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Allelic Insufficiency of Zinc Transporter 8 (Znt8) In Mice and Its Effect on T2D Prevention

Abstract

Zinc transporter 8 (ZNTS8) transports zinc from the cytoplasm into the secretory vesicle for insulin
crystallization and storage in pancreatic beta-cells. Individuals with ZNT78§ allelic insufficiency
have reduced risk of type 2 diabetes. However, the underlying mechanism of this protective effect
is not well understood. ZNT1-10 in pancreatic islets and in B-cell lines derived from human and
mice were examined using immunohistochemistry and immunofluorescence microscopic analysis.
The data suggests that there are functional conservations of the ZNT proteins between humans and
mice and mouse models of zinc transporters can be used for studying mechanisms of zinc-
associated risks of T2D in humans. When fed a high-fat diet (45% kcal fat) for 17 weeks, male
Znt8""- mice had an improved glucose tolerance compared to the wild type mice during glucose
challenge. Importantly, the total glucagon secretion assessed by the area under the curve during
glucose challenge was significantly lower (~40%) in male Znt8"" mice than the control mice.
Furthermore, quantitative RT-PCR results suggested that Znt8§ mRNA expression was strongly and
positively correlated with the expression of glucagon (R*=0.75, p=2.43*10"*) and Ss¢ (R*=0.8788,
p=6.78*10°) in pancreatic islets. Most importantly, ZNT8 was found to colocalize with
somatostatin in the mouse pylorus mucosa, but not with ghrelin, GIP, GLP1, and CCK. Znt8
heterozygotes may be protected from high-fat-induced glucose intolerance or type 2 diabetes due
to enhanced suppression of glucagon levels leading to better glycemic control. Colocalized
expression of ZNT8 and somatostatin suggest a role of ZNT8 in regulating SST production and
secretion, which may have an indirect impact on the rate of digestion and absorption of foods in
the gut as well as the secretions of pancreatic hormones after meals. These findings would provide

new research targets to uncover the role of ZNT8 in T2D development.
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Chapter 1 - Zinc, zinc homeostasis and endocrine hormones as well as their influences on

peripheral tissues in the pathogenesis of Type-2 diabetes

1. Introduction

Insulin resistance in peripheral tissues and dysfunction of pancreatic beta-cell are two factors
which characterize Type 2 Diabetes (T2D). Additionally, dysfunction of other related hormones,
for example, glucagon, growth hormone, and thyroid hormone are involved in the pathogenesis of
T2D (1). Zinc is associated with insulin resistance and functions of these metabolic hormones
mentioned above (2). Therefore, zinc homeostasis which is largely maintained by zinc transporters
has been a research target for decades for its role in T2D development as well as in T2D prevention.
In the following sections, I describe the roles of zinc and zinc transporters on production, secretion
as well as function of hormones in the aspects of glucose and lipid metabolism, and satiety. In
addition, I summarize the importance of zinc homeostasis in insulin sensitivity and glucose

tolerance of peripheral tissues.

2. Zinc status in diabetic patients

Zinc concentration in the human pancreas is in the range of 4- 17 uM (3). However, compared to
the normal pancreas, zinc levels in the diabetic pancreas reduced by 65% (4). Patients with diabetes
also have reduced serum zinc concentration (5, 6), likely caused by increased zinc loss in urine
(7). Higher urinary zinc loss is associated hyperglycemia which might lead to reduced tubular zinc
reabsorption (8). As such, dietary zinc supplementation is thought to be beneficial for reducing
risks for T2D development. Several large human cohort studies have provided scientific evidence

supporting this theory, which suggest that higher zinc intake or higher plasma zinc concentration



is associated with decreased risk T2D (9, 10). Moreover, zinc supplementation has been shown to
lower fasting glucose and insulin levels induced by obesity and insulin resistance in ob/ob and
db/db animal models (11, 12). In diabetic patients, oral zinc supplementation can reduce blood
HbAIc, total cholesterol, and low-density lipoprotein cholesterol (LDL-C) levels reducing risks

of T2D- associated complications (13).

3. Zinc and endocrine hormones

3.1 Zinc functions like a hormone

Zinc has an insulin-mimetic effect on the insulin signaling pathway (Fig.1) via inhibition of protein
tyrosine phosphatase (PTP1B), an enzyme which inhibits the autophosphorylation of the insulin
receptor beta subunits (14, 15). PTP1B catalyzes dephosphorylation in a “ping-pong” pattern. First
it binds and then quickly dephosphorylates the substrate. The enzyme is then bound by a water
molecule to release the phosphate. Zinc ions binds to the region where the second step of the
enzymatic reaction takes place, thus lowering the enzymatic activity of PTP1B (14). Zinc can also
downregulate the phosphatase and tensin homolog protein (PTEN) gene expression probably
through SALLA4, a zinc-finger transcription factor, as well as causes PTEN degradation through a
mechanism involving ubiquitin (16, 17). PTEN functions like a phosphatidylinositol-3,4,5-
triphosphate (PIP3) phosphatase and inhibits the P13K/AKT activity, a key step in the insulin
signaling pathway that regulates glucose uptake in response to insulin stimulation (18). Moreover,
zinc can lower blood glucose levels by inhibiting gluconeogenesis via downregulating the gene
transcription of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase
(G6Pase) through FOXOla transcription factor (19). PEPCK catalyzes the conversion from

oxalate to phosphoenolpyruvate while G6Pase converts glucose-6-phosphate into glucose. Both



are key steps in gluconeogenesis. Furthermore, zinc can reduce blood glucose levels by enhancing
glycogen synthesis via inhibition of the activities of glycogen synthase kinase beta which
inactivates glycogen synthase (20). Finally, in adipocytes, zinc can suppress lipolysis in adipocytes
by inactivating protein kinase A (PKA), a kinase phosphorylates and activates hormone-sensitive
lipase (HSL), secondary to potentiating the insulin signaling pathway (21). Free fatty acids (FFA)
are released by HSL from triaclyglycerides and are sent to other tissues for energy. It is worth
noting that it is still unclear whether zinc exerts an insulin-mimetic effect independently or whether
this is dependent on the presence of insulin (22).

Glucose uptake gluconeogenesis

Akt

\
PTP1B, PTEN PEF;K(' G6Pase

Zn

\/ Glycogen synthase kinase beta
PKA

N
/ Glycogen synthase
\

lipolysis Glycogen synthesis

Figure 1. Zinc and its insulin-mimic effects

3.2 Zinc and insulin

Insulin is an anabolic peptide hormone secreted by pancreatic beta-cells. It promotes glucose
absorption by muscle, fat and liver cells to convert to either glycogen or triaclyglycerides. It also
inhibits glucose production. When insulin resistance develops, muscle, fat and liver cells have
limited ability to uptake glucose, resulting in glucose accumulation in blood, which can lead to
T2D. The majority of zinc (~70%) in the beta-cell is located in the insulin-containing secretory

vesicles (23, 24) where two zinc molecules are bound to 6 insulin monomers forming a crystalized



structure that increases the insulin storage capacity in beta-cells (25). Zinc is secreted along with
insulin into the interstitial space from beta-cells upon glucose stimulation. The secreted zinc has
an autocrine effect that decreases subsequent insulin secretion (26). Subsequently, zinc is quickly
reabsorbed into beta-cells by the ZIP (SLC39A) family of zinc transporters, such as ZIP6, ZIP8

and ZIP14 (27).

3.3 Zinc and glucagon

Glucagon is a catabolic peptide hormone secreted by alpha-cells of pancreas. When blood glucose
is low, glucagon is secreted to signal the liver to produce glucose from glycogen, lipid and amino
acids. Both fasting and glucose or arginine-induced suppression of glucagon secretion are
inappropriately elevated in diabetic patients (28). Zinc is suggested to trigger glucagon secretion

by co-secreting with insulin during hypoglycemia (29).

3.4 Zinc and somatostatin
Somatostatin is a peptide hormone in the digestive system (also in brain) secreted by d-cell in the
pancreas and in the gastrointestinal (GI) tract (30). In pancreas, somatostatin inhibits both insulin
and glucagon secretion (31). In the GI tract, somatostatin inhibits secretion of an array of endocrine
hormones including gastrin, ghrelin, GIP, GLP-1 and CCK leading to inhibited gastric acid
secretion, and a decreased rate of nutrient absorption and intestinal motility (32, 33).
Administration of somatostatin analogs can increase insulin sensitivity in insulin-dependent
diabetic patients (34).

Bolkent et al. reported the effects of zinc supplementation in normal and diabetic rats on

somatostatin cell density and oxidative stress in the gut (35). Compared to non-diabetic rats,



diabetic rats had significantly higher lipid peroxidation, lower level of glutathione GSH and more
non-enzymatic glycosylation (NEG) in the stomach and the duodenum. Somatostatin-secreting
cell density was higher in the stomach of diabetic than control rats. Oral gavage feeding zinc for
60 days reversed all these effects mentioned above in diabetic rats, suggesting that zinc may play
a role in o-cell function. Martin et al. investigated the effect of somatostatin combined with zinc
on the regulation of glucose metabolism in diabetic dogs by somatostatin analog injections. The
purpose of the study was to find out whether somatostatin with or without zinc could be a long-
lasting agent to use as an adjunct to insulin for control of postprandial glucose and triglycerides
(TG) levels (36). They found that when the somatostatin analog solution was supplemented with
zinc, there was a 2-3-fold longer-lasting effect to decrease plasma glucose, TG, xylose and
glucagon levels compared with the analog alone. It suggests that zinc has a synergic effect with

somatostatin to slow the absorption of fat and carbohydrates.

3.5 Zinc and melatonin and serotonin
Melatonin is secreted by pineal gland in brain to regulate sleep-wake rhythm (37). Melatonin plays
a role in glucose metabolism by binding to its receptors MT1 and MT?2 in peripheral tissues, such
as liver and muscle, to potentiate the insulin signaling pathway leading to increased glucose uptake
and blood glucose clearance (38). Melatonin also decreases insulin secretion in beta-cells and
increase glucagon secretion in alpha-cells via binding to MT1 and MT2 (39). Reduced melatonin
biosynthesis in the brain induced by aging or sleep-wake inversion can cause insulin resistance
and glucose intolerance (38).

Zinc correlates with serotonin secretion (40). Zinc may work as a cofactor for

arylalkylamine-N-acetyltransferase (AANAT) to enhance the binding of serotonin to this enzyme



(41). AANAT is involved in the conversion of serotonin to melatonin. The acetylation of serotonin
by AANAT is a key step in melatonin production. Thus, zinc is important in both serotonin and

melatonin production (42).

3.6 Zinc, growth hormone and insulin-like growth factor-1 (IGF-1)
Growth hormone is secreted from the pituitary gland and can stimulate the liver to secrete IGF-1.
Both hormones play a role in glucose control and insulin sensitivity. Growth hormone counteracts
insulin in glucose and lipid metabolism by decreasing glucose uptake in adipose tissue, increasing
gluconeogenesis and glycogenolysis as well as stimulating lipolysis (43, 44). However, in skeletal
muscle tissue, growth hormone increases free fatty acids uptake by increasing the activity of
lipoprotein lipase. During re-esterification, skeletal muscle cells then accumulates
diacylglycerides and ceramides which potently hinder insulin-signaling pathway, which may lead
to insulin resistance (45). On the other hand, IGF-1 has a hypoglycemic effect. Secreted IGF-1 can
bind insulin receptor with low affinity and thus can increase insulin sensitivity in muscle (46). It
has been shown that patients with T2D have reduced serum IGF-1 and increased serum growth
hormone levels (47, 48).

Zinc deficiency is associated with both reduced serum growth hormone and IGF-1 levels
(49, 50). In normal conditions, zinc stimulates the activity of growth hormone by binding and
promoting its dimerization. This dimerization is important for hormone stability, cellular storage
capacity of the hormone-secretory vesicles (51, 52). It also inhibits growth hormone to bind
proximal pituitary so that growth hormone can reach peripheral targets (53). Moreover, zinc

supplementation has been shown to increase serum IGF-1 levels (50). Therefore, zinc may play an



important role in modulating insulin sensitivity in the peripheral tissues through regulation of the

secretion and activities of growth hormone and IGF-1.

3.7 Zinc and thyroid hormone

The thyroid hormone plays important roles in glucose and lipid metabolism. Dysregulation of
thyroid hormone production and its activity is associated with risk factors of T2D (54). In general,
thyroid hormone increases gluconeogenesis, lipogenesis and decreases glycogen synthesis in the
liver resulting in the increase of glucose output (54). On the other hand, thyroid hormone increases
glucose uptake, glycolysis, lipolysis as well as mitochondrial function in peripheral tissues leading
to more energy expenditure (54). Therefore, both hyperthyroidism and hypothyroidism are risk
factors for insulin resistance and T2D (54).

Zinc affects thyroid hormone level in many ways. First, it protects the structure of the
follicles in the thyroid gland (55). Thyroid hormones (thyroxine T4 and triiodothyronine T3) are
produced by the follicular cells that involves production of hydrogen peroxide. Cu/Zn superoxide
dismutase (SOD1) is a zinc-containing enzyme which plays an important role in modulating
reactive oxygen species (ROS) to help avoid oxidative stress and destruction of follicular cells
(56). Second, zinc is required for the function of Type I-5” deiodinase, an enzyme responsible for
the conversion of T4 to a more active form of thyroid hormone T3 in liver and kidney (57). Finally,
zinc seems to maintain the active form of T3 receptor in nucleus by binding to it which indirectly
increases the function of thyroid hormones (58, 59). However, the correlation between zinc and
thyroid hormone is not unidirectional. There is evidence to suggest that the increased activity of
thyroid hormones can upregulate the expression of ZIP10, a zinc transporter involved in zinc

uptake of small intestine and kidney resulting in increased zinc absorption as well as decreased



zinc urinary excretion (60). Taken together, the data suggest that zinc is important for normal
production and functions of thyroid hormones to maintain a balanced glucose and lipid

metabolism.

3.8 Zinc and leptin

Leptin is produced by white adipose tissue and functions through the central nervous system (CNS)
to regulate food intake and energy expenditure (61). Leptin can also modulate glucose metabolism
by suppressing the glucose output from the liver, increasing glucose uptake independent of insulin,
and inhibiting glucose-stimulated insulin secretion in the pancreas (61). Studies have been shown
that serum zinc levels are often reduced in obese and T2D patients while blood leptin levels are
high (62). It has been shown that zinc deficiency promotes leptin production in the adipose tissue
(63) and high serum leptin levels are positively correlated to fasting insulin levels and insulin

resistance (64).

4. Zinc transporters and endocrine hormones

Zinc homeostasis is maintained primarily by two transporter families, namely the zinc importers
(ZRT- and IRT-like proteins or ZIPs) and the zinc transporters (ZNTs). ZIPs (ZIP1-14) which are
responsible for zinc uptake to increase zinc concentrations in the cytosol (65), while ZNTs (ZNT1-
10) are involved in zinc export or cellular sequestration leading to a decrease in zinc concentrations
in the cytoplasm (66). Additionally, zinc can bind to small molecular proteins, such as
metallothioneins (MTs), to chelate free zinc to avoid zinc toxicity and meanwhile to serve as a

reservoir for zinc in the cytosol (67). Moreover, it has been shown that the voltage-gated calcium



channels (VGCCs) can transport zinc intracellularly along with calcium under glucose stimulation
that triggers insulin secretion in beta-cells (68).
4.1 Zinc transporter 8 (ZNTS8) and insulin
ZNTS8 is predominantly expressed in the beta-cells of the pancreas. It is localized on the membrane
of the secretory vesicles which transports zinc from the cytoplasm to the insulin-secreting vesicles
(69). ZNT8 has six transmembrane domains with its N- and C-terminus both located in the
cytosolic side of the secretory vesicle (69). Several genome-wide association studies (GWAS)
have identified a single nucleotide polymorphism (SNP) in the C-terminus of ZNT8 (R325W)
confers to a risk of T2D (70). The R325 risk allele is associated with ~18% increase in risk of T2D.
It is found that R325 carriers have increased proinsulin to insulin conversion during oral glucose
tolerance test (71, 72). Oral as well as intravenous glucose-stimulated insulin secretion are
decreased along with higher fasting glucose and impaired beta-cell function assessed by
homeostasis model on beta-cell function (HOMA-B) in R325 carriers (72, 73). A study conducted
by Merriman et al. suggests the R325 variant, the risk allele of ZNTS, is more active than the W325
variant (74) resulting in an unbalanced cellular zinc distribution in human islets (75).
Interestingly, subsequent GWAS studies have identified 12 nonsense mutations in ZNT8
that lead to variants of ZNTS truncated in different lengths (76). People who carry one allele of
the nonsense mutation are 65% less likely to have T2D than those with two alleles of wild type
ZNT8 (76). Since the finding of the association of the ZNT8 SNP and mutations with T2D risks,
Znt8 KO mouse models have been established, including global and beta-cell-specific KO mice,
to study the metabolic link between ZNT8 and beta-cell function in glucose control (77—-82). Since
zinc is a key mineral for insulin crystallization and ZNT8 is the major zinc transporter for the

secretory vesicles in beta-cells, one would expect that the null-mutations of Zn#§ in mice could



negatively affect insulin crystallization in the insulin-containing vesicle. As expected, electron
microscopy reveals abnormal 'rod-shaped' or gray cores instead of dense cores in the insulin-
secreting vesicles of Znt8 KO mice (77, 81, 82). However, the abnormality in the insulin
crystallization seems to have limited effect on glucose metabolism when mice are maintained on
regular chow diets. Instead, risk in development of glucose intolerance in Znt8 KO mice is highly
dependent on the environmental or genetic factors, such as fat percentage in diets, mouse strains
or knockout strategy (cell-specific or global) (77-80, 82, 83). In summary, both global and beta-
cell-specific Znt8 KO can result in decreased zinc concentrations in the islets or the beta-cell as
well as a reduced insulin secretion after glucose stimulation (78, 79, 81, 82).

It has been suggested that the amyloid precursor protein (IAPP) may play a role in
mediating the protective phenotypes of ZNTS allelic insufficiency in humans (84). Unlike rodent
IAPP, human IAPP is prone to form oligomers which could trigger beta-cell apoptosis (85). In the
beta-cells with ZNTS allelic insufficiency or the W325 allele, more insulin monomers are expected
in the cell due to less expression of ZNTS or less transporter activity of the protein. With more
insulin monomers available to bind to IAPP in the lower zinc concentration condition, IAPP is less
prone to form toxic oligomers and beta-cell death leading to lower risk of T2D (86).

It has been shown in mice that the zinc secretion accompanied with insulin after glucose
stimulation can subsequently decrease insulin clearance from the liver via inhibition of insulin
endocytosis mediated by clathrin (87). Thus, reduced zinc secretion induced by Znt8KO in beta-
cells indirectly enhances the insulin clearance after glucose stimulation, which might be the causal
factor for the reduced peripheral insulin level despite augmented insulin secretion from beta-cells
(83). In these Znt8 beta-cell specific KO mice, c-peptide/insulin ratio is increased and glucose

tolerance is mildly impaired (83).
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4.2 Other zinc transporters related to beta-cell health, insulin secretion and its function

Although ZNT8 is predominantly expressed in the beta-cells, other ZNT proteins have also been
detected. For example, ZNT5 and ZNT7. ZNTS5 is expressed in the insulin-secretory vesicles
suggesting a role in transporting zinc from the cytoplasm into the vesicles (88). ZNT7 resides on
the membrane of the Golgi apparatus of the beta-cells and is found to regulate basal insulin
secretion possibly by modulating insulin gene transcription by MTF1 (metal-responsible
transcription factor 1) (89). Other zinc transporters, especially the ZIP family of zinc transporters,
are also expressed in the beta-cells. ZIP6 and ZIP7 function to uptake zinc under basal condition
and reuptake zinc after glucose stimulation (90). They are involved in insulin secretion via
positively affecting insulin exocytosis and controlling oxidative stress in islet cells by regulating
cellular zinc levels in both the cytosolic and specific subcellular compartments (90). ZIP7 can
serve as a 'gatekeeper' for zinc release from the endoplasmic reticulum (ER) and Golgi apparatus
to the cytosol (91). Lack of ZIP7 leads to accumulation of zinc in the ER causing ER stress leading
to pancreatic beta-cells which is a key etiological reason of T2D (92, 93). In addition, ZIP7
expression is positively correlated to levels of insulin receptor and its substrates 1 and 2 (IRS1 and
IRS2) as well as activation of GLUT4 and the glycogen branching enzyme leading to increased

blood glucose clearance (94).

4.3 ZNTS8 and glucagon

ZNT8 is also expressed in the pancreatic alpha-cells and may play a role in regulation of glucagon
secretion (95). The biological effect of ZNT8 on glucagon secretion has been studied using
knockout mice, including both alpha-cell-specific and global knockouts, as well as transgenic mice

(95, 96). Solomou et. al. reported that mice with a fractional alpha-cell-specific depletion of Znt8
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expression (~15%, aZnt8KO) had normal glucose tolerance compared to the control when mice
were fed a regular laboratory chow diet (95). However, these mice had enhanced glucagon
secretion during hypoglycemic clamps. Likewise, islets isolated from aZnt8KO mice secreted
more glucagon than the control when stimulated at a lower glucose concentration (1 mM) without
a change in the total alpha-cell-associated glucagon contents. Correspondingly, mice over-
expressing human ZNT8 in alpha-cells (aZnT8Tg) had unchanged alpha-cell-associated glucagon
contents, but glucagon secretion was reduced (96). In vitro studies using isolated islets from
aZnT8Tg mice showed a decrease in glucagon secretion at 1 mM of glucose but no changes in
glucagon secretion was observed in the presence of a high glucose level at 17 mM. Collectively,
these results highlight an important physiological role of ZnT8 in the regulation of glucagon

secretion from alpha-cells during fasting.

5. Zinc, zinc homeostasis and peripheral tissues
5.1 Adipose tissues
ZIP14 can inhibit the Janus Kinases-signal transducer and activator of transcription proteins
(JAK-STAT) signaling pathway and nuclear factor-Kappa B (NF-kB) signaling pathway (97).
Activations of these pathways are associated with upregulated cytokine production like
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a). Leptin production and secretion is
also upregulated by the JAK-STAT activation. Prolonged inflammation and enhanced leptin
production in the adipose tissues are known contributors to insulin resistance and T2D
development.

A beneficial role of ZIP14 has also been noted in a human study. It is found that obese

subjects have significantly less ZIP14 gene expression in fat tissue than non-obese individuals and
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its level is significantly increased after weight loss (98). ZIP14 is also associated with adipocyte
differentiation possibly through regulation of the PPARY gene (98, 99).

Beige adipocytes are originated from the beige precursors or white adipocytes which are
induced by certain external factors like chronic cold temperature exposure, exercise or PPARy
agonists in humans (100). Beige adipocytes are similar to the brown adipocytes which are
thermogenic. ZIP13 is found to inhibit beige adipocyte differentiation by inhibiting
CCAAT/enhancer binding protein-f (C/EBP-beta) function, a transcription factor that works with
PRDM16 (PR domain containing 16), to determine the browning of adipocytes (101). Zip/3 KO
mice are resistant to diet-induced glucose and insulin tolerance possibly by increased energy
expenditure (101). Thus, ZIP13 might be a potential target for fighting against obesity-induced
diabetes.

ZNT7 expression is positively associated with differentiation of adipocytes and may
mediate lipogenesis through activating Akt and Erk1/2 (102). Zn¢7 KO mice has lean phenotype
and affects lipogenesis in fat tissue also by inhibiting basal and insulin-stimulated glucose uptake

(103).

5.2 Muscle

Glucose uptake in muscle has been shown to be related with both ZIP7 (104) and ZNT7 (105).
Both zinc transporters can affect the expression of the insulin receptor and insulin receptor
substrate genes as well as the activation of AKT, the key components in the insulin signaling
pathway (104, 105). Therefore, the expression or activation of ZIP7 and ZNT7 influence glucose

uptake upon insulin stimulation and is linked to risks of insulin resistance in muscle and T2D.
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5.3 Liver

Pancreatic A2 phospholipase (PLA?2) is a zinc-dependent enzyme that is involved in the absorption
of essential fatty acids, alpha linolenic acid (ALA) and linoleic acid (LA), in the small intestine
(106, 107). Zinc binds to PLA2 and activates it (106). ALA and LA can then be desaturated by the
delta 6 desaturase (FADS6) to produce long-chain polyunsaturated fatty acids 9 (PUFAs), a
biosynthetic step that requires zinc works as a cofactor (108). Zinc deficiency lowers the
expression of FADS6 (109). Low levels of PUFA is related to an increased triglycerides secretion
in the liver leading to dyslipidemia (110).

In the hepatocytes, zinc can bring up lipolysis, lipophagy and beta-oxidation resulting in
reduced lipid deposition (111). Increased cytosolic free zinc concentrations in the hepatocyte
promotes the activity of the Ca?"/CaMKKB/AMPK signaling pathway that upregulates autophagy
and lipid turnover (111). Moreover, zinc can also stimulate the activity of MTF-1 which in turn
bind to the promoter of PPARa to induce the expression of PPARa (111). Subsequently, PPARa
activates the transcriptional expression of its target genes related to autophagy and lipolysis (111).

ZIP14 could suppress phosphodiesterase (PDE) activity which is important for cAMP level
and subsequent gene expression important for gluconeogenesis such as Gé6pase (112). ZIP14 KO
mice show hyperinsulinemia and greater fat deposit partly due to impaired gluconeogenesis and

glycolysis as well as increased glycogen synthesis in the liver (113).

6. Conclusion
Given the fact that lower serum zinc levels are present in T2D patients and zinc deficiency
negatively affects production of many metabolically related hormones and their actions, one would

predict that zinc plays a crucial role in the development of metabolic diseases, including T2D.
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Indeed, zinc is related to metabolically related hormones in many ways ultimately affecting insulin
levels and glucose metabolism related to development of T2D. For example, zinc itself has an
insulin-mimic effects which lowers blood glucose level. Zinc is involved in normal secretion of
the pancreatic hormones, insulin and glucagon, which are two major endocrine hormones in the
glycemic control. Zinc play roles in melatonin production, growth hormone stability, as well as
thyroid hormone production and function. Moreover, zinc is also correlated with somatostatin in
gut delta-cells, NPY transcription and leptin production. Abnormalities in production, secretion
and function of these hormones can lead to glucose intolerance and insulin resistance.

Cellular zinc concentration is tightly regulated by the zinc transporter families. Zinc
transporters ZNT5, ZNT7, ZNT8 and zinc importers ZIP6 and ZIP7 are either linked to beta-cell
health, or basal and glucose-stimulated insulin secretion. ZNT8 is also found to regulate glucagon
secretion.

Zinc homeostasis in fat, muscle and liver is crucial in maintaining glucose tolerance and
insulin sensitivity. In fat tissues, ZIP14 can reduce prolonged inflammation and leptin production
in adipocytes. ZIP13 negatively impacts differentiation of beige adipocytes which are a type of
thermogenic adipocyte. Moreover, ZNT7 is positively related to differentiation of white adipocytes
and affects lipogenesis. In muscle, both ZIP7 and ZNT7 enhance insulin stimulated glucose
uptake. In the liver, zinc can reduce lipid deposition. ZIP14 in the liver can mediate
gluconeogenesis and glycolysis.

Therefore, maintaining zinc homeostasis is a critical research target in preventing and
treatment of T2D for its role in normal hormonal function and their influences on peripheral

tissues.
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Chapter 2 - SLC30A family expression in the pancreatic islets of humans and mice: cellular
localization in the B-cells

Abstract

Aims/hypothesis

Zinc is a vital co-factor for insulin metabolism in the pancreatic B-cell, involved in synthesis,
maturation, and crystallization. Two families of zinc transporters, namely SLC30A (ZNT) and
SLC39A (ZIP) are involved in maintaining cellular zinc homeostasis in mammalian cells. Single
nuclear polymorphisms (SNPs) or mutations in zinc transporters have been associated with insulin
resistance and risks of type 2 diabetes (T2D) in both humans and mice. Thus, mice can be useful
for studying the underlying mechanisms of zinc-associated risks of T2D or T2D development.
Therefore, it is important to identify potential differences in zinc transporter expression and
cellular localization in the pancreatic B-cells between humans and mice.

Methods

We examined all members (ZNT1-10) of the ZNT family in pancreatic islets and in B-cell lines
derived from both species using immunohistochemistry and immunofluorescence microscopic
analysis.

Results

We found that there were no substantial differences in the expression of nine ZNT proteins in the
human and mouse islets and B-cells. ZNT3 was only detected in human B-cells, but not in mouse
B-cells. Moreover, we found that ZNT2 was localized on the cell surface of both human and mouse

B-cells, suggesting a role of ZNT2 in direct export of zinc out of the B-cell.
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Conclusions/interpretation
Our study demonstrates functional conservations of the ZNT proteins between humans and mice.
The data suggests that mouse models of zinc transporters can be used for studying mechanisms of

zinc-associated risks of T2D in humans.
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Introduction

Cellular zinc homeostasis is largely maintained by two families of zinc transporters, namely
SLC30A (ZNT) and SLC39A (ZIP) in humans and mice. The ZNT and ZIP zinc transporter
families contain 10 and 14 members, respectively. The ZNT proteins function to maintain cellular
zinc levels in a narrow physiological range by efflux of excess cytoplasmic zinc into the
extracellular space or into intracellular organelles/vesicles when cellular zinc is high, whereas ZIPs
move zinc in the opposite direction when cellular zinc is low.

Zinc co-resides with insulin in secretory granules in B-cells (1) where it is integrated into
insulin molecules to form insulin-zinc crystals (2). The importance of zinc and its roles in insulin
synthesis, processing, and secretion have been demonstrated by studying zinc transporters in
insulin-secreting cell lines and in knockout animal models. For example, over-expressing ZnT7 in
rat insulin-secreting cells stimulates insulin transcription leading to increase in basal insulin
secretion (3). Consistent with the function of ZnT7 in basal insulin secretion, Znt7 knockout (KO)
mice have abnormalities in fasting insulin secretion (4). The process of proinsulin to insulin
requires three zinc-dependent enzymes, including endopeptidases (PCl and PC2) and
carboxypeptidase E (5, 6). ZNTS8 is associated with availability of zinc ions for these zinc-
dependent enzymes (7). Additionally, in secretory granules, processed insulin is crystallized in the
presence of zinc ions and stored before secretion (8). ZnT8 is required in this process by
transporting zinc ions into these secretory granules (9).

As mouse knockout models have frequently been used for studying the underlying
mechanisms by which zinc regulates insulin synthesis, maturation, and secretion in B-cells, and its
impact on risks of T2D, identification of the degree of functional conservation of zinc transporters

between humans and mice is important. The aim of this study was to establish a comprehensive
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expression profile of the ZNT proteins (ZNT1-10) in human and mouse pancreatic islets, and to

compare the diversity in cellular localization in human and mouse B-cell lines.

A B
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Figure 1. Summary of the ZNT family. A. phylogenetic tree of the ZNT family members. Amino acid sequences of
the human ZNT proteins were used to generate the tree. The parsimony tree from the ZNT amino acid sequences was
generated using an online Phylogenetic Tree Program at the ETH Ziirich
(http://www.cbrg.ethz.ch/services/PhylogeneticTree). The subfamilies of the ZNT proteins are displayed. B. Cellular
localization of the mouse ZNT transporters in a generalized mammalian cell. Organelles of the cell are labeled in the
panel. Arrows indicate the direction of transport of zinc ions across the cellular membrane by the ZNT proteins.

The ten ZNT proteins can be grouped into four subfamilies based on their protein sequence
similarities (Fig. 1A). According to the phylogenetic tree of the mammalian ZNT family, ZNT5
ZNT7 can be grouped into the subfamily I, ZNT2-4 and ZNTS into the subfamily II, ZNT1 and
ZNT10 into the subfamily III, and ZNT6 and ZNT9 into the subfamily IV. The ZNT proteins in
the same subfamily tend to reside in the cellular compartments with similar functions (Fig. 1B).

Our results demonstrate that most ZNT proteins were expressed in the islets of the human
and mouse pancreas. In -cells, most ZNTs were expressed intracellularly except for ZNT1 and
ZNT2, which were also localized on the cell membrane of the human and mouse B-cells.
Nevertheless, we did not detect ZNT3 in the mouse islets and cultured MIN6 B-cells although it

was readily detectable in the human islets and cultured 1.1B4-KHS5 B-cells. In addition, ZNT6 was
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stained strongly in the human islets and presented in heterogeneous vesicles of different sizes. This
staining pattern was not noticeable in the mouse islets. Taken together, our study suggests
functional conservation of the ZNT proteins between humans and mice. These results are of
interest for future studies in association of zinc metabolism with risks of T2D in humans using

mouse models.

Materials and methods

Animals

C57Bl1/6 mice were originally obtained from the Jackson Laboratory (Bar Harbor, MI), and the
experimental mice were generated from in-house breeding. All mice were housed in a temperature-
controlled room at 22-24°C with a 12 h light-dark cycle, and were fed a standard laboratory chow
diet (Laboratory Rodent Diet 5001, LabDiet, Brentwood, MO) and double-distilled water ad
libitum. All 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

Animal Care and Use Committee of the University of California, Davis.

Preparation of Mouse Pancreatic Tissue Sections

Whole pancreas was dissected from experimental mice at 7-10 weeks of age. Tissues were fixed,
paraffin-embedded, and sectioned as described previously (10). Briefly, the mouse pancreas was
dissected and placed in 4% paraformaldehyde solution or 10% buffered formalin (ThermoFisher
Scientific, Waltham, MA) overnight. Tissues were then rinsed in 1 x PBS followed by dehydration
in 80% FLEX (Richard-Allan Scientific, Kalamazoo, MI) and placed at 4°C until processed.

Dehydration steps consisted of 95% FLEX for 20 min twice, 100% FLEX 20 min twice, and Clear-
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Rite 3 for 15 min twice were carried out in a STP 120 Spin Tissue Processor (Thermo Scientific™,
ThermoFisher Scientific). Tissues were infiltrated and embedded in Type 9 paraffin (Richard-
Allan Scientific) using a Epredia™ HistoStar™ Embedding Workstation (ThermoFisher
Scientific). Tissue sections were cut in a 5-um thickness using a Epredia™ HM 325 Rotary

Microtome machine (ThermoFisher Scientific).

Human Pancreatic Tissue Sections
Paraffin embedded human pancreatic tissue sections were purchased from BioChain Inc. (Newark,
CA). According to the manufacturer, the normal pancreatic tissue sections were prepared from the

pancreases obtained from male donors at 66 or 71 years of age.

Antibodies
The primary polyclonal antibodies against ZNT1 and ZNT4-7 were affinity-purified against their
specific peptides that the antibodies were raised against in rabbits. The synthetic peptides were:
amino acids 495-507 of the human ZNT1, 93-110 of the mouse ZnT4, 750-762 of the human
ZNTS5, 446-460 of the mouse ZnT6, and 299-315 of the mouse ZnT7 (11-14). Peptides used in the
generation of these antibodies are unique to the respective ZNT protein and have a high amino
acid sequence similarities between humans and mice as determined by BLAST searches of the
UniProtKB/Swiss-Prot (swissporot) database (https://blast.ncbi.nlm.nih.gov). The specificities of
ZNT1 and ZNT4-7, including positive and negative controls in human and/or mouse tissues/cells,
have been described previously (11-14).

Rabbit anti-ZNT2 polyclonal was kindly given by Dr. Shannon Kelleher (Pennsylvania

State University). The specificity of this ZNT2 antibody was verified by peptide competition
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analysis as described previously (15). Lack of non-specific reactivity of pre-immune sera was also
reported (15).

Rabbit polyclonal anti-ZNT3, -ZNT9, and -ZNT10 antibody were purchased from Aviva
Systems Biology (San Diego, CA). The anti-ZNT3 antibody was generated against a synthetic
peptide derived from the amino acid sequences of the human ZNT3
(AMLLTASIAVCANLLMAFVLHQAGPPHSHGSRGAEYAPLEEGPEEPLPLG). According
to the manufacture’s datasheet, the affinity-purified ZNT3 antibody can react to ZNT3 from many
species, including humans and mice. This antibody was validated to specifically recognize ZNT3
by Western blot analysis. The anti-ZNT9 antibody was generated against a synthetic peptide
derived from the N-terminal end of the human ZNT9
(LKQEPLQVRVKAVLKKREYGSKYTQNNFITGVRAINEFCLKSSDLEQLR). The
specificity of this affinity-purified ZNT9 antibody was validated by both Western blot analysis
and immunohistochemistry (Aviva Systems Biology). It can recognize ZNT9 from multiple
species, including humans and mice. Finally, the anti-ZNT10 antibody was generated against the
C-terminal region of the human ZNT10. The specificity of this antibody was confirmed by Western
blot analysis as described in the manufacture’s datasheet. The positive and negative reactivates of
the ZNT10 antibody was supported by the immunohistochemical staining of multiple human
tissues illustrated in the Human Protein Atlas (https://www.proteinatlas.org).

Mouse monoclonal anti-ZNT8 antibody was purchased from R&D Systems (Minneapolis,
MN). The anti-ZNTS antibody was generated against a synthetic peptide derived from the amino
acid sequences (Lys268-Pro359) of the human ZNT8 in mice. The purified ZNT8 antibody can
react to both human and mouse ZnT8 (16). This antibody was also validated for

immunohistochemistry according to the manufacture. The guinea pig polyclonal anti-ZnT8
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antibody was generated against a synthetic peptide (ASPDSQVVRREIAKALSKSFTM) and was
affinity-purified. This antibody was validated and described previously (16).

Secondary antibodies against the hosts that the primary antibodies raised from were
purchased from either Vector Laboratories (Burlingame, CA) or ThermoFisher Scientific. We
confirmed that secondary antibodies used in this study had no reactivates to proteins in the

pancreas for immunohistochemistry (Fig. 2).

Figure 2. Representative images of negative controls for immunohistochemistry. The controls represent sections
where no primary antibody was used while a goat anti-guinea pig secondary antibody (A) or a goat anti-rabbit
secondary antibody was applied (B). Sections were counterstained with hematoxylin. The islet of Langerhans is
encircled in red. Scale bar = 20 um

Immunohistochemistry

Pancreatic tissues were deparaffinized with Xylene and rehydrated using FLEX alcohols. Tissue
antigen retrieval was accomplished in either 10 mM sodium citrate, pH 6.0 or 20-100 mM Tris-
CL pH 10, at the boiling point for 20 min. The endogenous peroxidase activity was abolished by
treating sections with 5% H>O; at room temperature for 15 min. The non-specific binding of
biotin/avidin was blocked using an Avidin-Biotin Blocking kit (Vector Laboratories). Tissues were
then treated with 3% goat serum to block non-specific protein bindings. Primary antibodies against
ZNT1-10 were diluted in 1 x PBS containing 2% mouse and 2% goat sera as follows: ZNT1, 1:500;
ZNT2, 1:250; ZNT3, 1:50; ZNT4, 1:25; ZNT5, 1:75; ZNT6, 1:25; ZNT7, 1:1,000; human ZNTS,

1:20; mouse ZnT8 1:1,000; ZNT9, 1:50; ZNT10, 1:50. Immunoperoxidase staining was
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accomplished using a Vectastain ABC kit and DAB substrate (Vector Laboratories). Secondary
biotinylated goat anti-rabbit or anti-mouse (Vector Labs) was diluted at 1:200-250 in 1 x PBS
containing 2% goat serum. The immunoreactivity was developed in tissue sections using
VECTASTAIN elite ABC and HRP substrate InmPACT DAB kits (Vector Labs), which produced
brown deposits in cells. Sections were counterstained with hematoxylin. Stained sections were
viewed using a Nikon Eclipse 800 microscope (Nikon Instruments Inc., Melville, NY). Images
were acquired using a SPOT RT3 digital camera (Diagnostic Instrument Inc., Sterling Heights,
MI) with SPOT RT Software v3.0 via a Nikon Plan Apo 20X/0.75 or a Nikon Plan Fluor 40X/0.75

lens.

Culture of Mouse Insulin-secreting Cells

MING6 B-cells were purchased from AddexBio (San Diego, CA). Cells were grown in DMEM
containing 15% (v/v) Fetal Bovine Serum (FBS), 4.5 g/L glucose, 1.0 mM sodium pyruvate, 50
uM B-Mercaptoethanol (BME), 50 U/mL penicillin, and 50 pg/mL streptomycin (complete

medium, ThermoFisher Scientific).

Culture of Human Insulin-secreting Cells (1.1B4) and Sub-cloning of an Insulin-secreting -
cell Line, 1.1B4-KH5

The 1.1B4 human insulin-secreting cell line (17) was purchased from Sigma-Aldrich (St. Louis,
MO). Cells were cultured in a RPMI 1640 medium supplemented with 10% (v/v) fetal bovine
serum (FBS) and 100 units/ml penicillin and 100 pg/ml streptomycin (complete medium with 11
mM glucose). Subcloning of 1.1B4-KHS5 was achieved by limiting dilution method (18). The

resulting individual clones were tested for the presence of high levels of insulin mRNA transcripts
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by quantitative RT-PCR. Among the cloned cell lines, 1.1B4-KHS5 expressed the most abundant
insulin mRNA and was chosen for subsequent immunocytochemical analyses for the 10 ZNT

proteins.

Immunocytochemical Analysis

1.1B4-KHS5 or MING B-cells were cultured in slide chambers for 24-48 h. Fresh medium containing
5 mM glucose was then replaced and incubated for another 24 h. Cells were then washed and fixed
with 4% paraformaldehyde, permeabilized with 0.4% saponin, then blocked with 3% BSA in 1 x
PBS. Primary antibodies were diluted in 1 x PBS containing 1% BSA as follows: ZNT1, 1:50;
ZNT2, 1:200; ZNT3, 1:50; ZNT4, 1:10; ZNT5, 1:100; ZNT6, 1:25; ZNT7, 1:750; human ZNT8,
1:100; mouse ZnT8; ZNT9, 1:50, and ZNT10, 1:50. The ZNT proteins were detected by an Alexa

488-conjugated goat anti-rabbit or anti-guinea pig secondary antibody (1:250).

Results

Expression of ZNT1-10 in Human and Mouse Pancreatic Islets

To achieve a comprehensive view of the ZNT family in the human pancreatic islet, we examined
protein expression of all members of the ZNT family (ZNT1-10) in paraffin-embedded pancreatic
tissue sections by immunohistochemistry. Pancreas contains both the exocrine gland and endocrine
islet of Langerhans (20). The islets are clumps of hormone-secreting cells scattered throughout the
exocrine glandular acini. Islets consist of five types of endocrine cells, including the glucagon-
secreting a-cell (~15-20%), the insulin-secreting B-cell (~70-80%), the somatostatin-secreting d—

cell (~5-10%), the pancreatic polypeptide-secreting PP cell (< 5%), and the ghrelin-secreting -
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cell (< 1%) (21, 22). However, we did not include studies to determine expression of the ZNT
proteins in the different types of endocrine cells.

In the human islet, the subfamily I ZNT proteins (ZNT5 and ZNT7) could be readily
detected in both human and mouse islets (Fig. 3). Both ZNT proteins were expressed in the

cytoplasm of the endocrine cells of the islet.

Human islet

ZNT7

ZNT7

Figure 3. Expression of the subfamily I ZNT proteins in the human and mouse islets. A. Human ZNT5 and
ZNT7. Immunohistochemical staining of ZNT5 and ZNT7 was carried out as described in Materials and Methods.
Representative images are displayed. Scale bar =20 um. Inserts are higher magnifications of the marked areas (square
boxes). Arrows in the inserts indicate the immunoreactivities. The scale bar in the insert = 10 um. B. Mouse ZNT5
and ZNT7. Brown color shows immunoreactivities of ZNT5 and ZNT7 proteins. Sections were counterstained with
hematoxylin. The islet of Langerhans is encircled in red. Scale bar = 20 um.

For ZNT2-4 and ZNT8 in the subfamily II, positive immunostaining was seen in the
cytoplasm of endocrine cells of the human islet (Fig. 4A), consistent with their expression patterns
in other cell types of humans or rodents (7, 11, 23, 24). A Golgi staining pattern (perinuclear
staining) was noticeable for ZNT2 and ZNT3. Moreover, ZNT4 and ZNT8 immunostaining

displayed a punctate expression pattern in the human islets, which is in keeping with their
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localization in secretory/vesicular compartments in mammalian cells (7, 12). However, the
punctate expression pattern of ZnT4 and ZnT8 was not obviously seen in mouse islets (Fig. 4B).
Rather, a constant and diffuse staining pattern was found for ZnT4, and ZnT8. Furthermore, in
contrast to the human islet, we detected little ZNT3 expression in the endocrine cells of the mouse

1slet.
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Figure 4. Expression of the subfamily II ZNT proteins in the human and mouse islets. A. Human ZNT2-4 and
ZNTS. Immunohistochemical staining of these ZNT proteins in pancreatic tissue sections was carried out as described
in Materials and Methods. Representative images are displayed. Scale bar = 20 um. Inserts are higher magnifications
of the marked areas (square boxes). Arrows in the inserts indicate the immunoreactivities. The scale bar in the insert
= 10 pm. B. Mouse ZNT2-4 and ZNT8. Brown color shows immunoreactivities of the indicated ZNT proteins.
Sections were counterstained with hematoxylin. The islet of Langerhans is encircled in red. Scale bar = 20 pum.
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Figure 5. Expression of the subfamily III ZNT proteins in the human and mouse islets. A. Human ZNT1 and
ZNT10. The immunoreactivities for ZNT1 and ZNT10 were examined in the pancreatic sections prepared from 66-
and 71-year-old male donors. Representative images are displayed. Scale bar = 20 pm. Inserts are higher
magnifications of the marked areas (square boxes). Arrows in the inserts indicate the immunoreactivities. The scale
bar in the insert = 10 um. B. Mouse ZNT1 and ZNT10. Brown color shows immunoreactivities of ZNT1 and ZNT10
proteins. Sections were counterstained with hematoxylin. The islet of Langerhans is encircled in red. Scale bar = 20
pm.

For ZNT1 and ZNT10 of the ZNT subfamily III, we showed that both zinc transporters
were expressed in human and mouse islets and could be detected in the cytoplasm as well as on
the cell membrane (Fig. 5). For ZNT6 and ZNT9 of the subfamily IV, strong immunoreactivities
of ZNT6 were found in the human islets with a punctate pattern of heterogeneous vesicles of
different sizes (Fig. 6A). It appeared that the ZNT6 immunoreactivity was enriched in large

particles (Fig. 6A). In the mouse islet, heterogeneous staining was also observed for ZnT6 (Fig.
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6B), but it was not as apparent as that observed in the human islets (Fig. 6A). ZNT9 was expressed
in both human and mouse islets (Fig. 6). It was noticeable that the mouse ZnT9 staining (Fig. 6B)
was more homogeneous than the human ZNT9 in the islets (Fig. 6A). Moreover, the human islet
displayed different levels of staining activity for ZNT9 with some endocrine cells showing strong

expression and others showing weak expression (Fig. 6A).

Human islet

Figure 6. Expression of the subfamily IV ZNT proteins in the human and mouse islets. A. Human ZNT6 and
ZNT9. Immunohistochemical staining of both ZNT proteins was carried out as described in Materials and Methods.
Representative images are displayed. Scale bar =20 um. Inserts are higher magnifications of the marked areas (square
boxes). Arrows in the inserts indicate the immunoreactivities. The scale bar in the insert = 10 pm. B. Mouse ZNT6
and ZNT9. Brown color shows immunoreactivities of ZNTS5 and ZNT7. Sections were counterstained with
hematoxylin. The islet of Langerhans is encircled in red. Scale bar =20 pum.

Cellular Localization of ZNT1-10 in Human and Mouse Insulin-secreting B-cells

Our immunohistochemistry results in human and mouse pancreatic islets suggested that most ZNT

proteins could be expressed in B-cells (Figs. 3-6). Therefore, we further investigated the expression

of ZNT1-10 in a human f-cell line (1.1B4-KHS5) and a mouse [-cell line (MIN6) by
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immunofluorescence microscopic analysis. The human 1.1B4 -cell line was originally developed
by McCluskey et al (17). However, we detected heterogeneity for the expression of insulin in this
cell line (data not shown). Thus, we decided to sub-clone the cell line for high insulin expression.
The subline, 1.1B4-KHS5, had an approximately 2-fold increase in insulin mRNA expression
compared to the parental line and insulin was readily detectable in this line (data not shown). As
shown in Figs 7-10, immunofluorescence microscopic analysis indicated that all ten ZNT proteins
were expressed in this subcloned B-cell line. Eight of the ten ZNT proteins (ZNT3-10) resided
exclusively in the cytoplasm of the human and mouse p-cells. The rest of two ZNT proteins, ZNT1
and ZNT2, were detected both in the cytoplasm and on the cytoplasmic membrane (Figs. 8 & 9).
Among the intracellularly expressed ZNT proteins, ZNT4, ZNT6, and ZNT8 displayed a punctate
staining pattern scattered in the cytoplasm with slight variations in particle sizes (Figs. 8 & 10).
ZNTS was detected in the cytoplasm of both human and mouse -cells with a particulate/tubular
punctate structure (Fig. 7), reminiscent of its Golgi and/or ER localization (25). The subcellular
localization of ZNT7 was more concentrated in the perinuclear region (Fig. 7) in the human and
mouse [-cells, consistent with its Golgi apparatus localization (13). Similar to ZNT7, the
expression of ZNT9 and ZNT10 were mostly detected in the perinuclear region of the B-cells with
a punctate staining pattern (Fig. 9 & 10). Moreover, in agreement with our immunohistochemistry
results (Fig. 4B), ZNT3 was expressed in the human B-cells (with a scattered punctate staining
pattern), but not in the mouse B-cells. Taken together, a majority of the ZNT proteins was
expressed in the B-cells of the human or mouse origin with very similar cellular localization

between the two species.
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1.1B4-KHS5 B-cell (human) Min6 [B-cell (mouse)

Figure 7. Micrographs of the immunofluorescently stained subfamily I ZNT proteins in human and mouse f-
cells. a. Micrographs of ZNTS and ZNT7 in human 1.1B4-KHS B-cells. b. Micrographs of ZNT5 and ZNT7 in mouse
MING B-cells. Immunofluorescent staining was performed as described in Materials and Methods. Both ZNT5 and
ZNT7 were detected intracellularly. Representative images are shown. Scale bar = 20 um.

ZNT5

ZNT7

1.1B4-KHS5 [-cell (human) Min6 B-cell (mouse)
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Figure 8. Micrographs of the immunofluorescently stained subfamily II ZNT proteins in human and mouse j3-
cells. a. Micrographs of ZNT2-4 and ZNT8 in human 1.1B4-KHS5 B-cells. b. Micrographs of ZNT2-4 and ZNTS in
mouse MING6 B-cells. Immunofluorescent staining was performed as described in Materials and Methods. ZNT2-4 and
ZNTS8 were all detected intracellularly. In addition to its cytoplasmic localization, ZNT2 was also localized on the cell
surface of both human and mouse B-cells. Arrows indicate the cytoplasm membrane staining of ZNT2. Representative
images are shown. Scale bar = 20 pm.

1.1B4-KHS B-cell (human) Min6 B-cell (mouse)

Figure 9. Micrographs of the immunofluorescently stained subfamily III ZNT proteins in human and mouse
B-cells. a. Micrographs of ZNT1 and ZNT10 in human insulin-producing 1.1B4-KHS5 B-cells. b. Micrographs of ZNT1
and ZNT10 in mouse MIN6 B-cells. Immunofluorescent staining was performed as described in Materials and
Methods. ZNT1 was localized both in the cytoplasm and the plasma membrane of the human and mouse B-cells, while
ZNTI10 was only detected in the cytoplasm of the B-cells from humans and mice. Arrows indicate the cytoplasm
membrane staining of ZNT1. Representative images are shown. Scale bar = 20 pm.

ZNTI

ZNT10

1.1B4-KHS B-cell (human) Min6 B-cell (mouse)

Figure 10. Micrographs of the immunofluorescently stained subfamily IV ZNT proteins in human and mouse
B-cells. a. Micrographs of ZNT6 and ZNT9 in human 1.1B4-KHS5 B-cells. b. Micrographs of ZNT6 and ZNT9 in

ZNT6

ZNT9
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mouse MING6 B-cells. Immunofluorescent staining was performed as described in Materials and Methods. Both ZNT6
and ZNT9 were detected intracellularly. Representative images are shown. Scale bar = 20 um.

Discussion

We have investigated the expression and cellular localization of ten members of the ZNT family
in human and mouse pancreatic islets and in cultured human and mouse [-cells by
immunohistochemistry and immunofluorescence microscopic analysis, respectively. Our results
revealed that all ten ZNT proteins were expressed in the human islets, while nine of them (except
ZNT3) were detected in the mouse islets with similar expression patterns to their respective human
counterparts. Our data have confirmed the expression and cellular localization of ZnT1 and ZnT4-
8 reported previously in B-cells or other cell types in rodents (7, 12—14, 25).

An interesting finding in our study is the cell surface localization of ZNT2 in both human
and mouse B-cells (Fig. 8). ZNT2 has been shown to be expressed on the membrane of vesicles,
and is involved in zinc sequestration in secretory vesicles of lactating mammary gland (24). Human
ZNT2, like mouse ZnT4 (11), is responsible for the deposition of zinc into the milk via exocytosis.
Mutations or SNPs in the human ZN72 gene cause transient neonatal zinc deficiency (26, 27),
whereas a null-mutation in the mouse Znt4 gene (lethal milk) causes neonatal death (11). In the
present study, we demonstrated that ZNT2 was localized on the cell surface of both human and
mouse B-cells, suggesting that ZNT2 may have function in direct export of zinc out of the -cell,
a role similar to that of ZNT1. Although further studies are needed to confirm this assumption, it
is conceivable that ZNT2 may carry out a different function in the -cell compared to the mammary
epithelial cell in regulation of cellular zinc homeostasis. Perhaps, B-cells are more sensitive to
changes in cellular zinc concentrations than other cell types in the body. In fact, it has been

demonstrated that elevations of vesicular zinc concentrations in -cells by increased expression or
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activity of ZNT8 can result in B-cell death, whereas down-regulation of ZNT8 promoters p-cell
survival (16, 28). In addition, high concentrations of zinc (50 to 100 uM) has been shown to induce
cell death in Burkitt lymphoma B cells (29). It may also be true for B-cells that an elevation of
cellular zinc concentration can induce cell death. Therefore, an extra zinc exporter may be
necessary for B-cell biology. Further studies are required to reveal how ZNT1 and ZNT2 can
coordinate together to export zinc out the B-cell in both physiological and pathological conditions.

The expression of ZNT9 and ZNT10 has not been comprehensively studied in human and
mouse islets or B-cells. We report here that both ZNT9 and ZNT10 are expressed in human and
mouse islets as well as in B-cells. We found that ZNT9 was expressed intracellularly in endocrine
cells of the islet and displayed perinuclear and vesicular staining patterns in both human and mouse
B-cells. We also found that the expression of ZNT10 was readily detected on the cell surface of
endocrine cells of the human and mouse islets. But this plasma membrane localization of ZNT10
was not observed in cultured human and mouse B-cells. Rather a punctate vesicular staining pattern
was observed in these B-cells, which agrees with the endosome localization of ZNT10 found in
neuroblastic PC12 cells (30). However, ZNT10 has been shown to be translocated to the plasma
membrane of PC12 cells when extracellular zinc concentrations are high (31). The cell surface
staining of ZNT10 in the endocrine cells of the human and mouse islets suggests that extracellular
zinc concentrations may be high in the islets, leading to its plasma membrane translocation (32).
Moreover, ZNT10 has been implicated in regulation of manganese homeostasis as a manganese
transporter (33). The role of ZNT10 in zinc and/or manganese homeostasis in pancreatic endocrine
cells, especially the B-cell, needs to be further explored based on our immunohistochemistry and

cell staining data.
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It has been shown that biological processes and genes are about 80% conserved between
humans and mice (34). In this study, we report a similar degree of conservation of co-expression
of the ZNT proteins in human and mouse islets as well as in B-cells. Although the pancreatic islets
of humans and mice have structural differences, the islets have strong functional similarities
between the two species. In both species, islets contain different types of endocrine cells where
the majority of these cells (70-80%) are insulin-producing B-cells (22, 35). In the mouse islet, -
cells mainly reside in the core of the islet, while glucagon-producing a cells were at the periphery
of the islet. Other endocrine cells are distributed between o and 3 cells in the mouse islet (36). This
characteristic core -cell staining pattern was clearly revealed in the mouse islet stained with ZnT5
in the current study (Fig. 5B), consistent with a previous report (37). Because endocrine cells in
the human islet are randomly distributed throughout the islet compared to that of the mouse (36),
this distinctive B-core staining was not observed in the human islet (Fig. SA).

Association of zinc with risks of insulin resistance and development of T2D becomes
strong after genome-wide association studies found a link of a risk allele of ZNT8 (R325;
1s132663) to T2D in humans (38—40). Growing evidence has shown that ZNT8 plays a pivotal role
in insulin crystallization, a process requires zinc. In humans, individuals carrying a ZNT8 R325
variant are likely to have abnormal glucose tolerance (41). A recent study has also demonstrated
that ZNT8 with the R325 variant has higher zinc transport activity than the W325 variant,
suggesting a link of high zinc transporter activity of the R325 variant to risks of T2D. We also
reported that ZNT8 expression was higher in the human islets with T2D and mouse islets with
diet-induced insulin resistance. It appears that increased ZNT8 expression or increased ZNT8
activity is harmful for the function of the B-cells. This notion is strongly supported by the

observation that individuals who carry a null-mutation allele of ZNT8 are protected from T2D
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(42). The mechanism underlying the high risk of the ZNT8 R325 variant for T2D is still not
completely understood. Mouse models of Znf8-null or over-expression become important for
dissection of the mechanisms. Mice with Znt8-null mutations (both global and B-cell specific KO)
have significantly lower zinc content in the secretory granule of the f-cell, consistent with the
function of ZNTS in zinc transport into the secretory granule (43, 44). However, the physiological
impact of the Znt8-null mutation on B-cell function and whole body glucose utilization varies in
mice from none to mild effect (45). These data suggest that compensations of other ZNT proteins
from the loss of Znt§ in the B-cells or other endocrine cells cannot be excluded. Therefore,
knowledge of particular species similarities and differences in the expression of the ZNT proteins
between human and mouse islets and pB-cells becomes a must in regard to the interpretation of data
based on mouse studies to humans. Our study suggests that the expression of the ZNT proteins in
the human islet was essentially similar to that of the mouse ZNTs, strongly indicating conservation
of function between the two species. Similar expression and localization of the ZNT proteins
observed in the B-cells between the two species also suggest that mice are suitable models for
studying metabolic diseases associated with disrupted zinc metabolism due to mutations in zinc
transporter genes or dietary zinc deficiency.

In this study, we showed that ZNT3 was expressed in the human islets and B-cells, while
little to no expression of ZNT3 was detected in the mouse (Figs. 4 & 8). It has been shown that the
expression of ZNT3 protein is primarily detected in synaptic vesicles of zinc-rich neurons in the
brain, and it is responsible for synaptic vesicular zinc sequestration (46). A null mutation of Zn¢3
in mice is dispensable for growth, reproduction, and sensorimotor functions (23). Although zinc
content is depleted by the null mutation in the synaptic vesicles of neurons, the Znt3 knockout

mice do not show any neurological abnormalities, included learning deficit and memory loss, until

53



they age (47). ZNT3 has been demonstrated to be implicated in insulin production in mouse INS-
1E B-cells and glucose control in Znt3 KO mice. In INS-1E B-cells, elevated glucose levels
stimulate Znt3 mRNA expression, while knocking-down Znt3 expression reduces insulin
expression and secretion. Treatment of Zn¢3 KO mice with a high-dosage of streptozotocin (200
mg/kg/day), a toxin to B-cells, results in slightly severe impaired glucose metabolism in the KO
mice compared to the controls (48). However, it is worth noting that ZNT3 has not been detected
previously in both in silico analysis (49) and in immunohistochemical analysis of the mouse
pancreas (50).

In summary, we have demonstrated that all the members of the SLC30A family are
expressed in the human islets and B-cells. We conclude that mice with or without genetic
modifications can be suitable animal models to study mechanisms underlying zinc-insulin-
associated glucose metabolism as a majority of the ZNT proteins were expressed in the mouse
islets and B-cells with very similar expression patterns and localization to the human counterparts.
In cultured human and mouse B-cells, all expressed ZNT proteins could be detected intracellularly,
except for ZNT3 in mouse, while ZNT1 and ZNT2 were also detected on the plasma membrane
of the B-cells. Our study suggests that zinc homeostasis is vital for the endocrine component of the
pancreas evident by the extensive expression of the ZNT proteins. The results from the current
study are critical for future studies to elucidate the factors that regulate zinc transporters and their

association with -cell function in the physiological and pathological conditions.
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Chapter 3 - Slc30a8 (Znt8) allelic insufficiency reduces deleterious effect of high fat intake
on lipid metabolism and glucose tolerance in mice

Abstract

Aims/hypothesis

Zinc transporter 8 (ZNTS8) transports zinc from the cytoplasm into the secretory vesicle for insulin
crystallization and storage in pancreatic beta-cells. Individuals with ZNT8§ allelic insufficiency
have reduced risk of type 2 diabetes. However, the underlying mechanism of this protective effect
is not well understood. We hypothesized that a reduction in insulin secretion induced by ZNT8
allelic insufficiency could trigger compensatory reactions leading to reduced glucagon secretion
from pancreatic alpha-cells. Thus, normoglycemia could be maintained.

Methods

Znt8*" and wild type mice were fed a high-fat diet (45% kcal fat) for 17 weeks. The progress of
diet-induced insulin resistance was monitored by body weight, fasting and non-fasting blood
glucose levels, and insulin and glucose tolerance tests. Weight gain was monitored during the
administration of the high-fat diet. Fat accumulation in the adipocytes and livers of experimental
animals were determined. Liver glycogen contents and plasma glucagon levels were examined.
Results

Our study indicated that glucose-stimulated insulin secretion was reduced up to ~47% by Znt8
allelic insufficiency in both genders. Female Znt8" mice had a tendency to gain less weight
(~11%) and had less fat in the adipocytes (~50%) than the control-fed mice after the 17-weeks of
dietary challenge (p<0.05). Moreover, female Znt8"~ mice displayed lower fasting triglyceride
levels (~49%) than the control mice. On the other hand, male Znt8"~ mice had an improved glucose

tolerance compared to the wild type mice during glucose challenge. Importantly, the total glucagon
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secretion assessed by the area under the curve during glucose challenge was significantly lower
(~40%) in male Znt8*" mice than the control mice.

Conclusions/interpretation

Our results suggests that Znt8 allelic insufficiency could provide protective effects on diet-induced
glucose intolerance, possibly through regulation of glucagon secretion in male mice and lipid

metabolism in female mice.
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Introduction

Type 2 diabetes (T2D) affects about 26 million people in the U.S. according to the NIH AMP
factsheet of T2D (1). Insulin resistance is a characteristic feature in T2D development (2) and it
can trigger a compensatory increase in insulin secretion from pancreatic -cells to maintain normal
or near-normal blood glucose levels. This compensatory reaction leads to hyperinsulinemia.
Continued elevations in peripheral insulin resistance, which demand more insulin to be secreted
from B-cells eventually cause B-cell death leading to T2D (3).

Pancreatic -cells contain high levels of zinc that is concentrated in the insulin-containing
secretory vesicles (4—6), where zinc together with insulin forms dense core granules for insulin
storage within the cell (5). Zinc is brought into these granular vesicles by ZNTS, a zinc transporter
protein of the SLC30A family (7). The SLC30A family comprises 10 members (ZNT1-10) that
facilitate cellular zinc homeostasis by reducing cytoplasmic zinc when cellular zinc level is high
via export or organelle sequestration (8). Most of the ZNT family members are expressed in [3-
cells of humans and rodents. However, among these expressed ZNT transporters, ZNTS is the only
one that is primarily expressed and mainly responsive for zinc enrichment in the granules of the
B-cell (7, 9). Genome-wide association studies (GWAS) have shown that individuals carrying a
single nucleotide polymorphism (SNP) (R325W) (dbSNP ID: rs13266634) in the C-terminal end
of the ZNT8 protein have increased risk of T2D (10). Moreover, this R allele of ZNT§ is the
predominant allele in human populations that is linked to the increased risk of T2D (11). It is
reported that both basal and glucose-stimulated insulin secretion are negatively affected by the risk
allele of ZNT8 (12, 13), which is likely associated with impaired glucose tolerance in these carriers
(14). In addition, the risk allele of ZNT§ can act as an autoantigen in the development of type 1

diabetes (T1D) in children and young adults (15, 16).
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While ZNT8 expression is greatly upregulated in the islets of the T2D pancreas in both
humans and mice, this may have an undesirable consequence to B-cell functions and survival
during insulin resistance and T2D development (17). Indeed, results from another GWAS suggest
that ZNT$ allelic insufficiency (individuals carrying a null allele of ZN78) may be associated with
reduced risk of T2D by more than 60% (18). This association challenges a widely accepted notion
that a defect in the ZNT8-mediated insulin secretion is associated with T2D. In animal models of
human T2D, the Znt8-null mutations in mice [both global and B-cell specific knockouts (KO)]
significantly lowered the zinc content in the secretory granules of B-cells, which is consistent with
the function of ZNTS (19, 20). As such, Znt8 KO mice had reduced numbers of insulin-containing
granules as well as increased numbers of atypical granules in B-cells (9, 21). Nevertheless, it is
worth noting that the physiological impact of these Zn¢8-null mutations on B-cell function and
whole body glucose utilization are minimal and vary in mice, which is largely dependent on the
genetic background of the KO mice (22). Finally, in humans, a small group of people who carries
only one functional copy of Znt§ were found to have reduced non-fasting glucose levels and a
reduced blood glucose surge at 60 min after an oral glucose challenge, suggesting a beneficial
effect of ZNT$ allelic insufficiency on glucose homeostasis (18).

In the present study, we aimed to uncover the underlying mechanisms of the protective
effect of Znt8 allelic insufficiency on T2D using a Znt8"- mouse model. We fed Znt8™~ and wild
type (WT) control mice a moderately high-fat diet (45% kcal) for 17 weeks (3-20 weeks of age)
to induce insulin resistance. The results indicated that glucose-stimulated insulin secretion was
reduced by Znt8 allelic insufficiency. We noticed that female Znt8*- mice gained less weight than
their WT littermates and had better lipid profiles. Moreover, we found that male Znt8™~ mice could

handle blood glucose better than the control after glucose challenge. Fasting blood glucagon levels
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in male Znt8"" mice were significantly lower than that in the control-fed mice. The total glucagon
secretion assessed by the area under the curve during glucose challenge was significantly lower in
male Znt8"" mice than the control mice. Our current study suggests that reduced expression of
ZNTS introduced by ZNTS$ allelic insufficiency may have a positive outcome for the control of

whole-body glucose homeostasis in humans.

Materials and methods

Animals and diets

Mice (Slc30a8™12KOMPWS - herein Znt8*-, and WT littermates in the genetic background of
C57BL/6N) were cryo-recovered from the KOMP Repository at the University of California,
Davis. Znt8" male mice were mated to the WT female littermates for the mouse colony
maintenance. The majority of experimental mice in the current study were generated by this
breeding strategy. Znt8'~ mice were generated by Znt8*- sibling mating. Mice were housed in a
temperature-controlled room at 22-24°C with a 12 h light-dark cycle. Breeder pairs were
maintained on a regular laboratory chow diet (Laboratory Rodent Diet 5001, Lab-Diet, Brentwood,
MO) and double-distilled water ad libitum. The experimental mice (male and female Znt8+/- and
WT littermates, n=8-12/genotype/sex) were weaned at 3 weeks of age and then fed a moderately
high-fat diet (45% kcal fat, D12451; Research Diets, New Brunswick, NJ) ad labium for 17 weeks.
All 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

Animal Care and Use Committee of the University of California, Davis.

Isolation of genomic DNA and genotyping
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Genomic DNA was isolated from the mouse tail or ear clips using a DNeasy Tissue Kit (Qiagen,
Valencia, CA). PCR was used for genotyping. PCR products of Znt8"- mice yielded two distinct
bands: a 573-bp DNA fragment (the Znt8 knockout allele) and a 376-bp DNA fragment (the WT
allele) according to the protocol provided by the KOMP repository at the University of California,
Davis. PCR products were detected by agarose-gel electrophoresis. Primers were as follows:
LoxP-forward (5’-GAGATGGCGCAACGCAATTAAT-3’) and Znt8 KO-reverse (5°-
TGAATGTATGTGTGTGCATGTGTGGG-3%); Znt8-forward: 5’-
TCAAGATTCAGAATCAGTGTCATCTGG-3’ and ZntS-tt-reverse: 5’-

AGACACCTGATCATGCATTTGCACC-3".

Weight and blood glucose monitoring

Body weight was recorded weekly between 8:00 and 10:00 in the morning. Fasting blood glucose
concentrations were determined at 10 and 18 weeks of age and non-fasting blood glucose levels at
11 and 19 weeks of age between 7:00 and 9:00 in the morning. Blood was collected from the tail
vein and blood glucose levels were determined by a One-Touch UltraMini glucometer (LifeScan,

Milpitas, CA).

Intraperitoneal insulin tolerance test (IPITT)

Mice at 17-week-old were fasted for 4 h (07:30-11:30) before the test. Drinking water was supplied
during fasting. Blood samples were collected from the mouse tail vein and blood glucose levels
were determined by a One-Touch UltraMini glucometer (LifeScan) during IPITT. After the

baseline glucose levels were determined, mice were weighed and intraperitoneally injected with

68



Humulin® (100 mU/mL, 5.5 U/kg of body weight; Lilly, Indianapolis, IN). Blood glucose levels

were then determined at 15, 30, 60, and 120 min after the insulin injection.

Intraperitoneal Glucose tolerance test (IPGTT), plasma insulin, and glucagon measurements
Mice at 18-week-old were fasted overnight (16-18 h) before the test. Drinking water was supplied
during fasting. A baseline glucose level was determined by a glucometer using the blood sample
collected from the tail vein. Mice were then weighed and intraperitoneally injected with sterile
glucose solution (20%, 1.5 g/kg of body weight). Blood glucose, insulin and glucagon levels were
then determined at 15, 30, 60, and 120 min after the injection of glucose. Insulin levels were
determined by a mouse ultrasensitive insulin enzyme-linked immunosorbent assay (ELISA) kit
(ALPCO, Salem, NH) and glucagon was measured by a mouse glucagon ELISA kit (Crystal Chem.

Elk Grove village, IL).

Final blood collection, organ/tissue dissection, and fixation

Mice were anesthetized at 20-week-old by intraperitoneal injection of 100mg/kg ketamine (MWI
Veterinary Supply, Boise, ID) plus 10 mg/kg xylazine (MWI Veterinary Supply). Final blood
collection was performed via retro-orbital eye bleeding or cardiac puncture. Euthanasia was
confirmed by cervical dislocation. Plasma was collected by centrifugation of blood samples at 960
g for 15 min at 4°C. Collected plasma was then snap frozen in liquid nitrogen and stored at -80°C
until use. Carcass weight, liver weight, and fat pad weight (epididymal, subcutaneous and
retroperitoneal) were recorded at necropsy. Dissected tissues were snap-frozen in liquid nitrogen
or fixed in 4% paraformaldehyde made in 1x PBS, pH 7.4 (PFA, ThermoFisher Scientific,

Waltham, MA) overnight at room temperature (RT) with gentle shaking and then stored in 80%
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ethanol at 4°C until use. Subsequent tissue embedding and sectioning were carried out as described

previously (23).

B-galactosidase staining

The pancreas was dissected at necropsy, rinsed in cold 1x PBS, and placed in 4% PFA. Samples
were then transferred into ice-cold 30% (v/v) sucrose solution containing 2 mM MgCl, and
incubated at 4°C overnight. The solution was replaced with ice-cold OCT solution made in 30%
sucrose (1:1, v/v) and incubated again at 4°C overnight followed by embedding of the tissue in a
cryo-cassette with OCT using a liquid nitrogen chilled isopentane bath. The OCT block was
sectioned at 10 pm thickness and allowed to air dry at room temperature (RT) overnight. Before
staining, the section was placed at 37°C for 30 min and then washed in 1x PBS (pH 7.4)/2 mM
MgCl: solution for 20 min at RT with gentle rocking. The washing step was repeated twice
followed by incubation of the section in X-gal staining solution (1 mg/mL; ThermoFisher
Scientific) at 37°C overnight. The section was then rinsed in 1x PBS for 10 min, washed twice in
distilled water for 5 min, counter-stained with Nuclear Fast Red, mounted with Permount (Vector
Laboratories, Burlingame, CA), and finally cover-slipped. Stained sections were viewed using a
Nikon Eclipse 800 microscope (Nikon Instruments Inc., Melville, NY). Images were acquired via
a Nikon Plan Apo 20X/0.75 or a Nikon Plan Fluor 40X/0.75 lens using a SPOT RT3 digital camera

(Diagnostic Instrument Inc., Sterling Heights, MI) with SPOT RT Software v3.0.

Histology and immunohistochemistry

Paraffin embedded tissues (fat, liver and pancreas) were sectioned at 5 um, deparaffinized and

rehydrated as described previously (24). Hematoxylin & eosin (H&E) staining was performed
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according to a published protocol (25). For immunohistochemistry, antigen retrieval was
accomplished in 10 mM sodium citrate (pH 6.0) or 20-100 mM Tris-Cl (pH 10) for 20 min in
boiling water. The endogenous peroxidase activity was abolished by treating the sections with 5%
H>O> at RT for 15 min. The non-specific binding of biotin/avidin was blocked using an Avidin-
Biotin Blocking kit (Vector Laboratories). Tissues were then treated with 3% goat serum to block
other non-specific protein bindings. A guinea pig primary anti-mouse ZnT8 polyclonal antibody
(generated with the peptide sequence: CASRDSQVVRREIAKALSKSFTM by Genemed
Synthesis, Inc., Texas, USA) was diluted 1:1000 in 1x PBS containing 2% mouse and 2% goat
sera, applied to the section, and incubated at 4°C overnight. A secondary biotinylated goat anti-
guinea pig (Vector Laboratories) antibody was diluted at 1:200-250 in 1x PBS containing 2% goat
sera. Immunoreactivities (brown deposits within cells) were detected using a Vectastain ABC kit
and an ImmPACT DAB kit from Vector Laboratories. Sections were counterstained with
hematoxylin and cover-slipped using permount. Stained sections were viewed using a Nikon
Eclipse 800 microscope (Nikon Instruments). Images were acquired using a SPOT RT3 digital

camera (Diagnostic Instrument Inc.) with SPOT RT Software v3.0.

Fat cell sizing

The H&E stained fat tissue sections were viewed at 10x magnification and images were taken in

three different areas across a full section of the fat tissue. Adiposoft (https://imagej.net/ Adiposoft)

was used for cell counting and cell size measuring (26).

Measurements of triglycerides and non-esterified fatty-acids (NEFA)
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Plasma triglyceride and NEFA concentrations were measured using a L-Type TG M Assay kit
(WAKO Diagnostics, Mountain view, CA) and a NEFA kit (HR Series NEFA-HR (2)) (WAKO
Diagnostics), respectively. To determine triglyceride and NEFA levels in liver samples, 25-50 mg
of liver tissue was homogenized in TPER buffer (50 mg liver/mL. TPER) (ThermoFisher
Scientific) containing 1x protease and phosphatase inhibitor (ThermoFisher Scientific) using a
Geno/grinder® (SPEX SamplePrep, Metuchen, NJ, USA). Five microliters of lysate were used for
determining triglyceride (TG) and NEFA concentrations. Protein concentrations in these samples

were determined by a BCA Protein Assay kit (ThermoFisher Scientific).

Measurement of glycogen

Liver tissue (5-10 mg) was homogenized in 400 uL of 30% KOH using a Geno/grinder® according
to the manufacturer’s instruction (SPEX SamplePrep). The homogenized liver tissue was
transferred to a 2.0 mL Eppendorf™ Safe-Lock™ tube and incubated for 40 min in boiling water.
After incubation, samples were cooled to RT and then kept at 4°C. Next, samples were mixed with
1.25 mL of 95% ethanol, incubated for 5 min in boiling water, cooled to RT, and centrifuged at
10,000x g for 5 min. The pellet was dissolved in 200 pL of sterilized double distilled water
(ddH20) followed by adding 630 pL of 95% ethanol. The sample was then incubated for 5 min in
boiling water, cooled to RT, and centrifuged at 10,000x g for 5 min. The pellet was then dissolved
in 400 pL of ddH>O followed by adding 800 puL ice-cold 0.2% anthrone reagent made in 98%
sulphuric acid (ThermoFisher Scientific) to the sample, incubating for 10 min in boiling water,
and then immediately cooled on ice. A hundred microliter sample was transferred into a 96-well

plate and glycogen contents were measured by a spectrophotometer (Bioteck, Winooski, VT) at
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680 nm along with dextrose standards (0.25-15 mg/mL, ThermoFisher Scientific). Glycogen

contents were calculated by a standard curve method (27, 28).

Statistical analysis

Results are presented as mean+S.E.M. Student’s #-test was used for analyzing statistical
significance based on the distribution of the data. Pearson correlation coefficient was used to
calculate p value for correlation between two test groups. Differences were considered to be
significant at p<0.05 with one tailed distribution. All data analysis was blinded with genotype

information by mouse number.

Results

Generation of Znt8 allelic insufficient mice

The Slc30a8™13KOMPYWisi (7,18*-) knockout mouse was cryo-recovered by the KOMP (Knockout
Mouse Project) Repository at the University of California Davis. In the Zn¢8 knockout genome, a
bacterial LacZ gene cassette was placed in the intron between exons 1 and 2 of the mouse Znt§
gene. Thus, a LacZ transcript was expressed under the control of the Znt8 promoter (Fig. 1A). The
experimental mice (Znt8" and WT littermates,) were obtained by either Znt8"~ x Znt8"" or Znt8*"
x Znt8"" breeding. The progenies from both mating strategies produced Znt8"", Znt8”", and Znt8"*
mice in the expected Mendelian ratio (data not shown). Mice of both genders with a null allele of
Znt8 were viable, fertile, and displayed no obvious morphological abnormalities (data not shown).
PCR using purified genomic DNA confirmed the presence of the LacZ gene in the Znt8"~ and Znt8
l-genomes, but not in WT (Fig. 1B). Moreover, B-galactosidase staining demonstrated the

expression of B-galactosidase in the pancreatic islet of Znt8"~ mice, but not in WT confirming the
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results from PCR genotyping (Fig. 1C). ZnT8 protein could be detected in the islets of both Znt8"

and WT mice. However, it was not detectable in the islet of Znt8”- mice (Fig. 1D).
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Figure 1. Generation of Znt8" (Slc30a8™*&omPh) mice. A. The construct. A promoter-driven targeting cassette
was inserted into the mouse Znt8 gene between the exons 1 and 2. Thus, the amino acids encoded from exon 1
(MEFLERTYLVNDQATKMYAFPLDRWTRCWESGYPH) was fused in frame with the reporter LacZ sequence
followed by a poly A signal in the Znt8 knockout mice. Gray boxes, Znt§ exons; FRT, flippase recognition target;
LoxP, Lox sequences (short target sequences recognized by the Cre recombinase) derived from bacteriophage P1;
LacZ, the bacterial B-galactosidase gene; Neo, the neomycin resistant gene. Arrow indicates the transcription start site
for the neomycin resistant gene. B. The image of genotyping results for Znt8""*, Znt8"", and Znt8"". Genomic DNA
was genotyped by 2 sets of primer pairs, LoxP-Znt8 KO and Znt8 primer pairs that detected the mouse genomic DNA
with or without the targeting cassette, respectively. If only a DNA fragment (573-bp) was amplified by PCR using the
LoxP-Znt8 KO primer pair, it indicated the Znt8" genotype. If only a 376-bp DNA fragment was detected using the
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Znt8 primer pair, it indicated Znt8"" genotype. Lastly, if two DNA bands were detected (573- and 376-bp), it indicated
Znt8"" genotype. Negative controls (Neg) for PCR is shown (PCR reactions without the genomic DNA templates).
DNA marker is shown on the left. C. LacZ staining in the mouse pancreas. Cryosectioned pancreas (Znt8"") was
stained with X-gal. The LacZ activity (blue) was only detected in the islets of Znt8"" mice. No LacZ activity was
detected in the WT islets. D. Immunohistochemical staining of ZnT8 in the mouse pancreases. Representative images
of ZnT8 staining are shown. ZnT8 protein (brown color) was detected in the islets of WT and Znt8"" mice. It was
absent in the islets of Znt8”" mice. The scale bar = 25 um.

Effects of Znt8 allelic insufficiency on body weight, insulin secretion, and glucose metabolism
To assess the role of Znt§ allelic insufficiency in insulin secretion and glucose control during diet-
induced obesity and insulin resistance, Znt8"- and Znt8"" mice were fed a high-fat diet (45% kcal
fat) for 17 weeks. The high-fat diet was introduced when the experimental mice were at weaning
age (3 weeks old). The progress of diet-induced obesity and insulin resistance was monitored by
body weight, fasting and non-fasting blood glucose levels, insulin tolerance, and glucose tolerance
(Fig. 2A). At 3 weeks of age, no significant difference in body weight was observed between
Znt8"- and WT mice (female Znt8*", 6.8+1.1 g vs female WT, 7.0+1.0 g and male Znt8"-, 7.6+1.1
g vs male WT, 7.2+1.0 g). After 8 weeks on the high-fat diet, female Znt8"- mice appeared to gain
less weight than the WT control. After 14 weeks, the body weight difference was statistically
significant in female mice between the two genotypes (Znt8*", 23.9+3.5 g vs WT, 27.0+4.8 g;
p<0.05; Fig. 2B). Unlike the female counterpart, male mice had no obvious weight difference

between the two genotypes (Fig. 2C).
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Figure 2. Study design and growth curves. A. Study design. Mice were weaned at 3 weeks of age and fed the high-
fat diet ad libitum. The time points for fasting and non-fasting blood collections are indicated. Intraperitoneal insulin
and glucose tolerance tests were performed at 17 and 18 weeks of age, respectively. Mice were euthanized at 20 weeks
of age. B. Growth curve of female mice. C. Growth curve of male mice. Body weight (gram) was measured weekly
after introduction of the high-fat diet. All values are expressed as mean+S.E.M. (error bars), n=8-12/genotype/sex. *,
p<0.05.

To gain further insight into the impact of Znt§ allelic insufficiency on glucose metabolism
during diet-induced insulin resistance, we examined blood glucose levels in both fasting and non-
fasting conditions. As shown in Fig 3A, after 7 weeks on the high-fat diet, male Znt8"" mice
presented a slightly higher 6-h fasting blood glucose level than the control mice (Znt8", 188+9.3
mg/dL, n=12 vs WT, 155+11.2 mg/dL, n=8; p<0.05). However, this difference was not detected
in the fasting blood samples (overnight) after 15 weeks on the diet in male mice (Znt8™", 98+6.9
mg/dL, n=12 vs WT, 107£17.3 mg/dL, n=8). On the other hand, no differences were observed in
male mice for non-fasting blood glucose levels between genotypes after high-fat diet intake (Fig.

3B). Furthermore, differences in levels of either fasting or non-fasting blood glucose were not
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observed in female mice between genotypes after consumption of the high-fat diet (Fig. 3A & B).
Taken together, Zn¢8 allelic insufficiency might be associated with an increased 6-h fasting blood
glucose level at early age after exposure to the high-fat diet in male mice. However, this effect was

not seen in female mice.
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Figure 3. Blood glucose levels. A. Non-fasting blood glucose levels. Blood glucose concentrations were measured at
8 and 16 weeks after introduction of the high-fat diet. B. Fasting blood glucose concentrations. Six-hour and overnight
fasting blood glucose levels were determined at 7 and 15 weeks after consumption of the high-fat diet, respectively.
All data points are plotted. —represents the mean. n=8-12/genotype/sex. *, p<0.05.

A major function of ZnT8 in the pancreatic islets is to sequester zinc from the cytoplasm
into insulin-containing granules for insulin crystallization in B-cells (19). To investigate whether
Znt8 allelic insufficiency affected insulin secretion and glucose handling, glucose-stimulated
insulin secretion was assessed after 15 weeks on the high-fat diet. As shown in Fig. 4A & B,
plasma insulin levels were lower in Znt8"" mice of both genders than the controls after an
intraperitoneal glucose load (1.5g/kg body weight). The difference was more obvious in males
than females at 30- and 60-min timepoints. Notably though, plasma insulin level in female Znt8"
mice remained lower (0.54+0.10 ng/mL, n=10) than the control (0.81+£0.06 ng/mL, n=12) at the
120-min time point whereas no difference was seen between genotypes in male mice at this time

point (Znt8"-, 98+0.14 ng/mL, n=10 vs WT, 1.094+0.14 ng/mL, n=8). It is worth nothing that
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although glucose-stimulated insulin secretion was reduced in female Znt8"- mice, there was no
change in blood glucose levels compared to the control (Fig. 4C). On the other hand, male Znt8""
mice had a less striking blood glucose surge (283.6+£20.0 mg/dL, n=10) than the control (368.1+7.5
mg/dL, n=8; p<0.01) at 15 min after glucose stimulation (Fig. 4D), indicating that male Znt8""
mice had a better glucose control shortly after a glucose load. Finally, insulin tolerance tests
suggested that Znt§ allelic insufficiency had no evident impact on peripheral insulin sensitivity in

mice of both genders (Fig. 4E & F).
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Figure 4. Intraperitoneal glucose (IPGTT) and insulin (IPITT) tolerance tests. A. Blood insulin levels in female
mice during IPGTT. B. Blood insulin levels in male mice during IPGTT. C. Blood glucose levels in female mice
during IPGTT. D. Blood glucose levels in male mice during IPGTT. Intraperitoneal GTT (glucose: 1.5 mg/kg) was
performed at 18-week-old fasted overnight. E. Blood glucose levels in female mice during IPITT. F. Blood glucose
levels in male mice during IPITT. Intraperitoneal ITT (insulin: 100 mU/mL, 5.5 U/kg of body weight) was performed
at 17-week-old. Each data point represents the mean+S.E.M., n=8-12/genotype/sex. *, p<0.05; **, p<0.01.

Reductions in fat pad weight, adipocyte size, and fasting triglyceride levels in female Znt8*"
mice

After 17 weeks on the high-fat diet, mice were euthanized and fat pads (gonadal, posterior
subcutaneous, and retroperitoneal) were dissected and weighed. As shown in Fig. 5A, the total
weight of these fat pads from female Znt8"" mice was decreased to ~50% of the control (Znt8™,
542.7+£146.9 mg, n=11 vs WT, 1061.1£217.4 mg; n=12; p<0.05) whereas there was no difference
between genotypes in male Znt8"- mice (Fig. 5A). To investigate whether fat deposits were
different in adipocytes between genotypes, we quantified adipose cell numbers and sizes in
gonadal adipose sections and correlated the results to the wet weights of the gonadal fat pad. The
results showed that the fat cell sizes were significantly smaller in female Znt8"- mice than in the
control (Znt8™-, 2448.2+340.8 pixel/cell vs WT, 4763.8+549.9 pixel/cell; n=3-4; p<0.01) (Fig.
5B). However, this difference was not noted between genotypes in male mice. Correlation analysis
of fat cell sizes with fat pad weights demonstrated a positive relationship between two variables in
both Znt8"- and WT mice (R?=0.6709, p<0.0001), suggesting that the decreased fat pad weights
in female Znt8"~ mice was at least partly due to fat deposit reductions rather than adipocyte number

reductions.
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Figure 5. Changes in the adipose tissue. A. Fat pad weights. Mice were euthanized after 17-weeks on the high-fat
diet. Indicated fat pads were dissected and weighed at necropsy. Each data point represents the mean+S.E.M. n=8§-
12/genotype/sex. B. H&E staining of gonadal fat pads. Scale bar=100 pm. C. Regression analysis of adipocyte sizes
with gonadal fat weights. Fat cell sizes were measured using the Adiposoft plugin in ImageJ software.

Reduced fat deposits in female Znt8"- mice suggested the presence of an alteration in
triglyceride or fatty acid metabolism induced by Zn#8 allelic insufficiency. Therefore, we

quantified levels of fasting plasma triglycerides (TG), liver TG, and non-esterified free fatty acids
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(NEFA) after 17-weeks of high-fat consumption. As shown in Fig. 6A, female Znt8"- mice had a
significantly lower level of fasting TG than the control (Znt8*", 25.7+1.8 mg/dL, n=9 vs WT,
38.3+4.1 mg/dL; n=10; p<0.05), whereas male Znt8""- mice showed a comparable level of fasting
TG with the control (Znt8*", 43.143.8 mg/dL, n=11 vs WT, 40.0+£6.2 mg/dL; n=7; p>0.05).
Moreover, the average of fasting NEFA level in male Znt8" was reduced by 40% compared to
WT (Znt8, 15.8+2.7 umol/dL, n=11 vs WT, 26.4+5.9 umol/dL; n=7; p<0.05). This difference in
the fasting NEFA concentrations was not seen between genotypes in female mice (Znt8",
10.743.2 pmol/dL, n=10 vs WT, 10.64+3.0 umol/dL; n=9; p>0.05) (Fig. 6B). Next, we examined
TG and NEFA contents in the livers of Znt8"~ and WT mice. As shown in Fig. 6C, after 17-weeks
on the high-fat diet, fat accumulation was apparent in the livers of both genotypes. However, no
obvious anatomical abnormalities of the liver were observed in the two genotypes. Moreover, both
TG and NEFA contents in the livers of the two genotypes in both genders were similar (Fig. 6D &
E). Taken together, the results demonstrated that Znt8"~ mice had better blood TG (female) and

NEFA (male) profiles than the controls after 17-weeks of high-fat consumption.
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Figure 6. Plasma and liver triglyceride (TG) and non-esterified fatty acid (NEFA) levels. Mice were fasted 4-6 h
after 17-weeks on the high-fat diet. Blood and livers were collected at necropsy. A & B. TG levels in the plasma
samples from female and male mice, respectively. The y- axis to the left and right of the graph represents the plasma
TG (mg/dL) and NEFA (umole/dL) levels, respectively. (C) H&E staining of the liver. Scale bar=20 pm. Arrows
indicate lipid drops in hepatocytes. (D) Liver TG. E. Liver NEFA. Each data point represents the mean+S.E.M. n=7-
11/genotype/sex. p-values are displayed in the graphs.

Changes in liver glycogen levels in Znt8"" mice
In addition to the pancreas, the liver plays critical roles in glucose control and lipid metabolism
(29). During the fed state, excess glucose is converted and stored in the liver as glycogen or fat. In

the fasted state, the liver regulates glucose metabolism by glycogenolysis and gluconeogenesis

82



(30). We showed that Znt8 allelic insufficiency had no significant effect on the liver TG and NEFA
levels after 17-weeks of high-fat intake (Fig. 6D & E). Thus, we investigated liver glycogen
contents in Znt8"- and WT mice. Remarkably, we found that the average of liver glycogen levels
was significantly lower in female Znt8*- mice (13.144.8 pg/mg liver, n=9, p<0.05) than the control
(26.6+5.2 pg/mg liver, n=10) while the liver weights between the two genotypes were similar
(Znt8*-, 837.4+61.1 mg, n=9; WT, 883.0+26.7 mg, n=10) (Fig. 7). On the other hand, the average
of glycogen levels in the liver of male Znt8"" mice was higher (45.5+13.1 pg/mg liver, n=11) than
the control (20.0+£10.3 pg/mg liver, n=7) (Fig. 7) although it was not significantly different
(p=0.09). Interestingly, the liver of male Znt8"~ mice was slightly heavier (1184.9+61.0 mg, n=9)
than the control (964.6+74.9 mg, n=7; p<0.05), consistent with the result of increased glycogen
contents in the Znt8" liver.
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Figure 7. Liver glycogen contents and liver weights. Mice were fasted 4-6 h after 17-weeks on the high-fat diet.
Livers were dissected at necropsy. A. Liver glycogen contents. B. Liver weights. The wet weight of the whole liver
was determined (mg). Glycogen contents were measured as described in Materials and Methods. Each data point
represents the mean+S.E.M. n=7- 11. p-values are displayed in the graphs.

Decreased glucagon secretion in male Znt8"- mice
In addition to B-cells, ZnT8 is also expressed in other endocrine cells albeit much lower than the
B-cells (31, 32), such as glucagon-secreting a-cells (33). Therefore, we examined circulating

glucagon levels during glucose challenge after 15-weeks of high-fat consumption. We found that
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blood glucagon levels in female Znt8"- mice were comparable to the control during glucose
challenge (Fig. 8A). However, male Znt8"- mice displayed lower blood glucagon concentrations
than WT at all five time points examined (0, 15, 30, 60, and 120 min) (Fig. 8B). The area under
the curve (AUC) for the circulating glucagon concentration (pg/mL x 120 min) during glucose
challenge in male Znt8"- mice was ~40% of the control (Fig. 8C). The most striking difference
was in the overnight fasting glucagon level between the two genotypes of male mice with male
Znt8""- mice having only half amount of the circulating glucagon concentration of WT mice (Fig.
8B), These data suggest that glucagon secretion in a-cells was negatively affected by Znt8" allelic

insufficiency in male mice.

A B
Female
; Male
~ 0 -‘-WT,,, 70 1 WT
= Znt8™" *
% 60 ? 60 - Znt&™
: 50 g 50 4
=]
%) 40 S 40 1
g | g
2 30 1 S 30
&0 . =
g 20 \f'*'f-—_—_———_‘r )} 20 J
<
3 g -
E 10 —8 10 A 2 2
0+ : ’ : . A~ . . ,
0 30 60 90 120 0 30 60 90 120
C
5000 1 @WT <001
= @ Znt8+/-
S~ 4000 -
%*’-g
2
THE 3000 -
Q-
g P
2000 -
-
8 é 1000
2=
0
Female Male

Figure 8. Circulating glucagon levels during intraperitoneal glucose tolerance test (IPGTT). A. Females. B.
Males. C. Area under the curve of plasma glucagon concentrations. Mice were fasted for 16-18 h 15 weeks after the
introduction of the high-fat diet. IPGTT was performed as described in Materials and Methods. Each data point
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Discussion

The primary goal of this study was to determine whether Zn#8 allelic insufficiency in mice had a
protective effect on diet-induced glucose intolerance and if so, to try to understand the mechanisms
underlying this beneficial phenotype. The results from the current study showed that Znz§ allelic
insufficiency could reduce glucose-induced insulin secretion in mice of both genders on a pure
C57BI/6N genetic background fed a high-fat diet, which is in line with a previous finding in mice
with a global Znt8KO (19). However, we demonstrated that this deleterious effect on the glucose-
induced insulin secretion induced by Zn¢8 allelic insufficiency had limited impact on the whole-
body glucose utilization in mice. Instead, we observed an improved glucose tolerance in male
Znt8"" mice after a long period of high-fat intake. In addition, female Znt8"- mice had less fat
depositions in fat cells after high-fat consumption without obvious alterations in glucose
metabolism. In a recently published paper, Syring et al. also found improved glucose tolerance in
Znt8"" male mice with a high-fat diet challenge. Together, the results from the current study
suggest that both glucose and lipid metabolisms were influenced by Zn¢§ allelic insufficiency after
a period of high-fat intake, and it was sex-dependent. Besides, ZNT8 plays an important role in
insulin and glucagon secretion from B- and a-cells, respectively. Finally, we found that the average
of liver glycogen levels was significantly lower in female Znt8"- mice. On the other hand, the liver
of male Znt8" mice was slightly heavier, consistent with the result of increased glycogen contents
in the Znt8*" liver. Therefore, the interplay between the pancreas and the liver may be essential for
the protective function of Znt§ allelic insufficiency in mice and possibly in humans. Nevertheless,
the metabolic pathways involved in the protective effect of Zn#8§ allelic insufficiency appear

different between females and males which warrants further investigations.
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A sex-differential response to diet-induced obesity and insulin resistance has been reported
in humans and animals (34, 35). Female mice are less prone to diet-induced insulin resistance and
glucose intolerance than males. One of the proposed mechanisms is that female mice tend to have
higher capacity in adipocyte expansiveness leading to a good insulin sensitivity and glucose
responsiveness in adipocytes (36). The results from this study showed that Znz§ allelic
insufficiency significantly decreased fat depots of female mice after a prolonged time of high-fat
intake. However, this reduction in adipocyte expansion in female Znt8"- mice appeared to have
limited influence on glucose metabolism. A plausible mechanism is that Zn¢8 allelic insufficiency
may affect the responsiveness of the adipose tissue and liver to glucagon in mice. Glucagon, a
counter-regulatory hormone to insulin, is able to stimulate energy expenditure resulting in lower
body adiposity along with restoring glucose homeostasis during hypoglycemic states through
increased hepatic glycogenolysis and gluconeogenesis (37, 38). Animal studies have shown that
increased glucagon signaling suppresses triglyceride synthesis and increases triglyceride removal
rates in the liver, therefore, leading to lower plasma triglyceride concentrations with no apparent
effect on the total hepatic triglyceride levels (39, 40). Given the fact that female Znt8" mice had
lower fat depots and reduced fasting circulating triglyceride concentrations without changes in the
hepatic total triglycerides together with decreased hepatic glycogen contents, these indicated that
female Znt8"" mice had enhanced lipid catabolism and improved glycogenolysis. Moreover, it is
known that an increase in diet-induced fat mass triggers glucose intolerance because of increased
release of cytokines and free fatty acids (41—43). Therefore, an inhibition of diet-induced fat mass
expansion by Znt8 allelic insufficiency might allow female Znt8"- mice to remain normoglycemia

in the state of reduced insulin secretion caused by the loss of a functional allele of Zn¢8. Further
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investigations are warranted to elucidate the signaling molecules that contribute to proper glucose
and lipid controls in Znt8*" mice.

In contrast, male Znt8"- mice had a decreased fasting circulating glucagon level
accompanied by a higher liver glycogen concentration, suggesting that Zn¢§ allelic insufficiency
may adversely influence glucagon secretion and its downstream function in male mice. The
biological effect of Znt§8 on glucagon secretion has been studied using Znt§ knockout mice,
including a-cell-specific and global KO models, as well as transgenic mice with Znt8 being over-
expressed globally or a-cells specifically. Solomou et. al. reported that mice with a fractional a-
cell-specific depletion of Znt8§ expression (~15%, aZnt8KO) had normal glucose tolerance when
maintained on a regular laboratory chow diet. However, an enhanced glucagon secretion was
observed during hypoglycemic clamps (33). An elevation of glucagon secretion, but not a
concurrent increase in the total a-cell-associated glucagon content, was also observed in the
aZnt8KO islets maintained in a lower glucose level (1 mM) (33). Conversely, mice over-
expressing human ZNT8 in a-cells (aZnT8Tg) secreted less glucagon during hypoglycemia. Again,
the a-cell-associated glucagon concentration was unchanged in these islets (44). These results
highlight an important physiological role of ZnT8 in regulation of glucagon secretion from a-cells
during fasting.

We showed that glucagon secretion during hypoglycemia in male Znt8"~ mice was reduced
50% compared to WT. This secreting pattern could be explained by the interplay between insulin
and glucagon. Insulin secretion is increased in response to elevated blood glucose. In turn,
increased intra-islet insulin effectively inhibits glucagon secretion from a-cells (45). During the
fasting state, insulin levels are greatly reduced, and the inhibition of glucagon secretion is lifted.

One of the key elements in determining the triggering level of glucagon secretion is the percentage
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decrement (delta glucagon secretion) in the local insulin concentration from the fed to fasting state
(46). The more the insulin concentration drops, the stronger the signal for glucagon secretion.
Thus, a smaller difference in the insulin concentrations between the fed and fasted conditions in
Znt8*" islets might be responsible for less glucagon secretion during hypoglycemia. This
hypothesis is further supported by in vitro studies conducted by Hardy et. al. (47). The authors
showed that glucagon secretion from the islets of Znt8KO mice fed a 45% high-fat diet was ~50%
less than the control 2 h after glucose stimulation at 11.1 mM. Moreover, Lopez-Soldado et. al.
demonstrated an improved glucose tolerance in mice fed a high-fat diet when the liver glycogen
storage was increased (48). Taken together, we conclude that reduce glucagon secretion levels in
both fed and fasting states in mice with Znt8 allelic insufficiency could be the key in reducing the
risk of T2D as hyperglucagonemia is thought to be a causal factor in the pathophysiological
development of T2D (49, 50).

In summary, we demonstrated that Zn¢8 allelic insufficiency presented a protective effect
on lipid metabolism in female mice and had improved glucose metabolism in male mice during
high-fat intake despite the presence of reduced levels of glucose-induced insulin secretion.
Moreover, fasting and fed blood glucagon levels remained significantly lower in male Znt8"" mice.
Our data suggests that Znt§ allelic insufficiency could provide protective effects on diet-induced
glucose intolerance, possibly through regulation of glucagon secretion in males and lipid

metabolism in females.
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Chapter 4 - The interplay of ZNT8 and somatostatin in the gastrointestinal tract and its
impact on glucose metabolism

Abstract

Aims/hypothesis

ZNTS is responsible for zinc delivery to secretory vesicles for insulin crystallization in pancreatic
beta-cells. However, enhanced zinc transporter activity of ZNTS is related to inceased risk for type
2 diabetes (T2D). On the other hand, ZNTS$ allelic insufficiency is associated with reduction in risk
of T2D by ~65%. Yet, the underlying mechanisms for these observations are not fully understood.
Co-expression of ZNTS in other endocrine cells that produce and secrete hormones involved in
regulation of glucose metabolism has been reported. The aim of this study was to explore the role
of ZNT8 in regulating select metabolic hormones, such as somatostatin, ghrelin, gastric inhibitory
polypeptide (GIP), and glucagon-like peptide-1 (GLP1) during insulin resistance induced by
dietary high-fat (HFD) intake.

Methods

Znt8-null homozygote (KO), Znt8-heterozygote (het), and wild type (wt) mice were fed a high-fat
diet (60% kcal fat, HFD) from 5 to 13 weeks age. Body weight was monitored weekly. Oral
glucose tolerance test (OGTT) was performed after 8 weeks on the diet. Blood was collected during
OGTT for determining glucose metabolism-relevant hormone levels, such as insulin and glucagon.
To examine the correlation of Znt§ mRNA expression with Ss¢ and glucagon in the pancreatic
islets, islets from Zn¢8 het and wt mice were isolated at necropsy and pelleted for total RNA
isolation. Mouse stomach and duodenum tissues were embedded and sectioned.

Immunofluorescent staining was performed to detect the co-expression of ZNT8 with
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metabolically relevant hormones, including somatostatin (SST), ghrelin, GIP, GLPI,
cholecystokinin (CCK).

Results

Consumption of a HFD for 8 weeks induced glucose intolerance in all three genotypes of mice as
indicated by OGTT. After adjustment of the data obtained from the oral saline challenge, which
was performed to control for stress- induced change on glucose metabolism stimulated by
experimental procedures, Znt8 het mice showed lower glucagon levels at 30-min after the glucose
administration than wt mice (p=0.012). Znt8 KO mice had the most suppressed glucagon levels at
the 2-h time point among all three genotypes (KO vs. het: p=0.048; KO vs. wt: p=0.00036). In
addition, compared to both Znt8 het and wt mice, Znt8§ KO mice had the lowest insulin level at 30-
min after the glucose load (KO vs. het: p=0.084; KO vs. wt: p=0.018 after adjusting for the saline
treatment or KO vs. het: p=0.044; KO vs. wt: p=0.028 without adjusting for the saline treatment).
Furthermore, quantitative RT-PCR results suggested that Znt8§ mRNA expression was strongly and
positively correlated with the expression of glucagon (R>=0.75, p=2.43*10"*) and Ssz (R?=0.8788,
p=6.78%10") in pancreatic islets. Most importantly, ZNT8 was found to colocalize with
somatostatin in the mouse pylorus mucosa, but not with ghrelin, GIP, GLP1, and CCK.
Conclusion/interpretation

Znt8 heterozygotes may be protected from high-fat-induced glucose intolerance or type 2 diabetes
due to enhanced suppression of glucagon levels leading to better glycemic control. Colocalized
expression of ZNT8 and somatostatin suggest a role of ZNT8 in regulating SST production and
secretion, which may have an indirect impact on the rate of digestion and absorption of foods in
the gut as well as the secretions of pancreatic hormones after meals. These findings would provide

new research targets to uncover the role of ZNT8 in T2D development.
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Introduction
SLC30A8 (ZNT8) is dominantly expressed in pancreatic beta-cells for transporting zinc from the
cytoplasm to insulin-containing secretory vesicles to form insulin crystals (1). Insulin
crystallization in secretory vesicles is important for insulin storage and stability (2). Genome-wide
association studies (GWAS) have revealed that individuals with a single nucleotide polymorphism
(SNP, rs13266634; R325W) in ZNT8 have increased risk for type-2 diabetes (T2D) by 12-23%
depending on races (3-5). A cellular study revealed that the R325 allele increased the zinc
transporter activity of ZNT8. Thus, zinc is more enriched in secretory vesicles of beta-cells with
the R325 allele of ZNT8 compared to that with W325 (6). However, how does the enrichment of
zinc in the insulin-containing secretory vesicles affect the risk of T2D is not fully understood.
Later, a GWAS study reported that ZNT8$ allelic insufficiency was associated with a decreased risk
of T2D by 65% (7). This observation is consistent with the findings of the SNP rs13266634 R325
variant, which is associated with a higher zinc activity of ZNT8 and the risk of developing T2D.
How could a reduced expression of ZNT78 have a beneficial effect on T2D prevention? To answer
this question, I hypothesized that ZNT8 might also be expressed in endocrine cells other than the
beta-cell (insulin) or alpha cell (glucagon) (8) and regulate hormone secretion in these endocrine
cells, especially those involved in the regulation of glucose metabolism in the gastrointestinal tract.
I further hypothesized that reduced glucose-induced insulin secretion due to ZNT§ allelic
insufficiency might trigger compensatory responses of other hormones in regulation of glucose
metabolism. Thus, these hormones act in concert to affect changes in the utilization of glucose
leading to reduced risk of developing T2D in individuals with ZNT8 allelic insufficiency.

My research included two parts. The objective of part 1 was to find if any of the glucose

metabolism-related hormones, other than insulin and glucagon, be affected by ZNTS. For this
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purpose, I performed a feeding trial in mice having different genotypes of Znt8, including Znt8
knockout (KO), heterozygote (het), and the wild-type control (wt). Male mice were fed a high-fat
diet (60% kcal fat) for 8 weeks to induce insulin resistance (from 5-13 weeks of age). By doing
so, I argued whether Znt8§ heterozygotes would have better glucose tolerance than the control (wt)
mice. In addition, blood levels of glucose metabolism-relevant hormones during oral glucose
tolerance test would be determined to illustrate which hormone interplayed with Zn¢§ allelic
insufficiency in mice. As there is no report for ZN78-null mutations in humans, the data obtained
from Znt8 KO mice would also be interesting and useful for understanding the mechanism of zinc
action in the body and its association with chronic diseases. I anticipated that the null-mutation of
Znt8 would not trigger a compensatory effect as glucose-induced insulin secretion was largely
impaired due to lack of ZNT8 function in beta-cells. Thus, Znt§ KO mice would be glucose
intolerant after 8 weeks in a high-fat diet. On the other hand, Zn#8 het mice would have a better
control of glucose levels due to Znt§ allelic insufficient-induced compensatory reactions, which
might lead to a reduction of diabetes’ risk. The aim of part 2 was to find out if any of the select
hormones involved in glucose metabolism, other than insulin and glucagon in pancreatic islets,
would be colocalized with ZNT8. For this purpose, I performed immunofluorescent staining of
metabolically relevant endocrine cells in the mouse stomach and duodenum. The results would
provide clues for which hormone(s) might be the compensatory target for Znt§ allelic insufficiency

1n mice.

Materials and Methods
Study Part 1

Animals and diets
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To generate mice with Znt8™", Znt8"" and Znt8"'", mice (Slc30a8™12KOMPWisi herein Znt8™-, and
Znt8*" littermates in a mixed background of C57BL/6N and C57BL/6J) were cryo-recovered from
the KOMP Repository at the University of California, Davis, California, USA. Znt8"- male mice
were crossed to Znt8*" female littermates to produce Znt8" mice. Brother-sister mating of Znt8"
mice was carried out to generate experimental male mice. Offspring were genotyped as described
below. Weaned mice (3 weeks old) were fed a standard laboratory chow diet for 2 weeks. At 5-
week-old, mice were fed a high-fat diet (60% kcal fat, lard 91%; soybean oil 9%, D12492,
Research Diets, New Brunswick, NJ) and double-distilled water ad libitum for two months. All
mice were raised in a temperature-controlled room at 22-24°C with a 12 h light-dark cycle. All
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 Animal Care

and Use Committee of the University of California, Davis.

Isolation of genomic DNA and genotyping
Genomic DNA was isolated from mouse tail clips or ear clips using a DNeasy Tissue Kit (Qiagen,
Valencia, CA). PCR was used for genotyping according to the protocol provided by the KOMP

repository at the University of California, Davis. Primers were as follows: LoxP-forward: 5’-

GAGATGGCGCAACGCAATTAAT-3 and Znt8 KO-reverse: 5’-
TGAATGTATGTGTGTGCATGTGTGGG-3’; Znt8-forward: 5°-
TCAAGATTCAGAATCAGTGTCATCTGG-3’ and ZntS-tt-reverse: 5’-

AGACACCTGATCATGCATTTGCACC-3’. PCR products were visualized by agarose-gel
electrophoresis. PCR products yielded from the Znt8”- genomic DNA was 573-bp long while it

was 376-bp in size from the wt genome. Znt8"~ mice have both size bands.
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Oral glucose tolerance test (OGTT) and tissue collection

After 8 weeks on the high-fat diet, mice were fasted overnight before performing the oral glucose
tolerance test. Mice were weighed and fasting glucose levels were measured. Mice (from the three
Znt87~, Znt8"" and Znt8""* groups) were randomly divided into 2 additional study groups: glucose
challenge (test) and saline control. Mice in the test group were gavage-fed glucose solution at the
1.5 g/kg body weight dose. An equal volume of saline was gavage-fed to mice in the control group.
Blood glucose levels were determined at 30, 60, and 120 min after glucose administration. Blood
(~150 pL) was taken from the submandibular vein at each time point. Saline (150 pL) was injected
via the peritoneal cavity right after each blood draw at 0, 30 and 60 min time points to replenish
the loss of the blood volume. Insulin and glucagon levels were also determined during OGTT using
a mouse Ultra-Sensitive mouse insulin Elisa kit (Crystal Chem. Elk Grove village, IL, USA) and
a mouse glucagon ELISA kit (Crystal Chem. Elk Grove village, IL, USA), respectively. Mice were
anesthetized right after OGTT. A final blood collection was performed. The stomach and the first
centimeter of the duodenum were dissected and snap-frozen in liquid nitrogen or fixed in 4%
paraformaldehyde until use. Visceral fat pads and the liver were dissected and weighed. The

pancreas was isolated for islet isolation (described below) (9).

Pancreatic islet isolation

Pancreas was put in a 35 mm petri dish on ice and the pancreas was inflated by injection of 3 mL
ice-cold collagenase type XI (Sigma, St. Louis, MO) made in 1x HBSS (1.4 mg/mL; 1000 U/mL,
Gibco, ThermoFisher Scientific) using an insulin syringe. After incubation of 5 min on ice, the
pancreas was minced and transferred into a 50 mL conical tube containing 2 mL collagenase type

XTI (1.4 mg/mL). The tube was then placed in a water bath at 37°C for ~25 min. The digestion was
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shaken by hands every 5 min during incubation until all tissue chunks disappeared. The digestion
was terminated by placing the tube on ice and adding 25 mL ice-cold buffer solution (1 mM CaCl,
in 1x HBSS). The digested pancreas was then centrifuged at 290x g (ThermoFisher Scientific
Multifuge X1R Refrigerated Centrifuge) for 30 min at 4°C. The supernatant was then discarded.
The pellet was washed with 20 mL the same buffer solution as mentioned above by centrifugation.
The pellet was resuspended in 15 mL buffer solution again and filtered through a pre-wetted 70
um cell strainer. The tube was washed with another 20 mL buffer solution and the resulting
washing solution passed through the cell strainer again. Finally, the strainer was washed with 25
mL buffer solution. The strainer was turned upside down over a 100 mm petri dish and the captured
islets were rinsed off into the petri dish by applying 15 mL cell culture medium (RPMI 1640
medium with 20 mM L-glutamine, 100 U/mL penicillin, 1000 pg/mL streptomycin and 10% fetal
bovine serum (FBS)). Islets were then hand-picked under a microscope using a 1000 pL pipette
with a wide-open tip. About 10-20 islets were put into a 15 mL conical tube containing 5 mL
culture medium and pelleted by centrifugation at 246x g for 2 min at 4°C. The supernatant was
discarded. Islets were lysed in 800 pL Trizol solution (ThermoFisher Scientific) and incubated for

5 min on ice. The lysed islets were stored at -80°C until use.

RNA purification, cDNA synthesis, and quantitative RT-PCR

RNA purification

After being defrosted on ice, Trizol solution was spun at 12,000x g at 4°C for 10 min. Supernatant
was then transferred to a new Eppendorf tube and 200 pL chloroform was added. Samples were
then shaken vigorously for 15 s, incubated at room temperature (RT) for 5 min, and then

centrifuged at 12,000x g at 4°C for 15 min. The colorless upper aqueous phase containing RNA
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was transferred to a new Eppendorf tube containing 500 uL. RNA-grade isopropanol and glycogen
(1.5 ul of 15 mg/mL, GlycoBlue™ Coprecipitant, ThermoFisher Scientific). The tube was inverted
two times and incubated at RT for 10 min. Samples were then centrifuged at 12,000x g at 4°C for
10 min. The supernatant was discarded. The pellet was washed with 1 mL 75% ethanol in DEPC
water and centrifuged at 12,000x g at 4°C for 5 min. The supernatant was removed with a
micropipette and the pellet was air-dried for 10-15 min with the lid open. The total RNA was

dissolved by adding 50 uL. DEPC water.

cDNA synthesis

The total RNA concentration was determined using a Thermo Scientific™ Invitrogen™
Nanodrop™ One Spectrophotometer (ThermoFisher Scientific). Total RNA (500 ng) was reverse-
transcribed into cDNA wusing a Maxima first strand cDNA synthesis kit for RT-PCR

(ThermoFisher Scientific) according to the manufacturer’s instructions.

Quantitative PCR

cDNA was diluted to 5 ng/uL with Ultrapure™ distilled water (Invitrogen, ThermoFisher
Scientific). The PCR reaction mix was made in a SsoAdvanced™ universal SYBR green mix (Bio-
Rad, Hercules, CA) containing 2 uL of diluted cDNA sample and 1 pL of 5 pmol/ pL forward
primer and 1 pL of 5 pmol/ pL reverse primer for a specific gene (see below for the primer
sequences). PCR was performed on a Quantstudio™ 7 flex real-time PCR system (Applied
biosystems, ThermoFisher Scientific). Primer sequences were as follows: mZnt8-RT-Forward:
CAAAACTGGACAGCGCATCAA and mZnt8-RT-Reverse:

GTGATAGATGCCTCCTGCCTC,;
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mSst-RT-Forward: CTCTGCATCGTCCTGGCTTT and mSst-RT-Reverse:
GGCATCATTCTCTGTCTGGT; mGcg-RT-Forward: GACAGAAGCGCATGAGGACC and
mGceg-RT-Reverse: TGGCAATGTTGTTCCGGTTC.

The  primer sequences were  designed wusing the Primer Design  Tool

(https://www.ncbi.nlm.nih.gov/tools/primerblast). ~ Primer oligos were synthesized by

ThermoFisher Scientific. Melting temperature for each primer pairs were analyzed. Quantitative
PCR was run in triplicate and the average cycle number (Ct) was obtained. The amount of the
target transcripts was then normalized to the amount of the Actb transcripts by subtracting the Ct

of the target from the Ct of Acth (ACt).

Statistical analysis

Sample sizes for the study groups were calculated using G power analysis (Student #-test, a, 0.05;
effect size, 0.3; power, 0.80; two tails). Results are presented as either mean + standard deviation
(S.D.) or mean = standard error of the mean (S.E.M). Student’s #-test was used for analyzing
statistical significance. Pearson correlation coefficient was used to calculate p value for correlation
analyses between two test groups. Differences were considered to be significant at p<0.05 with

one tailed distribution.

Study Part 2

Animals and diets

Two male wt mice (C57BL/6N) obtained from the in-house breeding protocol of Znt8"~ colonies
were maintained on a standard laboratory chow diet (Laboratory Rodent Diet 5001, LabDiet,

Brentwood, MO) ad libitum and double-distilled water was always supplied. One was euthanized
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for tissue collection at fed state and the other was fasted overnight for tissue embedding and
conducting immunofluorescent staining to explore potential co-expression of ZNT8 with
metabolic hormones and their expression patters in the gut in wt mice. Mice were maintained in a
temperature-controlled room at 22-24°C with a 12 h light-dark cycle. The animal experiment was
conducted in accordance with National Institutes of Health Guidelines for the Care and Use of
Experimental Animals and were approved by the Institutional Animal Care and Use Committee of

the University of California, Davis.

Preparation of Mouse Pylorus and duodenum Tissue Sections

After euthanization, the stomach and the first centimeter of the duodenum were dissected. Pylorus
of the stomach and the duodenum were then separated and rinsed with 1x DEPC-PBS. Tissues
were fixed in 4% paraformaldehyde (ThermoFisher Scientific, Waltham, MA) overnight. Fixed
tissues were then dehydrated in 70% FLEX (Richard-Allan Scientific, Kalamazoo, MI) and placed
at 4°C until further process (detailed method was described in Materials and Methods in Chapter
2). Tissues were embedded in Type 9 paraffin (Richard-Allan Scientific) as previously described
(Chapter 2) and sectioned into a thickness of 5 um sections and stored the sections at RT until

further process for immunofluorescent staining.

Antibodies

Antibodies used in this study is summarized in Table 1. Briefly, the guinea pig polyclonal anti-
ZNTS8 antibody was generated against a synthetic peptide (ASPDSQVVRREIAKALSKSFTM)
and has been previously validated (10). The rabbit monoclonal anti-GIP antibody (ab209792) and

rabbit polyclonal anti-GLP1 antibody (ab22625) were purchased from Abcam (Waltham, MA).
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The GIP antibody was generated against a synthetic human GIP from amino acids (aa) 50-150
while GLP1 antibody was generated against a synthetic human GLP1 from aa 1-19. The rat
monoclonal anti-SST antibody (MAB2358) generated against a full-length peptide of human
somatostatin was bought from R&D systems (Minneapolis, MN). The rabbit polyclonal anti-SST
antibody (hpa019472) produced against a synthetic peptide of the human somatostatin from aa 25-
107 was purchased from ATLAS ANTIBODIES (Bromma, Sweden). The rat monoclonal anti-
ghrelin antibody (883622) generated against a recombinant mouse ghrelin peptide from aa 24-117
was bought from NOVUS Biologicals (Centennial, CO). Finally, the rabbit polyclonal anti-CCK
antibody (ABIN617891) generated against sulfated CCK-8 (aa 26-33) was purchased from

antibodies-online (Limerick, PA).

Antibody Host Type Antigen Company Catalog No.
Guinea Synthetic peptide: ASPDSQ- | Generated from
ZNT8 Polyclonal N/A
pig VVRREIAKALSKSFTM Huang Lab (10)
GIP Rabbit Polyclonal Synthetic human GIP aa 50-150 | Abcam ab209792
GLP1 Rabbit Polyclonal Human GLP-1 aa 1-19 Abcam ab22625
SST Rat Monoclonal | Human somatostatin R&D systems MAB2358
ATLAS
SST Rabbit Polyclonal Human somatostatin aa 25-107 hpa019472
ANTIBODIES
Recombinant mouse ghrelin
Ghrelin Rat Monoclonal NOVUS biologicals | 883622
peptide aa 24-117
CCK Rabbit Polyclonal Sulfated CCK-8 aa 26-33 Antibodies-online ABIN617891

Table 1. Information for the antibodies used in the study
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Immunofluorescent staining

The pylorus and duodenum were deparaffinized in Xylene and rehydrated sequentially using
100%, 70% and 50% FLEX alcohols. Tissue antigen retrieval was accomplished in 10 mM sodium
citrate, pH 6.0 at the boiling temperature for 20 min. Cell membrane was permeabilized with 0.4%
saponin in 1x PBS for 20 min. Non-specific binding to antibodies were blocked with 3% goat
serum in 1x TBS (10 mM Tris-HCL, pH 7.4, containing 0.15 M NaCl with 1% bovine serum
albumin (BSA) and 0.05% sodium azide) for 1 h. Primary antibodies were diluted in 1x TBS
containing 1% goat serum as follows: ZNTS, 1:100; GIP, 1:100; GLP-1, 1:250; Ghrelin, 1:50; rat
anti-SST, 1:25; rabbit anti-SST, 1:50; CCK, 1:100. Secondary goat anti-rabbit, anti-guinea pig,
(ThermoFisher Scientific) were diluted at 1:200-250 and anti-rat was diluted at 1:1000 in 1x PBS
containing 2% goat serum. The nucleus was stained with DAPI (Vector Laboratories, Burlingame,
CA) and mounted with the mounting medium (Vector Laboratories). Stained sections were viewed
using a EVOS AL Auto imaging system (ThermoFisher Scientific). Images were acquired using a
built-in high-sensitivity CMOS color camera with 40X objectives. Confocal images were acquired
using a Leica TCS SP8 STED 3X inverted microscope with a 63X/1.4 oil HC PL APO CS2 lens

(Leica Microsystems, Buffalo Grove, IL).

Results

Male mice fed a 60 kcal% fat diet for 8 weeks developed severe glucose intolerance

My previous study (see Chapter 3) demonstrated that Znt8 allelic insufficiency improves glucose
tolerance in male mice fed a diet with 45% kcal from fat. Importantly, I found that decreased
glucagon levels during intraperitoneal glucose tolerance test (IPGTT) in mice with Zn#§ allelic

insufficiency might be an underlying mechanism for the better regulation of glucose metabolism
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during high-fat-induced insulin resistance. To assess whether Znt§ allelic insufficiency could still
exert its beneficial effect on glucose regulation during severely impaired glucose tolerance induced
by a very high-fat diet, such as a diet with 60% kcal fat, a cohort of male mice, including ZntS§ het
and wt mice as well as Znt8 KO mice were fed a high-fat diet with 60% kcal from fat (HFD) for 8
weeks starting at 5 weeks of age. I included Znt8 KO mice in this study with the purpose of
examining whether the presence of a functional allele of Znt8 was essential for the protective effect
on glucose control. In addition, I conducted this dietary feeding study only in male mice as it was
shown that wt male mice are more prone to high-fat (45% kcal fat)-induced glucose intolerance
while female mice were resistant (see Chapter 3, pages 19-20). Thus, it would be apparent if a
protective effect was observed in Znt8 het mice compared to the wt control. Body weights were
recorded weekly after the specific diet was introduced. It is worth to note that there was no
difference in body weights among three genotypes when mice were at 5 weeks of age. During 8
weeks of HFD feeding, mice were steadily gaining weights. However, all mice gained similar
weights regardless of their genotypes (Fig. 1). Additionally, no difference in the weights of the

liver and visceral fat pads were observed among the three genotypic groups of mice (Fig 1).
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Figure 1. Growth curves and tissue weights at necropsy. A. Growth curves. Body weight (gram) was measured
weekly after the introduction of the high-fat diet. B. Weights of the Liver and visceral fat pads. Mice were euthanized
2 h after OGTT at 13 weeks of age (8 weeks on the high-fat diet). Tissues were dissected and weighed at necropsy.
Each data point represents the mean+S.D. n=10-12/genotype. homo=Znt8 KO; het=Znt8 heterozygote; wt=wild type.
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My previous study (Chapter 3) showed that male Znt8 het mice had a better glucose control
after 15-week intake of a high-fat (45% kcal fat) diet than the wt control likely due to a decreased
fasting blood glucagon level. Thus, glucagon levels at the fasting state as well as during OGTT
were examined. Surprisingly, no difference was noticed in glucagon levels (both fasting and during
OGTT) among Znt8 KO, Znt8 het and wt mice after 8 weeks on the HFD (60% kcal from fat).
Glucagon levels in Znt8 het mice remained relatively stable during OGTT and gradually reached
to the peak 2 h after the glucose administration (Fig. 2A). On the other hand, glucagon levels
fluctuated during OGTT in Znt8 KO and wt mice at the 30 min and 60 min time points, respectively
(Fig. 2A). However, no statistical significance was detected at the two time points (30 min, KO
vs. wt: p=0.080, KO vs. het: p=0.14, het vs. wt: p=0.23; 60 min, KO vs. wt: p=0.41, KO vs. het:
p=0.16, het vs. wt: p=0.074). The fluctuation of circulating glucagon concentrations during OGTT
in wt and Znt8 KO mice hinted that glucose-induced suppression of glucagon secretion was
impaired in these mice. In addition, glucagon levels were almost unchanged after the saline load
(vehicle) at all 4 time-points examined in all three genotypic groups (Fig. 2B). However, when the
glucagon levels during OGTT were adjusted for the saline control, a significant glucose-mediated
suppression of glucagon level was observed in Znt8§ het mice at the 30 min time point (p=0.012),
which was consistent with our previous study (Chapter 3), whereas glucagon levels in Znt§ KO
and wt mice remained similar to the ones without being adjusted for the saline control (Fig. 2C).
These results suggested that stress was a dependent variable for measuring the glucagon levels in
Znt8 het mice during glucose challenge. In this case, the inclusion of a saline control group is
essential in order to observe the effect of Znt§ het on glucagon levels during OGTT. Furthermore,

glucagon levels in Znt8 KO mice did not increase at 2 h after the glucose load as those in Znt§ het
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and wt mice (KO vs. het: p=0.048; KO vs. wt: p=0.00036), suggesting Znt8 KO mice also had

severe impaired glucagon metabolism besides of lack of insulin secretion (8).
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Figure 2. Plasma glucagon, insulin and blood glucose levels during glucose or saline vehicle challenge. A.
Glucagon levels during OGTT without adjusting for the saline control. B. Glucagon levels during saline challenge. C.
Glucagon levels during OGTT adjusted for the saline control. D. Insulin levels during OGTT without adjusting for
the saline control. E. Insulin levels during saline challenge. F. Insulin levels during OGTT adjusted for the saline
control. G. Glucose levels during OGTT without adjusting for the saline control. H. Glucose levels during saline
challenge. I. Glucose levels during OGTT adjusted for the saline control. Each data point represents the mean+S.E. M.
n=10-12/genotype for glucose challenge groups; n=5/genotype for saline groups. The OGTT adjusted for saline groups
were calculated by using each value in OGTT per time point per mouse minus the mean value of the saline group per
genotype of the corresponding time point. Different letters (a or b) indicate p<0.05.

Circulating insulin levels were also examined before and after the glucose challenge.
Again, vehicle challenge was performed as a control for the OGTT procedure. As shown in Fig.
2F, after adjusting for the saline control, insulin levels were significantly increased in both Zn#8
het and wt mice in response to the oral glucose stimulation at 30 min (p<0.05). But it was not the
case for Znt8 KO mice which insulin levels failed to rise in response to the oral glucose load at 30
min. It is worth to note that the fasting insulin levels was higher in Znt8 KO mice than wt mice

(p=0.038), suggesting increased basal insulin secretion in Znt8 KO mice likely due to the
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compensation for the lack of insulin crystallization. Taken together, Znt§ KO mice had increased
fasting insulin levels, but failed to respond to glucose-induced insulin increase.

As expected, blood glucose levels increased after an oral glucose load during OGTT in all
mice regardless of genotypes of Znt8 (Fig. 2F-G). Interestingly, the average of glucose
concentrations of Znt8 het mice was significantly lower than that of Znt8 KO at 60 min after the
saline challenge (p<0.040). The glucose level of the wt control was between the levels of Zn¢8 het
and Znt8 KO at the 60 min time point. Moreover, while post-saline glucose levels at 120 min
recovered towards the baseline in both Znt8 heterozygotes and wt mice, it remained on the peak
level in Znt8 KO mice (KO vs. het: p=0.0026; KO vs. wt: p=0.020), suggesting Znt8 KO mice had
the worst glycemic control during saline challenge than Znt8 het and wt mice. After adjusting for
the saline control, it was noted that Znt§ KO mice had higher fasting glucose levels than Znt8 het
(p=0.032) and wt mice (p=0.035). However, during OGTT, Znt8 KO mice had the lowest glucose
levels at 60 min (KO vs. het: p=0.018) and 120 min (KO vs. wt: p=0.017). On the other hand, Znt8
het mice had the highest glucose level than both the wt control and Znt§ KO mice (p<0.05) at 60
min and remained significantly higher than Znt8 KO mice at 120 min. Taken together, Znt8 het
mice had a blunted elevation of blood glucose levels at 60 min after glucose challenge compared
to the wt control and Znt8 KO mice (Fig. 2G), suggesting Znt§ allelic insufficiency might play a

role in control of stress-induced glucose release from tissues, such as the liver and muscle.

mRNA expression of Znt8 is highly and positively correlated with the expression of glucagon
and Sst
Insulin-mediated suppression of glucagon secretion is largely facilitated by a paracrine action of

SST secreted from the delta-cell in the islet (14). Thus, it is plausible that ZNT8 may also play a

111



role in regulating SST expression or secretion in delta-cells similar to its action in control of insulin
and glucagon secretion (15, 16). Thus, a correlation of Znt8 mRNA expression with that of Ss¢ and
glucagon was investigated. As shown in Fig. 3, mRNA expression of both glucagon (R?*=0.75,
p=2.43*10*) and Sst (R>=0.8788, p=6.78*%10") were highly and positively correlated to the
expression of Znt§ mRNA in isolated islets, which provided the first evidence for a possible role
of ZNT8 in regulation of SST production and secretion. Further research is needed for studying

the functional link between them.
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Figure 3. Correlation of mRNA expression of glucagon (A) and Sst (B) with Znt8 in isolated islets. Mice were
euthanized right after the OGTT was completed. Pancreas tissues were dissected, and islets were hand-picked for total
RNA isolation. Quantitative RT-PCR was used for quantifying gene expression levels. The expression of mouse Actb
was used as the housekeeping gene for the relative quantification. Delta Ct (ACt)=mean Ct of the target gene minus
mean of Actb; n=12.

ZNTS8 colocalizes with SST in delta-cells of the stomach

The positive correlation of Znt8§ and Sst mRNA expression was an interesting finding as it is well
known that SST is an inhibitory peptide hormone for controlling the secretion of both insulin and
glucagon which regulate glucose levels in the circulation (17, 18). SST is expressed in delta-cells
located in the islet as well as in the stomach (18). A potential co-expression of ZNT8 protein with
SST in the stomach was investigated using immunofluorescent staining. As shown in Fig. 4, ZNT8

was detected in the pylorus of the stomach. Interestingly, the ZNT8 fluorescent stain was co-
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localized with the SST peptide in gastric delta cells when a monoclonal SST antibody raised
against a full-length of the human SST (preprosomatostatin) was used (Fig. 4A). When a
polyclonal SST antibody raised against the amino acids from 25 to 107 (preprosomatostatin
without the first 24 and the last 9 amino acids) was used, no overlapping expression of ZNT8 and
SST was detected in delta-cells (Fig. 4B). It is known that SST has two active cyclic forms
produced by an alternative cleavage of the single preproprotein (19). The N-terminal end of SST
(first 24 amino acids) is the signal peptide that directs SST precursors into the secretory pathway
of the delta-cell. Then, the signal peptide is cleaved to form prosomatostatin which is further
processed into SST28 (containing the last 28 amino acids) and SST14 (containing the last 14 amino
acids). Based on the staining results obtained from 2 antibodies used in this studys, it is likely that
ZNT8 was co-expressed in the delta-cells that expressed either unprocessed preproSST or one of
the two forms of matured SST, or both. At the present, I am not able to make a conclusion of which
form of SST was co-expressed with ZNTS in delta-cells. Further immunofluorescent staining is
required for precisely determining which form of SST is co-expressed with ZNT8 when an

antibody is available and suitable for immunofluorescent staining analysis.
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A red: rat anti-SST green: ZNTS; pylorus (fed)

C red: rat anti-SST green: ZNTS; pylorus (fed)

B red: rabbit anti-SST green: ZNTS; pylorus (fed)

Figure 4. Immunofluorescent staining of SST (red) with ZNT8 (green). A. SST and ZNT8 expression in the delta-
cells located in the pylorus of the stomach isolated from mice without fasting. The full length of the SST was detected
by a rat monoclonal anti-SST antibody raised against a full length (amino acids 1-116) of the human SST. Both SST
and ZNT8 were expressed and co-localized (yellow) in some of delta-cells. 40X. B. Staining of SST and ZNT8 in the
pylorus of the stomach detected by a rabbit polyclonal anti-SST antibody raised against amino acids 25-107 of the
human SST. This antibody did not detect the co-expression of SST with ZNT8. 40X. C. Confocal image of co-
expression of SST with ZNTS. The rat monoclonal anti-SST antibody was used for detecting the full-length of SST.
63X. Open arrows pointed to cells expressed both SST and ZNTS. Yellow or orange indicates the overlapping
expression of the two proteins in delta-cells. Again, the co-expression of SST and ZNT8 was only detected in part of
delta-cells. Scale bar = 50pm.

Other hormones secreted from endocrine cells in the gut that are involved in controlling
metabolic regulations, such as GIP, GLP1, ghrelin, and CCK, were also examined to explore
whether co-expression of ZNT8 with these hormones exist in these endocrine cells. As shown in
Fig. 5, ZNT8 was not co-expressed with any hormones examined in the mouse duodenum or the

stomach.
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A red: CCK green: ZNT8; duodenum (fed) B red: GIP green: ZNT8; duodenum (fed)

C red: GLP-1 green: ZNTS; duodenum (fed) D red: Ghrelin green: ZNTS; pylorus (fasted)

Figure 5. Immunofluorescent staining of hormones in the gut (red) with ZNT8 (green). A. CCK. 40X. B. GIP.
40X. C. GLP1. 40X. Scale bar = 50um. D. Ghrelin. 40X. None of these hormones colocalized with ZNTS. 63X. Scale
bar = 20pm.

Discussion

In this study, I investigated the effect of Zn¢§ allelic deficiency and Znt8-null on glucose
metabolism during HFD-induced insulin resistance. All mice regardless of Znt§ genotypes had
impaired glucose tolerance after 8 weeks on the specific diet. Glucose-induced stimulation of
insulin secretion was severely impaired in Znt8 KO. On the other hand, fasting insulin levels was

increased in Znt8 KO mice compared to the wt control and Znt8 het. One interesting observation

from this study was that the fasting glucagon level as well as glucose tolerance in Znt8 het mice
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remained the same as wt in this study, which is different from the observation where significantly
decreased fasting glucagon levels accompanied with better glucose tolerance was detected in the
Znt8 het mice fed a 45% fat diet for 15 weeks (Chapter 3). The plausible reasons may be 1) the
current study used a 60% kcal fat-diet to induce a severe glucose tolerance in mice; 2) due to severe
insulin resistance, insulin compensation was severely impaired by the lack of insulin responses
after the glucose administration in all three genotypic groups leading to no response of glucagon.

However, the het mice in the current study presented a much lower glucagon level at 30
min after oral glucose challenge with adjusting to saline treatment than wt. This finding was
consistent with my previous study (Chapter 3) and the two feeding studies in Znt8 het mice support
that reduced glucagon secretion levels could be the key to decrease the risk of type 2 diabetes as
hyperglucagonemia is thought to be a causal factor in the pathophysiological development of T2D
(20, 21).

It has been shown that fasting insulin levels in Zn#8 KO mice fed a high-fat diet were 4 to
5-fold higher than that in the wt control (16, 22), indicating impaired insulin storage induced by
the lack of ZNTS8 expression stimulates basal insulin secretion. In the current study, compared to
the wt control and Znt§ het mice and after adjusting for the saline control, it showed that Znt§ KO
mice failed to respond to the glucose stimulator while both wt and Znt8 het responded and reached
to a peak at 30 min after the glucose load. This result suggested that ZNT8 is essential for glucose-
stimulated insulin secretion, supported by Chimienti et al. They found that ZNT8-overexpressing
INS-1E cells (rat pancreatic beta-cell line) stimulated cellular zinc accumulation accompanied by
nearly doubled glucose-stimulated insulin secretion than control (23).

A strong and positive associations of mRNA Znt8 expression with glucagon was revealed

in this study (R?>=0.75, p=2.43*10*) in islets isolated from the three genotypic mice, suggesting
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that ZNT8 is likely involved in glucagon synthesis or secretion in islets. This association is
supported by the observation reported by Cauchi et al. in human islets (R*=0.49, p=4.89*107)
(24). Most importantly, a significant and positive association between mRNA expression of Zn#8
and Sst was found (R?=0.8788, p=6.78*10°). This novel finding may serve as the foundation for
future studies that aim to investigate the interplays of ZNT8 with insulin, glucagon, and SST in
regulation of glucose metabolism and its role in diabetes development or prevention, since SST is
an inhibitory peptide hormone for regulating both insulin and glucagon activities during fasting
and after meals.

Delta-cells in the islet of both humans and mice reside between alpha- and beta-cells and
have extensive contacts with surrounding alpha- and beta-cells by projecting long filopodia-like
processes (25). Increased glucose in the pancreas stimulates SST secretion, which in turn binds to
SST receptors on the membrane of the beta-cell resulting in the suppression of glucose-induced
insulin secretion as well as insulin-stimulated glucagon suppression (26). These paracrine
signaling among the islet endocrine cells facilitate the regulation of blood glucose after meals. It
is known that variance of interspecies in biology and of architecture of islets exist between rodents
and humans. In mice, insulin-secreting beta-cells forming the core of the islet surrounded by other
endocrine cells, such as alpha- and delta-cell in the periphery while, in humans, alpha-, beta-cells,
and delta-cells are randomly distributed throughout the islet. (27). It is reported that zinc contents
in the secretory granules of the delta-cells of mice are at least 10 times lower than the alpha-cells
and at least 50 times lower than the beta-cells (28). Moreover, ZNT8 protein can be readily
detected in both alpha-cells and beta-cells, but not the delta-cells in the mouse islets (28). On the
other hand, in human islets, ZNT8 is expressed in the delta-cells and the granular zinc content in

these cells is comparable with that in the beta-cells (28). In humans and rodents, besides of its
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residence in the islet, delta-cells also reside in the gastrointestinal tract (GI), especially enriched
in the pylorus of the stomach. Two forms of SST are produced in the delta-cells in the gut: SST-
14 and SST-28, whereas SST-14 plays a paracrine function, SST-28 is the circulating form of SST
and acts remotely, including the pancreatic islets.

The difference of ZNT8 expression between humans and rodents and a positive association
of Znt§ mRNA and Sst in the mouse islets (Fig. 3) prompted me to examine the expression of
mouse ZNT8 protein expression in the delta-cells in the GI. As expected, ZNT8 could be detected
in the delta-cells in the pylorus of the stomach and duodenum (Fig. 4). However, only part of the
delta-cells co-expressed with ZNT8, suggesting a heterogeneity of the delta-cells in the gut.
Currently, I am unable to distinguish which SST form was co-expressed with ZNT8 in the gastric
delta-cells as the 2 commercially available antibodies that I used have some overlapping amino
acids (aa) in the antigens that used to raise the antibodies, as shown in Fig 6. The secondary
structure of SST-28 has two linkages, one is the bond between serine (aa 89) and phenylalanine
(aa 109), the other one is the disulfide bond between two cysteines (aa 105 and aa 116), which
may cover the amino acids AGCKN (aa 103-107) and make them undetectable by the rabbit anti-
SST polyclonal antibody. In contrast, the amino acids AGCKN of SST-14 remain open to be
detected by the rat anti-SST monoclonal antibody. Therefore, ZNT8 might be co-expressed with
SST-28, but its co-expression with SST-14 could not be excluded now. Future studies are required

for precisely determine which form of SST is co-expressed with ZNTS.
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A Immunogen of rabbit-anti SST polyclonal antibody (aa 25-107)
APSDPRLRQFLQKSLAAAAGKQELAKYFLAELLSEPNQTENDALEPEDLSQ
AAEQDEMRLELQRSANSNPAMAPRERKAGCKN

Immunogen of rat-anti SST monoclonal antibody (full length: aa 1-116)
MLSCRLQCALAALSIVLALGCVTGAPSDPRLRQFLQKSLAAAAGKQELAK
YFLAELLSEPNQTENDALEPEDLSQAAEQDEMRLELQRSANSNPAMAPRE
RKAGCKNFFWKTFTSC

B SST-14 (aa 103-116)
AGCKNFFWKTFTSC
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SST-28 (aa 89-116)
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Figure 6. Amino acid (aa) sequences A. aa sequences of immunogens of the two different anti-SST antibodies. B.
aa sequences of SST-14 and SST-28 and their cyclic structures. Light grey: aa sequence of SST-14; Dark grey: the
first 14 aa of SST-28; Red lines indicate the structures or amino acids cannot be detected by the rabbit polyclonal
antibody.

In the stomach, SST inhibits the secretion of an array of chemicals and endocrine
hormones, including hydrochloric acid, intrinsic factor, gastrin, ghrelin, and histamine resulting in
decreasing the rate of digestion and absorption (29, 30). Bolkent et al. reported that the SST-
secreting cell density was higher in the stomach of diabetic rats than normal rats (31). Gavage
feeding zinc for 60 days could reverse this effect in diabetic rats suggesting that zinc may play a
role in the function of delta cells (31). It is interesting to find that ZNT8 may colocalize with only
one type of delta cells, however, there’s rarely any research done to relate ZNT8 with SST.
Therefore, I made a hypothesis about how ZNT8 regulates only one type of delta cells based on
existing evidence, which will be tested in further studies: prosomatostatin is independently cleaved

into SST-14 and SST-28 by proprotein convertase PC1/PC2 and furin, respectively (32). Furin
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activity can be inhibited by zinc (33), while no such association has been found between PC1/2
and zinc. Therefore, ZNT8 may play a role in regulating SST maturation by affecting the furin
enzymatic activity leading to indirect regulation of SST-28 production. Furthermore, in humans,
SST-14 was found to have 2-3 folds higher affinity than SST-28 to their receptors SSTR1-4, while
SST-28 had 10-30 folds higher affinity to SSTR-5 than SST-14 (34). While all five SSTRs exist
in the stomach and pancreas, their expression is cell type-specific (35). In pancreatic islets, SSTR-
1 is specifically present in beta-cells and SSTR-2 is specifically expressed in alpha-cells while
SSTR-5 is expressed in both beta- and delta-cells (35). Therefore, glucose-induced insulin
secretion can be inhibited through SSTR-5 by circulating SST-28 secreted from the GI system.
ZNT8 may be involved in this process by affecting the amount of SST-28 production or secretion.

In conclusion, the male Znt8 KO, het, and wt mice fed a 60% kcal fat-diet for 8 weeks
developed severely impaired glucose tolerance associated with greatly impaired glucose-
stimulated insulin secretion and glucose-inhibited glucagon secretion. Znt8 KO mice had the
lowest glucose-stimulate insulin level than Zn#8§ het and wt mice, consistent with ZNT8’s role in
crystallization in beta-cells. Zn#8 het had lower glucagon levels than wt 30 min after the oral
glucose administration. Znt8 KO mice, on the other hand, had the lowest adjusted blood glucagon
levels than other two genotypic mice 2 h after the glucose load. In addition, Znt8 het mice had
better glycemic control under stress, indicating ZNT8 may play a role in stress-induced glucose
release. The results from the current study support the notion that Znt8 allelic deficiency has a
beneficial influence in glucose control during high-fat diet-induced insulin resistance while Znt§
KO did not. The mechanism underlying the protective effect of Zn#8 allelic insufficiency may lie

in the interplay among insulin, glucagon, and somatostatin during insulin resistance.

120



Due to the influences of COVID-19, several experiments were remained undone, which
were important to uncover 1) which SST form is co-expressed with ZNT8 in delta-cells in the gut;
2) whether Znt8 het or Znt8 KO influences maturation of SST-28 by affecting furin enzymatic
activity; 3) to determine plasma levels of somatostatin, ghrelin, GIP and GLP1 during OGTT; and
4) mRNA levels of Znt8, somatostatin, ghrelin, Gip, GlpI in the pylorus and duodenum tissues. |

believe more clear conclusions will be drawn upon the completion of these experiments.
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