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Abstract

Male infertility accounts for;40% of cases of failure to conceive. Testes have a strict zinc (Zn) requirement and severe Zn

deficiency compromises spermatogenesis, sperm viability, and motility, compromising fertility in men. Despite the high

prevalence of marginal Zn deficiency in humans, less emphasis has been placed on understanding the consequences on

male reproduction. Swiss Webster mice were used to visualize Zip protein expression during spermatogenesis using

immunohistochemistry. Data suggest Zip5 imports Zn into Sertoli cells and spermatocytes, augmented by Zip10 (primary

spermatocytes) and Zip8 (secondary spermatocytes). Zip6, 8, and 10 expression was retained in round spermatids,

although Zip8 and Zip10 expression disappears during spermatid maturation. Zip1 and Zip6 expression was detected in

mature, elongated spermatids. Zip14 was detected in undifferentiated spermatogonia and Leydig cells. Mice fed diets (n =

10/group) reduced in Zn concentration [marginal-Zn diet (MZD), 10 mg Zn/kg; low-Zn diet (ZD), 7 mg Zn/kg] for 30 d had

.35% lower liver Zn concentrations than mice fed the control diet (C; 30 mg Zn/kg) (P , 0.05). Plasma Zn and

testosterone concentrations and the testes Zn concentration and weight were not significantly lower than in controls.

Plasma Zn was greater in the ZD group than in the C and MZD groups. Mice fed ZD had a reduced number of terminal

deoxynucleotidyl transferase dUTP nick end labeling-positive cells (;50%; P , 0.05), compromised seminiferous tubule

structure, and reduced Zip10 and Zip6 abundance (.50%; P, 0.5) compared with mice fed C. Our data provide compelling

evidence that reduced Zn intake may be associated with infertility in men, perhaps independent of decreased levels of

circulating Zn or testosterone, which warrants further investigation in human populations. J. Nutr. 141: 359–365, 2011.

Introduction

Zinc (Zn) is required for well over 300 different biological
processes, including DNA transcription, protein translation, cell
proliferation and differentiation, and apoptosis. Prasad et al. (1)
first reported severe Zn deficiency in humans from the Middle
East in the early 1960s that resulted from low intake of bio-
available Zn (2). Primary clinical consequences noted in severely
Zn-deficient men included delayed sexual maturation and in-
fertility. These observations seem reasonable given the high Zn
uptake required by the testes, prostate, and epididymis (3) to
maintain optimal function. Zn depletion studies in men (2.7–
5 mg Zn/d) result in oligospermia, which coincides with poor
Leydig cell function and lower testosterone concentration and
can be reversed by Zn supplementation (4). Numerous studies
have explored effects of severe Zn deficiency on male reproduc-
tive function in animal models, including rodents (5–9), rabbits
(10,11), and bulls (12). It is important to note that most of these

studies utilized a diet severely deficient in Zn (,0.5 mg Zn/g
diet), which results in food cycling and requires a pair-fed
control group for statistical comparison. In fact, Mason et al.
(13) noted that the Zn-deficient treatment used in their study
was so severe that 20% of the experimental rats died. Although
effects of severe Zn deficiency on male fertility may be profound,
the relevance of these observations to male reproduction in most
human populations may not be of clinical importance to the
general population. In contrast, recent data from Song et al. (9)
suggested that reproductive function in male rats may be
sensitive to a more marginal Zn deficiency (;6 mg Zn/g diet),
which reduces prostate Zn concentration and increases oxida-
tive damage (8). These observations may have important impli-
cations in human fertility as national food balance data currently
estimates that the percentage of individuals at risk of inadequate
Zn intake in North Africa, the Eastern Mediterranean, United
States, and Canada at ;10% and in Southeast Asia, the pre-
valence of Zn deficiency is ;33% (14). Thus, although severe
Zn deficiency does manifest in a small percentage of individuals,
~20% of the world’s population is estimated to be at risk for
marginal Zn intake.

Zn plays a key role in spermatogenesis from several per-
spectives. Zn is located primarily in the Leydig cells, the late type
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B spermatogonia, and the spermatids. Zn is essential for the
production and secretion of testosterone from the Leydig cells
(15,16), which, in conjunction with follicle stimulating hor-
mone, is a key regulator of spermatogenesis (17). As a result, Zn
deficiency has been associated with reduced function of the
luteinizing hormone receptor (18), reduced steroid synthesis
(16), and Leydig cell damage (19) emanating from oxidative
stress (6,7). Zn is quite high in the developing spermatocytes due
to the need for Zn during DNA condensation and meiosis (20).
Zn also facilitates the packaging of DNA in spermatids (21) and
is purported to prolong spermatozoa life span once released
postejaculation (22–25). Despite the clear reliance on Zn for
optimal spermatogenesis, testicular function, and fertility, there
is little understanding of how the testes acquire Zn from
circulation, how Zn is transported through the testes into the
maturing gametes during spermatogenesis, or how marginal Zn
deficiency affects this process. Zn import is regulated through
the Zip family of mammalian Zn transporters (Zip1-Zip14),
which were identified as a result of gene sequence homology
with known Zn transporters (ZRT1, IRTl-like protein) found in
plants and yeast. Zip proteins facilitate Zn uptake into the
cytoplasm, either into the cell from the extracellular milieu or into
the cytoplasm across an intracellular membrane. To our knowl-
edge, expression of only 2 Zn importers, Zip8 and Zip14, has
been documented in testes (26). However, cell-specific localization
and contribution of Zip8 and Zip14 to overall testicular Zn
metabolism and spermatogenesis have not been elucidated.

Our understanding of how testes regulate Zn transfer to
optimize male fertility is clearly limited. The first objective of this
study was to characterize mechanisms through which specific cell
types in the testes acquire Zn. Secondly, given the fact that
marginal-to-low Zn intake is prevalent in many human popula-
tions, we explored effects of marginal-to-low Zn intake on the
management of testicular Zn metabolism and function using
Swiss Webster mice.

Materials and Methods

Mice. This study was approved by the IACUC Committee at The

Pennsylvania State University, which is accredited by the American

Association for the Accreditation of Laboratory Animal Care. Outbred,
male, Swiss Webster mice were obtained commercially (Charles River)

and housed individually on wire-bottom racks in polycarbonate cages.

Mice (n = 10 mice/diet) were fed commercially available purified diets
(MP Biomedicals) for 30 d based on AIN93, which were identical except

for the Zn concentration: control diet (C4; 30 mg Zn/kg diet), marginal-

Zn diet (MZD; 10 mg Zn/kg diet), or a low-Zn diet (ZD; 7 mg Zn/kg

diet). Food intake and body weight were measured 3 times/wk. After
30 d, mice were feed deprived for 3 h and killed by CO2 asphyxiation

between 0800 and 1200 h. Blood was collected by cardiac puncture

into heparinized tubes and plasma was separated by centrifugation at

10003 g for 10 min at 48C. Liver was removed and snap-frozen in liquid
nitrogen. Testes were dissected, weighed, and snap-frozen in liquid

nitrogen, stored in RNA later, or fixed in Bouin’s fixative.

Tissue Zn analysis. Plasma was diluted in 0.1 mol/L nitric acid and

tissues were wet-ashed in concentrated nitric acid. The Zn concentration

was determined by atomic absorption spectrophotometry as previously

described (27).

Real time relative RT-PCR. Total RNAwas isolated from homogenized

testes following the manufacturer’s instructions (Life Technologies).

RNA integrity was assessed following electrophoresis through agarose

(2%) followed by ethidium bromide staining. cDNA synthesis, real-time

relative PCR, and data analysis were preformed as previously described

(28). We focused on Zip1, Zip5, Zip6, Zip8, Zip10, and Zip14, because
these Zip proteins have been localized to the cell membrane of other cell

types (29,30). Gene-specific primers were designed using Primer Express

software (Perkin Elmer Applied Biosystems) to span introns to avoid

coamplification of genomic DNA (Supplemental Table 1). Relative
mRNA expression was determined by real-time relative RT-PCR by

using the SYBR Green detection system (Perkin Elmer Applied Biosys-

tems). Data are expressed as the fold relative to value in C mice.

Immunoblot analysis. One whole testis was homogenized in HEPES-

EDTA buffer containing protease inhibitors and total membrane

fractions were isolated and proteins were immunoblotted as previously
described (28). Primary antibodies included: anti-rabbit Zip5 (1:1000

Aviva Systems Biology); anti-rabbit Zip6 (1:1000; generous gift from Dr.

Liping Huang, University of California Davis); anti-rabbit Zip8 (1:1000;
generous gift from Dr. Mitchell Knutson, University of Florida Gaines-

ville); anti-rabbit Zip10 (1:1000 ProSci); anti-rabbit Zip14 (1:1000

Sigma-Aldrich); and anti-chicken Zip1 (1:4000). Proteins were detected

with donkey, anti-rabbit IgG or anti-chicken IgY (1:30,000) conjugated
to HRP (Amersham Pharmacia Biotech), visualized with Super Signal

Femto Chemiluminescent Detection System (Pierce) and exposed to

autoradiography film. Relative band density was quantified using the

Carestream Gel Logic 212 Pro.

Histology. Whole, fixed testes were serially dehydrated in ethanol,

embedded in paraffin, and sectioned (5 mm) onto positively charged glass
slides. Sections were stained with hematoxylin and eosin to evaluate

testes morphology. Zn transporter localization was examined by

immunohistochemistry using the ABC Vectastain kit (Vector). Primary

antibody concentrations were as follows: Zip1 (1:750), Zip5 (1:300),
Zip6 (1:750), Zip8 (1:500), Zip10 (1:1500), and Zip14 (1:1500).

Following immunostaining, tissue sections were counterstained with

toluene blue.

Terminal deoxynucleotidyl transferase dUTP nick end labeling

assay. Apoptosis was identified using the terminal deoxynucleotidyl

transferase dUTP nick end labeling (TUNEL) stain (Trevigen). Following
immunostaining, sections were counterstained with toluene blue. The

number of TUNEL-positive apoptotic cells was visually quantified under

103magnification. Data are the mean number of apoptotic cells/section
from 3 mice/group.

Testosterone assay. The plasma testosterone concentration was mea-
sured by using ELISA (R&D Systems Testosterone Parameter Assay kit).

Statistical analysis. Data are expressed as mean 6 SD. Data were

analyzed by 1-way ANOVA and post-tested using Tukey’s test or t test as
noted. Statistical analysis was conducted using GraphPad Prism 3.02 and

significance was accepted at P , 0.05.

Results

Plasma and liver Zn concentrations. Reduced Zn intake did
not affect total food intake or body weight gain (data not
shown). In addition, testes weight and testes and plasma Zn
concentrations of mice fed MZD and ZD were not significantly
lower than in mice fed C (Table 1). Plasma testosterone con-
centrations did not differ among the groups, but there was a
large degree of variability in all groups. It was interesting to note
that the plasma Zn concentration in the mice fed ZD was sig-
nificantly higher compared with mice fed C and MZD. Zn
deficiency was documented by the significantly lower liver Zn
concentration in mice fed both MZD and ZD compared with
mice fed C (Table 1).

Testis morphology. Despite the lack of significant differences
in testes weight or total Zn concentration, testes morphology

4 Abbreviations used: C, control; MZD, marginal-zinc diet; TUNEL, terminal

deoxynucleotidyl transferase dUTP nick end labeling; ZD, low-zinc diet.
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was compromised in mice fed ZD.We first noted that the overall
density of seminiferous tubules appeared to be less in mice fed
ZD compared with mice fed C (Fig. 1) in tissue sections stained
with hematoxylin and eosin. Although it was not possible to
quantitatively determine the number of seminiferous tubules, the
seminiferous tubules appeared less histologically dense in the
mice fed ZD compared with mice fed MZD or C. The semi-
niferous tubules fromZDmice also featured an irregular germinal
epithelium. No noticeable effect was observed in mice fed MZD.
We hypothesized that a reduced number of seminiferous tubules
and irregular germinal epithelium in mice fed ZD would result
from enhanced apoptosis. However, TUNEL staining was pri-
marily detected in the Leydig cells and not the cells within the
seminiferous tubules (Supplemental Fig. 1). There were fewer
TUNEL-positive apoptotic cells in mice fed ZD (136 5 apoptotic
cells/field) compared with mice fed C (306 4 apoptotic cells/field)
(P , 0.05), but the difference was not significant in those fed
MZD (16 6 9 apoptotic cells/field). Mice fed C also appeared to
have more seminiferous tubules in which the entire population
of spermatids stained positive for TUNEL compared with mice
fed MZD or ZD. We presume this is not an artifact as TUNEL
staining was conducted on all tissues at the same time under
identical conditions. Two further observations were that mice fed
ZD appeared to have fewer sperm compared with mice fed C and
contained entire seminiferous tubules in which all sperm appeared
to be tailless (Fig. 1). Reduced TUNEL staining of spermatids
within an entire seminiferous tubule may reflect the fewer number
of spermatids in mice fed ZD.

Development of a model of testicular Zn import. To our
knowledge, expression of Zip proteins in testes has not been

documented. We first aimed to localize expression of Zn im-
porters to specific cell types within the seminiferous tubule using
immunohistochemistry in control mice (Fig. 2). Our data clearly
indicated that expression of specific Zn importers is restricted to
specific cell-types within the seminiferous tubule. Zip1 expres-
sion was restricted to elongating spermatids. We detected Zip5
on cell membrane of Sertoli cells and both primary and sec-
ondary spermatocytes. Zip6 was localized to the round and
elongating spermatids. Zip8 staining was particularly dominant
on the cell membrane of secondary spermatocytes as well as in
the round spermatids. Zip10 was detected on the cell membrane
of primary spermatocytes and round spermatids. Within the
seminiferous tubule, Zip14 expression appeared restricted to the
spermatogonia but was also clearly detected on the cell
membrane of the Leydig cells. Identification of the localization
of Zn importers in specific cell-types permitted the development
of a working model to better understand the transfer of Zn
through the seminiferous tubule during spermatogenesis (Fig. 3).

Zn importer expression. As noted above, although the total
Zn concentration of the testes was not significantly affected,
seminiferous tubule morphology was disrupted in the mice fed
ZD.We determined whether Zip mRNA expression was altered,
but it did not differ from controls in mice fed ZD (data not
shown). However, protein abundance of Zip6 and Zip10 was
reduced by .50% in mice fed ZD compared with those fed C
(P , 0.05) (Fig. 4A,B).

Discussion

Infertility affects ;9% of couples and paternal infertility is
estimated to account for 30–40% of cases of failure to conceive
(31). Assisted reproductive technologies, while increasingly
common, are incredibly expensive and in the United States are
estimated to require;50%of a couple’s disposable income (31).
Therefore, understanding the biological explanations for male
sub- or infertility and developing potential interventions has
important health and economic implications. Spermatogenesis is
under exquisite control to synchronize germ cell maturation. It
has been understood for some time that severe Zn deficiency
compromises spermatogenesis, sperm viability, and motility,
resulting in reduced fertility in men, which is associated with
reduced angiotensin converting enzyme activity (32) and oxida-
tive damage (33). We first employed immunohistochemistry to

TABLE 1 Plasma, liver, and testes Zn concentrations, testes
weight, and plasma testosterone in mice fed a C,
MZD, or ZD diet for 30 d1

Control MZD ZD

Plasma Zn, mmol/L 3.9 6 0.4b 3.4 6 0.3b 5.1 6 0.5a

Liver Zn, mmol/g 0.44 6 0.05a 0.29 6 0.03b 0.24 6 0.02b

Testes Zn, nmol/g 0.24 6 0.02 0.27 6 0.03 0.26 6 0.02

Testes weight, g 0.54 6 0.08 0.56 6 0.03 0.55 6 0.07

Plasma testosterone, nmol/L 51.0 6 62.0 33.6 6 42.0 80.1 6 64.8

1 Values are means 6 SD, n = 7–10. Means in a row with superscripts without a

common letter differ, P , 0.05.

FIGURE 1 Testicular morphol-

ogy in mice fed C (A,D), MZD (B,

E), or ZD (C,F) diet for 30 d.

Representative sections of testes

(5 mm) were stained with hema-

toxylin and eosin; 103 or 403
magnification is shown. Arrows

illustrate mature spermatids,

which are less evident with de-

creased dietary Zn. Note the dis-

organization of the seminiferous

tubule structure, particularly in the

mice fed the ZD diet (F).
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generate a model to visualize how the testes transfer Zn to
different cell types during spermatogenesis. The primary Zn
importer into testes appears to be Zip5, which has previously
been detected in small intestine and villous yolk sac (34). To our
knowledge, this is the first documentation of testicular expres-

sion of Zip5 and definitive localization to the plasma membrane
of Sertoli cells suggests it plays a role in Zn acquisition from
circulation. Expression of the Zn exporter ZnT1 has also been
detected specifically in Sertoli cells (35,36) where it is predicted to
play a key role in Zn export from Sertoli cells to the developing
germ cells.

Our data suggest that Zn is imported into spermatogonium
(a primitive undifferentiated germ cell) by Zip14. Three Zip14
isoforms appear to be expressed in testes, which may reflect
differences in alternatively spliced variants and/or glycosylation
patterns (37). The localization of Zip14 to the Leydig cell
membrane suggests it plays a role in providing Zn for testos-
terone production in this cell type, which is critical for hormonal
regulation of spermatogenesis. It is currently unknown if each
isoform is expressed in a specific cell type. Recent studies indi-
cate that Zip14 transports iron, manganese, and cadmium as
well as Zn (26). Cadmium exposure has been associated with
infertility (38) and reduced testosterone (39). We speculate that
the ability to reverse these effects with Zn supplementation may
partially reflect competition between Zn and cadmium for
import into Leydig cells through Zip14.

Zip5 localization suggests that Zip5 also plays a role in Zn
import into primary and secondary spermatocytes. Our data
suggest that Zn accumulation in spermatocytes (40) may be
assisted through the developmental regulation of Zip8 and
Zip10; however, it is currently not understood why the need for
stage-specific regulation of Zip8 and Zip10 during spermatocyte
maturation may be required. Spermatid maturation reflects
nuclear condensation, which changes the shape of the nuclei
(spermatids) followed by the loss of cytoplasm (spermatozoa).
An elegant study by Kehr et al. (41) using X-ray fluorescent

FIGURE 2 Localization of Zn

importers in distinct cell types

within the testes of mice fed the

C diet for 30 d. Representative

sections of testes (5 mm) are

shown. Zn importers (Zip1, Zip5,

Zip6, Zip8, Zip10, and Zip4) were

detected by immunohistochemis-

try and visualized with DAB stain-

ing (black). Sections were counter-

stained with toluene blue, magni-

fication 403. Images illustrated

that Zip1 expression (A) was re-

stricted to elongating (mature)

spermatids (arrow). Zip5 expres-

sion (B) was detected on the

membrane (mem) encapsulating

the seminiferous tubule (arrow),

Sertoli cells (arrowhead and inset),

and both primary (arrowhead) and

secondary (arrowhead and inset)

spermatocytes. Zip6 expression

(C) was detected in immature,

round (arrow), and elongating (ar-

row) spermatids; Zip8 (D) was

detected in secondary spermato-

cytes (arrowhead and inset) and in

round spermatids (arrow). Zip10 (E)

was detected in primary spermato-

cytes (arrow) and in round sperma-

tids (arrow). Zip14 (F) was detected

in spermatogonia (arrow) and on

the cell membrane of Leydig cells

(arrow). (G) Negative control.

FIGURE 3 Model of Zn import into developing germ cells during

spermatogenesis.
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microscopy illustrated that Zn concentration remains high in
these late germ cells and is particularly enriched in the nucleus of
spermatids and both the nucleus and tail of early sperm (41),
which is required for chromatin condensation and motility (42).
Our data indicated that Zip6, Zip8, and Zip10 may play key
roles in this Zn accumulation, because they are all specifically
expressed in round spermatids. During maturation, Zip6 ex-
pression was maintained, expression of Zip8 and Zip10 was
lost, and Zip1, which appears exclusively restricted to elongated
spermatids, was noted. This may reflect the development/loss of
specific Zn-requiring processes and/or the elimination of specific
cell membrane domains. For example, Zip8 and Zip10 may be
required by spermatocytes and immature spermatids for mech-
anisms that utilize Zn for nuclear condensation and thus are no

longer necessary once that process is complete. Moreover, one
could envision the loss of cell membrane during the final stage of
spermatozoan maturation might eliminate expression of Zip8
and Zip10 on that membrane domain. In contrast, Zip1, which
appears to be exclusively expressed in elongating spermatids,
and/or Zip6 may be required for different stage-specific pro-
cesses such as facilitating Zn import from prostatic fluid for
viability and/or motility once spermatozoa are ejaculated.
Clearly, more studies are needed to understand the stage-specific
regulation of Zn importers during spermatogenesis.

Studies in humans and various models have determined that
severe Zn deficiency negatively affects male reproduction by
inducing testicular atrophy and spermatocyte loss, increasing
spermatogenic cell apoptosis, and decreasing seminiferous tubule
diameter. A recent report indicates that severe Zn deficiency in
rats also alters the unique bilipid composition of the testes (5),
which may compromise sperm viability. In fact, men who were
placed on a Zn-restricted diet for 24–40 wk experienced oligo-
spermia (,20million sperm in 1mL ejaculate) (6). However, food
intake data suggest that marginal Zn deficiency is much more
prevalent than severe Zn deficiency and may contribute to sub-
and infertility (22). A recent report indicated that poor Zn
nutrition and smoking are important risk factors for low sperm
quality and idiopathic male infertility (24), perhaps from impaired
antioxidant defense and compromised DNA repair mechanisms
(6). Although fertility per se was not assessed in our current study,
we observed subtle effects of reduced Zn intake on testicular Zn
metabolism. Reduced Zn intake did not affect testes weight or
total Zn concentration, consistent with a previous report of rats
with marginal Zn intake (9mg Zn/kg diet for 3 wk) (5). However,
unlike this previous report (5), our data suggest that seminal
tubule structure and spermatogenesis were impaired in mice fed
our ZD, as has been observed in studies of more severe Zn
deficiency. These differences may reflect species variation or our
dietary treatment (7 mg Zn/kg for 30 d). It is important to note
that direct indicators of sperm viability or motility were not
assessed in our study and require further investigation. Impor-
tantly, these impairments in spermatogenesis do not appear to be
associated with reduced circulating levels of testosterone or
apparent differences in the number of Leydig cells as has been
documented in severe Zn deficiency (43). These data must be
interpreted with caution, because precise markers of Leydig cell
number and function were not assessed. Testicular impairments
may be further exacerbated by prostate damage and reduced
prostate Zn concentration (8) during marginal Zn deficiency.
Together, these studies suggest that marginal Zn intake in men
may compromise fertility long before effects of Zn deficiency such
as reduced plasma Zn or testosterone concentrations are evident.

Our data suggest that Zn redistribution within the testes may
have compromised spermatogenesis. Maintenance of Zip5
expression during moderate Zn deficiency may have maintained
Zn import into testes from circulation; however, changes in Zip5
localization or differential loss or gain in specific cell types in
response to Zn intake cannot be disregarded. In addition, Zn
metabolism in specific cell types within the testes may have
subtly altered oxidative stress within specific germ cells within
the testes (6). For example, Zip6 and Zip10 abundance were
significantly reduced by .50%, suggesting that Zn import into
primary spermatocytes (through Zip10) and spermatids (through
both Zip6 and Zip10) may have been compromised. We speculate
that changes in hormones (44) and cytokines (45) may have
contributed to these observations.

In summary, elucidation of the localization of Zn import
proteins in specific cell types within the testes has allowed us to

FIGURE 4 Protein abundance of Zn transporters in testes of mice

fed the ZN or C diet for 30 d. (A) Representative immunoblots of Zip1,

Zip5, Zip6, Zip8, Zip10, and Zip14 in total membrane fractions isolated

from testes (50 mg protein/lane, n = 3–4 individual testes) from mice

fed a C or ZD diet. Two proteins immunoreacted with Zip6 antibody

(Zip6a, ;84 kDa and Zip6b, ;42 kDa); 2 proteins immunoreacted with

Zip10 antibody (;40 and 44 kDa); 3 proteins immunoreacted with

Zip14 antibody (;54, 56, and 58 kDa). Immunoblots were stripped and

reprobed for b-actin as a loading control. (B) Quantitative analysis of

band density. Data are means, n = 3–4. *Different from C, P , 0.05.
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develop a model and explore how this complex reproductive
tissue transfers Zn during spermatogenesis across the tightest
barrier (blood-testes) in biology. Although further studies are
needed to develop a complete understanding of Zn transfer from
circulation to provide for spermatozoa maturation, our obser-
vational study provides a platform to understand how Zn is
transferred from Sertoli cells into the developing gametes during
spermatogenesis. Moreover, our data, combined with data from
Song et al. (8,9), provide compelling evidence that marginal Zn
deficiency may be associated with compromised testes function
and perhaps infertility in men.
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