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Abstract: Existing reports focus on zinc-associated immunity and infection in malnourished children;
however, whether zinc also plays an important role in the immune homeostasis of the non-zinc-
deficient population remained unknown. This study aimed to investigate the association between zinc
status and toll-like receptor (TLR)-related innate immunity and infectious outcome in well-nourished
children. A total of 961 blood samples were collected from 1 through 5 years of age. Serum zinc was
analyzed, and mononuclear cells isolated to assess TNF-α, IL-6, and IL-10 production by ELISA after
stimulation with TLR ligands. Childhood infections were analyzed as binary outcomes with logistic
regression. The prevalence of zinc deficiency was 1.4–9.6% throughout the first 5 years. There was
significant association between zinc and TLR-stimulated cytokine responses. Higher serum zinc was
associated with decreased risk of ever having pneumonia (aOR: 0.94; 95% CI: 0.90, 0.99) at 3 years,
and enterocolitis (aOR: 0.96; 95% CI: 0.93, 0.99) at 5 years. Serum zinc was lower in children who
have had pneumonia before 3 years of age (72.6 ± 9 vs. 81.9 ± 13 µg/dL), and enterocolitis before
5 years (89.3 ± 12 vs. 95.5 ± 13 µg/dL). We emphasize the importance of maintaining optimal serum
zinc in the young population.

Keywords: serum zinc; zinc deficiency; zinc-sufficient; childhood infection; toll-like receptors; innate
immunity; cytokines

1. Introduction

Over the past years in developed countries, the estimated prevalence of inadequate
micronutrient intake has greatly been reduced. Thus, major clinical problems resulting
from zinc deficiency might no longer be an imperative public issue. Previous reports had
focused on zinc-deficiency-associated morbidity/mortality in low-income countries where
the prevalence of zinc deficiency was high [1,2]. However, the role of serum zinc in the
non-zinc-deficient population has rarely been explored. We hypothesized that even with
proper nutrition, zinc might still play an important role in the immune homeostasis, or the
prevalence of infectious diseases in young children.

Toll-like receptors (TLRs) are highly conserved components of the innate immune sys-
tem and play critical roles in early response to various invading pathogens. In vitro studies
in human monocytes had shown zinc deficiency to impair TLR-4-mediated signaling that
resulted in decreased cytokine responses. Studies have shown that zinc supplementation
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increases the secretion of IL-6, IL-10, and TNF-α. However, others have not confirmed this
relationship, or have even found an inverse correlation [3–5]. Clinically, zinc deficiency was
associated with an increased risk of childhood infections in lower-income countries; and
supplementing with zinc had shown promising results in preventing or treating infections
such as diarrhea and pneumonia [1,6,7]. Recent reports have also suggested a potential
therapeutic effect of zinc in patients with COVID-19 infection due to its role in the innate
immunity [8,9]. Early childhood is characterized by increased susceptibility to various
invading pathogens due to the relatively immature immune system. Thus, maintaining
a higher serum level might be potentially effective in preventing serious infections in the
young population.

In the current study, we aimed to investigate the association between zinc status and
common childhood infections in a prospective cohort study conducted in a developed
country where zinc deficiency was uncommon. In addition, existing reports on zinc-
associated innate immunity other than TLR4-related signaling pathway are limited [3,4,10].
Thus, we also aimed to investigate the relationship between serum zinc and several TLR-
triggered cytokine responses throughout early childhood, the period during which nutrition
plays an important role in the developing immune system.

2. Materials and Methods
2.1. Study Population

This study is part of an ongoing prospective birth cohort study called the PATCH
(The Prediction of Allergy in Taiwanese Children), which enrolled participants residing
in the cities of northern Taiwan. It is an unselected, population-based study designed to
investigate early protective measures to prevent the development of infectious or allergic
diseases later in life. The study was approved by the Chang Gung Ethics Committee, and
informed consent was obtained from the parents/legal guardians of the neonates. Starting
from March 2015, pregnant women were invited randomly by a study nurse during their
third-trimester visits to join our research program. Children were followed as scheduled
since birth. However, many children missed their scheduled visit during the past 2 years
due to the COVID-19 pandemic, and many clinical data/blood samples for the specific age
group were not available. Thus, for the current analysis, only participants with available
blood tests at each age period were included in the cross-sectional analysis and further
analyzed with a generalized estimating equation. The detailed number of participant
enrollment and blood specimens is listed in Figure 1.

Questionnaires with regard to infectious diseases were given at 1, 2, 3, and 5 years
of age. Infectious outcomes such as pneumonia, croup, acute otitis media, infectious
enterocolitis, and urinary tract infection were defined as ever having an infection since birth
if there was a diagnosis from a doctor and had either been hospitalized or received medical
treatment for the disease. For the cross-sectional analysis, the incidence of ever having an
infection at 1 year of age was defined as diseases occurring between 0 and 1 y; at 3 years,
the incidence between 0 and 3 y; and at 5 years, the incidence between 0 and 5 y. Medical
charts or records from the National Health Insurance database were retrieved to confirm
the diagnosis in those who reported an infection. The definition of pneumonia was based
on the primary physicians’ diagnosis, which generally included clinical symptoms and
radiographic findings compatible with pneumonia. Definitions of infectious enterocolitis
and urinary tract infections were based on positive proof of an infectious organism, or if
the patient had been hospitalized due to disease severity.

2.2. Blood Collection and Zinc Measurement

Blood samples were collected yearly during the first 5 years to determine the serum
zinc concentration and every other year to harvest mononuclear cells for TLR ligand
stimulation. Analysis of serum zinc was performed in the central clinical laboratory of our
hospital, which was performed by atomic absorption (AA) spectroscopy by PerkinElmer
PinAAcle 900T (PerkinElmer SCIEX, Waltham, MA, USA). Zinc standards were purchased
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from HIGH-PURITY STANDARDS (North Charleston, SC, USA) at a concentration of
1000 ppm. Glycerol was purchased from Sigma-Aldrich (St. Louis, MO, USA), with a
purity of ACS reagent ≥ 99.5%. To avoid the effect of infection on measured values,
drawings of blood samples were delayed if children had any signs of infection (including
fever, rhinorrhea, cough, diarrhea, or any other discomforts suspicious of infection) within
3 weeks of blood testing.

1 
 

Figure 1. Flowchart of the cohort study: valid questionnaire information and medical records were
complete for all children at various ages in the main box. The side box demonstrates the number of
blood samples with 1 sample/child at each specific age period for the analysis of zinc and PBMC
(peripheral mononuclear cell) isolation for the cytokine stimulation tests. Missing data: mostly
because participants missed the clinical visit at that specific age period or clinical data (medical
records and/or anthropometric measurements) were incomplete.

2.3. Toll-like Receptor Ligands Stimulation

Details of mononuclear cells isolation were described previously with Ficoll-Hypaque
(Pharmacia Biotech, Piscataway, NJ, USA) [11]. TLR ligands used for cell stimulation
were obtained from InvivoGen (San Diego, CA, USA), which included synthetic bacterial
lipoprotein (PAM3csk4) that was recognized by TLR1–2; a synthetic analog of double-
stranded RNA for TLR3 (poly I:C); ultrapure LPS for TLR4; and R848 that activated via the
TLR7/TLR8 signaling pathway. The concentrations of the ligands used for this experiment
were as follows: 10 µg/mL of PAM3csk4, 10 µg/mL of poly (I:C), 20 µg/mL of LPS, and
10 µg/mL of R848. Cells were also treated with the NF-kB activator phytohemagglutinin
(Murex Pharmaceuticals, Dallas, TX, USA) at 4 µg/mL in R10-FBS as a positive control.
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2.4. Measurement of TLR-Stimulated Cytokines

To determine TLR responses, 3 × 105 PBMCs in 100 µL of R10-FBS (or R10-HS, or
R10 without serum, where specified) were added to each of the duplicate ligand- or
medium-containing wells and incubated at 37 ◦C with 5% CO2. All assay preparations were
performed using a sterile technique in a laminar flowhood. Cultured supernatants were
harvested after 20 h of incubation, and levels of TNF-α, IL-6, and IL-10 were determined by
enzyme-linked immunosorbent assays (ELISA; R&D systems, MN; Cat. STA00D, S6050,
S1000B, respectively). The detection limits were 15.6 pg/mL for TNF-α, 3.12 pg/mL for
IL-6, and 7.8 pg/mL for IL-10.

2.5. Outcome Assessment

The primary outcomes of the study were defined as ever having an infection before
each age period (pneumonia, croup, acute otitis media, enterocolitis, and urinary tract in-
fection). Secondary outcomes were the effect of serum zinc concentration on TLR-triggered
cytokine profiles throughout the first five years. In addition, since zinc is an important
nutrient for childhood growth, the incidence of failure to thrive and stunted growth was
also investigated.

2.6. Statistical Methods

Logistic regression models were used to determine the association between serum
zinc at each age period and binary outcomes (defined as ever having at least one episode of
pneumonia, croup, acute otitis media, infectious enterocolitis, and/or urinary tract infec-
tion). Serum zinc levels in children with the disease (pneumonia or enterocolitis) and those
without were further compared by using student’s t-test. The associations between serum
zinc and TLR-stimulated cytokine level were analyzed by using linear regression models.
As cytokine levels were not normally distributed, values were logarithmically transformed
as continuous variables in the statistical models. To compensate for confounders’ effects,
characteristics such as gestational age, gender, birth body weight, current growth parameter,
mode of delivery, maternal education, day-care attendance, and breastfeeding duration
were included in the analyses. All statistical analyses were carried out by using IBM SPSS
Statistics version 25 (Armonk, NY, USA). A 2-sided p value < 0.05 was used to determine
statistical significance.

3. Results
3.1. Study Population Characteristics

Due to a substantial amount of missing data, only participants with both clinical data
and blood tests were included in the current analysis. Blood samples were collected starting
at the age of 1 year for 5 years (1 y, n = 227; 2 y, n = 241; 3 y n = 245; 5 y, n = 234). Because
the cytokine study was not performed in the 2-year-old children, thus, they were further
excluded in the outcome analysis. The incidence of ever having various common childhood
infections throughout the first 5 years of life is listed in Table 1. Our participants were
mostly well nourished and compatible with the low prevalence of zinc deficiency; very few
children had weight or height-for-age falling below the fifth percentile of the WHO growth
curve [12].

3.2. Serum Zinc Status throughout Early Childhood

The prevalence of zinc deficiency was 1.3–9.6% throughout the first 5 years (defined
as serum zinc < 65 µg/dL for children <10 years of age [12]. Although median zinc level
appeared to increase with age, however, compared to other age groups, the occurrence
of having low serum zinc levels (<65 µg/dL) was higher at the age of 3 years (9.6%), and
reduced to only 1.4% by age 5 years. (Table 2).
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Table 1. Demographic data of the study population.

Characteristic Age 1 y
(n = 227)

Age 2 y
(n = 241)

Age 3 y
(n = 259)

Age 5 y
(n = 234)

Male 147 (64.8) 145 (60.1) 158 (61.0) 149 (63.7)
BF > 12 mo 44 (19.3) 34 (14.1) 34 (13.1) 45 (19.2)

Body weight (Kg) 9.7 ± 1 12.8 ± 2 14.9 ± 2 19.4 ± 3
Body height (cm) 76 ± 3 90 ± 4 97 ± 5 111 ± 5

Failure to thrive n (%) 2 (1.6) 4 (1.7) 5 (1.9) 6 (2.6)
Stunted growth n (%) 6 (2.6) 6 (2.5) 11 (4.2) 3 (1.3)

Infectious diseases
Pneumonia n (%) 7 (3.1) 17 (7.1) 28 (10.8) 37 (15.9)

Croup n (%) 4 (1.8) 7 (2.9) 14 (5.4) 17 (7.2)
AOM n (%) 6 (2.6) 16 (6.6) 26 (10.0) 52 (22.2)

Enterocolitis n (%) 13 (5.7) 25 (10.4) 39 (15.1) 53 (22.6)
UTI n (%) 16 (7.0) 24 (9.6) 29 (11.2) 33 (14.1)

1 BF > 12 mo: breastfeeding duration for more than 12 months. 2 Failure to thrive: defined as weight-for-age
falling below the 5th percentile of the WHO growth chart [13]. 3 Stunted growth: defined as height-for-age falling
below the 5th percentile of the WHO growth chart [13]. Abbreviations: BF, breastfeeding; AOM, acute otitis media;
UTI, urinary tract infection.

Table 2. Serum zinc status throughout the first 5 years.

Age, y Samples
n Median (Range) Zinc < 65 µg/dL

n (%)
Zinc > 120 µg/dL

n (%)

1 227 79.3 (55.7–158) 18 (7.9) 1 (0.4)
2 241 80.3 (50.3–112) 16 (6.6) 0
3 259 80.3 (48.5–121) 25 (9.6) 1 (0.4)
5 234 95.3 (40.2–128) 3 (1.4) 6 (2.8)

Total 961 84.0 (40.2–158) 62 (6.5) 8 (0.8)

3.3. Effect of Serum Zinc Status on TLR-Triggered Cytokine Production throughout Early
Childhood

Linear regression analysis was used to determine the association between serum zinc
concentration and TLR-triggered TNF-α, IL-6, and IL-10 response in children throughout
the first 5 years. Serum zinc status was not associated with any of the TLR-ligand-stimulated
cytokine responses in the 1-year-old infants, as shown in (Supplementary Table S1. How-
ever, by 3 years of age, there was a significant association between serum zinc concentration
and TLR1/2-, 4- and 7/8-stimulated IL-6 responses (p < 0.01 for all ligands), and TLR1/2-
and 7/8-stimulated IL-10 responses (p = 0.01 for all ligands). Serum zinc was also asso-
ciated with cytokine responses in the 5-year-old children, but only with TLR1/2-, 4- and
7/8-triggered TNF-α responses (p = 0.01 for TLR 1/2, p < 0.01 for TLR4, and p = 0.01 for
TLR7/8 ligands) (Table 3).

3.4. Association between Serum ZINC Status and Childhood Infections

The association between serum zinc and infectious diseases was investigated through-
out the first five years with logistic regression analysis. Corresponding to the null results
of the cytokine profile at the age of 1 year, serum zinc concentration was not associated
with the prevalence of infectious diseases during infancy. However, by the age of 3 years,
higher serum zinc was correlated with decreased risk of ever having pneumonia (aOR:
0.94; 95% CI: 0.90, 0.99; p = 0.01). An association was noted between serum zinc and the
prevalence of urinary tract infections in the 3-year-old children (OR: 0.96; 95% CI: 0.92,
0.99; p = 0.01), but was not statistically significant after adjusting for confounders (aOR:
0.97; 95% CI: 0.93, 1.01; p = 0.09). Serum zinc was also associated with a decreased risk of
ever having infectious enterocolitis in the 5-year-old children (aOR: 0.96; 95% CI: 0.93, 0.99;
p = 0.02) (Table 4). For longitudinal analysis, a generalized estimating equation (GEE) was
used to estimate the association between serial zinc level and disease outcome throughout
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the first 5 years. Results had also shown zinc status to be associated with the prevalence of
pneumonia and enterocolitis during early childhood (Supplementary Table S2).

Table 3. Association between serum zinc concentration and TLR-stimulated cytokine responses in
children at ages 3 and 5 years.

Univariate Analysis Multivariate Analysis
3 y

(95% CI) p 5 y
(95% CI) p 3 y

(95% CI) p 5 y
(95% CI) p

TLR1–2
TNF-α 0.002 (−0.01, 0.02) 0.82 −0.02 (−0.04, −0.01) <0.01 0.01 (−0.01, 0.03) 0.23 −0.02 (−0.04, −0.01) 0.01

IL-6 −0.01 (−0.02, −0.004) <0.01 −0.001 (−0.01, 0.01) 0.82 −0.02 (−0.03, −0.01) <0.01 −0.002 (−0.01, 0.01) 0.68
IL-10 −0.02 (−0.03, 0.00) 0.05 −0.003 (−0.01, 0.01) 0.53 −0.03 (−0.05, −0.01) 0.01 −0.001 (−0.01, 0.01) 0.91
TLR3

TNF-α 0.02 (−0.01, 0.05) 0.18 −0.002 (−0.03, 0.03) 0.89 0.02 (−0.02, 0.06) 0.37 −0.003 (−0.04, 0.03) 0.84
IL-6 −0.01 (−0.03, 0.02) 0.61 0.01 (−0.01, 0.02) 0.52 −0.01 (−0.05, 0.02) 0.49 0.01 (−0.01, 0.03) 0.49

IL-10 0.01 (−0.01, 0.03) 0.47 −0.01 (−0.02, 0.01) 0.51 −0.01 (−0.03, 0.02) 0.68 −0.01 (−0.03, 0.01) 0.42
TLR4

TNF-α 0.002 (−0.01, 0.01) 0.65 −0.01 (−0.01, −0.002) 0.01 0.002 (−0.01, 0.01) 0.65 −0.01 (−0.02, −0.004) <0.01
IL-6 −0.01 (−0.02, −0.01) <0.01 0.00 (−0.002, 0.002) 0.74 −0.01 (−0.02, −0.01) <0.01 −0.001 (−0.003, 0.002) 0.52

IL-10 −0.01 (−0.02, 0.006) 0.29 −0.01 (−0.02, 0.003) 0.17 −0.01 (−0.03, 0.006) 0.18 −0.005 (−0.02, 0.01) 0.38
TLR7–8
TNF-α 0.01 (−0.01, 0.004) 0.30 −0.01 (−0.02, −0.001) 0.03 0.007 (−0.02, 0.01) 0.27 −0.01 (−0.02, −0.003) 0.01

IL-6 −0.01 (−0.01, −0.004) <0.01 −0.001 (−0.01, 0.003) 0.71 −0.01 (−0.02, −0.006) <0.01 −0.002 (−0.01, 0.003) 0.46
IL-10 −0.02 (−0.03, −0.001) 0.04 −0.004 (−0.02, 0.01) 0.48 −0.03 (−0.05, −0.01) 0.01 −0.004 (−0.02, 0.01) 0.58

1 Adjusted for gestational age, gender, birth body weight, mode of delivery, maternal allergy, age of solid food
introduction, and breastmilk duration. Abbrev: IL: interleukin; TLR: toll-like receptor; TNF: tumor necrosis factor;
y: years. 2 Only participants with both zinc and cytokine data at the specific age period were included in the
analysis: (1 y, n = 197; 3 y, n = 234; 5 y, n = 220).

Table 4. Association between serum zinc concentration and clinical infectious outcome throughout
the first 5 years.

Crude OR
(95% CI) p Adjusted OR

(95% CI) p

1 y
Pneumonia 1.02 (0.96–1.07) 0.60 1.09 (0.95–1.2) 0.24

Croup 1.05 (0.99–1.10) 0.08 1.10 (0.97–1.24) 0.12
AOM 1.01 (0.94–1.08) 0.84 1.06 (0.96–1.18) 0.26

Enterocolitis 0.96 (0.91–1.02) 0.22 0.97 (0.91–1.03) 0.33
UTI 0.95 (0.90–1.00) 0.07 0.94 (0.88–1.00) 0.05

3 y
Pneumonia 0.94 (0.90–0.98) 0.001 0.94 (0.90–0.99) 0.01

Croup 0.97 (0.93–1.01) 0.17 0.97 (0.91–1.03) 0.29
AOM 0.99 (0.96–1.03) 0.66 0.99 (0.96–1.03) 0.73

Enterocolitis 1.00 (0.98–1.03) 0.99 1.00 (0.95–1.04) 0.83
UTI 0.96 (0.92–0.99) 0.01 0.97 (0.93–1.01) 0.09

5 y
Pneumonia 0.99 (0.96–1.02) 0.53 1.00 (0.95–1.03) 0.59

Croup 0.96 (0.93–1.00) 0.07 0.98 (0.92–1.03) 0.38
AOM 1.01 (0.98–1.04) 0.60 1.01 (0.98–1.04) 0.68

Enterocolitis 0.96 (0.94–0.99) 0.01 0.96 (0.93–0.99) 0.02
UTI 1.03 (1.00–1.07) 0.06 1.04 (1.00–1.09) 0.06

Adjusted for gestational age, gender, current body weight, mode of delivery, maternal education, day-care
attendance, and breastmilk duration. AOM: acute otitis media; UTI: urinary tract infection.

3.5. Comparing Serum Zinc Status in Children with and without Infectious Diseases

The serum zinc level was compared between children with or without ever having
pneumonia and infectious enterocolitis in Figure 2. The result showed that children who
have had pneumonia during the first 3 years had a lower mean serum zinc concentration
by the age of 3 years. Their mean serum zinc serum concentration was 72.6 ± 9 µg/dL
compared to 81.9 ± 13 µg/dL in those children without pneumonia. The mean serum zinc
serum was 89.3 ± 12 µg/dL in the 5-year-old children who have had infectious enterocolitis
compared to 95.5 ± 13 µg/dL in those without severe diarrhea.
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4. Discussion

The results from this study showed that serum zinc status was associated with altered
cytokine responses to various toll-like receptor ligands (TLR1/2, 4, 7/8) and infectious
diseases (pneumonia and enterocolitis) in a prospective cohort of children who were mostly
zinc-sufficient. Previous reports have shown zinc deficiency to be associated with an
increased risk and severity of diarrhea and pneumonia in low-income countries due to
malnutrition [1,14–16]. However, whether zinc status still has an impact on the immune
function and clinical outcome in children of the developed countries where nutritional
sources are abundant is unknown. This study was among the few to explore the role of
zinc in a population where the prevalence of zinc deficiency was low. In addition, this
is the first study to investigate the relationship between serum zinc concentration and
several TLR-triggered cytokine responses. Our result had shown lower serum zinc to be
associated with reduced cytokine responses to cellular stimulation with TLR1/2, TLR4,
and TLR7/8 ligands. Such results pointed to a possibility that suboptimal serum zinc
status might reduce cytokine responses to various invading pathogens, thus resulting in
an increased risk of infections. Our result was supported by studies that had shown zinc
supplementation to increase the secretion of IL-6, IL-10, and TNF-α in a dose-dependent
response [5].

The important role of zinc in the innate immunity has been widely explored [16–20].
Similar to our results, studies in both murine and human primary monocytes had shown
zinc deficiency to impair TLR4-mediated signaling that resulted in reduced production
of cytokines such as TNF-α, IL-6, IL-10, and Il-1β. However, despite extensive studies
on the role of zinc as a signaling molecule in the toll-like receptor pathway, most studies
focused only on TLR4-related signaling (LPS) [3,17,18,21]. To expand the knowledge of
previous studies, we had investigated the role of zinc in several other TLR pathways. Our
results showed zinc to be also involved in the TLR1/2, and TLR7/8 signaling. These two
pathways play key factors in acting as a first line of defense against triacyl lipopeptides and
viral nucleic acids. Recent studies have shown SARS-CoV-2 to induce pro-inflammatory
cytokines through the TLR2, TLR4, and TLR7/8 signaling [22–25]. These reports sup-
ported the potential therapeutic role of zinc against COVID-19 infection, emphasizing the
important role of zinc in the TLR-related immunity.

In regard to common childhood infections, similar to previous reports, we had found
higher serum zinc to be associated with a decreased risk of pneumonia and enterocoli-
tis [2,6,14]. Clinical studies had shown that supplementing zinc in malnourished children
had successfully reduced the duration and persistence of severe diarrhea and the incidence
of acute lower respiratory tract infections [26–28]. In one randomized control study from
India, using zinc as adjunct treatment had reduced 40% treatment failure in children with
severe bacterial illness [29]. Nevertheless, most RCTs were conducted in malnourished
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children from the low- or middle-income countries; thus, whether routine zinc supplemen-
tation has any beneficial effects in children with adequate nutritional provision remained
unknown. Even though our result showed higher zinc status to protect against severe
infections, because supplementing zinc in high doses might have negative effects on the
immune system (such as suppression of T cell function or blocking IFN- α production [29],
further randomized studies are thus needed to determine the proper supplemental dosage
or optimal serum level for infection prevention in well-nourished children.

The strength of the current manuscript is that we are among the first ones to provide
laboratory and clinical evidence of the role of serum zinc in a cohort of young children
without malnutrition. However, there are some limitations. First, because serum zinc
concentration might be affected by recent meals and tissue catabolism, it might not always
be a reliable indicator of an individual’s true zinc status [30]. Thus, it is possible that
we might have had misallocated some children as having sufficient zinc due to a recent
zinc-abundant meal. Nevertheless, a systemic review had concluded that serum zinc level
was responsive to both supplement and depletion, and thus remained the most widely
used biomarker [31]. Secondly, our study design was unable to assign causation, and
the relatively small number of children having infections might have limited the power
to assess differences in any disease outcomes related to differences in zinc status, thus
raising a possibility that some associations might arise by chance. Finally, our study on the
association between zinc and the whole TLR-signaling pathway was incomplete (lacking
TLR5–6 and 9–10), and the role of zinc in the adaptive immunity was not investigated.
Further studies are needed to better understand the role of zinc in both the innate and
adaptive immune pathway.

5. Conclusions

In conclusion, our results pointed out that, despite having an adequate serum level,
zinc status was still associated with an altered innate cytokine response and infectious
outcome in well-nourished children. Thus, efforts should be given to ensure proper amount
of zinc-rich food in children’s daily dietary regimen. Currently, we cannot recommend
the use of zinc supplementation, yet we suggest further interventional trials to determine
whether zinc supplementation can improve immunity in this population. In addition,
future studies are also needed to determine the optimal serum zinc level for infection
prevention in young children of the developed countries.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14245395/s1, Table S1: Linear regression analysis to determine
the association between serum zinc concentration and toll-like receptor stimulated. cytokine responses
at the age of 1 year; Table S2:The generalized estimating equation (GEE) for the change of zinc status
during the 5-year follow up among patients with infectious diseases with adjustment of potential
confounders.

Author Contributions: S.-L.L.: designed the research; conducted the research; analyzed the data
and performed statistical analysis; and wrote the paper; M.-C.H., M.-H.T. and K.-W.S.: designed the
research; conducted the research; provided essential reagents or provided essential material; and
helped analyzed the data; C.L., T.-C.Y., L.-C.C., K.-W.Y.: conducted the research; provided essential
reagents and provided essential material; J.-L.H. and S.-H.L.: designed the research; analyzed the
data and performed statistical analysis; had primary responsibility for final content. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was financially supported by Chang-Gung Memorial Hospital, Keelung, Taiwan
(grants CMRPG2E0111-5 and CMRPG2K0301).

Institutional Review Board Statement: The study was approved by the Chang Gung Ethics Committee.

Informed Consent Statement: Informed consent was obtained from the parents/legal guardians of
the neonates.

https://www.mdpi.com/article/10.3390/nu14245395/s1
https://www.mdpi.com/article/10.3390/nu14245395/s1


Nutrients 2022, 14, 5395 9 of 10

Data Availability Statement: The data will not be openly available because they contain personal
information of the participants. However, the analytical code used for the current study can be
made available upon reasonable request and the data are open for potential research collaboration by
contacting the corresponding author.

Acknowledgments: The authors thank the statistical assistance and wish to acknowledge the support
of the Maintenance Project of the Center of data science and Biostatistics (Grants CGRPG2F0011,
CLRPG2C0021-24, CLRPG2G0081-3, and CLRPG2L0021-2) at Keelung Chang Gung Memorial Hospi-
tal for the study design and monitoring, data analysis and interpretation.

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

Abbreviations

COVID-19 coronavirus disease
IL-6 interleukin-6
IL-10 interleukin-10
LPS lipopolysaccharide
TLR toll-like receptor
TNF tumor necrosis factor alpha
UTI urinary tract

References
1. Prasad, A.S. Discovery of Human Zinc Deficiency: Its Impact on Human Health and Disease. Adv. Nutr. 2013, 4, 176–190.

[CrossRef] [PubMed]
2. Walker, C.F.; Ezzati, M.; Black, R.E. Global and regional child mortality and burden of disease attributable to zinc deficiency. Eur.

J. Clin. Nutr. 2009, 63, 591–597. [CrossRef] [PubMed]
3. Haase, H.; Ober-Blöbaum, J.; Engelhardt, G.; Hebel, S.; Heit, A.; Heine, H.; Rink, L. Zinc signals are essential for lipopolysaccharide-

induced signal transduction in monocytes. J. Immunol. 2008, 181, 6491–6502. [CrossRef] [PubMed]
4. Wan, Y.; Petris, M.; Peck, S. Separation of zinc-dependent and zinc-independent events during early LPS-stimulated TLR4

signaling in macrophage cells. FEBS Lett. 2014, 588, 2928–2935. [CrossRef]
5. Foster, M.; Samman, S. Zinc and Regulation of Inflammatory Cytokines: Implications for Cardiometabolic Disease. Nutrients

2012, 4, 676–694. [CrossRef] [PubMed]
6. Prasad, A.S. Impact of the discovery of human zinc deficiency on health. J. Trace Elem. Med. Biol. 2014, 28, 357–363. [CrossRef]
7. Maares, M.; Haase, H. Zinc and immunity: An essential interrelation. Arch. Biochem. Biophys. 2016, 611, 58–65. [CrossRef]
8. Butters, D.; Whitehouse, M. COVID-19 and nutriceutical therapies, especially using zinc to supplement antimicrobials. Inflam-

mopharmacology 2021, 29, 101–105. [CrossRef]
9. Alexander, J.; Tinkov, A.; Strand, T.A.; Alehagen, U.; Skalny, A.; Aaseth, J. Early Nutritional Interventions with Zinc, Selenium

and Vitamin D for Raising Anti-Viral Resistance Against Progressive COVID-19. Nutrients 2020, 12, 2358. [CrossRef]
10. Scuderi, P. Differential effects of copper and zinc on human peripheral blood monocyte cytokine secretion. Cell. Immunol. 1990,

126, 391–405. [CrossRef]
11. Liao, S.L.; Yeh, K.W.; Lai, S.H.; Lee, W.I.; Huang, J.L. Maturation of Toll-like receptor 1–4 responsiveness during early life. Early

Hum. Dev. 2013, 89, 473–478. [CrossRef] [PubMed]
12. Hotz, C.; Peerson, J.; Brown, K. Suggested lower cutoffs of serum zinc concentrations for assessing zinc status: Reanalysis of the

second National Health and Nutrition Examination Survey data (1976–1980). Am. J. Clin. Nutr. 2003, 78, 756–764. [CrossRef]
[PubMed]

13. WHO Multicentre Growth Reference Study Group. Assessment of differences in linear growth among populations in the WHO
Multicentre Growth Reference Study. Acta Paediatr. 2007, 95, 56–65. [CrossRef] [PubMed]

14. Walker, C.; Rudan, I.; Liu, L.; Nair, H.; Theodoratou, E.; Bhutta, Z.; O’Brien, K.; Campbell, H.; Black, R.E. Global burden of
childhood pneumonia and diarrhoea. Lancet 2013, 381, 1405–1416. [CrossRef] [PubMed]

15. Sandstead, H.H.; Prasad, A.S.; Penland, J.; Beck, F.; Kaplan, J.; Egger, N.; Alcock, N.; Carroll, R.M.; Ramanujam, V.M.S.; Dayal,
H.; et al. Zinc deficiency in Mexican American children: Influence of zinc and other micronutrients on T cells, cytokines, and
anti-inflammatory plasma proteins. Am. J. Clin. Nutr. 2008, 88, 1067–1073. [CrossRef]

16. Black, R.E.; Victora, C.G.; Walker, S.; Bhutta, Z.; Christian, P.; Onis, M.; Ezzati, M.; Grantham-McGregor, S.; Katz, J.; Martorell, R.;
et al. Maternal and child undernutrition and overweight in low-income and middle-income countries. Lancet 2013, 382, 427–451.
[CrossRef]

17. Kim, B.; Lee, W.W. Regulatory Role of Zinc in Immune Cell Signaling. Mol. Cells 2021, 44, 335–341. [CrossRef]
18. Haase, H.; Rink, L. Signal transduction in monocytes: The role of zinc ions. Biometals 2007, 20, 579. [CrossRef]

http://doi.org/10.3945/an.112.003210
http://www.ncbi.nlm.nih.gov/pubmed/23493534
http://doi.org/10.1038/ejcn.2008.9
http://www.ncbi.nlm.nih.gov/pubmed/18270521
http://doi.org/10.4049/jimmunol.181.9.6491
http://www.ncbi.nlm.nih.gov/pubmed/18941240
http://doi.org/10.1016/j.febslet.2014.05.043
http://doi.org/10.3390/nu4070676
http://www.ncbi.nlm.nih.gov/pubmed/22852057
http://doi.org/10.1016/j.jtemb.2014.09.002
http://doi.org/10.1016/j.abb.2016.03.022
http://doi.org/10.1007/s10787-020-00774-8
http://doi.org/10.3390/nu12082358
http://doi.org/10.1016/0008-8749(90)90330-T
http://doi.org/10.1016/j.earlhumdev.2013.03.013
http://www.ncbi.nlm.nih.gov/pubmed/23591080
http://doi.org/10.1093/ajcn/78.4.756
http://www.ncbi.nlm.nih.gov/pubmed/14522734
http://doi.org/10.1111/j.1651-2227.2006.tb02376.x
http://www.ncbi.nlm.nih.gov/pubmed/16817679
http://doi.org/10.1016/S0140-6736(13)60222-6
http://www.ncbi.nlm.nih.gov/pubmed/23582727
http://doi.org/10.1093/ajcn/88.4.1067
http://doi.org/10.1016/S0140-6736(13)60937-X
http://doi.org/10.14348/molcells.2021.0061
http://doi.org/10.1007/s10534-006-9029-8


Nutrients 2022, 14, 5395 10 of 10

19. Shankar, A.H.; Prasad, A.S. Zinc and immune function: The biological basis of altered resistance to infection. Am. J. Clin. Nutr.
1998, 68, 447S–463S. [CrossRef]

20. Prasad, A.S. Effects of Zinc Deficiency on Th1 and Th2 Cytokine Shifts. J. Infect. Dis. 2000, 182, S62–S68. [CrossRef]
21. Kitamura, H.; Morikawa, H.; Kamon, H.; Iguchi, M.; Hojyo, S.; Fukada, T.; Yamashita, S.; Kaisho, T.; Akira, S.; Murakami, M.; et al.

Toll-like receptor–mediated regulation of zinc homeostasis influences dendritic cell function. Nat. Immunol. 2006, 7, 971–977.
[CrossRef] [PubMed]

22. Zheng, M.; Karki, R.; Williams, E.P.; Yang, D.; Fitzpatrick, E.; Vogel, P.; Jonsson, C.B.; Kanneganti, T.D. TLR2 senses the
SARS-CoV-2 envelope protein to produce inflammatory cytokines. Nat. Immunol. 2021, 22, 829–838. [CrossRef] [PubMed]

23. Kayesh, M.; Kohara, M.; Tsukiyama-Kohara, K. An Overview of Recent Insights into the Response of TLR to SARS-CoV-2
Infection and the Potential of TLR Agonists as SARS-CoV-2 Vaccine Adjuvants. Viruses 2021, 13, 2302. [CrossRef] [PubMed]

24. Khalifa, A.E.; Ghoneim, A.I. Potential value of pharmacological agents acting on toll-like receptor (TLR) 7 and/or TLR8 in
COVID-19. Curr. Res. Pharmacol. Drug Discov. 2021, 2, 100068. [CrossRef] [PubMed]

25. Shirato, K.; Kizaki, T. SARS-CoV-2 spike protein S1 subunit induces pro-inflammatory responses via toll-like receptor 4 signaling
in murine and human macrophages. Heliyon 2021, 7, e06187. [CrossRef] [PubMed]

26. Bhutta, Z.; Bird, S.; Black, R.E.; Brown, K.H.; Gardner, J.M.; Hidayat, A.; Khatun, F.; Martorell, R.; Ninh, N.; Penny, M.; et al.
Therapeutic effects of oral zinc in acute and persistent diarrhea in children in developing countries: Pooled analysis of randomized
controlled trials. Am. J. Clin. Nutr. 2000, 72, 1516–1522. [PubMed]

27. Lassi, Z.S.; Haider, B.A.; Bhutta, Z.A. Zinc supplementation for the prevention of pneumonia in children aged 2 months to 59
months. Cochrane Database Syst. Rev. 2010, 12, CD005978.

28. Bhatnagar, S.; Wadhwa, N.; Aneja, S.; Lodha, R.; Kabra, S.K.; Natchu, U.; Sommerfelt, H.; Dutta, A.; Chandra, J.; Rath, B.; et al.
Zinc as adjunct treatment in infants aged between 7 and 120 days with probable serious bacterial infection: A randomised,
double-blind, placebo-controlled trial. Lancet 2012, 379, 2072–2078. [CrossRef]

29. Campo, C.A.; Wellinghausen, N.; Faber, C.; Fischer, A.; Rink, L. Zinc inhibits the mixed lymphocyte culture. Biol. Trace Elem. Res.
2001, 79, 15–22.

30. King, J.C.; Shames, D.M.; Woodhouse, L.R. Zinc homeostasis in humans. J. Nutr. 2000, 130, 1360S–1366S. [CrossRef]
31. Lowe, N.M.; Fekete, K.; Decsi, T. Methods of assessment of zinc status in humans: A systematic review. Am. J. Clin. Nutr. 2009,

89, 2040S–2051S. [CrossRef] [PubMed]

http://doi.org/10.1093/ajcn/68.2.447S
http://doi.org/10.1086/315916
http://doi.org/10.1038/ni1373
http://www.ncbi.nlm.nih.gov/pubmed/16892068
http://doi.org/10.1038/s41590-021-00937-x
http://www.ncbi.nlm.nih.gov/pubmed/33963333
http://doi.org/10.3390/v13112302
http://www.ncbi.nlm.nih.gov/pubmed/34835108
http://doi.org/10.1016/j.crphar.2021.100068
http://www.ncbi.nlm.nih.gov/pubmed/34870161
http://doi.org/10.1016/j.heliyon.2021.e06187
http://www.ncbi.nlm.nih.gov/pubmed/33644468
http://www.ncbi.nlm.nih.gov/pubmed/11101480
http://doi.org/10.1016/S0140-6736(12)60477-2
http://doi.org/10.1093/jn/130.5.1360S
http://doi.org/10.3945/ajcn.2009.27230G
http://www.ncbi.nlm.nih.gov/pubmed/19420098

	Introduction 
	Materials and Methods 
	Study Population 
	Blood Collection and Zinc Measurement 
	Toll-like Receptor Ligands Stimulation 
	Measurement of TLR-Stimulated Cytokines 
	Outcome Assessment 
	Statistical Methods 

	Results 
	Study Population Characteristics 
	Serum Zinc Status throughout Early Childhood 
	Effect of Serum Zinc Status on TLR-Triggered Cytokine Production throughout Early Childhood 
	Association between Serum ZINC Status and Childhood Infections 
	Comparing Serum Zinc Status in Children with and without Infectious Diseases 

	Discussion 
	Conclusions 
	References

