse event (A. E.). Only one treatment-related A. E. was reported by one patient
(mild dyspepsia) that in any case did not force her to withdraw from the investigation. Two
patients developed a COVID-19 infection during the study. No other safety issues were
associated with the present analysis; in particular, there were no deaths and no serious
adverse events attributable to calcifediol. The maximum 25(OH)D value reached in the
entire population considered for the whole study period was 79.7 ng/mL at month 24, in a
patient whose basal value was 26.3 ng/mL.
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Figure 3. Time course of serum ionised calcium following monthly administration of 0.266 mg
calcifediol. Error bars indicate 1 SD.

4. Discussion

To the best of our knowledge, this is the first open-label investigation carried out
to evaluate the efficacy and safety of monthly 0.266 mg calcifediol administered for as
long as 2 years. Indeed, no previous investigation in the English-language literature
has covered such a long period of time with a monthly or other schedule of calcifediol
administration. For example, Bischoff-Ferrari and coworkers [4] performed an investigation
in 10 healthy postmenopausal women by administering 20 mcg of calcifediol per day over
4 months. They showed that this amount and schedule of administration resulted in
a safe, immediate and sustained increase in 25(OH)D serum levels in all participants.
Russo and coworkers [12] investigated the effect of the monthly oral administration of
500 mcg of calcifediol in 18 normal women aged 24-72 years for a period of four months.
They found that the pulsed monthly administration of 500 mcg of calcifediol can be
considered an alternative for vitamin D repletion in respect to cholecalciferol, especially
in conditions in which a rapid normalisation of 25(OH)D levels is needed. Graeff-Armas
and coworkers [18] administered three different calcifediol doses (10, 15 and 20 mcg
daily) to men and postmenopausal women aged 50 years or older, for six months. They
essentially demonstrated that 25(OH)Dj is very effective in raising 25(OH)D concentrations.
Furthermore, they showed that once supplementation is discontinued, the elimination rate
of 25(0OH)D; is faster than following the suspension of cholecalciferol, similarly to what
has been subsequently reported by Perez-Castrillon and coworkers [14]. Minisola and
coworkers [13] enrolled 87 Caucasian, community-dwelling, postmenopausal women, aged
55 years or older, with vitamin D levels below 30 ng/mL. These subjects were randomised to
receive three different dosages of calcifediol: 20 mcg daily, 40 mcg daily or 125 mcg weekly
for 3 months. They demonstrated that different daily or weekly dosages of calcifediol have
a mid-term efficacy and safety on the main parameters of mineral metabolism, when used
to treat vitamin D inadequacy or deficiency in this category of subjects. Navarro Valverde
et al. enrolled 30 postmenopausal osteoporotic women with an average age of 67 years
who were vitamin D-deficient. Calcifediol was administered to three groups of 10 people
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each, at a dose of 20 mcg daily, 266 mcg weekly or every other week, respectively, for
12 months. At the end of the study, levels above 20 ng/mL were attained by all the subjects,
independently of the schedule of administration [19]. Shieh and coworkers [20] enrolled
19 subjects (mean age 34.8 & 8.6 years), to whom they administered 20 mcg calcifediol
daily. They found that calcifediol rapidly and robustly increases serum concentrations of
both total and free 25(OH)D and more reliably increases circulating 25(OH)D to levels of
30 ng/mL by the fourth week of supplementation. Gonnelli and coworkers [21] randomised
fifty osteopenic/osteoporotic women with serum levels of 25-hydroxyvitamin D between
10 and 20 ng/mL to a 6-month treatment with oral calcifediol 20 mcg/day (1 = 23, mean
age 62.4 + 7.4 years) or oral calcifediol 30 mcg/day (1 = 25, mean age: 61.5 + 8.3 years).
Calcifediol was able to rapidly normalise the vitamin D deficiency; furthermore, they
suggested that the 30 mcg daily dose could be utilised in those patients who need to
rapidly reach optimal 250HD levels. Ruggiero and coworkers administered to community-
dwelling women and men, older than 75 years, who were consecutively admitted to a
geriatric acute care ward, a weekly dose of 150 mcg of calcifediol. They found that the
administration of calcifediol is beneficial in oldest-old people since it rapidly increased
serum levels and reaches the optimal target threshold, especially among those with a
comorbidity, taking multiple drugs and showing low muscle strength [22]. Finally, Pérez-
Castrillon and collaborators [14] administered 0.266 mg monthly calcifediol for 12 months
to 58 postmenopausal women (aged 64.3 £ 8.2 years) with 25(OH)D levels lower than 20
ng/mL. Treatment for one year produced stable and sustained 25(OH)D concentrations
with no associated safety concerns.

Fron a review of the previous literature, it is apparent that our investigation fills a gap.
Indeed, the 0.266 mg monthly dose of calcifediol has never been previously utilised, with
only one notable exception. However, the investigation of Pérez-Castrillon and coworkers
did not have the same duration as the one we carried out. Furthermore, it is also apparent
that, unless the reason underlying vitamin D insufficiency is removed, treatment to correct
a condition of hypovitaminosis D should be lifelong. Having carried out a study of such a
long duration (i.e., 24 months) represents another step forward.

Our data are in line with previous investigations, in that they show the favourable
and quick effect of calcifediol in restoring 25(OH)D values to the threshold of sufficiency,
regardless of how this is settled by various scientific societies. In this respect, it is impor-
tant to highlight that, considering the time course of 25(OH)D values following monthly
calcifediol administration (Figure 1), starting from the third month of observation, all
mean values reached the threshold of 30 ng/mL. The time points of our protocol did
not include earlier serum 25(OH)D measurements. However, we previously showed that
serum 25(0OH)D values significantly and promptly rose and plateaued above the 30 ng/mL
threshold, remaining within the safety interval after 14 days of treatment, with a similar
efficacy for daily and weekly dose regimens. The different dosages were also equally
effective in controlling secondary hyperparathyroidism.

There are some clinical conditions in which a rapid normalisation of 25(OH)D levels
is desirable. In this context, it has been shown the low levels of vitamin D might be
responsible for the acute-phase reaction induced by the intravenous infusion of amino
bisphosphonate and, rarely, also, when it is administered by the oral route. Bertoldo and
coworkers showed that patients with 25(OH)D levels below 30 ng/mL have a threefold
increased risk of acute-phase reaction associated with zoledronic acid infusion [23]. Even
though the mechanisms by which vitamin D status can influence the appearance of acute-
phase reaction have not been completely elucidated until now, the most widely accepted
mechanism underscores a direct effect on delta y5 T cells. Indeed, this is the population
of T cells mainly involved in the acute-phase reaction. The attainment of vitamin D
sufficiency by calcifediol administration in a short period of time is an appealing strategy
to avoid this untoward side effect. In fact, it has been proven that the mean increase in
serum 25(OH)D after the intake of 1 mcg cholecalciferol is 1.53 nmol/L, whereas the mean
increase was 4.76 nmol/L with calcifediol [24]. Next, it has been shown that, in order

103



Nutrients 2024, 16, 1754

that drugs utilised for osteoporosis fully exert their effect, patients should be vitamin D
replete [25]. We now have available to us a number of drugs (mainly anabolic) that exert
their effect in the first few months after initial treatment, as evidenced by Kaplan-Meier
estimates in respect to placebo or antiresorptive agents. This rapid effect is especially
important in those patients who have sustained a recent fracture. Therefore, a condition
of vitamin D sufficiency is a prerequisite to avoid the deleterious effects of secondary
hyperparathyroidism. Finally, adequate intakes of calcium and vitamin D are recommended
when taking drugs (i.e., denosumab) that heavily suppress osteoclast activity, thus limiting
the body’s ability to mobilise calcium from bone. In these conditions, the administration
of vitamin D with a rapid effect on calcium absorption is mandatory, in order to reduce
the risk of treatment-induced hypocalcaemia. In all previous clinical conditions, the
administration of calcifediol can be envisaged as a good strategy to allow patients to start
treatment immediately. Indeed, the administration of calcifediol has predictable effects on
the increase in metabolite values not being dependent on the dose administered. Then,
epigenetic factors have a minor role, because the metabolite we measure is the one we
administer.

The most important finding of our investigation is represented by the long-term stabil-
isation of 25(OH)D levels during the whole time frame of our investigation (i.e., 2 years).
Indeed, while there was a trend towards increase in the first year of treatment, the levels
then plateaued, so that there were no statistically significant differences between mean
values obtained at 12 and 24 months of observation. Our results mirror those of previous
authors using similar amounts and schedules of calcifediol administration [14]. They
showed persistent stable 25(OH)D levels, after reaching the maximum value at 4 months,
for the remaining period of 8 months (however, the full length of the study was only one
year). Our findings also suggest that, after reaching a steady state, there is no further
increase in 25(0OH)D values, most probably due to a fine-tuning of CYP24A1. This enzyme
is of major clinical and physiologic importance, serving to regulate the catabolism of both
25(0OH)D and 1,25(0OH),D, thus avoiding excessive production of the final metabolite of
the vitamin D biosynthetic pathway.

We also demonstrated a significant trend toward a decrease in mean values of isoen-
zymes of alkaline phosphatase, even though, also in this case, the mean values at 12- and
24-month observation were not significantly different. This finding can be interpreted in
the light of the inhibitory action of calcifediol on parathyroid hormone secretion, with
a consequent decrease in bone turnover. These findings are in line with our previous
observations, in which patients were treated with a monthly administration of 500 mcg
of calcifediol for a period of 4 months [12]. Unfortunately, not in all studies carried out
so far to evaluate the efficacy of calcifediol have markers of bone turnover been assayed.
Future studies with measurement of both formation and resorption markers are needed to
fill this gap.

Toxicity is an infrequent event in all the studies published so far with calcifediol. In the
context of safety, it should be highlighted that safety margins are quite broad, independently
of whether we utilise cholecalciferol or its derivatives. In addition, vitamin D toxicity with
the classical biochemical (i.e., hypercalcaemia, hypercalciuria, decrease in glomerular
filtration rate) and biochemical (i.e., nephrocalcinosis) manifestations is a rare finding,
when patients adhere to the prescribed dose of the compound. Most published cases of
vitamin intoxication so far reported in the literature indeed arise from self-administering
huge doses of vitamin D. It is reassuring that no blood levels above 150 ng/mL have been
reported in previous investigations. According to these previous findings, the maximum
value of 25(OH)D detected in our investigation was 79.7 ng/mL. It can be hypothesised that
extremely high levels of 25(OH)D can be reached if there is a concurrent clinical condition,
such as an associated disease that increases the synthesis of 1,25-dihydroxycholecalciferol
or genetic defects that alter the metabolism of vitamin D by reducing the concentration
of 24,25-dihydroxycholecalciferol, a safety mechanism that prevents toxicity. The main
biochemical manifestations of toxicity are represented by the finding of hypercalcaemia

104



Nutrients 2024, 16, 1754

and hypercalciuria, together with reduced kidney function. It is worthwhile to emphasise
that we did not detect any episode of hypercalcaemia during the entire observation period.
This finding, together with the lack of significant changes of serum creatinine and no
reported side effects, argue in favour of the safety and tolerability of monthly calcifediol
administration. In the biggest randomised controlled trial [14], comparing the efficacy
and safety of calcifediol 0.266 mg soft capsules with cholecalciferol in 303 postmenopausal
women, no deaths or serious adverse events were reported. Furthermore, the maximum
25(0OH) D level reached by a patient was 64.4 ng/mL during the first month of treatment due
to a medication error (a weekly instead of monthly intake of calcifediol). The withdrawal
criterion for 25(OH)D levels in this clinical trial was a value greater than 80 ng/mL; it
is important to highlight that no patient reached that threshold. Also in that study, no
clinically relevant hypercalcaemia cases were reported in any of the patients treated with
calcifediol. Finally, the maximum calcium level reached was 11.1 mg/dL in one patient,
whereas the remaining patients had levels lower than 10.8 mg/dL. Taken together, these
data indicate that the finding of an increased serum calcium value is infrequent with a
correct administration of 0.266 mg monthly of calcifediol. In our investigation, we utilised
a monthly dose of 0.266 mg of calcifediol. However, we are aware of the possibility that
such a dose can be increased in specific conditions (i.e., when initially treating a severely
deficient patient with vitamin D values less than 12 ng/mL) or when higher thresholds
may be desirable (i.e., when treating autoimmune diseases such as rheumatoid arthritis).
In these previous conditions, more frequent laboratory tests are advisable, both to check
threshold achievement and also the lack of biochemical measures of toxicity. Theoretically,
a fine-tuning of the amount of vitamin D to be administered can be envisaged if basal
25(OH)D values are available.

We did not report urinary calcium excretion, because the patients enrolled were not
willing to have a troublesome urinary collection in the middle of the COVID-19 pandemic.
Urinary collection was performed in a few patients, which did not allow us to have the
statistical power to draw meaningful conclusions.

Several limitations of this study should be considered. The first one is represented
by the per-protocol, and not intentional, analysis of the data obtained. However, this
approach was justified by the peculiar period in which this investigation was carried out
(i.e., in the midst of the COVID-19 pandemic) that did not allow a full adherence to the
initial scheduled visits of the protocol. In this context should also be interpreted the lack
of the inclusion of a placebo control group. Secondly, a full evaluation of the biochemical
parameters of skeletal metabolism would have been desirable. However, our focus was the
attainment of 25(OH)D values in the sufficiency range in the long term without reporting
any serious adverse events. This primary endpoint, not previously targeted in previous
investigations, was reached in our study. Finally, we did not include a group treated with
cholecalciferol, since there is an abundance of papers showing the different metabolism
and predictability of efficacy of calcifediol in respect to cholecalciferol, so that a further
study addressing this problem would have resulted in useless repetition.

The main strength of our protocol derives from the homogeneity of the population
studied from a single centre and, most importantly, the duration of the study—that is,
24 months—never reached in previous studies published in the English-language literature.
Another particular aspect that should be emphasised is represented by the formulation of
calcifediol, together with the schedule utilised. Taking one soft gelatine capsule per month
is easier compared to taking a certain number of drops each day, as reported in the majority
of studies previously cited. This kind of formulation is available both in Italy and Spain,
even though recommendations concerning doses may differ (based on initial vitamin D
values in Italy or on the characteristics of the population in Spain). The desired final effect
on vitamin D status is reached by utilising this formulation, as can be observed by the
stable circulating levels of 25(OH)D throughout the whole observation period.
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5. Conclusions

In conclusion, this is the first open-label investigation carried out for as long as
2 years with monthly 0.266 mg calcifediol administration. The long-term administration of
calcifediol maintained stable and sustained 25(OH)D concentrations. Most importantly, no
safety concerns were reported by the patients.
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Abstract: Hip fractures are a major health issue considerably impacting patients” quality of life
and well-being. This is particularly evident in elderly subjects, in which the decline in bone and
muscle mass coexists and predisposes individuals to fall and fracture. Among interventions to
be implemented in hip fractured patients, the assessment and management of nutritional status is
pivotal, particularly in subjects older than 65. Nutrition plays a central role in both primary and
secondary preventions of fracture. An adequate protein intake improves muscle mass and strength
and the intestinal absorption of calcium. Other nutrients with recognized beneficial effects on bone
health are calcium, vitamins D, K, and C, potassium, magnesium, folate, and carotenoids. With
reference to calcium, results from longitudinal studies showed that the consumption of dairy foods
has a protective role against fractures. Moreover, the most recent systematic reviews and meta-
analyses and one umbrella review demonstrated that the combination of calcium and vitamin D
supplementation significantly reduces hip fracture risk, with presumed higher efficacy in older and
institutionalized subjects. Owing to these reasons, the adequate intake of calcium, vitamin D, protein,
and other macro and micronutrients has been successfully implemented in the Fracture Liaison
Services (FLSs) that represent the most reliable model of management for hip fracture patients. In
this narrative review, papers (randomized controlled trials, prospective and intervention studies,
and systematic reviews) retrieved by records from three different databases (PubMed, Embase, and
Medline) have been analyzed, and the available information on the screening, assessment, and
management of nutritional and vitamin D status and calcium intake in patients with hip fractures is
presented along with specific prevention and treatment measures.

Keywords: osteoporosis; fragility fracture; falls; cholecalciferol; calcium carbonate; calcium citrate;
calcium intake

1. Introduction

The prevalence of osteoporosis and related fragility fractures is steadily rising world-
wide [1]. Among fragility fractures, hip fractures represent a major health concern, es-
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pecially in the aging population, namely over the age of 65, and are often the result of
falls [2]. Hip fracture is an often-devastating event, likely leading to a hampered quality
of life, disability, associated complications, impact on a person’s overall well-being, and
increased risk of mortality [3]. Preventative measures and effective treatment are essential
for reducing the incidence of these fractures, preventing further fractures, and improving
quality of life for those who experience them [4]. Understanding the epidemiology and
consequences of hip fractures is essential for healthcare planning, preventive measures,
and addressing the specific needs of populations at higher risk.

Public health initiatives and policies aimed at reducing the incidence of hip fractures
have to target osteoporosis prevention, fall prevention, and improve the overall well-
being of the elderly population. Once a major fragility fracture such a hip fracture has
occurred, proper treatment with antiosteoporotic agents becomes mandatory as a secondary
prevention strategy for further fractures, the risk of which is imminently high right in
the first two years after the first event [5]. Unfortunately, the minority of people who
experience a hip fracture are evaluated and begin proper therapy. The treatment gap in
osteoporosis refers to the significant discrepancy between the number of people who have
osteoporosis or are at high risk of fractures and those who actually receive appropriate
diagnosis, treatment, and management for their condition [6]. This gap is a major concern in
healthcare for several reasons, contributing to increased rates of fractures, higher healthcare
costs, and decreased quality of life for those affected.

Regarding the secondary prevention of fractures, Fracture Liaison Services (FLSs),
primarily borne within tertiary clinical centers around the patient with a hip fracture,
represent coordinated, multidisciplinary systems designed to identify, diagnose, treat, and
manage the care of patients with osteoporotic fractures, with the ultimate goal of preventing
subsequent fractures [7]. As a critical component of integrated care for patients suffering
from fractures, especially those at risk of osteoporosis or subsequent fractures, the FLS
plays a pivotal role in addressing what is often an under-recognized and under-treated
condition. Despite the clear evidence of the cost-effectiveness of the FLSs where applied,
they are not routinely supported with specific resources by healthcare systems.

Nutrition plays a pivotal role in the health and functionality of the musculoskele-
tal system in elderly individuals, directly impacting their mobility, strength, and risk of
falls [8]. The derangement from aging to frailty is often accompanied by an accelerated
decline in muscle mass and bone density, leading to a pathological condition known as
sarco-osteoporosis. These changes can significantly increase the risk of falls, fractures, and
subsequent disabilities, highlighting the importance of nutritional and exercise strategies
to mitigate these risks. In particular, nutrition plays a pivotal role in the primary and sec-
ondary prevention of osteoporosis and fragility fractures [9] (Figure 1). A good nutritional
condition is correlated to better musculoskeletal health in all ages, along with a decrease in
the probability of falls and subsequent fractures [9] (Figure 1). Nutritional status is often
compromised in elderly people, so that the typical patient with a hip fracture, the risk of
which exponentially rises after 65 years of age in both sexes with more than 75% occurring
in people older than 75 years, is often nutritionally impaired.

Nutritional status can be evaluated by general nutritional questionnaires, especially
formulated for elderly people, as well as vitamin D status and calcium intake assessments.
These factors are often neglected in the majority of patients, especially in aged patients
after a fragility fracture, so that both patients and care givers are not usually sufficiently
educated on the importance of a proper diet and how to manage to achieve it.
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Figure 1. The optimization of nutrition, calcium intake, and vitamin D status is a multimodal
approach which can intervene at various stages in the prevention of falls and related hip fragility
fractures, recovery from hip fracture, and the prevention of further fractures, along with proper
antifracture drugs and related disability.

The correction of vitamin D status by vitamin D supplementation, even besides
baseline vitamin D levels as assessed at the moment of fracture, is mandatory in patients
after a major fragility fracture, in order to commence proper treatment early [9]. Indeed,
despite the worldwide increase in the consumption of vitamin D supplements in the
general population, their use remains low in patients experiencing fragility fractures and,
in particular, at the moment of a hip fracture. Mineral intake, and calcium intake in
particular, is fundamental for proper bone repair, to optimize the mineralization process
and to favor the action of anti-osteoporotic medications. In addition, it has been proven
that adverse events, such as hypocalcemia, common for most potent antiresorptives, are
less frequent when calcium ingestion is adequate. Calcium intake, which would have
always to be optimized in parallel to the improvement in vitamin D status, is usually not
systematically evaluated by specific questionnaires, nor have specific interventions been
applied systematically in the general management of these patients.

In this review, we will explore the state of the art on the assessment of calcium
intake, nutrition, and vitamin D status in patients before and after a hip fracture and
analyze whether systematic specific interventions have been undertaken to optimize these
parameters in these individuals.

2. Methods

For this narrative review, data from three different databases (PubMed, Embase and

77

Medline) were retrieved using the following key words: “hip fracture”, “osteoporosis”,
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“vitamin D”, “serum 25(OH)D”, “calcium intake”, “nutrition”, “malnutrition”, “protein in-
take”, “falls”, “disability”, “mortality”, “vitamin D status”, “calcium intake questionnaire”,
“elderly”, and “elders”, using “AND” /“OR” operators as appropriate.

Randomized controlled trials (RCTs), prospective and intervention studies, systematic
reviews, and meta-analyses in the English language, mainly focusing on the literature of
the last 10 years up to December 2023, were considered.

Abstracts were reviewed by 3 reviewers (CC, BG, and CL) and only main papers
and reviews referring to the prevention of hip fractures and the assessment/treatment of
patients with hip fractures and published in English were considered.

3. Nutrition and Hip Fracture

In elderly people, a number of physiological factors, such as a loss of appetite, chewing
problems, dysphagia, reduced mobility, and psychological problems, and environmental
factors, such as mourning, social isolation, and economic problems, can influence eating
habits with advancing age [10-12].
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People’s overall well-being is closely related to nutritional status. Regarding mus-
culoskeletal health, it is crucial to ensure in the elderly an adequate protein intake, as
proteins are involved in bone mineral metabolism and are able to improve bone matrix
protein collagen [13]. The European Society for Clinical Nutrition and Metabolism (ESPEN)
recommended for older adults with acute or chronic illnesses 1.2 to 1.5 g protein/kg body
weight/day, increasing the intake in the case of more serious illnesses [14] in order to avoid
a progressive loss of lean mass, determined by a nitrogen imbalance [15]. In addition, it
appears that an increased protein intake may promote the growth of muscle mass and
strength in the lower limbs and increase the intestinal absorption of calcium [16,17].

A poor diet can trigger a range of both physical and mental problems, increasing
the risk of conditions such as osteoporosis and falls and recurrent falls [18,19]. These
difficulties can contribute to malnutrition due to limited food and fluid intake and due to
the difficulty of meeting recommended nutritional requirements. Malnutrition per se is
widely recognized for its detrimental effects on various physiological systems, which can
lead to increased complications after surgery and increased mortality rates [20]. During
the aging process, there is a decrease in the intake of macronutrients and micronutrients,
and a decrease in the adherence to a healthy diet, which would allow one to maintain bone
mineral mass [21]. Usually, a healthy diet is characterized by a high consumption of whole
grains, fruits, vegetables, and legumes that are rich in the micronutrients, such as calcium,
vitamin K, potassium, magnesium, vitamin C, folate, and carotenoids, necessary for bone
health [22]. Several studies have shown that a high adherence to the Mediterranean diet,
ensuring an adequate intake of calcium and vitamin D through food, correlates with a
low risk of hip fractures in the elderly [23-26]. In contrast, other types of different dietary
patterns, such as the Western diet, rich in red meat, processed meat, poultry with skin,
animal organ meat, cooking oil, soft drinks, hamburgers, hotdogs, ice cream, doughnuts,
margarine, and butter [27], and certain nutrients such as saturated fatty acids and trans fatty
acids, have been shown to be associated with higher levels of inflammation. Consequently,
the inflammatory component of the diet may increase the risk of hip fractures in the elderly
population without a gender difference [28,29].

As for the role of proteins, scientific evidence demonstrates that a high dietary protein
intake is important for fall prevention in old people [30] and it is associated with a low risk
of hip fractures [31]. Recently, interesting evidence has been found by Hayashi et al. [32],
who show that not only total protein intake but a more frequent consumption of meals
with adequate amounts of protein (>20 g or >30 g) may represent a potential strategy
to oppose the age-related loss of muscle mass and function, especially in frail and pre-
fragile individuals.

In the UK’s Women’s Cohort Study, including 26,318 women aged 35-69 years, with
822 hip fracture episodes retrieved by hospital records in the >20-year follow-up, an
increased intake of protein, calcium, total dairy, and milk was associated with a 45% lower
risk of hip fracture for every 25 g/day protein consumed in underweight individuals [33].
In a further analysis of the same cohort, vegetarian women displayed higher risks of hip
fracture with respect to regular meat eaters [34]. These findings, although not yet confirmed
in males and in other non-European populations, highlight the importance of certain diets
and proper nutrition with certain type of foods.

On admission to a hospital, nursing home, or during outpatient follow-up, as in the
case of people experiencing a hip fracture, it is important to assess the patient’s nutritional
status. According to the ESPEN guidelines, nutritional status should be diagnosed with
standard screening tools, such as the Mini Nutrition Assessment (MNA), Nutrition Risk
Screening 2002 (NRS), or the Malnutrition Universal Screening Tool (MUST) [1,35].

Upon admission to the hospital, traditional anthropometric measurements such as
weight or body mass index do not allow for the easy identification of the patient.

Therefore, screening malnutrition in older people with simple tools can be critical for
early diagnosis and can direct targeted nutritional interventions to improve postoperative
outcomes. According to epidemiological data, malnutrition prevalence in hospitalized
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elderly patients ranges from 20 to 50% [36]. The prevalence of malnutrition is lower,
between 2 and 32%, among the elderly residing with family, and increases with age [10,37].
In addition, one year after hip surgery, patients with malnutrition have a significantly
increased risk of mortality [38].

Patients admitted to the hospital for a hip fracture showed a low intake of carbohy-
drates, proteins, fats, certain vitamins, and minerals. The majority of these patients were
getting less than the recommended minimum intake, especially for selenium, magnesium,
iron, folate, calcium, and zinc [39].

The maintenance of good nutritional status in these patients is necessary in order
for them to meet their energy requirements. Oral nutritional supplementation (ONS) is
generally used during rehabilitation in hip fracture patients with the aim of increasing
energy and protein intake, but no convincing effect on mobility, independence, muscle
strength, or muscle function has been observed [40].

Several interventions have been proposed to improve nutrition in hip fracture pa-
tients, such as not-otherwise-specified enteral nutrition, which seems to have benefits in
decreasing postoperative interleukin-6 levels, which could be related to a reduction in time
spent in bed and an improved quality of life [41]. Nonetheless, contradictory results are
available on the nutritional support via a nasogastric tube, since this procedure has not
shown promising results in these patients [42].

In a multicenter randomized controlled trial (RCT), Wyers et al. monitored patients
for three months after a hip fracture, with weekly nutritional counselling and intervening
with an energy- and protein-rich diet and using ONS [43]. The study showed no effect
on lifespan, postoperative complications, or functional parameters, nor on fracture and
mortality rates at 1 and 5 years [43]. Recently, Iuliano et al., in another RCT, tested a
nutritional intervention with high-calcium dairy foods to increase calcium and protein
intake and calcium in institutionalized elderly people, as detailed later in this paper,
demonstrating a reduction in falls, total fractures, and hip fractures [44].

It seems that interventions that just administer supplements are insufficient and
unable to improve clinical outcomes [45]. Indeed, in patients with hip fracture, no positive
effects were found even by intervening with just taurine supplementation [46], a semi-
essential amino acid with antioxidant action in humans. Bell et al. showed that offering
individualized, multidisciplinary, multimodal care involving different professionals such
as orthopedists, dietitians, and nursing staff can break down the barriers that cause reduced
food intake, and is a key strategy for improving clinical outcomes [47]. Involving a
nutritionist and nurses with specific expertise in nutrition has been found to correlate with
an increased intake of energy, protein, and supplements [48,49]. These studies demonstrate
that a multidisciplinary approach is essential for reducing malnutrition in hospitalized
patients. Such a multidisciplinary approach was found to be effective in counteracting the
increased incidence of malnutrition after discharge.

The elderly also experience recurrent falls, which seems to be associated with fatigue,
reduced strength, and muscle quality. Therefore, important strategies that are able to work
directly on the muscle and preserve it have the potential to improve results. Significant
improvements in function and disability reduction in these patients have been achieved by
combining structured exercise programs with essential amino acid supplementation [50].
In a cohort study of community-dwelling patients, these conditions appear to be related to
nutritional deficiencies and lower hemoglobin levels [51]. Consistent with low hemoglobin
levels, there is a reduction in transported oxygen, leading to a reduction in muscle function
and occasional falls.

It seems that one of the strategies to ensure greater patient well-being and improve
outcomes is to intervene with a multidisciplinary approach, underlying that fractures are
not only an orthopedic issue.

In fact, due to limited access to osteoporosis treatment, several targeted care programs
have been designed for patients with this condition and fragility fractures. Programs such
as the FLS were implemented to reduce the lack of attention and care for patients with
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fragility fractures. It seems to result as an effective model; scientific evidence shows that
there was increased adherence to medication use, increased exercise, decreased falls, and
an increased intake of adequate calcium, vitamin D3, and protein [52,53]. In addition,
one-year mortality rates were generally low [54], and the overall re-fracture rate was lower
than that reported in previous studies. Currently, the best way to intervene with the dosage
of nutritional supplementation, the ideal duration of interventions, and the frequency
of nutritional counseling remain unclear. Adherence to the nutritional supplementation
regimen and intervention is highly variable, depending on the duration and modality of
supplementation [55].

4. Vitamin D Status and Hip Fractures

Hypovitaminosis D is extremely common in hip fracture patients. The overall preva-
lence of vitamin D deficiency is reported by studies performed in different countries in
the range of 46-92%, depending on the series and thresholds of the serum 25(OH)D used
to define deficiency [56—67]. Additionally, results from recent systematic reviews and
meta-analyses corroborated the hypothesis that low serum 25(OH)D levels represent a
risk factor for hip fracture [68-72]. The main results from the meta-analyses published in
the last ten years on this topic and on the association between serum 25(OH)D levels and
post-fracture outcomes are summarized in Table 1.

Table 1. Summary of the meta-analyses of observational studies assessing the association between
serum 25-hydroxy-vitamin D [25(OH)D] levels and hip fracture risk and post-fracture outcomes

published from 2014 to 2024.

Author and Year  Design of Included Population Primary Outcome Results
of Publication Studies P Measure/s
Significant increased hip fracture risk [RR 1.58
(1.41, 1.77)] in subjects with the lowest vs. the
highest serum 25(OH)D levels (15 studies,
Association 51,239 participants);
. between serum Subgroup analysis by gender, age, location, type
Lv etal., 2017 [68] Prospective cohort adults 25(OH)D levels and of study, and follow-up confirmed the
hip fracture risk main results;
The dose-response meta-analysis showed that
the increased hip fracture risk is significant when
serum 25(OH)D levels are <60 nmol /L.
Significant increased hip fracture risk (RR 1.48,
- 95% CI 1.29-1.68) in subjects with low serum
. . Association 23(OED)D levels (11 stadics)
eng etal., Prospective dult between serum Sub lvsis showed 40% i i h
2017 [72] cohort, case—control aduits 25(0OH)D levels and ubgroup analysis Showe o Increase mn iup
hip fracture risk fracture risk for any SD decrease in serum
25(0OH)D levels (RR 1.40, 95% CI 1.20-1.61)
(3 studies).
Significant 20% decrease in hip fracture risk (RR,
Association 0.80; 95%CI, 0.75-0.86) for any 10 ng/mL increase
Yao etal., Prospective between serum in serum 25(_OH)D levels (11 studies,
2019 [73] cohort, case—control adults 25(0OH)D levels and 39,141 participants); ‘ ,
hip fracture risk Subgroup analysis by study design, age, location,
follow-up, and baseline 25(OH)D levels showed
no significant difference.
Significant increased hip fracture risk [adjusted
relative risk (95% CI) 0.89 (0.80, 0.98)] in
Association association with low serum 25(OH)D levels
Wang et al., Prospective cohort ~60 vears between serum (13 studies, 24,220 participants);
2020 [69] P Y 25(OH)D levels and Subgroup analysis by gender, location, and

hip fracture risk

starting time of the study confirmed results for
studies performed in Europe, US, and
before 2010.
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Table 1. Cont.

Author and Year  Design of Included Povulation Primary Outcome Results
of Publication Studies P Measure/s
Significant increased hip fracture risk [OR 1.80
(95% CI1.56-2.07, p < 0.001)] in subjects with low
Association vs. those with high 25(OH)D serum levels
Ghahfarrokhi Case—control, elderl between serum (28 studies, 61,744 participants);
etal., 2022 [70] cohort, retrospective Y 25(OH)D levels and Subgroup analysis by study design, gender,
hip fracture risk sample size, follow-up, study period, NOS score,
and geographical location confirmed the
main results.
No significant relationship between the ability to
walk and vitamin D deficiency (OR 0.68, 95% CI
Association 0.31-1.53) (3 studies, 586 participants);
between serum No significant relationship between the length of
. 25(OH)D levels and stay in the hospital and vitamin D deficiency
Llo;)ﬂ;;r[; it] al,, rissf;ggt‘l’veecfi‘}?é:t >50 years re-habilitation and (MD 2.27, 95% CI — 2.47 to 7.01) (3 studies,
functional status in 1395 participants);
subjects with hip Significant relationship between a worse quality
fracture of life and functional ability and vitamin D
deficiency (SMD —1.50, 95% CI —2.88 to —0.12)
(3 studies, 573 participants).
Significant increased risk of mortality [OR 1.24
(95% CI 1.05-1.46)] in subjects with vitamin D
insufficiency (9 studies, 4409 participants);
Association Analysis adjusted for age, sex, serum albumin
. between serum levels, and comorbidities showed no significant
Llombart et al., Prospective cohort, association between low 25(OH)D levels and
2024 [75] retrospective cohort adults 25(OH)D levels and mortality;
mortality in subjects ty; . .
with hip fracture S.ubgr.oup gnalysm by follow-up time showed
significant increased mortality [OR 1.37
(1.06-1.77) and 1.78 (1.01-3.15)] in subjects with
vitamin D insulfficiency after 1 and 2 years from
hip fracture, respectively.
Significant increased risk of mortality [HR 2.29
(95% CI1.41-3.72)] in subjects with vitamin D
deficiency (14 studies);
No significant increased risk of mortality [HR
1.10 (95% CI 0.97-1.24)] in subjects with vitamin
Association D insufficiency (11 studies);
. between serum Subgroup analysis by location confirmed the
V\;%gi F; 2]1" rzltfsspegzlt‘i]jecs:}?é:t adults 25(OH)D levels and association between vitamin D deficiency and

mortality in subjects
with hip fracture

mortality in studies conducted in Europe [HR 2.4
(95% CI 1.28-4.52)], but not in America and
Australia;

Subgroup analysis demonstrated no significant
association between vitamin D deficiency and
recovery of walking ability [HR 1.77 (95% CI
0.95-3.32)].

RR, relative risk; OR, odds ratio; NOS, Newcastle-Ottawa Scale; MDs, mean differences; SMDs, standardized
mean differences; HR, hazard ratio.

Lv et al. reported a pooled relative risk (RR) of hip fracture of 1.58 in association
with the lowest vs. the highest serum 25(OH)D levels in a meta-analysis of 13 prospective
cohort studies [68]. In particular, subgroup analysis demonstrated that hip fracture risk was
increased when low serum 25(OH)D levels were measured in women and subjects older
than 65 [68]. Similar results were described by Wang et al. in a meta-analysis of 13 cohort
studies in 24,220 patients (2831 with hip fractures) older than 60, in which higher relative
risks of hip fracture in association with low 25(OH)D levels were reported, with a RR of
1.25 in female subjects [69]. The analysis of the association between hip fracture risk and
the magnitude of serum 25(OH)D decrease showed interesting results, as well. Feng et al.
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reported a 40% increase in hip fracture risk for any SD decrease in serum 25(OH)D levels
in the subgroup meta-analysis of three prospective cohort and case—control studies [2,72].
Interestingly, Yao et al. described a 20% lower risk of hip fracture for any 10 ng/mL
increase in serum 25(OH)D concentration in a meta-analysis of 11 observational studies
with 39,141 participants aged 52-76, of whom 2367 had a hip fracture [73]. However,
heterogeneity among studies was reported [73]. A more recent systematic review and
meta-analysis of 28 studies performed in elderly subjects with a total of 9767 hip fractures
clarified that the fracture risk was increased in association with low 25(OH)D serum levels
when case—control, cohort, and case—cohort studies from different geographical areas were
considered [70].

With reference to post-surgical outcomes, retrospective and prospective studies from
several countries collectively showed worse functional recovery in association with lower
25(OH)D concentration [77,78]. A secondary analysis of the Functional Outcomes in Car-
diovascular Patients Undergoing Surgical Hip Fracture Repair (FOCUS) Trial including
290 hip fractured subjects 65 and older undergoing surgery between 2004 and 2009 showed
reduced mobility in association with vitamin D deficiency before surgery [77]. More specif-
ically, preoperative serum 25(OH)D > 12 ng/mL were associated with 30- and 60-day
increased mobility [77]. Subsequent retrospective analyses confirmed the association be-
tween pre-surgical vitamin D deficiency and 6- or 12-month worse physical outcomes,
re-admission for medical issues, and re-fracture in elderly subjects [78-80]. More recently,
a meta-analysis of these and other studies in a total of 1972 hip fractured patients aged
78-84 demonstrated that vitamin D deficiency was associated with poorer quality of life
and functional ability after fracture, while it did not influence the walking ability and
length of stay in the hospital [74].

Retrospective and prospective studies reported inconsistent results as far as the pos-
sible role of pre-surgical vitamin D deficiency on mortality, as evaluated from 30 days to
3 years after hip fracture surgery [81]. Llombart et al. performed a meta-analysis of 9 cohort
studies in 4409 patients with hip fracture aged 74-87 and concluded that reduced 25(OH)D
levels were not associated with overall mortality when adjusting for confounders, such as
age or comorbidities. Nevertheless, vitamin D insufficiency [defined as serum 25(OH)D
between 20-29.9 ng/mL] and severe vitamin D deficiency [serum 25(OH)D < 10 ng/mL]
significantly increased mortality after a year and 60 days from hip fracture surgery, respec-
tively (Table 1) [75]. Wang et al. recently demonstrated significant associations between
vitamin D deficiency and mortality but not with functional recovery in hip fractured
subjects in a meta-analysis of 18 prospective and retrospective cohort studies (Table 1) [76].

Two recent studies focused on the possible role of vitamin D metabolites and vitamin
D binding protein (DBP) on hip fracture risk and post-surgical outcomes. In a post hoc
analysis of the Multi-Ethnic Study of Atherosclerosis, Hsu et al. used a composite of
first hip and vertebral fracture as the primary outcome and found that total 25(OH)D,
PTH, FGF23, and 24,25-dihydroxyvitamin D3 to 25-hydroxyvitamin D3 ratio were not
independently associated with fracture risk in community-dwelling adults [82]. Authors
did not report separate analysis for hip fracture in the study and acknowledged that the
study was conducted in a population with low fracture risk and high percentage of vitamin
D-replete individuals [82]. The post hoc analysis of the FOCUS trial reported significant
associations between higher pre-surgical serum DBP levels and better 30- and 60-day
mobility and lower 60-day mortality in a total of 260 hip fractured patients with a mean
age of 81 [83].

In view of data gleaned from observational studies, several intervention studies
including RCTs and testing the effect of vitamin D supplementation on hip fracture risk
were conducted in different age groups and clinical settings. Owing to these discrepancies,
as well as the heterogeneity in vitamin D dose regimens, and, most importantly, in the
inclusion of a combination of calcium and vitamin D in the intervention group, results are
not consistent. In this context, even results from meta-analyses of these studies failed to
find agreement. Table 2 summarizes the results of the meta-analyses published in the last
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ten years (2014-2023) and including RCTs and non-RCTs studies that evaluated the effect

of calcium combined with vitamin D on the risk for hip fractures [73,84-92].

Table 2. Summary of the meta-analyses of randomized controlled trials and clinical studies assessing

the effect of the combination of calcium (Ca) and vitamin D (VitD) on hip fracture risk published

from 2014 to 2023.
Author and Year Design of . . Intervention and
of Publication Included Studies Population Setting Comparison Results
Analysis vs. placebo or no
treatment (9 trials,
49,853 participants):
significant reduction of hip
VitD or VitD-related fracture in the Ca/VitD
RCTs or quasi- . compounds alone or group (RR 0.84, 95% CI
Avenell et al., : post-menopausal community or . . . 4
randomized N in combination with 0.74-0.96)
2014 [84] . women or men > 65 institutional . .
trials Ca vs. placebo, no Analysis vs. Ca (7 trials,
intervention, or Ca 7411 participants): no
significant reduction of hip
fracture in the Ca/VitD
group (RR 0.84, 95% CIL
0.63-1.13)
Analysis vs. placebo
. 6 trials): significant
L lly health . ( 8
W;?)‘{zr[gg]a ’ RCTs generz dzlt:a thy C?gggggza?r Ca/VitD vs. placebo reduction of hip fracture in
the Ca/VitD group (SRRE
0.7, 95% CI 0.56-0.87)
Analysis vs. placebo or no
treatment (7 trials,
Zhao et al,, ‘ Ca, VitD and 8657 participants): no
2017 [86] RCTs adults > 50 community Ca/VitD vs. placebo significant reduction of hip
or no treatment fracture in the Ca/VitD
group (RR 1.09, 95% CI
0.85-1.39)
Analysis vs. placebo: no
Huetal, . Ca, VitD and significant reduction of hip
2019 [87] RCTs adults > 50 community Ca/VitD vs. placebo fracture in the Ca /VitD
group
post-menopausal various therapies Analysis vs. placebo:
Barrionuevo women with Primary - (including Ca/ YitD) signiﬁcapt reduction. of hip
etal,, 2019 [88] RCTs osteoporosis or not specified vs. placebo; fracture in the Ca/VitD
v osteopenia at risk for head-to-head group (RR 0.81, 95% CI
fragility fracture comparisons 0.71-0.93)
Analysis vs. placebo or no
treatment (6 trials,
Yao et al., community or VitD and Ca/VitD vs. 4?,252 part1c1pant.s): .
2019 [73] RCTs adults institutional placebo or no significant reduction of hip
treatment fracture in the Ca/VitD
group (RR 0.61, 95% CI
0.4-0.92)
Analysis vs. placebo or no
treatment (8 trials,
. . . 68,957 participants):
Eleni et al., rand(?mlzed adults > 50 not specified Ca/VitD vs. placebo significant reduction of hip
2020 [89] trials or no treatment . .
fracture in the Ca/VitD

group (RR 0.84, 95% CI
0.72-0.97)

116



Nutrients 2024, 16, 1773

Table 2. Cont.

Author and Year Design of Intervention and

of Publication Included Studies Population Setting Comparison Results

- Analysis vs. placebo or no
treatment (8 trials):
Ca/VitD vs. placebo significant reduction of hip
or no treatment fracture in the Ca/VitD
group (RR 0.86, 95% CIL
0.76-0.98)

Liuetal, RCTs post-menopausal

2020 [90] women not specified

- Analysis vs. placebo or no
treatment (7 trials,

. . 12,620 participants):
community or Ca/VitD vs. placebo signi ﬁcpamt redpuction of hip
fracture in the Ca/VitD
group (OR 0.75, 95% CI
0.64-0.87)

Manoj et al.,
2020 [91] RCTs women and men > 65 institutional or no treatment

- Analysis vs. placebo or no
treatment (6 trials,

. 17,538 participants): no
Ca/VitD vs. placebo significant reduction of hip
fracture in the Ca/VitD
group (OR 1.1, 95% CI
0.86-1.4)

Khatri et al., RCTs adults > 50 with

2023 [92] fracture history not specified

or no treatment

RCTs, randomized controlled trials; RR, risk ratio; SRRE, summary relative risk estimate; OR, odds ratio.

The meta-analysis by Yao et al. included 11 RCTs in which supplementation with vari-
ous dosing regimens of vitamin D (ergo- and cholecalciferol) alone was employed to tests
the effects on fracture risk and compared to placebo or no treatment [73]. Authors included
RCTs performed in community dwelling as well as in institutionalized subjects [73]. In
a total of 34,243 participants aged 66—85 and 740 hip fracture events, no association was
detected between vitamin D supplementation and reduction in hip fracture [73]. The same
authors performed a meta-analysis of 6 RCTs including 49,282 subjects with a mean age of
66 (730 hip fracture events) treated with daily 400-800 IU of vitamin D and 800-1200 mg of
calcium for 6 years on average and demonstrated opposite results [73]. The intervention
was indeed associated with a 16% reduction in hip fracture risk compared to placebo or
no intervention [73]. Importantly, authors found consistent results between reduction in
fracture risk reported in association with serum 25(OH)D levels by observational stud-
ies and those observed in the RCTs employing calcium and vitamin D [73]. Manoj et al.
specifically meta-analyzed data from seven RCTs performed in subjects older than 65 and
supplemented with daily 700-800 IU of cholecalciferol and 500-1200 mg of various calcium
compounds [91]. In a total of 12,620 community dwelling and nursing home resident
participants, authors reported roughly 25% reduction in hip fracture risk in the calcium
and vitamin D combination group compared to placebo or no supplementation [91]. Risk
reduction for hip fracture was as high as 30% in association with calcium and vitamin D
supplementation when five RCTs performed only in older women were analyzed [91]. The
analysis of three studies assessing femoral neck BMD in 483 subjects demonstrated no
significant effect of calcium and vitamin D on this specific endpoint [91].

On the other side, the ancillary study of the Vitamin D and Omega-3 Trial (VITAL)
failed to find significant effect of vitamin D on fracture risk in midlife and older individ-
uals [93]. The study was conducted in 25,871 healthy adults aged 50 and older of whom
only 12.9% had baseline serum 25(OH)D levels < 20 ng/mL and who were not selected
for having osteoporosis [93]. Participants were followed up for a median of 5 years, and
the daily dose of 2000 IU of cholecalciferol was employed. Compared to placebo, sup-
plementation with cholecalciferol was not associated with any reduction in the incidence
of first hip fracture occurring in 56 and 57 subjects in the placebo and vitamin D group,
respectively [93]. Similarly to the VITAL, the DO-HEALTH trial reported that the primary
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prevention through vitamin D supplementation in 1900 healthy, community dwelling sub-
jects older than 70 is not an effective strategy to be pursued to significantly reduce risk for
nonvertebral fracture [94,95]. The recent meta-analysis of 18 RCTs including 39,759 subjects
older than 50 and with history of fracture by Khatri et al. showed similar results [92].
Besides the observation of no significant effect of vitamin D supplementation alone on
fracture risk, the authors reported also no association between calcium and vitamin D
intake and reduction of hip fracture (Table 2) [92]. The results were confirmed in the
subgroup analysis performed by calcium and vitamin D doses, gender, and baseline serum
25(OH)D levels [92].

In the attempt of reducing confusion generated by inconsistent reports published
in the last decade on this sensitive topic, an umbrella review of systematic reviews and
meta-analyses of RCTs was performed by Chakhtoura et al. [96]. The authors included
12 systematic reviews and meta-analyses assessing the effect of combined calcium and
vitamin D on hip fracture risk and 15 on the effect of vitamin D alone. Though the studies
by Leboff et al. were not included in the analysis, authors raised important points that col-
lectively confirmed the absence of efficacy of vitamin D supplementation alone on fracture
risk; combination of calcium and vitamin D was instead found to be effective for hip frac-
ture risk reduction [96]. Eight systematic reviews and meta-analyses including community
dwelling and institutionalized subjects treated with different doses of calcium and vitamin
D showed efficacy of the combination on reduction of hip fracture [96]. Two systematic
reviews and meta-analyses conducted in community dwelling subjects reported no effect
of calcium and vitamin D [96]. The subgroup analysis demonstrated that factors poten-
tially predicting a better response could be age, institutionalization, and baseline serum
25(OH)D < 20 ng/mL, but definitely need further confirmation by specifically designed
studies [96].

5. Calcium Intake and Hip Fractures

Recovering from a hip fracture requires not just surgical intervention and physical
therapy, but also nutritional support to aid the healing process. Calcium plays a crucial
role in this recovery phase due to its importance in bone health.

After a hip fracture, the body’s demand for calcium increases to support the repair of
bone tissue. Calcium is a key building block for bones; it helps to restore bone density and
strength, which is essential for the healing process. Adequate calcium intake can accelerate
recovery, reduce the risk of a subsequent fracture, and support overall skeletal health.

The recommended daily calcium intake for older adults is about 1200 mg per day,
according to the International Osteoporosis Foundation (IOF), Institute of Medicine and
other referral institutions [97,98]. This can be achieved through diet, supplements, or
a combination of both. Foods rich in calcium classically include dairy products (such
as milk, cheese, and yogurt), green leafy vegetables (like kale and broccoli), fish with
edible bones (such as sardines and canned salmon), and fortified foods (like certain cereals
and plant-based milk). Chronic administration of drugs such as glucocorticoids or age-
related malabsorption decreases intestinal calcium absorption, therefore increasing daily
requirement of calcium achievable through diet intervention or supplements.

Although some metanalyses including 33 RCTs involving 51,145 participants, have
shown that the increased intake of calcium and/or vitamin D per se is not associated
with a lower risk of fragility fractures and hip fractures in particular [86,99], other recent
longitudinal studies have shown that consumption of dairy foods, providing proteins and
also minerals other than calcium, is protective against fractures. In two large U.S. cohorts,
the Nurses” Health Study (NHS) of women and the Health Professionals Follow-up Study
(HPFS) of men, one additional daily serving of total dairy, of which milk contributed about
half, was found to be associated with a statistically significant 6% decreased risk of hip
fracture among postmenopausal females and men [100]. A more recent analysis of the NHS
cohort has further demonstrated that consumption of more than 2 daily servings of total
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dairy was associated with a decreased fracture risk, including hip fracture, as compared to
1 daily serving (hazard ratio [HR]: 0.74; 95% confidence interval [CI]: 0.61, 0.89) [101].

Older individuals are definitely at major risk to have low calcium and protein intake.
One recent study examined the impact of dietary sources of calcium and protein on hip
fractures and falls in older adults within residential care settings. This cluster RCT focused
on increasing dairy food provision as a strategy to enhance calcium and protein intake
aiming to reduce fracture and falls [44]. Intervention facilities were assisted by dieticians
to increase dairy foods in meals and snacks, with methods such as fortifying milk used in
recipes and offering dairy-based desserts. In this study 30 residential care facilities were
randomized to provide each individual additional milk, yogurt and cheese to reach a total
of 1142 mg calcium/day plus 69 f/day protein calcium, with results on the rate of falls
and fractures as compared to care facilities maintaining their usual menu (700 mg/day
calcium and 58 g/day protein) [44]. The intervention rapidly reduced the rate of total
fractures by 33% and 46% of hip fracture in particular, along with 11% reduction of falls
just in the first 5-3 months, demonstrating the effectiveness, promptness and easiness of
increasing calcium and protein through dairy foods in preventing falls and fractures in
older care residents [44]. An additional paper demonstrated cost-effectiveness of such in-
tervention estimating costs related to fracture management (including ambulance, hospital,
rehabilitation and residential care costs) [102].

Total calcium intake of people with fragility fractures is often low, especially in elderly
people experiencing a hip fracture, and requires a prompt correction before the commence-
ment of antifracture therapy. Moreover, defective intestinal absorption further decreases
the already low calcium intake in the elderly.

Interventions to improve calcium intake and overall nutrition after hip fractures have
been explored in various studies, highlighting the potential benefits for recovery and
long-term bone health. A systematic review of RCTs evaluated post-surgery interventions
for patients with hip fractures, including nutritional supplementation, among various
other strategies such as rehabilitation, osteoporosis management, and fall prevention. This
review highlighted the diversity of interventions tested and underscored the need for well-
rounded postoperative care to improve outcomes in fragile hip fracture patients [103]. The
included RCTs considered just calcium and vitamin D supplementation, while interventions
to increase nutritional calcium intake by means of dairy products or other calcium sources
were not mentioned [103]. Calcium supplements (i.e., calcium carbonate or citrate) along
with vitamin D compounds are often easily prescribed, but they are often not tolerated and
not taken in the long term.

Few experiences have been published about interventions to raise calcium intake,
taking advantage of established FLSs. In a study from Taiwan, calcium intake (by sup-
plements) in patients enrolled in an FLS, including a medication management service
to improve medication adherence empowered by follow-up telephone interviews, was
significantly improved, as well as vitamin D and protein intake, in the medium-long term,
i.e., 1 year after the hip fracture event [53].

Tele-rehabilitation could support multicomponent interventions, such as nutritional
intervention and physical exercise, after a hip fracture recovery. In this respect, ongoing
RCTs, such as the ActiveFLS RCT, might give us evidence in the future that this approach
could improve long-term nutritional status and physical performance, possibly decreasing
falls and further fractures after a hip fracture.

Although it is impossible to dissect and isolate the effect of the improvement of calcium
intake on the risk of further fractures, disability, and mortality, the optimization of calcium
and vitamin D status is considered mandatory for each antifracture treatment that has to
follow the fracture event.

6. Conclusions

The patient with a hip fracture has to be cared for with a multicomponent approach.
The importance of nutrition, vitamin D status, and calcium intake is pivotal and should be
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regarded as a primary resource to be focused on. The target serum 25(OH)D of 30 ng/mL
has to be reached and maintained in these patients as recommended by most guide-
lines [97,104], avoiding high doses, which are likely related to increased falls [105]. Vitamin
D pro-hormones, such as cholecalciferol (vitamin Ds), ergocalciferol (vitamin D,), or cal-
cifediol (25(OH)D), can be effectively used to correct vitamin D status before and during
antifracture therapy. Besides vitamin D status, which is usually optimized by supplements,
calcium intake and overall nutrition should be evaluated and implemented in seniors after
a hip fracture, also taking into account their generally suboptimal intestinal absorption.
Too few short-term effective interventions have been carried out overall. The medium- and
long-term outcomes of persistent changes in nutrition have yet to be assessed.

FLSs, where applied, do not often tackle these issues systematically. Besides nurses
and case managers in the FLS, who can be employed to test nutritional status, specific
dietary suggestions have to be dispensed by medical personnel or nutrition specialists.
By addressing impaired nutrition in elderly individuals, particularly those with hip frac-
tures, healthcare providers can enhance recovery outcomes, reduce complications, and
improve the overall quality of life for this vulnerable population. In parallel, the effect of
pharmacological intervention to prevent further fractures will be enhanced (Figure 1).

The inclusion of calcium and vitamin D supplementation is considered a potential
strategy for improving compromised fracture healing in osteoporotic patients. Clinical
evidence suggests that addressing post-traumatic bone loss through such supplementation
could be beneficial, especially in the context of the broader management of osteoporosis
and fracture healing.

These studies collectively suggest that targeted nutritional interventions, including
calcium and protein intake through diet or supplements, along with comprehensive re-
habilitation programs, can significantly contribute to improved recovery and mobility
after hip fractures. Such strategies, along with targeted physical exercise, are critical for
addressing the multifaceted needs of patients recovering from hip fractures, aiming not
only at immediate recovery but also at preventing future fractures and enhancing overall
bone and skeletal muscle health.
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