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Background: Zinc transporter 7 (ZnT7) influences insulin synthesis/secretion in �-cells.
Results: Znt7-null mice have impaired glucose tolerance and are insulin-resistant.
Conclusion:A combination of decreased insulin secretion and increased insulin resistance accounts for the glucose intolerance
in Znt7-null mice.
Significance: The study provides direct evidence that zinc homeostasis is crucial for glucose/insulin metabolism.

The Znt7 gene encodes a ubiquitously expressed zinc trans-
porter that is involved in transporting cytoplasmic zinc into the
Golgi apparatus and aZnT7-containing vesicular compartment.
Overexpression of ZnT7 in the pancreatic �-cell stimulates
insulin synthesis and secretion through regulation of insulin
gene transcription. In this study, we demonstrate that ZnT7 is
expressed in themouse skeletal muscle. The activity of the insu-
lin signaling pathway was down-regulated in myocytes isolated
from the femoral muscle of Znt7 knock-out (KO)mice. High fat
diet consumption (45% kcal) induced weight gain in male Znt7
KOmice but not female Znt7 KOmice. Male Znt7 KOmice fed
the high fat diet at 5 weeks of age for 10 weeks exhibited hyper-
glycemia in the non-fasting state. Oral glucose tolerance tests
revealed thatmaleZnt7KOmice fed the high fat diet had severe
glucose intolerance. Insulin tolerance tests showed that male
Znt7 KO mice were insulin-resistant. Diet-induced insulin
resistance inmaleZnt7KOmicewas paralleled by a reduction in
mRNA expression of Insr, Irs2, and Akt1 in the primary skeletal
myotubes isolated from the KO mice. Overexpression of ZnT7
in a rat skeletal muscle cell line (L6) increased Irs2 mRNA
expression, Irs2 and Akt phosphorylation, and glucose uptake.
We conclude that a combination of decreased insulin secretion
and increased insulin resistance accounts for the glucose intol-
erance observed in Znt7 KOmice.

Cellular zinc (Zn2�) homeostasis is tightly controlled
through regulation of zinc transporters for either zinc efflux/
sequestration (ZnT/Slc30 family) or zinc influx (ZIP/Slc39

family). Members in the same family of zinc transporters have
similar protein structures. For example, ZnT proteins (ZnT1 to
-10) have six transmembrane (TM)4 domains and a histidine-
rich loop between TM domains IV and V (1), except for ZnT5,
which has an extra 10 TMdomains at theN-terminal end of the
protein (2, 3). ZIP proteins (ZIP1 to -14) contain eight TM
domains and a histidine-rich loop betweenTMdomains III and
IV (4). Except for the ZnT5 isoform b, which can mediate bidi-
rectional zinc transport (5), ZnT proteins function to transport
zinc out of the cell or into subcellular compartments when
cytoplasmic zinc is replete. On the other hand, ZIP proteins act
to transport zinc into the cell or out to the cytoplasm from
intracellular storage compartments when cytoplasmic zinc is
depleted (6).
Connections between zinc homeostasis and body adiposity

and diabetes remain largely unknown. Recently, it has been
shown that ZnT8, a ZnT protein predominantly expressed in
�-cells of the pancreas, is associated with human type 1 and
type 2 diabetes (7, 8). In pancreatic �-cells, ZnT8 is abundantly
expressed in the insulin-containing secretory granules near the
plasma membrane (9). It plays a role in translocation of cyto-
plasmic zinc into the insulin-containing granules for insulin
crystallization (10). A single-nucleotide polymorphism (SNP)
at amino acid position 325 in ZnT8 is associated with diabetes
(11). TheZnT8withArg-325 has strong autoimmunity that can
lead to development of type 1 diabetes in children (12, 13).
Arg-325 polymorphism of ZnT8 is also associated with suscep-
tibility to type 2 diabetes in humans (14–16). Mice lacking
ZnT8 have low circulating insulin concentrations due to a
defect in insulin secretion from pancreatic �-cells (17–19).
Interestingly, no obvious impairment of glucose metabolism is
seen in Znt8 KOmice (17, 19).
ZnT7 is a zinc transporter involved in the translocation of

cytoplasmic zinc into the Golgi apparatus and ZnT7-contain-
ing vesicles in the cell (20). Overexpression of ZnT7 in insulin-
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secreting �-cells results in elevated insulin synthesis and secre-
tion (21). Znt7 KOmice display low body zinc status (22). As a
result, Znt7 KOmice show a phenotype of poor growth, a clas-
sic manifestation of zinc deficiency (23). However, Znt7 KO
mice do not show any sign of hair growth abnormality and
dermatitis, signs that are commonly seen in dietary zinc-defi-
cient animals and humans (23). Dietary zinc supplementation
cannot alleviate the symptoms of zinc deficiency in Znt7 KO
mice (22). Another notable feature ofZnt7KOmice is that they
exhibit decreased adiposity with low circulating leptin level
(22). Leptin is a hormone secreted from adipocytes that regu-
lates food intake, energy expenditure, and neuroendocrine
function (24, 25). Low levels of circulating leptin observed in
Znt7 KO mice are consistent with previous studies that zinc
deficiency decreases blood leptin level, whereas zinc supple-
mentation increases this level (26). Znt7 KO mice also display
slightly higher blood glucose levels than the control 2 h after an
oral glucose administration (22), suggesting that glucose home-
ostasis may be affected by the Znt7-null mutation.
Recently, using a rat pancreatic �-cell line overexpressing

ZnT7, we demonstrated that ZnT7 influenced insulin synthesis
and secretion (21). However, it is currently unclear whether
ZnT7 affects body glucose homeostasis in mice by regulating
the insulin signaling pathway in insulin-sensitive peripheral tis-
sues. In light of the potential role of ZnT7 in glucose homeosta-
sis and pathogenesis of diabetes, we sought to examine and
compare the physiological consequences of diet-induced obe-
sity between Znt7 KO and control mice. Znt7 KO and control
mice were fed either a high fat diet (45% kcal) or a low fat diet
(10% kcal) at 5 weeks of age for 10–12 weeks. Body weight gain,
fat accumulation, oral glucose tolerance, insulin tolerance, and
blood insulin levels were examined in these mice. In addition,
mRNA expression of insulin signaling pathway-associated
genes in the skeletal muscle, a tissue responsible for 70–90% of
glucose disposal following a carbohydrate load (27), was stud-
ied. Our results showed that male Znt7 KO mice were more
susceptible to diet-induced glucose intolerance and insulin
resistance than the control. Fasting blood insulin levels in male
Znt7 KOmice fed the high fat diet was lower than the control.
Our data also demonstrated that ZnT7 affected Irs2 (insulin
receptor substrate 2) expression and phosphorylation of Irs2
and Akt (v-akt murine thymoma viral oncogene homolog) in
Znt7 KO myotubes as well as L6 myotubes overexpressing
ZnT7.

EXPERIMENTAL PROCEDURES

Animals and Diets—The congenic Znt7 KO and control
(C57BL/6) mice (22) were housed in a temperature-controlled
room at 22–24 °C with a 12-h light/dark cycle and fed a stan-
dard laboratory chow diet (Laboratory Rodent Diet 5001, Lab-
Diet, Brentwood, MO) and double-distilled water ad libitum.
Where indicated, mice at 5 weeks of age were fed either a high
or a low fat diet in the study. Diets containing a defined amount
of fat (10%kcal, low fat, D12450B, or 45%kcal, high fat, D12451)
were purchased from Research Diets (New Brunswick, NJ).
Bodyweights were recorded biweekly from5 to 12weeks of age.
Animal experiments were conducted in accordance with
National Institutes of Health guidelines for the care and use of

experimental animals and were approved by the Institutional
AnimalCare andUseCommittee of theUniversity of California
(Davis, CA).
Analyses—After 12 weeks of feeding, mice were fasted for

16–18 h and weighed. Mice were anesthetized by intraperito-
neal injection of 250 mg/kg trimbromoethanol (Avertin�,
Aldrich). Blood was collected from retro-orbital bleeding fol-
lowed by cardiac puncture. Blood glucose levels were deter-
mined using a OneTouch UltraMini meter (LifeScan, Milpitas,
CA). Serum was isolated for insulin, triglyceride, and choles-
terol assays. Insulin wasmeasured using amouse insulin ELISA
kit (ALPCO, Salem, NH). Total cholesterol and triglycerides
were determined using cholesterol-E and L-type TGH assays,
respectively, fromWako (Richmond, VA).
Fat Pad Isolation and Body Composition—After 12 weeks of

feeding,micewere fasted for 16–18 h, weighed, and euthanized
by cardiac puncture while anesthetized. Epididymal, periovar-
ian, retroperitoneal, femoral, and mesenteric fat pads were iso-
lated, weighed, snap-frozen, and stored at�80 °C. The remain-
ing carcasses were weighed and stored at �20 °C in sealed
containers until analysis. The chemical body composition anal-
ysis of the remaining carcasses was done as described previ-
ously (28).
Antibodies—The affinity-purified ZnT7 polyclonal antibody

was made as described previously (20). The peptide-blocked
ZnT7 antibody was obtained by incubation of the ZnT7 anti-
body with a peptide that was used to raise the ZnT7 antibody
(20) at a ratio of 5:1 (peptide/antibody) in 1� PBS, pH 7.4,
containing 2% mouse serum for 2 h at room temperature.
The Alexa 488-conjugated and HRP-conjugated goat anti-
rabbit antibodies were purchased from Invitrogen and
Pierce, respectively.
Immunohistochemistry—Mouse femoral muscles were iso-

lated from male C57Bl/6 and Znt7 KO mice. Tissues were
rinsed once in 1� PBS, pH 7.4, and immersed in 4% parafor-
maldehyde in 1� PBS. Tissues were then dehydrated in 80, 95,
and 100% FLEX (Richard-Allan Scientific), cleared in Clear-
Rite 3 (Richard-Allan Scientific), infiltrated, and embedded in
paraffin (Richard-Allan Scientific) (29). Tissue was sectioned in
5-�m thickness. Mounted tissue sections were deparaffinized
in xylene and rehydrated (29). Antigen retrieval was done by
boiling the slides in 100 �M Tris-HCl buffer, pH 10, for 20 min
followed by 20 min of cooling at room temperature. Blocking
was accomplished by applying 5% goat serumdiluted in 1�PBS
(pH 7.4) at room temperature for 1 h. Tissue was then incu-
bated with the ZnT7 antibody (1:750 diluted in 1� PBS con-
taining 2%mouse serum). Slides were washed with 1� PBS and
stained using aVectastainABCkit and aDAB substrate (Vector
Laboratories, Burlingame, CA). Tissue sections were covered
with coverslips using Permount mounting medium (Fisher).
Photomicrographs were obtained by a Nikon Eclipse 800
microscope equipped with a digital camera.
Isolation and Culture of Primary Myoblasts and Myo-

tubes—The hind limbs of Znt7 KO and control neonatal mice
(3–4 days old) were removed, and skeletal muscles were dis-
sected from the bones. Muscles were minced with fine scissors
into small fragments. Themincedmuscle was subjected to pro-
teolytic enzyme treatment in 0.5–1 ml of 1� PBS containing
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dispase (2.4 units/ml, grade II; Sigma), collagenase (1%, class D;
Roche Applied Science), and 2.5 mM CaCl2 at 37 °C for 30 min
with occasional mixing. The slurry was then centrifuged at
350 � g at room temperature for 5 min. The pellet was resus-
pended in a selective medium consisting of 80% Ham’s F-10
(Invitrogen), 20% fetal bovine serum (FBS; Invitrogen), 2.5
ng/ml basic fibroblast growth factor (Gemini Bio-Products,
West Sacramento, CA), 200 units/ml penicillin G, and 200
�g/ml streptomycin (Invitrogen). The cell suspension was
passed through a 70-�m cell strainer (BD Biosciences) and
plated in collagen-coated (Type I, 150 �g/ml; Invitrogen)
100-mm culture dishes in the selective medium. The culture
mediumwas changed after 24 h of incubation.Myoblasts in the
mixture of myoblasts and fibroblasts were enriched by 4–5
rounds of a selection procedure as described (30). The purity of
myoblasts was determined by positive staining of desmin (sup-
plemental Fig. 1), a protein only expressed in myogenic cells
(31). After a pure population of myoblasts was obtained, cells
were maintained in a growth medium consisting of 40% Ham’s
F-10, 40% DMEM, 20% FBS, 2.5 ng/ml basic fibroblast growth
factor, 100 units/ml penicillin G, and 100 �g/ml streptomycin.
Differentiation of primary myoblasts to myotubes was induced
by replacing the growthmediumwith a differentiationmedium
(DMEM containing 2% horse serum; Invitrogen). Medium was
changed daily for 6 days.
Generation, Maintenance, and Differentiation of Stable L6

Cell Lines—L6 cells (myoblasts from rat skeletal muscles)
(ATCC, Manassas, VA) with or without expression of the
ZnT7-Myc fusion protein were generated by transfecting
pcDNA3.1/ZnT7-Myc (20) or pcDNA3.1/Myc vector (Invitro-
gen) using LipofectamineTMPLUSTM reagent (Invitrogen). Sta-
bly transfected cells were selected and expanded by culturing
cells in �-MEM (supplemented with 10% FBS; Invitrogen) con-
taining 400 �g/ml G418. Individual clones were tested for the
presence of ZnT7-Myc by RT-PCR and immunocytochemistry
(Fig. 4A). Three individual L6/ZnT7-Myc cell lineswere used in
the subsequent RT-PCR andWestern blot analyses. Three indi-
vidual L6/vector lines were also selected as the controls. The
G418-resistant cell lines were maintained in �-MEM with 10%
FBS without G418. L6/ZnT7-Myc and L6/vector myoblasts
were differentiated into myotubes in DMEM supplemented
with 2% horse or bovine serum (Invitrogen) for 6–7 days.
Medium was changed daily during differentiation.
[14C]2-Deoxyglucose Uptake Assay—L6/ZnT7-Myc (from

two individual cell lines) and control cells (from two individual
cell lines) were seeded in triplicate in 48-well plates. Cells were
allowed to differentiate into myotubes 24 h after seeding for
6–8 days. Sixteen h prior to the uptake assay, medium was
replaced with �-MEM containing 0.2% FBS. Cells were then
preincubated with serum-free �-MEM containing 75 �M

ZnSO4 at 37 °C for 4 h followed by a 60-min incubation in KRH
buffer (50 mM HEPES, pH 7.4, 137 mM NaCl, 4.7 mM KCl, 1.85
mM CaCl2, 1.3 mM MgSO4, 0.4% (w/v) fatty acid-free BSA
(Fitzgerald)) plus 75 �M ZnSO4 at 37 °C. Next, insulin was
added at 0, 10, or 100 nM for 15 min followed by 10 �M

[14C]2-DG (45–60 mCi/mmol, 0.1 mCi/ml; PerkinElmer Life
Sciences) plus 100 �M cold D-glucose for 15 min. The reaction
was stopped by aspirating the uptake medium. Cells were

washed four times in ice-cold PBS containing 20 mM glucose
and lysed in 400 �l of 50 mM NaOH. Radioactivity was deter-
mined by liquid scintillation counting. Protein concentrations
were determined using a BCA protein assay kit (Pierce).
Immunofluorescence Microscopy—Primary, L6/ZnT7-Myc,

and L6/vec myoblasts were cultured in slide chambers for 48 h.
Cells were washed, fixed with 4% paraformaldehyde, and per-
meabilized with 0.4% saponin (Sigma). Primary antibodies,
such as anti-ZnT7 (1:400) and anti-Myc (1:400; Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA)), were applied, followed by
Alexa 488-conjugated goat anti-rabbit (1:250; Invitrogen) and
anti-mouse antibodies (1:250; Invitrogen), respectively. Photo-
micrographs were obtained by a Nikon Eclipse 800 microscope
equipped with a digital camera.
Western Blot Analysis—Myoblasts of both genotypes were

seeded in 6-well culture plates at �50% confluence and grown
at 37 °C for 48 h. Cells were washed and incubated with supple-
ment-free DMEM/F-10 medium (1:1 ratio) at 37 °C for 3 h.
Cells were then insulin-treated (0 or 100 nM, human insulin;
Sigma) at 37 °C for 7 min. For L6/ZnT7-Myc and control myo-
tubes, cells were preincubated with supplement-free DMEM
for 3 h and then treatedwith insulin at 0, 10, or 100nM for 7min.
After insulin treatment, cells werewashed and lysed in 150�l of
ice-cold lysis buffer (50 mM Tris-HCl, pH 8.0, 10 mM NaCl, 1%
Nonidet P-40, 5 mM EDTA, 2 mM NaF, 2 mM Na4P2O7, and 2
mM Na3VO4). Protease inhibitors (Roche Applied Science)
were added just before use. Lysate was sonicated for 5 s in 0.5 s
on/1.0 s off cycles at 11% on ice using a Branson digital sonifier.
Protein concentrations were determined using a BCA protein
assay kit (Pierce). Eleven (primary myoblasts) or 15 (L6/ZnT7-
Myc and control myotubes) micrograms of protein lysate were
loaded on 7.5% (primary myoblasts) or 4–20% (L6/ZnT7-Myc
and control myotubes) Tris/glycine gels (Bio-Rad). Separated
proteins were electroblotted onto Immobilon-P membranes
(Millipore, Billerica,MA) and probedwith a phospho-Akt (Ser-
473) antibody (1:1000; Cell Signaling, Danvers, MA) followed
by a HRP-conjugated goat anti-rabbit antibody (1:10,000;
Pierce). The blots were visualized using a SuperSignal West
Femto kit (Pierce) and ChemiDoc XRS� Imaging System (Bio-
Rad). Blots were also probed with a monoclonal Actb antibody
(1:5000; Sigma) followed by aHRP-conjugated goat anti-mouse
antibody (1:20,000; Pierce).
Total RNA Isolation, cDNA Synthesis, and Quantitative

PCR—Beforemyotubes were harvested for total RNA isolation,
they were preincubated in the supplement-free DMEM/F-10
(primary myotubes) or DMEM (L6/ZnT7-Myc and L6/vec
myotubes) for 3 h and then insulin-treated (0, 10, or 100 nM) at
37 °C for 7 min. Cells were lysed in 1.0 ml TRIzol (Invitrogen).
Total RNA was purified according to the manufacturer’s pro-
tocol. Two �g of total RNA was converted into cDNAs using a
high capacity RNA-to-cDNA kit (Applied Biosystems, Foster
City, CA). For quantitative RT-PCR analysis, synthesized
cDNAswere diluted 5-foldwith double-distilledwater, and 2�l
was used in a SYBR Green-based PCR (iTaq SYBR Green
Supermix with ROX, Bio-Rad). Quantitative PCR was per-
formed on a PRISM ABI 7900HT sequence detection system
(Applied Biosystems). All primers were designed by the Primer
Express 2.0 software (Applied Biosystems), and the primer
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sequences are listed in supplemental Table 1. Melting temper-
ature analysis for the reference genes (Actb and�2m) and target
genes (Insr (insulin receptor), Irs1, Irs2, Akt1, and Glut4 (glu-
cose transporter 4)) revealed a single sharp peak at a typical
melting temperature for each examined gene. In addition, PCR
amplification efficiency for each reference and target gene was
determined. It showed that all genes examined were amplified
with similar efficiency (close to 100%; data not shown). cDNA
samples were run in triplicate, and the average crossing point
value was used for calculations using REST� 2009 software
(Qiagen, Valencia, CA). The expression of the target genes was
normalized to the expression of the Actb and �2m reference
genes.
Oral Glucose Tolerance Test—Znt7 KO and control mice

were fed either a low or high fat diet at 5 weeks of age for
10 weeks. Before the test, mice were fasted for 16–18 h and
weighed. Mice were then given 1.5 g of glucose/kg of body
weight through a gavage tube. Blood was collected from the tail
vein at 0, 30, 60, and 120 min after the glucose load. Blood
glucose and serum insulin levels were determined using a One-
Touch UltraMini meter (LifeScan) and a mouse ultrasensitive
insulin ELISA kit (ALPCO), respectively.
Insulin Tolerance Test—Znt7 KO and control mice were fed

a high fat diet at 5 weeks of age for 10 weeks. Before the test,
mice were fasted for 4 h andweighed.Mice were given 5.5 units
of human insulin/kg of body weight intraperitoneally (Lilly).
Blood glucose levels were determined at 0, 30, 60, and 120 min
after the insulin injection using a One Touch UltraMini meter
(LifeScan).
Statistical Analysis—Data are expressed asmeans� S.E. The

area under the curve was calculated using the linear trapezoidal
rule. Statistical analysis was performed using either Student’s t
test or one-way analysis of variance with post hoc Tukey-
Kramer multiple comparison test. p � 0.05 was considered sig-
nificant. For the quantitative RT-PCR assay, statistical analysis
was done using simple statistical randomization tests by REST
2009 software.

RESULTS

ZnT7 Is Expressed in Mouse Skeletal Muscles—In order to
examine a potential role of ZnT7 in modulating glucose dis-
posal in skeletal muscles, we first determined the expression of
ZnT7 in the mouse skeletal muscle by immunohistochemistry.
As shown in Fig. 1, ZnT7was detected inmouse skeletalmuscle
fibers. In the longitudinal section of the femoral muscle, ZnT7
was mainly expressed in the sarcoplasm near the nuclei of the
fibers (Fig. 1A). In the cross-section of the femoral muscle,
ZnT7 was detected again in the sarcoplasm near the nuclei at
the edges of the fibers (Fig. 1B). In the control sections, ZnT7
was not observed in mouse skeletal muscle fibers that were
probed with a peptide-blocked ZnT7 antibody (Fig. 1C). Skele-
tal muscle fibers derived from a Znt7 KO mouse were also
probed with the ZnT7 antibody, and no immunostaining of
ZnT7 was detected (Fig. 1D). In myoblasts isolated from the
hind limb skeletal muscle of C57Bl/6 newborn mice, ZnT7 was
detected in the cytoplasm ofmyoblasts with a punctate/tubular
pattern (Fig. 1E). This immunoreactivity of ZnT7 was not

observed inmyoblasts isolated from the hind limb skeletalmus-
cle of the Znt7 KO neonates (Fig. 1F).
Insulin-stimulated Phosphorylation of Akt Is Down-regulated

in Znt7 KO Primary Myoblasts—We sought to obtain pure
populations of skeletal myoblasts from Znt7 KO and control
mice to examine the activity of the insulin signaling pathway in
these purified primary myoblasts. The purity of myoblasts was
determined by the positive staining of desmin, a muscle-spe-
cific intermediate filament protein that is only expressed in
myogenic cells (31). The immunostaining assay indicated that
the primary cultures (both genotypes) were nearly all myogenic
(supplemental Fig. 1). The morphology of myoblasts and the
staining pattern of demsin in the myoblasts from Znt7 KO and
control mice were indistinguishable (supplemental Fig. 1).
A decrease in the activity of the insulin signaling pathway is a

signature of insulin resistance.We therefore first examined the
effect of theZnt7-null mutation on the phosphorylation of Akt,
a key step in modulating downstream of the insulin signaling
pathway (32), in Znt7 KO and control primary myoblasts. It is

FIGURE 1. Expression of ZnT7 in mouse skeletal muscles. Femoral muscles
were isolated from male C57Bl/6 and Znt7 KO mice. Muscles were fixed,
embedded, sectioned, and immunostained with either an affinity-purified
polyclonal antibody against ZnT7 or a peptide-blocked ZnT7 antibody.
A, longitudinal section; B–D, cross-sections. A, B, and D, muscle fibers were
immunostained with the ZnT7 antibody (1:750 dilution); C, muscle fibers were
immunostained with the peptide-blocked ZnT7 antibody (1:750 dilution).
Black scale bar, 25 �M. C57Bl/6 (E) and Znt7 KO (F) myoblasts were grown in a
slide chamber coated with collagen for 48 h before staining. Cells were fixed,
permeabilized, and immunostained with the ZnT7 antibody. Immunofluores-
cent staining of ZnT7 (green) was detected in the cytoplasm of myoblasts. The
nuclei of myoblasts (blue) are indicated by the DAPI staining. White scale bar,
10 �M.
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known that an increased level of phosphorylatedAkt after insu-
lin stimulation indicates a high activity of Glut4 exocytosis for
glucose uptake (32). OurWestern blot results showed that after
insulin stimulation, the amount of phosphorylated Akt (pAkt)
in Znt7KOmyoblasts was 30% lower than the control (Fig. 2,A
and B). No difference in the pAkt levels between Znt7 KO and
control myoblasts was observed in the mock-treated myoblasts
(Fig. 2B).
mRNA Expression of Insulin-responsive Genes Is Down-regu-

lated in Znt7 KO Myotubes—We previously reported that
ZnT7 influenced insulin gene expression in pancreatic �-cells
(21). Similar regulation might apply to the genes associated
with the insulin signaling pathway. To identify potentially dif-
ferential expression of genes, including Insr, Irs1, Irs2,Akt1, and
Glut4, between Znt7 KO and control skeletal myotubes, we
performed quantitative RT-PCR assays. As shown in Fig. 3A,
mRNA expression of Insr and Akt1 was decreased by 58% (p �
0.01) and 35% (p � 0.01), respectively, in Znt7 KO primary
skeletalmyotubes comparedwith the controls. ReducedmRNA
expression of Irs2 (30%) andGlut4 (25%) in Znt7KOmyotubes
was also observed, although the difference did not reach statis-
tical significance. We also examined the effect of the Znt7-null
mutation on mRNA expression of these genes in myotubes

stimulated with insulin after preincubation of the cells with
supplement-free medium for 3 h. As shown in Fig. 3B, Insr and
Akt1 mRNA expression was down-regulated by 50–60% and
35–60%, respectively, in both mock- and insulin-treated Znt7
KO myotubes compared with the controls. The reductions of
Insr and Akt1 expression were similar to that observed in Znt7
KO myotubes that were not incubated with supplement-free
medium before harvest (Fig. 3A), indicating that preincubation
of myotubes in supplement-free medium for 3 h did not affect
mRNA expression of Insr and Akt1. The level of Irs2 mRNA
expression was 25% decreased in mock-treated Znt7 KO myo-
tubes compared with the control (p � 0.05), but not in insulin-
treated Znt7 KO myotubes. Finally, insulin treatments
appeared to have no effect on the mRNA abundance of Irs1,
Irs2, andGlut4 in myotubes of both genotypes, except for Akt1
and Insr in Znt7 KO myotubes. Taken together, these results
suggest that theZnt7-nullmutation results in significant down-
regulation of Insr, Akt1, and Irs2 mRNA expression in
myotubes.
Overexpression of ZnT7 Increases Expression of Irs2 mRNA

and Phosphorylation of Irs2 and Akt in Skeletal Myotubes—To
further support the results observed in Znt7 KO primary myo-
tubes, we took an opposite approach to overexpress ZnT7 in
skeletal myotubes and then assessed mRNA expression of Insr,
Akt1, Irs1, Irs2, and Glut4 and phosphorylation levels of Irs2
and Akt. As shown in Fig. 4A, endogenous ZnT7 was readily
detected in the cytoplasm as a punctate staining pattern in L6
myoblasts. A similar staining pattern was observed with the
exogenous ZnT7 protein in L6 myoblasts stably expressing
ZnT7-Myc protein. No significant fluorescent signal was
detected in the control cells transfected with the vector.
Changes ofmRNAexpression of Insr,Akt1, Irs1, Irs2, andGlut4
in ZnT7-Myc-expressing L6 myotubes with or without insulin
stimulation were examined and compared with the control by
quantitative RT-PCR. As demonstrated in Fig. 4B, there was a
2-fold increase in Irs2 mRNA expression in the ZnT7-Myc-
expressing L6myotubes compared with the control in the basal
state. Insulin treatment (10 or 100 nM for 7 min) did not affect
the abundance of Irs2mRNA in ZnT7-Myc-expressing or con-
trol L6 myotubes. Furthermore, overexpression of ZnT7 in L6
myotubes did not appear to alter the mRNA expression of Insr,
Akt1, Irs1, and Glut4.

Overexpression of ZnT7 in L6 myotubes resulted in a signif-
icant increase (2-fold, p � 0.05) in basal and insulin-stimulated
(10 nM for 7min) phosphorylation of Irs2 (Fig. 4C). As expected,
the phosphorylation of downstreammediator Akt was also ele-
vated in ZnT7-Myc-expressing L6 myotubes compared with
the control after insulin stimulation (10 nM for 7 min, p � 0.05)
(Fig. 4D). These results suggest that ZnT7 has a positive impact
on insulin signaling.
Overexpression of ZnT7 in L6 Myotubes Increases Glucose

Uptake—Insulin causes Glut4 translocation from an intracellu-
lar storage pool to the cell surface of myotubes, leading to an
increase in glucose uptake (32). Because ZnT7 had a positive
impact on insulin signaling in myocytes (Figs. 2–4), we next
examined whether overexpression of ZnT7 in myotubes had a
direct effect on glucose uptake. L6/ZnT7-Myc-expressing and
control myotubes were stimulated with 0, 10, or 100 nM insulin

FIGURE 2. Expression of phosphorylated Akt in primary myoblasts iso-
lated from Znt7 KO and control mice. A, expression of pAkt. Myoblasts of
both genotypes were grown in collagen-coated 6-well plates for 48 h. After
incubation of cells in supplement-free medium for 3 h, cells were stimulated
by 100 nM insulin at 37 °C for 7 min. Cells were then harvested for Western blot
analysis. A, representative Western blot is displayed. B, densitometry analysis
of the Western blot protein bands. The densities of the protein bands of pAkt
and Actb were determined by Image Lab 2.0.1 software (Bio-Rad). The expres-
sion of pAkt was then normalized by the expression of Actb. Percentage of
expression was calculated as the ratio of the normalized value of each sample
to that of the corresponding mock-treated control myoblast sample. Three
independent primary myoblast preparations from either Znt7 KO or control
skeletal muscles were used in the experiments. Data are reported as mean �
S.E. (error bars) of two independent experiments (n � 6 – 8). *, p � 0.05.
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for 15min, followedby 10�M [14C]2-DGuptake in the presence
of 100 �M cold glucose for 15 min. The results showed that, in
the control myotubes, insulin at 10 and 100 nM concentrations
stimulated 2-DG uptake by 10% (p � 0.05) and 27% (p � 0.01),
respectively. However, in the myotubes expressing ZnT7-Myc,
the 2-DG uptake increased to 23% (p � 0.05) and 42% (p �
0.01), respectively (Fig. 5). On the other hand, the basal 2-DG
uptake in both ZnT7-Myc-expressing and control myotubes
was similar (Fig. 5). Taken together, these results indicated that

in the presence of insulin overexpression of ZnT7 in myotubes
increased glucose uptake by 1.5–2-fold.
High Fat Diet Induces Obesity in Znt7 KO and Control

Mice—The influence of ZnT7 on the insulin signaling pathway
and glucose uptake in skeletal myocytes prompted us to exam-
ine the glucose metabolic status of Znt7 KO mice that were
challenged with a high fat diet. We hypothesized that Znt7 KO
mice fed a high fat diet would be more susceptible to diet-
induced diabetes than the control due to decreased activity of

FIGURE 3. mRNA expression of insulin-responsive genes in Znt7 KO and control myotubes. Myoblasts of both genotypes were allowed to differentiate for
6 days before harvest for total RNA isolation or for insulin treatment before RNA isolation. The amount of the target mRNA was measured by a SYBR-based
quantitative RT-PCR and analyzed using REST 2009 software (45). Actb and �2m were used as the internal references, and two independent experiments, each
with three independent primary myotube lines (both genotypes), were performed. Data were plotted as whisker boxes representing the relative transcription
levels of Insr, Irs1, Irs2, Akt1, and Glut4. The horizontal dotted lines in the boxes represent the median values, and the boxes represent the middle 50% of the
observations. The top and bottom whiskers (vertical lines) represent the upper 25% and lower 25% of observations, respectively. A, myotubes of both genotypes
were harvested for total RNA isolation and quantitative RT-PCR analysis after a 6-day differentiation. The expression of Insr, Irs1, Irs2, Akt1, and Glut4 in Znt7 KO
myotubes was compared with their transcription in the wild type control. **, p � 0.01. B, after differentiation, myotubes of both genotypes were preincubated
with supplement-free medium for 3 h followed by either 0 or 100 nM insulin treatment (7 min) before harvest. The expression of Insr, Irs1, Irs2, Akt1, and Glut4
in the indicated samples was compared with their transcription in the 0 nM insulin-treated controls. *, p � 0.05.
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the insulin signaling pathway caused by ZnT7 deficiency (Figs.
2 and 3). To investigate our hypothesis, we fed Znt7 KO and
control mice (C57Bl/6) a high fat diet (45% kcal, HF) starting at
5 weeks of age for 12 weeks. For the dietary fat control, we also
fed 5-week-old Znt7 KO and control mice a low fat diet (10%
kcal, LF) for 12 weeks. As shown in Fig. 6A, male Znt7 KO and
control mice fed the HF diet gained significantly more weight

than the mice of the same genotype fed the LF diet during the
feeding period (p � 0.01, one-way analysis of variance). Female
mice of both genotypes fed theHF diet also gainedmore weight
than the same genotypemice in the LF diet group, but it was not
statistically significant (p � 0.05, one-way analysis of variance)
(Fig. 6B). Bothmale and femaleZnt7KOmice in either the high
or low fat diet group weighed less than the control mice in the

FIGURE 4. Analysis of L6 cells expressing ZnT7-Myc protein. A, subcellular localization of endogenous ZnT7 or exogenous ZnT7-Myc protein in L6 myoblasts.
Cells were grown in the complete �-MEM for 48 h before staining. ZnT7 was detected by the ZnT7 antibody (20), and ZnT7-Myc was detected by the Myc
antibody. B, mRNA expression of insulin-responsive genes in ZnT7-Myc-expressing or vector control L6 myotubes. ZnT7-Myc-expressing and vector control L6
myoblasts were allowed to differentiate for 6 days to myotubes. Myotubes were then preincubated in supplement-free DMEM at 37 °C for 3 h and treated with
0, 10, or 100 nM insulin at 37 °C for 7 min before harvest. The amount of the target mRNA was measured by a SYBR-based quantitative RT-PCR and analyzed
using REST 2009 software (45). Actb and �2m were used as the internal references. The data were obtained from three individual L6 stable cell lines for either
ZnT7-Myc-expression or vector control. The experiments were performed twice in duplicate. The data were plotted as whisker boxes representing the relative
transcription levels of Insr, Irs1, Irs2, Akt1, and Glut4. The horizontal dotted lines in the boxes represent the median values, and the boxes represent the middle
50% of the observations. The top and bottom whiskers (vertical lines) represent the upper 25% and lower 25% of observations, respectively. The expression of
Insr, Irs1, Irs2, Akt1, and Glut4 in the indicated samples was compared with the expression of the genes in 0 nM insulin-treated L6 vector control cells.
C, expression of phosphorylated Irs2. D, expression of phosphorylated Akt. ZnT7-Myc-expressing myotubes and vector control were preincubated with
supplement-free medium for 3 h followed by either 0 or 10 nM insulin treatment (7 min) before harvest. The densities of the protein bands of pIrs2, pAkt, and
Actb were determined by Image Lab 2.0.1 software (Bio-Rad). The expression of pIrs2 and pAkt was normalized to the expression of Actb. Three individual
L6/ZnT7-Myc and three individual control myotube lines were used in the experiments. Data are reported as mean � S.E. (error bars) of three independent
experiments (n � 9 –10). *, p � 0.05; **, p � 0.01.
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same dietary group during the feeding period (p � 0.01, one-
way analysis of variance) (Fig. 6, A and B).
We noticed that although male Znt7 KO mice weighed less

than the control mice during the feeding period in both HF and
LF dietary groups, the total body weight gains after 12-week
feeding were similar between the two genotypes (Fig. 6A, inset).
On the other hand, femaleZnt7KOmice in both dietary groups
gained less body weight than the control mice in the same die-
tary group during the feeding period (Fig. 6B, inset, p � 0.05).
Znt7KOMiceHave Less Body Fat on theHigh FatDiet—High

fat diets lead to increased fat mass in mice. It has been demon-
strated that Znt7 KOmice weigh less than the control due to a
decrease in body fat (22). We therefore determined the weight
of fourmajor fat pads dissected frommice (epididymal/ovarian,
femoral, retroperitoneal, andmesenteric) at the end of the feed-
ing study. After 12 weeks on the HF diet, both Znt7 KO and
control mice had significantly higher fat pad weight than the
same genotype mice in the LF dietary group (p � 0.01; Fig. 7, A
and B). However, gains in combined fat pad weight of Znt7 KO
of both genders were less than the respective controls (p �
0.01). No significant difference in theweight of the four fat pads
was observed betweenZnt7KO and controls of both genders in
the LF dietary group (Fig. 7, A and B). Body composition of the
remaining carcasses (without the four fat pads mentioned
above) showed increased body fat mass expressed in either an
absolute term or as a percentage of fat in both genotype mice
fed theHFdiet (p� 0.05; Fig. 7,C–F). However, no difference in
lean or ash mass was detected between Znt7 KO and control

mice fed the HF diet. In addition, fat, lean, and ash weights did
not differ betweenZnt7KOand controlmice of both genders in
the LF dietary group (Fig. 7, C–F).
High Fat Diet Induces Hypercholesterolemia and Hyperglyce-

mia in Mice—To determine the physiological consequences of
high fat diet feeding on blood triglyceride, cholesterol, glucose,
and insulin levels in Znt7 KO mice, fasting and non-fasting
blood were collected from a cohort of Znt7 KO and control
mice after 12-week exposure to the specific diet (low or high fat
diet). Blood glucose, serum triglyceride, cholesterol, and insulin
concentrations were determined. As shown in Table 1, the high
fat diet induced hypercholesterolemia in both genotypes. The
increased fasting serum cholesterol level in Znt7 KO mice fed
theHF diet was similar to that of the control in the same dietary
group. Fasting serum triglyceride levels were not significantly
changed after 12 weeks of HF diet feeding inmale Znt7KO and
control mice. Notably, the fasting serum triglyceride level in
female Znt7 KO mice was about 50% lower than that in the
control mice regardless of dietary treatments (p � 0.05).

Blood glucose and serum insulin levels were measured in
Znt7KO and control mice after a 10-week exposure to the high
fat diet to determine whetherZnt7KOmice weremore vulner-
able to the diet-induced hyperglycemia and insulin resistance
than the control. As shown in Table 2, fasting and non-fasting
blood glucose levels were high in both Znt7 KO and control
mice after prolonged exposure to the high fat diet compared
with the same genotype mice in the low fat dietary group (p �
0.05). Among the mice examined, male Znt7 KO mice in the
high fat dietary group showed a marked increase in the non-
fasting glucose level compared with that of the control in the
samedietary group (p� 0.05). FemaleZnt7KOmice in the high
fat dietary group exhibited the same trend, but it was much less
apparent. In addition, serum insulin levels were increased along
with the increased blood glucose in male Znt7 KO and control
mice fed the high fat diet (Table 3), suggesting insulin resis-
tance. Male Znt7KOmice had a low fasting serum insulin level
compared with the control in either the low or high fat dietary
group, which is consistent with our previous finding that ZnT7
is involved in regulation of insulin synthesis/secretion (21). No
significant difference was observed in serum insulin levels in
female Znt7 KO and control mice from both low and high fat
dietary groups.
Znt7 KO Mice Fed the High Fat Diet Have More Severe

Impairment of Glucose Tolerance—Given that Znt7 KO mice
had low activity of the insulin signaling pathway demonstrated
in the isolated myoblasts and myotubes (Figs. 2 and 3) and a
higher non-fasting blood glucose level than the control after
10-week feeding of a high fat diet, we next performed oral glu-
cose tolerance tests on Znt7 KO and control mice to illustrate
the physiological importance of ZnT7 action in glucose control.
As shown in Fig. 8, A and B, both Znt7 KO and control mice
(male) displayed impaired glucose tolerance after 10 weeks of
high fat diet exposure. However, male Znt7 KOmice had more
pronounced hyperglycemia than the control during the oral
glucose tolerance test (p � 0.05). Interestingly, male Znt7 KO
mice fed the LF diet also displayed glucose intolerance com-
pared with the control (p � 0.05). The glucose intolerance of
male Znt7KOmice was also illustrated with the area under the

FIGURE 5. [14C]2-DG uptake in L6/ZnT7-Myc and control myotubes.
L6/ZnT7-Myc and control myoblasts were allowed to differentiate to myo-
tubes and preincubated with medium containing 0.2% FBS for 16 h before
the uptake assay. Cells were then serum-starved in �-MEM containing 75 �M

ZnSO4 for 4 h, followed by a 60-min incubation in KRH buffer containing 75
�M ZnSO4. Insulin (0, 10, or 100 nM) was added for 15 min, followed by 10 �M

[14C]2-DG plus 100 �M unlabeled glucose for 15 min. The [14C]2-DG uptake
was expressed per min per mg of lysate protein. Two individual cell lines of
L6/ZnT7-Myc and two individual control cell lines were used in the uptake
experiments. Data are reported as mean � S.E. (error bars) of three independ-
ent experiments in triplicate (n � 16 –18). *, p � 0.05 versus control basal; **,
p � 0.01 versus control basal; #, p � 0.05 versus L6/ZnT7 basal; ##, p � 0.01
versus L6/ZnT7 basal; a, p � 0.05 versus control treated with 10 nM insulin;
b, p � 0.05 versus control treated with 100 nM insulin.
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FIGURE 6. Growth curves and body weight gains of Znt7 KO and control mice fed either the low or high fat diet. A, male; B, female. Mice were fed either
a low or a high fat diet at 5 weeks of age for 12 weeks, and body weights were measured at the indicated time points after mice were fed the special diet. All
values are expressed as mean � S.E. (error bars), n � 9 –13/group. The insets are summaries of the total body weight gains of male and female Znt7 KO and
control mice after 12-week feeding of the indicated diet. Values are mean � S.E., n � 9 –13/group. *, p � 0.05. BW, body weight; WT, C57Bl/6 mice; KO, Znt7
knock-out mice.

FIGURE 7. Fat pad weights and body compositions of Znt7 KO and control mice. Mice were fed either the low or high fat diet at 5 weeks of age for 12 weeks.
Mice were fasted for 16 –18 h. Fat pad weights of male (A) and female (B) are displayed as wet weights (mg). Body compositions are expressed as weight (g) for
male (C) and female (D) and as percentage for male (E) and female (F). Values are mean � S.E. (error bars), n � 9 –13/group. *, p � 0.05. WT, C57Bl/6 mice; Epi,
epididymal fat; Retro, retroperitoneal fat; Mesen, mesenteric fat.
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curve (AUC) measurement (Fig. 8C). The AUC measurement
also showed that female Znt7 KO mice fed the HF diet had
slightly impaired glucose clearance compared with the female
KO mice fed the LF diet (Fig. 8C). Serum insulin levels in male
Znt7 KO mice during the 2-h time course of the assay were
lower than that in the controls in both dietary groups (Fig. 8D).
This was also reflected in the AUC data for insulin (Fig. 8E),
suggesting a low insulin production after the glucose load in
maleZnt7KOmice (Fig. 8,D andE). Nevertheless, therewas no
significant difference in oral glucose tolerance between female
Znt7 KO and control mice in either dietary group.
Because male Znt7 KO mice had low serum insulin levels

during the oral glucose tests, we next performed intraperitoneal
insulin tolerance tests on Znt7 KO and control mice fed the
high fat diet to find outwhether insulin resistancewould also be
a factor that contributed to the pronounced glucose intolerance
in Znt7 KO mice. As shown in Fig. 9A, intraperitoneal insulin
tolerance tests demonstrated that male Znt7 KO mice fed the
HF diet were more resistant to the blood glucose-lowering
effect of exogenously administered insulin. This was also
reflected by the AUCglucose measurements (Fig. 9C). In con-
trast, similar insulin sensitivities were observed between female
Znt7 KO and control mice fed the high fat diet (Fig. 9B). Taken
together, these data suggest that impaired glucose clearance in

male Znt7 KOmice may result from both low insulin secretion
and low insulin sensitivity in the peripheral tissues. Male Znt7
KO mice were more susceptible to glucose intolerance than
female Znt7 KOmice after high fat diet feeding.

DISCUSSION

Our laboratory previously reported that the null mutation of
the Znt7 gene led to growth retardation in mice (20). However,
despite their low body weight gain, Znt7 KO mice displayed
slightly elevated blood glucose levels 2 h after an oral glucose
challenge, suggesting that glucose homeostasis might be
affected by the null mutation of Znt7 (22). Additionally, we
demonstrated that ZnT7 influenced insulin synthesis and
secretion in the pancreatic �-cell (21). Insulin is a major factor
in stimulating glucose uptake in peripheral tissues after a glu-
cose load. Therefore, impaired pancreatic �-cell function and
insulin secretion lead to a delayed glucose clearance after a
meal. On the other hand, defects in the response of insulin
stimulation in peripheral tissues, especially the skeletal muscle
that accounts for �80% of the glucose uptake after a meal,
result in insulin resistance. Lack of ZnT7 expression in pancre-
atic �-cells of Znt7 KO mice may negatively affect insulin syn-
thesis and secretion in the cell, leading to an abnormal glucose
homeostasis.

TABLE 1
Fasting serum triglyceride and cholesterol levels in Znt7 KO and control mice
Values are mean � S.E. Serum was collected from 16–18-h fasted Znt7 KO and control mice after 12-week feeding.

Genotype Diet
Male Female

n Triglycerides Cholesterol n Triglycerides Cholesterol

mg/ml mg/dl mg/ml mg/dl
C57Bl/6 LF 12 31.3 � 3.8 97.3 � 5.9 7 24.5 � 4.7 75.6 � 3.8
Znt7 KO LF 8 36.1 � 5.6 98.2 � 2.1 14 11.7 � 1.2a 66.2 � 2.5
C57Bl/6 HF 11 44.2 � 7.7 120.7 � 3.3b 13 23.1 � 4.0 87.2 � 3.1b
Znt7 KO HF 7 42.6 � 4.8 123.1 � 3.1b 14 12.5 � 1.5a 80.3 � 3.3b

a p � 0.05 versus control mice in the same dietary group.
b p � 0.05 versus the same genotype mice fed the LF diet.

TABLE 2
Fasting and non-fasting blood glucose levels in Znt7 KO and control mice
Values are mean (mg/dl) � S.E. n is shown in parentheses. Non-fasting blood glucose was measured between 0830 and 0900 h from non-fasted Znt7 KO and control mice
after 10-week feeding. Fasting blood glucose was measured after 16–18-h fasting.

Genotype Diet
Male Female

Fasting Non-fasting Fasting Non-fasting

mg/dl mg/dl
C57Bl/6 LF 92.9 � 3.3 (19) 165.5 � 10.7 (8) 80.8 � 6.7 (8) 144.6 � 8.0 (7)
Znt7 KO LF 80.6 � 3.5 (12) 181 � 8.8 (5) 79.1 � 5.1 (14) 162.8 � 3.8 (6)
C57Bl/6 HF 115.1 � 6.2a (19) 194.1 � 10.6 (12) 108.3 � 3.1a (14) 167.0 � 6.3a (8)
Znt7 KO HF 98.8 � 6.0a (13) 280.6 � 23.0a,b (9) 91.8 � 5.4 (13) 183.2 � 8.6 (10)

a p � 0.05 versus the same genotype mice fed the LF diet.
b p � 0.05 versus the control mice in the same dietary group.

TABLE 3
Fasting and non-fasting serum insulin levels in Znt7 KO and control mice
Values are mean (ng/ml) � S.E. n is shown in parentheses. Non-fasting serum was collected between 0830 and 0900 h from non-fasted Znt7 KO and control mice after
10-week feeding. Fasting serum was collected from 16–18-h fasted Znt7 KO and control mice after 10–12-week feeding.

Genotype Diet
Male Female

Fasting Non-fasting Fasting Non-fasting

ng/ml ng/ml
C57Bl/6 LF 0.21 � 0.04 (19) 0.83 � 0.20 (6) 0.22 � 0.03 (8) 0.61 � 0.04 (7)
Znt7 KO LF 0.11 � 0.01a (12) 0.78 � 0.21 (5) 0.18 � 0.03 (14) 0.76 � 0.17 (5)
C57Bl/6 HF 0.33 � 0.04b (19) 1.95 � 0.29b (5) 0.18 � 0.01 (14) 0.43 � 0.04 (8)
Znt7 KO HF 0.20 � 0.03a,b (13) 1.77 � 0.34b (6) 0.17 � 0.02 (14) 0.70 � 0.12 (10)

a p � 0.05 versus control mice in the same dietary group.
b p � 0.05 versus the same genotype mice fed the LF diet.
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In the present study, we investigated the effects of the Znt7-
null mutation on glucose homeostasis, diet-induced hypergly-
cemia, and insulin resistance in mice. We demonstrated that
ZnT7was expressed in themouse skeletal muscle and localized
in the cytoplasm of themyoblast with a punctate/tubular stain-
ing pattern. The activity of the insulin signaling pathway in the
myocytes deficient for the ZnT7 expression was down-regu-
lated in the basal and insulin-stimulated states at the transcrip-
tional and post-transcriptional levels. These changes may con-
tribute to the severe glucose intolerance and insulin resistance
observed in male Znt7 KO mice fed a high fat diet. Male and
femaleZnt7KOmice responded differently to the diet-induced
obesity. Male Znt7 KO mice responded in the same way as the
control mice after introduction of a high fat diet in terms of
body weight gain. In contrast, female Znt7 KO mice were par-
tially resistant to the diet-induced body weight gain. Both male
and female Znt7 KO mice had lower body weights than the
controls in both low and high fat dietary groups throughout the
feeding period, which may be due to mild zinc deficiency of
Znt7 KO mice. In addition, diet-induced weight gain and sub-
sequentmetabolic symptomswere not apparent in femalemice
of both genotypes in this study. This result is probably due to
the fact that female mice require a higher fat diet to develop
diabetes (33).
The postprandial hyperglycemia, severe glucose intolerance,

decreased circulating insulin, and reduced insulin-sensitivity in

male Znt7 KOmice after 10 weeks on the high fat diet provide
in vivo evidence for a direct role of ZnT7 in the regulation of
glucose homeostasis. Decreased fasting blood insulin observed
in male Znt7 KO mice, regardless of dietary treatments, sup-
ports our previous finding that ZnT7 positively influences insu-
lin expression and secretion (21). An unexpected finding of this
study was the down-regulation of Irs2mRNA expression in the
isolated Znt7 KO myocytes, whereas its expression and phos-
phorylation were up-regulated in ZnT7-Myc-expressing L6
myotubes. The insulin receptor substrate (Irs) proteins play a
critical role in signal transduction from the insulin receptor, a
tyrosine kinase that is able to autophosphorylate upon insulin
binding. Phosphorylated Irs proteins bind to SH2 domain-con-
taining signaling molecules to trigger phosphorylation of Akt,
which in turn stimulates translocation of Glut4 from the inte-
rior of the cell to the surface for glucose uptake (34). Consistent
with the enhanced insulin signaling in ZnT7-Myc-expressing
L6 myotubes, the glucose uptake in these cells also enhanced
significantly, suggesting that perturbed zinc metabolism in
skeletal muscles can lead to insulin resistance.
Four mammalian Irs proteins have been identified with dif-

ferent tissue distribution (35–38). Irs1 and Irs2, both ubiqui-
tously expressed proteins, have been studied most extensively.
The Irs1-null mutation in mice results in growth retardation
and mild insulin resistance (39). The lack of severe phenotypes
of glucose homeostasis in Irs1KOmice can be explained by the

FIGURE 8. Blood glucose and serum insulin levels in Znt7 KO and control mice during oral glucose tolerance tests. Mice were fed either the low or high
fat diet at 5 weeks of age for 10 weeks and fasted for 16 –18 h before the test. Blood was collected at the indicated time points after the oral glucose load. A and
B, blood glucose levels in male and female mice, respectively, during the oral glucose tolerance test. C, area under the curve for glucose (AUC glucose). D, serum
insulin levels in male Znt7 KO and control mice during the oral glucose tolerance test. Values are the mean � S.E. (error bars), n � 11–14/group. E, area under
the curve for insulin (AUC insulin). Values are the mean � S.E., n � 7–11/group. *, p � 0.05; **, p � 0.01; #, p � 0.05.
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compensation of Irs2 in liver and skeletal muscles of Irs1 KO
mice. On the other hand, Irs2KOmice developed diabetes (40).
It is thought that inadequate�-cell proliferation, insulin signal-
ing defects in liver, and obesity contribute the diabetic pheno-
type in Irs2 KO mice (41, 42). Whether Irs1 and Irs2 mediate
distinct insulin receptor signaling in the adult skeletal muscle is
currently unknown. In Znt7KOmice, the hepatic insulin resis-
tance was not likely to be the cause for the progression of sys-
temic insulin resistance based on two facts: 1) ZnT7 was not

detectable in the hepatocytes by Western blot analysis (20) or
by immunohistochemistry,5 and 2) transcriptions of the insulin
signaling pathway-associated genes, Insr, Irs1, Irs2, Akt1, and
Glut4, were not altered in the liver ofZnt7KOmicewith insulin
resistance (data not shown). The reciprocal regulation of Irs2
expression in ZnT7- deficient and -overexpressing myotubes
suggests that zinc ions may be involved in the regulation of
insulin signaling in the skeletal muscle, at least through regula-
tion of Irs2 mRNA expression. It is not clear whether the low
mRNA expression of Irs2 in skeletalmyotubes ofZnt7KOmice
is due to the down-regulation of the promoter activity of Irs2 or
due to a rapid degradation of Irs2mRNA.

Irs1 and Irs2 are often expressed together in tissues and cells
and can interact with each other to form a heterodimer. How-
ever, they are different from each other in responding to cell
signals in some distinctive physiological conditions and cellular
contexts (43). In the central nervous system, Irs2 plays a role in
brain development, nutrient sensing, and life span regulation
(44). It is known that zinc deficiency reduces food intake and
causes abnormal eating behavior due to changes in taste and
smell sensing. The mechanism of action of zinc deficiency on
food intake and neurological disorders is currently not under-
stood. Znt7 KO mice may provide a good model to investigate
the possibility of the involvement of Irs2 as a signal protein to
link zinc to the neurological changes in the brain in the zinc-
deficient state because Znt7 KOmice are mildly zinc-deficient
and have slightly reduced food intake (22).
In conclusion, Znt7 KO mice were more susceptible to high

fat diet-induced postprandial hyperglycemia, glucose intoler-
ance, and insulin resistance. A reduction in insulin secretion
and a decrease in the activity of the insulin signaling pathway as
a result of down-regulation of Irs2 gene expression and down-
stream of Akt phosphorylation in the skeletal muscle may
underlie the severemetabolic symptoms inmale Znt7KOmice
fed a high fat diet.
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