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Abstract: Despite the effectiveness and safety of COVID-19 vaccines, vaccine-induced responses
decline over time; thus, booster vaccines have been approved globally. In addition, interest in natural
compounds capable of improving host immunity has increased. This study aimed to examine the
effect of Korean Red Ginseng (KRG) on virus-specific antibodies after COVID-19 vaccination. We
conducted a 24 week clinical pilot study of 350 healthy subjects who received two doses of the
COVID-19 vaccine and a booster vaccination (third dose). These subjects were randomized 1:2 to the
KRG and control groups. We evaluated antibody response five times: just before the second dose
(baseline), 2 weeks, 4 weeks, 12 weeks after the second dose, and 4 weeks after the third dose. The
primary endpoints were changes in COVID-19 spike antibody titers and neutralizing antibody titers.
The antibody formation rate of the KRG group was sustained higher than that of the control group
for 12 weeks after the second dose. This trend was prominently observed in those above 50 years old.
We found that KRG can help to increase and maintain vaccine response, highlighting that KRG could
potentially be used as an immunomodulator with COVID-19 vaccines.

Keywords: Korean Red Ginseng; COVID-19; vaccination; humoral immunity; immunomodulator

1. Introduction

Coronavirus disease 2019 (COVID-19), which is caused by infection with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has caused significant morbidity and
mortality worldwide and an ongoing global public health crisis [1]. There are limited safe
and specific pharmaceutical agents or recommendations to prevent or treat COVID-19.
Therefore, vaccines against SARS-CoV-2 infection that stimulate the host’s immune system
have been considered the best way to control the pandemic [2]. However, because of
emerging hurdles such as new variants of SARS-CoV-2 that overcome vaccine-induced
host immunity [3] and waning of vaccine-induced neutralizing antibodies (anti-N-Ab) over
time [4]. Booster vaccination has been approved for fully vaccinated individuals, because it
have been shown to enhance protection against SARS-CoV-2 compared with only a primary
vaccination series [5,6].

Recent studies have suggested that the effectiveness of COVID-19 boosters also tends
to dwindle over time, with waning occurring 5–9 weeks after a booster vaccination [3,7].
Vaccination is a partial solution to preventing early infection and severe illness, and con-
tinued optimization of plans for primary prevention of COVID-19 in vaccinated persons
is needed [8]. There has been a rising interest in immunomodulators that enhance host
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immunity to the virus and support the resilience of an infected host until a cure can be
developed [9].

Korean Red Ginseng (KRG), derived from Panax ginseng Meyer and extracted by
steaming, is an herbal medicine with well-defined beneficial effects for the prevention
and treatment of various diseases [10,11]. Human studies and animal experiments have
shown that KRG plays an essential role as an immunomodulatory agent by improving the
host immune response [12–15]. In addition, KRG has been suggested to increase recovery
rates and reduce mortality from viral infections [16]. KRG also increases protective effects
against infections, including influenza [17,18], and clinical reports suggest favorable effects
of KRG in acute respiratory illness [19]. Moreover, some evidence has suggested that
KRG can improve vaccine efficacy. For example, studies have reported that KRG helped
reduce inflammation and improve the efficacy of pneumococcal vaccines by inhibiting
reactive oxygen species production [20]. KRG improves antibody formation after influenza
vaccination, clinically protecting against influenza virus infection [21].

However, no study has examined whether KRG affects COVID-19 vaccine-induced
immune response and protection. Therefore, this study aimed to investigate the effect of
KRG on the humoral response of hosts who received two doses of COVID-19 vaccines and
a booster vaccination (third dose) in Korea.

2. Materials and Methods
2.1. Study Design and Participants

This longitudinal study evaluated KRG intake’s effect on COVID-19 antibodies after
vaccination in Korean adults (Clinical Research Information Service, KCT0007342). The
study was approved by the Institutional Review Board of Yongin Severance Hospital
(IRB no. 9-2021-0101) and was conducted in compliance with the Declaration of Helsinki.
Written informed consent was provided by all patients prior to participation. Sample size
was calculated based on the following assumptions: the effect size (cohen’s d) 0.25, type
I error of 0.05, power of 80%, and 1:2 ratio (KRG/control ratio). The number of subjects
to be enrolled was determined to be 190 for the KRG group and 380 for the control group.
The originally intended total sample size was 570, but the required number of enrollments
was not achieved within the given study period. The KRG dose used in this study was
3 g of KRG tablet/day, containing ginsenoside, Rb1 (8.03 mg/g), Rb2 (2.80 mg/g), Rg3
(2.50 mg/g), Rg1 (1.18 mg/g), Rc (3.29 mg/g), Rf (1.47 mg/g), Re (1.29 mg/g), and Rd
(1.0 mg/g). The KRG tablets were made by dehydrating extracts of KRG. A total of 534
subjects who received a COVID-19 vaccine were recruited in August 2021 and continued
with follow up. Subjects were assigned to two groups: the KRG group was taking KRG
continuously before the study KRG per day for four weeks from enrollment, and the control
group did not take KRG. In total, 174 subjects were included in the KRG group and 331 in
the control group. Because of incomplete follow up or refusal of a third dose of COVID-19
vaccine administration, 155 subjects were excluded. Thus, there were 149 subjects in the
KRG group and 201 in the control group. All subjects completed five visits (Figure 1).

2.2. Study Outcomes

The inclusion criteria for this study included the following: adults aged 30 years or
older, participants who had taken red ginseng for at least one month within the last month
prior to vaccination (KRG group), and individuals who had not taken red ginseng for two
or more months before vaccination (control group). Subjects were excluded if they met
any of the following criteria: patients being treated for cardiovascular diseases such as
angina, myocardial infarction, stroke, uncontrolled diabetes, undergoing treatment for
malignant tumors, taking antidepressants, antipsychotics, other psychiatric medications,
and consuming functional foods including multivitamins. All subjects received the COVID-
19 vaccine three times, and they visited the hospital five times to measure vaccine-induced
antibodies to the spike protein receptor-binding domain (anti-S-Ab) and nucleocapsid
(anti-NC) SARS-CoV-2 protein and anti-N-Ab. We checked anti-NC antibodies to evaluate



Nutrients 2023, 15, 1584 3 of 12

whether patients were infected with COVID-19. No anti-NC antibodies were detected
during or after vaccination. The second dose of the vaccine was administered four weeks
after the first dose. We evaluated antibodies just before the second dose (baseline), 2, 4, and
12 weeks after the second dose, and 4 weeks after the third dose, independent of the type
of vaccine. We first measured serum antibody levels and investigated possible changes at
each time point. The change after 4 weeks compared with baseline was considered as the
primary endpoint to calculate statistical power. We further compared changes in antibody
levels in the KRG group vs. the control group.
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Figure 1. Flow chart for participant selection.

2.3. Measurement of Anthropometric and Biochemical Parameters

Participants underwent five examinations: at baseline; 2, 4, and 12 weeks after their
second COVID-19 vaccination, and 4 weeks after their third vaccination. At each visit,
body weight, height, systolic blood pressure (SBP), and diastolic blood pressure (DBP) were
recorded. Height and weight were obtained with subjects wearing light indoor clothing
without shoes to the nearest 0.1 cm (Seca 225, Hamburg, Germany) and 0.1 kg, respec-
tively (GL-6000-20, Gyeonggi, Republic of Korea). SBP and DBP values were measured
three times in a seated position after a 5 min rest using a standard mercury sphygmo-
manometer (Baumanometer, Gresham, OR, USA). At baseline, we measured cholesterol
metabolites and surveyed smoking status and alcohol consumption. Subjects were catego-
rized into non-smoker and current smoker groups. Current drinkers were defined as those
who drank alcohol more than once a month. We adopted binary variables of presence or
absence for a history of hypertension and diabetes on a self-reported questionnaire. Body
mass index (BMI) was calculated as the ratio of weight (kg)/height (m2). Blood samples
were collected after >8 h of fasting. Fasting plasma glucose, total cholesterol, high-density
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lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides,
aspartate aminotransferase (AST), and alanine aminotransferase (ALT) were measured
using the Cobas 8000 c702 module (Roche Diagnostics, Mannheim, Germany). White blood
cell (WBC) count was measured using the XN-9000 (Sysmex Corporation, Kobe, Japan). A
total of 25 hydroxyvitamin D (vitamin D) determinations were performed with the Cobas
8000 e801 module (Roche Diagnostics). Total immunoglobulin E (IgE, reference range,
≤100 kU/L) was tested with the Phadia 250 (Phadia, Uppsala, Sweden). Hypertension
was defined by systolic blood pressure (SBP) ≥ 140 mmHg and diastolic blood pressure
(DBP) ≥ 90 mmHg, or the current use of hypertension medicines. Type 2 diabetes melli-
tus (DM) was defined by a previous diagnosis of type 2 DM or a fasting plasma glucose
level ≥ 126 mg/dL.

2.4. Detection of Virus-Specific Antibodies

Automated ECLIA tests were performed with two types of SARS-CoV-2 antibody
kits using the Cobas 8000 e801 module (Roche Diagnostics). The Elecsys Anti-SARS-CoV-
2 assay (Roche Diagnostics) uses a recombinant protein representing the nucleocapsid
(NC) antigen for the qualitative detection of antibodies against SARS-CoV-2. Results with
<1.0 cut-off indexes (COI) were interpreted as negative for anti-NC antibodies, and those
with ≥1.0 were interpreted as positive for anti-NC antibodies. The Elecsys Anti-SARS-
CoV-2 S assay (Roche Diagnostics) uses a recombinant protein representing the spike
protein receptor-binding domain to quantitatively determine antibodies against SARS-
CoV-2. Results with <0.80 U/mL were interpreted as negative for anti-S-Ab, and those
≥0.80 U/mL were interpreted as positive for anti-S-Ab. The surrogated virus neutralization
tests (sVNT) were performed with a cPass SARS-CoV-2 Neutralization Antibody Detection
kit (GenScript, Piscataway, NJ, USA) using the SpectraMax 190 (Molecular Devices, San
Jose, CA, USA) based on ELISA to detect anti-N-Ab against SARS-CoV-2. The results
were interpreted as percentage inhibition (%inhibition) based on OD450 intensity. The
manufacturer-recommended cut-off of ≥30% signal reduction was used to indicate the
presence of anti-N-Ab. All percent inhibition results were converted to IU/mL of the
WHO International Standard using an Excel-based conversion tool [22]. The upper limit of
the measurable range was 97.57% inhibition (or 3002 IU/mL). All tests were performed
according to the manufacturer’s instructions.

2.5. Statistical Analysis

Data are shown as the means ± standard deviations for continuous variables and
frequency (percentage) for categorical variables. Statistical significance for differences in
baseline characteristics between the KRG and control groups was analyzed using inde-
pendent t-tests for continuous. The linear regression was used to determine the difference
of change compared with baseline between the KRG and control groups. We assessed
the association between antibody level four weeks after the first dose (baseline) and other
continuous variables using Pearson’s correlation analysis.

Longitudinal antibody data were analyzed using the linear trapezoidal rule to compare
anti-N-Ab in KRG and control groups because different subjects were assessed at different
times from vaccination. [23,24]. To compare the distribution of anti-N-Ab and for visual
comparisons of distributions between different times in the two groups, the area under the
curves (AUCs) using a linear trapezoidal rule is shown in. The PK package of R software
was used for the AUC analysis [25].

3. Results

A total of 350 subjects who received three COVID-19 vaccines participated in this study.
Subjects were allocated to the KRG group (n = 149) or control group (n = 201) depending
on KRG use. Table 1 represents the baseline characteristics of the subjects in each group.
There were differences in age, sex, AST, and vitamin D between the two groups. The KRG
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and control groups were similar in BMI and hypertension. There were no differences in
fasting plasma glucose, lipid profiles, ALT, and Ig E between the two groups (Table 1).

Table 1. Baseline characteristics* of the study population according to KRG intake.

Variables KRG 1 (N = 149) Control (N = 201) p-Value

Age, years 47.2 ± 9.0 50.3 ± 9.8 0.002 *

Sex (male, %) 104 (69.8) 80 (39.4) 0.001

Body mass index 24.5 ± 3.2 24.6 ± 4.0 0.814 *

Glucose, mg/dL 99.8 ± 19.1 102.2 ± 22.0 0.285 *

Total Cholesterol, mg/dL 191.6 ± 37.8 177.8 ± 37.8 0.986 *

Triglyceride, mg/dL 116.0
(74.0–173.0) 109.0 (72.0–165.0) 0.193

HDL 2 cholesterol, mg/dL 55.2 ± 16.3 54.1 ± 14.5 0.539 *

LDL 3 cholesterol, mg/dL 123.9 ± 35.6 111.1 ± 35.4 0.001 *

Ig E 65.7 (21.1–165.0) 46.0 (18.5–102.0) 0.152

Vitamin D 22.5 ± 9.14 24.1 ± 11.0 0.017 *

White blood cells (×103 L) 5.830 ± 1.38 6.081 ± 1.541 0.153 *

AST 4 (IU/L) 24.2 ± 20.1 23.5 ± 14.2 0.001 *

ALT 5 (IU/L) 24.8 ± 15.4 23.7 ± 16.6 0.343 *

Hypertension, (%) 25 (16.1) 46 (22.9) 0.152

Diabetes, (%) 6 (4.0) 31 (15.4) 0.001

First dose Second dose 0.027

Az 6 Az 6 17 (11.4) 36 (17.9) -

Az 6 Pfizer 22 (14.8) 15 (7.5) -

Moderna Moderna 40 (26.8) 41 (20.4) -

Pfizer Pfizer 70 (47.0) 109 (54.2) -
1 Korean Red Ginseng, 2 high-density lipoprotein, 3 low-density lipoprotein, 4 aspartate aminotransferase,
5 alanine transaminase, 6 AstraZeneca. * Data are expressed as mean ± SD or percentage, and p-values were
calculated using ANOVA or the chi-square test.

Pearson’s correlation analysis was used to evaluate the association of anti-N-Ab and
other covariates four weeks after the first dose (baseline). Age and vitamin D level were
inversely correlated with anti-N-Ab (Age: r = −0.279, p = 0.001; vitamin D: r = −0.147,
p = 0.001), and WBC count and anti-S-Ab were significantly correlated with anti-N-Ab
(WBC: r = 0.097, p = 0.028; anti-S-Ab: r = 0.736, p = 0.001) (Table 2).

Common patterns of antibody response are shown in Table 3. The first dose of a
vaccine-induced production of anti-S-Ab and anti-N-Ab and the second dose caused a
significant increase in anti-S-Ab for two weeks. A decrease in antibodies after the peak
was observed until 12 weeks after the second dose, and then, after booster vaccination,
anti-S-Ab and anti-N-Ab were increased again.

AUCs using a linear trapezoidal rule revealed statistically significant differences
between the two groups for changes in anti-N-Ab over time. Figure 2 summarizes these
results for each time point. We found that the antibody formation rate of anti-N-Ab in the
KRG group decreased more slowly than in the control group after the second vaccination,
and this trend was maintained, with a significantly higher level than that of the control
group, between the first dose and four weeks after third vaccination (difference of AUC,
352.9, 95% CI 7.5–698.4) (Figure 2a). Subgroup analyses showed a significant difference in
AUC of antibody formation rate between the KRG and the control group between the first
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dose and four weeks after the second dose in subjects aged 50 years or older (−76.7, 95%
CI −225.8–252.6) (Figure 2b).

Table 2. Correlations between baseline anti-neutralizing antibody (Anti-N-Ab) and other variables.

Variables
Subjects

r 1 p-Value *

Age, years −0.279 0.001

Body mass index −0.016 0.715

Glucose, mg/dL 0.022 0.617

Total cholesterol, mg/dL 0.038 0.388

Triglyceride, mg/dL −0.021 0.635

HDL 2 cholesterol, mg/dL 0.017 0.689

LDL 3 cholesterol, mg/dL 0.029 0.505

Ig E 0.010 0.822

Vitamin D −0.147 0.001

White Blood Cells (×103 L) 0.097 0.028

Anti-S-Ab 4 0.736 0.001

AST 5 (IU/L) 0.078 0.078

ALT 6 (IU/L) 0.066 0.133
1 Correlation coefficient, 2 high-density lipoprotein, 3 low-density lipoprotein, 4 anti-surface antibody, 5 aspartate
aminotransferase, 6 alanine transaminase. * p-values were calculated using Pearson’s correlation analysis.

Table 3. COVID-19 antibody after vaccination in the KRG and control groups.

COVID-19 Antibody
(Anti-N-Ab 2) KRG 1 (N = 149) Control (N = 201) p-Value *

2 weeks after the second
dose—first dose (baseline) 2350.74 ± 898.48 2160.30 ± 995.34 0.042

4 weeks after the second
dose—first dose (baseline) 2125.56 ± 949.85 1874.02 ± 989.24 0.014

12 weeks after the second
dose—first dose (baseline) 745.39 ± 709.05 742.81 ± 770.13 0.739

4 weeks after the third dose—
first dose (baseline) 2405.77 ± 512.71 2451.61 ± 611.84 0.796

1 Korean Red Ginseng, 2 anti-neutralizing antibody. * p-values were calculated based on a linear regression to
adjust for age, sex, and vaccine type.
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Figure 2. Antibody responses to two vaccine doses in two groups: (a) Anti-Neutralizing-Ab in
subjects and (b) Anti-Neutralizing-Ab in subjects over 50 years old. Blood samples were collected
from individuals 4 weeks after first dose; 2 weeks, 4 weeks, and 12 weeks after second dose; and
4 weeks after the third dose. Neutralizing antibodies were screened and differentiated using the
Neutralization Antibody Detection kit as described in the Materials and Methods. The x-axis shows
time points just before the second dose of vaccine administration; 2, 4, and 12 weeks after the second
dose; and 4 weeks after the third dose. Meanwhile, the y-axis shows antibody concentrations as
mean ± SD. The area under the curve (AUC) was calculated using a linear trapezoidal rule.

4. Discussion

In this study, vaccine-induced humoral responses in both the KRG and control groups
significantly increased two weeks after the second administration of all vaccines; then, a
decrease was observed until 12 weeks or just before booster vaccination. However, after
booster vaccination, humoral responses increased again; this trend was similar to the data
in previous studies [26]. The antibody formation rate of the KRG group was sustained
higher than that of the control group throughout the study period. In particular, this trend
was prominently observed in those over 50 years old.

Poor vaccine responses, such as reduced humoral responses and delayed T-cell re-
sponses after vaccination, including COVID-19 vaccines, in the elderly due to immunosenes-
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cence are well established [27–30]. In our study, a negative correlation between anti-N-Ab
titers and age was observed, similar to the results of previous studies [31,32]. However,
the antibody formation rate of the KRG group was higher than that of the control group,
suggesting that KRG plays a positive role as a COVID-19 vaccine adjuvant and can improve
the immune response elicited by the COVID-19 vaccine. Saponins have been studied as ad-
juvants in vaccines that enhance the adaptive immune response to a vaccine because of their
ability to improve the innate immune response and humoral and cellular immunity [33].
These studies suggested the possibility of saponin-based adjuvants in COVID-19 vaccines
inducing effective immunity in the elderly with a decline in cell-mediated immunity [34,35].
In a clinical study of varicella-zoster virus vaccine using saponin, vaccine effectiveness was
over 90% in persons over 50 [36].

There are several possible factors related to this unique outcome regarding the mainte-
nance of a higher vaccine-induced humoral response in the KRG group. First, KRG can
help to enhance the effectiveness of COVID-19 vaccines through cytokine and chemokine
regulation and immune cell proliferation and activity increase. Chemokines and cytokines
are critical factors in innate immunity and inflammation, and they play essential roles in
developing and maintaining adaptive immunity in response to vaccination [37]. Christina
et al. [38] reported that the COVID-19 vaccine-related cytokine response induces IFN-r, IL-
15, and IP-10/CSCL10, which play a pivotal role in stimulating innate immune responses,
forming adaptive immunity, and eliciting immunological memory. After the second dose
of the COVID-19 vaccine, these cytokines also induced TNF-α and IL-6. In the same
study, changes in INF-r and IL-15 levels were confirmed to be positively correlated with
COVID-19 vaccine-induced antibody titers, and the authors suggested that this indicated
the development of an effective humoral response after vaccination. KRG improves the
body’s immune reaction by regulating the secretion of cytokines that mediate the immune
response [12,14,39]. Some studies reported that KRG enhances immunomodulatory effects
by improving the production of NO and pro-inflammatory cytokines, including TNF-α
and IL-6 [40,41].

COVID-19 vaccination also induces SARS-CoV-2-specific CD8+ and CD4+ T cell re-
sponses, which might confer long-term immune memory against SARS-CoV-2 [42,43].
Sahin et al. [43] reported concurrent production of COVID-19 vaccine-induced neutraliz-
ing antibodies and activation of virus-specific CD8+ and CD4+ T cells seven days after
the second vaccination, but CD4+ T cell responses were not detectable at baseline, and
immunomodulatory cytokines such as IFN-r were released by CD8+ T cells. These results
indicate a favorable cellular immune response with antiviral and immune-enhancing prop-
erties that strongly complement the neutralizing antibody response. KRG also stimulates
host immunity by increasing the activity and number of T cells and B cells and increasing
the number of WBCs [13,39,44,45]. Suh et al. [46] reported that patients with decreased
immunity underwent surgery for gastrointestinal cancer and found increased CD8+ T cells,
CD4+ T cells, and WBCs, and IL-2 in the blood enhanced immune function after cancer
surgery in the group taking KRG. Studies in animal models have reported that KRG im-
proves immunity by raising the number of WBCs in the blood [13,47]. In addition, a clinical
study on healthy subjects reported that KRG helped improve immunity with an increase in
the number of immune cells, especially T cells, B cells, and WBCs, after eight weeks of using
KRG [13]. In animal experiments, daily oral administration of KRG in combination with
vaccination significantly increased anti-influenza virus antibody titers and decreased the
frequency of influenza symptoms [21]. In our study, the number of WBCs increased, and
anti-N-Ab titers had a positive correlation with the number of WBCs in the KRG group, and
at four weeks after the second vaccination, the KRG group maintained a higher anti-N-Ab
ratio than the control group. These results strongly support the hypothesis that KRG helps
to enhance humoral immunity after COVID-19 vaccination. In the future, more detail will
be needed to study the effects and mechanisms of KRG’s effects on immune responses such
as T cells, B cells, and cytokines after COVID-19 vaccination.
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We further examined the effect of the micronutrients in KRG. Previous studies showed
that the host’s nutritional status influences immune response, and recent comprehensive
review papers demonstrated the importance of individual micronutrients for immune
response and the various mechanisms of action [48,49]. KRG contains numerous nutritional
components, including glycoside-containing saponins; nitrogen-containing complex pro-
teins; alkaloids; phenolic compounds; nucleic acids; amino acids; essential oils; fat-soluble
fatty acids; polyacetylenes; phytosterols; terpenoids; saccharides including monosaccha-
rides, oligosaccharides, and polysaccharides; pectin substances; vitamin B complex; and
minerals (nickel, aluminum, vanadium, phosphorus, cobalt, manganese, germanium, and
copper) [39,50,51]. These various micronutrients in KRG might help strengthen immunity.
However, in our study, vitamin D concentration and anti-N-Ab titers were negatively
correlated. However, the average vitamin D concentration of the participants was only
about 20 ng/mL, which is less than the recently reported optimal level (40–60 ng/mL) for
achieving immune system enhancement and health benefits [52,53]. However, a systematic
review and meta-analysis of nine studies involving 2367 patients showed that seroprotec-
tion against influenza A virus subtype H3N2 and influenza B virus was lower in those with
vitamin D deficiency [54]. In a population-based intervention study in Spain, vitamin D
treatment with 23(OH)D concentrations of 30 ng/mL or higher successfully reduced the
risk of SARS-CoV-2 infection, long COVID-19 symptoms, and death [55].

Conversely, Chillon et al. [56] also reported no significant difference according to the
concentration of vitamin D in vaccine-induced SARS-CoV-2 IgG concentration and anti-
N-Ab. Thus, further research is needed to evaluate the effect of vitamin D on COVID-19
vaccination. Additionally, based on the results of several clinical trials for the safety of KRG
in healthy Korean adults [13,41,57], the safety of taking 3 g KRG per day for four weeks in
our study was validated.

This study has several limitations. First, the participants in the KRG group were those
who took KRG per day for four weeks or were taking KRG continuously. For those taking
KRG continuously, it was difficult to determine the dosage of KRG accurately. However,
continuous KRG intake was checked at each visit through a questionnaire. The KRG group
maintained a relatively high vaccine-induced immune response compared with the control
group at the end of this study, suggesting that KRG provides sufficient vaccine benefits
at an indirect level. Second, during the clinical trial period, to minimize the effects of
nutrients other than KRG, we told participants to stop all nutritional supplements, including
vitamin D, which could affect vaccine-induced immune responses. Although nutritional
supplement intake was checked through a questionnaire at each visit, the possibility
of unobserved bias could not be excluded because it was a self-reported questionnaire.
Third, vaccines based on different immunogenicity principles were included, including
mRNA-based vaccines (Pfizer and Moderna) and recombinant adenoviral vector vaccines
(AstraZeneca). However, this study was not a randomized clinical trial comparing antibody
titers and KRG intake between vaccines. Regardless of KRG intake, the overall vaccine
effectiveness of our study was confirmed to be consistent with the results of the previous
studies, in which the antibody titers peaked two weeks after the second vaccination and
then decreased after that [4,58,59]. Fourth, during the study period, subjects were not
recruited as much as the required sample size and likely was underpowered. Nevertheless,
significant results were obtained for the primary Anti-N-Ab difference of change after
4 weeks compared with baseline.

Moreover, the study population could not choose a vaccine and were given vaccines
according to the vaccine protocols defined by the Korean government (KDCC). This study
was performed in a single center; however, our study had the benefit of observing the
same subjects longitudinally. Last, the effect of KRG on cellular immunity after COVID-19
vaccination was not tested; however, KRG modulated or enhanced immune response in
previous in vitro and in vivo studies [11,39], as well as in clinical studies [13,17,46]. The
strength of this study is that it was the first clinical study on the effect of KRG on the
humoral immune response to COVID-19 vaccination.
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5. Conclusions

The protection against COVID-19 tends to decline over time after vaccination. This
study showed the potential of KRG for boosting immunity and helping maintain a higher
vaccine-induced humoral response after COVID-19 vaccination. Further studies will be
needed to explain the mechanisms of these relationships in detail.

Author Contributions: Conceptualization, J.Y., B.P., H.K., S.C. and D.J.; methodology, S.C. and H.K.;
formal analysis, D.J.; investigation, J.Y., B.P., H.K., S.C. and D.J.; data curation, D.J.; writing—original
draft preparation, J.Y., S.C. and D.J.; writing—review and editing, J.Y. and D.J.; supervision, D.J. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Yongin Severance Hospital (IRB No.
9-2021-0101).

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

Data Availability Statement: All data generated or analyzed during this study are available from
the corresponding author upon proper request.

Acknowledgments: The authors are deeply thankful to the study participants.

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

References
1. Chang, D.; Chang, X.; He, Y.; Tan, K.J.K. The determinants of COVID-19 morbidity and mortality across countries. Sci. Rep. 2022,

12, 5888. [CrossRef] [PubMed]
2. Yan, Z.-P.; Yang, M.; Lai, C.-L. COVID-19 vaccines: A review of the safety and efficacy of current clinical trials. Pharmaceuticals

2021, 4, 406. [CrossRef] [PubMed]
3. Andrews, N.; Stowe, J.; Kirsebom, F.; Toffa, S.; Rickeard, T.; Gallagher, E.; Gower, C.; Kall, M.; Groves, N.; O’Connell, A.-M.; et al.

COVID-19 vaccine effectiveness against the Omicron (B.1.1.529) variant. N. Engl. J. Med. 2022, 386, 1532–1546. [CrossRef]
4. Levin, E.G.; Lustig, Y.; Cohen, C.; Fluss, R.; Indenbaum, V.; Amit, S.; Doolman, R.; Asraf, K.; Mendelson, E.; Ziv, A.; et al. Waning

immune humoral response to BNT162b2 COVID-19 vaccine over 6 months. N. Engl. J. Med. 2021, 385, e84. [CrossRef]
5. Atmar, R.L.; Lyke, K.E.; Deming, M.E.; Jackson, L.A.; Branche, A.R.; El Sahly, H.M.; Rostad, C.A.; Martin, J.M.; Johnston, C.; Rupp,

R.E.; et al. Homologous and heterologous COVID-19 booster vaccinations. N. Engl. J. Med. 2022, 386, 1046–1057. [CrossRef]
6. Zhu, Y.; Liu, S.; Zhang, D. Effectiveness of COVID-19 vaccine booster shot compared with non-booster: A meta-analysis. Vaccines

2022, 10, 1396. [CrossRef]
7. Lassaunière, R.; Polacek, C.; Frische, A.; Boding, L.; Sækmose, S.G.; Rasmussen, M.; Fomsgaard, A. Neutralizing antibodies

against the SARS-CoV-2 Omicron variant (BA.1) 1 to 18 weeks after the second and third doses of the BNT162b2 mRNA vaccine.
JAMA Netw. Open 2022, 5, e2212073. [CrossRef]

8. Al-Aly, Z.; Bowe, B.; Xie, Y. Long COVID after breakthrough SARS-CoV-2 infection. Nat. Med. 2022, 28, 1461–1467. [CrossRef]
9. Alturaiki, W.; Mubarak, A.; Al Jurayyan, A.; Hemida, M.G. The pivotal roles of the host immune response in the fine-tuning the

infection and the development of the vaccines for SARS-CoV-2. Hum. Vaccin. Immunother. 2021, 17, 3297–3309. [CrossRef]
10. Vuksan, V.; Sievenpipper, J.; Jovanovski, E.; Jenkins, A.L. Current clinical evidence for Korean Red Ginseng in management of

diabetes and dascular Disease: A Toronto’s Ginseng Clinical Testing Program. J. Ginseng Res. 2010, 34, 264–273. [CrossRef]
11. Park, B.-J.; Lee, Y.-J.; Lee, H.-R.; Jung, D.-H.; Na, H.-Y.; Kim, H.-B.; Shim, J.-Y. Effects of Korean Red Ginseng on cardiovascular

risks in subjects with metabolic syndrome: A double-blind randomized controlled study. Korean J. Fam. Med. 2012, 33, 190–196.
[CrossRef]

12. Ratan, Z.A.; Youn, S.H.; Kwak, Y.-S.; Han, C.-K.; Haidere, M.F.; Kim, J.K.; Min, H.; Jung, Y.-J.; Hosseinzadeh, H.; Hyun, S.H.; et al.
Adaptogenic effects of Panax ginseng on modulation of immune functions. J. Ginseng Res. 2021, 45, 32–40. [CrossRef] [PubMed]

13. Hyun, S.H.; Ahn, H.-Y.; Kim, H.-J.; Kim, S.W.; So, S.-H.; In, G.; Park, C.-K.; Han, C.-K. Immuno-enhancement effects of Korean
Red Ginseng in healthy adults: A randomized, double-blind, placebo-controlled trial. J. Ginseng Res. 2021, 45, 191–198. [CrossRef]

14. Kim, J.H.; Kim, D.H.; Jo, S.; Cho, M.J.; Cho, Y.R.; Lee, Y.J.; Byun, S. Immunomodulatory functional foods and their molecular
mechanisms. Exp. Mol. Med. 2022, 54, 1–11. [CrossRef] [PubMed]

15. Yang, Y.; Ju, Z.; Yang, Y.; Zhang, Y.; Yang, L.; Wang, Z. Phytochemical analysis of Panax species: A review. J. Ginseng Res. 2021, 45,
1–21. [CrossRef] [PubMed]

16. Im, K.; Kim, J.; Min, H. Ginseng, the natural effectual antiviral: Protective effects of Korean Red Ginseng against viral infection.
J. Ginseng. Res. 2016, 40, 309–314. [CrossRef]

http://doi.org/10.1038/s41598-022-09783-9
http://www.ncbi.nlm.nih.gov/pubmed/35393471
http://doi.org/10.3390/ph14050406
http://www.ncbi.nlm.nih.gov/pubmed/33923054
http://doi.org/10.1056/NEJMoa2119451
http://doi.org/10.1056/NEJMoa2114583
http://doi.org/10.1056/NEJMoa2116414
http://doi.org/10.3390/vaccines10091396
http://doi.org/10.1001/jamanetworkopen.2022.12073
http://doi.org/10.1038/s41591-022-01840-0
http://doi.org/10.1080/21645515.2021.1935172
http://doi.org/10.5142/jgr.2010.34.4.264
http://doi.org/10.4082/kjfm.2012.33.4.190
http://doi.org/10.1016/j.jgr.2020.09.004
http://www.ncbi.nlm.nih.gov/pubmed/33437154
http://doi.org/10.1016/j.jgr.2020.08.003
http://doi.org/10.1038/s12276-022-00724-0
http://www.ncbi.nlm.nih.gov/pubmed/35079119
http://doi.org/10.1016/j.jgr.2019.12.009
http://www.ncbi.nlm.nih.gov/pubmed/33437152
http://doi.org/10.1016/j.jgr.2015.09.002


Nutrients 2023, 15, 1584 11 of 12

17. Yoo, D.-G.; Kim, M.-C.; Park, M.-K.; Song, J.-M.; Quan, F.-S.; Park, K.-M.; Cho, Y.-K.; Kang, S.-M. Protective effect of Korean red
ginseng extract on the infections by H1N1 and H3N2 influenza viruses in mice. J. Med. Food 2012, 15, 855–862. [CrossRef]

18. Park, E.H.; Yum, J.; Ku, K.B.; Kim, H.M.; Kang, Y.M.; Kim, J.C.; Kim, J.A.; Kang, Y.K.; Seo, S.H. Red Ginseng-containing diet helps
to protect mice and ferrets from the lethal infection by highly pathogenic H5N1 influenza virus. J. Ginseng Res. 2014, 38, 40–46.
[CrossRef]

19. Lee, C.-S.; Lee, J.-H.; Oh, M.; Choi, K.-M.; Jeong, M.R.; Park, J.-D.; Kwon, D.Y.; Ha, K.-C.; Park, E.-O.; Lee, N.; et al. Preventive
effect of Korean Red Ginseng for acute respiratory illness: A randomized and double-blind clinical trial. J. Korean Med. Sci. 2012,
27, 1472–1478. [CrossRef]

20. Lee, S.-O.; Lee, S.; Kim, S.-J.; Rhee, D.-K. Korean Red Ginseng enhances pneumococcal ∆pep27 vaccine efficacy by inhibiting
reactive oxygen species production. J. Ginseng Res. 2019, 43, 218–225. [CrossRef]

21. Xu, M.L.; Kim, H.J.; Choi, Y.R.; Kim, H.-J. Intake of Korean Red Ginseng extract and saponin enhances the protection conferred by
vaccination with inactivated Influenza A virus. J. Ginseng Res. 2012, 36, 396–402. [CrossRef] [PubMed]

22. Zhu, F.; Althaus, T.; Tan, C.W.; Costantini, A.; Chia, W.N.; Chau, N.V.V.; Tan, L.V.; Mattiuzzo, G.; Rose, N.J.; Voiglio, E.; et al.
WHO international standard for SARS-CoV-2 antibodies to determine markers of protection. Lancet Microbe 2022, 3, e81–e82.
[CrossRef] [PubMed]

23. Bailer, A.J. Testing for the equality of area under the curves when using destructive measurement techniques. J. Pharmacokinet.
Biopharm. 1988, 16, 303–309. [CrossRef]

24. Jaki, T.; Wolfsegger, M.J. A theoretical framework for estimation of AUCs in complete and incomplete sampling designs. Stat.
Biopharm. Res. 2009, 1, 176–184. [CrossRef]

25. Jaki, T.; Wolfsegger, M.J. Estimation of pharmacokinetic parameters with the R package PK. Pharm. Stat. 2011, 10, 284–288.
[CrossRef]

26. Feikin, D.R.; Higdon, M.M.; Abu-Raddad, L.J.; Andrews, N.; Araos, R.; Goldberg, Y.; Groome, M.J.; Huppert, A.; O’Brien,
K.L.; Smith, P.G.; et al. Duration of effectiveness of vaccines against SARS-CoV-2 infection and COVID-19 disease: Results of a
systematic review and meta-regression. Lancet 2022, 399, 924–944. [CrossRef]

27. Zimmermann, P.; Curtis, N. Factors that influence the immune response to vaccination. Clin. Microbiol. Rev. 2019, 32, e00084-18.
[CrossRef]

28. Connors, J.; Bell, M.R.; Marcy, J.; Kutzler, M.; Haddad, E.K. The impact of immuno-aging on SARS-CoV-2 vaccine development.
Geroscience 2021, 43, 31–51. [CrossRef]

29. Agarwal, S.; Busse, P.J. Innate and adaptive immunosenescence. Ann. Allergy Asthma Immunol. 2010, 104, 183–190. [CrossRef]
30. Aw, D.; Silva, A.B.; Palmer, D.B. Immunosenescence: Emerging challenges for an ageing population. Immunology 2007, 120,

435–446. [CrossRef]
31. Ramasamy, M.N.; Minassian, A.M.; Ewer, K.J.; Flaxman, A.L.; Folegatti, P.M.; Owens, D.R.; Voysey, M.; Aley, P.K.; Angus, B.;

Babbage, G.; et al. Safety and immunogenicity of ChAdOx1 nCoV-19 vaccine administered in a prime-boost regimen in young and
old adults (COV002): A single-blind, randomised, controlled, phase 2/3 trial. Lancet 2020, 396, 1979–1993. [CrossRef] [PubMed]

32. Salvagno, G.L.; Henry, B.M.; Pighi, L.; Simone, D.N.; Lippi, G. Total anti-SARS-CoV-2 antibodies measured 6 months after
Pfizer-BioNTech COVID-19 vaccination in healthcare workers. J. Med. Biochem. 2022, 41, 199–203. [CrossRef] [PubMed]

33. den Brok, M.H.; Büll, C.; Wassink, M.; de Graaf, A.M.; Wagenaars, J.A.; Minderman, M.; Thakur, M.; Amigorena, S.; Rijke, E.O.;
Schrier, C.C.; et al. Saponin-based adjuvants induce cross-presentation in dendritic cells by intracellular lipid body formation.
Nat. Commun. 2016, 7, 13324. [CrossRef] [PubMed]

34. Pal, M.; Gutama, K.P. Efficacy of the vaccines, their safety, and immune responses against SARS-CoV-2 infections. Am. J. Microbiol.
Res. 2021, 9, 103–106. [CrossRef]

35. Business Wire. Adjuvance Technologies Announces NIH Funding for COVID-19 Vaccine Research. Available online:
https://businesswire.com/news/home/20200519005645/en/Adjuvance-Technologies-Announces-NIH-Funding-for-COVID-
19-Vaccine-Research (accessed on 24 October 2022).

36. Lal, H.; Cunningham, A.L.; Godeaux, O.; Chlibek, R.; Diez-Domingo, J.; Hwang, S.-J.; Levin, M.J.; McElhaney, J.E.; Poder, A.;
Puig-Barberà, J.; et al. Efficacy of an adjuvanted herpes zoster subunit vaccine in older adults. N. Engl. J. Med. 2015, 372,
2087–2096. [CrossRef]

37. Cronkite, D.A.; Strutt, T.M. The regulation of inflammation by innate and adaptive lymphocytes. J. Immunol. Res. 2018, 2018,
1467538. [CrossRef]

38. Bergamaschi, C.; Terpos, E.; Rosati, M.; Angel, M.; Bear, J.; Stellas, D.; Karaliota, S.; Apostolakou, F.; Bagratuni, T.; Patseas, D.; et al.
Systemic IL-15, IFN-γ, and IP-10/CXCL10 signature associated with effective immune response to SARS-CoV-2 in BNT162b2
mRNA vaccine recipients. Cell Rep. 2021, 36, 1095041. [CrossRef]

39. So, S.-H.; Lee, J.W.; Kim, Y.-S.; Hyun, S.H.; Han, C.-K. Red ginseng monograph. J. Ginseng Res. 2018, 42, 549–561. [CrossRef]
40. Shanshan, Y.; Zhou, X.; Li, F.; Xu, C.; Zheng, F.; Li, J.; Zhao, H.; Dai, Y.; Liu, S.; Feng, Y. Microbial transformation of ginsenoside

Rb1, Re and Rg1 and its contribution to the improved anti-inflammatory activity of ginseng. Sci. Rep. 2017, 7, 138. [CrossRef]
41. Song, S.-W.; Kim, H.-N.; Shim, J.-Y.; Yoo, B.-Y.; Kim, D.-H.; Lee, S.-H.; Park, J.-S.; Kim, M.-J.; Yoo, J.-H.; Cho, B.; et al. Safety

and tolerability of Korean Red Ginseng in healthy adults: A multicenter, double-blind, randomized, placebo-controlled trial. J.
Ginseng Res. 2018, 42, 571–576. [CrossRef]

http://doi.org/10.1089/jmf.2012.0017
http://doi.org/10.1016/j.jgr.2013.11.012
http://doi.org/10.3346/jkms.2012.27.12.1472
http://doi.org/10.1016/j.jgr.2017.11.007
http://doi.org/10.5142/jgr.2012.36.4.396
http://www.ncbi.nlm.nih.gov/pubmed/23717142
http://doi.org/10.1016/S2666-5247(21)00307-4
http://www.ncbi.nlm.nih.gov/pubmed/34901897
http://doi.org/10.1007/BF01062139
http://doi.org/10.1198/sbr.2009.0025
http://doi.org/10.1002/pst.449
http://doi.org/10.1016/S0140-6736(22)00152-0
http://doi.org/10.1128/CMR.00084-18
http://doi.org/10.1007/s11357-021-00323-3
http://doi.org/10.1016/j.anai.2009.11.009
http://doi.org/10.1111/j.1365-2567.2007.02555.x
http://doi.org/10.1016/S0140-6736(20)32466-1
http://www.ncbi.nlm.nih.gov/pubmed/33220855
http://doi.org/10.5937/jomb0-33999
http://www.ncbi.nlm.nih.gov/pubmed/35510202
http://doi.org/10.1038/ncomms13324
http://www.ncbi.nlm.nih.gov/pubmed/27819292
http://doi.org/10.12691/ajmr-9-4-1
https://businesswire.com/news/home/20200519005645/en/Adjuvance-Technologies-Announces-NIH-Funding-for-COVID-19-Vaccine-Research
https://businesswire.com/news/home/20200519005645/en/Adjuvance-Technologies-Announces-NIH-Funding-for-COVID-19-Vaccine-Research
http://doi.org/10.1056/NEJMoa1501184
http://doi.org/10.1155/2018/1467538
http://doi.org/10.1016/j.celrep.2021.109504
http://doi.org/10.1016/j.jgr.2018.05.002
http://doi.org/10.1038/s41598-017-00262-0
http://doi.org/10.1016/j.jgr.2018.07.002


Nutrients 2023, 15, 1584 12 of 12

42. Ng, O.-W.; Chia, A.; Tan, A.T.; Jadi, R.S.; Leong, H.N.; Bertoletti, A.; Tan, Y.-J. Memory T cell responses targeting the SARS
coronavirus persist up to 11 years post-infection. Vaccine 2016, 34, 2008–2014. [CrossRef]

43. Sahin, U.; Muik, A.; Derhovanessian, E.; Vogler, I.; Kranz, L.M.; Vormehr, M.; Baum, A.; Pascal, K.; Quandt, J.; Maurus, D.; et al.
COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T cell responses. Nature 2020, 586, 594–599. [CrossRef] [PubMed]

44. Youn, S.H.; Lee, S.M.; Han, C.-K.; In, G.; Park, C.-K.; Hyun, S.H. Immune activity of polysaccharide fractions isolated from Korean
Red Ginseng. Molecules 2020, 25, 3569. [CrossRef]

45. Lee, H.-Y.; Lee, H. Stimulatory effect of Korean Red-Ginseng extract on the proliferation and cellular activity of lymphocytes.
J. Ginseng. Res. 1998, 22, 60–65.

46. Suh, S.O.; Jeung, C.H.; Cho, M.Y.; Soon, G.S. The effect of red ginseng for postoperative immune response in gastrointestinal
carcinoma. J. Ginseng Res. 1998, 22, 32–42.

47. Saba, E.; Lee, Y.Y.; Kim, M.; Kim, S.-H.; Hong, S.-B.; Rhee, M.H. A comparative study on immune-stimulatory and antioxidant
activities of various types of ginseng extracts in murine and rodent models. J. Ginseng Res. 2018, 42, 577–584. [CrossRef] [PubMed]

48. Gombart, A.F.; Pierre, A.; Maggini, S. A review of micronutrients and the immune system–working in harmony to reduce the risk
of infection. Nutrients 2020, 12, 236. [CrossRef]

49. Calder, P.C. Nutrition, immunity and COVID-19. BMJ Nutr. Prev. Health 2020, 3, 74–92. [CrossRef]
50. Shin, B.-K.; Kwon, S.W.; Park, J.H. Chemical diversity of ginseng saponins from Panax ginseng. J. Ginseng Res. 2015, 39, 287–298.

[CrossRef]
51. Hyun, S.H.; Kim, S.W.; Seo, H.W.; Youn, S.H.; Jong, S.K.; Lee, Y.Y.; In, G.; Park, C.-K.; Han, C.-K. Physiological and pharmacological

features of the non-saponin components in Korean Red Ginseng. J. Ginseng Res. 2020, 44, 527–537. [CrossRef]
52. Velikova, T.; Fabbri, A.; Infante, M. The role of vitamin D as a potential adjuvant for COVID-19 vaccines. Eur. Rev. Med. Pharmacol.

Sci. 2021, 25, 5323–5327. [CrossRef] [PubMed]
53. Charoenngam, N.; Holick, M.F. Immunologic effects of vitamin D on human health and disease. Nutrients 2020, 12, 2097.

[CrossRef] [PubMed]
54. Lee, M.-D.; Lin, C.-H.; Lei, W.-T.; Chang, H.-Y.; Lee, H.-C.; Yeung, C.-Y.; Chiu, N.-C.; Chi, H.; Liu, J.-M.; Hsu, R.-J.; et al. Does

vitamin D deficiency affect the immunogenic responses to influenza vaccination? A systematic review and meta-analysis.
Nutrients 2018, 10, 409. [CrossRef]

55. Oristrell, J.; Oliva, J.C.; Casado, E.; Subirana, I.; Domínguez, D.; Toloba, A.; Balado, A.; Grau, M. Vitamin D supplementation and
COVID-19 risk: A population-based, cohort study. J. Endocrinol. Investig. 2022, 45, 167–179. [CrossRef]

56. Chillon, T.S.; Demircan, K.; Heller, R.A.; Hirschbil-Bremer, I.M.; Diegmann, J.; Bachmann, M.; Moghaddam, M.; Schomburg, L.
Relationship between vitamin D status and antibody response to COVID-19 mRNA vaccination in healthy adults. Biomedicines
2021, 9, 1714. [CrossRef]

57. Kim, D.H.; Xu, Y.H.; Kim, Y.C.; Bang, K.H.; Kim, J.U.; Cha, S.W.; He, Z.M.; Yang, H.; Jang, I.B.; Zhang, L.X. Clinical study on food
safety evaluation of Panax ginseng. Korean J. Med. Crop Sci. 2015, 23, 185–189. [CrossRef]

58. Wei, J.; Pouwels, K.B.; Stoesser, N.; Matthews, P.C.; Diamond, I.; Studley, R.; Rourke, E.; Cook, D.; Bell, J.I.; Newton, J.N.; et al.
Antibody responses and correlates of protection in the general population after two doses of the ChAdOx1 or BNT162b2 vaccines.
Nat. Med. 2022, 28, 1072–1082. [CrossRef] [PubMed]

59. Wheeler, S.E.; Shurin, G.V.; Yost, M.; Anderson, A.; Pinto, L.; Wells, A.; Shurin, M.R. Differential antibody response to mRNA
COVID-19 vaccines in healthy subjects. Microbiol. Spectr. 2021, 9, e0034121. [CrossRef]

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

http://doi.org/10.1016/j.vaccine.2016.02.063
http://doi.org/10.1038/s41586-020-2814-7
http://www.ncbi.nlm.nih.gov/pubmed/32998157
http://doi.org/10.3390/molecules25163569
http://doi.org/10.1016/j.jgr.2018.07.004
http://www.ncbi.nlm.nih.gov/pubmed/30344431
http://doi.org/10.3390/nu12010236
http://doi.org/10.1136/bmjnph-2020-000085
http://doi.org/10.1016/j.jgr.2014.12.005
http://doi.org/10.1016/j.jgr.2020.01.005
http://doi.org/10.26355/eurrev_202109_26637
http://www.ncbi.nlm.nih.gov/pubmed/34533808
http://doi.org/10.3390/nu12072097
http://www.ncbi.nlm.nih.gov/pubmed/32679784
http://doi.org/10.3390/nu10040409
http://doi.org/10.1007/s40618-021-01639-9
http://doi.org/10.3390/biomedicines9111714
http://doi.org/10.7783/KJMCS.2015.23.3.185
http://doi.org/10.1038/s41591-022-01721-6
http://www.ncbi.nlm.nih.gov/pubmed/35165453
http://doi.org/10.1128/Spectrum.00341-21

	Introduction 
	Materials and Methods 
	Study Design and Participants 
	Study Outcomes 
	Measurement of Anthropometric and Biochemical Parameters 
	Detection of Virus-Specific Antibodies 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

