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Recent genome-wide association studies demonstrated that common variants of solute carrier family 30 mem-
ber 8 gene (SLC30A8) increase susceptibility to type 2 diabetes. SLC30A8 encodes zinc transporter-8 (ZnT8),
which delivers zinc ion from the cytoplasm into insulin granules. Although it is well known that insulin gran-
ules contain high amounts of zinc, the physiological role of secreted zinc remains elusive. In this study, we gen-
erated mice with 3 cell-specific Slc30a8 deficiency (ZnT8KO mice) and demonstrated an unexpected functional
linkage between Slc30a8 deletion and hepatic insulin clearance. The ZnT8KO mice had low peripheral blood
insulin levels, despite insulin hypersecretion from pancreatic {3 cells. We also demonstrated that a substantial
amount of the hypersecreted insulin was degraded during its first passage through the liver. Consistent with
these findings, ZnT8KO mice and human individuals carrying rs13266634, a major risk allele of SLC30A8,
exhibited increased insulin clearance, as assessed by c-peptide/insulin ratio. Furthermore, we demonstrated
that zinc secreted in concert with insulin suppressed hepatic insulin clearance by inhibiting clathrin-depen-
dentinsulin endocytosis. Our results indicate that SLC30A8 regulates hepatic insulin clearance and that genetic

dysregulation of this system may play a role in the pathogenesis of type 2 diabetes.

Introduction
Recent genome-wide association studies demonstrated that indi-
viduals with the R325W polymorphism of solute carrier family 30
member 8 gene (SLC30A8), rs13266634, are at high risk for type 2
diabetes (1-5). SLC30A8 encodes zinc transporter-8 (ZnT8), which
delivers zinc ion from the cytoplasm of pancreatic f cells to insulin
granules (6). Insulin granules contain high amounts of zinc, and
zinc that is cosecreted with insulin affects neighboring endocrine
cells in the islets of Langerhans in both paracrine and autocrine
fashions (7-11). While studies of ZnT8 deletion or overexpression
in insulinoma cells have suggested that it contributes to the main-
tenance of glucose-stimulated insulin secretion (GSIS) (12, 13),
others have reported that zinc suppresses insulin secretion from
pancreatic 3 cells (8-10, 14-16). In addition, recent loss-of-func-
tion studies of $lc3048 in mice demonstrated that ZnT8 is impor-
tant for the crystallization of insulin molecules and efficient insu-
lin processing in insulin granules, but there is no agreement on the
precise role of ZnT8 in increased susceptibility to type 2 diabetes
(17-21). In the EUGENE2 study, human homozygous carriers of
the Crisk allele of SLC30A8 showed lower peripheral insulin levels
in the early phase of i.v. glucose tolerance test (GTT) (22), which
suggests that SLC30A8 might regulate insulin homeostasis.
Insulin secreted from the islets of Langerhans flows directly into
the portal vein (PV). About half of the insulin that enters the liver
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is cleared, while the rest flows into the systemic circulation (23).
Thus, the rate of hepatic insulin clearance is an important regula-
tor of peripheral insulin level. In the postprandial state, hepatic
insulin clearance is estimated to be suppressed by 20% (24).
Although incretin hormones, such as glucagon-like peptide-1
(GLP-1) and gastric inhibitory polypeptide (GIP), which are
secreted with food intake, have been proposed to be regulators of
hepatic insulin clearance (25, 26), a later study argued against this
possibility (27). Another report implicated the insulin pulse mass
from pulsatile insulin secretion into the PV in suppressing hepatic
insulin clearance rate (28, 29), but the mechanism underlying this
process was not fully elucidated.

In the present study, we provide evidence that zinc is cosecreted
with insulin in a ZnT8-dependent manner, and that the secreted
zinc not only affects neighboring endocrine cells, but also plays an
important role as an endogenous molecular switch that regulates
the pre-meal to postprandial insulin clearance rate by the liver.
Corelease of zinc and insulin caused a reduction in insulin degra-
dation by the liver, which optimized the delivery of insulin to its
peripheral target tissues.

Results

Characterization of  cell-specific ZnT8-deficient mice. To determine the
role of ZnT8, we crossed Slc30a87f mice (which served as controls)
with Rip-cre mice, generating Slc30a8//:Rip-cre mice with § cell-specif-
ic ZnT8 deficiency (referred to herein as ZnT8KO mice) (Figure 1A).
Because it is known that the zinc-binding residues are highly con-
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Figure 1

© 2ZnT8KO  Control

ZnT8KO

Generation of ZnT8KO (f cell-specific ZnT8-deficient) mice. (A) Generation of control S/c30a8" mice. (B) Immunohistochemical analysis of the
pancreas of control and ZnT8KO mice. The pancreas was immunostained for insulin (green) and ZnT8 (red). (C) Dithizone staining of islets of control
and ZnT8KO mice. (D) Electron microscopic images of f§ cells. Scale bars: 50 um (B); 2 um (D). For C, information on magnification was not available.

served among ZnT families and plays a critical role in zinc trans-
porter function (6, 30, 31), our Slc30a87f control was designed to
have deleted exon 5, which encodes a domain containing zinc-
binding residues (30). ZnT8 expression was essentially absent in
ZnT8KO mice (Figure 1B), and such deficiency was associated
with low zinc contents in f§ cells, insulin crystallization failure, and
presence of atypical insulin granules that lacked a detectable dense
core in 3 cells (Figure 1, C and D). While some reports showed
that insulin granules of ZnT8-deficient mice still contain dense
core granules or abnormal rod-shaped insulin crystals (20, 21),
our ZnT8KO mice showed almost complete loss of insulin crys-
tals at 6 and 20 weeks of age (Figure 1D and data not shown). The
characteristic of the dense core in our ZnT8KO mice was consis-
tent with that reported by others (18, 19). i.p. GTT demonstrated
that ZnT8KO mice had mildly impaired glucose tolerance with
low peripheral insulin levels (Figure 2A and Supplemental Fig-
ure 1A; supplemental material available online with this article;
doi:10.1172/JC168807DS1). There were no obvious differences
in body weight, insulin tolerance test, relative § cell area, or ves-
sel structure/counts in islets between control and ZnT8KO mice
(Supplemental Figure 1, B-F).
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Insulin secretion and hepatic insulin clearance. Low peripheral insulin
levels generally suggest low insulin secretion from the islets. Unex-
pectedly, however, insulin secretion from isolated ZnT8KO islets
was about twice that of control islets (Figure 2B and Supplemental
Figure 2A). To investigate whether the enhanced insulin secretion
in ZnT8KO mice occurred within a physiological context, pancreas
perfusion was performed, and enhanced insulin secretion was still
noted in ZnT8KO mice (Figure 2, C and D). Because there were no
differences in the vessel structure/counts in islets between control
and ZnT8KO mice (Supplemental Figure 1, E and F), these results
are indicative of enhanced f cell insulin secretion in ZnT8KO mice.
Although previous reports described high insulin secretion from
isolated ZnT8-deficient islets and low peripheral insulin (19), the
mechanism of this discrepancy has not been investigated. Therefore,
we next measured insulin levels before and after liver passage by per-
forming pancreas-liver perfusion (Figure 2, E and F). Interestingly,
the insulin level in the inferior vena cava (IVC) of ZnT8KO mice
during pancreas-liver perfusion was comparable to that of control
mice (Figure 2F). The difference in insulin level between PV and IVC
(Figure 2, D and F) suggests that a large portion of the secreted insu-
lin in ZnT8KO mice was degraded through a single liver passage.
October 2013
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Figure 2

Characteristics of ZnT8KO mice. (A) Blood glucose and insulin levels during i.p. GTT in control (n = 12) and ZnT8KO (n = 11) mice. (B) Insulin
secretion from isolated islets incubated with 2.8 or 16.7 mM glucose (n = 9 per group). (C) Pancreas perfusion. The perfusate was infused into
the celiac artery and collected from the PV. (D) Insulin secretion during pancreas perfusion in controls (n = 7), ZnT8KO mice (n = 7), and ZnT8KO
mice perfused with 30 uM zinc-supplemented perfusate (n = 5). (E) Pancreas-liver perfusion. The perfusate was infused into the celiac artery and
collected from the IVC. (F) Insulin levels during pancreas-liver perfusion of control and ZnT8KO mice (n = 5 per group). All data are mean + SEM.

*P < 0.05 vs. control, unpaired t test. #*P < 0.05, nonrepeated ANOVA.

In vivo assessment of hepatic insulin clearance in ZnT8KO mice. We
next examined insulin dynamics duringi.p. GTT in mice (Figure 3,
A-D). Although blood insulin levels were lower in ZnT8KO mice,
c-peptide levels were higher than in controls (Figure 3, A and B),
consistent with hypersecretion from the ZnT8KO pancreas. The
c-peptide/insulin ratio, a marker of insulin clearance (27, 32), was
similar in ZnT8KO and control mice in the fasting state, but sig-
nificantly higher in ZnT8KO mice at 15 and 30 minutes of i.p.
GTT (Figure 3C), which suggests that insulin clearance in ZnT8KO
mice is accelerated relative to controls after glucose challenge, pre-
sumably due to Slc30a8 deficiency.

Failure of suppression of insulin clearance in humans with the SLC30A8
risk allele. As an extension of the above findings, we compared insu-
lin clearance in 2 groups of human volunteers with normal glu-
cose tolerance: those carrying the risk allele of SLC30A8, rs1366642
(C/C; n=12), and those with a nonrisk allele (T/T or T/C; n = 42).
Because we previously found that hyperglycemia downregulated
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ZnT8 expression in mice (33), 3 participants with impaired glu-
cose tolerance were excluded. The clinical background of the par-
ticipants was similar (Table 1). Oral GTT showed no difference in
the area under the curve (AUC) for both insulin and glucose, but
the AUC for c-peptide was significantly higher in the risk versus
the nonrisk allele group (Figure 4, A-F). Moreover, the c-peptide/
insulin ratio at 30 minutes was significantly higher in the risk ver-
sus the nonrisk allele group (Figure 4G), similar to the results in
mice. Similar results were obtained comparing the T/T and C/C
alleles (Supplemental Figure 3). Although it is widely accepted
that enhanced insulin resistance is associated with impaired insu-
lin clearance (29, 34), the glucose infusion rate (GIR) at each step
during a glucose clamp study was similar between the nonrisk and
risk groups (Figure 4H). There was no difference in intrahepatic
lipid, which is known as a surrogate marker of hepatic insulin
resistance, between the nonrisk and risk groups (Table 1). These
findings suggest that the difference in the c-peptide/insulin ratio
October 2013 4515
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c-peptide/insulin ratio in ZnT8KO and control mice. (A) Insulin concentration, (B) c-peptide concentration, (C) c-peptide/insulin ratio, and (D)
glucose concentration during i.p. GTT in control and ZnT8KO mice (n = 12 per group). Data are mean + SEM. *P < 0.05, unpaired t test.

between the nonrisk and risk groups was not due to a difference
in insulin resistance. In addition, the metabolic clearance rate for
insulin (MCR-I) (35), represented by the clearance rate of exog-
enously infused insulin, was similar in the 2 groups (Figure 4I).
This finding suggests that SLC30A8 alters the insulin clearance
rate of endogenously secreted insulin. In addition, we calculated
the insulinogenic index, a marker of insulin secretory capacity. The
insulinogenic index tended to be higher in the nonrisk allele group
than the risk group (Figure 4]), which suggests that ZnT8 defi-
ciency affects insulin levels available for insulin-sensitive tissues
rather than insulin resistance. Together, the above results indicate
impaired suppression of postprandial insulin clearance in humans
carrying the risk allele of SLC30A8.

ZnT8 dependence of zinc and insulin cosecretion. Because the major
differences in insulin secretion and hepatic insulin clearance were
possibly related to ZnT8 function, we measured zinc content in
isolated islets of control and ZnT8KO mice. As expected, ZnT8KO
islets contained less zinc than control islets (Figure SA). Zinc con-
tent per individual islet, as measured by the wet ashing method,
was 21.0 + 1.1 pmol in control mice and 6.3 + 0.4 pmol in ZnT8KO
mice,and by the nitricacid method was 36.4 £ 1.5and 10.4 + 0.3 pmol,
respectively. While the presumed function of SIc3048 is to trans-
port zinc ion into insulin granules, the difference in zinc con-
tent per islet of control and ZnT8KO mice likely represents
the zinc content in insulin granules. The putative zinc content
in insulin granules of a single islet accounted for 14.8 pmol
(wet ashing method) to 26.1 pmol (nitric acid method). On the
other hand, the insulin content of a single islet was approximate-
ly 7 pmol (40 ng) in our experiments (Supplemental Figure 2).
Because insulin crystals typically consist of 2 zinc molecules and
6 insulin molecules, these findings indicate that the zinc/insu-
lin molecular ratio is 2:1 to 4:1, generally consistent with previ-
ous reports (36, 37). This finding indicates the presence of larger
amounts of zinc, which is required to form insulin hexamer (2:6
zinc/insulin), in insulin granules. In addition, we investigated
whether a bolus zinc secretion into the PV could be detected as
a transient rise in zinc concentration. Indeed, the zinc concen-
tration in the PV of control mice after 2-4 minutes of glucose
loading was significantly higher than in the control IVC or in the
ZnT8KO IVC or PV (Figure 5B).

Based on the clear differences in zinc content and secretion
between ZnT8KO and control mice, we propose the following 2
scenarios: first, zinc secreted from neighboring f cells suppresses
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insulin secretion from normal islets; and second, zinc released
from the pancreas suppresses hepatic insulin clearance. The next
series of experiments was designed to test these scenarios.

Zinc-induced suppression of insulin secretion from  cells. Zinc secreted
from f3 cells is known to affect neighboring endocrine cells (7, 11).
Consistent with previous reports (10, 14-16), addition of zinc to
the perfusate (30 uM) markedly suppressed insulin hypersecretion
in ZnT8KO mice, almost to control levels (Figure 2D). Further-
more, the addition of zinc chelator calcium EDTA (2.5 mM) (7)
significantly increased insulin secretion from isolated C57BL/6]
islets (Figure 5C and Supplemental Figure 2B).

Previous studies showed that zinc hyperpolarizes pancreatic f3
cells by enhancing the outward current of the K-ATP channel (8,9).
We found that insulin secretion from isolated ZnT8KO islets
incubated with KCl, a K-ATP channel-independent insulin secre-
tagogue, was comparable to that from control islets (Figure SD
and Supplemental Figure 2C), which indicates that lack of zinc
secretion from  cells causes K-ATP channel-dependent insulin
hypersecretion in ZnT8KO mice.

Zinc-induced suppression of hepatic insulin clearance. We next exam-
ined whether zinc released from the pancreas suppresses hepatic
insulin clearance. Injection of a zinc-insulin solution into the PV
resulted in reduced hepatic insulin clearance, and the reduction
was zinc dose dependent (Figure 6A). To assess the regulatory
role of zinc in hepatic insulin clearance directly, we performed
liver perfusion experiments (Figure 6B). Zinc supplementation
significantly increased insulin level in the IVC (Figure 6C), which
confirmed that zinc affects hepatic insulin clearance. Moreover,
insulin consumption in cultures of HepGz2 cells, assessed by the
concentration of insulin in the medium, also correlated negatively
with zinc concentration (Figure 6D).

Zinc-induced suppression of insulin receptor internalization. Hepatic
insulin clearance involves several processes, including the bind-
ing of insulin to the insulin receptor (IR), internalization of the
insulin-IR complex, and proteolytic degradation by a specific
insulin-degrading enzyme (IDE) (38). Since IDE is a zinc metal-
lopeptidase (38), we first examined the effect of zinc on IDE activ-
ity. However, increasing zinc levels did not affect IDE-mediated
insulin degradation in an IDE activity assay (Supplemental Fig-
ure 4). Because zinc (75-225 uM) inhibits the internalization of
asialoglycoprotein and transferrin receptor (TfR) in hepatocytes
(39), we next examined whether zinc chloride at 30-100 uM, con-
centrations used in zinc-related research in hepatocytes and liver-
Number 10
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Table 1
Characteristics of the nonrisk and risk allele groups

RiskA Nonrisk® P
Age (yr) 441 (3.1) 425(45) 0.71
Body mass index (kg/m?) 24.0 (1.3) 239(1.2) 05
Waist circumference (cm) 85.3 (5.7) 842 (51) 024
Systolic blood pressure (mmHg) 129.9 (17.4) 125.4(10.7) 0.27
Diastolic blood pressure (mmHg) 82.1(13.0)  81.8(9.5) 0.91
HbA1c (%) 5.4 (0.4) 54(0.38) 0.81
Total cholesterol (mg/dl) 206.3 (34.2) 204.4(33.0) 0.87
Triglyceride (mg/dl) 142.0 (62.6) 145.3(97.1) 0.91
LDL-cholesterol (mg/dl) 120.4 (28.6) 122.6 (29.5) 0.82
HDL-cholesterol (mg/dl) 60.4 (16.0) 59.1 (16.0) 0.95
Free fatty acids (uEa/l) 378.8(97.9) 419 (136.3) 0.35
Body fat (%) 22.2 (5.6) 21.8(4.3) 0.82
Intrahepatic lipid (%) 3.5(3.2) 43(48) 058
AST (1U/) 23.4(5.00 253(121) 0.59
ALT (1U/1) 242 (54) 35.1(32.0) 0.23
y-GTP (1U/1) 37.1(16.7) 79.9(109.3) 0.16
Procollagen IIl peptide (ng/ml) 0.46 (0.05) 0.48 (0.05) 0.26
Collagen type IV (ng/ml) 114.9 (21.5) 111.07 (27.1) 0.65
Hyaluronic acid (U/ml) 15.2 (7.4) 12.7(6.7) 0.26

AC/C (n =12).BT/T or T/C (n = 42). Data represent mean (SD). P values
were determined by unpaired t test.

derived cell lines (40-46), alters insulin-stimulated internaliza-
tion of the insulin-IR complex in HepG2 cells. We examined this
using the biotin-labeled IR internalization assay, which measures
biotin-labeled cell surface IR, but does not detect internalized
or intracellular IR, thus assessing insulin-induced IR internal-
ization from the cell surface to the cytoplasm (32, 47). Insulin
stimulation decreased cell surface IR, which was suppressed by
cotreatment with zinc (Figure 6E). These results suggest that zinc
inhibits insulin-stimulated IR internalization. Furthermore, the
zinc ionophore pyrithione enhanced, whereas the zinc chelator
TPEN abolished, zinc-induced inhibition of IR internalization
(Figure 6F), which suggests that the zinc-dependent inhibition of
IR internalization is induced by intracellular zinc influx, rather
than by zinc-sensing receptors such as GPR39 (10). To investi-
gate the transporter responsible for the zinc influx, we examined
ZIP14-deficient mice (41, 48). However, hepatic insulin clearance
was not altered by ZIP14 deficiency in the liver perfusion reaction
(data not shown). Collectively, these findings indicate that zinc-
induced inhibition of hepatic insulin uptake involves blockade of
insulin-stimulated internalization of the insulin-IR complex via
ZIP14-independent intracellular zinc influx.

There are several forms of endocytosis, including the clathrin-
mediated and caveolin-mediated forms (49, 50). Since transferrin
(Tf) bound to TfR is internalized in a mainly clathrin-dependent
manner (51), and TfR internalization is suppressed by zinc (39),
we first examined the effect of zinc on Tf bound to its TfR using
chlorpromazine, an inhibitor of clathrin-dependent endocytosis
(52), and MBCD, an inhibitor of caveolin-dependent endocytosis
(53). Confocal microscopic analyses showed that in HepG2 cells,
chlorpromazine strongly suppressed the internalization of Alexa
Fluor 594-conjugated Tf, compared with a negligible effect of
MPBCD. The effect of zinc on TfR internalization was similar to
that of chlorpromazine (Figure 7, A and B), which suggests that
zinc preferentially inhibits clathrin-dependent endocytosis.
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Both clathrin and caveolin-1 are involved in IR endocytosis
(54-56). Therefore, we investigated the mechanism by which zinc
affects IR endocytosis. Confocal microscopic analysis showed
that in HepG2 cells, IR was internalized into intracellular endo-
somal compartments at 5 and 15 minutes after treatment with
FITC-conjugated insulin (Figure 7, C and D). Both chlorproma-
zine and MBCD suppressed IR internalization, as did zinc treat-
ment. Interestingly, cotreatment with zinc and chlorpromazine
did not show any further suppression of IR internalization
compared with either single treatment, whereas treatment with
MBCD with and without zinc exhibited a significant difference
15 minutes after FITC-insulin treatment (Figure 7D). Moreover,
caveolin-1 phosphorylation, which is associated with caveolin-
dependent endocytosis (55), was not affected by zinc supplemen-
tation (Supplemental Figure 5). These results suggest that zinc
mainly inhibits clathrin-dependent, rather than caveolin-mediat-
ed, IR endocytosis. Taken together, these findings indicate that
zinc suppresses IR endocytosis by inhibiting the clathrin-medi-
ated receptor internalization machinery.

Lack of evidence of liver dysfunction in association with ZnT8 deficiency.
It is possible that increased hepatic insulin internalization caused
by ZnT8 deficiency could affect liver function. To rule out this
possibility, a series of biochemical tests of carriers for SLC30A8
risk allele were conducted (Table 1). The results showed that the
liver function of individuals carrying the SCL30AS8 risk allele
was comparable to that of individuals carrying nonrisk alleles.
Next, we conducted blood tests in ZnT8KO mice at 25 weeks
of age to investigate whether ZnT8 deficiency is associated with
liver dysfunction. All biochemical markers related to liver func-
tion were within the normal range (Supplemental Table 1). Fur-
thermore, the results showed neither fatty liver, fibrotic changes,
nor enhanced storage of glycogen in the liver of control and
ZnT8KO mice, as assessed by H&E, AZAN, and PAS staining,
respectively (Supplemental Figure 6).

Little effect of proinsulin on hepatic insulin clearance. Because proinsu-
lin secretion is reported to be increased in ZnT8KO mice and indi-
viduals carrying the risk allele of SLC30A8 (20, 57), we investigated
the role of proinsulin in the regulation of hepatic insulin clearance.
First, we measured plasma proinsulin levels in ZnT8KO mice after
glucose challenge and proinsulin content in control and ZnT8KO
mice (Supplemental Figure 7, A-F). In agreement with a previous
report (20), the proinsulin/insulin ratio was significantly higher in
ZnT8KO than control mice. Proinsulin is known to bind to the IR
and elicits acute insulin-like metabolic effects in adipocytes and
hepatocytes, although the binding affinity to IR is 10- to 100-fold
lower (58, 59). To investigate the possible role of proinsulin in the
regulation of hepatic insulin clearance, we tested whether proinsu-
lin interferes with the internalization of FITC-insulin into HepG2
cells (Supplemental Figure 7, G and H). Preincubation of HepG2
cells with 10 nM proinsulin (representing the same amount of
FITC-insulin) did not affect the uptake of FITC-insulin by HepG2
cells. Given that the binding affinity of proinsulin to the IR is low,
the result that proinsulin did not affect FITC-insulin endocytosis
appeared to be reasonable. In addition, there was only 5% difference
in the proinsulin/insulin ratio between control and ZnT8KO mice.
Thus, it is unlikely that proinsulin produced in ZnT8KO islets
plays a major role in the regulation of hepatic insulin clearance.

ZnT8 deficiency does not induce changes in glucagon secretion. Cross-
regulation of insulin and glucagon secretion has been previously
reported: insulin suppresses glucagon secretion (60), and gluca-
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gon enhances insulin secretion (61). In addition, whether zinc
suppresses glucagon secretion (7, 62, 63) or not (64) is currently
an active area of debate. If zinc suppresses glucagon secretion, it
could indirectly affect insulin secretion. Glucagon secretion was
measured as described previously (19) from islets of control and
ZnT8KO mice (Supplemental Figure 8, A-D). We also measured
changes in plasma glucagon levels associated with glucose-stim-
ulated insulin and zinc cosecretion in control and ZnT8KO mice,
to evaluate whether loss of zinc secretion alters glucagon secretion
from a cells (Supplemental Figure 8E). Consistent with the results
described previously (19), glucagon secretion was similar in con-
trol and ZnT8KO mice.

Effect of high-fat diet on hepatic insulin clearance. Finally, we inves-
tigated whether high-fat diet affects hepatic insulin extraction.
Mice at 8-12 weeks of age were fed high-fat diet, then evaluated
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for c-peptide/insulin ratio (Supplemental Figure 9, A-F). Body
weight increased significantly after high-fat diet feeding in
both control and ZnT8KO mice, compared with normal chow
diet (Supplemental Figure 1B and Supplemental Figure 9, A
and B). The c-peptide/insulin ratio was still significantly higher
in ZnT8KO than control mice (Supplemental Figure 9, C-F).
These results suggest that high-fat diet did not affect ZnT8-
mediated suppression of hepatic insulin clearance. In addition,
glucose tolerance and body weight of ZnT8KO and control
mice were comparable after a longer period of high-fat diet
feeding (Supplemental Figure 9, G-I). These results are consis-
tent with those of previous reports that systemic ZnT8KO mice
showed more weight gain and glucose intolerance compared
with controls (18, 19, 65), but these differences were not evident
in our ZnT8KO mice.
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Discussion

In the EUGENE2 study, human homozygous carriers of the
risk allele of SLC30A8 had low peripheral insulin levels in the
early phase of i.v. GTT (22). However, in 5 previous papers that
characterized ZnT8-deficient mice, there was no agreement on
the underlying mechanism by which SIc3048 increases suscep-
tibility to type 2 diabetes (17-21). Our detailed examination of
ZnT8KO mice and of humans with the R325W polymorphism of
SLC30A8 indicated that the phenotype of ZnT8 deficiency shows
apparent discrepancy between insulin secretion from the pan-
creas and circulating insulin levels, resulting from a difference
in insulin clearance. Indeed, healthy humans with the R325W
polymorphism of SLC30A8 displayed normal glucose tolerance
because they maintained postprandial plasma insulin at levels
similar to those of the nonrisk allele group, by secreting more
insulin to overcome the enhanced hepatic insulin degradation.
Since there was no difference in insulin resistance between the
risk and nonrisk groups (Figure 4H), the difference in insulin
clearance between groups was not related to insulin resistance.
Thus, dysregulation of insulin clearance by the liver associated
with the SLC30A8 mutation may cause persistent enhancement
of insulin secretion from [} cells, which could increase the risk for
the development of type 2 diabetes.

In general clinical practice, hypoinsulinemia is interpreted to
result from low insulin secretion by pancreatic {3 cells. However, this
cannot be confirmed without measuring insulin secretion from the
pancreas, because insulin level in the systemic circulation is deter-
mined by a balance between insulin secretion and insulin clearance.
The results of the EUGENE2 study are generally consistent with
our results (22); hypoinsulinemia might be explained by accelerated
hepatic insulin clearance. Measurement of c-peptide level and the
c-peptide/insulin ratio would confirm this possibility.

Although insulin granules are known to contain high amounts
of zinc, there is little information about the physiological signifi-
cance of zinc. In this study, we demonstrated that the high amount
of zinc contained in insulin granules and its cosecretion with insu-
lin had endocrine functions in addition to their intracellular roles
in insulin molecule crystallization and efficient insulin processing
(20). First, zinc secreted from f3 cells inhibited insulin secretion in
autocrine and paracrine fashions. Second, zinc that was cosecret-
ed with insulin regulated postprandial hepatic insulin clearance
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(Supplemental Figure 10). Based on these findings, we propose the
involvement of SLC30A8 in the dysregulation of insulin homeosta-
sis in humans, despite the limited number of study subjects.

In agreement with our observations, Rutter and colleagues (19)
reported hypersecretion of insulin from islets of ZnT8-deficient
mice, but low plasma insulin levels after glucose loading in these
mice. However, in that study, the discrepancy between these 2
observations was not fully explored. Previous studies reported that
insulin secretion from pancreatic islets was suppressed by zinc
through enhanced outward current of the K-ATP channel (8-10,
14-16). Therefore, we rigorously examined whether zinc could
suppress insulin secretion in various experimental settings, using
isolated islets from ZnT8KO mice (Figure 2B and Figure SD), the
addition of zinc chelator to C57BL/6] islets (Figure 5C), and pan-
creas perfusion (Figure 2D), in addition to simple comparison
between control and ZnT8KO mice. The results of all these experi-
ments strongly supported the previous reports demonstrating
that zinc suppresses insulin secretion from f cells (8-10, 14-16).

The liver is the main organ for insulin clearance, removing
approximately 50% during the first portal passage (29, 34), but
this rate is highly dependent on the state of satiation. In the fast-
ing state, clearance of unnecessary insulin by the liver plays a
major role in preventing inappropriate hyperinsulinemia (32). In
the postprandial state, on the other hand, hepatic insulin degra-
dation is inhibited to ensure a sufficient supply of insulin to the
peripheral target tissues, although the underlying mechanism of
this regulatory process has remained elusive (24, 28). Thus, timely
inhibition of hepatic insulin clearance by zinc coreleased with
insulin seems to be a rational mechanism.

Zinc-induced inhibition of insulin uptake by the liver was fur-
ther confirmed by visualizing intracellular translocation of insu-
lin. The internalization of FITC-insulin into HepG2 cells was
acutely inhibited by zinc (Figure 7, C and D), which may account
for the efficient inhibition of hepatic insulin clearance during the
first liver passage. Insulin is delivered to the liver through the PV
by pulsatile secretion. While pulsatile zinc concentration in the PV
is unknown, to assess the regulatory role of zinc in insulin secre-
tion and insulin metabolism, we used 30-100 uM of zinc, a con-
centration used in previous studies on zinc biology (40-46). TfR is
a well-characterized receptor whose trafficking is clathrin depen-
dent (66, 67). Our results showed that zinc effectively inhibited
Number 10 October 2013
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Zinc attenuates hepatic insulin clearance. (A) Peripheral insulin levels measured after intraportal coinjection of insulin and zinc, the latter at
concentrations of 0, 7.3, 14.7, 29.3, or 58.7 umol/kg body weight. (B) Liver perfusion. The perfusate was infused into the PV and collected from
the IVC. (C) Liver perfusion in C57BL/6J mice (n = 5 per group). Blue, insulin-containing control perfusate; red, zinc-supplemented perfusate. (D)
Insulin clearance assay. Insulin concentration was determined in the culture medium of HepG2 cells supplemented with zinc chloride at 0, 30, or
100 uM as well as in cell-free medium. (E and F) IR internalization assay. Residual IR on the cell surface was determined after administration of
100 nM insulin and/or 30 or 100 uM zinc (E; n = 3) and of insulin, zinc, pyrithione, TPEN, and/or nifedipine as indicated (F; n = 5). Percent mem-
brane residual IR relative to control was also quantified. All data are mean + SEM. *P < 0.05 vs. control, unpaired t test. #P < 0.05 as indicated by
brackets, °P < 0.05 vs. all insulin treatment groups, nonrepeated ANOVA.

endocytosis of Tf (Figure 7, A and B). Zinc also further reduced IR
endocytosis in the presence of MBCD, an inhibitor of the caveolin-
dependent trafficking pathway, but not in the presence of chlor-
promazine, an inhibitor of the clathrin-dependent trafficking
pathway, which indicated that the zinc-induced suppression of IR
endocytosis seems to be mediated mainly by suppression of the
chlorpromazine-sensitive, clathrin-dependent pathway.

As a plausible explanation for the link between loss of ZnT8
function and enhanced hepatic insulin clearance, we postulate
that zinc coreleased with insulin affects insulin degradation in the
liver. Because zinc is coreleased with insulin from insulin gran-
ules of f cells, it is likely that the local zinc concentration within
the insulin-containing pulsatile bloodstream is high enough to
efficiently suppress insulin uptake by the IRs on hepatocytes. We
cannot completely rule out the possibility that the zinc molecule
binds to the secreted insulin molecules until insulin reaches the
cellular surface of hepatocytes, since it takes a while for insulin
crystals to dissociate and become a monomer. Based on findings
from experiments involving subcutaneous insulin injection, it is
believed that only insulin monomer can pass through the blood
vessel wall and exist as a monomer in serum (68, 69). However, it is
possible that insulin hexamers, or even crystals, may be able to pass
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through islet capillaries, since the endothelial cell lining of islet
capillaries exhibit unique fenestration structures that allow rapid
permeation of proteins (70). Because the proinsulin level relative
to that of insulin was increased in ZnT8-deficient mice, we exam-
ined the possible role of proinsulin in modulating hepatic insulin
clearance; however, no such evidence was obtained (Supplemen-
tal Figure 7). It is also possible that a yet-unknown substance can
alter hepatic insulin clearance in association with the function of
SLC30A8 in f cells. Although such hypotheses should be verified,
investigating the nature of existence of insulin molecules in the PV
is beyond the reach of currently available techniques.

It has been pointed out that differences in genetic background
of mice and mouse facilities could affect the phenotype of mice
mutant for Slc3048 (21). It is thus possible that the background of
our ZnT8KO mice may have contributed to the difference in mouse
phenotype. In addition, the genetic background of ES cells used in
our experiments was also different. We used TT2 ES cells, in con-
trast to the 129/SvF"rd cells used by Pound and colleagues (17, 21)
and the 129/SV cells used by the Nicolson, Lemaire, and Wijesekara
groups (18-20). Preservation of the neighboring region of Slc3048
on chromosome 15 is expected, in spite of backcrossing more than
10 times. These methodological differences might have contrib-
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Figure 7

Zinc suppresses clath-
rin-mediated receptor
endocytosis. (A-D)
Effects of zinc on endo-
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uted to the difference in mouse phenotype. Moreover, Lemaire
and coworkers (71) proposed that residual zinc flux into insulin
granules can be associated with the continued presence of insulin
crystals, while loss of ZnT8 function and/or expression could abol-
ish insulin crystals in ZnT8-deficient 8 cells. Our ZnT8KO mice
showed almost complete loss of crystal-containing granules at
6 and 20 weeks of age. Based on the above hypothesis, it is likely
that our mice exhibited almost complete loss of ZnT8 function.
Efficient elimination of ZnT8 function might be achieved by dele-
tion of the conserved zinc-binding residues, which are crucial for
transporter function (Figure 1D and refs. 6, 30, 31). Even if trun-
cated ZnT8 protein could be generated from the mutant allele, it
contains no transporter function. Given that other groups deleted
exon 1 (17, 21) or exon 3 (18-20), we cannot completely rule out
the possible contribution of differences in mouse design and the
degree of residual zinc flux to the different phenotypes.

The allele prevalence of the R325W polymorphism of SLC30A8
suggests that more than one-quarter of all people may have
impaired zinc secretion from the pancreas, due to genetic predis-
position (1-5). In addition, our previous finding in mice of down-
regulated ZnT8 expression in the early stage of diabetes (33) sug-
gests that numerous diabetic patients with hyperglycemia suffer
from dysregulation of insulin clearance. Thus, our present find-
ings provide a novel etiological concept for diabetes: dysregulated
hepatic insulin clearance, which could serve as a new therapeutic
target for type 2 diabetes.

Methods

Generation of ZnT8KO mice. Gene targeting in ES cells was designed to
delete exon 5 of the endogenous Slc30a8 locus (Figure 1A). The targeting
vector contained exon S flanked by loxP sites and an fr¢-flanked neocas-
sette (Pr-Neo pA) in the 3'-adjacent region. Vector electroporation into
TT2 ES cells (72), positive-negative selection, and Southern blot analysis
(data not shown) yielded frt-Neor heterozygous ES cell clones. These cells
were injected into CD-1 8-cell-stage embryos to generate chimeric mutant
mice. The neocassette was excised in vivo by crossing the chimeras to mice
expressing the Flp recombinase (B6-Tg [CAG-FLPe36]; ref. 73), leading
to SIc30a87* offspring (accession no. CDB0625K; http://www.cdb.riken.
jp/arg/mutant%20mice%20list.html). SIc30487* mice were then back-
crossed onto the C57BL6/J background more than 10 times. The resulting
Slc30a8/f mice were bred with RIP-cre transgenic mice to generate ZnT8KO
mice, with f cell-specific Slc30a8 deletion. Mice were housed in a specific
pathogen-free facility and maintained on normal mouse chow. All mice
were housed in specific pathogen-free barrier facilities, maintained under
a 12-hour light/12-hour dark cycle, fed standard rodent food (Oriental
Yeast) or rodent food containing 60% fat (Research Diet) for the high-fat
diet study, and provided water ad libitum.

PCR genotyping primer pair for Slc30a8/f mice. The primer pair for Slc30a8f
mice was as follows: 5’ primer, ACAGTGACAAAACAGTGGAACTTAC; 3’
primer, CTGAAGAAACTCAAGGTGTCCA. The PCR product of the floxed
allele was 762 bp, that for the A allele was 308 bp, and that for the non-
gene recombined C57BL/6] allele was 1,037 bp.

Immunohistochemistry. Immunohistochemical analysis, estimation of
percent 3 cell area in the pancreas, and determination of the CD31-
positive area in islets were carried out as described previously (74),
using the following primary antibodies: rabbit anti-ZnT8 antibody (33),
guinea pig anti-insulin antibody (Linco Research), and rat anti-CD31
antibody (Pharmingen).

Dithizone staining. Isolated islets were stained with 100 ug/ml dithizone
(Sigma-Aldrich) for 15 minutes before imaging.
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Electron microscopy. Electron microscopy was conducted using a standard
protocol as described previously (75).

i.p. GTT. Male mice were fasted overnight, then loaded with 2.0 g/kg
glucose. i.p. GTT was performed as described previously (75). Insulin was
measured by ultrasensitive mouse insulin ELISA (Morinaga). c-peptide was
measured by mouse c-peptide ELISA (Alpco). Proinsulin was measured by
mouse proinsulin ELISA (Alpco).

Glucagon secretion in vivo. Mice were fasted for 6 hours, and 2.0 g/kg glu-
cose was administrated in control and ZnT8KO mice. After 30 minutes,
blood was collected from the IVC and mixed with aprotinin-EDTA. The
blood samples were immediately centrifuged, and plasma was stored in
a deep freezer. Glucagon level was measured by Rat, Mouse and Human
Glucagon EIA kit.

Insulin tolerance test. Mice were fasted overnight, then injected with 0.75 U/kg
human insulin (Eli Lilly). Blood glucose was measured in blood samples
obtained from the tail vein (75).

Insulin and glucagon secretion from isolated islets. Pancreatic islets were iso-
lated from 14- to 16-week-old male mice by collagenase digestion. Insulin
secretion from isolated islets and insulin content of islets were assessed as
described previously (75). Glucagon secretion and content were measured
as described previously (19).

Pancreas perfusion and pancreas-liver perfusion. Overnight-fasted 14- to
16-week-old male mice were used in perfusion experiments, which were
conducted as described previously (76). Briefly, after anesthetization with
sodium pentobarbital, the superior mesenteric and renal arteries were
ligated, and the aorta was tied off just below the diaphragm. The perfusate
was infused through a catheter placed in the abdominal aorta and col-
lected from the PV or IVC. The caudal vena cava (at the level of the inferior
border of the liver) was ligated when the perfusate was collected from the
IVC to avoid interfusion from other organs. The perfusate was mixed with
Krebs-Ringer bicarbonate HEPES (KRBH) buffer supplemented with 4.6%
dextran and 0.25% BSA and bubbled with a 95% O,-5% CO, gas mixture.
The flow rate of the perfusate was set at 1 ml/min. In the experiments,
KRBH buffer containing 2.8 mM glucose was perfused for 15 minutes (i.e.,
equilibration period), and then KRBH buffer containing 16.7 mM glucose,
with or without 30 uM zinc chloride, was perfused for 45 minutes. During
the perfusion period, the mouse body was kept at 37°C with normal saline.

Measurement of insulin clearance in bumans. 57 nondiabetic (fasting blood
glucose, <126 mg/dl) men were recruited for a study performed at the
Sportology Center of Juntendo University. Each subject underwent 2-step
euglycemic hyperinsulinemic glucose clamp (see below), proton-magnetic
resonance spectroscopy (MRS) to measure intrahepatic lipid, and 75-g oral
GTT. To avoid instrument-related measurement errors, all studies were con-
ducted at Juntendo University. The risk allele of SLC30A8, rs1366642, was
determined by TagMan SNP genotyping (Applied Biosystems). We divided
the subjects into nonrisk allele (T/C and T/T, n = 42) and risk allele (C/C,
n=12) groups, or into T/T allele (n = 19) and C/C allele (n = 12) groups.

2-step euglycemic hyperinsulinemic glucose clamp study. After an overnight
fast, a 2-step euglycemic hyperinsulinemic glucose clamp study was per-
formed. Briefly, an i.v. cannula was placed in each forearm, and subjects
received insulin infusions of 10 and 20 mU/m?/min. Each insulin infusion
step lasted 3 hours. A variable rate of infusion was used for 20% glucose
to maintain euglycemia (target blood glucose, ~95 mg/dl). We used the
GIR at each step as an index of insulin sensitivity. MCR-I was calculated as
described previously (35).

Zinc content in islets. 50 islets from control and ZnT8KO mice were col-
lected into 2.0-ml microtubes. Islets were homogenized by ultrasonic treat-
ment and diluted in 200 ul distilled water. Zinc concentration in islets was
measured by the wet ashing method or nitric acid method at the Sino-test
Science Laboratory.
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Seruwm zinc measurement. Mice were fasted overnight, then anesthetized and
injected with glucose at 2.0 g/kg body weight via the IVC. Blood was collected
from the PV 2-4 minutes later, or from the IVC 10 minutes later. Blood sam-
ples were centrifuged immediately, and plasma samples were stored until
measurement of insulin concentration. Plasma zinc concentration was mea-
sured by atomic absorption spectrometry using a clinical chemistry autoana-
lyzer (Hitachi autoanalyzer 7180) at the Sino-test Science Laboratory.

Insulin clearance in vivo. C57BL6/J mice were fasted overnight, then anes-
thetized with sodium pentobarbital, followed by injection of insulin solu-
tion (0.5 U/kg body weight) mixed with various concentrations of zinc (7.3,
14.7,29.3, or 58.7 umol/kg body weight) into the PV. Blood samples were
collected from the tail vein. Insulin levels were measured at 0, 10, 20, 30, 40,
50, and 60 minutes after injection.

Liver perfusion. The perfusate was infused through a catheter placed into
the PV and collected from the IVC; the caudal vena cava was tied off to
avoid interfusion from other organs. The flow rate of the perfusate was set
at 0.2 ml/min. KRBH buffer containing 5.0 mM glucose was perfused for
10 minutes, representing the equilibration period. This was followed by
infusion of KRBH buffer supplemented with 5.0 mM glucose plus 4.0 ng/ml
human insulin (Humalin R; Eli Lilly), or with 5.0 mM glucose, 4.0 ng/ml
human insulin, and 30 uM zinc hydrochloride.

Cell-based insulin degradation assay. HepG2 cells were grown to subconfluence
on a 6-well dish. One well was a cell-free control in each study. The appropri-
ate amount of human insulin (Humalin R; Eli Lilly) and 0-100 uM zinc chlo-
ride were applied to the cell cultures. The medium was collected after 0, 1, 2,
3,4, 6,and 8 hours of culture, and the insulin concentration was measured.

IR internalization assay. HepG2 cells were cultured on a 6-well dish, fol-
lowed by addition of 100 nM insulin and/or 30-100 uM zinc chloride and
further incubation for 10 minutes. The biotin-labeled IR internalization
assay was performed as described previously (32, 47).

IDE activity assay. HepG2 cells were collected by scraping, then incu-
bated in CytoBuster Protein extraction reagent (Novagen) for 5 or 15
minutes. IDE was quantified using the FRET substrate (Mca-GGFLRKH-
GQEDDnp), a component of the InnoZymelnsulysin/IDE Immunocap-
ture Activity Assay Kit (Calbiochem/Merck) (77, 78).

Tf and insulin uptake in HepG2 cells. Appropriate numbers of HepG2 cells
were cultured on cover glasses placed in 3.5-cm dishes. Cells were cultured
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in HBSS medium for 30 minutes with or without 2 mM MBCD or 50 uM
chlorpromazine. Cells were placed on ice, and 100 uM zinc was added to
some samples. After 5 minutes on ice, insulin-FITC or Tf-Alexa Fluor 594
was administered, and the cells were incubated at 37°C in a CO; incuba-
tor for S or 15 minutes. Cells were then washed with cold PBS and fixed in
4-PFA. The cover glass was removed from the dish and observed by confo-
cal microscopy as described previously (33).

Statistics. All quantitative data are reported as mean + SEM or mean + SD.
Statistical analysis was performed using unpaired 2-tailed Student’s ¢ test
or nonrepeated ANOVA. A P value less than 0.05 was considered statisti-
cally significant.

Study approval. Animal experiment protocols were approved by the Ethics
Review Committee for Animal Experimentation of Juntendo University.
All human subjects provided written informed consent, and the study was

approved by the Ethics Committee of Juntendo University.
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