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Abstract: Vitamin D covers roles of paramount importance in the regulation of multiple physiological
pathways of the organism. The metabolism of vitamin D involves kidney-liver crosstalk and requires
an adequate function of these organs, where vitamin D is progressively turned into active forms.
Vitamin D deficiency has been widely reported in patients living in the community, being prevalent
among the most vulnerable subjects. It has been also documented in many critically ill patients
upon admission to the intensive care unit. In this context, vitamin D deficiency may represent a risk
factor for the development of life-threatening clinical conditions (e.g., infection and sepsis) and worse
clinical outcomes. Several researchers have investigated the impact of vitamin D supplementation
showing its feasibility, safety, and effectiveness, although conflicting results have put into question
its real benefit in critically ill patients. The existing studies included heterogeneous critically ill
populations and used slightly different protocols of vitamin D supplementation. For these reasons,
pooling up the results is difficult and not conclusive. In this narrative review, we described vitamin
D physiology and the pathophysiology of vitamin D depletion with a specific focus on critically ill
patients with liver dysfunction, acute kidney injury, acute respiratory failure, and sepsis.

Keywords: vitamin D; critical care; sepsis; acute respiratory failure; acute kidney injury; acute
liver dysfunction

1. Introduction

Vitamin D is a hormone involved in the regulation of several physiological pathways
including calcium/phosphate balance, cardiovascular, anti-tumor, and immunologic home-
ostasis [1,2]. Its depletion may impair different metabolic functions and evidence has
shown that vitamin D deficiency might be associated with multiple diseases and could
worsen outcomes [1,2]. The metabolism of vitamin D requires specific enzymatic reactions
in the liver and the kidney, and any alterations of these steps, caused by acute or chronic
organ dysfunction, may lead to disturbed vitamin D metabolism and to a shortage of
relevant vitamin D metabolites [1,2]. An increasing number of researchers have investi-
gated the pathophysiology and the predictors of vitamin D shortage in subjects living in
the community and in critically ill patients. From an epidemiological point of view, low
levels of vitamin D have been frequently reported among subjects living in the commu-
nity [3,4] and are also prevalent in the most vulnerable patients. Specifically, vitamin D
deficiency has been reported in 70% of critically ill patients admitted to the intensive care
unit (ICU) [5], which may represent a risk factor for the development of life-threatening
complications [6-9]. Several researchers have investigated the impact of vitamin D supple-
mentation in patients with vitamin D deficiency and have found that it is feasible, safe, and
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effective to increase the vitamin D body content [10,11], although controversial results do
not support its benefit for the prognosis of critically ill patients [12-15].

In this narrative review, we describe the physiology of vitamin D and the patho-
physiology of vitamin D depletion in critically ill patients. We report the epidemiology,
metabolic pathways, and concurrent diseases associated with vitamin D shortage. Finally,
we discuss potential options to tackle vitamin D deficiency, with a specific focus on critically
ill patients.

2. Physiology of Vitamin D
2.1. Anabolic and Catabolic Pathways

Vitamin D stands for several lipophilic hormones that chemically stem from cholesterol
and are characterized by a secosteroid structure [16]. Ergocalciferol (vitamin D;) and Chole-
calciferol (vitamin Dj3) represent the most biologically powerful hormones of the vitamin D
family, which also includes vitamin Dy, vitamin Ds, vitamin D¢, and vitamin Dy [17].

The human supply of vitamin D comes mostly from vitamin D3, which is produced
in the skin by the non-enzymatic reaction of 7-dehydrocholesterol with solar ultraviolet B
radiation (wavelength between 290 and 315 nm) [18]. For this reason, vitamin D is tech-
nically a misnomer, as it differs from other vitamins because of this endogenous anabolic
pathway [16]. On the other hand, a considerable amount of vitamin D is contained in
a few aliments (e.g., vitamin D, in plant foods, and vitamin Dj in fatty fish and egg),
although the delivery of larger doses requires the administration of manufactured products
(“fortified” food and supplements) [1]. Both vitamin D; and vitamin Dj are stored in the
adipose tissue, and circulate into the bloodstream carried by the vitamin D binding protein
(LPBP), albumin (~10%) or free (<1%) [19]. Vitamin D is turned by the 25-hydroxylase of the
liver (cytochrome p450, CYP2R1—endoplasmic reticulum) into the 25-hydroxyvitamin D
(calcidiol), which is further converted by the 1x-hydroxylase (cytochrome p450, CYP27B1—
mitochondria) of the renal tubular cells into the 1,25-dihydroxyvitamin D (calcitriol)
(Figure 1). Although the 1,25-dihydroxyvitamin D is the most biologically active form of
this hormone [2], 25-hydroxyvitamin D is characterized by higher blood level (1000 times)
and a longer half-life (4 h vs. 2-3 weeks, respectively) [20].

The 1,25-dihydroxyvitamin production is enhanced by low levels of calcium and
phosphate, via the parathormone-mediated increase in the 1x-hydroxylase activity of the
kidney. On the contrary, high levels of 1,25-dihydroxyvitamin D may reduce parathormone
release and foster the 24-hydroxylase activity, that catabolizes its inactivation to calcitroic
acid, which is secreted into bile fluid [1] (Figure 1). In addition, 1,25-dihydroxyvitamin D
production may be reduced by the fibroblastic growth factor (FGF)-23, a hormone released
by osteoclasts [21].

2.2. Vitamin-D-Associated Metabolic Pathways

Vitamin D acts via a specific receptor, the vitamin D receptor (VDR), for which its presence
in different tissues [1] allows vitamin D to exert pleiotropic activities via autocrine, paracrine,
and endocrine mechanisms, that are mediated by genomic and non-genomic pathways [22,23].
Vitamin-D-associated metabolic pathways may be classified as classical and non-classical
(Figure 2). Classical pathways enclose calcium and phosphate balance and, specifically, their
absorption in the small intestine and storage in the bone [1]. Non-classical pathways include
microbial clearance via the production of cathelicidin (LL-37) in macrophages, monocytes, and
epithelial cells at the barrier level (skin, respiratory, and gastrointestinal tracts) [24]. Moreover,
vitamin D induces immune tolerance [1], increases myocardial contractility [25] and nitric
oxide production [26], and reduces renin [27] and insulin [28] synthesis. Furthermore, vitamin
D has anti-tumor activities [29] by inducing cellular differentiation and apoptosis, as well as
by reducing cell proliferation and angiogenesis [30].
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Figure 1. The regulation of synthesis and metabolism of vitamin D. The figure describes the an-
abolic and catabolic pathways of vitain D metabolism. + stimulation; — inhibition. Reprinted with
permission from Szymczak-Pajor et al. [18].
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Figure 2. Vitamin-D-associated metabolic pathways. The figure describes both classical and non-
classical metabolic pathways associated with vitamin D. IL, interleukin; MHCII, major histocompati-
bility complex class II; RANKL, receptor activator of nuclear factor-kB ligand; Th, T helper.

3. Epidemiology of Vitamin D Status Alterations
3.1. Grading

Vitamin D status is assessed by the 25-hydroxyvitamin D blood level, whose gold stan-
dard measurement method is debated [31]. However, liquid chromatography with mass
spectrometry (LC-MS) is frequently considered the reference test in the most recent clinical
trials in this field [12,13]. The Institute of Medicine [32] recommend specific thresholds
of 25-hydroxyvitamin D blood level (Table 1), which may help clinicians to diagnose and
grade the severity of vitamin D shortage. Finally, vitamin D intoxication was identified by
the 25-hydroxyvitamin D blood level above 150 ng/mL [1].

Table 1. Grading of vitamin D shortage.

Grading Institute of Medicine [32]
Vitamin D
Deficiency 25(OH)D blood level < 20 ng/mL
Insufficiency 25(OH)D blood level 21-29 ng/mL
Sufficiency 25(OH)D blood level > 30 ng/mL

3.2. Epidemiology

Vitamin D deficiency is common in Europe [3] and the United States [4], where it
affects 40% of subjects living in the community [20]. Although the global burden of vitamin
D shortage is unknown, some reports warn about a larger prevalence in low-income
countries [33]. In the ICU, vitamin D deficiency affects the 40-70% of critically ill patients
and vitamin D insufficiency ranges between 20 and 40% [5].

3.3. Settings

Obesity [34], low dietary intake and reduced sunlight exposure due to cold sea-
sons [35], extreme latitudes, and extensive use of sunscreens are the main risk factors for
vitamin D deficiency [1]. This condition is also frequent in dark-skinned, young, and elderly
subjects [3,4], and is also associated with specific physiological conditions such as preg-
nancy, lactation [36,37], and post-menopausal states [38]. Low vitamin D levels have been
associated with several pathological conditions such as osteoporosis, muscle weakness [39],
hypertension [40], atherogenic dyslipidemia [41], and metabolic syndrome [42]. Moreover,
vitamin D deficiency has been reported in patients with infective diseases (e.g., tubercu-
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losis [43], clostridium difficile [44], and COVID-19 [45]) and non-infective inflammatory
states (e.g., sarcoidosis [46] or multiple sclerosis [47]). In addition, vitamin D shortage is
frequent when liver dysfunction occurs [48] and may be due to enzymatic impairment and
low VDBP production [5]. Low vitamin D concentrations have been constantly reported
among patients with kidney dysfunction [49] and may be caused by the altered enzymatic
hydroxylation of calcidiol [50,51]. Some evidence shows that vitamin D deficiency may be
induced by specific drugs that induce the enzymatic catabolism of vitamin D to calcitroic
acid (e.g., anticonvulsants, glucocorticoids, antiretroviral therapies, antibiotics such as
rifampicin and antirejection medications) or reduce the intestinal absorption of vitamin D,
(e.g., cholestyramine) [1,20,52].

3.4. Associated Diseases

A causative link between severe vitamin D deficiency and osteoporosis/muscle weak-
ness was ex juvantibus demonstrated by the reduction of falls and skeletal fractures in
patients who received vitamin D supplementation compared with placebo [53].

Vitamin D deficiency is frequently reported in critically ill patients suffering from infec-
tion and sepsis [6-9], but the relationship between these conditions and vitamin D shortage
is unknown. Moreover, the risk of developing vitamin D shortage may be increased by
the limited sunlight exposure during a prolonged hospital length of stay. It is also unclear
whether vitamin D depletion should be considered just a marker of clinical severity or if it
represents a modifiable risk factor that may benefit from vitamin D supplementation.

4. Therapeutic Options of Vitamin D Supplementation
4.1. Routes of Vitamin D Supplementation

Vitamin D can be administered by enteral, parenteral, and intramuscular routes. En-
teral formulations have been widely used in clinical trials, being characterized by their ease
of administration and large vitamin D bioavailability. Specifically, some studies report a
greater increase of 25-dihydroxyvitamin D blood level in patients who receive oral formu-
lations, compared with those receiving the same dose of vitamin D by the intramuscular
route [54]. The delivery of enteral formulations appears particularly convenient because it
is not associated with invasive procedures (e.g., puncture or vascular access). Parenteral
and intramuscular administrations of vitamin D-based compounds should be indicated
for patients with malabsorption due to enteral diseases, gastrointestinal bypass surgery,
and medications that reduce lipid absorption. In specific patients with low compliance to
oral vitamin D supplementation, the long lasting half-life of parenteral and intramuscular
compounds may be helpful [55].

4.2. Isoforms of Vitamin D Compounds

In clinical practice, vitamin D; and vitamin D3 represent the most widely used iso-
forms of this hormone and may plausibly be considered “native vitamin D”. Although both
compounds are characterized by a low stability in the presence of moisture [56], vitamin
D3 administration is associated with a greater increase in 25-hydroxyvitamin D blood level
compared with vitamin D, [57]. These features are due to the chemical structure of vitamin
D3, which favors its enzymatic activation, VDBP-mediated delivery, and VDR-specific
interaction [56]. In recent years, several vitamin D analogues have been manufactured
with the aim to produce compounds with enhanced pharmacokinetic and pharmacody-
namic properties [58]. For example, paricalcitol does not require enzymatic activation,
doxercalciferol has prolonged half-life, and maxacalcitrol specifically acts on non-classical
vitamin D-associated pathways [59,60]. However, active metabolites of vitamin D such as
calcitriol analogues are characterized by a narrow therapeutic index, compound instability
due to rapid hydroxylation, and were demonstrated to moderately improve vitamin D
body content, with no clear effects on patient clinical outcomes [58].
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5. Vitamin D Supplementation in Critically Il Patients
5.1. General Population

Vitamin D supplementation is feasible and safe in critically ill patients and has been
demonstrated to be effective for improving vitamin D deficiency within few days [10,11].
However, a recent meta-analysis pooling the results of nine randomized controlled trials
on 1867 critically ill patients [61] found that vitamin D supplementation had no benefit on
the 28-day mortality compared with placebo (20.4% vs. 21.7%, respectively). Moreover,
this intervention had no influence on the duration of mechanical ventilation, ICU, and
hospital length of stay. The same meta-analysis showed that there were no specific benefits
associated with the daily dose and the route of vitamin D administration [61]. In contrast,
Menger et al. [62] conducted a larger systematic review and meta-analysis on 2449 critically
ill patients from 16 randomized controlled trials on vitamin D supplementation, which
included eight studies that were selected by Lan et al. [61] and the most recent research in
this field. The authors found that vitamin D supplementation was associated with reduced
overall mortality, duration of mechanical ventilation, and ICU length of stay. Furthermore,
this study revealed that the parenteral administration of vitamin D was more effective
than other routes for improving vitamin D deficiency. However, both systematic reviews
and meta-analyses had important limitations that hampered the generalizability of results,
mostly due to the wide degree of heterogeneity of the studies included. Specifically, the
majority of these studies were characterized by a small sample size and applied different
protocols for vitamin D supplementation. The only two large scale clinical investigations
were the VITAAL-ICU [12] and the VIOLET [13] trials (Table 2), whose specific peculiarities
warrant being discussed in detail.

The VITAAL-ICU trial [12] was conducted in five ICUs of an Austrian hospital and
enrolled 475 critically ill patients with vitamin D deficiency, who were randomized to
receive oral vitamin D supplementation (vitamin Ds: loading dose of 540,000 IU, followed
by monthly maintenance dose of 90,000 IU for 5 months) or placebo. The majority of these
patients were admitted to the ICU after surgery (more than 50%), had a higher body mass
index (about 27 kg/m?), and presented low estimated glomerular filtration rate (slightly
above 60 mL/min/1.73 m?) at enrolment. In patients receiving vitamin D supplementation
the deficiency status improved within 7 days from the inclusion and remained stable for the
28 days afterwards with respect to the placebo. Vitamin D supplementation and placebo
groups were not different in terms of hospital length of stay (primary outcome); ICU length
of stay; ICU mortality (22.8% vs. 26.5%, respectively); and hospital (28.3% vs. 35.5%), 28-day
(21.9% vs. 28.6%, respectively), and 6-month mortalities (35% vs. 42.9%, respectively)
(secondary outcomes). A subgroup analysis of patients with severe vitamin D deficiency
(25-hydroxyvitamin D levels < 12 ng/mL) showed that vitamin D supplementation reduced
the risk of hospital mortality compared with placebo (28.6% vs. 46.1%, respectively). In
light of this finding, the VIOLET trial [13] was designed and conducted in 44 hospitals
in the United States. This study enrolled 1358 severe patients with vitamin D deficiency,
who were deemed to be managed in the ICU and were randomized to receive enteral
vitamin D supplementation (Vitamin Dj: loading dose of 540,000 IU, administered even
before ICU admission and not followed by a maintenance dose) or placebo. The majority of
these patients were admitted to the ICU for medical diseases (more than 80%), had a high
body mass index (about 30 kg/m?), and presented a low estimated glomerular filtration
rate (about 60 mL/min/1.73 m?) at the enrolment. About 20% of these patients were
Afro-American. Although vitamin D status improved in patients who received vitamin
D supplementation compared with placebo, this intervention had no impact on mortality
rate at 90 days (23.5% vs. 20.6%, respectively) (primary outcome), 28 days (17.3% vs.
13.1%, respectively), and at hospital discharge (17.1% vs. 13.4%) (secondary outcomes). In
both trials [12,13], vitamin D supplementation was feasible, safe, and not associated with
significant adverse events compared with placebo. However, the VITdAL-ICU [12] and
the VIOLET [13] trials enrolled patients with different characteristics according to the type
of ICU admission (surgical vs. medical), demographics (white vs. black), and exposure
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to vitamin D supplementation (maintenance dose vs. no maintenance dose), which have
limited the pooling of the results and justify the significant degree of heterogeneity among
these studies. Many patients included in both trials were overweight and had impaired
renal function, thus implying that larger vitamin doses should have been given when
participants were at high risk of vitamin D deficiency, in order to reliably test the efficacy
on clinical outcomes. Finally, no studies have ever assessed whether the underlying cause
of vitamin D shortage was due to impairment of the enzymes involved in the anabolic
pathways of this hormone [63]. In this condition, unspecific supplementation strategies
may fail to improve vitamin D levels and should be oriented by the assessment of the
vitamin D metabolite distribution provided by LC-MS.

5.2. Acute Liver Dysfunction

The relationship between vitamin D status and acute liver dysfunction (ALF) has
been poorly investigated. Although it is physiologically plausible that ALF may lower
vitamin D status due to impaired 25-hydroxylase activity and VDBP production, no strong
clinical evidence exists on the effect of vitamin D supplementation in this population.
Recently, a retrospective study [64] on 528 patients who underwent liver transplantation
showed that 55% of them presented vitamin D deficiency and this condition was correlated
with the Model for End-Stage Liver Disease-Na (MELD-Na) score [65]. Moreover, post-
operative vitamin D deficiency was a predictor of mortality and the post-transplant vitamin
D supplementation was associated with a low risk of acute cellular rejection of the liver [65].
In this setting, Martucci et al. [66] conducted a prospective observational study in orthotopic
liver transplantation recipients and observed that the majority of them were vitamin D
deficient before surgery. In this study, low vitamin D levels before surgery were correlated
with severe liver dysfunction at baseline, were associated with the development of infection
within 28 days afterwards, and, when persistent at this timepoint, predicted incomplete
graft recovery [66]. Accordingly, further investigations are strongly advocated to clarify the
role of vitamin D shortage and vitamin D supplementation in this clinical scenario.

5.3. Acute Kidney Injury

Acute kidney injury (AKI) may lead to vitamin D deficiency, mostly due to the negative
feedback exerted by phosphate and FGF-23 accumulation on 1x-hydroxylase [67]. On the
contrary, vitamin D deficiency may lower renin activity and cause alteration of the renal
microcirculation. In this setting, the VID-AKI study [68] is ongoing and will provide
observational evidence on the distribution of vitamin D status in critically ill patients with
and without AKI. Moreover, the role of vitamin D in AKI is unclear and no studies have
ever assessed whether vitamin D supplementation may improve the outcome.
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Table 2. Large-scale randomized clinical trials on vitamin D supplementation in critically ill patients.
Author's, Yf:ar of Study Sites Stud.y Num.ber of Inclusion Criteria Intervention Primary Patients Characteristics Main Result
Publication Duration Patients Outcome
Adult white critically ill Enteral vitamin D3 Surgical patients were
Amrein et al. (the patients, expected length rotocol administration: prevalent Mean body No difference
VITdAL-ICU trial),  Single centre, of ICU stay >48 h and p " Length of mass index about .
. 2012-2015 475 . o 540,000 IUs followed by . 2 for the primary
2014 Austria with 25-hydroxyvitamin hospital stay 27 kg/m* Mean eGRF
monthly 90,000 IU for . outcome
[12] D blood level of 5 months vs. Placeb slightly above
<20 ng/mL OREhs vs. Hacebo 60 mL/min/1.73 m?
Adult patients with with hﬁiig:;f;f&ts ‘;\Eeri ts
Ginde et al. (the >1 risk factors for death or . p P .
. . Enteral vitamin D3 about 20% Mean body No difference
VIOLET trial), 44 centres, lung injury, deemed to be L. . 90-day . .
2017-2018 1078 : protocol administration: . mass index about for the primary
2019 USA managed in the ICU and mortality rate >
[13] with 25-hydroxyvitamin 540,000 Ius vs. Placebo 30 kg/m*~ Mean eGRF outcome
slightly about

D blood level <20 ng/mL

60 mL/min/1.73 m?

eGFR, estrimated glomerular filtration rate; ICU, intensive care unit.
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5.4. Acute Respiratory Failure

Several studies have reported that vitamin D deficient status is associated with worse
clinical outcomes in patients with acute respiratory failure [69] caused by COVID-19 [45],
sepsis, and trauma [70]. Recently, Murai et al. [15] investigated the immunomodulatory
effect of vitamin D supplementation in 240 hospitalized patients with moderate to severe
COVID-19 disease, who were randomized to receive either oral vitamin Dj (single dose:
200,000 IU) or placebo. The majority of these patients were not critically ill, were hypox-
emic, and required supplemental oxygen at baseline (212 patients, 89.5%), whereas the
distribution and severity of ARDS was not reported in the manuscript. Although vitamin
D blood levels improved in patients who received vitamin D supplementation compared
with placebo, there was no clinical benefit associated with this intervention in terms of
hospital length of stay, admission to the ICU, need for mechanical ventilation, and hospital
mortality. Pre-specified and post hoc exploratory analyses of this trial found that vitamin D
supplementation had no influence on the bloodstream proinflammatory and immunosup-
pressive mediator concentration in comparison with the placebo [71]. In this trial, almost
50% of patients were at risk of vitamin D shortage because of black ethnicity and obesity,
which corresponded to a prevalence of vitamin D insufficiency of 50%.

Finally, it is unknown whether vitamin D deficiency and acute respiratory failure have
a causal link and whether the effect of vitamin D administration to provide immunomodu-
lation may exert some benefit. Accordingly, this therapy in patients with acute respiratory
failure should not be recommended with the aim of improving clinical outcomes.

5.5. Sepsis

Sepsis is a clinical syndrome and initiates from a dysregulated host response to
infection, which alters the interplay between different systems of the host and leads to multi-
organ dysfunction [72]. Specifically, a balanced immune system response to pathogens is
of pivotal importance to protect the host from microbiological threats, and its alteration
may be associated with worse clinical outcomes [73]. In this context, vitamin D deficiency
was plausibly associated with immune dysfunction and represented a risk factor for the
development of infection [6-9]. Moromizato et al. [74] observed that the 25-hydroxyvitamin
D blood levels < 15 ng/mL before hospital admission was predictive for the risk of sepsis
and 90-day mortality in 3386 patients. Moreover, De Pascale et al. [9] observed that
extremely low 25-hydroxyvitamin D blood levels (<7 ng/mL) upon admission to the ICU
were independently associated with sepsis-related mortality in 107 critically ill septic
patients. Specifically, patients with extremely low 25-hydroxyvitamin D blood levels
were characterized by lower microbiological eradication, longer duration of mechanical
ventilation, and vasopressor support compared with those who had vitamin D blood
levels > 7 ng/mL [9].

A systematic review and meta-analysis showed that vitamin D deficiency in critically
ill patients admitted to the ICU with sepsis was independently associated with an increased
risk of mortality [75]. In light of this, 67 critically ill patients with sepsis were randomly
assigned to receive 2 ug of intravenous calcitriol or placebo [14], with the aim of testing
the hypothesis that vitamin D supplementation may improve cathelicidin blood levels
within 24 h (primary outcome), increase the 1,25-dihydroxyvitamin D blood level within
6 h, influence the cytokine mRNA expression and cytokine levels in the bloodstream within
24 h, and reduce urinary markers of kidney injury within 48 h (secondary outcomes).
Although vitamin D blood levels increased in patients who received vitamin D supplemen-
tation, it was only associated with an increase in cathelicidin and IL-10 mRNA expression
within 24 h compared with the placebo. Vitamin D supplementation was not associated
with 28-day ICU and hospital mortality compared with the placebo; however, this trial
was not powered to assess the impact of vitamin D supplementation on patient outcome.
Furthermore, the VITAAL-ICU [12] and VIOLET [13] trials included critically ill patients
with a low prevalence of sepsis at the enrollment (7.7% and 33.3%), for whom the subgroup
analyses did not allow for drawing a firm conclusion on the efficacy of vitamin D supple-



Diagnostics 2022, 12, 2719 10 of 13

mentation in this clinical condition. Accordingly, future trials are warranted in this field
and should include the use of specific biomarkers of immune dysfunction, besides vitamin
D blood levels, in order to improve the selection of septic patients possibly resolving the
heterogeneity among the different trials [73].

6. Conclusions

Vitamin D deficiency is frequent in the community and is prevalent in critically ill
patients. Although several studies have observed an association between low vitamin D
blood level and life-threatening diseases leading to ICU admission, no causative link has
ever been proven. Moreover, randomized controlled trials on vitamin D supplementation
in various populations of critically ill patients failed to demonstrate the efficacy of this
intervention to improve clinical outcomes. However, the paucity of large-scale clinical
investigations and the high degree of patient heterogeneity among different studies render
problematic the pooling of the results and drawing solid conclusions on this topic. For this
reason, the role of vitamin D in the pathophysiology of liver dysfunction, acute kidney
injury, acute respiratory failure, and sepsis remains unclear and high quality clinical trials
are thus warranted to clarify whether vitamin D supplementation may help to improve the
outcome of critically ill patients.
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