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Abstract
Background Various micronutrients play key roles in the immune responses to viral infection, antibody synthesis, and 
susceptibility to infection. This study aimed to investigate the role of micronutrients on the immune responses following 
SARS-CoV-2 infection.
Methods To evaluate humoral immunity following SARS-CoV-2 infection, the levels of SARS-CoV-2-specific IgM and IgG, 
as well as the concentrations of different micronutrients, were determined in 36 convalescent COVID-19 patients 60 days 
after infection. Furthermore, the correlation between biochemical and hematological parameters, clinical features, and the 
changes in adiposity with SARS-CoV-2 antibodies was evaluated.
Results Serum IgM and IgG antibodies were detected in 38.8% and 83.3% of recovered patients after 60 days of COVID-19 
infection, respectively. The values of SARS-CoV-2-specific IgG were negatively correlated with the number of the platelet. 
Moreover, the values of SARS-CoV-2-specific IgM were positively correlated with LDH and the vitamin  B12 concentra-
tion. Furthermore, a gender-specific association of SARS-CoV-2-specific IgG and IgM with vitamins D as well as with  B9 
and zinc was observed. A significant negative correlation was observed between the values of IgG with vitamin D in male 
participants and a positive correlation was detected between IgG values and  B9 in female participants. Moreover, IgM levels 
with serum zinc values in females were negatively correlated.
Conclusion Our study suggests the potential role of micronutrients in gender-specific humoral immunity following SARS-
CoV-2 infection. Further studies are required with a greater sample of subjects to substantiate the validity and robustness 
of our findings.
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Introduction

The innate immune system provides the first line of 
defense against the sarbecovirus severe acute respiratory 
syndrome coronavirus type 2 (SARS-CoV-2). The immune 
system contributes to the virus clearance, inhibits virus 
replication, improves tissue repair, and activates long-last-
ing acquired immune responses [1, 2]. Antibody response 
is an essential element of protective immunity during 
infection with SARS-CoV-2 [3]. The first antibodies to 
be produced after the initial SARS-CoV-2 infection are 
immunoglobulin M (IgM) and IgA which can persist for 
about a month. IgG antibodies can be detected within the 
first 2–3 weeks of the onset of Coronavirus Disease 2019 
(COVID-19), which are usually detectable for longer peri-
ods [4, 5]. Although previous investigations of antibody 
persistence after infection with Middle East respiratory 
syndrome coronavirus or severe acute respiratory syn-
drome coronavirus indicate that coronavirus-specific IgG 
is sustained for at least 1–2 years [6], long-lasting immu-
nity against SARS-CoV-2 still needs to be determined [7]. 
It has been suggested that subjects with SARS-CoV-2 anti-
bodies, particularly anti-spike or anti-nucleocapsid IgG, 
have a substantial immunity for approximately 6 months 
[8–10]. The values of anti-SARS-CoV-2 antibodies cor-
relate with the duration and severity of symptoms but do 
not develop in all patients [11, 12].

It has long been known that the dietary intake of certain 
micronutrients significantly modulates antibody synthesis 
and regulates susceptibility to infection [13]. Accumulat-
ing evidence indicates that various micronutrients, such 
as vitamins A and D, promote the formation of germinal 
centers and enhance antigen-specific antibody production 
[14, 15]. Micronutrient deficiency is associated with a 
decrease in antibody production due to the dysfunction of 
various immune cells and alterations of immune homeo-
stasis [16]. Deficiencies in various micronutrients, such 
as zinc [17], iron [18], vitamin  B6 [19], vitamin  B12 [20], 
vitamin A [21], and vitamin C [22] can lead to impaired 
antibody production. A significant relation between the 
values of some micronutrients, such as vitamin D, and 
the mortality and morbidity of SARS-CoV-2 infection has 
been reported [23]. The present study aimed to evaluate 
the potential role of various micronutrients in the antibody 
response to SARS-CoV-2 infection by determining micro-
nutrient values in patients with COVID-19.

Materials and methods

Thirty-six healthcare workers of Khatam Hospital, Tehran, 
Iran, who were infected with SARS-CoV-2, participated 
in this study. Infection with SARS-CoV-2 was confirmed 
by the detection of (i) viral RNA in the nasopharynx 
and pharyngeal swab specimens using real-time reverse 
transcription-polymerase chain reaction, and (ii) common 
patterns of COVID-19 pneumonia in thoracic computed 
tomography (CT)-scan. All subjects were treated with a 
combination of various drugs, including hydroxychloro-
quine, oseltamivir, azithromycin, ribavirin, and remde-
sivir. The study was approved by the Ethics Committee 
of Shefa Neuroscience Research Center, Tehran, Iran. 
Informed consent was obtained from all participants.

The values of IgG and IgM antibodies against the 
nucleocapsid protein (N) in serum samples were measured 
60 days after the onset of symptoms using an enzyme-
linked immunosorbent assay (ELISA) method. SARS-
CoV-2 IgG ELISA assay and SARS-CoV-2 IgM capture 
ELISA assay were used for serological evaluation of 
SARS-CoV-2 infection. Samples were diluted with stand-
ard diluent (1/101, 100 μl/well) and transferred to poly-
styrene 96-well microtiter plates (Pishtaz Teb diagnostics) 
coated with inactivated SARS-CoV-2 antigen (37 °C for 
30 min). The antigen-coated plates were washed five times 
with 10 mM phosphate-buffered saline (PBS, Gibco, Ger-
many; pH 7.4) with 0.1% Tween-20. These wells were 
washed five times using 1 × PBS and Tween-20 (Thermo 
Fisher Scientific, Germany). Then, anti-human IgG horse-
radish peroxidase (Santa Cruz, Germany) was added 
(100 μl/well) and the plates were incubated for 30 min 
(37 °C). After incubation, the plates were washed and 
100 μl of 3,3′,5,5′-tetramethylbenzidine (Thermo Fisher 
Scientific, Germany) substrate was added and incubated 
for 15 min. Sulphuric acid was added to stop the reaction. 
The absorbance values were measured at 450 nm using an 
ELISA reader. Positive and negative controls were pre-
pared and included in the respective wells. IgG and IgM 
were considered reactive if index values were greater than 
1.1. Iron, zinc, copper, and selenium were measured using 
enzymatic assays. Vitamin  B12, vitamin D, and folate lev-
els were measured using the ELISA method. Using high-
performance liquid chromatography, the values of vitamin 
A, vitamin C, and vitamin E in serum were measured. 
Moreover, complete blood count (CBC), aspartate ami-
notransferase (AST), alanine aminotransferase (ALT), lac-
tate dehydrogenase (LDH), and C-reactive protein (CRP) 
were assessed.

Furthermore, height, weight, body mass index (BMI), 
waist–hip ratio (WHR), soft lean mass (SLM), the mass 
of body fat (MBF), and muscle balance of all participants 
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were measured using an X-contact body composition ana-
lyzer [24]. Clinical and demographic data, including age, 
gender, occupation, date of onset of symptoms, duration of 
the recovery period, history of close contact with a patient, 
place of hospitalization, place of quarantine, use of assis-
tive devices, the start of the usual daily activity, oxygen 
saturation, use of oxygen during treatment, medications, 
rehabilitation after recovery, history of exercise in the last 
6 months, and underlying diseases were collected.

Statistical analysis

Data were analyzed using GraphPad Prism software version 
6. Correlation analysis was conducted to identify variables 
related to IgG, IgM, and micronutrients. Pearson and Spear-
man correlation analysis was performed. Data are presented 
as mean ± S.E.M. A P value of less than 0.05 was considered 
to be statistically significant.

Results

A total of 36 healthcare workers (15 females, 21 males; 
29–61 years; mean age 43.2 ± 1.5 years) with a history of 
moderate (n = 7) or severe (n = 29) COVID-19 infection [25] 
were enrolled in this study. All participants were infected 
with SARS-CoV-2, which was confirmed by the positive 
RT-PCR tests and the typical CT features of COVID-19 
pneumonia. The blood oxygen saturation of the subjects 
during the infection varied between 60 and 95%. Among 
the subjects, 28 (77.7%) did not have any chronic diseases, 
whereas other participants suffered from chronic obstruc-
tive pulmonary disease (n = 2), diabetes (n = 3), hyperten-
sion (n = 3), and cardiovascular diseases (n = 3). Further-
more, analyses of BMI data indicated that 16 subjects were 
overweight (between 25 and 30 kg/m2) and 9 participants 
were obese (< 30 kg/m2). The values of SLM in arms, legs, 
and trunk were higher than the average level in 26 subjects 
(7 females and 19 males). Only 8 subjects have reported 
regular daily physical activity during the 6 months prior to 
infection. CBC and serum biochemistry analyses revealed 
polycythemia (n = 3), anemia (n = 2), higher AST (n = 3) or 
ALT (n = 5), and increased (n = 3) or decreased (n = 1) LDH 
levels (Table 1).

The seropositive rate of SARS-CoV-2-specific IgM after 
60 days of infection was 38.8% (n = 14). SARS-CoV-2-spe-
cific IgM was not detected in 22 subjects (10 females and 12 
males). The rate of positive SARS-CoV-2-specific IgG was 
83.3% (n = 30). SARS-CoV-2-specific IgG was not detected 
in 6 subjects (2 males and 4 females). Serum SARS-CoV-
2-specific IgG antibodies were detected in all patients with 
severe COVID-19. Among all participants, low vitamin 
D values (< 30 ng/mL) and low vitamin C (< 0.6 mg/dL) 

levels were observed in 16 (5 females and 11 males) and 3 (2 
females and 1 male) subjects, respectively. Furthermore, iron 
deficiency anemia was observed in one participant (< 30 mg/
dL; Table 1).

Correlation analysis between SARS-CoV-2 antibodies 
and different parameters of CBC has shown a significant 
negative correlation between the IgG values and the mean 
number of platelet (r = − 0.36; P = 0.03; Fig. 1). There was 
also a significant positive correlation between the IgM levels 
and LDH values (r = 0.6; P ≤ 0.001; Fig. 1). Furthermore, a 
positive correlation between the IgM levels and Vitamin  B12 
values (r = 0.5; P = 0.05; Fig. 1) was observed. There was no 
correlation between the values of SARS-CoV-2 antibodies 
with other micronutrients, the severity of disease, age, length 
of hospitalization, comorbidities, BMI, WHR, soft SLM, 
MBF, and muscle balance.

Micronutrients act differently on the immune responses 
of males and females [26]. Therefore, we divided the sub-
jects into the male and female groups and examined the 
potential correlations between micronutrients and the 

Table 1  Summary of clinical and laboratory data

Data are presented as mean ± S.E.M. and numbers in parentheses are 
minimum and maximum values
BMI body mass index, LDH lactate dehydrogenase

Comorbidities
 Hypertension 3 (8.3%)
 Diabetes 3 (8.3%)
 COPD 2 (5.6%)
 Cardiovascular disease 3 (8.3%)

Body composition
 Weight 80.5 ± 2.4 (57.7–126.3)
 BMI 27.9 ± 0.6 (21.8–33.9)
 Over weight (between 25 and 30 kg/m2) 16 (44.4%)
 Obese (< 30 kg/m2) 9 (25%)
 SLM higher-than-average 26 (72.2%)

Laboratory examinations
 LDH (U/L) 174 ± 8.2 (42–354)
 Platelet  (10*3/μL) 232.9 ± 8.5 (103–332)
 Iron (mg/dL) 82.5 ± 5.3 (31–186)
 Zinc (μg/dL) 104.8 ± 1.7 (88–135)
 Vitamin D (ng/mL) 31.8 ± 2.6 (6.3–86.9)
 Vitamin A (μg/mL) 0.4 ± 0.03 (0.3–0.6)
 Vitamin C (mg/dL) 0.7 ± 0.1 (0.2–1.2)
 Vitamin  B12 (pg/mL) 311.7 ± 42.3 (190–712)
 Vitamin E (μg/mL) 11.2 ± 0.8 (8–17)
 Vitamin  B9 (ng/mL) 11 ± 1.4 (4.6–20)
 Selenium (μg/dL) 67.6 ± 4.2 (27–97.2)
 Copper (μg/dL) 92.3 ± 3 (81–112)
 IgG (index) 11.3 ± 1.4 (0.07–22.2)
 IgM (index) 1.7 ± 0.3 (0.05–8.5)
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production of antibodies in these two groups. A signifi-
cant negative correlation was observed between serum 
IgG and vitamin D values in male participants (r = − 0.5; 
P = 0.009; Fig. 2). Furthermore, there was a positive corre-
lation between IgG levels and  B9 concentrations in female 
subjects (r = 0.6; P = 0.06; Fig. 2). Moreover, the levels 
of IgM have a significant negative correlation with serum 
zinc concentrations in female subjects (r = − 0.5; P = 0.03; 
Fig. 2).

Discussion

The dynamics of SARS-CoV-2-specific antibodies in recov-
ered patients have crucial implications for the diagnosis and 
treatment of COVID-19. Identification of the factors that 
contribute to the longevity of immune responses in patients 
with COVID-19 is essential for determining the risk of rein-
fection in previously exposed subjects [27]. In keeping with 
previous studies, our data indicate that serum IgM and IgG 
antibodies were detected in 38.8% and 83.3% of convales-
cent patients, respectively, after 60 days of COVID-19 infec-
tion [28]. Moreover, the present data suggest correlations 
between LDH, vitamin  B12, and the number of platelets with 

Fig. 1  Correlation between the numbers of platelet, lactate dehydro-
genase (LDH) concentrations, and vitamin B12 values with SARS-
CoV-2 IgG or IgM antibodies in convalescent patients. Note the nega-
tive correlation between the numbers of platelet with SARS-CoV-2 
IgG values, the positive correlation between LDH and SARS-CoV-2 
IgM levels, and the positive correlation between vitamin B12 and 
SARS-CoV-2 IgM concentrations. The values were examined in sub-
jects 60 days after infection with SARS-CoV-2

Fig. 2  Correlation between the values of vitamins D and  B9 as well 
as zinc with SARS-CoV-2 IgG or IgM antibodies in convalescent 
patients. Note the negative correlation between the levels of vitamin 
D with SARS-CoV-2 IgG values in male subjects, the positive cor-
relation between vitamin  B9 and SARS-CoV-2 IgG concentrations in 
female subjects, and the negative correlation between zinc and SARS-
CoV-2 IgM levels in female subjects. The values were measured 
60 days after infection with SARS-CoV-2 in 36 subjects
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SARS-CoV-2-specific antibodies. Furthermore, our results 
indicate a gender-specific association of SARS-CoV-2-spe-
cific IgG and IgM with vitamin D, vitamin  B9, and zinc.

LDH, a membrane-associated enzyme, is released into 
the extracellular micromilieu during inflammation [29]. 
Several investigations have shown that a marked increase in 
LDH values was associated with poor outcomes in patients 
with COVID-19 [30]. In keeping with our results, a previ-
ous study has revealed that the serum IgM value was posi-
tively correlated with LDH concentration in patients with 
COVID-19 [31]. Besides IgM, the IgG responses against 
the S1 protein of SARS-CoV-2 were positively correlated 
with the enhancement of LDH in convalescent patients [32]. 
A positive correlation between LDH concentration and the 
IgM value has also been reported in other viral infections, 
such as Epstein–Barr–Virus [33]. In addition to enzymatic 
activity, LDH has an immunoglobulin production-stimulat-
ing factor domain [34] that modulates the production of vari-
ous immunoglobulins, such as IgM [35]. Alterations in the 
mean number of platelets have been reported to be correlated 
with morbidity and mortality in patients with COVID-19 
[36]. SARS-CoV-2 infection can lead to mild thrombocyto-
penia due to increased platelet consumption [37] and con-
sequently to an increase in platelet production, activation, 
and aggregation [38]. Platelets play a modulatory role in 
the adaptive immune responses through the activation of 
peripheral blood B lymphocytes and the enhancement of 
immunoglobulin production [39]. Platelet–virus interplay 
regulates the host response to viral infection, which plays a 
crucial role in immune system function and illness outcomes 
[40]. Our data suggest that platelets may contribute to the 
production of SARS-CoV-2-specific antibodies.

Epidemiological studies revealed gender differences in 
the incidence, morbidity, and mortality of coronavirus infec-
tions, including COVID-19 [41, 42], which can be attrib-
uted to the diversity of the nature and strength of immune 
responses in women and men [43]. Both genetic and hor-
monal factors are implicated in stronger antibody responses, 
greater immunoglobulin values, and higher numbers of B 
lymphocytes in women than men [44, 45]. The immunomod-
ulatory effects of estrogen, as well as the immune-suppress-
ing effects of testosterone, can lead to stronger immune 
responses in females [46]. Females have greater antibody 
responses to various vaccines, such as hepatitis A and B, 
smallpox, influenza, and rabies [47, 48]. Micronutrients reg-
ulate the development and function of the immune system 
differently in women and men [49]. A significant reduction 
of serum vitamin A level was observed in females after mea-
sles and measles–mumps–rubella vaccines [50]. Vitamin A 
given with the measles vaccine decreased leukocyte subsets 
in males and enhanced the production of interferon-γ, as 
well as lymphocyte, monocyte, and basophil cell counts, in 
females [51]. Vitamins B, C, and E supplementation during 

pregnancy and after delivery exerted stronger beneficial 
effects on the reduction of low birth weight and mortality 
among girls born to HIV-infected women [52]. Vitamin D 
produces greater inhibition of pro-inflammatory cytokines 
and a higher enhancement of anti-inflammatory cytokines 
in females suffering from inflammatory disorders [53]. The 
synergy between estrogen and vitamin D may contribute to 
the gender differences in clinical outcomes of patients with 
COVID-19. [54]. Micronutrient supplementation in early 
gestation has gender-differential effects on the immune sys-
tem in offspring, particularly on an epigenetic level [55]. 
Vitamin D modulates the activity of natural killer cells in a 
gender-dependent manner [56], presumably via the molecu-
lar interaction between estrogen and vitamin D [57].

Accumulating evidence indicates the potential role of 
these micronutrients in the humoral immune response to 
SARS-CoV-2 infection [16]. We observed a positive cor-
relation between the B12 and IgM values in convalescent 
patients. Vitamin  B12 regulates lymphocyte function via 
the enhancement of T-cell activities and modulates immu-
noglobulin synthesis [58, 59]. A potential link between 
high plasma values of vitamin B12 and enhanced risk of 
mortality in patients with COVID-19 has been reported 
[60]. Furthermore, our study revealed a negative correla-
tion between the values of vitamin D with the production 
of IgM in male patients. Vitamin D reduces the numbers 
of memory B lymphocytes and inhibits the generation of 
plasma cells, with the consequent reduction in the secre-
tion of various antibodies, including IgG and IgM [61]. 
Serum 25-hydroxyvitamin D values are lower in hospital-
ized patients with COVID-19 compared with population 
controls [62] and subjects with vitamin D deficiency have 
a greater chance of getting severe SARS-CoV-2 infec-
tion [63, 64]. A case–control investigation of hospitalized 
patients in Iran revealed a significant negative correla-
tion between the serum vitamin D values and developing 
SARS-CoV-2 infection [65]. Vitamin  B9 is implicated in 
the proliferative responses of lymphocytes and antibody 
synthesis [66]. Our study indicates a positive correlation 
between B9 and IgG levels in female patients. Decreased 
folate value is highly prevalent in patients hospitalized 
with COVID-19 infection [67]. Zinc plays a crucial role 
in antibody production via the alterations of the function 
and number of various immune cells in inflammatory 
conditions [17]. IgM values in our patients have shown 
a negative correlation with serum zinc levels in females 
infected with SARS-CoV-2. Zinc augmented the suppres-
sive effects of NF-κB on angiotensin-converting enzyme 
2, a major receptor for SARS-CoV-2 infection [68], in a 
human lung cell line [69]. A study on hospitalized patients 
with COVID-19 in Iran has suggested that serum values of 
vitamin D, vitamin B12, and zinc at the time of admission 
negatively affect the clinical outcomes [70].
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The present study has some limitations. Our investiga-
tion was a single-center study with a small sample size of 
healthcare workers. However, our data emphasize the poten-
tial role of micronutrients in humoral immune responses to 
SARS-CoV-2 and its accuracy can be confirmed in a larger 
randomized controlled trial with an appropriate control group. 
Furthermore, all participants in our study were healthcare 
workers, which may not represent the entire patient popula-
tion. It should be noted that the seroprevalence of SARS-CoV-
2-specific IgG and IgM antibodies in health workers was not 
significantly different from the general Iranian population [71]. 
Socioeconomic factors are not associated with seropositivity in 
the general population [72]. However, socioeconomic diversity 
is associated with differences in intake and values of certain 
micronutrients [73]. The participants of our study were all 
health workers and possess the same socioeconomic status. 
Socioeconomic status should be considered as an important 
factor in future studies.

Conclusion

Altogether, our data suggest the potential role of some micro-
nutrients in the post-infection immunity of COVID-19 in a 
limited number of cases. This may provide insight into the 
mechanisms implicated in the interaction between the SARS-
CoV-2 infection and host immune response.

Acknowledgements We would like to thank the medical staff of 
Khatam Alanbia Hospital for their help to collect the data.

Author contributions MS; investigation; methodology, validation, and 
writing—original draft; FA; investigation and methodology; TD; con-
ceptualization, investigation, and visualization; MS; investigation and 
methodology; PK; conceptualization, investigation, and visualization; 
FA; data curation, formal analysis, and writing—original draft; AG; 
conceptualization, supervision, and writing—review and editing.

Funding Open Access funding enabled and organized by Projekt 
DEAL. NA.

Availability of data and materials The data are available upon reason-
able request.

Declarations 

Conflict of interest The authors declare no conflict of interest.

Ethics approval and consent to participate The study was approved by 
the Ethics Committee of Shefa Neuroscience Research Center, Tehran, 
Iran. Informed consent was obtained from all participants.

Consent for publication NA.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 

provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Carsetti R, Zaffina S, Piano Mortari E, Terreri S, Corrente F, Cap-
poni C, et al. Different innate and adaptive immune responses to 
SARS-CoV-2 infection of asymptomatic, mild, and severe cases. 
Front Immunol. 2020;11: 610300. https:// doi. org/ 10. 3389/ fimmu. 
2020. 610300.

 2. Jordan SC. Innate and adaptive immune responses to SARS-
CoV-2 in humans: relevance to acquired immunity and vaccine 
responses. Clin Exp Immunol. 2021. https:// doi. org/ 10. 1111/ cei. 
13582. 10. 1111/ cei. 13582.

 3. Arvin AM, Fink K, Schmid MA, Cathcart A, Spreafico R, Havenar-
Daughton C, et al. A perspective on potential antibody-dependent 
enhancement of SARS-CoV-2. Nature. 2020;584(7821):353–63. 
https:// doi. org/ 10. 1038/ s41586- 020- 2538-8.

 4. Huang M, Lu QB, Zhao H, Zhang Y, Sui Z, Fang L, et al. Tem-
poral antibody responses to SARS-CoV-2 in patients of coronavi-
rus disease 2019. Cell Discov. 2020;6:64. https:// doi. org/ 10. 1038/ 
s41421- 020- 00209-2.

 5. Long QX, Liu BZ, Deng HJ, et al. Antibody responses to SARS-
CoV-2 in patients with COVID-19. Nat Med. 2020;26(6):845–8. 
https:// doi. org/ 10. 1038/ s41591- 020- 0897-1.

 6. O Murchu E, Byrne P, Walsh KA, Carty PG, Connolly M, De 
Gascun C, et al. Immune response following infection with SARS-
CoV-2 and other coronaviruses: a rapid review. Rev Med Virol. 
2021;31(2): e2162. https:// doi. org/ 10. 1002/ rmv. 2162.

 7. Duysburgh E, Mortgat L, Barbezange C, Dierick K, Fischer N, 
Heyndrickx L, et al. Persistence of IgG response to SARS-CoV-2. 
Lancet Infect Dis. 2021;21(2):163–4. https:// doi. org/ 10. 1016/ 
S1473- 3099(20) 30943-9.

 8. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical fea-
tures of patients infected with 2019 novel coronavirus in Wuhan. 
China Lancet. 2020;395(10223):497–506. https:// doi. org/ 10. 1016/ 
S0140- 6736(20) 30183-5.

 9. Harvey RA, Rassen JA, Kabelac CA, Turenne W, Leonard S, 
Klesh R, et al. Association of SARS-CoV-2 seropositive antibody 
test with risk of future infection. JAMA Intern Med. 2021. https:// 
doi. org/ 10. 1001/ jamai ntern med. 2021. 0366.

 10. Lumley SF, O’Donnell D, Stoesser NE, et al. Antibody status and 
incidence of SARS-CoV-2 infection in health care workers. N 
Engl J Med. 2021;384(6):533–40. https:// doi. org/ 10. 1056/ NEJMo 
a2034 545.

 11. Wellinghausen N, Plonné D, Voss M, Ivanova R, Frodl R, Dei-
ninger S. SARS-CoV-2-IgG response is different in COVID-19 
outpatients and asymptomatic contact persons. J Clin Virol. 
2020;130: 104542. https:// doi. org/ 10. 1016/j. jcv. 2020. 104542.

 12. Bošnjak B, Stein SC, Willenzon S, et al. Low serum neutralizing 
anti-SARS-CoV-2 S antibody levels in mildly affected COVID-19 
convalescent patients revealed by two different detection methods. 
Cell Mol Immunol. 2021;18(4):936–44. https:// doi. org/ 10. 1038/ 
s41423- 020- 00573-9.

 13. Axelrod AE, Pruzansky J. The role of the vitamins in antibody 
production. Ann N Y Acad Sci. 1955;63(2):202–9. https:// doi. org/ 
10. 1111/j. 1749- 6632. 1955. tb320 88.x (discussion, 209–13).

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2020.610300
https://doi.org/10.3389/fimmu.2020.610300
https://doi.org/10.1111/cei.13582.10.1111/cei.13582
https://doi.org/10.1111/cei.13582.10.1111/cei.13582
https://doi.org/10.1038/s41586-020-2538-8
https://doi.org/10.1038/s41421-020-00209-2
https://doi.org/10.1038/s41421-020-00209-2
https://doi.org/10.1038/s41591-020-0897-1
https://doi.org/10.1002/rmv.2162
https://doi.org/10.1016/S1473-3099(20)30943-9
https://doi.org/10.1016/S1473-3099(20)30943-9
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1001/jamainternmed.2021.0366
https://doi.org/10.1001/jamainternmed.2021.0366
https://doi.org/10.1056/NEJMoa2034545
https://doi.org/10.1056/NEJMoa2034545
https://doi.org/10.1016/j.jcv.2020.104542
https://doi.org/10.1038/s41423-020-00573-9
https://doi.org/10.1038/s41423-020-00573-9
https://doi.org/10.1111/j.1749-6632.1955.tb32088.x
https://doi.org/10.1111/j.1749-6632.1955.tb32088.x


971The association between micronutrients and the SARS‑CoV‑2‑specific antibodies in convalescent…

1 3

 14. Mora JR, Iwata M, von Andrian UH. Vitamin effects on the 
immune system: vitamins A and D take centre stage. Nat Rev 
Immunol. 2008;8(9):685–98. https:// doi. org/ 10. 1038/ nri23 78.

 15. Pecora F, Persico F, Argentiero A, Neglia C, Esposito S. The role 
of micronutrients in support of the immune response against viral 
infections. Nutrients. 2020;12(10):3198. https:// doi. org/ 10. 3390/ 
nu121 03198.

 16. Gorji A, Khaleghi GM. Potential roles of micronutrient deficiency 
and immune system dysfunction in the coronavirus disease 2019 
(COVID-19) pandemic. Nutrition. 2021;82: 111047. https:// doi. 
org/ 10. 1016/j. nut. 2020. 111047.

 17. Gammoh NZ, Rink L. Zinc in infection and inflammation. Nutri-
ents. 2017;9(6):624. https:// doi. org/ 10. 3390/ nu906 0624.

 18. Dhur A, Galan P, Hannoun C, Huot K, Hercberg S. Effects of iron 
deficiency upon the antibody response to influenza virus in rats. J 
Nutr Biochem. 1990;1(12):629–34. https:// doi. org/ 10. 1016/ 0955- 
2863(90) 90021-c.

 19. Qian B, Shen S, Zhang J, Jing P. Effects of vitamin B6 deficiency 
on the composition and functional potential of T cell populations. 
J Immunol Res. 2017;2017:2197975. https:// doi. org/ 10. 1155/ 
2017/ 21979 75.

 20. Funada U, Wada M, Kawata T, Mori K, Tamai H, Isshiki T, et al. 
Vitamin B-12-deficiency affects immunoglobulin production and 
cytokine levels in mice. Int J Vitam Nutr Res. 2001;71(1):60–5. 
https:// doi. org/ 10. 1024/ 0300- 9831. 71.1. 60.

 21. Smith SM, Hayes CE. Contrasting impairments in IgM and IgG 
responses of vitamin A-deficient mice. Proc Natl Acad Sci USA. 
1987;84(16):5878–82. https:// doi. org/ 10. 1073/ pnas. 84. 16. 5878.

 22. van Gorkom GNY, Klein Wolterink RGJ, Van Elssen CHMJ, 
Wieten L, Germeraad WTV, et al. Influence of vitamin C on 
lymphocytes: an overview. Antioxidants (Basel). 2018;7(3):41. 
https:// doi. org/ 10. 3390/ antio x7030 041.

 23. Kazemi A, Mohammadi V, Aghababaee SK, Golzarand M, Clark 
CCT, Babajafari S. Association of vitamin D status with SARS-
CoV-2 infection or COVID-19 severity: a systematic review and 
meta-analysis. Adv Nutr. 2021. https:// doi. org/ 10. 1093/ advan ces/ 
nmab0 12.

 24. Schubert MM, Seay RF, Spain KK, Clarke HE, Taylor JK. Reli-
ability and validity of various laboratory methods of body com-
position assessment in young adults. Clin Physiol Funct Imaging. 
2019;39(2):150–9. https:// doi. org/ 10. 1111/ cpf. 12550.

 25. Gandhi RT, Lynch JB, Del Rio C. Mild or Moderate Covid-19. 
N Engl J Med. 2020;383(18):1757–66. https:// doi. org/ 10. 1056/ 
NEJMc p2009 249.

 26. Klein SL, Flanagan KL. Sex differences in immune responses. Nat 
Rev Immunol. 2016;16(10):626–38. https:// doi. org/ 10. 1038/ nri. 
2016. 90.

 27. Chia WN, Zhu F, Ong SWX, et al. Dynamics of SARS-CoV-2 
neutralising antibody responses and duration of immunity: a lon-
gitudinal study. Lancet Microbe. 2021. https:// doi. org/ 10. 1016/ 
S2666- 5247(21) 00025-2.

 28. Maine GN, Lao KM, Krishnan SM, Afolayan-Oloye O, Fatemi S, 
Kumar S, VanHorn L, Hurand A, Sykes E, Sun Q. Longitudinal 
characterization of the IgM and IgG humoral response in sympto-
matic COVID-19 patients using the Abbott Architect. J Clin Virol. 
2020;133: 104663. https:// doi. org/ 10. 1016/j. jcv. 2020. 104663.

 29. Glick JH Jr. Serum lactate dehydrogenase isoenzyme and total 
lactate dehydrogenase values in health and disease, and clinical 
evaluation of these tests by means of discriminant analysis. Am J 
Clin Pathol. 1969;52:320–8.

 30. Henry BM, Aggarwal G, Wong J, Benoit S, Vikse J, Plebani M, 
et al. Lactate dehydrogenase levels predict coronavirus disease 
2019 (COVID-19) severity and mortality: a pooled analysis. Am 
J Emerg Med. 2020;38(9):1722–6. https:// doi. org/ 10. 1016/j. ajem. 
2020. 05. 073.

 31. Wang Y, Li J, Li H, Lei P, Shen G, Yang C. Persistence of SARS-
CoV-2-specific antibodies in COVID-19 patients. Int Immunop-
harmacol. 2021;90: 107271. https:// doi. org/ 10. 1016/j. intimp. 
2020. 107271.

 32. Jiang HW, Li Y, Zhang HN, Wang W, Yang X, Qi H, et al. SARS-
CoV-2 proteome microarray for global profiling of COVID-19 
specific IgG and IgM responses. Nat Commun. 2020;11(1):3581. 
https:// doi. org/ 10. 1038/ s41467- 020- 17488-8.

 33. Cui Y, Huang X, Wang X, Li Y, Tang C, Wang H, et al. Correla-
tion between infection of herpes virus family and liver function 
parameters: a population-based cross-sectional study. J Infect Dev 
Ctries. 2017;11(4):320–5. https:// doi. org/ 10. 3855/ jidc. 8089.

 34. Takenouchi S, Sugahara T. Lactate dehydrogenase enhances 
immunoglobulin production by human hybridoma and human 
peripheral blood lymphocytes. Cytotechnology. 2003;42(3):133–
43. https:// doi. org/ 10. 1023/B: CYTO. 00000 15838. 06536. de.

 35. Daifuku M, Nishi K, Okamoto T, Nishimoto S, Sugahara T. 
Immunomodulatory effects of lactate dehydrogenase in vitro and 
in vivo. J Funct Foods. 2012;4:972–8. https:// doi. org/ 10. 1016/j. 
jff. 2012. 07. 005.

 36. Bao C, Tao X, Cui W, Yi B, Pan T, Young KH, et al. SARS-
CoV-2 induced thrombocytopenia as an important biomarker 
significantly correlated with abnormal coagulation function, 
increased intravascular blood clot risk and mortality in COVID-
19 patients. Exp Hematol Oncol. 2020;9:16. https:// doi. org/ 10. 
1186/ s40164- 020- 00172-4.

 37. Wool GD, Miller JL. The impact of COVID-19 disease on plate-
lets and coagulation. Pathobiology. 2021;88(1):15–27. https:// doi. 
org/ 10. 1159/ 00051 2007.

 38. Manne BK, Denorme F, Middleton EA, Portier I, Rowley JW, 
Stubben C, Petrey AC, et al. Platelet gene expression and func-
tion in patients with COVID-19. Blood. 2020;136(11):1317–29. 
https:// doi. org/ 10. 1182/ blood. 20200 07214.

 39. Cognasse F, Hamzeh-Cognasse H, Lafarge S, Chavarin P, Cogné 
M, Richard Y, et al. Human platelets can activate peripheral blood 
B cells and increase production of immunoglobulins. Exp Hema-
tol. 2007;35(9):1376–87. https:// doi. org/ 10. 1016/j. exphem. 2007. 
05. 021.

 40. Pryzdial ELG, Lin BH, Sutherland MR. Virus-platelet associa-
tions. In: Gresele P, Kleiman N, Lopez J, Page C, editors. Plate-
lets in thrombotic and non-thrombotic disorders. Cham: Springer; 
2017. https:// doi. org/ 10. 1007/ 978-3- 319- 47462-5_ 72.

 41. Karlberg J, Chong DS, Lai WY. Do men have a higher case fatal-
ity rate of severe acute respiratory syndrome than women do? 
Am J Epidemiol. 2004;159(3):229–31. https:// doi. org/ 10. 1093/ 
aje/ kwh056.

 42. Lakbar I, Luque-Paz D, Mege JL, Einav S, Leone M. COVID-19 
gender susceptibility and outcomes: A systematic review. PLoS 
ONE. 2020;15(11):e0241827.

 43. Scully EP, Haverfield J, Ursin RL, Tannenbaum C, Klein SL. 
Considering how biological sex impacts immune responses and 
COVID-19 outcomes. Nat Rev Immunol. 2020;20(7):442–7. 
https:// doi. org/ 10. 1038/ s41577- 020- 0348-8.

 44. Oyeyinka GO, Salimonu LS, Williams AI, Johnson AO, Ladipo 
OA, Osunkoya BO. Range of normal serum immunoglobulin 
(IgG, IgA and IgM) values in Nigerians. Afr J Med Med Sci. 
1984;13(3–4):169–76.

 45. Fink AL, Klein SL. The evolution of greater humoral immunity in 
females than males: implications for vaccine efficacy. Curr Opin 
Physiol. 2018;6:16–20. https:// doi. org/ 10. 1016/j. cophys. 2018. 03. 
010.

 46. Brodin P, Davis MM. Human immune system variation. Nat Rev 
Immunol. 2017;17(1):21–9. https:// doi. org/ 10. 1038/ nri. 2016. 125.

 47. Flanagan KL, Fink AL, Plebanski M, Klein SL. Sex and gender 
differences in the outcomes of vaccination over the life course. 

https://doi.org/10.1038/nri2378
https://doi.org/10.3390/nu12103198
https://doi.org/10.3390/nu12103198
https://doi.org/10.1016/j.nut.2020.111047
https://doi.org/10.1016/j.nut.2020.111047
https://doi.org/10.3390/nu9060624
https://doi.org/10.1016/0955-2863(90)90021-c
https://doi.org/10.1016/0955-2863(90)90021-c
https://doi.org/10.1155/2017/2197975
https://doi.org/10.1155/2017/2197975
https://doi.org/10.1024/0300-9831.71.1.60
https://doi.org/10.1073/pnas.84.16.5878
https://doi.org/10.3390/antiox7030041
https://doi.org/10.1093/advances/nmab012
https://doi.org/10.1093/advances/nmab012
https://doi.org/10.1111/cpf.12550
https://doi.org/10.1056/NEJMcp2009249
https://doi.org/10.1056/NEJMcp2009249
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1016/S2666-5247(21)00025-2
https://doi.org/10.1016/S2666-5247(21)00025-2
https://doi.org/10.1016/j.jcv.2020.104663
https://doi.org/10.1016/j.ajem.2020.05.073
https://doi.org/10.1016/j.ajem.2020.05.073
https://doi.org/10.1016/j.intimp.2020.107271
https://doi.org/10.1016/j.intimp.2020.107271
https://doi.org/10.1038/s41467-020-17488-8
https://doi.org/10.3855/jidc.8089
https://doi.org/10.1023/B:CYTO.0000015838.06536.de
https://doi.org/10.1016/j.jff.2012.07.005
https://doi.org/10.1016/j.jff.2012.07.005
https://doi.org/10.1186/s40164-020-00172-4
https://doi.org/10.1186/s40164-020-00172-4
https://doi.org/10.1159/000512007
https://doi.org/10.1159/000512007
https://doi.org/10.1182/blood.2020007214
https://doi.org/10.1016/j.exphem.2007.05.021
https://doi.org/10.1016/j.exphem.2007.05.021
https://doi.org/10.1007/978-3-319-47462-5_72
https://doi.org/10.1093/aje/kwh056
https://doi.org/10.1093/aje/kwh056
https://doi.org/10.1038/s41577-020-0348-8
https://doi.org/10.1016/j.cophys.2018.03.010
https://doi.org/10.1016/j.cophys.2018.03.010
https://doi.org/10.1038/nri.2016.125


972 M. Panahibakhsh et al.

1 3

Annu Rev Cell Dev Biol. 2017;33:577–99. https:// doi. org/ 10. 
1146/ annur ev- cellb io- 100616- 060718.

 48. Zimmermann P, Curtis N. Factors that inf luence the 
immune response to vaccination. Clin Microbiol Rev. 
2019;32(2):e00084-e118. https:// doi. org/ 10. 1128/ CMR. 00084- 18.

 49. Tobi EW, Lumey LH, Talens RP, Kremer D, Putter H, Stein AD, 
et al. DNA methylation differences after exposure to prenatal fam-
ine are common and timing- and sex-specific. Hum Mol Genet. 
2009;18(21):4046–53. https:// doi. org/ 10. 1093/ hmg/ ddp353.

 50. Yalçin SS, Yurdakök K. Sex-specific differences in serum vita-
min A values after measles immunization. Pediatr Infect Dis J. 
1999;18(8):747–8. https:// doi. org/ 10. 1097/ 00006 454- 19990 
8000- 00027.

 51. Jensen KJ, Fisker AB, Andersen A, Sartono E, Yazdanbakhsh 
M, Aaby P, et al. The effects of vitamin A supplementation with 
measles vaccine on leucocyte counts and in vitro cytokine pro-
duction. Br J Nutr. 2016;115(4):619–28. https:// doi. org/ 10. 1017/ 
S0007 11451 50048 69.

 52. Kawai K, Msamanga G, Manji K, Villamor E, Bosch RJ, Hertz-
mark E, et al. Sex differences in the effects of maternal vitamin 
supplements on mortality and morbidity among children born to 
HIV-infected women in Tanzania. Br J Nutr. 2010;103(12):1784–
91. https:// doi. org/ 10. 1017/ S0007 11450 99938 62.

 53. Correale J, Ysrraelit MC, Gaitán M. II Gender differences in 1,25 
dihydroxyvitamin D3 immunomodulatory effects in multiple scle-
rosis patients and healthy subjects. J Immunol. 2010;185(8):4948–
58. https:// doi. org/ 10. 4049/ jimmu nol. 10005 88.

 54. Pagano MT, Peruzzu D, Ruggieri A, Ortona E, Gagliardi MC. 
Vitamin D and sex differences in COVID-19. Front Endocrinol 
(Lausanne). 2020;11: 567824. https:// doi. org/ 10. 3389/ fendo. 2020. 
567824.

 55. Khulan B, Cooper WN, Skinner BM, Bauer J, Owens S, Pren-
tice AM, Belteki G, Constancia M, Dunger D, Affara NA. Peri-
conceptional maternal micronutrient supplementation is associ-
ated with widespread gender related changes in the epigenome: 
a study of a unique resource in the Gambia. Hum Mol Genet. 
2012;21(9):2086–101. https:// doi. org/ 10. 1093/ hmg/ dds026.

 56. Oh S, Chun S, Hwang S, Kim J, Cho Y, Lee J, Kwack K, Choi SW. 
Vitamin D and exercise are major determinants of natural killer 
cell activity, which is age- and gender-specific. Front Immunol. 
2021;12: 594356. https:// doi. org/ 10. 3389/ fimmu. 2021. 594356.

 57. Dupuis ML, Pagano MT, Pierdominici M, Ortona E. The role 
of vitamin D in autoimmune diseases: could sex make the dif-
ference? Biol Sex Differ. 2021;12(1):12. https:// doi. org/ 10. 1186/ 
s13293- 021- 00358-3.

 58. Hitzig WH, Kenny AB. The role of vitamin B 12 and its trans-
port globulins in the production of antibodies. Clin Exp Immunol. 
1975;20(1):105–11.

 59. Sakane T, Takada S, Kotani H, Tsunematsu T. Effects of methyl-
B12 on the in vitro immune functions of human T lymphocytes. J 
Clin Immunol. 1982;2(2):101–9. https:// doi. org/ 10. 1007/ BF009 
16893.

 60. Dalbeni A, Bevilacqua M, Teani I, Normelli I, Mazzaferri F, Chi-
arioni G. Excessive vitamin B12 and poor outcome in COVID-
19 pneumonia. Nutr Metab Cardiovasc Dis. 2021;31(3):774–5. 
https:// doi. org/ 10. 1016/j. numecd. 2020. 12. 005.

 61. Medrano M, Carrillo-Cruz E, Montero I, Perez-Simon JA. Vita-
min D: effect on haematopoiesis and immune system and clinical 
applications. Int J Mol Sci. 2018;19(9):2663. https:// doi. org/ 10. 
3390/ ijms1 90926 63.

 62. Hernández JL, Nan D, Fernandez-Ayala M, García-Unzueta M, 
Hernández-Hernández MA, López-Hoyos M, Muñoz-Cacho 

P, Olmos JM, Gutiérrez-Cuadra M, Ruiz-Cubillán JJ, Crespo 
J, Martínez-Taboada VM. Vitamin D status in hospitalized 
patients with SARS-CoV-2 infection. J Clin Endocrinol Metab. 
2021;106(3):e1343–53. https:// doi. org/ 10. 1210/ clinem/ dgaa7 33.

 63. Teshome A, Adane A, Girma B, Mekonnen ZA. The impact of 
vitamin D level on COVID-19 infection: systematic review and 
meta-analysis. Front Public Health. 2021;9: 624559. https:// doi. 
org/ 10. 3389/ fpubh. 2021. 624559.

 64. Katz J, Yue S, Xue W. Increased risk for COVID-19 in patients 
with vitamin D deficiency. Nutrition. 2021;84: 111106. https:// 
doi. org/ 10. 1016/j. nut. 2020. 111106.

 65. Abdollahi A, KamaliSarvestani H, Rafat Z, Ghaderkhani S, 
Mahmoudi-Aliabadi M, Jafarzadeh B, Mehrtash V. The associa-
tion between the level of serum 25(OH) vitamin D, obesity, and 
underlying diseases with the risk of developing COVID-19 infec-
tion: a case-control study of hospitalized patients in Tehran. Iran 
J Med Virol. 2021;93(4):2359–64. https:// doi. org/ 10. 1002/ jmv. 
26726.

 66. Kunisawa J, Hashimoto E, Ishikawa I, Kiyono H. A pivotal role of 
vitamin B9 in the maintenance of regulatory T cells in vitro and 
in vivo. PLoS ONE. 2012;7(2): e32094. https:// doi. org/ 10. 1371/ 
journ al. pone. 00320 94.

 67. Meisel E, Efros O, Bleier J, et al. Folate levels in patients hospital-
ized with coronavirus disease 2019. Nutrients. 2021;13(3):812. 
https:// doi. org/ 10. 3390/ nu130 30812.

 68. SoltaniZangbar H, Gorji A, Ghadiri TA. Review on the neuro-
logical manifestations of COVID-19 infection: a mechanistic 
view. Mol Neurobiol. 2021;58:536–49. https:// doi. org/ 10. 1007/ 
s12035- 020- 02149-0.

 69. Lee MC, Chen YK, Tsai-Wu JJ, Hsu YJ, Lin BR. Zinc supple-
mentation augments the suppressive effects of repurposed NF-κB 
inhibitors on ACE2 expression in human lung cell lines. Life Sci. 
2021;280: 119752. https:// doi. org/ 10. 1016/j. lfs. 2021. 119752.

 70. Poustchi H, et al. “SARS-CoV-2 antibody seroprevalence in the 
general population and high-risk occupational groups across 18 
cities in Iran: a population-based cross-sectional study. Lancet 
Infect Dis. 2021;21(4):473–81. https:// doi. org/ 10. 1016/ S1473- 
3099(20) 30858-6.

 71. Shakeri H, Azimian A, Ghasemzadeh-Moghaddam H, Safdari M, 
Haresabadi M, Daneshmand T, Namdar AH. Evaluation of the 
relationship between serum levels of zinc, vitamin B12, vitamin 
D, and clinical outcomes in patients with COVID-19. J Med Virol. 
2022;94(1):141–6. https:// doi. org/ 10. 1002/ jmv. 27277.

 72. Richard A, Wisniak A, Perez-Saez J, Garrison-Desany H, Petrovic 
D, Piumatti G, Baysson H, Picazio A, Pennacchio F, De Ridder D, 
Chappuis F, Vuilleumier N, Low N, Hurst S, Eckerle I, Flahault 
A, Kaiser L, Azman AS, Guessous I, Stringhini S. Seroprevalence 
of anti-SARS-CoV-2 IgG antibodies, risk factors for infection and 
associated symptoms in Geneva, Switzerland: a population-based 
study. Scand J Public Health. 2021. https:// doi. org/ 10. 1177/ 14034 
94821 10480 50.

 73. Novaković R, Cavelaars A, Geelen A, Nikolić M, Altaba II, 
Viñas BR, Ngo J, Golsorkhi M, Medina MW, Brzozowska A, 
Szczecinska A, de Cock D, Vansant G, Renkema M, Majem LS, 
Moreno LA, Glibetić M, Gurinović M, van’t Veer P, de Groot 
LC. Socio-economic determinants of micronutrient intake 
and status in Europe: a systematic review. Public Health Nutr. 
2014;17(5):1031–45. https:// doi. org/ 10. 1017/ S1368 98001 30013 
41.

https://doi.org/10.1146/annurev-cellbio-100616-060718
https://doi.org/10.1146/annurev-cellbio-100616-060718
https://doi.org/10.1128/CMR.00084-18
https://doi.org/10.1093/hmg/ddp353
https://doi.org/10.1097/00006454-199908000-00027
https://doi.org/10.1097/00006454-199908000-00027
https://doi.org/10.1017/S0007114515004869
https://doi.org/10.1017/S0007114515004869
https://doi.org/10.1017/S0007114509993862
https://doi.org/10.4049/jimmunol.1000588
https://doi.org/10.3389/fendo.2020.567824
https://doi.org/10.3389/fendo.2020.567824
https://doi.org/10.1093/hmg/dds026
https://doi.org/10.3389/fimmu.2021.594356
https://doi.org/10.1186/s13293-021-00358-3
https://doi.org/10.1186/s13293-021-00358-3
https://doi.org/10.1007/BF00916893
https://doi.org/10.1007/BF00916893
https://doi.org/10.1016/j.numecd.2020.12.005
https://doi.org/10.3390/ijms19092663
https://doi.org/10.3390/ijms19092663
https://doi.org/10.1210/clinem/dgaa733
https://doi.org/10.3389/fpubh.2021.624559
https://doi.org/10.3389/fpubh.2021.624559
https://doi.org/10.1016/j.nut.2020.111106
https://doi.org/10.1016/j.nut.2020.111106
https://doi.org/10.1002/jmv.26726
https://doi.org/10.1002/jmv.26726
https://doi.org/10.1371/journal.pone.0032094
https://doi.org/10.1371/journal.pone.0032094
https://doi.org/10.3390/nu13030812
https://doi.org/10.1007/s12035-020-02149-0
https://doi.org/10.1007/s12035-020-02149-0
https://doi.org/10.1016/j.lfs.2021.119752
https://doi.org/10.1016/S1473-3099(20)30858-6
https://doi.org/10.1016/S1473-3099(20)30858-6
https://doi.org/10.1002/jmv.27277
https://doi.org/10.1177/14034948211048050
https://doi.org/10.1177/14034948211048050
https://doi.org/10.1017/S1368980013001341
https://doi.org/10.1017/S1368980013001341

	The association between micronutrients and the SARS-CoV-2-specific antibodies in convalescent patients
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References




