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Abstract

SLC30A8 encodes the zinc transporter ZnT8. SLC30A8 haploinsufficiency protects against type 2 

diabetes (T2D), suggesting that ZnT8 inhibitors may prevent T2D. We show here that, while adult 

chow fed Slc30a8 haploinsufficient and knockout (KO) mice have normal glucose tolerance, they 

are protected against diet-induced obesity (DIO), resulting in improved glucose tolerance. We 

hypothesize that this protection against DIO may represent one mechanism whereby SLC30A8 
haploinsufficiency protects against T2D in humans and that, while SLC30A8 is predominantly 

expressed in pancreatic islet beta cells, this may involve a role for ZnT8 in extra-pancreatic tissues. 

Consistent with this latter concept we show in humans, using electronic health record-derived 

phenotype analyses, that the ‘C’ allele of the non-synonymous rs13266634 single nucleotide 

polymorphism, which confers a gain of ZnT8 function, is associated not only with increased T2D 

risk and blood glucose but also but also increased risk for hemolytic anemia and decreased mean 

corpuscular hemoglobin (MCH). In Slc30a8 KO mice MCH was unchanged but reticulocytes, 

platelets and lymphocytes were elevated. Both young and adult Slc30a8 KO mice exhibit delayed 

rise in insulin after glucose injection but only the former exhibit increased basal insulin clearance 

and impaired glucose tolerance. Young Slc30a8 KO mice also exhibit elevated pancreatic G6pc2 
gene expression, potentially mediated by decreased islet zinc levels. These data indicate that the 

absence of ZnT8 results in a transient impairment in some aspects of metabolism during 
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development. These observations in humans and mice suggest the potential for negative effects 

associated with T2D prevention using ZnT8 inhibitors.

Introduction

Genome-wide association studies (GWAS) have linked the ‘C’ allele of the common non-

synonymous SLC30A8 single nucleotide polymorphism (SNP) rs13266634 with increased 

susceptibility for the development of type 2 diabetes (T2D) (Sladek, et al. 2007). The 

alternate ‘C’ and ‘T’ alleles of rs13266634 encode an arginine or a tryptophan at ZnT8 

amino acid 325, respectively. The R325 variant is associated with reduced proinsulin to 

insulin conversion (Kirchhoff, et al. 2008), impaired glucose tolerance (Xu, et al. 2011), and 

impaired insulin secretion (Boesgaard, et al. 2008; Staiger, et al. 2007), relative to the W325 

variant, suggesting that this R325 variant negatively affects beta cell function. The R325 

variant was originally reported to have reduced zinc transporter activity (Nicolson, et al. 

2009). However, more recent studies have suggested the opposite result, namely increased 

zinc transporter activity with the R325 variant (Li, et al. 2016; Merriman, et al. 2016), 

implying that it represents a deleterious gain of function. This variant is associated with 

increased zinc content in human islets (Wong, et al. 2017), which, if toxic, would provide a 

mechanism by which this variant increases T2D risk.

In contrast to these studies on the rs13266634 SNP, multiple groups have shown that, while 

homozygous deletion of Slc30a8 markedly reduces islet zinc content, it has little or no effect 

on glucose tolerance or glucose-stimulated insulin secretion (GSIS) in adult chow fed mice 

(Davidson, et al. 2014; Rutter and Chimienti 2015). The high levels of zinc in islets, relative 

to other tissues, had been reported to be important for multiple aspects of islet function 

including paracrine signaling from beta to alpha cells (Hardy, et al. 2011; Robertson, et al. 

2011), proinsulin processing (Dunn 2005) and crystallization of insulin hexamers (Chausmer 

1998; Dunn 2005). These Slc30a8 knockout (KO) mouse data suggest that, while the gain of 

ZnT8 function and a further increase in islet zinc content associated with the rs13266634 ‘C’ 

allele are deleterious, the absence of ZnT8 and presence of low islet zinc content in adult 

Slc30a8 KO mice are not. In addition, we have recently shown that SLC30A8 is a 

pseudogene in multiple species and that this correlates with low islet zinc content (Bosma, et 

al. 2019; Syring, et al. 2018). Consistent with the concept that high zinc content is not 

essential for adult mouse pancreatic islet beta cell function, we also showed that deletion of 

the Slc30a7 gene in adult mice, which encodes the ZnT7 zinc transporter, also markedly 

reduces islet zinc content, however, this lowered zinc content had no effect on GSIS in 

isolated Slc30a7 KO mouse islets (Syring, et al. 2016). The same marked reduction in islet 

zinc content was observed following individual or combined deletion of Slc30a7 and 

Slc30a8 (Pound, et al. 2009; Syring et al. 2016). However, combined deletion of Slc30a7 
and Slc30a8 abolished GSIS in isolated islets (Syring et al. 2016). These data suggest that 

the actions of ZnT7 and ZnT8 in adult mouse islets are redundant, such that a role of ZnT8 

in islets can be unmasked by removal of ZnT7 and vice versa.

In contrast to these studies showing a deleterious effect of the rs13266634 ‘C’ allele and 

little effect of Slc30a8 deletion in adult chow fed mice, Flannick et al. (Flannick, et al. 2014; 
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Flannick, et al. 2019) have shown that SLC30A8 haploinsufficiency is protective against the 

development of T2D in humans. To investigate these seemingly paradoxical results, in the 

current study we have investigated the effect of Slc30a8 haploinsufficiency in mice on both a 

chow diet and when challenged with a high fat diet. We show that both heterozygous and 

homozygous deletion of Slc30a8 protect against diet-induced obesity (DIO), potentially 

providing one mechanism to explain the observations of Flannick et al. (Flannick et al. 2014; 

Flannick et al. 2019). The mechanism behind this protection is unclear but electronic health 

record-derived phenotype analyses and KO mouse studies suggest that ZnT8 activity in 

extra-pancreatic tissues affects blood-related parameters in humans and mice, respectively. 

We also show that deletion of Slc30a8 impairs glucose tolerance and insulin clearance in 

young but not adult chow fed mice, implying that developmental compensation accounts for 

the lack of a glucose tolerance phenotype in adult chow fed mice. Overall these observations 

imply that, while individuals who are haploinsufficient for SLC30A8 are protected against 

T2D, acute inhibition of ZnT8 might have negative consequences.

Materials and Methods

Animal care

The Vanderbilt University Medical Center Animal Care and Use Committee approved all 

protocols used. Mice were maintained on either a standard rodent chow diet (LabDiet 5001, 

PMI Nutrition International, which comprises 24% protein; 5% fat (linoleic acid, 1.16%; 

linolenic acid, total saturated fatty acids, 1.50%; total monounsaturated fatty acids, 1.58%) 

and 49% carbohydrate (starch, 31.9%; glucose, 0.22%); fructose 0.3%; sucrose, 3.7%; 

lactose 2.0%) with calories from protein (29%), fat (13%) and carbohydrate (58%)) or a high 

fat diet (Mouse Diet F3282; BioServ, which comprises 21% protein; 36% fat (linoleic acid, 

3.7%; linolenic acid, 0.4%; total saturated fatty acids, 14.1%; total monounsaturated fatty 

acids, 16.2%) and 37% carbohydrate (monosaccharides, 0.1%; disaccharides, 14.6%; 

polysaccharides, 20%) with calories from protein (15%), fat (59%) and carbohydrate (26%)) 

as indicated. For high fat diet studies, mice were placed on the diet at 10 weeks of age for 

10–13 weeks as indicated in the Figure Legends. Food and water were provided ad libitum. 

Food and water were provided ad libitum.

Generation of Germline Slc30a8 KO Mice

The generation of germline Slc30a8 KO mice and backcrossing onto the C57BL/6J genetic 

background have been previously described (Pound et al. 2009; Pound, et al. 2012).

In Vivo Phenotypic Analyses

Phenotypic analyses of 6 h fasted mice were performed as previously described. Briefly, 

mice were weighed after 5 h fasting and then allowed to recover for one hour prior to being 

anaesthetized using isoflurane and bled from the retro-orbital venous plexus (Pound, et al. 

2013; Pound et al. 2012; Wang, et al. 2006). Whole blood glucose concentrations were 

determined using an Accu-Check Advantage monitor (Roche) and EDTA was added to 

blood samples prior to isolation of plasma by centrifugation. Plasma insulin, C peptide, 

cholesterol, triglyceride and NEFA were quantitated as previously described (Pound et al. 

2013; Pound et al. 2012; Wang et al. 2006). Intraperitoneal glucose tolerance tests (IPGTTs) 
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were performed by injection with 2.0 g/kg body weight dextrose in sterile PBS and blood 

glucose was measured in tail vein samples using a glucose meter (Freestyle; Abbott Diabetes 

Care Inc., Alameda, CA, USA) over a 100 minute period. For IPGTT experiments in which 

insulin secretion was assessed, the Accu-Check Advantage monitor (Roche) was used to 

measure glucose at t=0 and t=15 min and only injections where blood glucose rose to at least 

300 mg/dl after 15 mins were considered successful. Insulin tolerance tests (ITTs) were 

performed by injection with a 0.75 U/kg body weight dose of insulin and blood glucose was 

then measured in tail vein samples using a glucose meter (Freestyle; Abbott Diabetes Care 

Inc., Alameda, CA, USA) over a 60 minute period. Body composition was measured in 6 hr 

fasted mice as previously described (Pound et al. 2013; Pound et al. 2012; Wang et al. 2006). 

The Vanderbilt Diabetes Research and Training Center Hormone Assay Core assayed 

plasma T3 and T4 using RIA and corticosterone using the MILLIPLEX Metabolic Hormone 

Multiplex Assay.

Electronic Health Record (EHR)-Based Analyses of Human Research Subjects

To conduct EHR-based analyses, the Vanderbilt University Medical Center (VUMC)-EHR 

was used in conjunction with BioVU, the VUMC-associated DNA repository. This biobank 

links genetic data genotyped on the Illumina Mega-ex Array to individuals’ deidentified 

electronic health records, including International Classification of Disease (ICD) codes and 

laboratory values. Detailed information regarding BioVU’s genotyping and quality control 

methods, program details, ethical rationale, and patient engagement have been previously 

published (Pulley, et al. 2010; Roden, et al. 2008). Individuals included in this study 

included a European Americans (EA) population (N = 50,115) and a African American 

(AA) population (N = 9,640), which were defined using genetic ancestry as determined from 

principal component analysis. The rs13266634 allele used was common in both of these 

populations.

Two EHR-based analyses were used in these studies. The first was a phenome-wide 

association study (PheWAS), which was used to find associations between the presence of 

the SLC30A8 SNP rs13266634 ‘T’ allele and any phenotypes present in the EHR, following 

previously published methods (Denny, et al. 2010; Denny, et al. 2013). Phenotypes in 

PheWAS are defined using Phecodes, which use hierarchical clustering of ICD codes 

(Denny et al. 2010; Denny et al. 2013). The PheWAS package in R was used to perform 

1,247 logistic regressions between the presence of the rs13266634 ‘T’ allele and each 

phenotype after adjusting for sex, age (median age of ages at each ICD code diagnosed), and 

the top four principal components of ancestry. To be included in the PheWAS, a minimum 

number of 100 cases were required for each phenotype to be tested.

The second EHR-based analysis employed was the laboratory value-wide association study 

(LabWAS), which was used to determine any associations between the rs13266634 ‘T’ allele 

and any laboratory values from the EHR, which was conducted as described in the GitHub 

repository [https://bitbucket.org/juliasealock/labwas/src/master/]. The LabWAS package was 

used for 453 separate laboratory tests to determine, using linear regression, whether any 

laboratory values were associated with the presence of the rs13266634 ‘T’ allele.
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Whole Blood Analyses

The comparison of multiple parameters in blood isolated from WT and Slc30a8 KO mice 

was performed by the Vanderbilt Translational Pathology Shared Resource using a 

FORCYTE analyzer. To quantify the levels of circulating metal ions, mouse plasma was 

incubated with 70% Optima nitric acid and 30% hydrogen peroxide overnight at 60°C. 

Samples were then analyzed as previously described (Hesse, et al. 2019).

Cell Culture

The mouse βTC-3 cell line (Efrat, et al. 1988) was cultured in DMEM supplemented with 

2.5% FBS and 15% horse serum.

Analysis of Gene Expression

Tissue culture cell RNA were isolated using the RNAqueous kit whereas pancreatic and liver 

RNA were isolated using the ToTALLY RNA kit (Ambion, Carlsbad, CA). The Turbo DNA-

free DNAse Treatment Kit (Ambion, Carlsbad, CA) was then used to remove trace genomic 

DNA followed by cDNA generation using the iScript DNA Synthesis Kit (Bio-Rad, 

Hercules, CA). Gene expression was then quantitated by PCR using the dUTP-containing 

FastStart SYBR Green Master Mix in conjunction with Uracil-DNA-Glycosylase (Roche, 

Nutley, NJ). Fold induction of gene expression was calculated using the 2(-ΔΔC(T)) method 

(Livak and Schmittgen 2001). PCR primer sequences are provided in Supplemental 

Material. The efficiency of primer amplification was tested in cDNA dilution analyses. 

These showed that correlation coefficients were ~0.99 and PCR efficiency was ~95%.

Fusion Gene Analyses

The construction of a wild type human G6PC2- and mouse G6pc2-luciferase fusion genes 

have been previously described (Boustead, et al. 2004; Martin, et al. 2002). The construction 

of ZnT8 expression vectors and fusion genes containing cAMP and metal response elements 

ligated to a minimal Xenopus albumin promoter is described in the Supplemental Material. 

Cells were transfected with the indicated plasmids using lipofectamine (Promega) according 

to the manufacturer’s instructions and incubated for 18–20 hrs in the presence or absence of 

the indicated concentrations of ZnCl2 or CaCl2 prior to harvesting. Luciferase assays were 

performed using the Promega Dual-Luciferase Reporter Assay System (Promega) according 

to the manufacturer’s instructions. Firefly luciferase activity directed by the various fusion 

gene constructs was expressed relative to protein concentration in the same sample. Each 

construct was analyzed in triplicate in multiple transfections, as specified in the Figure 

Legends.

Statistical Analyses

Mouse data were analyzed either using a Student’s t-test, two sample assuming equal 

variance or using a one-way non-repeated or two-way repeated measures ANOVA, assuming 

normal distribution and equal variance, as indicated. Post hoc analyses were performed 

using the Bonferroni correction for multiple comparisons. The level of significance was as 

indicated. A p value less than 0.05 was considered significant. Data are presented as scatter 

plots or as mean −/+ S.E.M.
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EHR associations were analyzed using logistic and linear regressions via the PheWAS 

package in R and the LabWAS package in R, respectively. Results in PheWAS and LabWAS 

were considered significant if the p value of the association passed a Bonferroni multiple 

testing correction to account for 1,247 logistic and 453 linear regressions that were 

performed, respectively.

Results

Slc30a8 Haploinsufficiency Does Not Affect Glucose Tolerance in 10 Week Old Chow Fed 
Male Mice

To begin to explore the molecular basis for the observation that SLC30A8 haploinsufficiency 

is protective against T2D in humans (Flannick et al. 2014; Flannick et al. 2019), we 

examined the effect of Slc30a8 haploinsufficiency on glucose metabolism in adult chow fed 

C57BL/6J mice. Our previous studies had not consistently included heterozygous Slc30a8 
mice and had instead focused on the effects of homozygous Slc30a8 deletion (Pound et al. 

2012). In 16 week old chow fed C57BL/6J male mice homozygous Slc30a8 deletion had no 

effects on glucose tolerance or insulin secretion from isolated islets (Pound et al. 2012). 

Figure 1A shows that in 10 week old chow fed C57BL/6J mice there was no difference in 

glucose tolerance comparing wild type (WT), Slc30a8 heterozygous and Slc30a8 knockout 

(KO) male mice. We have previously shown that glucose tolerance is similarly unaltered in 

both 20 week old C57BL/6J male and female Slc30a8 KO mice (Pound et al. 2012). Body 

weights were also unchanged between WT, Slc30a8 heterozygous and Slc30a8 KO female 

(Fig. 1B) or male mice (Fig. 1C). Fasting blood glucose (FBG) (Fig. 1D), plasma insulin 

(FPI) (Fig. 1E) and plasma C-peptide levels (Fig. 1F) were also unchanged in Slc30a8 
heterozygous and Slc30a8 KO male mice. Blood glucose (Fig. 1D), plasma insulin (Fig. 1E) 

and plasma C-peptide (Fig. 1F) all increased 15 min following intraperitoneal (IP) glucose 

injections, but no differences were apparent between WT, Slc30a8 heterozygous and KO 

male mice. In addition, no differences in insulin clearance were apparent under fasting 

conditions or 15 min following IP glucose injection (Fig. 1G). These data suggest that 

Slc30a8 haploinsufficiency does not substantially affect glucose metabolism in adult chow 

fed C57BL/6J mice. Studies on mice expressing a floxed Slc30a8 allele and a knockin Ins1-

CreER gene led to the same conclusion, namely that partial knockdown of Slc30a8 in adult 

animals does not negatively affect glucose tolerance (Supplemental Fig. 1).

Slc30a8 Haploinsufficiency Improves Glucose Tolerance in High Fat Fed Male Mice

We next examined the effect of Slc30a8 haploinsufficiency on glucose metabolism in high 

fat fed C57BL/6J mice, since diet-induced obesity (DIO), which challenges the beta cell by 

inducing insulin resistance, is frequently required to uncover effects of gene deletion 

(Surwit, et al. 1988). These studies were performed on age matched mice with high fat 

feeding beginning at 10 weeks of age and continuing for 10–13 weeks. We observed that 

C57BL/6J Slc30a8 KO mice were protected against DIO and that heterozygous mice 

exhibited an intermediate phenotype (Fig. 2A). This protection against DIO is relative, not 

absolute, since the high fat fed Slc30a8 heterozygous and KO mice still gain more weight 

(Fig. 2A) than chow fed KO mice (Fig. 1) (Pound et al. 2012). Indeed, this protection against 

DIO was insufficient to result in marked changes in FBG (Fig. 2B) or fasting plasma 
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cholesterol (Fig. 2C), triglycerides (Fig. 2D), NEFA (Fig. 2E), corticosterone (Fig. 2F), T3 

(Fig. 2G) and T4 (Fig. 2H). However, FPI was reduced in Slc30a8 KO mice with a similar 

trend in heterozygous mice (Fig. 2I), suggesting the presence of improved insulin sensitivity. 

This is consistent with the results of insulin tolerance tests that suggest a trend towards 

improved insulin sensitivity in Slc30a8 KO mice (Fig. 2J), especially when data were 

expressed as a percentage of blood glucose at t=0 (Fig. 2K). Most importantly, protection 

against DIO in heterozygous and Slc30a8 KO mice resulted in improved glucose tolerance 

compared to WT littermates (Fig. 2L). In contrast, in adult chow fed mice deletion of 

Slc30a8 had no effect on glucose tolerance (Fig. 1A) or insulin sensitivity (Pound et al. 

2012). After 15 weeks of high fat diet feeding both fat mass and muscle mass were reduced 

in Slc30a8 KO mice (Fig. 2M) though body composition, expressed as a percentage of body 

weight, was unchanged (Fig. 2N). These data suggest that protection against DIO may 

represent one mechanism whereby SLC30A8 haploinsufficiency confers protection against 

T2D.

Human Biobank Studies Find Evidence for Extra-Pancreatic Actions of ZnT8

In adult chow fed mice ZnT7 appears to compensate for the absence of ZnT8 and thereby 

maintain normal insulin secretion and glucose tolerance (Syring et al. 2016) but if this 

compensation is overcome by the high fat diet the protection against DIO observed in 

Slc30a8 KO mice could potentially be mediated by changes in insulin secretion affecting 

hepatic function. However, the absence of changes in plasma lipid levels argues against this 

possibility (Fig. 2C–E). Instead, the data suggest that, while Slc30a8 is predominantly 

expressed in pancreatic islet beta cells, the mechanism whereby Slc30a8 haploinsufficiency 

protects against DIO may involve an action of ZnT8 in peripheral tissues. GTex database 

analyses and published reports (Deniro and Al-Mohanna 2012; Giacconi, et al. 2018; Liu, et 

al. 2011; Murgia, et al. 2009; Overbeck, et al. 2008; Smidt, et al. 2007; Zhang, et al. 2018; 

Zhong, et al. 2012) all show that SLC30A8 is expressed at low levels in several non-

pancreatic tissues. To explore this concept and complement our mouse studies, we searched 

for evidence for potential extra-pancreatic functions of ZnT8 in humans using Vanderbilt 

University’s Medical Center (VUMC) BioVU Biobank, a DNA biobank linked to a de-

identified version of the VUMC electronic health records, called the Synthetic Derivative 

(SD) (Pulley et al. 2010; Roden et al. 2008). Systematic and efficient approaches have been 

developed that involve screening the VUMC-EHR with specific SNPs to identify both novel 

phenotype-variant associations and plasma hormone/metabolite associations, referred to as 

PheWAS and LabWAS analyses, respectively (Denny et al. 2010; Denny, et al. 2011; Denny 

et al. 2013; Ritchie, et al. 2013; Shameer, et al. 2014). For these analyses we used the non-

synonymous SLC30A8 rs13266634 SNP that has been shown by GWAS to affect T2D risk 

(Sladek et al. 2007), fasting plasma glucose (Dupuis, et al. 2010) and hemoglobin A1c 

(HbA1c) (Pare, et al. 2008). The allele frequency of SLC30A8 rs13266634 alleles in the 

analyzed population was as follows: homozygous ‘AA’ (0.5352), heterozygous ‘AT’ 

(0.3838) and homozygous ‘TT’ (0.0809).

PheWAS analyses showed that the SLC30A8 rs13266634 ‘T’ allele is associated with 

decreased risk for type 1 diabetes (T1D) (OR = 0.90, CI = 0.85 – 0.94, p = 3.60E-06), T2D 

(OR = 0.94, CI = 0.92–0.97, p = 1.04E-05) and T2D with ophthalmic manifestations (OR = 
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0.84, CI = 0.77–0.91, p = 4.00E-05) in the total (multi-ancestry) BioVU population after 

Bonferroni correction for the 1247 phenotypes tested (Table 1). SLC30A8 has not been 

linked with T1D risk by GWAS (Xu et al. 2011) and detailed analyses of the VUMC-EHR 

suggest that the apparent association observed using BioVU is an anomaly caused by a lack 

of specificity in coding T1D versus T2D in clinical records (i.e. both T1D and T2D are 

billed as possible causes of diabetes in medical charts pending further testing) 

(Supplemental Fig. 2). The specific link with ophthalmic manifestations is consistent with 

previous studies suggesting that ZnT8 is functionally active in the eye (Xu, et al. 2015).

Using the false discovery rate (FDR) multiple testing correction, which is less stringent than 

Bonferroni multiple testing correction, these PheWAS analyses showed that the SLC30A8 
rs13266634 ‘T’ allele is also associated with decreased risk for T2D with renal 

manifestations (OR = 0.89, CI = 0.84–0.94, p = 0.00013), hereditary hemolytic anemias (OR 

= 0.78, CI = 0.69–0.89, p = 0.00023) and other hereditary hemolytic anemias (OR = 0.72, CI 

= 0.60–0.85, p = 0.00017) and (Table 1). The Phecode 282 for hereditary hemolytic anemias 

includes ICD9 code 282 for hereditary hemolytic anemias, while the Phecode 282.9 for 

other hereditary hemolytic anemias includes ICD9 codes spanning from 282.0 – 282.9, 

including codes for hereditary spherocytosis, elliptocytosis, and hemolytic anemias due to 

enzyme deficiencies of glutathione metabolism disorders.

Similar, though less statistically significant, trends were observed for T1D, T2D and 

diabetes mellitus in the total EA population using FDR multiple testing correction (Table 1). 

No associations were observed in the African American population or when EA population 

sub-groups with or without T2D were analyzed separately (data not shown).

LabWAS analyses showed that the SLC30A8 rs13266634 ‘T’ allele was associated with 

reduced blood glucose (Effect estimate = −0.03, SE = 0.005, p = 3.02E-10), elevated mean 

corpuscular hemoglobin (MCH) (Effect estimate = 0.03, SE = 0.005, p = 4.95E-8), elevated 

mean corpuscular volume (MCV) (Effect estimate = 0.02, SE = 0.005, p = 1.80E-7), reduced 

HbA1c (Effect estimate = −0.04, SE = 0.008, p = 1.01E-6) and reduced total blood protein 

(Effect estimate = −0.02, SE = 0.005, p = 4.78E-6) in the total population (Table 2).

After FDR multiple testing correction, significant reductions in blood glucose and HbA1c 

were observed in the total EA population whereas only the reduction in blood glucose was 

significant in non-diabetic EA population (Table 2). Given the differences in sample sizes 

we cannot rule out the possibility that the lack of association with some of the other 

parameters in these sub-groups is simply related to power. No associations were observed in 

AAs or in EAs with T2D (data not shown). For the latter group the lack of association with 

blood glucose and HbA1c could again be explained by a lack of power or it may indicate 

that the influence of ZnT8 on blood glucose and HbA1c is lost under diabetic conditions. 

The specific links with MCH and MCV may relate to previous studies suggesting that ZnT8 

is present in blood cells (Giacconi et al. 2018; Overbeck et al. 2008).

Slc30a8 KO Mouse Studies Find Evidence for Extra-Pancreatic Actions of ZnT8

To follow up on these observations from human population studies, we examined whether 

various blood-associated parameters are altered in Slc30a8 KO relative to WT mice. 

Syring et al. Page 8

J Endocrinol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Circulating zinc (Fig. 3A) and calcium (Fig. 3B) levels were unchanged as were MCH (Fig. 

3C) and MCV (Fig. 3D) levels, as well as those for various other parameters (Fig. 3E–I). 

However, platelets (Fig. 3J), reticulocytes (Fig. 3K) and lymphocytes (Fig. 3L) were all 

elevated in Slc30a8 KO mice. Neutrophil, monocyte, eosinophil and basophil numbers were 

unchanged (data not shown). LabWAS analyses showed that the SLC30A8 rs13266634 ‘T’ 

allele was associated with a trend towards reduced platelet numbers (p<0.006) but no change 

in reticulocytes or lymphocytes. These data suggest differences in the effects of altered 

SLC30A8 expression on blood parameters between mice and humans, with the caveat that 

the human studies are comparing an activated form of ZnT8, conferred by the SLC30A8 
rs13266634 ‘C’ allele, with the low activity variant whereas the mouse studies are 

examining the effect of a complete loss of ZnT8. Overall these PheWAS and LabWAS 

results and Slc30a8 KO mouse blood analyses are consistent with the existence of extra-

pancreatic functions of ZnT8.

Slc30a8 Deletion but not Haploinsufficiency Affects Glucose Tolerance in 4 Week Old 
Chow Fed Mice

Another potential caveat with the use of ZnT8 inhibitors is that acute ZnT8 inhibition may 

have negative consequences in contrast to the effects of life-long SLC30A8 
haploinsufficiency which may be associated with compensatory adaptations during 

development. We previously observed an impairment in glucose tolerance in 4 week old 

chow fed male C57BL/6J Slc30a8 KO mice (Pound et al. 2012). Similarly Nicolson et al. 
(Nicolson et al. 2009) and Wijesekara et al. (Wijesekara, et al. 2010) reported an impairment 

in glucose tolerance in 6 week old male global and beta-cell specific Slc30a8 KO mice, 

respectively. We therefore next examined whether Slc30a8 haploinsufficiency affects 

glucose metabolism at this age. Figure 4A shows that glucose tolerance was normal in male 

Slc30a8 heterozygous mice but an impairment in glucose tolerance was again observed in 

Slc30a8 KO mice. This impairment was not associated with any change in the body weight 

of 4 week old female (Fig. 4B) or male (Fig. 4C) Slc30a8 KO mice. These data indicate that 

homozygous but not heterozygous deletion of Slc30a8 affects glucose tolerance selectively 

in young (Fig. 4A) but not adult (Fig. 1A) chow fed mice.

Additional in vivo parameters were examined to define the molecular mechanism behind this 

impairment in glucose tolerance in 4 week old chow fed Slc30a8 KO mice. FBG did not 

differ between WT and KO mice (Fig. 4D). An increase in blood glucose from basal was 

observed at 4 min (Fig. 4D; p < 0.0001) and 15 min (Fig. 4D; p < 0.0001) following IP 

glucose injection for both WT and KO mice, but there were no differences in blood glucose 

between WT and KO mice at these time points. FPI also did not differ between WT and KO 

mice (Fig. 4E). Statistically significant increases in plasma insulin were not observed 4 min 

following IP glucose injection in either WT or KO mice (Fig. 4E) but a significant increase 

was observed after 15 min (Fig. 4E; p < 0.008 for WT, p < 0.003 for KO). While plasma 

insulin levels did not differ between WT and KO mice at the 15 min time point (Fig. 4E) 

there was a clear decrease in KO relative to WT mice at the 4 min time point (Fig. 4E). This 

suggests that deletion of Slc30a8 either slows the time course of insulin secretion in 4 week 

old mice or that the loss of beta cell zinc leads to a transient increase in hepatic insulin 

clearance and, hence, a delay in the rise of circulating insulin levels before liver insulin 
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receptors become saturated (Tamaki, et al. 2013). Either mechanism could potentially 

explain the impaired glucose tolerance at the 30 min time point (Fig. 4A). Interestingly, 

Wijesekara et al. (Wijesekara et al. 2010), using in vitro perifusion assays, observed a delay 

in the time course of GSIS in islets isolated from beta cell-specific Slc30a8 KO mice that 

was associated with impaired glucose tolerance at 6 weeks of age. These authors observed 

little increase in in vivo insulin secretion during an oral glucose tolerance test so a difference 

in the timing of insulin secretion would not have been readily apparent (Wijesekara et al. 

2010).

Plasma C-peptide levels were no different between fasting WT and Slc30a8 KO male mice 

(Fig. 4F) or 15 min after IP glucose injection (Fig. 4G), though glucose injection did elevate 

C-peptide levels (p < 0.0003 for WT, p < 0.0001 KO). However, an apparent difference in 

insulin clearance was observed under fasting conditions (Fig. 4H) but not 15 min following 

IP glucose injection (Fig. 4I), though it is important to note that insulin clearance was not 

directly measured such that other explanations for this observation, such as impaired insulin 

processing, are possible. Overall, these data suggest that Slc30a8 deletion clearly affects 

some aspects of glucose metabolism in 4 week old chow fed C57BL/6J mice.

Surprisingly, in adult 10 week old mice the increased blood glucose 4 min following IP 

glucose injection (Fig. 4J) was associated with lower plasma insulin levels in Slc30a8 KO 

relative to WT mice (Fig. 4K), just as observed in 4 week old mice (Fig. 4E). Since insulin 

levels do not differ between 10 week old WT and KO mice 15 min after glucose injection 

(Fig. 1D), this suggests that deletion of Slc30a8 either slows the time course of insulin 

secretion in 10 week old mice or that the loss of beta cell zinc leads to a transient increase in 

hepatic insulin clearance and, hence, a delay in the rise of circulating insulin levels before 

liver insulin receptors become saturated (Tamaki et al. 2013). In adult 10 week old mice we 

hypothesize that this delay in either the timing of insulin secretion or a transient increase in 

hepatic insulin clearance is now insufficient to result in impaired glucose tolerance 30 mins 

after glucose injection (Fig. 1A).

Slc30a8 Deletion Affects Pancreatic and Hepatic Gene Expression in 4 Week Old Chow Fed 
Mice

We have previously shown that deletion of Slc30a7 markedly reduces pancreatic insulin 

content and beta cell mass as well as hepatic Gys2 gene expression (Syring et al. 2016). We 

therefore considered the possibility that the effects of Slc30a8 deletion on the timing of 

insulin secretion or insulin clearance in young mice might be mediated, in part, through 

changes in islet and hepatic gene expression, respectively. To indirectly address the question 

of islet gene expression we focused on the expression of genes highly expressed in islets but 

not acinar cells such that their expression can be analyzed in whole pancreas RNA 

preparations, which then captures expression levels in the in vivo islet environment and 

avoids the confounding issue of gene expression changing during islet isolation. Data were 

normalized relative to Ppia (cyclophilin A) expression since this gene is expressed in islet, 

acinar and hepatic cells and is considered to be a non-hormonally regulated housekeeping 

gene. No decreases in pancreatic expression of Ins1 (Fig. 5B), Ins2 (Fig. 5C) or Slc2a2 (Fig. 

5D), which encodes the GLUT2 glucose transporter, were observed in 4 week old Slc30a8 
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KO mice that might contribute to the impaired insulin secretion. In fact, Ins2 expression was 

slightly elevated (Fig. 5C), which might represent a compensatory response to offset the 

impairment in insulin secretion. However, expression of G6pc2, which encodes isoform 2 of 

the glucose-6-phosphatase catalytic subunit gene family (O’Brien 2013), was also elevated 

(Fig. 5E). Ins1 (Fig. 5G), Ins2 (Fig. 5H) and Slc2a2 (Fig. 5I) gene expression were also 

unaltered in 10 week old Slc30a8 KO mice and the changes in Ins2 (Fig. 5H) and G6pc2 
(Fig. 5J) gene expression observed in young mice were now absent. This is consistent with 

the resolution of impaired glucose tolerance (Fig. 1A) and the absence of differences in gene 

expression comparing WT and Slc30a8 adult mouse islets using microarrays (data not 

shown). Resolution of gene expression changes with aging have been reported in other KO 

mouse models (Trefts, et al. 2019). While G6PC2 opposes the action of the glucose sensor 

glucokinase (O’Brien 2013), this increased expression is unlikely to contribute to the altered 

kinetics of insulin secretion or clearance in 4 week old Slc30a8 KO mice (Fig. 4E) since 

these altered kinetics still exist in 10 week old KO mice (Fig. 4K) whereas G6pc2 
expression is unchanged relative to WT mice (Fig. 5J), though it will be important to 

examine G6PC2 protein expression to rule out this possibility.

Hepatic expression of G6pc1 (Fig. 5K), Slc37a4 (Fig. 5L), Gys2 (Fig. 5M), and Ide (Fig. 

5N) were all unchanged in 4 week old Slc30a8 KO mice. These genes encode isoform 1 of 

the glucose-6-phosphatase catalytic subunit gene family, a glucose-6-phosphate transporter, 

glycogen synthase and the insulin degrading enzyme, respectively. At 10 weeks of age 

expression of G6pc1 (Fig. 5P), Slc37a4 (Fig. 5Q), and Ide (Fig. 5S) remained unchanged in 

Slc30a8 KO relative to WT mice though Gys2 expression was slightly elevated (Fig. 5R). 

Expression of the Insr gene, which encodes the insulin receptor, was decreased in both 4 

week old (Fig. 5O) and 10 week old (Fig. 5T) Slc30a8 KO mice.

Zinc and Calcium Regulate G6pc2 Gene Expression

Even though loosely bound zinc is undetectable in Slc30a8 KO mouse islets (Davidson et al. 

2014; Rutter and Chimienti 2015) islet zinc exists in metabolically labile compartments 

(Figlewicz, et al. 1984) so we hypothesized that changes in zinc distribution below 

detectable levels might explain the observed change in G6pc2 gene expression. To address 

the hypothesis that zinc might directly regulate G6pc2 gene expression we examined the 

effect of extracellular zinc on gene expression in the βTC-3 islet-derived cell line. 

Incubation in 250 μM zinc chloride induced expression of Fos (Fig. 6A) and Mt1a (Fig. 6B), 

which encode the c-fos transcription factor and metallothionein, respectively, and are known 

to be induced by zinc (Andrews, et al. 1990; Fanzo, et al. 2001). Zinc slightly induced 

expression of Ins2 (Fig. 6C), had little effect on Slc30a8 (Fig. 6D) but repressed expression 

of G6pc2 (Fig. 6E). The induction of G6pc2 in Slc30a8 KO mice (Fig. 5E) would be 

consistent with the fall in islet zinc content alleviating the repression of G6pc2 expression by 

zinc. We have previously shown that the proximal ~300 bp mouse G6pc2 promoter is 

sufficient to drive islet-enriched expression in transgenic mice (Frigeri, et al. 2004). 

However, this region mediated a minimal response to zinc chloride in fusion gene transient 

transfection assays (Fig. 6F). This suggests that zinc may regulate G6pc2 expression at a 

post-transcriptional level or through one or more of the transcriptional enhancers identified 

in the G6pc2 gene (Wang, et al. 2008). A fusion gene containing multimerized metal 
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response elements (MREs) ligated to a minimal albumin promoter and the luciferase reporter 

gene was used as a positive control for these experiments. This fusion gene conferred a clear 

induction of luciferase expression by zinc (Fig. 6G), though this induction was not affected 

by overexpression of ZnT8, perhaps because endogenous ZnT8 is already present 

(Supplemental Fig. 3).

Combined deletion of Slc30a7 and Slc30a8 abolishes GSIS at least in part through an effect 

on a step distal to calcium entry (Syring et al. 2016) so we also investigated whether changes 

in calcium distribution might potentially contribute to the observed change in G6pc2 gene 

expression in Slc30a8 KO mice (Fig. 5E), though it is important to note that calcium levels 

have not been measured in Slc30a8 KO islets, which would be necessary to support this 

possibility. Incubation in 20 mM calcium chloride transiently induced expression of Fos 
(Fig. 6H), consistent with published reports (Coulon, et al. 1999). Calcium had little effect 

on expression, Ins2 (Fig. 6J) or Slc30a8 (Fig. 6K) but trends towards repression of Mt1a 
(Fig. 6I) and G6pc2 (Fig. 6L) expression were apparent. The induction of G6pc2 in Slc30a8 
KO mice (Fig. 5E) would be consistent with a loss of repression by calcium and the 

observation that overexpression of sorcin, which elevates cytoplasmic calcium in islets, 

represses G6PC2 promoter activity (Marmugi, et al. 2016). Indeed a fusion gene containing 

the proximal mouse G6pc2 promoter mediated an inhibitory effect of calcium chloride in 

fusion gene transient transfection assays (Fig. 6M) whereas a fusion gene containing 

multimerized cAMP response elements (CREs) ligated to a minimal albumin promoter and 

the luciferase reporter gene, used as a positive control, conferred a clear induction of 

luciferase expression (Fig. 6N). These effects were not affected by overexpression of ZnT8, 

again perhaps because endogenous ZnT8 is already present (Supplemental Fig. 3).

Discussion

We show here that Slc30a8 haploinsufficiency has no effect on glucose tolerance in either 4 

week old (Fig. 4) or 10 week old (Fig. 1) chow fed mice but partially protects against DIO 

leading to an improvement in glucose tolerance (Fig. 2). Future studies will examine 

whether Slc30a8 haploinsufficiency protects against DIO through an effect on energy 

expenditure and/or food intake/storage and the site of ZnT8 action. We hypothesize that this 

protection against DIO is unlikely to be explained by a reduction of Slc30a8 expression in 

islets indirectly affecting peripheral metabolism because ZnT7 can compensate for the 

absence of ZnT8 in mouse islets and vice versa (Syring et al. 2016). While Slc30a8 is 

predominantly expressed in beta cells, it is found at low levels in multiple other cell types 

(Deniro and Al-Mohanna 2012; Giacconi et al. 2018; Liu et al. 2011; Murgia et al. 2009; 

Overbeck et al. 2008; Smidt et al. 2007; Zhang et al. 2018; Zhong et al. 2012). Our data 

imply that, while ZnT7 can compensate for the absence of ZnT8 in beta cells (Syring et al. 

2016), such compensation does not exist, or at least is not fully effective, in relation to ZnT8 

function in other tissues. Interestingly, while this compensation by ZnT7 maintains insulin 

secretion in static isolated islet assays in vitro (Syring et al. 2016), a defect in the timing of 

insulin secretion or clearance in vivo remains in adult Slc30a8 KO mice (Fig. 4K).

Our mouse studies show that Slc30a8 haploinsufficiency confers protection against DIO 

(Fig. 2). This potentially provides one explanation for how SLC30A8 haploinsufficiency 
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protects against T2D in humans (Flannick et al. 2014; Flannick et al. 2019), given that 

obesity is a major risk factor for the development of T2D (Eckel, et al. 2011; Lu, et al. 

2016). However, the key question is whether the two observations are related. In other 

words, does SLC30A8 haploinsufficiency confer protection against T2D in humans, in part, 

by conferring protection against DIO or is this protection specific to mice? Hopefully, given 

the increasing abundance of exome sequencing data, it will eventually be possible to identify 

and phenotype an adequate number of SLC30A8 haploinsufficient humans to determine 

whether reduced body weight might contribute to protection against T2D despite the 

challenges posed by the wide variation in body mass in humans and the genetic complexity 

of obesity (Loos and Janssens 2017). We have previously suggested an alternate possibility, 

namely that SLC30A8 haploinsufficiency protects against T2D by affecting cytoplasmic 

zinc levels in beta cells leading to a reduction in oxidative stress and hence lowering the risk 

for beta cell failure (Davidson et al. 2014). It has been shown that down-regulation of ZnT8 

protects human insulinoma cells against inflammatory stress (Merriman and Fu 2019) and 

that both mice (Kleiner, et al. 2018) and humans (Dwivedi, et al. 2019) with an inactivating 

ZnT8 R138X mutation have increased insulin secretory capacity in vivo, although in mice 

the increase in insulin secretion was only apparent under hyperglycemic conditions. The 

mechanism behind the effect of the ZnT8 R138X mutant on insulin secretion is unclear since 

in both mouse (Kleiner et al. 2018) and human (Dwivedi et al. 2019) cells expression of this 

mutant protein was not readily detectable. Mice expressing the R138X mutant exhibit 

enhanced insulin secretion on a high fat diet but are not protected against DIO (Dwivedi et 

al. 2019), in contrast to our germline Slc30a8 heterozygous and KO mice (Fig. 2). This 

suggests that haploinsufficiency due to the presence of the truncated ZnT8 R138X variant 

may have different effects relative to haploinsufficiency that just results in a reduction in 

ZnT8 expression. This might also explain why expression of the ZnT8 R138X mutant 

promotes insulin secretion (Dwivedi et al. 2019; Kleiner et al. 2018) in contrast to Slc30a8 
heterozygosity (Fig. 1). On the other hand, Dwivedi et al. (Dwivedi et al. 2019) showed that 

partial knockdown of ZnT8 in a human islet-derived cell line enhanced basal insulin 

secretion suggesting similar effects of the R138X variant and reduced ZnT8 expression. This 

observation supports an alternate hypothesis, namely the existence of a fundamental 

difference between the action of ZnT8 in humans and mice, though it will be important to 

repeat this acute knockdown experiment in mouse cells since germline Slc30a8 deletion is 

clearly associated with developmental compensation (Figs. 4–6). The observation that in the 

rat islet-derived INS1 cell line knockdown of ZnT8 actually has the opposite effect, 

impairing insulin secretion (Fu, et al. 2009; Petersen, et al. 2011), supports the presence of 

fundamental differences in the action of ZnT8 between species as does the surprising 

observation that in several species ZnT8 is not even required for insulin secretion (Bosma et 

al. 2019; Syring et al. 2018). In addition, SLC30A8 haploinsufficiency has no effect on 

insulin clearance in humans (Dwivedi et al. 2019) but we observed enhanced clearance in 

young (Fig. 4) though not adult mice (Fig. 1), in contrast to Tamaki et al. (Tamaki et al. 

2013) who reported enhanced clearance in adult mice. Regardless of the mechanism, the 

observations of Flannick et al. (Flannick et al. 2014; Flannick et al. 2019) suggest that ZnT8 

inhibitors should be considered as a therapy to prevent T2D.
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Our data reveal two potential caveats in the use of ZnT8 inhibitors. First, we show that 

homozygous Slc30a8 deletion impairs glucose tolerance in 4 week old mice (Fig. 4). This 

impairment is associated with increased basal insulin clearance and delayed insulin secretion 

(Fig. 4) as well as altered Insr and G6pc2 expression (Fig. 5), the latter potentially secondary 

to altered islet zinc and/or calcium signaling (Fig. 6). Our data comparing 10 week old (Fig. 

1) and 4 week old (Figs. 4–6) Slc30a8 KO mice suggest that some aspects of the early 

impairment in islet function are transient and that adaptation occurs during development in 

response to the complete absence of ZnT8 in mice that restores normal glucose tolerance. 

This suggests that full, acute ZnT8 inhibition may have negative consequences in contrast to 

the life-long effect of SLC30A8 haploinsufficiency which may be associated with 

compensatory adaptations during development. However, since heterozygous Slc30a8 
deletion in 4 week old mice did not result in impaired glucose tolerance (Fig. 4) it suggests 

that partial, acute ZnT8 inhibition may be tolerated. Studies on mice expressing a floxed 

Slc30a8 allele and a knockin Ins1-CreER gene led to the same conclusion, namely that 

partial knockdown of Slc30a8 in adult animals does not negatively affect glucose tolerance 

(Supplemental Fig. 1). A second potential caveat in the use of ZnT8 inhibitors arose from 

our BioVU EHR analyses which showed that the SLC30A8 rs13266634 ‘T’ allele, which 

confers reduced ZnT8 transporter activity (Merriman et al. 2016), is associated with 

decreased risk for T2D and hereditary hemolytic anemias (Table 1) and reduced blood 

glucose but elevated MCV and MCH (Table 2). It will clearly be of interest to determine 

whether SLC30A8 haploinsufficient humans have altered risk for hereditary hemolytic 

anemias or altered MCV/MCH since the existence of negative effects of SLC30A8 
haploinsufficiency might discourage the development of ZnT8 inhibitors for the prevention 

of T2D.

It is interesting to note that the VUMC-EHR analyses did not identify an association 

between the SLC30A8 rs13266634 ‘T’ allele and obesity. Furthermore, in contrast to the 

VUMC-EHR analyses, the Slc30a8 KO mouse studies showed no change in blood glucose 

(Fig. 1) and an elevation in platelets, reticulocytes and lymphocytes but unchanged 

MCV/MCH (Fig. 3). These observations may further support the existence of a fundamental 

difference between the action of ZnT8 in humans and mice. Alternatively, these 

discrepancies between mice and human data may arise due to quantitative differences 

associated with the complete loss of ZnT8 function in mice, due to Slc30a8 deletion, versus 

a partial reduction in ZnT8 activity in humans, comparing the SLC30A8 rs13266634 ‘T’ 

versus ‘C’ allele. Overall these EHR analyses, mouse DIO studies and mouse blood analyses 

suggest that ZnT8 has functional roles beyond beta cells.

With respect to the effect of Slc30a8 deletion on DIO, the observations reported here 

replicate our previous studies on a small cohort (n=5–6) of old (45–50 weeks) C57BL/6J 

mice where we noted that Slc30a8 deletion was protective against DIO (Pound et al. 2012). 

We did not appreciate the potential significance of these studies since they were published 

prior to the observations of Flannick et al. (Flannick et al. 2014). However, our results differ 

from previous studies by other groups. Lemaire et al. (Lemaire, et al. 2009) reported that 

Slc30a8 KO mice had impaired rather than improved glucose tolerance in response to DIO. 

They studied mice on a mixed genetic background, whereas the data shown in Figure 2 were 

derived from mice on the C57BL/6J genetic background. Another study by Hardy et al. 
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(Hardy, et al. 2012) used mice only partially backcrossed onto the C57BL/6J genetic 

background. They reported that Slc30a8 KO mice were more, not less, susceptible to DIO. 

However, their WT C57BL/6J mice gained surprisingly little weight (Fig. 2A in Ref. (Hardy 

et al. 2012)) compared to our WT C57BL/6J mice (Fig. 2), even though our mice were not 

fed the high fat diet for as long. The fact that we used a speed congenic backcrossing 

strategy (Pound et al. 2012; Serreze, et al. 1996), rather than limited interbreeding with 

C57BL/6J mice (Hardy et al. 2012), may be significant. These differences between studies 

and the data shown in Figure 2 suggest that Slc30a8 haploinsufficiency protects against DIO, 

but only in the context of mice on a pure C57BL/6J genetic background.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analysis of Body Weight, Glucose Tolerance, Blood Glucose, Insulin and C Peptide 
Plus Insulin Clearance in Adult C57BL/6J Wild Type, Slc30a8 Heterozygous and KO Mice in 
vivo.
IPGTTs (Panel A) were performed on 6 hr fasted conscious 10 week old male mice. Results 

show the glucose concentrations in tail blood over time. Body weight was measured in non-

fasted 10 week old female (Panel B) and male mice (Panel C). Panels D-G show the blood 

glucose (Panel D), plasma insulin (Panel E), and plasma C-peptide (Panel F) concentrations 

plus C-peptide/insulin ratio (Panel G) from IPGTTs performed on 6 hr fasted conscious 10 

week old male mice with blood isolated from the retro-orbital plexus at t=0 and t=15 min 

after glucose injection. Results show the mean data ± S.E.M. with the genotype and number 

of animals indicated. *p < 0.05 comparing t=0 and t=15 min, two-way ANOVA. WT=wild 

type; HET=heterozygous; KO=knockout.
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Figure 2. Analysis of the Effects of Diet-Induced Obesity in Male Germline C57BL/6J Wild 
Type, Slc30a8 Heterozygous and KO Mice in vivo.
Mice were fed a high-fat diet starting at 10 weeks of age and continuing for 10–13 weeks. 

Non-fasting body weights were measured weekly (Panel A). Slc30a8 heterozygous and KO 

mice are protected against DIO: p < 0.05 versus WT; two-way ANOVA. After 11–13 weeks 

of high fat feeding, blood glucose (Panel B), plasma cholesterol (Panel C), plasma 

triglyceride (Panel D), plasma NEFA (Panel E), plasma corticosterone (Panel F), plasma T3 

(Panel G), plasma T4 (Panel H), and plasma insulin (Panel I) concentrations in blood 

isolated from the retro-orbital plexus were measured in 6 hr fasted mice. *, p < 0.05 versus 
WT; one-way ANOVA. After 12 weeks of high fat feeding ITTs were performed on 5 hr 

fasted conscious 22 week old mice with blood glucose data expressed as mg/dl (Panel J) or 

as a percentage of blood glucose at t=0 (Panel K). Insulin sensitivity is higher in Slc30a8 
KO mice: p < 0.05 versus WT; two-way ANOVA. After 10 weeks of high fat feeding 

IPGTTs were performed on 6 hr fasted conscious 20 week old mice (Panel L). Glucose 

tolerance is improved in Slc30a8 heterozygous and KO mice: p < 0.05 versus WT; two-way 

ANOVA. After 15 weeks of high fat feeding, body composition was measured in 6 hr fasted 
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mice with data expressed as grams (Panel M) or as a percentage of body mass (Panel N). 

Body weight, fat mass and muscle mass were all reduced in Slc30a8 KO mice: *p < 0.05 

versus WT; two-way ANOVA. Results show the mean data ± S.E.M. with the genotype and 

number of animals indicated. WT=wild type; HET=heterozygous; KO=knockout.
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Figure 3. Comparison of Multiple Blood Parameters in Male Germline C57BL/6J Wild Type and 
KO Mice in vivo.
Blood from WT and Slc30a8 KO male mice was isolated from the retro-orbital plexus after a 

5 hr fasted mice. The following parameters were then measured: Plasma zinc (Panel A); 

Plasma calcium (Panel B); mean corpuscular volume (MCV, Panel C); mean corpuscular 

hemoglobin (MCH, Panel D); hematocrit (HCT, Panel E); red blood cell count (RBC, Panel 

F); hemoglobin (Hb, Panel G); white blood cell count (WBC, Panel H); mean platelet 

volume (MPV, Panel I); platelet count (PLT, Panel J); reticulocyte count (Retic, Panel K) 

and lymphocytes count (LY, Panel L). Results show the mean data ± S.E.M. with the 

genotype and number of animals indicated. *p < 0.05 versus WT. WT=wild type; 

KO=knockout.
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Figure 4. Analysis of Body Weight, Glucose Tolerance, Blood Glucose, Insulin and C Peptide 
Plus Insulin Clearance in 4 Week Old C57BL/6J Wild Type, Slc30a8 Heterozygous and KO Mice 
in vivo.
IPGTTs (Panel A) were performed on 6 hr fasted conscious 4 week old male mice. Results 

show the glucose concentrations in tail blood over time. Glucose tolerance is impaired in 

Slc30a8 KO mice at 4 weeks of age: p < 0.05, two-way ANOVA. Body weight was 

measured in non-fasted 4 week old female (Panel B) and male (Panel C) mice. Panels D-I 
show the blood glucose (Panel D), plasma insulin (Panels E), plasma C-peptide (Panels F 
and G) concentrations plus C-peptide/insulin ratio (Panels H and I) from IPGTTs performed 

on 6 hr fasted conscious 4 week old male mice with blood isolated from the retro-orbital 

plexus at t=0, 4 and 15 min after glucose injection as indicated. Due to the limited blood 

volume these experiments required using separate mice for the three time points and hence 

the data were analyzed using T tests. Panels J and K show the blood glucose and plasma 

insulin, respectively, from IPGTTs performed on 6 hr fasted conscious 10 week old male 
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mice with blood isolated from the retro-orbital plexus at t=4 min after glucose injection. 

Results show the mean data ± S.E.M. with the genotype and number of animals indicated. 

*,p < 0.05, versus WT. WT=wild type; HET=heterozygous; KO=knockout.
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Figure 5. Comparison of Pancreatic and Hepatic Gene Expression in 4 Week and 10 Week Old 
C57BL/6J Wild Type and Slc30a8 KO Male Mice.
Comparison of pancreatic Slc30a8 (Panels A and F), Ins1 (Panels B and G), Ins2 (Panels C 
and H), Slc2a2 (Panels D and I), G6pc2 (Panels E and J) and hepatic G6pc1 (Panels K and 

P), Slc37a4 (Panels L and Q), Gys2 (Panels M and R), Ide (Panels N and S) and Insr 
(Panels O and T) gene expression in 6 hour fasted 4 week and 10 week old male mice, 

respectively. Gene expression was quantitated relative to Ppia (cyclophilin A) expression in 

the indicated tissue. Results show the mean data ± S.E.M. with the genotype and number of 

animals indicated. *, differences between WT and KO; p < 0.05, Student’s t-test.
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Figure 6. Comparison of Zinc- and Calcium-Regulated Endogenous and Fusion Gene Expression 
in the βTC-3 Cell Line.
Regulation of endogenous Fos (Panels A and H), Mt1a (Panels B and I), Ins2 (Panels C and 

J), Slc30a8 (Panels D and K) and G6pc2 (Panels E and L) gene expression over time by 250 

μM zinc chloride and 20 mM calcium chloride, respectively. Gene expression was 

quantitated relative to Ppia (cyclophilin A) expression. Results represent the mean data ± 

S.E.M. derived from 3–4 independent experiments. *, differences with t=0; p < 0.05, one-

way ANOVA. Regulation of mouse G6pc2-luciferase (Panel F) and metal response element-

albumin-luciferase (Panel G) fusion gene expression by the indicated concentration of zinc 

chloride. Regulation of mouse G6pc2-luciferase (Panel M) and cAMP response element-

albumin-luciferase (Panel N) fusion gene expression by the indicated concentration of 

calcium chloride. Results represent the mean data ± S.E.M. derived from 3 independent 

experiments. *, differences with no zinc or calcium chloride; p < 0.05, one-way ANOVA.

Syring et al. Page 28

J Endocrinol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Syring et al. Page 29

Ta
b

le
 1

.
A

na
ly

si
s 

of
 t

he
 A

ss
oc

ia
ti

on
 B

et
w

ee
n 

SL
C

30
A

8 
SN

P
 r

s1
32

66
63

4 
‘T

’ 
al

le
le

 w
it

h 
D

is
ea

se
 P

he
no

ty
pe

s 
U

si
ng

 E
le

ct
ro

ni
c 

H
ea

lt
h 

R
ec

or
d 

(E
H

R
)-

D
er

iv
ed

 A
na

ly
se

s.

D
at

a 
sh

ow
 a

n 
as

so
ci

at
io

n 
be

tw
ee

n 
SL

C
30

A
8 

SN
P 

rs
13

26
66

34
 a

nd
 v

ar
io

us
 d

ia
be

te
s 

an
d 

he
m

ol
yt

ic
 a

ne
m

ia
 s

ub
-g

ro
up

s 
in

 th
e 

to
ta

l E
H

R
 p

op
ul

at
io

n 
an

d 
in

 

th
e 

E
ur

op
ea

n 
A

m
er

ic
an

 (
E

A
) 

po
pu

la
tio

n 
w

ith
in

 th
e 

E
H

R
. N

o 
as

so
ci

at
io

ns
 w

er
e 

ob
se

rv
ed

 in
 th

e 
A

fr
ic

an
 A

m
er

ic
an

 (
A

A
) 

po
pu

la
tio

n 
or

 s
ep

ar
at

el
y 

in
 th

e 

E
A

 p
op

ul
at

io
n 

or
 A

A
 p

op
ul

at
io

n 
w

he
n 

sp
lit

 in
to

 w
ith

- 
or

 w
ith

ou
t-

T
2D

 s
ub

-g
ro

up
s 

(d
at

a 
no

t s
ho

w
n)

. ‘
Ph

ec
od

es
’ 

re
fe

r 
to

 th
e 

nu
m

er
ic

al
 a

bb
re

vi
at

io
n 

fo
r 

in
di

vi
du

al
 p

he
no

ty
pe

s 
in

 th
e 

V
U

M
C

-E
H

R
. A

ll 
as

so
ci

at
io

ns
 w

er
e 

ad
ju

st
ed

 f
or

 th
e 

co
va

ri
at

es
 m

ed
ia

n 
ag

e 
of

 r
ec

or
d,

 s
ex

, a
nd

 E
H

R
-r

ep
or

te
d 

ra
ce

, a
nd

 th
e 

to
p 

4 
pr

in
ci

pa
l a

nc
es

tr
y 

co
m

po
ne

nt
s 

us
in

g 
lin

ea
r 

re
gr

es
si

on
. S

E
, s

ta
nd

ar
d 

er
ro

r;
 O

R
, o

dd
s 

ra
tio

; F
D

R
, f

al
se

 d
is

co
ve

ry
 r

at
e;

 L
C

I,
 lo

w
er

 c
on

fi
de

nc
e 

in
te

rv
al

; 

U
C

I,
 u

pp
er

 c
on

fi
de

nc
e 

in
te

rv
al

.

P
op

ul
at

io
n

P
he

co
de

D
es

cr
ip

ti
on

B
et

a
SE

O
R

P
N

 T
ot

al
N

 C
as

es
N

 C
on

tr
ol

s
L

C
I

U
C

I
B

on
fe

rr
on

i
F

D
R

To
ta

l
25

0.
1

Ty
pe

 1
 d

ia
be

te
s

−
0.

11
0.

02
0.

90
3.

60
E

–0
6

31
08

4
20

41
29

04
3

0.
85

0.
94

T
R

U
E

T
R

U
E

To
ta

l
25

0.
2

Ty
pe

 2
 d

ia
be

te
s

−
0.

06
0.

01
0.

94
1.

04
E

–0
5

36
59

4
75

51
29

04
3

0.
92

0.
97

T
R

U
E

T
R

U
E

To
ta

l
25

0.
23

Ty
pe

 2
 d

ia
be

te
s 

w
ith

 o
ph

th
al

m
ic

 m
an

if
es

ta
tio

ns
−

0.
18

0.
04

0.
84

4.
00

E
–0

5
29

67
3

63
0

29
04

3
0.

77
0.

91
T

R
U

E
T

R
U

E

To
ta

l
25

0.
22

Ty
pe

 2
 d

ia
be

te
s 

w
ith

 r
en

al
 m

an
if

es
ta

tio
ns

−
0.

12
0.

03
0.

89
1.

34
E

–0
4

30
28

5
12

42
29

04
3

0.
84

0.
94

FA
L

SE
T

R
U

E

To
ta

l
28

2.
9

O
th

er
 h

er
ed

ita
ry

 h
em

ol
yt

ic
 a

ne
m

ia
s

−
0.

33
0.

09
0.

72
1.

71
E

–0
4

26
61

5
22

7
26

38
8

0.
60

0.
85

FA
L

SE
T

R
U

E

To
ta

l
28

2
H

er
ed

ita
ry

 h
em

ol
yt

ic
 a

ne
m

ia
s

−
0.

24
0.

07
0.

78
2.

26
E

–0
4

26
75

7
36

9
26

38
8

0.
69

0.
89

FA
L

SE
T

R
U

E

A
ll 

E
A

25
0.

1
Ty

pe
 1

 d
ia

be
te

s
−

0.
11

0.
03

0.
89

1.
01

E
–0

5
25

26
7

17
01

23
56

6
0.

85
0.

94
T

R
U

E
T

R
U

E

A
ll 

E
A

25
0.

2
Ty

pe
 2

 d
ia

be
te

s
−

0.
06

0.
01

0.
94

2.
95

E
–0

5
30

04
1

64
75

23
56

6
0.

91
0.

97
T

R
U

E
T

R
U

E

A
ll 

E
A

25
0

D
ia

be
te

s 
m

el
lit

us
−

0.
05

0.
01

0.
95

1.
13

E
–0

4
30

39
0

68
24

23
56

6
0.

92
0.

97
FA

L
SE

T
R

U
E

J Endocrinol. Author manuscript; available in PMC 2021 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Syring et al. Page 30

Ta
b

le
 2

.
A

na
ly

si
s 

of
 t

he
 A

ss
oc

ia
ti

on
 B

et
w

ee
n 

SL
C

30
A

8 
SN

P
 r

s1
32

66
63

4 
‘T

’ 
al

le
le

 w
it

h 
L

ab
or

at
or

y 
A

na
ly

te
s 

U
si

ng
 E

le
ct

ro
ni

c 
H

ea
lt

h 
R

ec
or

d 
(E

H
R

)-
D

er
iv

ed
 A

na
ly

se
s.

D
at

a 
sh

ow
 a

n 
as

so
ci

at
io

n 
be

tw
ee

n 
SL

C
30

A
8 

SN
P 

rs
13

26
66

34
 a

nd
 b

lo
od

 g
lu

co
se

, m
ea

n 
co

rp
us

cu
la

r 
he

m
og

lo
bi

n 
(M

C
H

),
 m

ea
n 

co
rp

us
cu

la
r 

vo
lu

m
e 

(M
C

V
),

 g
ly

ca
te

d 
he

m
og

lo
bi

n 
A

1c
 a

nd
 to

ta
l b

lo
od

 p
ro

te
in

 in
 th

e 
to

ta
l E

H
R

 p
op

ul
at

io
n.

 S
om

e 
of

 th
es

e 
as

so
ci

at
io

ns
 a

re
 m

ai
nt

ai
ne

d 
in

 th
e 

E
ur

op
ea

n 

A
m

er
ic

an
 (

E
A

) 
po

pu
la

tio
n 

an
d 

th
e 

E
A

 s
ub

-p
op

ul
at

io
n 

w
ith

ou
t T

2D
 w

ith
in

 th
e 

E
H

R
. N

o 
as

so
ci

at
io

ns
 w

er
e 

ob
se

rv
ed

 in
 th

e 
A

fr
ic

an
 A

m
er

ic
an

 (
A

A
) 

po
pu

la
tio

n 
or

 in
 E

A
s 

w
ith

 T
2D

 (
da

ta
 n

ot
 s

ho
w

n)
. S

E
, s

ta
nd

ar
d 

er
ro

r;
 O

R
, o

dd
s 

ra
tio

; F
D

R
, f

al
se

 d
is

co
ve

ry
 r

at
e;

 L
C

I,
 lo

w
er

 c
on

fi
de

nc
e 

in
te

rv
al

; U
C

I,
 

up
pe

r 
co

nf
id

en
ce

 in
te

rv
al

. F
or

 e
ac

h 
la

bo
ra

to
ry

 v
al

ue
, w

e 
te

st
ed

 f
or

 a
ss

oc
ia

tio
ns

 b
et

w
ee

n 
th

e 
m

ed
ia

n 
of

 a
ll 

la
b 

va
lu

es
 f

or
 a

n 
in

di
vi

du
al

 a
ga

in
st

 th
e 

nu
m

be
r 

of
 m

in
or

 a
lle

le
s 

fo
r 

th
at

 in
di

vi
du

al
. A

ll 
as

so
ci

at
io

ns
 w

er
e 

ad
ju

st
ed

 f
or

 c
ov

ar
ia

te
s 

m
ed

ia
n 

ag
e 

of
 r

ec
or

d,
 s

ex
, a

nd
 E

H
R

-r
ep

or
te

d 
ra

ce
, a

nd
 th

e 
to

p 
fo

ur
 

pr
in

ci
pa

l a
nc

es
tr

y 
co

m
po

ne
nt

s 
us

in
g 

lin
ea

r 
re

gr
es

si
on

. T
he

 u
ni

ts
 f

or
 a

ll 
m

ea
su

re
m

en
ts

 in
 a

ny
 g

iv
en

 la
b 

w
er

e 
co

ns
is

te
nt

 w
ith

in
 th

e 
la

b 
(e

.g
. a

ll 
bl

oo
d 

gl
uc

os
e 

va
lu

es
 w

er
e 

re
po

rt
ed

 in
 m

g/
dL

).

P
op

ul
at

io
n

A
na

ly
te

E
ff

ec
t 

E
st

im
at

e
SE

O
R

P
N

L
C

I
U

C
I

B
on

fe
rr

on
i

F
D

R

To
ta

l
G

L
U

C
O

SE
 B

L
O

O
D

−
0.

03
0.

00
5

0.
97

3.
02

E
–1

0
40

90
8

0.
96

0.
98

T
R

U
E

T
R

U
E

To
ta

l
M

E
A

N
 C

O
R

PU
SC

U
L

A
R

 H
E

M
O

G
L

O
B

IN
 (

M
C

H
)

0.
03

0.
00

5
1.

03
4.

95
E

–0
8

41
77

6
1.

02
1.

04
T

R
U

E
T

R
U

E

To
ta

l
M

E
A

N
 C

O
R

PU
SC

U
L

A
R

 V
O

L
U

M
E

 (
M

C
V

)
0.

02
0.

00
5

1.
03

1.
80

E
–0

7
41

77
2

1.
02

1.
03

T
R

U
E

T
R

U
E

To
ta

l
H

G
B

 A
1C

 G
LY

C
A

T
E

D
−

0.
04

0.
00

8
0.

96
1.

01
E

–0
6

15
42

8
0.

95
0.

98
T

R
U

E
T

R
U

E

To
ta

l
PR

O
T

E
IN

 T
O

TA
L

 B
L

O
O

D
−

0.
02

0.
00

5
0.

98
4.

78
E

–0
6

33
87

0
0.

97
0.

99
T

R
U

E
T

R
U

E

A
ll 

E
A

G
L

U
C

O
SE

 B
L

O
O

D
−

0.
03

0.
00

5
0.

97
1.

97
E

–1
1

34
24

4
0.

96
0.

98
T

R
U

E
T

R
U

E

A
ll 

E
A

H
G

B
 A

1C
 G

LY
C

A
T

E
D

−
0.

03
0.

00
8

0.
97

1.
11

E
–0

4
12

99
6

0.
95

0.
98

FA
L

SE
T

R
U

E

N
on

 T
2D

 E
A

G
L

U
C

O
SE

 B
L

O
O

D
−

0.
02

0.
00

5
0.

98
4.

52
E

–0
5

22
65

4
0.

97
0.

99
T

R
U

E
T

R
U

E

J Endocrinol. Author manuscript; available in PMC 2021 August 01.


	Abstract
	Introduction
	Materials and Methods
	Animal care
	Generation of Germline Slc30a8 KO Mice
	In Vivo Phenotypic Analyses
	Electronic Health Record (EHR)-Based Analyses of Human Research Subjects
	Whole Blood Analyses
	Cell Culture
	Analysis of Gene Expression
	Fusion Gene Analyses
	Statistical Analyses

	Results
	Slc30a8 Haploinsufficiency Does Not Affect Glucose Tolerance in 10 Week Old Chow Fed Male Mice
	Slc30a8 Haploinsufficiency Improves Glucose Tolerance in High Fat Fed Male Mice
	Human Biobank Studies Find Evidence for Extra-Pancreatic Actions of ZnT8
	Slc30a8 KO Mouse Studies Find Evidence for Extra-Pancreatic Actions of ZnT8
	Slc30a8 Deletion but not Haploinsufficiency Affects Glucose Tolerance in 4 Week Old Chow Fed Mice
	Slc30a8 Deletion Affects Pancreatic and Hepatic Gene Expression in 4 Week Old Chow Fed Mice
	Zinc and Calcium Regulate G6pc2 Gene Expression

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table 2.

