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Introduction
Common genetic variants at the solute carrier family 39 member 

8 (SLC39A8) genomic locus are significantly associated genome 

wide with whole-blood manganese (Mn) (1) as well as a variety 

of other traits and diseases, including blood pressure (2, 3), HDL 

cholesterol (HDL-C) (4, 5), BMI (6), and schizophrenia (7, 8). 

Importantly, the lead variant for blood Mn and all of the other 

traits is a coding variant, rs13107325 (Ala391Thr), that has an 8% 

minor allele frequency in people of European ancestry (9) and has 

been reported to encode a protein with reduced function (10, 11). 

This variant is also an expression quantitative trait locus (eQTL) 

for SLC39A8 in human liver and is associated with lower hepatic 

SLC39A8 expression (4, 6). However, the mechanisms underly-

ing the associations of SLC39A8 with blood Mn levels and other 

human physiological traits remain unknown.

SLC39A8 encodes a protein known as ZIP8, a divalent metal ion 

transporter best known for its ability to transport zinc (Zn) (12). It 

has also been shown in vitro to transport Mn (13), iron (Fe) (14), and 

cadmium (Cd) (13), with higher affinity for Mn than for Zn in mam-

malian cells (13). Hypomorphic Slc39a8 mice exhibited diminished 

tissue Zn and Fe levels, stunted growth, multiple-organ hypoplasia, 

anemia, and perinatal death (15). Patients carrying SLC39A8 muta-

tions had severe Mn deficiency, neurological and skeletal defects, 

and biomarkers of type II congenital disorders of glycosylation 

(CDG) (16–18), a growing family of genetic diseases that affect mul-

tiple organs and systems (19). However, there is virtually nothing 

known about how ZIP8 regulates metal ion metabolism in vivo.

Mn is an essential trace nutrient and a cofactor for numerous 

enzymes (20). These Mn-dependent enzymes encompass all 6 major 

enzyme families, in addition to several Mn metalloenzymes that 

contain tightly bound Mn ion(s) (20). Two of the best-known Mn- 

dependent enzymes are arginase and b-1,4-galactosyltransfearse, 

which require Mn for catalytic activity (21, 22). Mn deficiency 

impairs bone formation, fertility, and the metabolism of glucose, 

lipids, and carbohydrates (20, 23). Despite the essentiality of Mn, 

only divalent metal transporter 1 (DMT1) (24, 25) and SLC30A10 

(25, 26) have been established as Mn transporters in vivo, and the 

physiological regulation of Mn metabolism is not well understood.

We hypothesized that ZIP8 regulates Mn homeostasis and 

therefore plays important roles in metabolism via the regulation 

of Mn-dependent enzymes. To test this hypothesis, we generat-
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a chow or Western diet  and observed no significant differences. 

We did not observe overt neurological or skeletal abnormalities 

in the ZIP8-iKO mice.

Consistent with the systemic Mn deficiency seen in ZIP8-iKO 

mice, Slc39a8 heterozygous mice (hereafter referred to as ZIP8 

Het mice), which had decreased Slc39a8 expression in the liver 

(–44%, P < 0.001), kidney (–44%, P = 0.006), and brain (–24%,  

P = 0.04) (Figure 1C), also had significantly decreased Mn lev-

els in these organs, though to a lesser extent than in the ZIP8-

iKO mice. In ZIP8 Het mice, Mn levels were reduced by 39% in 

the liver (P = 0.003), 32% in the kidney (P < 0.001), 23% in the 

brain (P = 0.002), and 14% in the heart (P = 0.021) (Figure 1D); in 

contrast, Mn levels were increased by 34% in the small intestine 

(P = 0.004), despite decreased Slc39a8 expression in this organ 

(–51%, P = 0.014).

Hepatic ZIP8 regulates whole-body Mn homeostasis. The liver 

plays a vital role in regulating Mn homeostasis in vivo (27). In 

order to determine the contribution of hepatic ZIP8, we gener-

ated Slc39a8 liver-specific–knockout mice by crossing Slc39a8fl/fl  

mice with Alb-Cre–transgenic mice. Compared with control 

Slc39a8fl/fl mice, Slc39a8fl/fl Alb-Cre mice (hereafter referred to 

as ZIP8-LSKO mice) had decreased Slc39a8 mRNA levels in 

the liver (–75%, P < 0.001) but normal Slc39a8 expression in 

other tissues (Figure 2A). Mn levels were not only substantially 

decreased in the liver (–69%, P < 0.001), but also in the kidney 

(–49%, P < 0.001), brain (–34%, P < 0.001), and heart (–47%,  

P < 0.001), indicating that hepatic Slc39a8 deletion decreased 

systemic tissue Mn levels (Figure 2B). To confirm that the reg-

ulation of Mn by Slc39a8 is not specific to male mice, we exam-

ined Mn levels in the liver and kidney of female ZIP8-LSKO 

mice and also observed decreased Mn compared with levels 

in the control mice (–76%, P < 0.001 for liver and –57%, P < 

0.001 for kidney) (Supplemental Figure 2; supplemental mate-

rial available online with this article; https://doi.org/10.1172/

JCI90896DS1). In addition, whole-blood Mn was decreased in 

ed Slc39a8-inducible global-knockout mice (referred to hereafter 

as ZIP8-iKO mice) and liver-specific–knockout mice (referred to 

hereafter as ZIP8-LSKO mice) and also overexpressed SLC39A8 in 

the liver (adeno-associated virus–ZIP8 [AAV-ZIP8]). Our studies 

establish hepatic ZIP8 as a regulator of whole-body Mn homeosta-

sis through reclamation of Mn from bile; through this mechanism, 

ZIP8 regulates the activity of the Mn-dependent enzymes argin-

ase and β-1,4-galactosyltransferase.

Results
Inducible global Slc39a8 deletion leads to systemic Mn deficien-

cy. SLC39A8 is widely expressed (12). To study the physiolog-

ical effects of ZIP8 deficiency, we generated inducible global 

Slc39a8–knockout mice by crossing conditional floxed Slc39a8 

(Slc39a8fl/fl) mice with UBC-CreERT2–transgenic mice. Slc39a8 

deletion was induced by tamoxifen injection. Quantitative PCR 

(qPCR) analysis revealed that, compared with control Slc39a8fl/fl  

mice injected with tamoxifen, Slc39a8fl/fl UBC-CreERT2 mice 

(hereafter referred to as ZIP8-iKO mice) injected with tamoxi-

fen had efficient Slc39a8 deletion in the liver (–98%, P < 0.001), 

kidney (–98%, P < 0.001), brain (–51%, P = 0.034), heart (–88%, 

P < 0.001), and small intestine (–98%, P < 0.001) (Figure 1A). 

Despite the known ability of ZIP8 to transport Zn and Fe, tissue 

Zn and Fe levels were not different in ZIP8-iKO mice compared 

with levels in controls (Supplemental Figure. 1, A and B). In con-

trast, tissue Mn levels in ZIP8-iKO mice were markedly reduced. 

Compared with control mice, Mn levels were decreased in the 

liver (–77%, P < 0.001), kidney (–52%, P < 0.001), brain (–31%,  

P < 0.001), and heart (–27%, P = 0.008) of ZIP8-iKO mice (Figure 

1B). This observation is consistent with the findings that patients 

carrying SLC39A8 mutations develop severe deficiency of Mn 

but not Zn, that SLC39A8 variants are associated with whole-

blood Mn but not Zn, and that ZIP8 has high affinity for Mn but 

not Zn in mammalian cells. We compared HDL-C levels and 

body weights of ZIP8-iKO mice with those of the control mice on 

Figure 1. Global Slc39a8 deletion leads to systemic Mn deficiency. (A) 

qPCR analysis of Slc39a8 expression in male Slc39a8fl/fl and ZIP8-iKO 

mice injected with tamoxifen at 8 weeks of age and sacrificed 5 weeks 

after the injection (n = 3–6). (B) ICP-OES analysis of Mn levels in male 

Slc39a8fl/fl and ZIP8-iKO mice injected with tamoxifen at 8 weeks of 

age and sacrificed 5 weeks after injection (n = 5–6). (C) qPCR analysis 

of Slc39a8 expression in 12- to 14-week-old male WT and ZIP8 Het mice  

(n = 4–6). (D) ICP-OES analysis of Mn levels in 12- to 14-week-old male 

WT and ZIP8 Het mice (n = 4–5). qPCR results were normalized to  

Gapdh. ICP-OES results were normalized to wet tissue weight. Mn lev-

els in the tissues were normalized to the average of the control group. 

Data on the absolute Mn content can be found in the Supplemental 

Table. All data represent the mean ± SD. ***P ≤ 0.001, **P ≤ 0.01, and 

*P ≤ 0.05, by Student’s t test.
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To determine whether hepatic expression of human SLC39A8 

regulates whole-body Mn homeostasis over a wider range of expres-

sion levels, we injected WT mice with AAV-ZIP8. Human SLC39A8 

mRNA was only detectable in the liver and not other tissues (data 

not shown). Western blot analysis confirmed that AAV-ZIP8 mice 

expressed human ZIP8 protein in the liver (Figure 2E). Mn levels were 

significantly increased in the liver (+87%, P < 0.001), kidney (+22%, P 

= 0.002), brain (+21%, P < 0.001), heart (+22%, P < 0.001), and small 

intestine (+28%, P = 0.04) (Figure 2F), indicating that liver-specific 

human ZIP8 overexpression increased systemic tissue Mn levels.  

ZIP8-LSKO mice (–65%, P = 0.002) (Figure 2C). As with the 

ZIP8-iKO mice, compared with controls, the ZIP8-LSKO mice 

exhibited no significant differences in HDL-C or body weight 

and no overt neurological or skeletal abnormalities.

In order to test whether human ZIP8 could compensate for 

the absence of murine ZIP8, we injected an AAV vector express-

ing human SLC39A8 under the control of a liver-specific pro-

moter (hereafter referred to as AAV-ZIP8) into ZIP8-LSKO mice. 

Expression of human ZIP8 in liver restored Mn levels in the liver 

and kidney (Figure 2D).

Figure 2. Hepatic ZIP8 regulates whole-body Mn homeostasis. (A) qPCR analysis of Slc39a8 expression in 12- to 14-week-old male Slc39a8fl/fl and 

ZIP8-LSKO mice (n = 3–4). (B) ICP-OES analysis of Mn levels in 12- to 14-week-old male Slc39a8fl/fl and ZIP8-LSKO mice (n = 4). (C) ICP-MS analysis of Mn 

levels in the whole blood of 14- to 16-week-old male Slc39a8fl/fl and ZIP8-LSKO mice (n = 7 and 6, respectively). (D) ICP-OES analysis of Mn levels in 12- to 

14-week-old male Slc39a8fl/fl mice injected with AAV-null and in ZIP8-LSKO mice injected with AAV-null or AAV-ZIP8 (n = 3–6). (E) Western blot analysis 

of ZIP8 in liver lysates of male B6 mice injected with AAV-null or AAV-ZIP8 at 10 weeks of age and sacrificed 4 weeks after injection. Arrows indicate the 

ZIP8 bands. (F) ICP-OES analysis of Mn levels in male B6 mice injected with AAV-null or AAV-ZIP8 at 10 weeks of age and sacrificed 4 weeks after injection 

(n = 6). (G) ICP-MS analysis of Mn levels in the whole blood of male B6 mice injected with AAV-null or AAV-ZIP8 at 8 weeks of age and sacrificed 4 weeks 

after injection (n = 5 and 4, respectively). qPCR results were normalized to Gapdh. ICP-OES results were normalized to wet tissue weight. Mn levels were 

normalized to the average of the control group. Data on the absolute Mn content can be found in the Supplemental Table. (A–C, F, and G) Comparisons 

between 2 groups were performed using Student’s t test. Multiple comparisons in D were performed using 1-way ANOVA and Tukey’s multiple compar-

isons test. ***P ≤ 0.001, **P ≤ 0.01, and *P ≤ 0.05. (H) Correlation analysis between hepatic Mn and Mn levels in the kidney, brain, and heart of WT and 

ZIP8-LSKO mice and AAV-null– and AAV-ZIP8–injected B6 mice (n = 19). (I) Correlation analysis between hepatic Mn and Mn levels in the whole blood 

of WT and ZIP8-LSKO mice and AAV-null– and AAV-ZIP8–injected B6 mice (n = 22). Mn levels were normalized to the average of the control group. The 

results in H and I were analyzed by Pearson’s test. All data are shown as the mean ± SD. 
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specifically and quantitatively regulates whole-body homeostasis of 

Mn, but not Zn or Fe, over a wide range of expression levels.

ZIP8 reclaims Mn from the bile. ZIP family members are known 

to import metal ions into the cytosol, and previous studies showed 

that mouse ZIP8 promoted the uptake of Mn in fetal fibroblasts 

(13) and kidney proximal tubule cells (28). We tested the ability of 

human ZIP8 to promote the uptake of Mn into mammalian cells. 

Expression of human ZIP8 in HEK293T cells resulted in substan-

tially increased cellular Mn uptake (Figure 3C), confirming its 

role in cellular Mn uptake. The major route of Mn disposal is bil-

iary excretion, whereby hepatocytes export Mn across the apical 

Mn was also increased in the whole blood (+94%, P < 0.001) (Figure 

2G). Neither Zn nor Fe levels were changed in the tissues (Supplemen-

tal Figure 1, C–F) or whole blood (Supplemental Figure 3) of ZIP8- 

LSKO or AAV-ZIP8 mice compared with the corresponding controls.

We examined the correlation between hepatic Mn and Mn lev-

els in the kidney, brain, heart, small intestine, and whole blood using 

data generated from these experiments. There was a linear correla-

tion between hepatic Mn and Mn levels in the kidney (r = 0.8677,  

P < 0.001), brain (r = 0.8483, P < 0.001), heart (r = 0.8427, P < 0.001) 

(Figure 2H), and whole blood (r = 0.9138, P = 0.001) (Figure 2I). 

These results provided evidence that hepatic expression of ZIP8 

Figure 3. ZIP8 reclaims Mn from the bile. (A and B) Immunofluorescence analysis of ZIP8 (green) and MDR1 (magenta) localization in Slc39a8fl/fl and 

ZIP8-LSKO mouse liver sections. Arrows indicate bile ducts. Results are representative of 3 independent experiments. (C) 54Mn uptake study of HEK293T 

cells overexpressing human ZIP8 (n = 3). (D) ICP-MS analysis of Mn levels in the bile of 12- to 14-week-old male Slc39a8fl/fl and ZIP8-LSKO mice (n = 4). (E) 

ICP-MS analysis of Mn levels in the bile of male B6 mice injected with AAV-null or AAV-ZIP8 at 10 weeks of age and sacrificed 4 weeks after injection (n = 6 

and 5, respectively). Scale bars: 10 μm. All data are shown as the mean ± SD. ***P ≤ 0.001, **P ≤ 0.01, and *P ≤0.05, by Student’s t test.
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quantitative regulator of tissue arginase activity over a wide range 

of Mn concentrations. Taken together, our results demonstrate 

that hepatic ZIP8 acts to maintain tissue Mn homeostasis, which 

in turn modulates arginase activity, not only in the liver but in 

extrahepatic tissues as well.

ZIP8 acts through Mn to modulate protein N-glycosylation. 

β-1,4-Galactosyltransferase is a Mn-dependent enzyme that requires 

Mn for substrate binding and catalytic activity. It catalyzes the 

transfer of galactose to the glycan moiety of protein during protein 

N-glycosylation (31), while Mn deficiency has been found to impair 

protein N-glycosylation, especially galactosylation (32). Moreover, 

patients carrying SLC39A8 mutations have severe Mn deficiency 

and defective protein N-glycosylation, with prominent hypogalacto-

sylation (16–18). We examined N-glycan profiles in the serum of our 

Slc39a8-knockout mouse models using MALDI/time-of-flight mass 

spectrometric (MALDI-TOF-MS) analysis (Figure 5, A–D). Compared 

with control mice, we observed that ZIP8-iKO mice had a decreased 

abundance of fully glycosylated N-glycan species (26.6% in WT vs. 

16.2% in ZIP8-iKO mice) and an increased abundance of truncated 

N-glycan species, especially under-galactosylated N-glycan species 

including monosialo-monogalacto-biantennary glycans (1.0% in 

WT vs. 3.7% in ZIP8-iKO mice), asialo-monogalacto-biantennary  

glycans (0 in WT vs 1.7% in ZIP8-iKO mice), and asialo-agalacto- 

biantennary glycans (0 in WT vs 1.4% in ZIP8-iKO mice). Similarly,  

compared with control mice, ZIP8-LSKO mice had a decreased 

abundance of fully glycosylated N-glycan species (41.0% in WT vs.  

35.5% in ZIP8-LSKO mice) and an increased abundance of truncat-

ed N-glycan species, especially under-galactosylated N-glycan spe-

cies monosialo-monogalacto-biantennary glycans (0.7% vs. 2.6%). 

Mn deficiency has also been found to moderately impair N-acetyl- 

glucosaminylation (32) mediated by another Mn-dependent glyco-

syltransferase, N-acetyl-glucosaminyltransferase II (33). In agree-

ment with this, we found that ZIP8-iKO mice had reduced N-acetyl- 

glucosaminylation, as shown by an increased abundance of 

under–N-acetyl-glucosaminylated N-glycan species including 

monosialo-monogalacto-mono-GlcNAc-biantennary N-glycan (0 in  

WT vs. 0.8% in ZIP8-iKO mice) and asialo-agalacto-mono- 

GlcNAc-biantennary N-glycan (0 in WT vs. 1.5% in ZIP8-iKO 

mice). These patterns are consistent with reduced activity of 

the Mn-dependent enzymes β-1,4-galactosyltransferase and N- 

acetyl-glucosaminyltransferase II.

The lead variant in SLC39A8 associated with lower whole-

blood Mn levels and other pleiotropic traits is the coding variant 

rs13107325 (Ala391Thr), which is associated with lower hepat-

ic SLC39A8 expression (4, 6) and may encode a protein with 

reduced function (10, 11). We examined the N-glycan profile  

in the plasma of rs13107325 A391T homozygotes and matched  

major allele homozygotes. We detected the under-galactosylated  

N-glycan species monosialo-monogalacto-biantennary glycans 

in 58% of the minor allele homozygotes and only in 18% of the 

major allele homozygotes (P = 0.049). The abundance of mono-

sialo-monogalacto-biantennary glycans was higher in the minor 

allele homozygotes than in the homozygous major allele carriers  

(P = 0.047; Figure 5E). These results indicate that homozygotes 

for the minor allele had reduced activity of the Mn-dependnent 

β-1,4-galactosyltransferase that was consistent with the association 

of the minor allele with lower blood Mn levels.

membrane into bile canaliculi (29, 30). We hypothesized that ZIP8 

is localized to the hepatocyte apical canalicular membrane and 

functions to reclaim Mn from the bile by promoting its reuptake 

into hepatocytes. Immunofluorescence analysis of mouse liver 

sections revealed that ZIP8 was colocalized with multiple drug 

resistance–associated protein (MDR1), a canalicular marker, in 

WT hepatocytes and was undetec in hepatocytes from ZIP8-LSKO 

mice (Figure 3A). We also detected ZIP8 on the apical membrane 

of cholangiocytes, the columnar epithelial cells of the bile duct, 

where it may further reclaim Mn from the bile (Figure 3B). Con-

sistent with our model, ZIP8-LSKO mice had increased Mn in the 

bile (+55%, P < 0.001) (Figure 3D), despite reduced levels of Mn in 

liver and other tissue, and AAV-ZIP8 mice had decreased Mn in the 

bile (–76%, P < 0.001) (Figure 3E), despite increased levels of Mn in 

liver and other tissue. Zn and Fe levels were not changed in the bile 

of ZIP8-LSKO or AAV-ZIP8 mice (Supplemental Figure 4). These 

observations combined strongly support a model in which ZIP8 is 

localized to the apical surface of the hepatocyte and reclaims Mn 

(but not Zn or Fe) from the bile, reducing the biliary excretion of 

Mn and defending whole-body Mn stores.

ZIP8 acts through Mn to quantitatively modulate arginase activity. 

Arginase is a Mn-dependent enzyme that binds Mn in the catalytic 

site and requires Mn for catalytic activity. ZIP8-LSKO mice had a 

significant decrease in hepatic arginase activity, which was rescued 

by liver-specific overexpression of human ZIP8 using AAV (Figure 

4A). We found that hepatic arginase activity was also decreased in 

female ZIP8-LSKO mice (–60%, P < 0.001) (Supplemental Figure 

5A), as well as in male ZIP8-iKO and ZIP8 Het mice (–47%, P < 

0.001 and –25%, P = 0.009, respectively) (Supplemental Figure 5, 

B and C). Conversely, AAV-ZIP8 mice, which had increased hepatic 

Mn, had increased hepatic arginase activity (+67%, P < 0.001) (Fig-

ure 4B). In both ZIP8-LSKO and AAV-ZIP8 mice, arginase protein 

levels, as determined by Western blotting, were not changed (Fig-

ure 4C), indicating a change in the specific activity of the protein.

Preincubation of pooled WT and ZIP8-LSKO liver lysates ex 

vivo with increasing concentrations of MnCl
2
 revealed that the 

addition of Mn progressively increased arginase activity until 

reaching a plateau (Figure 4, D and E). Examination of the relative 

arginase activity under each MnCl
2
 concentration revealed that 

hepatic arginase activity in the ZIP8-LSKO mice was lower than 

in WT mice, without added Mn, but was restored to the same level 

as that in WT mice at a MnCl
2
 concentration of 250 μM or higher 

(Figure 4F). Similar experiments with liver lysates from individual 

animals confirmed that 250 μM MnCl
2
 increased hepatic arginase 

activity in both WT and ZIP8-LSKO mice and eliminated their dif-

ference (Figure 4G). Thus, Mn added ex vivo rescues the defective 

arginase activity in livers from ZIP8-LSKO mice.

Our correlation analyses using data from all mouse models 

revealed a very strong and significant linear correlation between 

hepatic Mn levels and hepatic arginase activity (r = 0.9558, P < 

0.001) (Figure 4H). ZIP8-LSKO mice, which had decreased Mn 

levels in the kidney (–40%, P = 0.001) (Figure 4I), consistent with 

the previous experiment shown in Figure 2, also had significant-

ly decreased arginase activity in the kidney (–20%, P = 0.002) 

(Figure 4J). Furthermore, in kidneys from liver-specific–knock-

out mice, arginase activity linearly correlated with Mn levels  

(r = 0.8570, P = 0.0015) (Figure 4K). Thus, tissue Mn content is a 
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Discussion
Our studies of the metal ion transporter ZIP8 were spurred by the 

observations that genetic variants, including a coding variant in 

the gene SLC39A8, are associated with whole-blood Mn levels (1) 

and multiple physiological traits (2–8). We used several Slc39a8 

loss-of-function and gain-of-function mouse models to gain 

insight into the role of ZIP8 in Mn metabolism and how it relates 

to Mn-dependent enzyme activity. Our studies revealed what we 

believe to be a novel role of hepatic ZIP8 in regulating whole-body 

Mn homeostasis, Mn-dependent enzymatic activity, and protein 

N-glycosylation. We discovered that hepatic ZIP8 regulates Mn 

metabolism in the liver, which in turn regulates Mn content in oth-

er organs and tissues, including kidney, brain, heart, and whole 

blood. We demonstrated that ZIP8 is localized to the hepatocyte 

canalicular membrane and functions to reclaim Mn from biliary 

excretion. We demonstrated that ZIP8 acts through Mn to modu-

late the activity of arginase, a Mn-dependent enzyme. We showed 

that ZIP8 deletion in mice led to defective protein N-glycosylation. 

Furthermore, we found that homozygosity for the minor allele of 

rs13107325 (Ala391Thr) in SLC39A8, which has reduced expres-

sion and protein function, is associated with hypogalactosylation. 

These findings are consistent with decreased activity of another 

Mn-dependent enzyme, β-1,4-galactosyltransferase. Therefore, 

our results demonstrate that hepatic ZIP8 regulates whole-body 

Mn homeostasis and Mn-dependent enzyme activity, providing 

potential insight into the association of genetic variants at the 

SLC39A8 locus with physiological traits.

The lead variant at SLC39A8 associated with whole-blood Mn 

levels and physiological traits is the coding variant rs13107325 

(Ala391Thr), which has an 8% minor allele frequency in people 

of European ancestry (9). The substitution of a threonine for ala-

nine at the 391 residue of ZIP8 is predicted to be damaging to 

ZIP8 function in silico and was experimentally shown to impair 

cellular Cd (10) and Zn (11) uptake by ZIP8. Rs13107325 is also an 

eQTL for SLC39A8 in human liver and is associated with reduced 

expression (4, 6). Importantly, this variant associated with low-

er hepatic SLC39A8 expression and reduced ZIP8 activity is 

associated with lower whole-blood Mn levels (1). Furthermore, 

SLC39A8 loss-of-function mutations were recently identified in 

human patients with neurological and skeletal symptoms (16–18), 

and these patients were found to have decreased whole-blood Mn 

levels and reduced protein N-glycosylation, especially galacto-

sylation. Thus, the human data indicate that reduced expression 

and function of ZIP8 lead to reduced whole-blood Mn levels and 

protein N-glycosylation, especially galactosylation, a directional-

ity fully consistent with our findings in Slc39a8 loss-of-function 

mice and rs13107325 homozygous minor allele carriers.

One key finding of our study is the central role of ZIP8 in mod-

ulating biliary Mn excretion. DMT1 is believed to be the primary 

Mn transporter (24, 25), but it has been shown to be dispensable 

for Mn uptake in small intestine (34) and liver (24). The current 

model of Mn metabolism by the liver is that hepatocytes take up 

Mn from blood at the basolateral surface and excrete it into the bile 

at the apical surface. ZIP14, a close family member of ZIP8, may be 

responsible for the uptake of Mn from blood, as it has been report-

ed to be localized on the basolateral membrane of hepatocytes 

(35) and has affinity for Mn in vitro (28, 36). Furthermore, patients 

carrying SLC39A14 mutations showed excessive Mn accumulation 

in the whole blood and brain but a lack of Mn in the liver, possibly 

due to the bypassing of hepatic uptake by Mn and subsequent bil-

iary excretion in the absence of SLC39A14 (37). SLC30A10, a Mn 

exporter, is expressed in the liver and may be the transporter that 

excretes Mn from hepatocytes into the bile canaliculi (26). We have 

shown for the first time to our knowledge that ZIP8 is localized to 

the apical canalicular membrane of the hepatocyte and promotes 

the reuptake of Mn from the bile into the hepatocyte, thus acting 

to defend against Mn deficiency. Importantly, we showed that 

hepatic Slc39a8 expression across a wide range, from homozygous 

knockout to overexpression, is quantitatively associated not only 

with hepatic Mn levels but also Mn levels in blood and multiple 

other tissues. Thus, our data indicate that hepatic ZIP8 is a quanti-

tative regulator of whole-body Mn homeostasis. ZIP8-iKO mice do 

not have greater tissue reductions in Mn than do ZIP8-LSKO mice, 

suggesting that hepatic ZIP8 is the critical regulator of whole-body 

Mn homeostasis. Although ZIP8 has been detected in the proximal 

tubule cells of the kidney and is proposed to take up metal ions 

from the filtrate (28), we found that kidney Mn levels were not fur-

ther decreased in ZIP8-iKO mice.

Mn deficiency caused by loss-of-function mutations of 

SLC39A8 results in CDG II and mitochondrial disease, and there 

is great interest in determining whether Mn supplementation is 

a viable treatment for patients with CDG II (17, 18). Mn intoxica-

tion caused by occupational exposure (38), parenteral nutrition 

(30, 39), liver disease (40), and SLC30A10 mutation (26) has 

Figure 4. ZIP8 acts through Mn to quantitatively modulate arginase activity. (A) Arginase activity in the livers of 8- to 10-week-old male Slc39a8fl/fl mice 

(WT) injected with AAV-null and ZIP8-LSKO mice injected with AAV-null or AAV-ZIP8 and sacrificed 4 weeks after injection (n = 7, 4, and 4, respective-

ly). (B) Arginase activity in the livers of 10-week-old male B6 mice injected with AAV-null or AAV-ZIP8 and sacrificed 4 weeks after injection (n = 5 and 

6, respectively). (C) Western blot analysis of arginase protein in the liver lysates of mice depicted in A and B. (D and E) Arginase activity in the livers of 

10-week-old male Slc39a8fl/fl and ZIP8-LSKO mice after preincubation with increasing concentrations of MnCl
2
. Lysates from 3 mice of the same geno-

type were pooled, and 3 technical replicates were performed. (F) Arginase activity normalized to the average of the Slc39a8fl/fl liver lysate at each MnCl
2
 

concentration. (G) Arginase activity in the livers of individual 10-week-old male Slc39a8fl/fl and ZIP8-LSKO mice, with or without preincubation with 250 

μM MnCl
2
 (n = 6 and 7, respectively). (H) Correlation analysis of hepatic Mn levels and arginase activity in all 4 mouse models. Mn levels and arginase 

activity were normalized to the average of the control groups (n = 41). (I). ICP-OES analysis of kidney Mn levels in 10- to 12-week-old male Slc39a8fl/fl and 

ZIP8-LSKO mice (n = 5). ICP-OES results were normalized to wet tissue weight. Mn levels were normalized to the average of the control group. (J) Arginase 

activity in the kidneys of mice described in I (n = 5). (K) Correlation analysis of kidney Mn levels and arginase activity in mice depicted in I and J (n = 10). 

Mn levels and arginase activity were normalized to the average of the control group. All data are shown as the mean ± SD. Comparisons between 2 groups 

were performed by Student’s t test. Multiple comparisons in A were performed using 1-way ANOVA and Tukey’s multiple comparisons test, and multiple 

comparisons in G were performed using 2-way ANOVA and Bonferroni’s post-hoc test. ***P ≤ 0.001, **P ≤ 0.01. Correlation analyses were performed using 

Pearson’s test.
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resulting from mutations of SLC39A8 (17, 18) and TMEM165 (32) 

have led to protein N-glycosylation defects, especially hypogalacto-

sylation indicative of decreased β-1,4-galactosyltransferase activity. 

In addition, patients with TMEM165 mutations (45) and TMEM165 

knocked down cells (32) have impaired N-acetyl-glucosaminylation, 

another protein N-glycosylation step mediated by the Mn-dependent 

glycosyltransferase N-acetyl-glucosaminyltransferase II. Our mice 

recapitulated the protein N-glycosylation defects resulting from Mn 

deficiency, including the hypogalactosylation seen in patients with 

SLC39A8-CDG (17) and patients with TMEM165-CDG as well as the 

hypo–N-acetyl-glucosaminylation seen in patients with TMEM165-

CDG (45). In addition, we showed that hypogalactosylation is more 

common in rs13107325 A391T homozygous minor allele threonine 

carriers than in homozygous major allele alanine carriers, consistent 

with the association of the minor allele with decreased whole-blood 

Mn levels. Protein N-glycosylation affects the fate and function of 

proteins (46) and influences numerous physiological processes (19). 

In particular, it modulates the activity of key regulators of HDL-C 

metabolism (47–51) and has been implicated in dyslipidemia (48). 

Therefore, our findings suggest that protein N-glycosylation may be 

related to the association of SLC39A8 with HDL-C and potentially 

other physiological traits in GWAS.

Patients carrying SLC39A8 mutations had neurological and 

skeletal abnormalities that were evident very early in life (16–18). 

ZIP8-iKO and ZIP8-LSKO mice did not exhibit such abnormalities, 

been shown to cause manganism characterized by neurological 

and behavioral disorders resembling Parkinson’s disease (27, 41). 

Our discovery that ZIP8 maintains whole-body Mn homeostasis 

by scavenging Mn from biliary excretion suggests that SLC39A8 

may be a therapeutic target for inhibition in the treatment of Mn 

intoxication and provides a rationale for Mn supplementation as 

a treatment of patients with SLC39A8 mutations leading to CDG 

(SLC39A8-CDG).

Another key finding of our study is the dysregulation of Mn- 

dependent enzymes in Slc39a8 loss-of-function mice. Arginase is 

known to be a Mn metalloenzyme, but the role of Mn in quantita-

tively regulating arginase activity has not been described in vivo. 

Our results indicate that Mn quantitatively modulates arginase 

activity over a wide range both below and above normal physiolog-

ical levels. In addition, hepatic Slc39a8 expression, by regulating 

whole-body tissue Mn levels, regulates arginase activity not only 

in the liver but in other tissues as well. Arginase inhibition has been 

shown to increase NO production, improve endothelial function, 

and decrease blood pressure (42–44). Therefore, our finding is con-

sistent with the discovery in GWAS that the genetic variant asso-

ciated with lower hepatic SLC39A8 expression and reduced ZIP8 

activity is associated with lower blood pressure. Further studies are 

needed to address this potential mechanism.

The Mn-dependent enzyme β-1,4-galactosyltransferase requires 

Mn for substrate binding and catalytic activity (22, 31). Mn deficiency  

Figure 5. Slc39a8 loss of function results in protein 

N-glycosylation defects. (A and B) MALDI-TOF 

analysis of the N-glycan profile for serum obtained 

5 weeks after male Slc39a8fl/fl and ZIP8-iKO mice 

were injected with tamoxifen at 8 weeks of age. (C 

and D) MALDI-TOF analysis of the N-glycan profile 

for serum obtained from 10- to 12-week-old male 

Slc39a8fl/fl and ZIP8-LSKO mice. Each sample was 

pooled from 5 mice of the same genotype. White 

diamonds, sialic acid; yellow circles, galactose; 

blue squares, N-acetyl-glucosamine; green 

circles, mannose. The numbers above the peaks 

indicate the mass-to-charge ratios of the N-glycan 

species. 2853, disialo-biantennary glycans; 2448, 

monosialo-digalacto-biantennary glycans; 2257, 

monosialo-monogalacto-biantennary glycans; 1852, 

asialo-monogalacto-biantennary glycans; 1661, 

asialo-agalacto-biantennary glycans; 1416, asia-

lo-agalacto-mono-GlcNAc-biantennary N-glycan. 

(E) Abundance of monosialo-monogalacto- 

biantennary glycans in the plasma of rs13107325 

major and minor allele homozygotes. N = 11 and 

12, respectively. Data are shown as the mean ± SD. 

Comparisons were performed using Student’s t 

test. *P ≤ 0.05.
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AAV8 viral particles carrying an empty vector (AAV-null) were also pro-

duced by the University of Pennsylvania Vector Core. C57BL/6 mice 

were obtained from the The Jackson Laboratory and injected intraper-

itoneally with AAV-ZIP8 or AAV-null at a dose of 1×1011 genome copies 

per mouse. Experiments were performed 4 weeks after AAV injection.

Metal ion determination. Biliary and blood metals were measured 

using a PerkinElmer Elan 6100 ICP-MS System (inductively coupled 

plasma MS system) at the Pennsylvania Animal Diagnostic Labora-

tory System (PADLS), New Bolton Center Toxicology Laboratory of 

the University of Pennsylvania School of Veterinary Medicine, as pre-

viously described (52). For each bile sample, bile from 2 animals was 

combined, and weight and volume were recorded before measure-

ment. For each measurement, the sample was digested overnight with 

twice the amount (weight/volume) of 70% nitric acid at 70°C, and 0.15 

ml of the digested sample was diluted with deionized water to a final 

volume of 5 ml for analysis. The concentration was measured using a 

calibration curve of aqueous standards prepared at 4 different concen-

trations of each metal. The results were reported in parts per million 

(ppm) on the basis of weight. Concentrations were calculated by divid-

ing the total amount by the volume.

Metals in the liver, kidney, brain, heart, and small intestine were 

measured using a SPECTRO ICP-OES (inductively coupled plasma 

optical emission spectrometry) system at the Department of Earth 

and Environmental Science of the School of Arts and Sciences of the 

University of Pennsylvania, as previously described (53). Samples were 

weighted, digested with 800 μl HNO
3
/HCl [3:1] at 70°C overnight, and 

diluted to a final volume of 2.5 ml for analysis. The concentration was 

measured using a calibration curve of aqueous standards prepared at 

5 different concentrations of each metal. The results were reported in 

ppm on the basis of volume. The total amount, determined by multiply-

ing the concentration with the volume, was divided by the wet weight 

of the tissue to obtain the metal amount per milligram of the tissue.
54Mn uptake study. HEK293T cells were seeded in 24-well plates 

and transfected using Lipofectamine 2000 (Invitrogen, Thermo Fisher 

Scientific) the next day at a density of approximately 80% confluence. 

Twenty-four hours after transfection, the cells were washed once with 

HBSS (Ca2+, Mg2+-free) and incubated with prewarmed uptake buffers 

at 37 °C for 15 minutes. The uptake buffers contained different concen-

trations of MnCl
2
 prepared by diluting MnCl

2
 (10 μM, 4 μci/ml) 1, 1.3, 2, 

4, 10, and 40 times. The 15-minute time point had been shown by a pilot 

study to be within the linear phase of Mn uptake by ZIP8. To terminate 

the uptake, the uptake buffer was removed and the cells washed 3 times 

with cold HBSS (Ca2+, Mg2+-free). Five hundred microliters of NaOH (1 

mM) was added into each well to digest the cells. At least 2 hours later, 

300 μl cell lysate was removed for liquid scintillation counting, and 50 

μl was used for protein measurement by bicinchoninic acid (BCA) assay.

Arginase activity assay. An arginase activity assay was performed as 

previously described (54), with slight modifications. In brief, approxi-

mately 50 mg liver was homogenized in 4× volume of PBS with protease 

and phosphatase inhibitors. Lysate was centrifuged at 4°C at 14,000 

×g for 15 minutes. The supernatant was further diluted by 30-fold and 

used in the arginase activity and BCA assays. For the arginase activity 

assay without MnCl
2
 activation, 50 μl diluted supernatant was incu-

bated with 220 μl glycine-NaOH buffer (pH 9.6) and 100 μl arginine 

(68 mM, pH 9.6) at 37°C for 10 minutes, which a pilot experiment had 

shown to be within the linear phase of urea production. For the argin-

ase activity assay with MnCl
2
, 50 μl diluted supernatant, either pooled 

but we propose that the normal expression of Slc39a8 during devel-

opment and the postnatal timing of gene deletion in these mouse 

models may be the major explanation for this difference. In our 

experience, complete knockout of Slc39a8 is not compatible with 

live births of knockout mice. Although SLC39A8 variants are asso-

ciated with HDL-C and BMI in GWAS, ZIP8-iKO and ZIP8-LSKO 

mice did not have overtly abnormal HDL-C levels or body weights 

on a chow or Western diet. More detailed investigation of these 

traits in our mouse models will be required. Finally, we are current-

ly studying the blood pressure phenotype and potential regulatory 

mechanisms in ZIP8-iKO and ZIP8-LSKO mice.

Our study suggests a model in which hepatic expression of 

SLC39A8 has systemic effects on Mn homeostasis, arginase activi-

ty, β-1,4-galactosyltransferase activity, and protein N-glycosylation. 

Hepatic ZIP8 scavenging of Mn from bile is the likely mechanism 

underlying the association of the SLC39A8 locus with whole-blood 

Mn and the severe Mn deficiency in patients with SLC39A8 muta-

tions. The subsequent regulation of Mn-dependent enzymes may 

be related to the association of SLC39A8 with other physiological 

traits in humans.

Methods
Animals. Mice harboring the Slc39a8 conditional knockout allele 

C57BL/6-Slc39a8tm1.1 mrl and the constitutive knockout allele 

C57BL/6-Slc39a8tm1.2 mrl were provided by Merck. Details on the 

design of the ZIP8 mice can be found on the Taconic website (http://

www.taconic.com/mouse-model/slc39a8-cko-11296 and http://www.

taconic.com/mouse-model/slc39a8-ko). Briefly, the Slc39a8tm1.1 mrl 

allele has exon 3 flanked by loxP sites. The Slc39a8tm1.2 mrl allele 

was generated by Cre-mediated loxP site recombination, resulting 

in removal of the third exon of Slc39a8. The Slc39a8tm1.2 mrl allele 

deleted the N-terminal part of the ZIP domain and the first 2 trans-

membrane domains and generated a premature stop codon predicted 

to result in a protein null mouse. Alb-Cre mice, which express Cre under 

the control of the liver-specific albumin promoter beginning from P7, 

were obtained from The Jackson Laboratory (stock number 003574) 

and were crossed with C57BL/6-Slc39a8tm1.1 mrl mice to generate 

Slc39a8 liver-specific knockout mice. ZIP8-iKO mice, which express 

Cre and the tamoxifen receptor ERT2 fusion protein under the con-

trol of the ubiquitin promoter, were obtained from The Jackson Lab-

oratory (stock number 007001), crossed with C57BL/6-Slc39a8tm1.1 

mrl mice, and injected with tamoxifen (100 mg/kg) for 5 consecutive 

days to generate an Slc39a8-inducible knockout. The Slc39a8tm1.1 

mrl allele was detected by PCR using the following primers: 2476_27: 

5′-CAGGGTTTCTCTGTGTAACAGG-3′; 2475_28: 5′-AGTGTACAG-

GCTCCAGCTACC-3′. Slc39a8tm1.2 mrl was detected by PCR using 

the following primers: 2476_27: 5′-CAGGGTTTCTCTGTGTAA-

CAGG-3′ and 2475_32: 5′-CCAATATGGCCATAACAGATAGG-3′. The 

Cre-transgenic allele was detected by PCR using the following primers: 

1011_1: Cre_tot1: 5′-ACGACCAAGTGACAGCAATG-3′ and 1011_2: 

Cre_tot2_5′-CTCGACCAGTTTAGTTACCC-3′. To make AAV8 virus 

for liver-specific human ZIP8 overexpression, SLC39A8 cDNA was 

subcloned into a specialized AAV8 vector provided by the University 

of Pennsylvania Vector Core. This construct, together with a chimeric 

packaging construct in which the AAV2 rep gene was fused with the 

cap gene of AAV8, was used to produce AAV8 viral particles expressing 

human ZIP8 (AAV-ZIP8) at the University of Pennsylvania Vector Core. 
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scription Kit (Applied Biosystems). Fast SYBR Green Mastermix (Life 

Technologies, Thermo Fisher Scientific; 4385614) was used for qPCR 

analysis. The SYBR primers used were as follows: Slc39a8, forward: 

5′-CAACGCAAAGCCCAGTCTTT-3′; Slc39a8, reverse: 5′-GCGTTT-

GAGAAAAGAGTCCCAA-3′; SLC39A8, forward: 5′-TTCCAGAGG-

CATTTGGATTT-3′; SLC39A8, reverse: 5′-GGGTATGACCATTCT-

GACCAT-3′; Gapdh, forward: 5′-TGTGTCCGTCGTGGATCTGA-3′; 

and Gapdh, reverse: 5′-CCTGCTTCACCACCTTCTTGAT-3′.

Statistics. Comparisons of 2 samples were performed using the 

2-tailed Student’s t test. Multiple comparisons were performed using 

1-way ANOVA and Tukey’s multiple comparisons test. Multiple com-

parisons of different treatments were done using 2-way ANOVA and 

Bonferroni’s multiple comparisons test. Comparison of the frequency 

of the truncated N-glycan was performed using the χ2 test. Correlation 

analyses were performed using Pearson’s test. A P value of less than 

0.05 was considered statistically significant.

Study approval. All animal experiments were reviewed and 

approved by the IACUC of the University of Pennsylvania.

Author contributions
DJR and WL conceived the hypothesis, designed and interpreted 

the experiments, and wrote the manuscript; WL performed the 

experiments; NJH supervised experiments, helped interpret the 

results, and edited the manuscript; DRV assisted with the ICP-

OES experiment and data analysis; XL performed the N-glycan 

profiling experiment; PTD and GL provided technical help; MH 

provided intellectual input regarding the N-glycan profiling exper-

iment and helped interpret the results; and TW, RS, and ER pro-

vided intellectual input.

Acknowledgments
We thank Merck for providing the Slc39a8-knockout and condition-

al knockout mice. We thank Jeff Billheimer (Department of Medi-

cine, University of Pennsylvania) and members of the Rader labora-

tory for their helpful discussions. We thank the Penn CVI Histology 

Core for processing and performing immunofluorescence staining 

of liver tissue, the Penn Vector Core for the production of AAV8 vec-

tors, and the Penn New Bolton Center Toxicology Laboratory for 

performing the ICP-MS experiment. This work was supported by 

grants from the NIH (RC2HL101864 and R01HL089309, to DJR)

Address correspondence to: Daniel J. Rader, Smilow Center for 

Translational Research, SCTR 11-125, 3400 Civic Center Bou-

levard, Philadelphia, Pennsylvania 19104-5158, USA. Phone: 

215.573.4176; E-mail: rader@mail.med.upenn.edu.

or from an individual animal, was first incubated with 20 μl MnCl
2
 of 

the desired concentration and 200 μl glycine-NaOH buffer (pH 9.6) at 

55°C for 10 minutes. After cooling down, 100 μl arginine was added, 

and the sample was incubated at 37°C for 10 minutes. Nine hundred 

microliters H
2
SO

4
/H

3
PO

4
/H

2
O (1:3:7) was added to stop the reaction. 

Forty microliters α-isonitrosopropiophenone (9%) dissolved in etha-

nol was added, and the sample was heated at 95°C for 30 minutes to 

develop color. After cooling down in the dark, 200 μl of the sample 

was transferred to a 96-well plate, and the color was quantified using 

a plate reader at 540 nm. Urea solutions with known concentrations  

(10 mM, 5 mM, 2.5 mM, 1.25 mM, and 0.625 mM) were used to pro-

duce a standard curve. Sample urea production was calculated on the 

basis of the standard curve and normalized to protein content mea-

sured by BCA assay. Arginase activity was determined by the amount 

of urea produced per microgram protein in 1 minute.

N-glycan profile analysis. Serum or plasma N-glycan profile anal-

ysis was performed as previously described (55). In brief, samples 

were digested with PNGase F at 37°C overnight to release N-glycans 

from total glycoproteins. The released N-glycans were purified with 

a C18 column followed by a carbograph column. The purified N- 

glycans were permethylated by a traditional liquid-liquid permethyla-

tion method and desalted by organic extraction with chloroform and 

water. Finally, permethylated N-glycan sodium adducts were ana-

lyzed by MALDI-TOF-MS to obtain N-glycan profiles. The percentage 

of total abundance of a glycan species corresponding to a peak in the 

chromatogram was calculated by dividing the area under the peak by 

the area under all of the peaks.

Immunoblot analysis. Liver lysate supernatant was prepared as 

described in the arginase activity assay. Protein (50 μg) was separated 

using the NuPage SDS Page System (Invitrogen, Thermo Fisher Scien-

tific). The following primary antibodies were used: anti-ZIP8 (1:1,000; 

Proteintech; 20459-1-AP); anti–arginase I (1:2,500; BD Biosciences; 

610708); and anti–β actin (1:1,000; Santa Cruz Biotechnology Inc.; 

sc-81178). HRP-conjugated anti-rabbit (catalog NA934V) and anti-

mouse secondary antibodies (catalog NA931V) (1:2,500; GE Health-

care Life Sciences) and the Classico ECL Reagent (EMD Millipore) 

were used to visualize the signal.

Immunofluorescence. Liver pieces were frozen in OCT and cut into 

8-μm-thick sections at the Histology and Gene Expression Core of the 

Cardiovascular Institute of the University of Pennsylvania. Immunofluo-

rescence was performed at the Histology and Gene Expression Core using 

the following antibodies: anti-ZIP8 (1:50; Sigma-Aldrich; HPA038832) 

and anti-MDR (C-19) (1:2,500; Santa Cruz Biotechnology Inc.; sc-1517).

qPCR. RNA was isolated using TRIzol (Thermo Fisher Scientif-

ic), and cDNA was made using a High Capacity cDNA Reverse Tran-
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