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ABSTRACT
Background: Although the importance of adequate zinc intake has
been known for decades, the estimated global prevalence of zinc
deficiency remains high. This substantiates the need for a specific
and sensitive status assessment tool.
Objective: The objective was to evaluate erythrocyte zinc trans-
porters as candidate molecules with the potential of being a bio-
marker of dietary zinc status in humans.
Design: A 24-d observational study with acclimation (7 d, 10.4 mg
Zn/d), zinc-depletion (10 d, 0.3 mg Zn/d), and zinc-repletion (7 d,
29.5 mg Zn/d) phases was conducted in healthy men (n = 9). Pro-
teomic approaches including Western blot analyses and tandem
mass spectrometry were implemented to identify the zinc respon-
siveness of selected red blood cell membrane proteins.
Results: Zinc transporter 1 (ZnT1) and Zrt/Irt-like proteins ZIP8
and ZIP10 were detected in human erythrocyte membranes. No
effects of short-term dietary zinc depletion were observed on the
amounts of these proteins. However, changes in a cytoskeletal pro-
tein, dematin, by zinc depletion were identified through the non-
specific signals produced by an anti-ZIP8 antibody. This response
was further validated by a dematin-specific antibody and with eryth-
rocytes collected from mice fed a zinc-deficient diet.
Conclusions: The presence of ZnT1, ZIP8, and ZIP10 in human red
blood cells implicates their role in the regulation of cellular zinc
metabolism in the human erythroid system. The zinc responsiveness
of membrane dematin suggests its capability to serve as a biomarker
for dietary zinc depletion and its involvement in impaired erythroid
membrane fragility by zinc restriction. This trial was registered at
clinicaltrials.gov as NCT01221129. Am J Clin Nutr 2012;95:
1096–102.

INTRODUCTION

The homeostatic regulation of zinc is crucial during the
maturation of erythroid progenitor cells. The majority of zinc in
erythrocytes is present as a component of metalloenzymes, which
include carbonic anhydrase and Cu/Zn-superoxide dismutase (1),
and lesser amounts are associated with metallothionein (2).
Recently, we identified the presence of zinc transporters 1
(ZnT1)4, Zrt/Irt-like protein 8 (Zip8), and Zrt/Irt-like protein 10
(Zip10) in the plasma membranes of murine erythrocytes (3).
ZnT1 and Zip10 were differentially responsive to dietary zinc in
mice. Similarly, the metallothionein content in erythrocytes of
zinc-restricted and zinc-supplemented humans was lower and
higher, respectively (2, 4). Metallothionein and zinc transporters

are important components that are necessary for cellular zinc
homeostasis in all cell types including red blood cells (RBCs).

The functional outcomes of metabolic changes in RBCs
produced by altered dietary zinc intake have not been extensively
investigated. With respect to the zinc transporters in RBC
membranes, their temporal expression patterns are constant with
higher zinc import and export during the early compared with late
stages of terminal erythroid differentiation in mice (3). This may
help to limit cellular zinc availability during the terminal phase of
erythropoiesis, which, when in excess, interferes with iron in-
corporation during hemoglobin biosynthesis (5). Similarly, zinc
is important for maintenance of membrane integrity of eryth-
rocytes. Dietary zinc intake has been reported to influence fra-
gility of RBCs in studies of rodents (6) and in humans (7).
Collectively, the literature suggests that erythroid cells are
influenced by zinc nutritional status.

The study described in this article was conducted to determine
whether erythroid ZnT1, ZIP8, and ZIP10 expression is re-
sponsive to zinc in humans and to assess the potential of these
transporters as status assessment tools of human dietary zinc
deficiency (8). The novel, to our knowledge, finding reported here
is that a protein recognized nonspecifically by the Zip8 antibody
in the plasma membrane was identified as zinc responsive, in-
dicating its potential as a zinc biomarker. The zinc-responsive
protein, dematin, is a cytoskeletal protein involved in the
maintenance of the cellular morphology, motility, and membrane
structural integrity (9, 10). Hence, our findings may relate to the
decades-old observation that zinc influences RBC membrane
fragility.
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SUBJECTS AND METHODS

Subjects

Healthy male adults (aged 21–35 y) were recruited to participate
in the study (Table 1). Exclusion criteria for the dietary regimen
included the following: a body weight <50 kg, cigarette smoking,
alcohol abuse, dependence on medications, use of denture cream
(11) or dietary zinc supplements, and history of any chronic disease
or allergic reaction. A 24-h dietary recall followed by calculations
with the Nutrition Data System for Research was conducted, and
blood was collected to estimate habitual dietary zinc concentra-
tions in each subject. The study protocol was reviewed and ap-
proved by both the University of Florida Institutional Review
Board and the University of Florida Clinical Research Center. All
subjects provided written, informed consent before enrollment. The
study was registered at clinicaltrials.gov as NCT01221129.

Acute dietary zinc depletion

The 24-d dietary regimen was composed of 3 phases of dietary
zinc treatment. During the first 7-d period, subjects consumed
meals composed of a basal mixed diet (2-d cycle menu), which
provided 2700 kcal and ;11 mg Zn/d, to establish a defined
baseline condition (acclimation). Supplemental zinc-free energy
shakes were used to adjust the daily energy contents of the diet to
ensure body weight maintenance. During the subsequent de-
pletion phase (10 d), the subjects consumed a strawberry-flavored,
egg white–based liquid formula (The Hershey Company), which
provided ,0.5 mg Zn/d. Energy and mineral contents of this diet
were comparable to those used in previous dietary zinc-depletion
studies (2, 12) and are described in detail elsewhere (13). Soft
candies (,2.50 lg Zn/g; Starburst; Mars) and the supplemental
energy shake, used in the depletion phase, were provided for
energy adjustment. The zinc content of all dietary components
was measured by inductively coupled plasma atomic emission
spectrometry. Sodium phytate from rice (1.4 g/d; Sigma-Aldrich)
was supplemented to the liquid formula to minimize the bio-
availability of zinc in the diet, and carboxymethyl cellulose (2
g/d; TIC Gums) was added to prevent bowel discomfort attrib-
utable to the extensive consumption of a liquid diet (14). A
multivitamin supplement (CVS Pharmacy) was given as a source
of other vitamins. Biotin (2 mg/d; CVS Pharmacy) was provided
as separate doses. Distilled water (Nestlé Waters North America
Inc) and sugar-free carbonated beverages (Diet Pepsi and Sierra
Mist; PepsiCo), in which zinc contents were undetectable by flame
atomic absorption spectrophotometry, were provided throughout

the first 2 phases of the study. After completion of the zinc-depletion
phase (on day 17), subjects were allowed to return to their self-
selected habitual diet and consumed 15 mg Zn/d (Jarrow Formulas)
to replenish their zinc status. An anonymous questionnaire of
compliance was completed by each subject on completion of the
study, and serum zinc concentrations were monitored during par-
ticipation to assess the compliance of each subject and the effec-
tiveness of the experimental diets. There were no major deviations
from the protocol reported or identified.

Sample collection and processing

On day 7 (end of acclimation) and day 17 (end of depletion
period) of the study, after an overnight fast, whole blood was
drawn into EDTA-treated tubes (Vacutainer; BD Diagnostics).
Plasma and peripheral blood mononuclear cells were removed
from whole blood by using a Ficoll gradient (Histopaque-1077;
Sigma-Aldrich). Briefly, whole blood was carefully layered on an
equal volume of the density gradient medium and fractionated at
400 · g for 30 min. RBC pellets were washed with HEPES
buffer (154 mmol NaCl/L, 10 mmol HEPES/L, 1 g bovine serum
albumin/L) and filtered through a column composed of a-cel-
lulose (Sigma-Aldrich) and microcrystalline cellulose (Sigma-
cell Type 50; Sigma-Aldrich) for leukocyte depletion (15).
Residual platelets were removed by 2 additional washes of the
RBC eluate at 200 · g for 10 min with phosphate-buffered sa-
line. Additional blood was collected on the first day and at days
10, 15, 20, and 24. Serum samples were isolated, and zinc
concentrations were measured by atomic absorption spectro-
photometry as described earlier (13).

For erythrocyte membrane isolation, purified RBCs were lysed
by using a hypotonic buffer [5 mmol Na2HPO4/L (pH 7.4)] with
a protease inhibitor cocktail (Thermo Scientific). Lysates were
collected by centrifugation at 12,000 · g for 10 min at 4�C; this
process was repeated until the supernatant and pellets lost their
red color. After a wash at 20,000 · g, membrane pellets were
solubilized with 5 mmol Tris-HCl/L 0.5% Triton X-100 (Sigma-
Aldrich)–containing protease inhibitors and were stored at280�C.

Western blot analysis of RBC zinc transporters

The expression of zinc transporters ZnT1, Zip8, and Zip10 in
the erythrocyte plasma membrane was previously identified in
mouse models (3). Western blot analysis using affinity-purified
rabbit polyclonal antibodies was conducted to confirm the
presence of these transporters in human RBCs. All primary

TABLE 1

Characteristics of and serum zinc concentration in the participants (n = 9)1

Study phase

Screening After acclimation (baseline) End of depletion

Age (y) 24 6 2 — —

Height (cm) 173.9 6 6.6 — —

Weight (kg) 77.1 6 12.5 76.7 6 12.6 76.3 6 11.8

Energy needs (kcal/d) 3,043 6 193 — —

Zinc intake (mg Zn/d) 13.9 6 7.3 10.415 0.296

Serum zinc (lg/dL) 91.9 6 17.9 86.6 6 8.1 69.1 6 13.4*

1 All values are means 6 SDs. *Different from baseline, P , 0.001 (Student-Newman-Keuls test for pairwise

comparisons).
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antibodies, in addition to those for the detection of human
(ab89161; Abcam) and mouse (sc-135881; Santa Cruz Bio-
technology) dematin, were designed for previous studies (3, 16,
17). Specificity of signals produced by each in-house-made an-
tibody was determined by preabsorption with respective antigenic
peptides specific to the target proteins of interest. The glycosyl-
ation status of each protein was evaluated by incubation of protein
samples with peptide-N-glycosidase F (New England BioLabs) at
37�C for 2 h before Western blot analysis. Erythrocyte proteins
were separated by 7.5;10% acrylamide SDS-PAGE and were
transferred to nitrocellulose membranes. Efficient transfer and
equal loading were visualized by Ponceau staining. Membranes
were blocked by Tris-buffered saline containing 5% skim milk for
1 h, and primary antibodies were added at a final concentration of
1;2 lg/mL. After incubation with the primary antibody for 1;2
h, blots were washed with Tris-buffered saline and then treated
with anti-IgG antibody conjugated to horseradish peroxidase for 1
h. Signals indicating abundance of the protein were visualized by
using an enhanced chemiluminescent substrate (SuperSignal
WestPico; Thermo Scientific) and autoradiographic films. Blots
were incubated in stripping buffer (Restore PLUS Western Blot
Stripping Buffer; Thermo Scientific) for 15 min when reprobing
with subsequent primary antibody was needed.

Immunoprecipitation and tandem mass spectrometry

Erythrocyte membrane fractions were immunoprecipitated by
using the anti-human ZIP8 polyclonal antibody (17) to enrich the
abundance of proteins targeted by the antibody. Briefly, 1 mg
protein was incubated overnight in 1 vol radioimmunoprecipitation
assay buffer containing 4 lg antibody at 4�C and purified by using
protein A/G-conjugated agarose beads (Thermo Scientific). After
extensive wash steps, protein bound to the agarose beads was
released by 10 min incubation at 100�C with Laemmli buffer.
Immunoprecipitated proteins were separated by using SDS-
PAGE. After the gel was divided into 2 halves, each was subjected
to either gel staining or Western blot analysis. Proteins were
stained by incubation in Coomassie Blue staining solution [0.1%
Coomassie Brilliant Blue R-250 (Thermo Scientific) (10% acetic
acid, 50% methanol and 40% water)] for 1 h at room temperature,
and background stains were removed by a destaining solution
composed of 10% acetic acid, 50% methanol, and 40% water.
The stained gel was stored in the destaining solution, which was
diluted 1:4 with water, until protein digestion for mass spec-
trometry. Western blot analysis was conducted for the identifi-
cation of IgG-detectable bands and the protein producing
a nonspecific band by the anti-human ZIP8 primary antibody. The
Western blot image was then matched with the Coomassie-stained
gel to determine the position of the nonspecific band in the gel,
which was excised with methanol-treated blades for liquid chro-
matography–tandem mass spectrometry (LC-MS/MS). Protein
digestion and LC-MS/MS were conducted at the proteomics core
of the Interdisciplinary Center for Biotechnology Research of the
University of Florida. The nature of identified peptides was de-
termined by using Scaffold 3 (Proteome Software).

Animal experiments

Young male C57BL/6J mice were fed an egg white–based
AIN76 diet (Research Diets), which contained,1 mg Zn/kg diet

or 30 mg Zn/kg diet, for 21 d (3). The dietary restriction pro-
tocol for the animal models was previously described (3, 18) and
was approved by the University of Florida Institutional Animal
Care and Use Committee.

Statistical analyses

Power estimates from previous dietary zinc studies in humans
(2, 19) predicted that n = 9 would be sufficient for the detection
of a within-subject difference with 80% power at a 2-sided P
value of ,0.05. For values from the human study, repeated-
measures ANOVA with Student-Newman-Keuls multiple com-
parisons posttest or paired t test was conducted, and baseline
values (day 7) served as the control. Statistical analyses for the
animal experiments were performed by using Student’s t test.
All statistical analyses were conducted by using the InStat 3
software (GraphPad Software), and changes were considered
significant if P , 0.05.

RESULTS

Erythrocyte zinc transporter expression during low
zinc intake

Western blot analyses using in-house-designed antibodies
against human ZnT1, ZIP8, and ZIP10 successfully produced
positive signals from erythrocyte samples (Figure 1), which
confirmed the screening results from the previous animal ex-
periments (3). The specificity of signals was determined by
preabsorption controls, which indicated that the estimated mo-
lecular weights of human ZnT1, ZIP8, and ZIP10 in erythro-
cytes were 130;150 kDa, 150 kDa, and 40 kDa, respectively.
The prominent band at 50 kDa produced by the ZIP8 antibody
did not disappear by peptide competition and thus was consid-
ered nonspecific. A shift in the migration of ZnT1 by peptide-N-
glycosidase F treatment indicates the glycosylation of this
transporter in human erythrocytes. In contrast to our findings

FIGURE 1. Zinc transporter expression in the plasma membrane of
human erythrocytes. The presence of ZnT1(A), ZIP8 (B), and ZIP10 (C)
in erythrocyte ghosts was detected by Western blot analysis. The specificity
of signals was determined by preincubating each primary antibody with their
respective antigenic peptides. D: Glycosylation of ZnT1 was identified by
PNGaseF treatment. NS, nonspecific band; PNGaseF, peptide-N-glycosidase
F; ZnT1, zinc transporter 1; ZIP8, Zrt/Irt-like protein 8; ZIP10, Zrt/Irt-like
protein 10.
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from experiments in mice (3), there were no significant changes
in the zinc transporters by dietary zinc depletion (Figure 2).
However, signal intensities from the nonspecific band produced
by the ZIP8 antibody were significantly higher in the membrane
fraction of erythrocytes collected from subjects at the end of the
depletion phase.

Identification of dematin as a zinc-responsive erythrocyte
membrane protein

The zinc-responsive protein nonspecifically detected by the
human ZIP8 antibody was further characterized by proteomic
approaches including immunoprecipitation and mass spectrome-
try. After enriching the protein of interest by immunoprecipitation
with the human ZIP8 antibody, protein samples were subjected to
SDS-PAGE and subsequent Western blot analyses or gel staining
with Coomassie Blue. Because the zinc-responsive protein band
had a molecular weight of ;50 kDa, on the basis of the known
size of the IgG heavy chain (55 kDa), it was important to confirm
the separation between these coimmunoprecipitated proteins be-
fore band excision for protein identification. Western blot analysis
by using the secondary antibody against rabbit IgG identified 3
bands originating from the ZIP8 antibody used for immunopre-
cipitation, of which 2 represented heavy chains (40 and 55 kDa)
and another identified the light chain (25 kDa) (Figure 3A).
Reprobing the membrane with the ZIP8 antibody and its re-
spective secondary antibody enabled the discrimination of the
signal produced by the protein of interest (50 kDa) from that
originating from the heavy chain of IgG (Figure 3B, identified by
an asterisk). By matching with the Western blot on the basis of
molecular weight markers, the region corresponding to the size of
the nonspecific band was excised from a counterpart gel stained
with Coomassie for protein identification by LC-MS/MS (Figure
3C, as shown within the box).

The protein profile identified from the mass spectrum of the
digested sample was composed of 11 proteins (Figure 3D).
Among these, the long isoform of dematin was detected with the
highest normalized spectrum counts. The predicted molecular
weight of 46 kDa was closest to that of the nonspecific band size

detected by Western blot analysis by using the ZIP8 antibody (50
kDa). Approximately 20% of the complete amino acid sequence
of dematin was covered by 7 associated tryptic peptides identified
by the mass spectrum (Figure 3E). This coverage rate was highest
among all proteins detected, which suggested that the unknown
protein producing nonspecific bands by the ZIP8 antibody was
dematin.

The protein identity determined by mass spectrometry and the
presence of dematin in the membrane fraction of human
erythrocyte were validated by Western blot analysis of samples
immunoprecipitated with an antibody designed to target dematin.
A strong signal corresponding to a molecular weight of 50 kDa
was produced by probing the anti-dematin immunoprecipitated
samples by the human ZIP8 antibody (Supplemental Figure 1
under “Supplemental data” in the online issue). Western blot
analyses of blood samples collected before and after dietary zinc
depletion confirmed the zinc responsiveness of membrane
dematin amounts in human erythrocytes (Figure 4A). The es-
timated molecular weight and the magnitude of response de-
termined by the dematin antibody were comparable to those
detected by the nonspecific signals from the human ZIP8 anti-
body. There was no change in ZIP8 amounts by dietary treat-
ment, which confirmed the data shown in Figure 2.

To further validate our findings and to determine the effect of
moderate dietary zinc depletion on concentrations of erythroid
membrane dematin, a dietary study with a 21-d period of zinc
depletion was conducted in mice. Corresponding to the mode of
response observed in the human subjects, an increase in dematin
amounts was measurable with the plasma membrane fraction of
the mouse erythrocytes in mice fed the low-zinc diet (Figure 4B).
The responses of membrane dematin amounts in both human and
mouse RBCs to low zinc conditions were significant with fold
changes of 2.0 and 1.5, respectively (Figure 4, C and D).

DISCUSSION

The presence of ZnT1, Zip8, and Zip10 in the plasma
membrane of mouse erythrocytes was previously identified by
using a battery of in-house-made antibodies targeting zinc
transporters (3). Differential expression of these transporter genes
during terminal erythroid differentiation was shown by using
a primary cell model inducible by erythropoietin treatment in
vitro (3). Upregulation of the importers, Zip8 and Zip10, pre-
ceded the induction of ZnT1 by erythropoietin. These findings
implicate the involvement of zinc transporter activity in the
development of optimal zinc balance required for the trans-
activation of genes by zinc-finger transcription factors (20, 21)
and for hemoglobin synthesis during the differentiation process
(5). The results from the current study confirmed the expression
of these transporter proteins in the plasma membrane of human
RBCs.

The enhancement in erythrocyte zinc uptake by low dietary
concentrations of zinc has been identified in animal models (22–
24). The downregulation of ZnT1 and the upregulation of Zip10
observed in erythrocytes of zinc-deficient mice (3) suggested that
these transporters are the factors exerting this effect of zinc
deficiency. The differential expression of both ZnT1 and Zip10 in
response to zinc, however, with an opposite mode of response,
has been shown to be mediated by the zinc-sensing transcription
factor metal-regulatory transcription factor 1 (18, 25, 26).

FIGURE 2. Effects of acute dietary zinc depletion on zinc transporter
expression in human erythrocytes. A: The amounts of each transporter
before (ZnA) and after (ZnD) 10 d of dietary zinc depletion were
determined by Western blot analysis by using affinity-purified antibodies.
B: Signal intensities were quantified by densitometric analysis, and mean
(6SD) values were normalized to baseline values. *Significantly different at
P , 0.05 (paired t test, n = 3 subjects in each pooled sample). ZIP8, Zrt/Irt-
like protein 8; ZIP10, Zrt/Irt-like protein 10; ZIP8-NS, the nonspecific band
detected with the ZIP8 antibody; ZnA, zinc adequate; ZnD, zinc deficient;
ZnT1, zinc transporter 1.
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Even though the observations from the mouse model agreed
with the mode of metal-regulatory transcription factor 1–medi-
tated regulation of ZnT1 and Zip10 by zinc, there were no
changes in these zinc transporter proteins in human erythrocytes
by acute dietary zinc depletion. During the differentiation of
erythroid progenitors to reticulocytes, enucleation occurs and
the capability of these cells to carry out gene regulation is lost.
Thus, regulation of the erythrocyte proteome may occur exclu-
sively through posttranscriptional or posttranslational mecha-
nisms on maturation. The estimated life spans of human
erythrocytes and mouse RBCs are 120 and 40 d, respectively
(27). The dietary zinc regimen of the current human study for
zinc depletion was limited to 10 d, which covers <10% of the
life span of circulating erythrocytes. Thus, a substantial portion
of circulating erythrocytes collected after the zinc depletion
phase would be those formed under adequate zinc conditions.
The length of the zinc depletion period in mice was ;50% of

the life span of their RBCs (3), which implied that a higher
portion of erythrocytes in the bloodstream are produced during
zinc deprivation. In addition, as indicated by changes in plasma/
serum zinc concentrations observed in the mice and in human
subjects (reduction of ;60% compared with 20%), the severity
of zinc deficiency induced by the 21-d dietary zinc deprivation
in mice was greater than that produced by the 10-d dietary
regimen in the human subjects. This indicates that the murine
model of zinc deficiency is close to a moderate or severe deficiency,
whereas the human model used here represents conditions of short-
term modest dietary zinc deprivation. Consequently, the potential of
erythrocyte ZnT1 and ZIP10 amounts to be biomarkers of chronic
dietary zinc deficiency in humans needs to be further investigated
in longer-term studies.

Dematin, a protein initially identified as protein 4.9 in the
membrane of human RBCs (28), functions as an actin-bundling
protein located at the junctional complex (ie, spectrin-actin

FIGURE 3. Identification of the protein nonspecifically detected by the human ZIP8 antibody. A: Detection of IgG incorporated into the protein sample during
immunoprecipitation with the ZIP8 antibody (a-ZIP8) by an anti-IgG secondary antibody (a-IgG). B: Position of the zinc-responsive band nonspecifically
produced by a-ZIP8 band on a Western blot. The nonspecific band is indicated by an asterisk. C: Coomassie stain of a counterpart gel of the Western blots
shown in panels A and B. The region migrating at the size of the nonspecific protein is indicated by a dashed box and was excised from the stained gel for LC-MS/
MS. D: The peptide profile of the isolated proteins determined by LC-MS/MS. Dematin, with an expected molecular weight of 46 kDa, showed the highest
normalized spectrum count among the 11 identified proteins. E: Peptide sequences unique for dematin identified by LC-MS/MS are highlighted in gray. HC, heavy
chain; IP, immunoprecipitation; LC, light chain; LC-MS/MS, liquid chromatography–tandem mass spectrometry; ZIP8, Zrt/Irt-like protein 8.
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junction) of the erythrocyte membrane skeleton (29). Along with
other core constituents of the membrane skeleton, such as
spectrin, actin, adducin, and protein 4.1 (30, 31), dematin has
been shown to be essential for the maintenance of cellular
morphology, motility, and membrane structural integrity (9, 10).
In the current study, the amount of erythrocyte dematin in the
plasma membrane was shown to be highly sensitive to the host’s
zinc intake. Its rapid response implicates the presence of
a posttranslational regulatory mechanismmediating the effects of
zinc on this protein. Two protein kinases, cyclic AMP-dependent
protein kinase (PKA) and protein kinase C (PKC), are involved in
the regulation of the actin cytoskeleton, and both have been
shown to phosphorylate dematin in vitro (32).

Phosphorylation by PKA, whose activity in RBCs is evident
(33), mediates an inhibitory effect on the actin-bundling activity
of dematin by causing a conformational change in the headpiece
domain (32, 34, 35). Zinc has been shown to predominantly
inhibit the hydrolysis of cyclic AMP and cyclic guanosine-5#-
monophosphate by phosphodiesterase acitivity in vitro (36). In
addition, this inhibitory effect on phosphodiesterase activity has
been recently suggested as an indirect mechanism for zinc to
enhance PKA activity in blood cells (37). Conversely, sub-
optimal zinc conditions may result in lower PKA activity, and
thus lead to less phosphorylation of dematin. The inhibitory
effect of phosphorylation on the actin-binding of dematin can be
reversed by phosphatase treatment (32). The capability of zinc
to inhibit phosphatase activities has been identified in various
signaling pathways (17, 38–40). Taken together with the ob-
servations of the present study, dietary zinc depletion may
increase the translocation of cytosolic dematin to the plasma
membrane by disrupting the balance between PKA and phos-
phatase activities.

Phosphorylation of the component proteins associated with the
junctional complex by modulated PKC activity can also lead to
the formation of an instable membrane skeleton (41). Zinc can

enhance PKC activity through binding to a metal-binding site and
induce the translocation of cytosolic PKC to the plasma mem-
brane (42). This mode of regulation agrees with the present
observation of increased membrane amounts of a cytoskeletal
protein under a zinc-depleted condition, and thus suggests PKC
as another possible mediator of the effects of dietary zinc de-
pletion on membrane dematin amounts.

Impaired cellular membrane stability and increased osmotic
fragility have been identified in RBCs of zinc-deficient rodents
and humans (6, 7). Whether an excess of dematin in the mem-
brane complex produces beneficial or detrimental effects to the
structural integrity of normal erythrocytes is unclear. Over-
expression of dematin has been shown to alter the cellular
phenotype of prostate cancer cells toward that of normal prostate
epithelial cells (43). Overexpression also caused numerous
phenotypic changes such as cytoplasmic shrinkage and structural
defects. Thus, the increase in membrane dematin amounts may
contribute to the effect of zinc deficiency on RBC integrity, in
particular by causing a dysfunctional assembly of the actin-based
erythrocyte cytoskeleton.

Collectively, we have confirmed the expression of the zinc
transporters, initially identified and characterized with mouse
models, in human erythrocytes. The acute response of dematin in
erythrocyte membranes to dietary zinc deprivation supports the
presence of a posttranslational mechanism exerting the effects of
inadequate zinc intake on erythrocyte membrane fragility as
previously suggested (44). Furthermore, the increased erythro-
cyte dematin amounts in response to zinc depletion in both human
and mice models substantiate the potential of this protein to serve
as a biomarker of dietary zinc deficiency. Such a protein marker
would be amenable to immunologically based assays such as
ELISA. Of particular relevance is that the life of the human RBC
is such that a historical record of low zinc intake may be
imprinted in these cells through increased dematin content. This
would decrease the likelihood of measuring only recent zinc
intake, which is a criticism of some zinc biomarkers that have
been suggested as status assessment tools.
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