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Context: Experimental and observational studies suggest that circulating micronu-
trients, including vitamin D (VD), may increase COVID-19 risk and its associated
outcomes. Mendelian randomization (MR) studies provide valuable insight into the
causal relationship between an exposure and disease outcomes. Objectives: The
aim was to conduct a systematic review and meta-analysis of causal inference
studies that apply MR approaches to assess the role of these micronutrients, partic-
ularly VD, in COVID-19 risk, infection severity, and related inflammatory markers.
Data Sources: Searches (up to July 2023) were conducted in 4 databases. Data
Extraction and Analysis: The quality of the studies was evaluated based on the
MR-STROBE guidelines. Random-effects meta-analyses were conducted where pos-
sible. Results: There were 28 studies (2 overlapped) including 12 on micronutrients
(8 on VD) and COVID-19, 4 on micronutrients (all on VD) and inflammation, and
12 on inflammatory markers and COVID-19. Some of these studies reported signifi-
cant causal associations between VD or other micronutrients (vitamin C, vitamin
Bs, iron, zinc, copper, selenium, and magnesium) and COVID-19 outcomes.
Associations in terms of causality were also nonsignificant with regard to
inflammation-related markers, except for VD levels below 25 nmol/L and C-reactive
protein (CRP). Some studies reported causal associations between cytokines,
angiotensin-converting enzyme 2 (ACE2), and other inflammatory markers and
COVID-19. Pooled MR estimates showed that VD was not significantly associated
with COVID-19 outcomes, whereas ACE2 increased COVID-19 risk (MR odds
ratio=1.10; 95% ClI: 1.01-1.19) but did not affect hospitalization or severity of the
disease. The methodological quality of the studies was high in 13 studies, despite
the majority (n = 24) utilizing 2-sample MR and evaluated pleiotropy. Conclusion:
MR studies exhibited diversity in their approaches but do not support a causal link
between VD/micronutrients and COVID-19 outcomes. Whether inflammation medi-
ates the VD-COVID-19 relationship remains uncertain, and highlights the need to
address this aspect in future MR studies exploring micronutrient associations with
COVID-19 outcomes. Systematic Review Registration: PROSPERO registration
no. CRD42022328224.
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INTRODUCTION

COVID-19, caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), was declared a
global pandemic by the World Health Organization
(WHO) in 2020." This virus poses a higher risk to eld-
erly individuals, who are more prone to severe out-
comes and mortality. Their risk is further increased in
the presence of multiple comorbidities, such as diabetes,
cardiovascular disease, respiratory diseases, cancer, and
obesity.*?

Several research studies have demonstrated that
specific micronutrients, including vitamins (A, Bg, By»,
C, D, and E) and minerals (zinc, selenium, iron, and
copper), are involved in the proper functioning and reg-
ulation of the immune system.” These micronutrients
(which are included in the so-called group of immuno-
nutrients) also act as epigenetic modifiers that block the
immune response in inflammatory  processes.
Interestingly, SARS-CoV-2 virus infection has been
found to deplete stores of various micronutrients, with
a particular emphasis on vitamin D (VD).

Adequate VD levels (25-hydroxyvitamin D [25
(OH)D]) are determined by the body’s synthesis
through sunlight exposure and, although to a lesser
extent, approximately 10%-20% of the total VD® by
intake of VD from dietary sources and supplements.
There are 2 main forms of VD found in the diet: chole-
calciferol (vitamin Dj), derived from animal sources,
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and ergocalciferol (vitamin D), found in certain fungi
and plants. Fatty fish, fortified dairy products, and cer-
tain mushrooms are the most important sources of
VD.” Beyond its well-known role in maintaining bone
health, VD has several immunomodulatory effects.
More precisely, this nutrient participates in both innate
immunity, promoting the production of antimicrobial
peptides such as cathelicidins, defensins, and interleu-
kin (IL)-37, as well as adaptive immunity by regulating
key proinflammatory cytokines (eg, IL-6, tumor
necrosis factor [TNF]-alpha, and interferon-gamma)
and controlling the immune response mediated by T-
helper 1 (Th1) lymphocytes.® Low levels of 25(OH)D
below which deficiency has been found to exist, seem to
be genetically driven and are known to cause inflamma-
tion and several comorbid conditions, including meta-
bolic diseases and cancer.’

Some studies have shown that there is an associa-
tion between 25(OH)D levels and different clinical out-
comes of COVID-19, particularly in relation to its
severity and mortality.'"®”'* There are several mecha-
nisms that appear to underlie this effect. For instance, it
has been demonstrated that, upon entering respiratory
epithelial cells, the SARS-CoV-2 virus triggers an
immune response leading to the production of inflam-
matory cytokines, followed by the infiltration of macro-
phages and neutrophils into lung tissue, which, in turn,
results in a cytokine storm that causes widespread
inflammation and aggravates the disease.”” A deficiency
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in VD and other micronutrients is associated with sys-
temic inflammation, as evidenced by elevated levels of
C-reactive protein (CRP), which can further amplify the
inflammatory response caused by this virus."*

On the other hand, the SARS-CoV-2 virus binds to
host receptors through S glycoproteins, facilitating viral
penetration. The primary receptor for this virus is the
membrane angiotensin-converting enzyme 2 (ACE2)."
Aside from enabling virus entry, this receptor also leads
to downregulation of anti-inflammatory ACE2 expres-
sion, resulting in an excess of proinflammatory angioten-
sin II through the ACE enzyme. Chronic overstimulation
of the renin-angiotensin system (RAS) induces undesir-
able effects, such as inflammation, oxidative stress, and
myocardial hypertrophy. The ACE system has been
attributed to various pathophysiological processes associ-
ated with the severity and progression of COVID-19.
Vitamin D regulates the expression of renin and interacts
with the RAS/ACE/ACE-2 signaling axis, counteracting
the negative effects of ACE.'® Other micronutrients also
seem to interact with the ACE system.'”

In light of the multiple roles that micronutrients
play in immune function and their potential influence
on the severity and outcome of COVID-19, understand-
ing the impact of these micronutrients and their supple-
mentation has become a topic of significant scientific
interest.'"””'* Proper nutrition and ensuring sufficient
intake of these micronutrients may have implications
for enhancing immune responses and mitigating the
effects of the virus in vulnerable populations.

Mendelian randomization (MR) studies can pro-
vide evidence on the causal link between micronutrients
and COVID-19 and related markers, using genetic var-
iants associated with an exposure of interest as an
instrumental variable (IV). Since there is a random allo-
cation of genetic variants at conception, causal estimates
can be derived as in randomized controlled trials. Thus,
the MR study design offers numerous advantages over
traditional observational studies. The genetic variants
are identified through genome-wide association studies
(GWASs). To comply with MR assumptions, the chosen
genetic variants must be associated with the exposure
but not linked to any confounding factor in the expo-
sure-outcome relationship, nor should they be associ-
ated with the outcome through any pathway other than
the exposure of interest. These 3 assumptions constitute
the definition of an IV in MR analyses.'® Mendelian
randomization analysis can be conducted using existing
datasets on gene-phenotype associations, making it a
highly efficient approach.'® Consequently, in recent
years, the literature has seen a substantial increase in the
number of MR studies, among which some have
focused on COVID-19,>**' on VD,'*** or on micronu-
trients.?>** To the best of available knowledge, no study
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has attempted to summarize the evidence provided by
MR studies on the potential of VD and other micronu-
trients for preventing and treating COVID-19 disease.
In this context, this study aimed to conduct a sys-
tematic review of MR studies to evaluate the causal role
of these micronutrients on COVID-19 disease, on the
inflammatory state, and on their effects on ACE2.

METHODS
Study Design

A systematic literature review was performed in accord-
ance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement.?®
The protocol of the systematic review was registered at
the International Prospective Register of Systematic
Reviews (PROSPERO: CRD42022328224).

Sources of Information and Study Selection

Mendelian randomization studies that evaluated associ-
ations of genetically predicted exposures with COVID-
19 and inflammation-related outcomes were considered
eligible in this review. The exposures considered were
micronutrients, VD, and inflammatory-related markers,
including ACE2.

Two reviewers (A.A.-S. and E.M.-M.) independ-
ently searched the Web of Science (WOS), Cochrane,
Scopus, and MEDLINE databases for published studies
from inception to July 17, 2023. Different search strat-
egies were used using key words such as micronutrients,
VD, COVID-19, inflammation biomarkers, ACE2, and
MR. Reference lists of retrieved studies were also hand-
searched to identify additional studies. The search strat-
egies that were used are defined in the Supplementary
Material.

The titles and abstracts of all retrieved manuscripts
were reviewed to identify the studies that met the selec-
tion criteria outlined in a predetermined PICO
(Population, Intervention, Comparison, Outcomes)
framework, as shown in Table 1.

Table 1. PICOS Criteria for Inclusion of Studies
Parameter

Criterion

P (Population)
| (Intervention)

Men or women, adults

Levels of micronutrients, vitamin D and
inflammatory-related markers, alone or
in combination

Normal levels versus deficient levels of
micronutrients, vitamin D and inflam-
matory-related markers

Studies accounting for the severity and
progression of COVID-19 or inflamma-
tory-related markers

C (Comparison)

O (Outcomes)
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In addition, other inclusion criteria considered
were as follows:

* Studies focusing on exposure—outcome associations,
conducted among adults

* Studies assessing causal associations through MR
approaches

* Studies accounting for the severity and progression of
COVID-19 or inflammatory-related markers

Subsequently, each manuscript was reviewed by
both reviewers in full text to confirm eligibility for
inclusion, and inconsistencies were resolved by consen-
sus or involving a third researcher (B.G.-V. or M.R.-B.).
Studies that were duplicated in the different databases,
those lacking original data (eg, reviews, comments, cor-
rections, and summaries), those that were not MR

studies, or those that did not include COVID-19 pheno-
types or inflaimmation markers (ie, not meeting the
inclusion criteria) were excluded. The article language
was not a selection criterion, as all papers had abstracts
written in English. The results of the selection of articles
for this review are presented in a PRISMA flowchart
(Figure 1).%

Data Extraction

One of the main authors (A.A.-S.) extracted key infor-
mation from each manuscript. These included the name
of the first author, the year of publication, the ancestry
of the genetic variants, characteristics of the study popu-
lation (number of participants considered to build the
IV associated with the exposure and number of

-
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 2020 Flow Diagram of the Study Search and

Selection Process.2* Abbreviation: WOS, Web of Science
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participants considered for the outcome assessment)
and data sources, the number of genetic variants, the
exposure, the results, and the type of MR study and
methods (1-sample or 2-sample, Egger, etc). The effect
estimates, the 95% Cls, and the P values from the main
analysis were extracted, as reported in the main text.
The extracted data were verified by another reviewer (E.
M.-M.).

Methodological Quality Assessment (Risk of Bias)

The risk of bias was evaluated using the guidelines pro-
posed by Burgess et al,”” and those defined by STROBE
(Strengthening the Reporting of Observational Studies
in Epidemiology) for MR studies.”® Given that these
tools are not structured as checklists, the guidelines
were adapted into a checklist format, so as to be able to
assess the methodological quality of each study. The
aforementioned MR guidelines comprised 20 items and
30 subitems, all of which should be addressed when
reporting an MR study. Those items that focused on the
methods and reporting of results and discussion were
considered in the checklist (n = 28). Yes (1 point), no (0
points), unclear or NA (0 points) were assigned, and
considered the study quality to be high when a score
(range varying between 0 and 28 points) higher than
75% was reached (ie, >21 of 28 points) and low for
scores below 75% (ie, <21 of 28 points).

Data extraction and quality assessment were inde-
pendently performed by 2 researchers (A.A.-S. and E.
M.-M.), and inconsistencies were resolved by consensus
or involving a third researcher (B.G.-V. and M.R.-B.).

Data Synthesis

The evidence was summarized qualitatively by the expo-
sure—outcome associations that were defined (as
detailed in Figure 2): VD, micronutrients, inflammation
markers, and COVID-19. For the latter, the results were
synthesized by disease severity and progression. Levels
of VD status were also considered for data synthesis.
Due to the overlap of participants among MR studies
(data sources were common to several studies), a quan-
titative meta-analysis was undertaken where possible.
Random-effects models were applied to pool summary
statistics (odds ratios [ORs] and SEs) of the studies.
Potential heterogeneity was explored by the I statistic,
and publication bias was explored by funnel plots. The
R software (version 4.2.2; R Foundation for Statistical
Computing, Vienna, Austria) package “metafor” was
used for data analysis.**>°

RESULTS

The bibliographic search yielded a total of 99 studies, of
which 37 were identified as duplicates. Subsequently, 62

Exposure Outcome
o O o "
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Micronutrients
IV — vitemins Il COVID-19
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Figure 2. Exposure-Outcome Associations. Mendelian randomization (MR) studies considering instrumental variables (IVs) defined by micro-
nutrients and vitamin D (VD; 1 and 2) or inflammatory markers (3) and studies that further assessed the association between IVs and COVID-
19 (1 and 3) or inflammatory markers (2) were considered in this review. The main MR assumptions are indicated. The IV is associated with
the exposure, and the association of the IV with the outcome occurs through the exposure
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studies underwent a comprehensive full-text screening
process. Among these, 43 studies did not meet the
inclusion criteria, resulting in the inclusion of 19 eligi-
ble studies. Furthermore, through a manual search
within the reference lists of relevant articles pertaining
to the topic, an additional 7 studies were uncovered.
Consequently, this review included 26 studies.
Specifically, 12 studies investigated the causal relation-
ship between micronutrients and COVID-19 disease, 4
studies explored the causal link between micronutrients
and inflammatory markers, and 12 studies investigated
the causal association between inflammatory markers
and COVID-19 disease. The sum of these numbers does
not equal 26, as one of the studies evaluated all these
associations within the same study.’’

Of the 26 studies included in this review, the major-
ity considered a 2-sample MR approach (n =26) and/or
a l-sample approach (n=2). In addition, most studies
used the HGI (Host Genetic Initiative) population as
the study population source for the COVID-19 disease,
although other study populations with GWAS data,
such as UK Biobank (UKB) (n=12), SUNLIGHT con-
sortium (n=1), Rotterdam (n=1), and Interval and
the Health and Retirement Study (n = 3), among others,
were also used to carry out the study of causal associa-
tion between the IV and the exposure/outcome. The
exposure variables were derived from biomarkers; any
study considered micronutrients from dietary data.

The results according to the exposure-outcome
associations that have been addressed in this review (ie,
the causal association between micronutrients and
COVID-19, micronutrients and inflammatory bio-
markers, and biomarkers and COVID-19) are detailed
below:

Mendelian Randomization Studies Evaluating the
Micronutrient and COVID-19 Association

In total, 12 studies evaluated the causal association
between different micronutrients and COVID-19 dis-
ease (Table2).’'*? These studies comprised 8 studies
focusing on VD, 1 study examining vitamin C,”
another exploring iron,*” and 2 additional studies*"**
considering more than 1 micronutrient (eg, zinc, cop-
per, selenium, magnesium, and vitamin Bg).

Overall, of the 8 studies that evaluated the causal
association between VD and COVID-19, none reported
significant associations between this nutrient and the
disease. Similarly, the studies by Hui et al’® and Mohus
et al*” on the causal association between vitamin C or
iron and COVID-19 disease, respectively, did not find
any significant associations. Among the 2 studies that
evaluated multiple micronutrients, only the study by
Daniel et al** found a significant association between

e1388

vitamin Bs (OR=1.03) and magnesium (OR=0.33)
with the risk of infection, but not for other micronu-
trients (calcium, copper, iron, phosphorus, selenium,
zing, f-carotene, VD, and vitamin B,,).

Of all the studies, only 3 evaluated the association
between micronutrients and different aspects of
COVID-19, including infection, hospitalization, and
disease severity.33’38’42 With regard to infection, the
above-mentioned study by Daniel et al** was the only
one that reported significant findings for magnesium
and vitamin Bg. However, none of the 9 studies examin-
ing hospitalization and disease severity stated significant
results. Among the 3 studies that did not account for
disease states, 2 studies’** evaluated the risk of
COVID-19 infection, with one of them yielding signifi-
cant results,"” whereas in the third study,’® a causal
association with COVID-19 disease in general was eval-
uated, although nonsignificant results were obtained.

All studies applied a 2-sample MR approach, with
all but 1 study using the inverse variance weighted
method to derive causal estimates.” It is noteworthy
that, while the study by Li et al’* stated a 2-sample MR
approach, it could be categorized as a 1-sample MR
study given that the 2 study populations (UKB and
UKI10K project) were used to cross-validate the results.
The ancestry of the study populations, from which the
genetic variants were derived, was of European descent
in all studies. Additionally, all studies explored the pres-
ence of pleiotropy via the MR-Egger method. Only one
of these studies’® showed a correlation between the IV
and the COVID-19 infection trait (Egger P =.013).

Varying numbers of genetic variants were consid-
ered for the IV built in each study, with over 80 single
nucleotide polymorphisms (SNPs) included in VD-
related IVs, and IVs accounting for several genes related
to VD metabolism (GC, CYP24A1, CYP2R1, SEC23A,
etc) being considered in 2 studies.”>*” Of note, one of
these studies®” and an additional study” accounted for
genetic variants associated with VD deficiency as an IV.
In addition, the study by Butler-Laporte et al’* per-
formed a secondary MR analysis by focusing on certain
VD pathways. As mentioned above, none of these stud-
ies yielded a significant association with COVID-19 risk
or disease outcomes.

As shown in Tables $1'**'~>° and $2'**'~*° on the
risk-of-bias assessment, the methodological quality of
these studies was high in 4 studies®**®**** but low in
the remaining studies.”’>>*7?>*" The studies by
Daniel et al** and Cui and Tian>* reached the highest
scores (>22 points).

Figure 3°"***° shows the results of the meta-
analyses on VD and COVID-19 by disease outcome
(infection, hospitalization, and severity). Pooled esti-
mates confirmed that VD was not significantly
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Study Odds Ratio [95% CI]

Odds Ratio [95% CI] Odds Ratio [95% CI]

Infection Hospitalization Severity
1, Amin, 2021 1.18[0.79, 1.76] 1.43[0.41,4.99]
2, Butler-Laporte, 2021 ——a—— 0.95(0.84, 1.08] — - 1.09 [0.89, 1.33] - 097[0.77,1.22)
3, Yeung, 2022 —.— 1.00 [0.95, 1.05] —a— 1.01[0.93, 1.10] —-— 0.96 [0.85, 1.08]
RE Model - 1.00 [0.95, 1.04] —— 1.02[0.95, 1.10) - 0.96 [0.87, 1.07)
T T T I I 1
1 2 1 2 1 2 3

Figure 3. Meta-analyses of Studies Reporting Results on Vitamin D and COVID-19 Disease Outcomes. Odds ratios, 95% Cls of each study,
and combined MR estimates are shown. (A) Infection. (B) Hospitalization. (C) Severity. Estimates of those studies without study population
overlap at the exposure level were pooled.3"*2%> Abbreviation: RE, Random Effects

associated with any outcome (P> .05). There was no
evidence of heterogeneity or publication bias in these
analyses. Random- and fixed-effects meta-analyses
yielded similar results (data not shown).

Mendelian Randomization Studies Evaluating the
Association Between Micronutrients and Biomarkers
of Inflammation

A total of 4 studies evaluated the possible causal associa-
tion between VD and various inflammatory markers,
without considering other micronutrients
(Table 31314344 The most commonly assessed inflam-
matory marker as an outcome variable was CRP, with 3
studies exploring the connection between VD and this
marker."**>** In one of the studies,”> in addition to
CRP, the association with other inflammatory markers,
such as soluble intercellular adhesion molecule-1
(SICAM1) and alpha 1-glycoprotein (AGP), was also
evaluated. The ACE marker was considered in the study
by Au Yeung et al.’’ However, none of the studies
reported significant findings on the causal association
between VD and CRP, nor did they find significant
associations with the other inflammatory markers.
Furthermore, bidirectional MR analyses also yielded
nonsignificant results. Interestingly, the association
between VD and CRP was found to be nonlinear and
statistically significant for VD levels below 25nmol/L.
Pooled estimates between the latter and other studies on
VD and CRP could not be derived due to variations in
results reporting and overlap of study populations.
Three of the 4 included studies'**"*’ were based
on a 2-sample MR approach, whereas the remaining
study used a single study sample.** Among the studies,

Nutrition Reviews® Vol. 83(7):e1383-e1405

the study populations were diverse, including the UKB,
various GWASs, the SUNLIGHT Consortium, and the
Rotterdam Study, all of European ancestry. Two of the
studies, the one carried out by Liefaard et al** and that
of Zhou and Hypponen,'* performed bidirectional MR
studies, enabling the assessment of reverse causation
between both micronutrients and inflammatory marker
associations. Potential pleiotropic effects by the Egger
test were evaluated in 3 studies."**"** The number of
SNPs used to build the IV associated with VD levels [25
(OH)D] varied between the studies from 4** to 107
SNPs,”" with genetic variants from multiple genes being
included (eg, GC, CYP2R1, CYP24A1, DHCR?).

With regard to the risk of bias (Tables S1 and
§2),'*?17>% overall, the methodological quality of these
studies was low. The studies by Zhou and Hypponen'*
and Palaniswamy et al®’ reached the highest scores
(>22 points).

Mendelian Randomization Studies Evaluating the
Inflammation-Related Markers-COVID-19 Association

A total of 12 studies evaluated the possible causal associ-
ation between different inflammatory-related markers
and COVID-19 disease (Table4>"*7>°). These studies
comprised the following inflammatory-related markers:
proteins in 5 studies* *’; ACE in 5 studies’"**"; kid-
ney and liver function markers in 1 study’; cytokines
in 1 study™; metabolic syndrome-related markers
including adiposity, blood pressure, and glycemic traits
in 1 study’’; and other cardiovascular risk factor-
related markers including lipoproteins in 2 studies.”**
The 5 studies that evaluated the association between
circulating inflammatory proteins and COVID-19*"*
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were all based on gene expression data, considering
either protein quantitative trait locuses (pQTLs) in
plasma,%"49 expression QTLs (eQTLs) in tissue, or
both.*” Thus, the IV considered in these studies was
made of SNPs that were related to genes encoding pro-
teins that were found to be relevant in COVID-19 dis-
ease in previous studies.

Only the study by Kousathanas et al*> found some
significant associations between certain proteins and
COVID-19, such as ICAMS5 (Intercellular Adhesion
Molecule 5 gene), GOLM1 (Golgi membrane protein 1),
ICAM5, FAM3D (Family with Sequence Similarity 3,
Member D), PDGFR (Platelet-Derived Growth Factor
Receptor), CD209 (Cluster of Differentiation 209), ABO
(ABO Blood Group), F8 (Coagulation Factor VIII),
IL3RA (Interleukin 3 Receptor Alpha), and SELE
(Selectin E). The SNPs of genes encoding proteins such
as IL10RB (Interleukin 10 Receptor Subunit Beta),
CCR1 (C-C Chemokine Receptor Type 1), IF-NAR2
(Interferon Alpha and Beta Receptor Subunit 2),
PDE4A (Phosphodiesterase 4A), ACE2 (Angiotensin I
Converting Enzyme 2), and CCR5 (C-C Chemokine
Receptor Type 5) were also found to be associated with
COVID-19 in the study by Gaziano et al*’, as well as
those encoding the protein Gp130*® or ACE2 expres-
sion.*” Associations by disease outcomes were only eval-
uated in the study by Yang et al*’ and the study by
Zheng et al,*® where significant associations were
observed for infection, hospitalization, and/or severity.

Five studies were identified that specifically investi-
gated associations between ACE2 and COVID-19 using
IVs composed of SNPs from the ACE2 gene and its
expression.”>**>! Importantly, these studies were dis-
tinguished by disease outcomes. Three of these studies
showed that increasing levels of ACE were positively
and significantly associated with COVID-19,>"**** with
the risk of infection, hospitalization, and severity
increasing by 11%-63%. The study by Yang et al*’ con-
sidered not only pQTLs related to ACE2 expression but
also SNPs associated with plasma levels of ACE2. The
summary statistics were derived from the ORIGIN
(Outcome Glargine
INtervention) trial and the HGI consortium,*® whereas
GWAS public data and that of HGI were used in the
other 2 studies.’"** Conversely, the association between
ACE2 and COVID-19 was not supported by 2 of the
studies.’®®! Their results were based on the ORIGIN,
AGES (AGES Reykjavik study), Interval, and HGI study
populations. By pooling the results of those studies that

Reduction with Initial

assessed associations between IV and ACE2 in different
study populations, as shown in the meta-analyses dis-
played in Figure4,’"**' a significant and positive
cause-and-effect relationship was found between ACE2
and COVID-19 infection (MR OR=1.10; 95% CI:
1.01-1.19). However, no significant causal association
was observed for COVID-19 hospitalization or severity.

With respect to other inflammatory markers, such
as cytokines, kidney and function markers, or others

Study Odds Ratio [95% CI] Odds Ratio [95% CI] Odds Ratio [95% CI]
Infection-ACE Hospitalization-ACE Severity-ACE
1, Gill, 2020 1.02[0.94, 1.10)
2, Au Yeung, 2022 - 1.11[1.03, 1.19] 1.21[1.13, 1.30) KR 1.21[1.11,1.32)
3, Yang, 2022 —-——— 1.60[1.08,2.37] —— 1.52[1.05,2.21] — 1.63[1.10,242)
4, Butler-Laporte, 2022 —-— 1.02 [0.90, 1.15) —— 0.86 [0.68, 1.08] —_—-— 0.74[0.51,1.07]
RE Model - 1.10[1.01, 1.19] ——— 1.10[0.91, 1.32) —— 1.14[0.75,1.72]
T 2}  f 1 T 1 T T 1
025 1 2 3 2 3 1 2 3

Figure 4. Meta-analyses of Studies Reporting Results on angiotensin-converting enzyme (ACE) 2 (ACE2) and COVID-19 Disease Outcomes.
Odds ratios (ORs), 95% Cls of each study, and combined Mendelian randomization estimates are shown. (A) Infection. (B) Hospitalization. (C)
Severity. There was no evidence of heterogeneity or publication bias in these analyses. Random- and fixed-effects meta-analyses yielded
similar results. Estimates of those studies without study population overlap at the exposure level were pooled.>™**™' Estimates were given
per SD increase, except in the study by Yang et al,** However, in this study, the results reported per 1-unit increase align with the SD incre-
ment. As reported in this study, overall, the SD of ACE2 is 1.17, which results in an OR = 1.43 (1.04-1.98) derived from § = log(estimate)/

SD. Abbreviation: RE, Random Effects
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related to metabolic syndrome and cardiovascular dis-
ease risk (bilirubin, Apo, AST, ALT, ALP, CGT, creati-
nine, etc), the following results were reported.

The study by Li et al> assessed the causal association
between 41 cytokines and COVID-19, with only the rela-
tionship between MIP1b (macrophage inflammatory
protein-1§) and COVID-19 proving significant. In
another study evaluating 15 inflammatory markers asso-
ciated with COVID-19 (out of 235 markers), only KIM-1
(kidney injury molecule 1) was found to be causally
linked to COVID-19 hospitalization. According to this
study, this marker also mediated the association between
body mass index (BMI) and COVID-19 in a statistically
significant manner (Sood et al®®). Both KIM-1 and
MIP1b were inversely associated with COVID-19. Renal
and hepatic biomarkers, such albumin and bilirubin,
were also significantly associated with the severity of the
disease.”* Increasing levels of albumin were associated
with a decreased COVID-19 risk, whereas bilirubin was
positively associated with COVID-19 risk in this study.
Conversely, other inflammatory markers, including apo-
lipoprotein A (apoA), activated partial thromboplastin
time (APTT), indirect bilirubin (Ibil), total bilirubin
(Tbil), low-density-lipoprotein (LDL) cholesterol, lipo-
protein A (LpA), and white blood cell count (WBC),
were not found to have a causal association with
COVID-19 in the study conducted by Zhu et al.>
Pooling the results of these studies was not possible due
to the wide variety of inflammatory markers considered.
Summary statistics in these studies were obtained from
the GWAS catalog, FINRISK, Origin, and HGL

All the studies used a 2-sample MR approach. Only
the study by Li et al> carried out a bidirectional MR,
whereby it was shown that the association goes in both
directions. Some studies*>*”* evaluated pleiotropy
using the MR-Egger method. Potential pleiotropy was
found only in the study by Gaziano et al.*” With regard
to the IVs, those that were based on the expression of
proteins were diverse and made up of different numbers
of loci and SNPs. The ACE2 IVs comprised 3 to 21
SNPs of the ACE2 gene or SNPs associated with the
expression of this gene. The IVs also varied largely
between the other inflammatory marker studies.

According to the risk-of-bias assessment (Tables
S1 and $2),'**'">> the methodological quality of these
studies was high in 4 studies®®®™ but low in the
remaining studies.’”**"***">* The studies by Butler-
Laporte et al>® and Wang et al>* reached the highest
scores (>22 points).

DISCUSSION

This study evaluates the existing evidence concerning
the causal relationship between VD, other

e1400

micronutrients, and COVID-19. Various disease out-
comes, including infection, hospitalization, and severity,
were examined. Additionally, the impact of these micro-
nutrients on COVID-19 inflammation-related markers
was explored. While the majority of the identified stud-
ies (n=238) focused on VD, a limited number (n=4)
investigated the roles of other vitamins and minerals
(calcium, copper, iron, phosphorus, selenium, zinc,
p-carotene, and vitamin B;,) in the disease. Notably,
VD was the only micronutrient for which associations
with inflammatory markers were assessed. Overall, the
MR studies included in this review do not support a
causal association between VD and COVID-19 out-
comes or related inflammation markers, except in the
case of VD deficiency and CRP. In particular, VD levels
below 25 nmol/L were related to increased CRP levels in
an MR study that evaluated the shape of the dose-
response relationship between VD and CRP,'* but no
other MR studies investigating the linearity of the asso-
ciation between VD and inflammatory markers or
COVID-19 outcomes were identified. The only study
evaluating VD deficiency through an IV with regard to
COVID-19 disease also did not support an association
between VD and COVID-19.”" It is important to con-
sider that, while MR studies do not support a causal
association between VD and COVID-19, the high varia-
bility in study design and in the assessment of the IV,
may hinder drawing any valid conclusion.

With regard to MR association studies that assessed
inflammation markers and COVID-19 outcomes, of the
12 identified studies, there were studies examining
either protein-related inflammatory markers, ACE2
expression, or other markers related to inflammation
and metabolic syndrome/cardiovascular disease risk fac-
tors. Some causal associations were reported in these
studies between COVID-19 and over 15 proteins, as
well as the markers albumin, bilirubin, MPK-1, MIP1b,
and ACE2. Importantly, meta-analyses involving 4 MR
studies on ACE2 and COVID-19 outcomes confirmed
that elevated plasma levels of ACE2 increase the risk of
COVID-19 infection. However, no causal associations
were observed for hospitalization and disease severity.
These results suggest that, while VD is not causally asso-
ciated with COVID-19 disease, an indirect link may
exist through inflammation (eg, via CRP or ACE2)
mediating the VD and COVID-19 relationship.

Vitamin D, a fat-soluble compound, exhibits signif-
icant variability in dietary absorption among individu-
als. This variability is due to several factors, including
the molecular form of VD (vitamin D3 sourced from
animal products or vitamin D, from plant-based
foods),”® dietary components such as fat content and
dietary fiber,”>”” and modifications of VD in supple-
ments and fortified foods.’® Moreover, endogenous
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elements, such as age,” obesity,’” certain medical con-
ditions related to gastrointestinal or renal complica-
tions,”" and genetic variations,””*" are key determinants
of an individuals VD status. Notably, genetic variations,
SNPs associated with VD status, are estimated to
explain approximately 20% of the heritability of serum
VD levels.®>® It is worth mentioning that serum VD
levels below 20-25ng/mL indicate a state of defi-
ciency.”’ Vitamin D encompasses a multitude of func-
tions, with its primary role revolving around bone
mineralization.”* Recent years have seen a surge in stud-
ies investigating the beneficial impact of VD on various
diseases, including cancer, cardiovascular diseases, dia-
betes mellitus, and obesity, among others.®> Together,
these investigations underscore that VD engages in a
broad spectrum of biological functions that extend
beyond the realm of skeletal homeostasis.®® Indeed, the
recognized actions of VD encompass processes such as
cellular proliferation, inflammatory pathways, and mod-
ulation of the body’s immune response.”* Due to its
interplay with the immune system, where it modulates
both innate and adaptive immune pathways, it is
becoming increasingly evident that VD also influences
infectious diseases initiated by viruses. For this reason,
recent research has speculated on the significant role of
this vitamin in severe acute respiratory diseases, partic-
ularly those triggered by the SARS-CoV-2 virus.”” In
this context, numerous observational studies have
explored the potential link between VD and COVID-19.
The majority of these studies indicated a positive corre-
lation between low serum levels of 25(OH)D and unfav-
orable health outcomes associated with COVID-19.
Nevertheless, it is worth noting that these associations
did not achieve statistical significance.”® To shed light
on the causal relationship between VD and COVID-19,
several randomized clinical trials have been carried out
(Table S3%7%). The results of these studies have sug-
gested that VD supplementation reduces symptom
duration and hospitalization and decreases mechanical
ventilation needs and readmissions. Although exoge-
nous VD can play an important role in serum levels,
contributing up to 10%-20% of total VD, especially in
patients who are deficient in VD, this aspect was not
considered in the studies reviewed. All MR studies used
IVs constructed from SNPs associated with VD levels
but did not account for determinants of VD levels or
exogenous sources such as dietary intake and supple-
mentation. In a recent systematic review of clinical trials
on this topic, the study led by Meng et al’* confirmed
that VD might have a beneficial effect on the severity of
illnesses caused by SARS-CoV-2, particularly in individ-
uals with VD deficiency. Interestingly, some studies
have proposed that free VD, rather than VD levels in
the blood reflecting both free VD and VD-binding

Nutrition Reviews® Vol. 83(7):e1383-e1405

protein (VDBP), could be connected to COVID-19
through immune pathways. Moreover, VDBP has been
found to be depleted among patients with severe
COVID-19, which increases the likelihood of low VD
levels.””® This depletion of VDBP means that, even if
the total levels of VD in the body are measured, they
might not accurately reflect the amount of VD that is
available to support the immune system. As a result,
measured levels of VD deficiency might not reflect an
individual’s immunological response to this disease.””
This suggests that free VD, rather than total VD, could
be a more relevant biomarker when investigating the
role of VD in immune function and COVID-19 disease
outcomes. However, none of the MR studies included
in this review took this into consideration since solely
total VD levels were accounted for. Therefore, future
research should focus on the levels of free VD and its
interaction with VDBP to provide a clearer picture of
how VD influences immune responses and potentially
mitigates COVID-19 severity. Other micronutrients,
however, have received little attention in this research
domain (Table $S4’%%!). According to these studies,
micronutrients such as vitaminC and zinc have no
influence on COVID-19.

The aforementioned studies investigating the link
between VD/micronutrients and COVID-19 and its
outcomes were primarily experimental or observational,
both susceptible to various biases. Causal inference
studies via MR offer an advantage over observational
studies by using genetic variants as IVs. This approach
mimics a randomized controlled trial, mitigating biases
such as confounding and reverse causation inherent to
observational research studies. Over the past decade,
advances in genetic technologies have enabled the iden-
tification of thousands of associations between genetic
variation and relevant exposures, traits, and health out-
comes. These genetic variations (SNPs, QTLs, etc) can
be used as IVs to analyze the effect of modifiable expo-
sures on diseases. Currently, MR is a widely used tool to
search for causal associations between certain risk fac-
tors and many diseases, such as cancer,®” cardiovas-
cular diseases,”®® and COVID-19.° In the present
review, 12 studies on the association between VD/
micronutrients and COVID-19, 4 studies on VD/micro-
nutrients and inflammation-related markers, and 12
studies on inflammation and COVID-19 were
identified.

COVID-19 and its severity have been related in sev-
eral studies to inflammatory markers’" "> and micronu-
trients.””> However, as mentioned above, the specific
role of these nutrients in disease development and their
potential as adjuvant therapies remain unknown.
Mendelian randomization studies on this issue are
scarce but provide evidence on the impact that
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inflammatory markers and micronutrients have on the
disease. In the present review, 12 studies on the associa-
tion between VD/micronutrients and COVID-19, 4
studies on VD/micronutrients and inflammation-
related markers, and 12 studies on inflammation and
COVID-19 were identified. The results of this review
show that VD and other micronutrients do not prevent
COVID-19 or reduce disease outcomes. None of the
studies addressed the possibility that free VD could play
a role in the disease. Furthermore, none of these studies
utilized linear or nonlinear MR to assess potential asso-
ciations with COVID-19 at specific levels (ie, dose-
response relationships). For instance, deficiency in the
levels of these nutrients, particularly VD, could be
linked to COVID-19 or related markers according to an
earlier study conducted using biological databases and
gene-pathway association analyses.” In the present
review, only the study by Zhou and Hypponen'* eval-
uated the linearity of the association between VD and
CRP to shed light on the potential dose-dependent
effects between the 2. The results of this study showed
that a VD deficiency increases the levels of CRP, sug-
gesting that VD might exert varying effects depending
on its levels. This finding might explain why no associa-
tions were observed between VD and other inflamma-
tory markers, such as ACE2. It could also explain the
absence of significant results in relation to COVID-19
outcomes. However, 2 of the studies that considered an
IV of SNPs associated with VD deficiency reported a
lack of association with COVID-19.7>7 It is important
to highlight that the study by Patchen et al’” used SNPs
from the GC, DHCR7, and CYP2R1 genes; however,
these genes do not encompass all potential genes linked
to VD deficiency. Likewise, the study by Amin et al’®
considered 17 SNPs of a few genes to be associated with
a deficiency of this nutrient. In fact, previous GWASs
have identified over 20 SNPs associated with VD defi-
ciency.” It is essential to acknowledge that the failure to
establish a robust IV can significantly impact the study’s
outcomes.”” In the case of the abovementioned stud-
ies,”>*” the IV might not have comprehensively repre-
sented the genetic basis of VD deficiency. It is also
important to note that some studies took into account
SNPs of VD transport and metabolism and of other
pathways.”>*” However, no significant results were
found in either of the 2 studies. Thus, the IV varied
largely across the studies. Another aspect that could
have influenced the observed results is the lack of con-
sideration for ultraviolet B (UVB) radiation exposure, a
crucial determinant of VD levels, in nearly all studies.
Only 1 study that assessed the observational association
between VD and COVID-19 considered UVB, although
not in MR analyses.” The SNPs of the VDR gene were
also rarely considered to evaluate the association
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between VD and COVID-19.” Finally, this review also
shows that the outcome assessment relied in most stud-
ies on resources of the UKB and HGI studies, since
these studies were first in accounting for genome data
of patients with COVID-19. Thus, while MR studies
and meta-analyses combining their results do not sup-
port an association between VD and COVID-19 out-
comes, uncertainties persist due to methodological
variations and the intricate nature of the relationship
between VD levels and this disease.

The methodological quality of the studies, assessed
by the MR-STROBE guidelines, was rated high in 26
studies and low in the remaining studies. Studies with
high quality were mostly those accounting for the asso-
ciation between VD and COVID-19.°>?*?%404
However, among the MR studies of this review, few
evaluated reverse causality between micronutrients/VD
and inflammation markers or COVID-19 through
bidirectional MR (ie, the exposure-outcome associa-
tions from both sides)."***>* Reverse causality occurs
when an exposure is modified by the outcome, unlike
what is expected (eg, a disease alters a risk factor studied
for this disease).”* Hence, determining the causative
direction is crucial to discern whether deficient levels of
VD or elevated inflammation markers contribute to
COVID-19, or vice versa. According to the review, the
direction of these associations remains unknown.

Several strengths characterize this review. First, it
shows a comprehensive appraisal of prior MR studies
on micronutrients/VD and inflammatory markers and
their associations with specific outcomes of COVID-19.
Clear and predefined evaluation criteria were applied to
scrutinize the studies on this topic. Second, the review
presents results on large-scale study populations with
genetic data from the UKB, HGI, and other cohorts.
Results of studies from diverse ethnic groups, encom-
passing European,’>*>#¢47525%95  Agjan ** African,*
and Latinos,”*** were included, although genetic ances-
try data were lacking in certain studies.*”**>>%
Therefore, the results are not entirely generalizable.
Moreover, given that VD deficiency is more prevalent
among Black populations,”® more studies are needed to
confirm the absence of a relationship between this
nutrient and COVID-19 disease. Vitamin D deficiency
can differentially impact various diseases depending on
race and ethnic origin. Deficient VD levels may contrib-
ute to significant variations in the prevalence and
severity of conditions such as osteoporosis, cardiovascu-
lar diseases, type 2 diabetes, autoimmune diseases, res-
piratory infections, and certain types of cancer.
Differences in VD levels and the prevalence of VD defi-
ciency according to race may explain these varia-
tions.””*® Tt is crucial to consider these differences in
research, including studies on COVID-19, as it is a
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respiratory illness with a potent inflammatory compo-
nent that also may vary greatly depending on the race
and ethnic background of the affected individuals.
Indeed, previous studies, such as the one conducted by
Gibbons et al,”® have analyzed individuals from differ-
ent racial backgrounds. These studies concluded that
Black individuals experienced a greater reduction in
COVID-19 infection rates associated with VD supple-
mentation compared with White individuals, relative to
controls. Third, to existing knowledge, no systematic
review with meta-analysis has previously explored the
causal relationship between micronutrients and
COVID-19, overcoming common biases inherent to
observational studies. Thus, this review sheds light on
this subject and provides, for the first time, valuable
insights into this relationship. Last, to ensure the inclu-
sivity of relevant MR studies, the search strategy
adhered to the PRISMA guidelines.*

However, this review also has some limitations to
note. It was not possible to analyze in depth the associa-
tion between certain micronutrients (minerals and vita-
mins other than VD) and COVID-19 outcomes given
the limited number of causal inference studies on these
nutrients. Additionally, variability in study designs and
IV assessment might have impacted the consistency of
the findings. Furthermore, there might be some overlap
between data from the UKB and other study popula-
tions among the studies included in this review.
Therefore, care was taken to combine the results of
studies that relied on different study populations for IV
assessment at the exposure level (eg, IV-VD assessment
in different studies). It is worth noting that the presence
of pleiotropy cannot be entirely dismissed since not all
studies evaluated its effect when estimating causal
effects. The variability in the methodological quality
among the studies could have influenced the accuracy
of the conclusions drawn in this review. Therefore, a
rigorous assessment of the methodological quality of
each study was conducted to ensure the reliability of the
reported results. Finally, as in any other systematic
review, the possibility of publication bias might have
affected the overall assessment of the
relationships.

causal

CONCLUSION

Causal inference studies based on MR approaches on
the association between micronutrients/VD and
COVID-19 outcomes or related inflammatory markers
showed methodological variations; nevertheless, these
studies do not support a causal link between these fac-
tors. However, according to these studies, VD defi-
ciency correlates with an increased inflammatory state,
potentially impacting COVID-19 disease risk and

Nutrition Reviews® Vol. 83(7):e1383-e1405

associated outcomes. Additionally, various inflamma-
tory markers and circulating proteins, including ACE2,
are causally connected to COVID-19 disease risk. Thus,
whether inflammation mediates the relationship
between VD and COVID-19 remains to be elucidated
in future MR studies exploring micronutrient associa-
tions with COVID-19 outcomes.
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