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Implementation of zinc interventions for subjects suspected of
being zinc-deficient is a global need, but is limited due to the ab-
sence of reliable biomarkers. To discover molecular signatures of
human zinc deficiency, a combination of transcriptome, cytokine,
and microRNA analyses was applied to a dietary zinc depletion/
repletion protocol with young male human subjects. Concomitant
with a decrease in serum zinc concentration, changes in buccal and
blood gene transcripts related to zinc homeostasis occurred with
zinc depletion. Microarray analyses of whole blood RNA revealed
zinc-responsive genes, particularly, those associated with cell cycle
regulation and immunity. Responses of potential signature genes
of dietary zinc depletion were further assessed by quantitative
real-time PCR. The diagnostic properties of specific serum micro-
RNAs for dietary zinc deficiency were identified by acute responses
to zinc depletion, which were reversible by subsequent zinc reple-
tion. Depression of immune-stimulated TNFα secretion by blood
cells was observed after low zinc consumption and may serve as
a functional biomarker. Our findings introduce numerous novel
candidate biomarkers for dietary zinc status assessment using a
variety of contemporary technologies and which identify changes
that occur prior to or with greater sensitivity than the serum zinc
concentration which represents the current zinc status assessment
marker. In addition, the results of gene network analysis reveal
potential clinical outcomes attributable to suboptimal zinc intake
including immune function defects and predisposition to cancer.
These demonstrate through a controlled depletion/repletion diet-
ary protocol that the illusive zinc biomarker(s) can be identified and
applied to assessment and intervention strategies.

Zinc, an essential micronutrient ubiquitously distributed in
plants and animals, is required for numerous catalytic, struc-

tural, and regulatory functions (1). In humans, documented out-
comes of inadequate zinc ingestion include growth retardation,
diarrhea, dermatitis, hypogonadism, hematological abnormal-
ities, and impaired immunity (1, 2). Dietary zinc deficiency, with
a predicted worldwide prevalence of 31% (3), has been estimated
to be responsible for approximately 450,000 global deaths in
children under 5 y of age (4). Therapeutic properties of supple-
mental zinc against infectious diseases substantiate the value of
this nutrient for the maintenance of human health (3). Although
the biological properties of zinc have been intensively explored
since the first characterization of its essentiality (5), a reliable
diagnostic tool to assess the dietary zinc status of individual
humans or populations is lacking (6). Consequently a biomarker
defining zinc status is needed for the identification of individuals
or communities that may have low zinc status and those which
may benefit from zinc interventions.

Serum or plasma zinc concentrations are widely used for the
assessment of zinc status in experimental animal and human
models. Nongovernmental organizations have promoted its use in
population surveys (7). However, due to its lack of specificity—
e.g., responsiveness to stress, starvation, or immunological
conditions—its capability to serve as a diagnostic tool for zinc de-
ficiency is limited (6). Recently, both expression of metallothio-

nein (MT) and zinc transporter genes in leukocyte subsets have
been shown to be directly proportional to the availability of zinc
in vitro (8, 9) and in humans under dietary zinc supplementation
(10, 11). These findings reflect the regulatory role of zinc in gene
expression and zinc homeostasis and produce the hypothesis that
specific genomic changes and specific functional outcomes can be
used to identify zinc deficiency, but have yet to be studied.

Our major aim in this study was to identify differential re-
sponses of specific blood gene transcripts, circulating microRNAs
(miRNA), and cytokines that occur when the dietary intake of
zinc is acutely reduced below the dietary requirement and then
is replenished. Specimens were collected in a noninvasive manner
and via blood sampling, and techniques allowing sample stabili-
zation, high-throughput analyses and bioinformatics were imple-
mented to maximize the value of these methods for zinc status
assessment.

Results
Atomic emission analysis confirmed the zinc content of the accli-
mation diets as 10.4 mg zinc per day (Fig. 1A) which is about the
current Recommended Dietary Allowance of zinc for adult males
(1). The male subjects in this study had a mean age and body
weight of 24 yr and 77.1 kg, respectively (Table S1). Intersubject
variability of serum zinc levels decreased by the end of the accli-
mation phase (Day 7), and all participants had a serum zinc con-
centration above the suggested lower cutoff value of 74 μg∕dL for
low zinc status (12). The low zinc (0.3 mg∕d by analysis) and high
phytate content (1.4 g∕d) of the depletion diet yielded a phytate-
to-zinc molar ratio of 462. Commensurate with consumption of
the zinc-depletion diet (Day 7–17), subjects had a significant de-
crease in serum zinc concentrations. This was reversed by subse-
quent zinc supplementation (Day 18–24) (Fig. 1B). Body weights
were constant during the three phases of the study (Table S1).
Hematological parameters remained within normal ranges at
the end of the zinc-depletion period (Day 17), but with significant
changes in erythrocyte and platelet indices (Table S2).

Effects of Zinc-Depletion on Zinc-Related Transcript Levels. Among
the 14 zinc-related transcripts in buccal RNA tested, only those
for MTand ZnT1 were detected by qPCR (Fig. 2A). Criteria for
determining the reliability of these assays include: amplification
curve comparable to reference human RNA and CT values below
35. A significant decrease in MTmRNA abundance was observed
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in samples collected after 10 d of dietary zinc depletion (Day 17),
while no change was found in the ZnT1 transcript levels.

Cell type-specific responsiveness of MT and some zinc trans-
porter transcript levels to dietary zinc depletion were observed
by qPCR with PBMC and reticulocyte RNA. MT, ZnT1, ZnT4,
andZnT5mRNA levels significantly decreased in PBMC (Fig. 2B);
while reduction in ZnT1 and Zip3 transcripts of purified reticulo-
cytes (Fig. 2C) occurred by the end of acute dietary zinc depletion
(Day 17). Of the differentially expressed (DE) zinc transporter
transcripts, ZnT1 and Zip3 were the most significantly affected
in PBMC and reticulocytes, respectively. Linear regression analysis
revealed a significant correlation between serum zinc concentra-
tions and PBMC ZnT1 mRNA and reticulocyte Zip3 mRNA
abundance during the depletion period (Fig. 2D,E). The reduction
of ZnT1 mRNA levels, observed for both PBMC and reticulocyte
RNA, was also measurable in whole blood RNA along with a
significant association with serum zinc concentrations as well
(Fig. 2F). Of note are the significant reductions in the Zip3 and
ZnT1 transcripts in reticulocytes and whole blood, respectively,
after 6 d of the zinc depletion (Day 13), which is before the serum
zinc had decreased significantly.

Microarray Analysis of Whole Blood RNA. We next transitioned to
analyses not targeted at zinc homeostasis. Whole blood RNA
isolated using the PAXgene system (PAX) was highly intact as in-
dicated by RNA integrity numbers above 8, and A260∕A230 and
A260∕A280 ratios above 2.00. RNA recovery with high purity
after globin transcript depletion was approximately 75%. Globin
mRNA removal was verified by electropherograms (see Fig. S1).
Using the Illumina BeadChip with 47,231 probes for human
genes, differential expression of 328 genes by zinc depletion was
identified by a pairwise comparison at P < 0.005 (Table S3).
The influence of globin RNA on the detection of DE genes by
microarray analysis was identified using pooled samples of Day
7, 13, and 17. Using an upper cutoff threshold of detection
(P ¼ 0.05), a total of 6,861 genes detectable in RNA after globin
RNA reduction (GRP) were considered absent when the RNA
samples were not processed for the removal of globin RNA
(Fig. 3A). Among those masked genes, 51 were among the 328
genes determined to be DE by dietary zinc intake. Of particular
note is that temporal increases and decreases throughout the 10-d
depletion period were observed by the 192 up-regulated and 136
down-regulated genes, respectively, using these pooled samples
(Fig. 3B).

Integration of the transcriptome profiles into molecular and
network databases using bioinformatic software enabled the pre-

diction of physiological effects attributed to dietary zinc deple-
tion. Promoter integration in microarray analysis (PRIMA)
predictions based on the cis-regulatory elements of the responsive
genes identified NF-Y, AP-2α, and ETF as the putative transcrip-
tion factors mediating dietary zinc effects on the up-regulated
genes and similarly the roles of Elk-1 and TEF in the repression
of the down-regulated genes (Fig. 3C and Table S4). Gene ontol-
ogy enrichment analysis of gene clusters, categorized based on
their expression pattern using the PANTHER algorithm, identi-
fied overrepresentation of functional categories associated
with cell cycle regulation for the up-regulated genes and nucleic
acid and immune responses among the down-regulated genes
(Fig. 3D).

Further characterization of the 328 DE genes using ingenuity
pathway analysis (IPA) confirmed the enrichment in functional
categories related to cell proliferation by the genes up-regulated
during the dietary restriction regimen (Table S5). It is of note
that cancer was identified as the disease most highly associated
with up-regulated genes (Table S5) while genes associated with

Fig. 1. Experimental design and serum zinc response induced by short-term
acute dietary zinc depletion in humans. (A) Dietary protocol for acute dietary
zinc depletion. Controlled zinc intake of 10.4 mg∕d was provided during
acclimation (Day 0–7) and 0.3 mg∕d was provided for the depletion (Day
7–17). A self-selected diet plus a supplement of 15 mg∕day was provided
for repletion (Day 18–24). (B) Serum zinc concentrations during the effective-
ness of the experimental diet for dietary zinc depletion. Values are mean�
standard deviation (SD) (n ¼ 9). Those significantly different compared to
baseline (Day 7) and postdepletion levels (Day 17) are noted by asterisks
and crosses, respectively (n ¼ 9). For * and †, P < 0.05 and *** and †††,
P < 0.001.

Fig. 2. Acute dietary zinc depletion influences zinc-related gene transcripts
in buccal epithelial and blood cells. (A) Relative MT and ZnT1 mRNA abun-
dance in buccal cell RNA during dietary zinc depletion. Values were normal-
ized to 18S rRNA levels and baseline levels for each individual were set at 1.
Analysis of MT and zinc transporter transcripts in (B) PBMC and (C) reticulo-
cyte RNA during dietary zinc depletion. Values were normalized to GAPDH
mRNA levels and baseline levels for each individual were set at 1. Correlation
of (D) PBMC ZnT1, (E) reticulocyte Zip3, (F) whole blood ZnT1 transcript
abundance with serum zinc concentrations during zinc depletion were deter-
mined by correlation coefficients (R) from linear regression analyses. White,
baseline levels; gray, measures after 6 d of zinc depletion (Day 13); black,
measures after 10 d of zinc depletion (Day 17). Values are mean� SD. Values
significantly different to respective baseline levels are indicated by asterisks.
(*P < 0.05; **P < 0.01; ***P < 0.001 (n ¼ 9).
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biological events related to cell death, cell-mediated immune re-
sponses, and cellular development and function were down-regu-
lated by acute dietary zinc depletion (Table S6). Overrepresented
functional networks by the up-regulated and down-regulated
genes, respectively, imply enhancement in cell proliferative
events and repression in cell death, cell-mediated immunity, and
cellular development as physiological outcomes of inadequate
zinc intake. Network nodes were at Vegf and NFkB (complex),
respectively (Fig. 3 E and F).

Gene Transcripts with Potential of being Biomarkers of Zinc Defi-
ciency. Pairwise comparisons of before- and after-treatment va-
lues identified indices responsive to the treatment. However,
in order to identify molecular responses with potential for being
a biomarker, interindividual variability was taken into account.
As shown in Fig. 4A, a clear discrimination between baseline
(Day 7) and end of zinc depletion (Day 17) was produced by hier-

archical clustering with 108 DE genes determined by unpaired
t-test (P < 0.005). After filtering by fold-changes above 2, a total
of eight well-characterized genes were determined likely targets
for status assessment of dietary zinc intake (Table S6). Separate
qPCR assays of IGJ, CDC20, MZB1, and TXNDC5 mRNAs con-
firmed the responsiveness of these gene transcripts to acute diet-
ary zinc depletion identified by microarray analysis (Fig. 4B).

Serum MicroRNA Responsive to Dietary Zinc Levels. A qPCR-based
array for miRNA detection was utilized for the identification of
zinc-responsive signature miRNAs circulating in pooled sera. CT
values acquired by the exogenous synthetic cel-miR-39 controls
validated consistent yields of serum RNA recovery. Among the
85 serum miRNAs measured with the array, a total of 20 were
shown to respond to the dietary zinc-depletion regimen with
fold-changes above 1.5 and with CT values below 35 (Fig. S2). We
identified nine miRNAs (miR-10b, -155, -200b, -296-5p, -375,
-92a, -145, -204, and -211) responding to dietary zinc deprivation
and repletion in opposite modes (Fig. 5A). Individual qPCR
assays confirmed the zinc-responsiveness of these miRNAs
(Fig. 5 B–H).

Inflammatory Cytokine Production by Whole Blood. Mitogen-stimu-
lated whole blood cytokine assays were used to test the capability
of immune cell activation as a functional approach for identifying
dietary zinc deficiency. Cell-free supernatants produced from
blood cells collected on Day 7 and Day 17 were pooled and ana-
lyzed using an ELISA array composed of 12 human inflammatory
cytokines. Among the cytokines tested, only TNFα showed a
noticeable effect of dietary zinc depletion when induced by chal-
lenge with LPS or PHA (Fig. 6A). In order to confirm this effect
of dietary zinc deprivation, supernatants from cells stimulated
with LPS or PHA were collected from individual whole blood-
samples and were assayed by ELISAs specific for IL-1β, IFNγ,
and TNFα. IL-1β secretion after LPS-activation of monocytes
(Fig. 6B) and IFNγ secretion stimulated by PHA-activation of

Fig. 3. Characterization of differentially expressed (DE) gene transcripts in
whole blood RNA produced by short-term dietary zinc depletion. (A) Effects
of globin RNA reduction on the detection of DE genes. RNA from whole
blood collected with the PAXgene system (PAX) on Day 7, 13, and 17 were
pooled as 3 groups and processed for globin RNA reduction (GRP). Transcripts
were considered present when the detection P-value was lower than 0.05 in
at least one of each group. (B) Temporal trends of the up-regulated (solid
line) and down-regulated (dashed line) gene transcripts during the dietary
zinc-depletion phase as identified by microarray experiments with pooled
samples. (C) Regulatory elements enriched in the putative promoter regions
(−1;000 ∼þ200) of genes responsive to dietary zinc depletion. (D) Top five
biological processes represented by the up-regulated (solid bars) and down-
regulated (open bars) genes affected by dietary zinc depletion. (E) Top func-
tional network of up-regulated genes were associated with cellular assembly
and organization, DNA replication, recombination and repair, and cell cycle.
(F) Top functional network of down-regulated genes were associated with
cell death, cell-mediated immune response, and cellular development. Red,
up-regulated by zinc restriction; green, down-regulated by zinc restriction.

Fig. 4. Identification of whole blood gene transcripts holding the potential
of being a biomarker of dietary zinc depletion. (A) Average-linkage hierarch-
ical clustering of the arrays based on the gene expression profile of 108 DE
genes identified by unpaired t-test at P < 0.005. Correlation distance was de-
termined by the algorithm of (1-Pearson Correlation)/2 using EXPANDER.
(B) Relative transcript levels of CDC20, TXNDC5, MZB1, and IGJ during zinc de-
pletion. Values were normalized to GAPDH mRNA levels. Black and gray lines
across bars indicate median and mean values, respectively. Whiskers indicate
the interquartile range. Values significantly different to respective baseline
levels are indicated by asterisks *P < 0.05; **P < 0.01; ***P < 0.001 (n ¼ 9).
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lymphocytes (Fig. 6C) revealed no differences after dietary zinc
depletion (Day 17). In contrast, cells from whole blood samples
collected at Day 17 secreted significantly lower TNFα in response
to immunostimulation by PHA and LPS than those collected at
the baseline (Fig. 6D), indicating an effect of zinc on a pathway
specific to production of this cytokine.

Critical roles of zinc in cells required for the immune response
suggest zinc transporter expression during immune cell activation
may reflect the host’s dietary zinc status. To address this relation-
ship in a simple assay, whole blood samples from the subjects
were treated with PHA and LPS with subsequent analysis of zinc
homeostatic gene transcripts, MT mRNA levels showed a statis-
tically significant response to both PHA and LPS challenge, while
MT, ZnT6, Zip1, Zip3, Zip6, Zip8, and Zip14 transcripts were
up-regulated in response to activation by PHA (Fig. 6E). Of those
PHA-induced responses, Zip8 expression, likely produced by
lymphocytes (10, 13), was dysregulated by acute dietary zinc de-
pletion with an approximate reduction of 50% (Fig. 6F).

Discussion
Zinc transporter and MT expression were the initial targets of
interest due to their direct involvement in zinc trafficking and
homeostatic regulation and their likelihood to respond to lower

zinc availability by dietary restriction (14). A marked decrease in
buccal MT mRNA, the prototypical zinc-regulated gene, by low
zinc ingestion indicates its potential as a zinc biomarker that
features noninvasive sampling. This finding corresponds with
previous results where MTexpression in blood cells is altered by
dietary zinc restriction (15, 16). Differences between the DE
transporter genes in PBMC and reticulocyte RNA that we iden-
tified indicate the cell type-specific regulation of these genes.
Only ZnT1 mRNA, was uniformly affected by the acute zinc-
depletion regimen. These data correspond to previous observa-
tions where ZnT1 is increased in response to supplemental zinc
(10). This demonstrates the ability of ZnT1 to reflect dietary zinc
bioavailability during zinc-deprived and -excess conditions. Ser-
um zinc concentrations were measured as an evaluation tool of
compliance and of effectiveness of our dietary zinc-depletion
protocol. Its significant decrease by zinc depletion for 8 d and
its reversal by repletion, respectively, show this index is indicative
of dietary zinc ingestion levels. Depression in serum zinc has
been observed by others during similar dietary depletion studies
(17, 18). However, responsiveness to other conditions such as

Fig. 5. Dietary zinc intake influences miRNAs circulating in serum. (A) Iden-
tification of zinc-responsive miRNAs in sera using qPCR arrays. Data of sera
collected from subjects at Day 7, 17, and 24 are shown (pooled sera of n ¼ 8).
Yields of exogenous cel-miR-39 were determined to validate the uniformity
of the miRNA isolation method and for normalization. Relative transcript le-
vels of (B) miR-10b, (C) -29a, (D) -145, (E) -375, (F) -200b, (G) -204, and (H) -296-
5p in individual serum samples were measured by ligation-mediated qPCR
(n ¼ 6). Values were normalized to cel-miR-39 levels. Solid and dashed lines
show the temporal patterns of responses to zinc depletion and repletion, re-
spectively. Values are mean� SD. Values significantly different to baseline
and postdepletion values are noted by asterisks, and crosses, respectively.
For * and †, P < 0.05; ** and ††, P < 0.01; and *** and †††, P < 0.001 (n ¼ 6)

Fig. 6. Acute dietary zinc depletion influences immune responses induced
by LPS or PHA in vitro. (A) Attenuation of LPS- and PHA-induced TNFα release
by dietary zinc depletion measured by a cytokine-focused multianalyte ELISA
array. Values of zinc-depleted status are expressed as ratios relative to the
baseline levels (pooled samples of n ¼ 8). LPS-induced monocyte activation
and PHA-induced lymphocyte activation measured by individual ELISA assays
of (B) IL-1β and (C) IFNγ, respectively (n ¼ 8). (D) Repression in immunostimu-
lated TNFα production by dietary zinc depletion (n ¼ 8). (E) Whole blood MT
and zinc transporter transcripts responsive to LPS- or PHA-induced activation
on Day 7 (n ¼ 3). Values were normalized to 18S rRNA levels. (F) Repression in
PHA-induced Zip8 transcript levels by acute dietary zinc depletion (n ¼ 3).
Values are mean� SD. Values significantly different to respective baseline
and those significantly different compared to baseline and postdepletion va-
lues are noted by asterisks *P < 0.05; **P < 0.01; ***P < 0.001, respectively.
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acute infection or starvation (7) raise questions regarding serum
zinc as a biomarker except for healthy individuals.

Here using microarrays, we identified novel genes in cells from
whole blood having modulated expression levels after acute diet-
ary zinc depletion. The combination of RNA stabilization and
globin transcript removal allowed preservation of in vivo tran-
scriptome profiles and an increase in detection sensitivity of gene
transcripts at low abundance (19, 20). Further bioinformatic ana-
lysis of the DE genes led to the identification of biological events
associated with dietary zinc depletion. It is of note that the over-
representation of genes involved in cell cycle and cell-mediated
immune response identified by the up- and down-regulated genes
in whole blood RNA, respectively, remarkably aligns with the
findings from in vitro studies with zinc-deprived and -supplemen-
ted immune cell models (8, 9). In addition, these correspond to
the well-characterized clinical outcomes of prolonged zinc defi-
ciency, i.e., impaired immunity (21, 22) and predisposition to can-
cer development (23, 24).

Of considerable interest is the identification of vascular en-
dothelial growth factor (Vegf) in the functional networks en-
riched by the overexpressed genes. Vegf has been considered
to be protumorigenic (25, 26). Recently, intracellular zinc depri-
vation has been shown to result in increased Vegf production by
prostate cancer cells (27). No change of Vegf gene expression in
the blood cell populations was detected in our microarray experi-
ments, indicating that expression of this growth factor, holding
both autocrine and paracrine functions, may occur in other cell
types/organs during zinc depletion. Nuclear factor kappa B
(NFκB) was identified in the functional network composed of
down-regulated genes, under acute dietary zinc depletion. The
immunosuppressive effect of suboptimal zinc conditions has been
associated with impaired DNA binding activity of this transcrip-
tion factor (28). Relevant mechanisms include the zinc depen-
dence for NFκB transactivation indicated by lower affinity of its
binding motif under zinc deprivation (29–31). These findings im-
ply that low zinc ingestion leads to a modulation in host defense
by affecting gene expression associated with immune responses
via a direct effect on NFκB activity. By applying a stringent filter-
ing criterion, we identified eight well-characterized gene tran-
scripts as candidate indices of dietary zinc deprivation (Fig. 4
and Table S6). All of these were up-regulated by the dietary zinc
restriction protocol. Simultaneous measurement of these highly
responsive genes may serve as a transcriptome-level signature for
a genomic approach to assess dietary zinc deficiency.

Alteration in serum miRNA profiles have been shown to reflect
the developmental and metastatic stage of various cancer types
(32). However, the normal biological role of circulating miRNA
remains unclear. Its energy-dependent export by tissues and stable
form in peripheral blood suggest its potential to function as an in-
tercellular or -organ messenger (33, 34). Among the 88 miRNAs
screened with the assay used, miR-204 and miR-296-5p showed
the highest responsiveness of down-regulation to dietary zinc de-
pletion. It is of note that both of these miRNAs have shown to
suppress oncogene expression (35, 36). These zinc-responsive
miRNAs influence tumor progression, and hence may point to zinc
deficiency as a predisposing factor for cancer. For example,
miR-375 have been shown to circulate in lower levels in sera of
patients with esophageal squamous cell carcinoma (37). The in-
creased risk for esophageal cancer by dietary zinc deficiency has
been extensively documented (24). Here we show the acute rever-
sal of depletion-induced decrease in serum miR-375 levels by a
zinc repletion regimen. The diagnostic potential of modulation of
serum miRNA levels by zinc needs to be further explored.

Transcriptional machinery of miRNA gene expression, shares
its regulatory components with that of protein-coding transcripts
(38). Computational analysis of the regulatory elements of
miRNA genes identified putative transcription factors involved
in the regulation of miRNA gene expression (39). The zinc-sen-

sing transcription factor, MTF-1, was predicted as one of the five
master-regulators of human pre-miRNA expression. It is of note
that two other of these predicted master-regulators, NF-Y and
AP-2α, were identified as putative transcription factors eliciting
the effects of dietary zinc depletion on gene expression by the
microarray dataset of the current study (Fig. 3D).

Impaired immunity is one of the most extensively character-
ized outcomes of zinc deficiency (21, 22). This includes higher
risks of morbidity and mortality from infectious diseases includ-
ing pneumonia and malaria in populations with high prevalence
of zinc deficiency (3, 4). Dependence of immune response on zinc
transporter activity (13, 40) also underlines the importance of
constant zinc levels in the cells conferring immunity. Whole blood
cytokine assays, conducted here as an approach to evaluate the
effects of low zinc ingestion on the host’s immune response in-
dicate the potential of TNFα production levels induced by blood
cell activation as indicative of zinc status. The increase in TNFα
expression by monocytes in response to a high zinc intake (10)
agrees with its repression by zinc depletion observed in the pre-
sent study. This activation-dependent zinc-responsiveness of
cytokine expression emphasizes the significance of sufficient diet-
ary zinc intake for populations, particularly, at higher risks of
infection or immunological dysfunction (3, 4, 41). A previous mi-
croarray study with immune cell lines identified tumor necrosis
factors as a central regulator of the biological events associated
with the genes influenced by zinc availability (9). Additionally,
NFκB, a major regulator of TNFα gene expression, was present
in the functional network composed of the down-regulated genes
identified by our transcriptome analysis. These bioinformatics
data suggest that impaired TNFα production may be a conse-
quence of impairment in NFκB activity under low zinc conditions.
Mechanistic studies with various immune and cancer cell models
(29–31) support our hypothesis of the involvement of NFκB in
conferring the zinc effects on immunoactivator-induced TNFα
gene expression.

In conclusion, the present study has identified molecular in-
dices that respond to acute dietary zinc depletion and repletion
in humans using broad cell and blood sampling methods. Tran-
scripts of blood cell genes associated with cell cycle regulation,
host defense, and the regulation of zinc homeostasis hold the po-
tential to indicate the dietary zinc status. Modulation of specific
serum miRNAs by dietary zinc restriction and repletion are
among the zinc-responsive biomarkers identified in these studies.
TNFα release from whole blood under immunostimulation was
clearly depressed by suboptimal zinc intake and represents a
biomarker based on function. These findings support the estab-
lished biological roles of zinc in immunity and cell proliferation,
and implicate the therapeutic and prophylactic properties of diet-
ary zinc against immune deficiency and cancer-related disorders.

Materials and Methods
Human Subjects. Male subjects 21–35 yr of age, weighing at least 50 kg, were
recruited to participate. Details of the subject characteristics and exclusion
criteria are provided in Table S1. The study was approved by both the Institu-
tional Review Board and the UF Clinical Research Center (UFCRC) of the Uni-
versity of Florida. All subjects provided written informed consent prior to
enrollment. The study was registered at clinicaltrials.gov as NCT01221129.

Dietary Zinc Restriction and Sample Collection. A 24-d observational
study comprised of acclimation (7 d; 10.4 mgZn∕d), zinc depletion (10 d;
0.3 mgZn∕d), and zinc repletion (7 d; 28.9 mgZn∕d) phases was conducted
with healthy male subjects (n ¼ 9) (Tables S7 and S8). Serum zinc concentra-
tions were monitored throughout the 24-d period. On day 0, 6, and 10 of zinc
depletion, buccal swabs and whole blood were collected for molecular assays
(Fig. S3. RNA profiles of buccal samples and whole blood were stabilized by
using FTA paper cards and PAXgene reagents, respectively, during collection.

RNA Isolation and qPCR. PBMC and erythroid cells were fractionated from
EDTA-treated blood by centrifugation with Histopaque-1077 (Sigma). RNA
from buccal samples and fractionated blood cells was isolated using TRI
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reagent (Ambion). qPCR assays for zinc transporter, MT, and normalization
transcripts were designed and conducted as previously described (8, 10).

PAXgene RNA Processing and Microarray.Whole blood RNAwas prepared with
the PAXgene system (PreAnalytiX). GLOBINclear (Ambion) was used to re-
duce the globin RNA abundance. RNA was biotinylated and amplified by
the Illumina TotalPrep RNA Amplification kit (Ambion). cRNA products were
hybridized to Illumina Human HT-12 v4 microarray chips.

Microarray Data Analysis. Probes with detection P-values lower than 0.05 in all
samples were excluded from the dataset prior to analyses. Raw data were
quantile normalized, and differentially expressed genes were determined
by BRB-ArrayTools (P < 0.005). Functional enrichment and network analyses
were conducted with the EXPANDER 5.2 (42), PANTHER (43) and ingenuity
pathway analysis softwares.

Whole Blood Cytokine Assay. Heparinized whole blood was diluted with 4 vol
of RPMI-1640 and was incubated with or without LPS (1 mg∕L) or PHA
(10 mg∕L). After 24 h, cell-free medium was collected and treated with pro-
tease inhibitor cocktail (Pierce). RNA was extracted from the blood pellets
using TRI reagent BD (Molecular Research Center). Cytokine levels were
quantified with ELISArrays (SABiosciences), and zinc-related transcripts were
assessed by qPCR.

Serum miRNA Assay. Serum RNA was prepared using QIAzol (Qiagen) and
the miRNeasy Mini kit (Qiagen). Synthetic cel-miR-39 was added prior to
the RNA isolation process and served as a means of normalization. Zinc-
responsive miRNAs were identified with the human serum miRNA PCR
array from SABiosciences. Changes in selected miRNA levels were con-
firmed with RNA from individual serum samples and miScript qPCR assays
(Qiagen).

For details of the study design and experimental procedures, see SI
Materials and Methods.
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