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Manganese (Mn) and Zinc (Zn) are essential micronutrients whose concentration and location within cells are tightly regulated at the onset of infection. Two families of Zn transporters (ZIPs and ZnTs) are largely responsible for regulation of cytosolic Zn levels and to a certain extent, Mn levels, although much less is known regarding Mn. The capacity of pathogens to persevere also depends on access to micronutrients, yet a fundamental gap in knowledge remains regarding the importance of metal exchange at the host interface, often referred to as nutritional immunity. ZIP8, one of 14 ZIPs, is a pivotal importer of both Zn and Mn, yet much remains to be known. Dietary Zn deficiency is common and commonly occurring polymorphic variants of ZIP8 that decrease cellular metal uptake (Zn and Mn), are associated with increased susceptibility to infection. Strikingly, ZIP8 is the only Zn transporter that is highly induced following bacterial exposure in key immune cells involved with host defense against leading pathogens. We postulate that mobilization of Zn and Mn into key cells orchestrates the innate immune response through regulation of fundamental defense mechanisms that include phagocytosis, signal transduction, and production of soluble host defense factors including cytokines and chemokines. New evidence also suggests that host metal uptake may have long-term consequences by influencing the adaptive immune response. Given that activation of ZIP8 expression by pathogens has been shown to influence parenchymal, myeloid, and lymphoid cells, the impact applies to all mucosal surfaces and tissue compartments that are vulnerable to infection. We also predict that perturbations in metal homeostasis, either genetic- or dietary-induced, has the potential to impact bacterial communities in the host thereby adversely impacting microbiome composition. This review will focus on Zn and Mn transport via ZIP8, and how this vital metal transporter serves as a “go to” conductor of metal uptake that bolsters host defense against pathogens. We will also leverage past studies to underscore areas for future research to better understand the Zn-, Mn- and ZIP8-dependent host response to infection to foster new micronutrient-based intervention strategies to improve our ability to prevent or treat commonly occurring infectious disease.
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1 INTRODUCTION
1.1 Zinc and Manganese in Host Defense Against Infection
1.1.1 Zinc and Infection Prevalence
Within the vertebrate host, zinc (Zn) is the second most prevalent trace metal (Kehl-Fie and Skaar, 2010). Zn has a role in cellular metabolism and is a key component of proteins involved in cell structure and membrane stability (Maret and Li, 2009; Bonaventura et al., 2015). It enables immune defense, protein and DNA synthesis, wound healing, cell division and proliferation (Prasad, 1995; Maret and Li, 2009; Bonaventura et al., 2015). As a result, Zn nutritional deficiency has been associated with a variety of disorders, including immunological diseases. Studies in the 1960s first recognized the importance of Zn in host defense against infection. These assumptions were made due to records of premature death in Zn-deficient dwarfs, where infection was assumed to be the cause of mortality (Prasad et al., 1963).
Over the years, epidemiologic and clinical studies on the impact of Zn deficiency revealed that Zn-deficient individuals are more susceptible to infection. In developing countries, insufficient Zn intake in children less than 5 years of age has been associated with new-onset upper respiratory tract and gastrointestinal tract infections (Caulfield et al., 1998; Black et al., 2013). In fact, perinatal Zn deficiency decreases the acquistion of maternal antibodies, as well as impairing development of the immune system (Caulfield et al., 1998).
The importance of Zn in the development and maintenance of immune function is further supported by the significant reduction in the incidence of respiratory infections, diarrhea, and bacterial infections in infants, children, adults, and sickle cell disease patients following Zn supplementation (Sazawal et al., 1998; Prasad et al., 1999; Hemilä, 2011). This is supported by experimental infectious diarrhea models that demonstrate a beneficial role of Zn supplementation akin to what has been observed in infection-induced diarrhea in humans (Bolick et al., 2014; Sarwar et al., 2017; Wiegand et al., 2017). Additionally, Zn has been shown to maintain the integrity of epithelial barriers, decrease leukocyte infiltration and cytokine expression, and reduce E. coli and cholera toxin translocation into epithelial cells (Bolick et al., 2014; Sarwar et al., 2017; Wiegand et al., 2017).
1.1.2 Manganese and Infection Prevalence
Manganese (Mn) is an essential trace element that maintains a variety of physiological functions including immune function and host defense and is also an important cofactor for many enzymes. At the onset of infection or inflammation the concentration of Mn in the circulation and tissues is altered. Mn levels are increased in pleural fluid and sputum in patients with thoracic empyemata, asthma, or bronchiectasis (Domej et al., 2000; Gray et al., 2010). In contrast, the concentration of Mn in Chlamydophila pneumoniae infected thoracic tissue was significantly lower compared to uninfected tissue (Nyström-Rosander et al., 2009). Similarly, the plasma levels of Mn in children with chronic hepatitis B virus infection was lower than uninfected control (Balamtekin et al., 2010). Mn supplementation in animal models of infection have been shown to bolster host defense against infection (Gajula et al., 2011; Zhang et al., 2020; Pan et al., 2018). In contrast, other studies have shown that Mn supplementation can increase pathogen virulence while reducing the innate and adaptive immune function including phagocytosis, superoxide dismutase (SOD) activity, Th1 and Th2 cell numbers, and complement C3 activity (Wu et al., 2021). In summary, Mn has an important role in immune function and defense against pathogens. However, in comparison to Zn, much less is known and the examples above illustrate that systemic and tissue Mn levels may increase or decrease in response to infection and reveal that more research is warranted to determine the functional roles of Mn in innate and adaptive immune-mediated host defense.
1.2 Dietary-Induced Zinc and Manganese Deficiency
Zn deficiency is typically caused by insufficient dietary intake and impacts approximately two billion people world-wide. It is responsible for 4% of the global burden of morbidity and mortality in children under the age of 5 years (Black et al., 2008; Mocchegiani et al., 2013). Severe Zn deficiency in humans, which is uncommon in the United States, adversely impacts growth and immune function and symptomatically manifests as dermatitis, diarrhea, delayed bone maturation, and altered neurologic function (Gibson, 2012; Mocchegiani et al., 2013). Moderate Zn deficiency, which is most prevalent in developing nations but also common in the United States, is commonly caused by a diet lacking protein-based foods that are high in Zn (Gibson, 2012; Sapkota and Knoell, 2018). Increased consumption of phytates, abundant in grains, legumes, nuts and tubers, is also a major contributor of Zn deficiency, as phytates are known to adsorb Zn in the gastrointestinal tract thereby preventing systemic absorption (Gibson, 2012; Sapkota and Knoell, 2018). Metabolic factors also increase the incidence of Zn deficiency. For example, infancy, adolescence, pregnancy and lactation, malabsorption syndromes, and excessive losses through urine, and intestinal secretions, as well as aging and alcoholism are all associated with an increased incidence of Zn deficiency (Gibson, 2005; Gibson, 2012; Mocchegiani et al., 2013). Likewise, acrodermatitis enteropathica and sickle cell disease are two hereditary illnesses that cause Zn deficiency (Gibson, 2005). Excessive Zn intake and corresponding toxicity is relatively rare, although doses above 1 g/day can cause acute gastrointestinal symptoms, fever and lethargy (Brown et al., 2001). Chronic intake of high doses of Zn can also lead to reduced absorption of copper and iron, impaired hematologic and immune functions and drive abnormalities in lipoprotein metabolism (Brown et al., 2001). Therefore, the upper limit of dietary intake has been set to 25–40 mg/day and the recommended dietary allowance (RDA) for Zn in adults is 11 mg/day for males and 8 mg/day for females (Mocchegiani et al., 2013).
The majority of Zn in humans (90%) is contained primarily in muscle, bone, liver, and other organs (Brown et al., 2001). Plasma contains less than 0.2% of the total body Zn content and adults have an average concentration of 15 μmol/L (corresponding to approximately 100 μg/dl) (Brown et al., 2001). Serum or plasma Zn levels have been used to assess the Zn status although it is often unreliable especially when acute or chronic inflammatory conditions are present (Brown et al., 2001; Mocchegiani et al., 2013). For example, increasing age, pregnancy, infection, hypoalbuminemia, surgery, and excessive exercise alter plasma Zn levels (Brown et al., 2001; Mocchegiani et al., 2013). In general, due to a lack of clinical awareness and accurate diagnostic markers, Zn deficiency is commonly overlooked. Overall, accurate assessment of Zn status in humans remains an obstacle with ongoing research to find reliable biomarkers (Mocchegiani et al., 2013).
In contrast to Zn, there exist far fewer reports of Mn deficiency in humans. Experimentally induced Mn deficiency via decreased dietary intake can cause dermatitis, clotting disorders, hair reddening, decreased fertility and birth abnormalities, aberrant glucose tolerance, altered metabolism, impaired growth and bone formation, and skeletal deformities (Finley and Davis, 1999; Aschner and Aschner, 2005). Since Mn deficiency is not well documented in humans, there is no RDA for Mn. Instead, an intake of 2–5 mg/day for adults has been set as the estimated safe and adequate daily dietary intake (Finley and Davis, 1999).
Mn toxicity has been reported in humans specifically in miners that inhale Mn laden dusts (Huang et al., 1989). Consequently, an upper limit of Mn intake has been established at 10 mg/day (Finley and Davis, 1999). Most cases of Mn toxicity that have been reported were associated with neurological symptoms and classified as Mn-induced Parkinsonism (Calne et al., 1994). Similar to Zn, there are currently no clinical standardized assays for the assessment of Mn status in humans. Experimentally, Mn concentrations in whole blood, magnetic resonance imaging of the globus pallidus of the brain, lymphocyte Mn superoxide dismutase (SOD) activity, and blood arginase activity have been studied (Greger, 1999). Overall, there are still no accurate, clinically accepted, standardized methods to assess Zn and Mn status in humans demanding further investigation in this area.
1.3 Zinc and Manganese in Immune Function
1.3.1 Innate Immunity
New roles for Zn as a regulator of innate immune function continue to be identified in a variety of cells that include but are not limited to polymorphonuclear neutrophils (PMNs), monocytes, macrophages and dendritic cells (DCs) (Bonaventura et al., 2015; Maares and Haase, 2016; Sapkota and Knoell, 2018). Zn influences a broad range of cellular processes that include chemotaxis, phagocytosis, neutrophil extracellular traps regulated cell death (NETosis), apoptosis, and production of superoxides, cytokines and chemokines (Maares and Haase, 2016). Zn can also act as a chemoattractant and mediate phagocytosis via the Zn protein, early endosome antigen 1 (Hujanen et al., 1995; Simonsen et al., 1998).
Following phagocytosis, granulocytes and macrophages kill pathogens by the generation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase mediated reactive oxygen species (ROS) formation (Maares and Haase, 2016). Physiological concentrations of Zn are required for generation of ROS, whereas both lack of or excessive amounts of Zn inhibit NADPH oxidase (Hasegawa et al., 2000; Wessels et al., 2013). Analogous to Zn, studies have shown that Mn also exerts bactericidal activity by maintaining the optimal function of NADPH oxidase and myeloperoxidase-hydrogen peroxide-chloride antimicrobial system within neutrophils (Wu et al., 2021).
However, opposing data suggest that both Zn and Mn act as anti-oxidants that reduce the generation of ROS via the antioxidant functions of via both SOD and non-SOD-based mechanisms. SODs are an ubiquitous family of enzymes that catalyzes the dismutation of superoxide radicals into less harmful species, which are then removed by catalase and glutathione peroxidase (Zelko et al., 2002). There are three types of SOD; Cu/ZnSODs, found in the cytoplasmic space that uses copper or Zn for catalysis; nickel-containing SODs; and the Mn/FeSOD family that uses either Mn or iron and are found exclusively in the mitochondrial space (Zelko et al., 2002; Aguirre and Culotta, 2012). Previously, in a non-mammalian model, it was observed that Zn and Mn dependent SODs work in synergy to maintain the redox balance for immune defense against infection (Lu et al., 2015). However, whether the two types of SOD work in synergy in mammals is yet to be determined.
Zn deficiency promotes increased differentiation of monocytes into macrophages (Dubben et al., 2010). The polarization of macrophages into the pro-inflammatory M1 and anti-inflammatory M2 subtypes depends on Zn and phosphorylation of signal transducer and activator of transcription (STAT) 6. In a murine colitis model, inadequate Zn aggravated colonic inflammation by increasing the proportion of M1 macrophages in the colon with excessive Th17 cell activation (Higashimura et al., 2020). Knockdown of the Zn transporter, ZIP7, which leads to reduced Zn uptake in macrophages, drove macrophage differentiation toward an M2 phenotype and reduced production of interleukin (IL)-6 and tumor necrosis factor (TNF)-α (Xie et al., 2020). In another study, Zn treatment of THP-1 cells inhibited M2 polarization whereas differentiation into M1 macrophages was promoted by both physiological doses of Zn treatment and Zn deficiency (Dierichs et al., 2018). Thus, it is evident that Zn has a role in determining macrophage phenotype and function; however, results varied across studies likely as a consequence of the model and study conditions. Whether Mn is involved in macrophage differentiation remains to be determined.
Zn has both stimulatory and inhibitory effects on the secretion of cytokines from monocytes and macrophages depending on the dose, duration, and cell type. In human peripheral blood mononuclear cells (PBMCs), incubation with high Zn concentrations (100 mM) stimulated the release of pro-inflammatory cytokines, IL-6, IL-1β, and TNF-α (Wellinghausen et al., 1997; Maares and Haase, 2016). Zn also potentiated the effects of lipopolysaccharide (LPS). Specifically, when cells were incubated under “nonstimulatory concentrations” of Zn (<100 µM Zn) treatment with LPS lead to increased secretion of cytokine, IL-1β, compared to LPS treatment alone (Driessen et al., 1995). In contrast, low Zn levels inhibited monocyte activation caused by the superantigens, staphylococcal enterotoxins A and E, the mycoplasma arthritidis-derived superantigen, but not by toxic shock syndrome toxin-1 (Driessen et al., 1995). Zn reduced the release of LPS-induced TNF-α and IL-1β in primary human monocytes and the monocytic cell line Mono Mac1 by inhibiting enzyme activity of phosphodiesterase (PDE)-1, 3, and 4 and thus increasing cyclic guanosine-3′,5′- monophosphate (cGMP) (Von Bülow et al., 2005). Furthermore, Zn deficiency in HL-60 cells, a promyelocytic cell line, potentiated phorbol 12-myristate 13-acetate (PMA)-stimulated release of IL-1β, TNF-α, and IL-8 by decreasing the levels of the Zn finger protein, A20 (Bao et al., 2003; Prasad et al., 2011).
The presence of Zn transporters such as, Zrt/Irt-like protein (ZIP) 6 and 10 on the surface of DCs indicate that intracellular Zn concentrations play a vital role in DC maturation and function. For example, during infection, altered expression of Zn transporters decreases levels of intracellular free Zn in DCs, which contributes to the upregulation of major histocompatibility complex class II and co-stimulatory molecules required for antigen presentation to CD4+ T cells (Kitamura et al., 2006).
Zn also provides catalytic and/or structural functions in different proteins including enzymes and transcription factors involved in immune defense against pathogens. More importantly, in immune cells labile Zn and Zn finger proteins (ZFPs) regulate signal transduction pathways, including the nuclear factor-κB (NF-κB) signaling pathway, now one of the most extensively studied Zn-regulated cell signaling pathways (Haase and Rink, 2014; Gammoh and Rink, 2017). Following toll-like receptor (TLR)-4 activation by LPS, a rapid Zn-dependent signal is generated leading to the activation of the myeloid differentiation primary response gene 88 (MyD88) pathway and the downstream production of cytokines via NF-κB (Haase and Rink, 2014). In contrast, Zn has been shown to inhibit toll/IL-1R domain-containing adapter inducing interferon (IFN)-β-mediated activation of IFN regulatory factor 3 (IRF3) signals resulting in decreased IFN-β-production (Brieger et al., 2013). Labile Zn also regulates signal transduction in immune cells through inhibition of dephosphorylating enzymes including protein tyrosine phosphatases, cyclic nucleotide PDE, and dual specificity phosphatases (Haase and Rink, 2014; Gammoh and Rink, 2017). For example, high Zn concentrations inhibit PDE activity, leading to elevated cGMP levels and protein kinase A (PKA) activation resulting in impairment of NF-κB activation (Von Bülow et al., 2007). One of the well-known Zn finger transactivating factors, A20, is an inhibitor of the TNF receptor and TLR initiated NF-κB pathways and ultimately inhibitor of cytokine release from T cells and monocytes (Prasad et al., 2011). Additionally, Zn upregulates the expression of A20, which inhibits NF-κB and the subsequent production of cytokines (Prasad et al., 2004).
Our lab has demonstrated the importance of Zn in monocyte and macrophage signaling pathways in response to infection. Using a polymicrobial mouse sepsis model dietary-induced Zn deficiency was shown to enhance Janus kinase (JAK)-STAT3 and NF-κB signaling in the lung and liver resulting in increased bacterial burden, overactivation of the inflammatory and acute phase response, and higher mortality (Bao et al., 2010; Liu et al., 2014; Sapkota and Knoell, 2018). Similar studies have been conducted in mice and humans with supplementation of Zn; however, results have been inconsistent and inconclusive with some recording lower mortality rates while others observed no difference compared to treatment control groups. Mixed results from these studies may be due to differences in the timing and dose of Zn administered, since in animal models Zn was administered before the onset of sepsis, whereas in human studies, Zn was supplemented after the onset of sepsis. Clearly, more well-controlled, large, randomized studies will need to be conducted to determine whether Zn has a beneficial, neutral, or detrimental role (Alker and Haase, 2018).
In contrast to Zn, which predominantly decreases the activation of proinflammatory pathways, Mn has been shown to promote inflammation via activation of the NF-κB pathway. Mn treatment of microglia cell lines, the resident macrophage of the brain, potentiated the effects of LPS leading to increased expression of cytokines, IL-6 and TNF-α, nitric oxide, inducible nitric oxide synthase and heme-oxygenase- 1 (Chang and Liu, 1999; Filipov et al., 2005; Dodd and Filipov, 2011). Similarly, administration of Mn to mixed astrocyte-glial cultures augmented the expression of inflammatory cytokines and chemokines via the NF-κB pathway (Popichak et al., 2018). In human monocyte-derived macrophages Mn alone or in combination with LPS resulted in NF-κB activation and the production of IL-1β, IL-6, IL-8, IFN-γ, and TNF-α (Mokgobu et al., 2015). In a related study, Mn was shown to induce the translocation of NF-κB into the nucleus by decreasing mitochondrial membrane potential through the production of mitochondrial ROS. ROS accumulation resulted in phosphorylation of the NF-κB inhibitor, IκBα, and p65 translocation into the nucleus (Barhoumi et al., 2004).
Unlike Zn, there are no known Mn containing transcription factors (Nebert and Liu, 2019). Rather, Mn mechanistically regulates physiological processes as a cofactor for a broad array of enzymes that include hydrolases (e.g., arginase), ligases (e.g., glutamine synthase), lyases (e.g., phosphoenolpyruvate decarboxylase), and transferases (e.g., glycosyltransferase).
Among the glycosyltransferases, β-1,4-galactosyltransferase, a Golgi enzyme essential for the synthesis of the carbohydrate moiety of glycoproteins require Mn as a cofactor (Riley et al., 2017; Nebert and Liu, 2019). Many proteins require post-translational glycosylation and perturbations in the Mn homeostasis have been shown to contribute to many congenital and acquired diseases. In particular, Mn deficient mice exhibit skeletal abnormalities due to reduced synthesis of N-acetylgalactosamine containing chondroitin sulphate (Park et al., 2015). In type II congenital disorder of glycosylation, an inherited disease, impaired Mn transport (via a defective ZIP8 variant; discussed more in depth later) reduced blood and tissue Mn levels adversely impacting glycosylation of vital proteins resulting in skull deformation, severe seizures, psychomotor retardation, and deafness (Park et al., 2015; Riley et al., 2017). Mn-dependent, post-translational glycosylation is also important for proper immune function and host defense against microbes as highlighted in a recent study involving Crohn’s disease (CD) (Nakata et al., 2020). A large human genome-wide association study (GWAS) study revealed that a commonly occurring variant of the SLC39A8 gene was highly associated with CD patients. Based on this, a mouse Slc39a8 A393T allelic equivalent knock-in (KI) model was generated that recapitulated Mn deficiency in the colon and impaired glycosylation of key proteins causing gut barrier disruption and increased inflammation (Nakata et al., 2020). Taken together, Zn and Mn each play important roles in innate immune development, maintenance, and activation although they have distinctively different footprint with regard to the mechanisms by which they influence cellular function. Clearly, both are required for host defense, but it remains unclear to what extent their impact is integrated overall in response to invading pathogens since very few if any studies have yet examined the influence of both in cell culture or animal studies, let alone clinical trials.
1.3.2 Adaptive Immunity
Zn plays an important role in the development, differentiation and function of T and B cells thereby impacting host defense, as well as autoimmune diseases. Zn is required for lymphopoiesis as exhibited by thymic atrophy and T cell lymphopenia in Zn deficient children and related animal models (King et al., 2005; Maares and Haase, 2016). Zn deficiency over time induces glucocorticoid production that enhances apoptosis of premature T cells (Fraker et al., 2000; Fraker and King, 2001; Haase and Rink, 2014). Additionally, thymulin levels, a thymus specific hormone that is crucial for T cell differentiation, is reduced by Zn deficiency and corrected by Zn supplementation (Prasad, 2007; Maares and Haase, 2016). Zn also helps maintain the balance between different types of T cells. Zn deficiency decreases the production of Th1 cytokines (IL-2, IFN-γ, and TNF-α), whereas Th2 cytokines (IL-4, IL-10) are unaffected all of which drive a Th2 predominant environment (Beck et al., 1997; Prasad, 2000). Suboptimal Zn levels also reduce the recruitment of naïve T cells and the activity of CD8+ cytotoxic T cells, which predisposes Zn deficient individuals to infection (Beck et al., 1997). Furthermore, Zn suppresses the development of Th17 cells by inhibiting IL-6-induced STAT3 activation (Kitabayashi et al., 2010). Whereas Zn can also promote IL-2-mediated T cell proliferation (Kaltenberg et al., 2010 #1) Regulatory T cells (Treg) that suppress the inflammatory response are central to immune homeostasis. Zn also regulates hyper-responsive immune reactions by increasing the Treg numbers through transforming growth factor (TGF)-β1 signaling, increased forkhead box P3 (Foxp3) expression, and inhibition of histone deacetylase Sirt-1 mediated Foxp3 degradation (Rosenkranz et al., 2016b; Maywald et al., 2017). Zn-mediated Treg polarization also helps to temper allergic responses in the setting of transplant organ rejection in both mouse and in vitro models (Campo et al., 2001; Rosenkranz et al., 2016b; Rosenkranz et al., 2017). Similarly, an experimental model for multiple sclerosis, revealed that Zn supplementation increased Treg numbers in the central nervous system with a corresponding reduction of Th17 cells that attenuated inflammation (Kitabayashi et al., 2010; Rosenkranz et al., 2016a).
Zn and Mn have also been linked to T cell receptor (TCR) signaling. Multiple signaling pathways in T cells are regulated by cytoplasmic free Zn that acts as second messengers. Zn stabilizes the TCR signaling complex by facilitating the binding of the src kinase, Lck to CD4, which initiates tyrosine phosphorylation of ZAP70 and CD3d (Kim et al., 2003). TCRs when stimulated with superantigens presented by DCs, trigger the influx of Zn, which decreases the TCR threshold to respond to suboptimal antigenic stimuli by decreasing the recruitment of SHP-1 to the TCR activation complex (Yu et al., 2011). In addition, stimulation of T cells increases the expression of the Zn transporter on the lysosomal membrane resulting in increased cytosolic Zn, inhibition of calcineurin phosphatase activity and increased IFN-γ synthesis (Aydemir et al., 2009). Mn ions are essential for CD28 phosphorylation in human peripheral T cells (Hutchcroft et al., 1996). Mn can also regulate TCR signaling via activation of calcineurin (Wu et al., 2021). In Jurkat T cells, Mn in the presence of PMA promoted the activation of AP-1, upregulation of c-Fos and c-Jun, and increased IL-2 production (Tanaka et al., 2012). Furthermore, in the setting of TCR cross-linking, Zn was involved in tyrosine phosphorylation of the TCR-associated membrane signal transduction molecules Lck, LAT, ZAP70, PLCγ1, and SLP76, all of which modulated mitogen-activated protein kinase (MAPK) signaling through the c-Jun N-terminal kinase (JNK)/cJun pathway. Interestingly, TCR signalling was not regulated by Cu/ZnSOD enzyme (Gill and Levine, 2013).
Like T cells, B cell development is dependent on Zn. Zn deficiency rapidly depletes precursor and immature B cells with relatively no change in the pro and mature B cell populations. These differences were later explained by low expression levels of bcl-2 in pro and mature B cells that prevented apoptosis (Fraker et al., 2000; Fraker and King, 2001). In contrast to acute Zn deficiency, chronic Zn deficient mice are able to maintain B cell lymphopoiesis for an extended time period possibly due to the adaptation via increased Zn absorption and reduced excretion (King et al., 2005). Furthermore, Miyai and colleagues investigated the mechanisms underlying Zn-mediated lymphopoiesis using ZIP10−/− mice, a Zn transporter that imports Zn across the plasma membrane. ZIP10−/− mice had decreased levels of intracellular Zn, increased caspase activity and apoptotic cell death in both pro and pre B cells. ZIP10−/− mice also had significant reductions in B cell populations and serum immunoglobulin (Ig) levels, demonstrating that Zn homeostasis is critical for early B cell development and survival (Miyai et al., 2014). In the same model of ZIP10−/−, it has also been shown that Zn modulates B cell function by regulating B cell antigen receptor (BCR) signal transduction (Hojyo et al., 2014). Similarly, mice with hypomorphic mutations in ZIP7, a Zn transporter that is expressed on the Golgi membrane, exhibited profound B cell immunodeficiency. B cells from ZIP7 hypomorphic mice had significantly decreased cytoplasmic free Zn, increased phosphatase activity and reduced BCR signalling (Anzilotti et al., 2019). In addition, several ZFPs including leukemia/lymphoma-related factor (LRF), B lymphocyte-induced maturation protein 1 (Blimp-1) and ZNF521 have been shown to modulate maturation of B cell lineage and humoral immune response (Solomons, 2013).
Overall, far fewer studies have been conducted with Mn and B cell development and function so its potential role(s) is much less clear. Mn does have a pro-apoptotic effect on activated tonsilar B cells, Epstein Barr virus (EBV)-negative Burkitt’s lymphoma cell lines (BL-CL) and EBV-transformed B cell lines in a caspase-dependent manner (Schrantz et al., 1999). In contrast, Zn has been shown to prevent apoptosis in B and T cells by directly inhibiting caspases 3, 6, 7, 8, and 9, with caspase 3 having a dominant role (Stennicke and Salvesen, 1997; Maret et al., 1999; Huber and Hardy, 2012). Collectively, past studies demonstrate vital roles for Mn and Zn in response to pathogens yet strikingly, each has distinct and in some cases, opposing effects on basic vital functions. More recently it has been shown that both metals enter cells through the zinc transporter ZIP8. Accordingly, we will now focus on cellular uptake as a common feature shared by both metals in order to begin to better understand how mammals orchestrate host defense.
1.4 Metal Transport in Mammals
Studies over the past two decades that involve metal ion transporters have created an ever-expanding mosaic of the coordinated action of uptake and secretion systems that achieve proper metal homeostasis for all tissues and cells in mammals. Metal transit occurs at the plasma membrane, as well as cellular organelle membranes through coordination of low and high affinity transporters that often act in concert to maintain metal balance (Hediger, 1997; Eide, 1998; Radisky and Kaplan, 1999). Metal ion homeostasis overall is governed by two evolutionary consequences. 1) Redox reactions that are fundamental life processes coupled to transition metals that are essential for the function of most proteins involved in redox reactions. This includes eukaryrotic and prokaryotic cells that ferociously compete for metal ions; and 2) essential cellular biological processes that generate toxic reagents that, when present in abnormal amounts, cause damage or dysfunction to proteins and nucleic acids. Consequently, in response to pathogen invasion, metal ion transporters provide effective tools to competitively acquire metal ions, and at the same time regulate or buffer the changing environment in favor of the host to mitigate potential damage and cell death induced by pathogen invasion.
Different transporters can generally be grouped into those that are driven by the chemical energy of ATP and those that are driven by electrochemical gradients of protons and other ions. Some of the systems include coupled transporters, one of high affinity and low capacity and the other of low affinity and high capacity (Eide, 1997). Transition and trace metals are typically grouped into two categories that include redox-active ions such as Fe2+, Cu2+, Co2+ and to a lesser extent Mn2+; and non-redox-active ions such as Ca2+ and Zn2+. The redox-active ions normally function in enzymes that directly participate in redox reactions and the conversion of active oxygen-containing components. Although Zn is redox inert, it has a propensity to interact with transcription factors and other enzymes and proteins, including metallothioneins, involved in cellular metabolism either as a catalyst, inhibitor, or binding reservoir in part because the presence of redox-active species in these spaces can lead to the promotion of radicals that result in tissue damage.
In contrast, Mn has no known interaction with transcription factors but does have direct impact on proteins involved in glycosylation. All these processes require coordination of defined amounts of specific metal ions at the right place and at the right time whether it be for day-to-day maintenance or, for example, mounting a host response against invading pathogens. Overall, the field of metal ion transporters is now in its third decade of study. Although much has been revealed relative to their collective role in human health and disease, much remains to be elucidated. For example, trace metals often share the same transporter with similar or different affinity for transit into or out of cellular compartments. Under normal conditions where metals are sufficiently available and transporters sufficiently functioning, balance is maintained. However, what happens when equilibrium is off balance due to metal deficiency or transporter dysfunction or both? Further, does either predispose the host to greater risk under these circumstances when challenged by an invading pathogen?
In this review, we will focus our attention primarily on the Zn transporter, ZIP8, that has been shown to efficiently transport Zn and Mn (as well as Fe2+, Se+2, Co+2, and Cd2+) into the cytosol of a variety of cells involved in host defense. ZIP8, is unique, relative to other family members, in that it is highly induced following pathogen recognition and required by myeloid-lineage, lymphoid, and parenchymal cells to maintain proper host defense against pathogen invasion as discussed later (Liu et al., 2013; Pyle et al., 2017a; Pyle et al., 2017b). We will also briefly touch on ZIP14, the closest homologue to ZIP8, and also a known transporter of Zn and Mn but with different expression patterns across different tissues. In addition, recent human GWAS studies have revealed that a frequently occurring ZIP8 variant allele that leads to defective intracellular metal transport (rs13107325; Ala391Thr risk allele), is strongly associated with inflammation-based disorders (Pickrell et al., 2016; Costas, 2018) and bacterial infection (Ye et al., 2014). When considering the high incidence of dietary Zn deficiency due to inadequate dietary intake and the relatively high frequency of ZIP8 variant alleles across populations, the potential impact on host defense through alteration of the innate and adaptive immune systems in vulnerable individuals becomes highly relevant and deserving of additional investigation.
1.4.1 The Role of Zinc Transporter Proteins
Zn and Mn are both required for the growth and sustenance of eukaryotic and prokaryotic cells thereby effectively creating a “tug of war” for nutrient acquisition between host and microbe. Microbes also possess a variety of metal transporters to maintain normal function, as well as potentially evade host defense mechanisms, although this will not be discussed further in this review, please see the review by Johnstone and Nolan (2015) for a description of bacterial metal transport systems. Mammalian transmembrane spanning metal ion transporters serve as the primary conduit of micronutrient biodistribution once pathogen invasion has occurred in an effort to eradicate the pathogen (Rowland and Niederweis, 2012; Stafford et al., 2013). Transporter-mediated increases in eukaryotic cytosol metal ion content lead to disruption of protein function in pathogens, (Kühn, 1999; Rowland and Niederweis, 2012), and result in nutrient deprivation of elements essential for bacterial growth and survival (Nairz et al., 2010). It has also been shown that transporters can concentrate metal content in niches within the cell where microbes congregate thereby toxifying the local environment ridding the host of pathogen. Likewise, granulocyte macrophage-colony stimulating factor (GM-CSF) was shown to induce Zn sequestration within macrophages thereby enhancing elimination of Histoplasma capsulatum (Subramanian Vignesh et al., 2013 #2).
In particular, 10 Zn export proteins (ZnT1–10) and fourteen Zn import, Zrt-Irt-like-Proteins (ZIP1–14) control Zn homeostasis in mammals (Lichten and Cousins, 2009). Collectively, these highly conserved ZnT and ZIP family transporters regulate Zn homeostasis under normal and stress-induced conditions in humans and all other mammals, including mice. The Zn transporter ZIP8 was first discovered following its induction in monocytes in response to Mycobacteria (Begum et al., 2002). Bacteria-mediated ZIP8 induction in human monocytes resulted in the production of a membrane-bound, glycosylated, 140 kDa protein, which chaperoned extracellular Zn into the cytosol (Pyle et al., 2017a). The gene that codes for ZIP8, SLC39A8, is evolutionarily highly conserved in all vertebrates. The SLC39A8 gene is ubiquitously expressed with SLC39A8 expression occurring in most cell types, including pluripotent embryonic stem cells; with ZIP8 mediating the uptake of multiple cations including Zn2+, Mn2+, as well as Fe2+, Se2+, Co2+, and the toxic metal Cd2+. The extent of constitutive versus inducible SLC39A8 expression varies across cell types and different stimuli. Early transfection studies with ZIP8 cDNA utilizing cell culture models revealed that ZIP8 expression had Km values for Mn2+ that were slightly higher than Zn2+ with both determined to be the best physiological substrate for ZIP8 compared to other divalent cations including Fe2+ and Co2+ (He et al., 2006; Wang et al., 2012). The ZIP8 protein is expressed in most if not all mammalian tissues (https://www.proteinatlas.org/ENSG00000138821-SLC39A8/tissue). Transporter and metal uptake studies revealed that the complex moves across the cell membrane as a Metal2+/(HCO−) electroneutral species that does not require ATP.
Although a crystal structure remains to be elucidated, ZIP8 is predicted to be an eight-transmembrane protein under physiological conditions that is secreted from the Golgi-ER as a heavily glycolsylated protein, which is then trafficked predominantly to the cell-surface membrane (Liu et al., 2008). In addition, ZIP8 has been shown to be located in the membrane of intracellular organelles that include, (He et al., 2006; Wang et al., 2012), the Golgi body, (Kelleher et al., 2012; Park et al., 2015), lysosome, (Aydemir et al., 2009), endoplasmic reticulum, (Choi et al., 2018), and mitochondrial membranes (Riley et al., 2017). In the case of polarized cells such as kidney and lung epithelia, ZIP8 has been shown to be predominantly expressed on the apical surface (Besecker et al., 2008).
Whether expressed on the cellular or organelle membrane, the net result is increased Zn concentrations in the cytosol. Presumably the same occurs for Mn although this has been much less studied. It bares recognition that of the 14 ZIP transporters, ZIP14 is most evolutionarily closely related to ZIP8. Both are within the LIV-1 subfamily (Taylor and Nicholson, 2003) that are distinguished by a signature sequence (HEXPHEXGD) in TM domain V that is not found in other ZIP transporters. Interestingly, both transporters possess a glutamic acid (E) at this key position, which likely confers the ability to bind/transport metal ions other than Zn (Taylor et al., 2007). Both proteins are similar in length (489 vs. 462 amino acids) and possess about 50% similarity in composition with each having at least three N-linked glycosylation sites in the N-terminal region. They possess very highly conserved TM domains IV and V which have been proposed to comprise part of an ion channel (Eng et al., 1998). Tissue distribution is remarkably different with Slc39a14 gene expression highest in liver > duodenum > kidney/brain > testis, (Girijashanker et al., 2008), whereas Slc39a8 expression is highest in kidney ≥ lung > testis (Wang et al., 2007). Using a Xenopus oocyte system to assess the metal-ion substrate profile of ZIP14, it was revealed that it is able to transport Zn2+, Mn2+, Fe2+, and Cd2+, but not Cu2+ similar to what was previously shown for ZIP8 (Pinilla-Tenas et al., 2011).
In the context of development, Slc39a8 is expressed in mouse gastrula, (Harrison et al., 1995), and visceral endoderm (Moore-Scott et al., 2007) at gestational day 7.5 and a potential factor in cell differentiation in embryonic stem (ES) cells and embryogenesis, as well as later in adult life (Zhu et al., 2007). In sharp contrast, SLC39A14 is not expressed in ES cells providing strong evolutionary evidence that SLC39A14 arose from a gene-duplication event from the earlier gene, SLC39A8 (Nebert and Liu, 2019). For the remainder of this review, we will focus primarily on ZIP8 in part, because more investigation involving Zn and Mn transport has been conducted in the context of immune function, as well as more extensive GWAS studies identifying clinically relevant polymorphic variant alleles that are associated with pathogenic traits in humans have been studied with respect to ZIP8.
1.4.2 The Role of ZIP8 in Zinc and Manganese Transport and Immune Function
Manipulation of the Slc39a8 gene in mice including Slc39a8-overexpressing, Slc39a8 (neo/neo) knockdown, and cell type-specific conditional knockout (KO) mouse lines have revealed multiple vital roles for ZIP8 in mammals. For example, the Slc39a8 (−/−) global KO mouse is embryonic lethal. Slc39a8 (neo/neo) hypomorphs die prematurely and exhibit severe anemia, dysregulated hematopoiesis, hypoplastic spleen, dysorganogenesis, stunted growth, and hypomorphic limbs. More recently, GWAS have revealed human SLC39A8-defective variants that exhibit striking similarities including defects in multiple organs, tissues, and cell-types, as well as influence the development of virtually every organ system and relevant to this review, the immune system. For a more comprehensive and up-to-date review of these traits and comorbid conditions please refer to an excellent review by Nebert and Liu (2019). Relevant to this review article, GWAS studies have revealed both Zn-mediated and Mn-mediated pathogenic traits in humans as a consequence of defective intracellular transport. More recently, a myeloid-specific Zip8 KO mouse model exhibited significantly increased morbidity and mortality in a pneumococcus model that was mediated in part by a defective Zn transport (Hall et al., 2021). Relevant to the A391T variant allele found in humans, a mouse Zip8 A393T KI model exhibits increased vulnerability to chemically induced inflammatory bowel disease (IBD) as a consequence of defective Mn transport, (Sunuwar et al., 2020), which is consistent with previous GWAS studies conducted in patients with IBD, discussed more in depth below.
Upon bacterial challenge and depending on cell type, ZIP8 translocates to plasma, endosomal and/or lysosomal membranes and transports Zn into the cytosol (Aydemir et al., 2009; Besecker et al., 2008). Zn and ZIP8 are coupled to antiapoptotic, as well as anti- and pro-inflammatory mechanisms demonstrating their critical roles in maintaining a balanced host response. One of the first examples revealed that ZIP8-mediated Zn transport into primary human lung epithelia protects against apoptosis (Besecker et al., 2008). To first reveal that Zn and ZIP8 coordinate cytoprotection to inflammatory stress, mRNA transcripts for all Zn transporters including ZIPs and ZnTs were screened following stimulation with TNFα. Of all 24 transcripts examined, only SLC39A8 mRNA was markedly induced by TNFα (Besecker et al., 2008). Increased SLC39A8 expression resulted in elevated intracellular Zn content and cell survival in response to TNFα whereas, siRNA silencing of SLC39A8 prior to cytokine treatment resulted in significantly more apoptosis.
More recently, using a novel myeloid-specific, Zip8 KO model, a vital role of ZIP8 in macrophage and dendritic cell (DC) function was revealed following pneumococcal infection in the lung (Hall et al., 2021). Administration of S. pneumoniae into the lung resulted in increased inflammation, increased tissue damage, and increased bacterial dissemination leading to increased morbidity and mortality in Zip8-KO mice compared to wild type (WT) counterparts. This was associated with increased numbers of myeloid cells, cytokine production, and cell death. In vitro analysis of macrophage and DC function revealed deficits in phagocytosis and increased cytokine production upon bacterial stimulation that was, in part, due to increased NF-κB signaling. Strikingly, alteration of myeloid cell function via lack of ZIP8 resulted in imbalance of Th17/Th2 responses, thereby also potentially impacting adaptive immune function, although more investigation is required to determine the impact on the memory response. These results for the first time reveal a vital ZIP8- and Zn-mediated axis that alters the lung myeloid cell landscape and the host response against pneumococcus. As touched on previously, other groups have revealed that related Zn transporters are essential mediators of immune function in DCs, (Kitamura et al., 2006) B-lymphocytes, (Anzilotti et al., 2019), and T-lymphocytes (Colomar-Carando et al., 2019) clearly establishing the importance of Zn homeostasis in defense against harmful pathogens. It remains unclear from these recent animal studies whether ZIP8-mediated deficits in Mn also contributed to altered immune function and worse outcomes although knowing that Mn likely influences major pathways involved in immune function including the NF-κB, cGAS-STING, and TCR signaling pathways (Wu et al., 2021).
We have previously shown that intracellular transport of Zn via ZIP8, dampens LPS-induced inflammation and pro-inflammatory cytokine production (IL-6, IL-1β, TNFα, IL-8) in monocytes and macrophages through blockade of IKK and NF-κB activity, (Liu et al., 2013) and also blocks LPS-induced IL-10 expression and release in macrophages (Pyle et al., 2017a). The NF-κB signaling pathway participates in many cellular responses to a broad array of stimuli including but not limited to cytokines, free radicals, and bacterial or viral infections. SLC39A8 gene expression is induced by the transcription factor, NFKB1; resulting in a rapid influx of Zn into monocytes and macrophages and coordination of NFKB1-mediated transcriptional activation of downstream host defense factors including cytokines and chemokines. Importantly, the new pool of cytosolic Zn brought into the cell by ZIP8 then negatively regulates pro-inflammatory responses by means of Zn-mediated downregulation of IκB kinase (IKK) activity (Liu et al., 2013). Moreover, Slc39a8 (neo/neo) fetal fibroblasts exhibited decreased Zn uptake and increased NF-κB activation. Related to Zn itself, mice fed a Zn deficient diet exhibit increased inflammation in response to polymicrobial sepsis (Knoell et al., 2009). Collectively, these findings identify a negative feedback loop involving ZIP8 that directly controls innate immune function through coordination of Zn homeostasis and NFKB1 gene transcription. In other studies, Zn supplementation in culture medium decreased nuclear localization and activity of C/EBPβ, a transcription factor that drives IL-10 expression (Pyle et al., 2017a). It was concluded that Zn regulates LPS-mediated immune activation of human macrophages in a ZIP8-dependent manner, as well as lowering IL-10 levels; these findings further indicate that Zn-mediated homeostasis in macrophages plays a pivotal role in host defense against pathogens.
Phytohemagglutinin (PHA), which causes potent mitogen-inducing activation and proliferation of lymphocytes, was used to stimulate T cells grown in culture that were isolated from human subjects who had received oral Zn supplementation (15 mg/day) and T cell activation was assessed (Aydemir et al., 2009). Compared to volunteers not receiving oral Zn, those on Zn supplementation showed higher expression of PHA-activated interferon-γ (IFNγ)—indicating that Zn potentiates T cell activation. Similarly, Zn treatment of PHA-activated T cell cultures resulted in increased IFNγ expression. When SLC39A8 mRNA was knocked down by siRNA, decreased ZIP8 levels resulted in less T cell activation; transiently transfected ZIP8 overexpression led to enhanced T cell activation. These findings indicate that, along with the role in human monocytes and macrophages, ZIP8 also participates in Zn-mediated T cell activation. Clearly, ZIP8-mediated transport of both Zn and Mn are critical to host defense with much more known regarding Zn compared to Mn. Further, there currently exists a paucity of studies centered upon ZIP8 in relation to the tandem role(s) of both metals during host defense against infection whether it be with a focus on innate or adaptive immune function. It also remains unclear whether both metals complement each other to synergize host defense or possibly, compete with each other for transport thereby negating some of their beneficial effects.
1.5 Zip8 Polymorphic Variants and Inflammation-Based Disease and Infection
As mentioned above, recent human GWAS studies have revealed that a frequently occurring ZIP8 variant allele that leads to defective intracellular metal transport (rs13107325; Ala391Thr risk allele), is strongly associated with inflammation-based disorders (Pickrell et al., 2016; Costas, 2018) and bacterial infection (Ye et al., 2014). In this section we will highlight the current literature regarding our understanding and potential role(s) of the various polymorphic variants of SLC39A8 in human disease Nebert and Liu (2019).
1.5.1 Association of the Ala391Thr Risk Allele and Clinical Disease
Following work from our group demonstrating the protective role of SLC39A8 against inflammation and cytotoxicity in human lung cells (Besecker et al., 2008), several GWAS have reported correlations between a SLC39A8 genetic variant and various clinical disorders.
To date there have been seven single nucleotide variants (SNVs) of SLC39A8 identified (Table 1) (Nebert and Liu, 2019) SLC39A8 variants include; 1) c.112G > C (p.Gly38Arg), 2) c.1019T > A (p.Ile340Asn), 3) c.97G > A (p.Val33Met), 4) c.1004G > C (p.Ser335Thr), 5) c.610G > T (p.Gly204Cys), 6) c.338G > C (p.Cys113Ser) and 7) c.1172C > T (p.Ala391Thr). The p.Ala391Thr (rs13107325) is the most well documented SNV of SLC39A8 and has been associated with alterations/disease of the cardiovascular system (HDL-Cholesterol levels, BMI, hypotension, coronary artery disease, atherosclerotic plaques, NT-proBNP levels, acute coronary syndrome, and cardiovascular death), (Speliotes et al., 2010; Teslovich et al., 2010; Waterworth et al., 2010; International Consortium For Blood Pressure Genome-Wide Association Studies et al., 2011; Willer et al., 2013; Johansson et al., 2016; Pickrell et al., 2016; Esslinger et al., 2017; Haller et al., 2018), the respiratory system (response to albuterol, and allergy), (Pickrell et al., 2016; Mak et al., 2018), the liver (inflammation and fibrosis), (Parisinos et al., 2020), and the gastrointestinal system (CD and IBD), (Li et al., 2016; Collij et al., 2019; Nakata et al., 2020), as well as with neurological disorders (Parkinson disease, schizophrenia, and cerebrovascular disease) (Carrera et al., 2012; Schizophrenia Working Group of The Psychiatric Genomics Consortium, 2014; Pickrell et al., 2016; Costas, 2018; McCoy et al., 2019). Conversely, to date the other rare SLC39A8 variants (p.Gly38Arg, p.Ile340Asn, p.Val33Met, p.Ser335Thr, p.Gly204Cys, and p.Cys113Ser) have only been reported to be associated with dysmorphogenesis and Mn-deficient hypoglycosylation (Boycott et al., 2015; Park et al., 2015; Riley et al., 2017).
TABLE 1 | Minor Allele Frequencies of SLC39A8.
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While many mechanistic steps remain to be elucidated, several important studies have begun to determine the mechanisms by which the A391T SLC39A8 variant affects health. Several mechanistic studies involved in a variety of disease states have begun to be elucidated using expression of the A391T variant in a variety of human cell lines. To examine the role of the A391T variant in cardiovascular disease, HEK293 (Human Embryonic Kidney cells) expressing either WT SLC39A8 or the A391T SLC39A8 variant were cultured with Cd (Zhang et al., 2016). Surprisingly, following co-culture with Cd the cells that overexpressed the defective variant were found to have higher intracellular Cd levels, increased Cd-induced toxicity, increased phosphorylation of mitogen-activated protein kinase-1 (MAPK1), and elevated NF-κB activation when compared to cells expressing the WT variant. These results were then duplicated in vascular endothelial cells (Zhang et al., 2016). These data suggested that altered Cd uptake in vascular endothelial cells could explain, in part, lower serum HDL-Cholesterol levels, coronary artery disease, and hypotension that is associated with the A391T variant.
Further, to investigate the role of the A391T SLC39A8 variant in celiac disease (CD), both intestinal enteroids and overexpressing SLC39A8 variant in HEK cells were employed (Melia et al., 2019). First, it was demonstrated that ZIP8 expression in intestinal enteroids was dependent on IFNγ levels, which is consistent with the observed relationship between NF-κB and ZIP8. However, over-expression of the ZIP8 A391T variant in HEK293A cells resulted in increased TNFα-induced NF-κB activation compared to WT ZIP8, which is consistent with past studies indicating that in cells expressing the A391T variant there is a marked loss of the ZIP8/Zn-mediated negative regulatory NF-κB response (cells lose the ability to stop NF-κB signaling) (Melia et al., 2019). These data suggest that in the intestinal epithelial compartment the alterations to the negative regulation of NF-κB due to the A391T variant may contribute to CD pathogenesis via augmented inflammation.
Finally, to assess the impact of the A391T SLC39A8 variant on the neuroinflammatory response the A391T variant was overexpressed in both Chinese hamster ovary (CHO) cells and primary pyramidal neurons (Tseng et al., 2021). Both CHO and primary neuronal cells expressing the A391T SLC39A8 variant exhibited reduced zinc transport into the cell. Additionally, electrophysiological recordings from perturbed neurons revealed a significant reduction in N-methyl-D-aspartate (NMDA)- and α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-mediated spontaneous excitatory postsynaptic potentials and a reduction in GRIND2A and GRIA1/A2/A3 receptor surface expression in cells with knockdown/deletion of SLC39A8. However, the phenotypes were rescued by re-expression of WT SLC39A8 or application of the membrane-impermeable Zn chelator ZX1, but not by re-expression of the A391T SLC39A8 variant (Tseng et al., 2021). Likewise, loss of ZIP8 resulted in decreased blood-brain barrier integrity, increased IL-6/IL-1β protein expression, and increased NF-κB expression following TNFα stimulation (Tseng et al., 2021). These data suggest that the A391T SLC39A8 variant is associated with decreased Zn transport into the cell culminating in altered glutamate and immune function and may explain, in part, the association of A391T SLC39A8 variant and schizophrenia.
Recently a human A391T (A393T in mice) KI mouse was developed (Nakata et al., 2020; Sunuwar et al., 2020). This model has become a critical tool in advancing our mechanistic insight regarding the role of the SLC39A8 A391T variant. Similar to observations from human GWAS studies, Zip8 393T-KI mice exhibit reduced Mn-levels in the blood (Sunuwar et al., 2020). These mice also exhibited abnormal tissue Mn homeostasis, with decreased content in liver and kidney with a reciprocal increase in biliary Mn, providing in vivo evidence of hypomorphic Zip8 function. Upon challenge in a chemically induced colitis model, male Zip8 393T-KI mice exhibited enhanced disease susceptibility. Homozygous mice expressing the variant allele had reduced triantennary plasma N-glycan species similar to a population-based cohort that possessed a genotype-specific glycophenotype hypothesized to be linked to Mn-dependent glycosyltransferase activity (Sunuwar et al., 2020). At the same time another group also developed a human A391T KI mouse model via alternative genetic methods (Nakata et al., 2020). Similarly, the SLC39A8 A391T mice exhibited Mn deficiency in the colon, which was associated with impaired intestinal barrier function and epithelial glycocalyx disruption with a corresponding increased sensitivity to epithelial injury and pathological inflammation in the colon (Nakata et al., 2020).
Taken together these data strongly support the critical role of ZIP8 in regulating inflammation via NF-κB, and that the commonly occurring SLC39A8 A391T variant results in increased NF-κB activation, due at least in part to impaired Zn-mediated, negative regulatory feedback. However, whether deficits in both Zn and Mn transport via ZIP8 enhance risk of infection and pathogenesis, or if there are additive, and synergistic effects with Zn and Mn during disease and inflammation remains to be determined.
1.5.3 Dysmorphogenic Manganese-Deficient Hypoglycosylation Risk Alleles and Mechanistic Insight
Clinically, individuals carrying the SLC39A8 Gly38Arg variant exhibit variably low levels of Mn and Zn in blood, and elevated Mn and Zn levels in urine, as well as an impairment of the Mn-dependent enzyme β-1,4-galactosyltransferase, a Golgi enzyme essential for biosynthesis of the carbohydrate portion of glycoproteins (Park et al., 2015). Importantly, high-dose Mn therapy was found to be effective in reversing impaired galactosylation, which suggests a critical role of SLC39A8 for Mn uptake and normal glycosylation (Park et al., 2015). In addition, to determine the function of SLC39A8 mutants associated with congenital disorder of glycosylation (CDG) and Leigh syndrome, cell transfection studies were performed. Specifically, HeLa cells were transfected with cDNA encoding on the following SLC39A8 variants: 1) Gly38Arg, 2) Gly38Arg + Ile340Asn, 3) Val33Met + Gly204Cys + Ser335Thr, and 4) Cys113Ser (Choi et al., 2018). HeLa cells expressing WT SLC39A8 exhibited increased Mn uptake, while all four SLC39A8 variants exhibited significantly impaired Mn uptake into the cells; however no differences in Zn, Fe, or Cu uptake were observed. In addition, all four SLC39A8 variants failed to localize to the cell surface and were retained within the endoplasmic reticulum. Cells expressing the SLC39A8 variants also exhibited decreased Mn levels in mitochondria and MnSOD activity, which was accompanied by enhanced oxidative stress (Choi et al., 2018). These data suggest that severe Mn deficiency seen in subjects with CDG and Leigh syndrome patients is at least partially explained by stunted mobilization of SLC39A8 to the cell surface and defective Mn uptake. Further studies will be required to better understand differences in Mn and Zn transport, or lack thereof, with allelic variants in the context of host defense.
1.5.4 Mechanistic Insight Gained From Zip8 Deficient Mice
Unfortunately, as previously stated, Slc39a8 (−/−) global KO mouse is embryonic lethal, and Slc39a8 (neo/neo) hypomorphs die prematurely thereby limiting the utility of these models to development studies. As an alternative, the development of several cell type-specific conditional KO mouse lines has revealed multiple vital roles for ZIP8 in mammals. For example, hepatic ZIP8 deficiency was associated with Se dysregulation, liver inflammation and fibrosis, and neoplastic changes consistent with hepatocellular carcinoma (Liu et al., 2018). Additionally, in a study evaluating the role of Zn homeostasis, Zn transporters, and Zn dependent transcription factors during osteoarthritis (OA) pathogenesis several key findings were described (Kim et al., 2014). First, SLC39A8-mediated Zn influx results in the upregulation of several matrix-degrading enzymes (MMP3, MMP9, MMP12, MMP13, and ADAMTS5) in chondrocytes (Kim et al., 2014). Interestingly, ectopic expression of Slc39a8 in mouse cartilage tissue caused OA-related destruction of cartilage; however, in chondrocyte-specific Slc39a8 (−/−) KO mice, surgically induced OA-related degradation of cartilage was suppressed, which was accompanied by lower levels of Zn influx and the matrix-degrading enzymes. In addition, metal-regulatory transcription factor-1 (Mtf1) was discovered to be essential for regulating Zn-dependent ZIP8-mediated catabolism, and genetic downregulation of Mtf1 in mice decreased OA pathogenesis (Kim et al., 2014).
1.6 Zinc Deficiency, Zip8, and Zip8 Variants and the Gastrointestinal Microbiota
Zn is also an essential trace metal for bacteria of the intestinal flora, in fact approximately 20% of the dietary intake of Zn is utilized by the intestinal microbiota (Smith et al., 1972). However, very little is known about the role of Zn (even less about Mn) regarding the maintenance and/or regulation of the composition of the intestinal microbiota. Given the increasingly important role that the intestinal microbiota plays in host health and immune homeostasis more research is needed to understand the complex interaction between dietary trace metals, the host, and the intestinal microbiota.
Several studies have evaluated the effects of both Zn-deficient diets and Zn-fortified diets in commercial-food animals and found a significant association between Zn status and the composition of the microbiome. Specifically, Zn deficiency in broiler chickens (Gallus gallus) was associated with a significant reduction in abundance of Firmicutes and an increase in Proteobacteria phyla, which were further characterized (genus levels) as a significant increase in Enterococcus, Enterobacteriaceae, and Ruminococcaceae abundance, as well as a decrease in the prevalence of Peptostreptococcaceae and Clostridiales (Reed et al., 2015). Conversely, several studies have examined the effects of Zn-fortified diets on chick microbiome diversity (Reed et al., 2018). Specifically, the abundance of Ruminococcus in chicks fed a Zn-fortified wheat diet was found to be a key genus in discriminating between Zn deficiency and Zn repletion (Reed et al., 2018). Similarly, supplementation of chicks with Zn bacitracin increased gut microbiota diversity, with a significant reduction in Lactobacillus and Eubacterium genus and an increase in the abundance of Clostridiales and Faecalibacterium (Crisol-Martínez et al., 2017). Finally, Zn hydroxychloride supplementation of broiler chickens significantly decreased total bacteria and Bacillus abundance, whereas Lactobacillus abundance was increased in parallel with cecal lactic acid production and up-regulation of intestinal tight junction proteins (indicators of intestinal health) (Nguyen et al., 2021).
Similarly, dietary exposure to coated ZnO in piglets resulted in a significant improvement in intestinal morphology and immunity, including increased villi length, elevated immunoglobulin A (IgA) levels, increased gene expression of IGF-1, occludin, zonula occludens 1, IL-10 and TGF-β1, as well as reduced gut microbiota diversity. Changes in microbiota diversity were characterized by a decrease in the relative abundance of Lactobacillus, and Clostridium and E. coli.; however, E. coli abundance was increased at lower doses and decreased at higher concentrations of coated ZnO in diets (Shen et al., 2014; Wang et al., 2019). Similar studies further demonstrate that high dietary ZnO supplementation in weaned piglets reduced the abundance of Lactobacillus genus, and especially Lactobacillus acidophilus, Lactobacillus mucosae, and Lactobacillus amylovorus. In addition, high-dose dietary ZnO supplementation to piglets was shown to significantly modulate ileal bacterial diversity and relative abundance of Lactobacillus, Escherichia, as well as other minor species. Specifically, the majority of Enterobacteriaceae were characterized by a significant Zn-induced increase in relative abundance. Additionally, bacterial species with relative abundance of >1%, Zn exposure resulted in a significant increase in Weissella cibaria, Weissella confusa, Leuconostoc citreum, and Streptococcus equinus. In contrast, the most abundant species Leuconostoc reuteri decreased from 45% to 18% in response to Zn exposure (Vahjen et al., 2011). Lastly, a significant increase in intestinal microbiota richness and relative abundance of Lachnospiraceae, with a parallel decrease in Ruminococcus flavefaciens was observed in response to coated nano ZnO supplementation (Liu et al., 2021). Interestingly, the effect of Zn on the gut microbiota in weaned piglets seems to be specific for intestinal sites. For example, ZnO nanoparticle (ZnONP) supplementation significantly reduced bacterial abundance and diversity in ileum with increases in Streptococcus and decreases in Lactobacillus numbers. In turn, cecal and colonic microflora biodiversity and abundance were increased, with a specific elevation in Lactobacillus numbers and a decrease in Oscillospira and Prevotella abundance. ZnONP-induced modulation of gut microbiome was associated with increased expression of tight junction and antioxidant proteins, as well as reduced IL-1β, TNFα, and IFNγ mRNA expression due to inhibition of NF-κB signaling, altogether resulting in lower incidence of diarrhea (Xia et al., 2017). Zn has also been shown to modulate microbial metabolite production in pigs. Specifically, ZnO supplementation significantly increased volatile fatty acids, acetate, and butyrate in the ileum. However, the increase in short-chain fatty acids (SCFAs) was dose dependent as low ZnO increased concentrations, while high ZnO concentrations lead to a decreased concentration (Pieper et al., 2012).
Surprisingly there are a limited number of studies that have described the effects of Zn deficient diets or Zn supplementation on the intestinal microbiota of laboratory rodents. One of the first studies to investigate the role of Zn and the microbiota, found that dietary Zn deficiency significantly affects gut microbiota of pregnant mice. Specifically, low dietary Zn significantly decreased the abundance of Proteobacteria and Verrucomicrobia, whereas Actinobacteria, Bacteroidetes, and Firmicutes phyla were increased. Importantly, the intake of Zn uptake inhibitors also significantly altered the composition of the gut microbiota, although the patterns were quite different. Changes in the gut microflora composition were associated with reduced claudin3 protein levels in the gastrointestinal tract, and increased hepatic LPS levels, (Sauer and Grabrucker, 2019), suggesting that Zn is required as a factor not only for gut microbiota homeostasis but for gut epithelial barrier function as well. Similarly, a recent study, which utilized a global Znt7 KO mouse model, found that Zn transport dysfunction results in altered microbiota biodiversity in a sex-specific manner (Kable et al., 2020). Specifically, Znt7+/− and Znt7−/− genotypes were characterized by increased abundance of Allobaculum and unidentified members of the family Coriobacteriaceae in females, but not males. These changes were likewise associated with distinct patterns of mucin production (upregulated in male and down-regulated in female mice), which may explain the observed differential effects on the composition of the intestinal microbiota (Kable et al., 2020). Finally, our group has recently demonstrated that myeloid-specific Zip8KO mice exhibit marked differences in the cecal microbial communities when compared to WT mice (Samuelson et al., 2022). Specifically, we found that the loss of ZIP8 expression in myeloid lineage cells resulted in significant differences in beta-diversity and specific bacterial taxa. Precisely, we found that bacteria from the genuses Desulfovibrio and Intestinimonas, as well as the families Clostridiales Family_XIII and Lachnospiraceae, were enriched in WT mice compared to Zip8KO mice. Conversely, bacteria from the genuses Muribaculum, Erysipelatoclostridium, Mucispirillum, Parasutterella, and Prevotellaceae_UCG-001, as well as from the family Ruminococcaceae were enriched in Zip8KO mice compared to WT mice (Samuelson et al., 2022). Most strikingly, upon a S. pneumoniae lung infection, mice recolonized with Zip8KO-derived microbiota exhibited an increase in weight loss, bacterial dissemination, and lung inflammation compared to mice recolonized with WT microbiota (Samuelson et al., 2022), which suggest that impaired Zn uptake not only influences the gastrointestinal microbiota, but that these changes also significantly influence host immune regulation. While most of the literature support the hypothesis that Zn deficiency or impaired Zn uptake alters the microbiome, one study did not observe any substantial alterations to the gut microbiota in mice with dietary Zn deficiency (Mayneris-Perxachs et al., 2016). Please refer to Table 2 for a review of the literature as it relates to effects of Zn and Zn-transporters on intestinal microbiota composition in mammals and birds.
TABLE 2 | Effects of ZN and Zn-transporters on the intestinal microbiota composition.
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Taken altogether, these data demonstrate that Zn status has a significant impact on gut bacteria biodiversity, in food-production animals, rodents and human subjects (Table 2). Effects of physiological and nutritional Zn doses also result in improved gut wall integrity, thus contributing to reduced translocation of bacteria and gut microbiome metabolites into the systemic circulation. However, more research is clearly needed to not only understand the effects of Zn on the gut microbiota, but to gain a complete understanding of the downstream consequences of Zn-mediated intestinal microbiota changes on host defense against harmful, commonly occurring pathogens.
1.7 Summary
Mn and Zn to some extent, share chemical similarity, so it is not surprising that they also compete for uptake into eukaryotic cells via identical transport pathways. The same holds true for divalent transition and trace metal uptake in pathogens.
Environmental factors, primarily dietary intake, influence the abundance of Mn and Zn in humans. Manganese deficiency due to insufficient dietary intake is relatively unheard of whereas Zn deficiency is common through the world, often a result of low abundance in common food sources.
More recently, alteration of the gene that codes for the Zn transporter ZIP8, has shed new light on disease pathogenesis due to deficits in Mn and Zn intracellular uptake. Clearly, patients that harbor defective ZIP8 alleles that alter metal transport have been shown to have increased incidence of inflammatory-based diseases. One of the most studied is the defective A391T hypomorphic allele and IBD which results in defective glycoslyation and subsequent insufficient intracellular Mn uptake. Similar studies in humans that possess the variant allele and explore the potential impact of insufficient intracellular Zn uptake remain to be conducted but are warranted. Clearly, Mn and Zn are essential metals that humans require to carry out normal day-to-day functions as well as prepare the host to conduct battle against harmful pathogens. Despite the essentiality of both metals very few if any studies have determined their dual impact in host defense creating a number of important questions that remain to be addressed. For example, upon infection ZIP8 is rapidly induced and translocates to the plasma and organelle membranes to raise intracellular metal content. In the setting of Mn and Zn sufficiency and infection, does ZIP8 coordinate the spatial distribution of both metals simultaneously to enhance the impact of each in an additive or synergistic manner? Or, do Mn and Zn compete for uptake and by doing so, potentially mitigate the impact of one over the other?
In addition, in humans that carry defective ZIP8 alleles, can Zn or Mn supplementation at supraphysiologic doses overcome deficits in intracellular metal composition thereby correcting immune function to eradicate infection? This is important to understand given that the biologic footprint of Mn and Zn are in many cases, distinctly different and in some instances, opposite of one another (Figure 1). For example, Zn has been shown by a variety of investigators to inhibit the NF-κB signaling pathway whereas Mn has been shown to augment signaling activity. Likewise, Zn has been shown to inhibit B-cell apoptosis and Mn has been shown to enhance B-cell apoptosis. At the cellular level, we have yet to fully characterize different upstream signals that determine where ZIP8 needs to be at the correct time and what it must do as a function of extracellular or intracellular signals to afford protection to the host. Further, it remains to be determined whether the rate of metal transport and whether ZIP8 can be instructed to distinguish preference toward individual metals in a given context in specific cell types that regulate immune function.
[image: Figure 1]FIGURE 1 | Comparison of the roles of zinc and manganese in immune-mediated host defence against infection. Zn deficiency is common worldwide and physiological Zn concentrations protect against infections by: triggering a variety of transcription factors involved in the immune response, preventing apoptosis of B cells and inhibiting the NF-κB pathway following intracellular transcript via ZIP8. In contrast Mn deficiency is rare and it helps protect against infection but different mechanisms that include acting as cofactor for glycosyltransferase enzymes essential for post translational protein glycosylation, enhancing apoptosis of B cells and activating the NF-κB pathway. Whereas each metal has contrasting and distinct functions, they both have antioxidant properties and help facilitate T cell receptor (TCR) signalling. Stars indicate the common polymorphic variants of ZIP8. Red arrows indicate inhibition, black arrows indicate activation.
Whether ZIP8 has any role in controlling the dichotomous influence of both metals is not known, let alone other transporters that are capable of mobilizing both metals. Finally, the impact of Mn and Zn transport and cellular function is much more far reaching than individual cells and tissues. Both have influence on microbial communities within the host, not limited to the gut, that determine the composition of and number of microbes as well as the chemical mediators that they produce. More recently it has been shown that alteration of metal content can have profound impact on the host and that in metal deficient states, increase vulnerability of the host to leading pathogens within the gut or other tissues such as lung. Collectively, continued advancements in this area are warranted to better understand the impact of Mn and Zn (in addition to other trace metals) on the host response to dangerous pathogens and by doing so, improve surveillance and therapeutic strategies to prevent or treat infectious diseases.
AUTHOR CONTRIBUTIONS
Conceptualization, DS and DK; resources, DS and DK; writing—original draft preparation, DS, SH, and DK; writing—review and editing, DS, SH, and DK; visualization, DS, SH, and DK.; project administration, DS, and DK; funding acquisition, DS and DK. All authors have read and agreed to the published version of the manuscript.
FUNDING
This research was funded by National Institutes of Health; the National Institute on Alcohol Abuse and Alcoholism Grants #R00-AA026336 (DS), the National Institute of Diabetes and Digestive and Kidney Diseases Grant #1R011DK131990 (DS) and the National Heart, Lung, and Blood Institute #1R01HL156952-01-A1 (DK).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
BioRender was used to generate figure one. Dr. Samuelson possesses an individual subscription, agreement number HV23RQ83CA.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.924820/full#supplementary-material
REFERENCES
 Aguirre, J. D., and Culotta, V. C. (2012). Battles with Iron: Manganese in Oxidative Stress Protection. J. Biol. Chem. 287, 13541–13548. doi:10.1074/jbc.r111.312181
 Alker, W., and Haase, H. (2018). Zinc and Sepsis. Nutrients 10, 976. doi:10.3390/nu10080976
 Anzilotti, C., Swan, D. J., Boisson, B., Deobagkar-Lele, M., Oliveira, C., Chabosseau, P., et al. (2019). An Essential Role for the Zn2+ Transporter ZIP7 in B Cell Development. Nat. Immunol. 20, 350–361. doi:10.1038/s41590-018-0295-8
 Aschner, J. L., and Aschner, M. (2005). Nutritional Aspects of Manganese Homeostasis. Mol. aspects Med. 26, 353–362. doi:10.1016/j.mam.2005.07.003
 Aydemir, T. B., Liuzzi, J. P., Mcclellan, S., and Cousins, R. J. (2009). Zinc Transporter ZIP8 (SLC39A8) and Zinc Influence IFN-γ Expression in Activated Human T Cells. J. Leukoc. Biol. 86, 337–348. doi:10.1189/jlb.1208759
 Balamtekin, N., Kurekci, A. E., Atay, A., Kalman, S., Okutan, V., Gokcay, E., et al. (2010). Plasma Levels of Trace Elements Have an Implication on Interferon Treatment of Children with Chronic Hepatitis B Infection. Biol. Trace Elem. Res. 135, 153–161. doi:10.1007/s12011-009-8507-6
 Bao, B., Prasad, A. S., Beck, F. W. J., and Godmere, M. (2003). Zinc Modulates mRNA Levels of Cytokines. Am. J. Physiology-Endocrinology Metabolism 285, E1095–E1102. doi:10.1152/ajpendo.00545.2002
 Bao, S., Liu, M.-J., Lee, B., Besecker, B., Lai, J.-P., Guttridge, D. C., et al. (2010). Zinc Modulates the Innate Immune Response In Vivo to Polymicrobial Sepsis through Regulation of NF-Κb. Am. J. Physiology-Lung Cell. Mol. Physiology 298, L744–L754. doi:10.1152/ajplung.00368.2009
 Barhoumi, R., Faske, J., Liu, X., and Tjalkens, R. B. (2004). Manganese Potentiates Lipopolysaccharide-Induced Expression of NOS2 in C6 Glioma Cells through Mitochondrial-dependent Activation of Nuclear Factor kappaB. Mol. Brain Res. 122, 167–179. doi:10.1016/j.molbrainres.2003.12.009
 Beck, F. W., Prasad, A. S., Kaplan, J., Fitzgerald, J. T., and Brewer, G. J. (1997). Changes in Cytokine Production and T Cell Subpopulations in Experimentally Induced Zinc-Deficient Humans. Am. J. Physiology-Endocrinology Metabolism 272, E1002–E1007. doi:10.1152/ajpendo.1997.272.6.e1002
 Begum, N. A., Kobayashi, M., Moriwaki, Y., Matsumoto, M., Toyoshima, K., and Seya, T. (2002). Mycobacterium Bovis BCG Cell Wall and Lipopolysaccharide Induce a Novel Gene, BIGM103, Encoding a 7-TM Protein: Identification of a New Protein Family Having Zn-Transporter and Zn-Metalloprotease Signatures. Genomics 80, 630–645. doi:10.1006/geno.2002.7000
 Besecker, B., Bao, S., Bohacova, B., Papp, A., Sadee, W., and Knoell, D. L. (2008). The Human Zinc Transporter SLC39A8 (Zip8) Is Critical in Zinc-Mediated Cytoprotection in Lung Epithelia. Am. J. Physiology-Lung Cell. Mol. Physiology 294, L1127–L1136. doi:10.1152/ajplung.00057.2008
 Black, R. E., Allen, L. H., Bhutta, Z. A., Caulfield, L. E., De Onis, M., Ezzati, M., et al. (2008). Maternal and Child Undernutrition: Global and Regional Exposures and Health Consequences. lancet 371, 243–260. doi:10.1016/s0140-6736(07)61690-0
 Black, R. E., Victora, C. G., Walker, S. P., Bhutta, Z. A., Christian, P., De Onis, M., et al. (2013). Maternal and Child Undernutrition and Overweight in Low-Income and Middle-Income Countries. lancet 382, 427–451. doi:10.1016/s0140-6736(13)60937-x
 Bolick, D. T., Kolling, G. L., Moore, J. H., De Oliveira, L. A., Tung, K., Philipson, C., et al. (2014). Zinc Deficiency Alters Host Response and Pathogen Virulence in a Mouse Model of Enteroaggregativeescherichia Coli-Induced Diarrhea. Gut microbes 5, 618–627. doi:10.4161/19490976.2014.969642
 Bonaventura, P., Benedetti, G., Albarède, F., and Miossec, P. (2015). Zinc and its Role in Immunity and Inflammation. Autoimmun. Rev. 14, 277–285. doi:10.1016/j.autrev.2014.11.008
 Boycott, K. M., Beaulieu, C. L., Kernohan, K. D., Gebril, O. H., Mhanni, A., Chudley, A. E., et al. (2015). Autosomal-Recessive Intellectual Disability with Cerebellar Atrophy Syndrome Caused by Mutation of the Manganese and Zinc Transporter Gene SLC39A8. Am. J. Hum. Genet. 97, 886–893. doi:10.1016/j.ajhg.2015.11.002
 Brieger, A., Rink, L., and Haase, H. (2013). Differential Regulation of TLR-dependent MyD88 and TRIF Signaling Pathways by Free Zinc Ions. J. I. 191, 1808–1817. doi:10.4049/jimmunol.1301261
 Brown, K. H., Wuehler, S. E., and Peerson, J. M. (2001). The Importance of Zinc in Human Nutrition and Estimation of the Global Prevalence of Zinc Deficiency. Food Nutr. Bull. 22, 113–125. doi:10.1177/156482650102200201
 Calne, D. B., Chu, N.-S., Huang, C.-C., Lu, C.-S., and Olanow, W. (1994). Manganism and Idiopathic Parkinsonism: Similarities and Differences. Neurology 44, 1583. doi:10.1212/wnl.44.9.1583
 Campo, C., Wellinghausen, N., Faber, C., Fischer, A., and Rink, L. (2001). Zinc Inhibits the Mixed Lymphocyte Culture. Biol. Trace Elem. Res. 79, 15–22. doi:10.1385/BTER:79:1:15
 Carrera, N., Arrojo, M., Sanjuán, J., Ramos-Ríos, R., Paz, E., Suárez-Rama, J. J., et al. (2012). Association Study of Nonsynonymous Single Nucleotide Polymorphisms in Schizophrenia. Biol. Psychiatry 71, 169–177. doi:10.1016/j.biopsych.2011.09.032
 Caulfield, L. E., Zavaleta, N., Shankar, A. H., and Merialdi, M. (1998). Potential Contribution of Maternal Zinc Supplementation during Pregnancy to Maternal and Child Survival. Am. J. Clin. Nutr. 68, 499S–508S. doi:10.1093/ajcn/68.2.499s
 Chang, J. Y., and Liu, L.-Z. (1999). Manganese Potentiates Nitric Oxide Production by Microglia. Mol. Brain Res. 68, 22–28. doi:10.1016/s0169-328x(99)00082-0
 Choi, E.-K., Nguyen, T.-T., Gupta, N., Iwase, S., and Seo, Y. A. (2018). Functional Analysis of SLC39A8 Mutations and Their Implications for Manganese Deficiency and Mitochondrial Disorders. Sci. Rep. 8, 3163. doi:10.1038/s41598-018-21464-0
 Collij, V., Imhann, F., Vich Vila, A., Fu, J., Dijkstra, G., Festen, E. A. M., et al. (2019). SLC39A8 Missense Variant Is Associated with Crohn's Disease but Does Not Have a Major Impact on Gut Microbiome Composition in Healthy Subjects. PLoS One 14, e0211328. doi:10.1371/journal.pone.0211328
 Colomar-Carando, N., Meseguer, A., Company-Garrido, I., Jutz, S., Herrera-Fernández, V., Olvera, A., et al. (2019). Zip6 Transporter Is an Essential Component of the Lymphocyte Activation Machinery. J. I. 202, 441–450. doi:10.4049/jimmunol.1800689
 Costas, J. (2018). The Highly Pleiotropic geneSLC39A8as an Opportunity to Gain Insight into the Molecular Pathogenesis of Schizophrenia. Am. J. Med. Genet. 177, 274–283. doi:10.1002/ajmg.b.32545
 Crisol-Martínez, E., Stanley, D., Geier, M. S., Hughes, R. J., and Moore, R. J. (2017). Understanding the Mechanisms of Zinc Bacitracin and Avilamycin on Animal Production: Linking Gut Microbiota and Growth Performance in Chickens. Appl. Microbiol. Biotechnol. 101, 4547–4559. doi:10.1007/s00253-017-8193-9
 Dierichs, L., Kloubert, V., and Rink, L. (2018). Cellular Zinc Homeostasis Modulates Polarization of THP-1-Derived Macrophages. Eur. J. Nutr. 57, 2161–2169. doi:10.1007/s00394-017-1491-2
 Dodd, C. A., and Filipov, N. M. (2011). Manganese Potentiates LPS-Induced Heme-Oxygenase 1 in Microglia but Not Dopaminergic Cells: Role in Controlling Microglial Hydrogen Peroxide and Inflammatory Cytokine Output. Neurotoxicology 32, 683–692. doi:10.1016/j.neuro.2011.09.002
 Domej, W., Krachler, M., Goessler, W., Maier, A., Irgolic, K. J., and Lang, J. K. (2000). Concentrations of Copper, Zinc, Manganese, Rubidium, and Magnesium in Thoracic Empyemata and Corresponding Sera. Bter 78, 53–66. doi:10.1385/bter:78:1-3:53
 Driessen, C., Hirv, K., Kirchner, H., and Rink, L. (1995). Zinc Regulates Cytokine Induction by Superantigens and Lipopolysaccharide. Immunology 84, 272–277.
 Dubben, S., Hönscheid, A., Winkler, K., Rink, L., and Haase, H. (2010). Cellular Zinc Homeostasis Is a Regulator in Monocyte Differentiation of HL-60 Cells by 1α,25-Dihydroxyvitamin D3. J. Leukoc. Biol. 87, 833–844. doi:10.1189/jlb.0409241
 Durrani, M., Nazli, R., Sher, N., Abubakr, M., and Ali, J. (2021). Gut Microbiome Profile in Zinc Deficient Infants Using Next Generation Sequencing. Khyber Med. Univ. J. 13, 4–9. doi:10.35845/kmuj.2021.20739
 Eide, D. J. (1998). The Molecular Biology of Metal Ion Transport in Saccharomyces cerevisiae. Annu. Rev. Nutr. 18, 441–469. doi:10.1146/annurev.nutr.18.1.441
 Eide, D. (1997). Molecular Biology of Iron and Zinc Uptake in Eukaryotes. Curr. Opin. Cell Biol. 9, 573–577. doi:10.1016/s0955-0674(97)80036-1
 Eng, B. H., Guerinot, M. L., Eide, D., and Saier, M. H. (1998). Sequence Analyses and Phylogenetic Characterization of the ZIP Family of Metal Ion Transport Proteins. J. Membr. Biol. 166, 1–7. doi:10.1007/s002329900442
 Esslinger, U., Garnier, S., Korniat, A., Proust, C., Kararigas, G., Müller-Nurasyid, M., et al. (2017). Exome-wide Association Study Reveals Novel Susceptibility Genes to Sporadic Dilated Cardiomyopathy. PLoS One 12, e0172995. doi:10.1371/journal.pone.0172995
 Filipov, N. M., Seegal, R. F., and Lawrence, D. A. (2005). Manganese Potentiates In Vitro Production of Proinflammatory Cytokines and Nitric Oxide by Microglia through a Nuclear Factor Kappa B-dependent Mechanism. Toxicol. Sci. 84, 139–148. doi:10.1093/toxsci/kfi055
 Finley, J. W., and Davis, C. D. (1999). Manganese Deficiency and Toxicity: Are High or Low Dietary Amounts of Manganese Cause for Concern?Biofactors 10, 15–24. doi:10.1002/biof.5520100102
 Fraker, P. J., King, L. E., Laakko, T., and Vollmer, T. L. (2000). The Dynamic Link between the Integrity of the Immune System and Zinc Status. J. Nutr. 130, 1399S–1406S. doi:10.1093/jn/130.5.1399s
 Fraker, P. J., and King, O. E. (2001). A Distinct Role for Apoptosis in the Changes in Lymphopoiesis and Myelopoiesis Created by Deficiencies in Zinc 1. FASEB J. 15, 2572–2578. doi:10.1096/fj.01-0430rev
 Gajula, S. S., Chelasani, V. K., Panda, A. K., Mantena, V. L. N. R., and Savaram, R. R. (2011). Effect of Supplemental Inorganic Zn and Mn and Their Interactions on the Performance of Broiler Chicken, Mineral Bioavailability, and Immune Response. Biol. Trace Elem. Res. 139, 177–187. doi:10.1007/s12011-010-8647-8
 Gammoh, N., and Rink, L. (2017). Zinc in Infection and Inflammation. Nutrients 9, 624. doi:10.3390/nu9060624
 Gibson, R. S. (2005). Principles of Nutritional Assessment. USA: Oxford University Press. 
 Gibson, R. S. (2012). Zinc Deficiency and Human Health: Etiology, Health Consequences, and Future Solutions. Plant Soil 361, 291–299. doi:10.1007/s11104-012-1209-4
 Gill, T., and Levine, A. D. (2013). Mitochondria-derived Hydrogen Peroxide Selectively Enhances T Cell Receptor-Initiated Signal Transduction. J. Biol. Chem. 288, 26246–26255. doi:10.1074/jbc.m113.476895
 Girijashanker, K., He, L., Soleimani, M., Reed, J. M., Li, H., Liu, Z., et al. (2008). Slc39a14 Gene Encodes ZIP14, a Metal/bicarbonate Symporter: Similarities to the ZIP8 Transporter. Mol. Pharmacol. 73, 1413–1423. doi:10.1124/mol.107.043588
 Gray, R. D., Duncan, A., Noble, D., Imrie, M., O'reilly, D. S. J., Innes, J. A., et al. (2010). Sputum Trace Metals Are Biomarkers of Inflammatory and Suppurative Lung Disease. Chest 137, 635–641. doi:10.1378/chest.09-1047
 Greger, J. L. (1999). Nutrition versus Toxicology of Manganese in Humans: Evaluation of Potential Biomarkers. Neurotoxicology 20, 205–212.
 Haase, H., and Rink, L. (2014). Zinc Signals and Immune Function. Biofactors 40, 27–40. doi:10.1002/biof.1114
 Hall, S. C., Smith, D. R., Dyavar, S. R., Wyatt, T. A., Samuelson, D. R., Bailey, K. L., et al. (2021). Critical Role of Zinc Transporter (ZIP8) in Myeloid Innate Immune Cell Function and the Host Response against Bacterial Pneumonia. J. I. 207, 1357–1370. doi:10.4049/jimmunol.2001395
 Haller, G., Mccall, K., Jenkitkasemwong, S., Sadler, B., Antunes, L., Nikolov, M., et al. (2018). A Missense Variant in SLC39A8 Is Associated with Severe Idiopathic Scoliosis. Nat. Commun. 9, 4171. doi:10.1038/s41467-018-06705-0
 Harrison, S. M., Dunwoodie, S. L., Arkell, R. M., Lehrach, H., and Beddington, R. S. (1995). Isolation of Novel Tissue-specific Genes from cDNA Libraries Representing the Individual Tissue Constituents of the Gastrulating Mouse Embryo. Development 121, 2479–2489. doi:10.1242/dev.121.8.2479
 Hasegawa, H., Suzuki, K., Suzuki, K., Nakaji, S., and Sugawara, K. (2000). Effects of Zinc on the Reactive Oxygen Species Generating Capacity of Human Neutrophils and on the Serum Opsonic Activityin Vitro. Luminescence 15, 321–327. doi:10.1002/1522-7243(200009/10)15:5<321::aid-bio605>3.0.co;2-o
 He, L., Girijashanker, K., Dalton, T. P., Reed, J., Li, H., Soleimani, M., et al. (2006). ZIP8, Member of the Solute-Carrier-39 (SLC39) Metal-Transporter Family: Characterization of Transporter Properties. Mol. Pharmacol. 70, 171–180. doi:10.1124/mol.106.024521
 Hediger, M. A. (1997). Membrane Permeability the Diversity of Transmembrane Transport Processes. Curr. Opin. Cell Biol. 9, 543–546. doi:10.1016/s0955-0674(97)80031-2
 Hemilä, H. (2011). Zinc Lozenges May Shorten the Duration of Colds: a Systematic Review. open Respir. Med. J. 5, 51–58.
 Higashimura, Y., Takagi, T., Naito, Y., Uchiyama, K., Mizushima, K., Tanaka, M., et al. (2020). Zinc Deficiency Activates the IL-23/Th17 axis to Aggravate Experimental Colitis in Mice. J. Crohn's Colitis 14, 856–866. doi:10.1093/ecco-jcc/jjz193
 Hojyo, S., Miyai, T., Fujishiro, H., Kawamura, M., Yasuda, T., Hijikata, A., et al. (2014). Zinc Transporter SLC39A10/ZIP10 Controls Humoral Immunity by Modulating B-Cell Receptor Signal Strength. Proc. Natl. Acad. Sci. 111, 11786–11791. doi:10.1073/pnas.1323557111
 Huang, C.-C., Chu, N.-S., Lu, C.-S., Wang, J.-D., Tsai, J.-L., Tzeng, J.-L., et al. (1989). Chronic Manganese Intoxication. Archives neurology 46, 1104–1106. doi:10.1001/archneur.1989.00520460090018
 Huber, K. L., and Hardy, J. A. (2012). Mechanism of Zinc-Mediated Inhibition of Caspase-9. Protein Sci. 21, 1056–1065. doi:10.1002/pro.2090
 Hujanen, E. S., Seppä, S. T., and Virtanen, K. (1995). Polymorphonuclear Leukocyte Chemotaxis Induced by Zinc, Copper and Nickel In Vitro. Biochimica Biophysica Acta (BBA) - General Subj. 1245, 145–152. doi:10.1016/0304-4165(95)00082-m
 Hutchcroft, J. E., Tsai, B., and Bierer, B. E. (1996). Differential Phosphorylation of the T Lymphocyte Costimulatory Receptor CD28. J. Biol. Chem. 271, 13362–13370. doi:10.1074/jbc.271.23.13362
 International Consortium For Blood Pressure Genome-Wide Association Studies, , Ehret, Gb., Munroe, Pb., Rice, Km., Bochud, M., Johnson, Ad., et al. (2011). Genetic Variants in Novel Pathways Influence Blood Pressure and Cardiovascular Disease Risk. Nature 478, 103–109. doi:10.1038/nature10405
 Johansson, Å., Eriksson, N., Lindholm, D., Varenhorst, C., James, S., Syvänen, A.-C., et al. (2016). Genome-wide Association and Mendelian Randomization Study of NT-proBNP in Patients with Acute Coronary Syndrome. Hum. Mol. Genet. 25, 1447–1456. doi:10.1093/hmg/ddw012
 Johnstone, T. C., and Nolan, E. M. (2015). Beyond Iron: Non-classical Biological Functions of Bacterial Siderophores. Dalton Trans. 44, 6320–6339. doi:10.1039/c4dt03559c
 Kable, M. E., Riazati, N., Kirschke, C. P., Zhao, J., Tepaamorndech, S., and Huang, L. (2020). The Znt7-Null Mutation Has Sex Dependent Effects on the Gut Microbiota and Goblet Cell Population in the Mouse Colon. PLoS One 15, e0239681. doi:10.1371/journal.pone.0239681
 Kaltenberg, J., Plum, L. M., Ober‐Blöbaum, J. L., Hönscheid, A., Rink, L., and Haase, H. (2010). Zinc Signals Promote IL‐2‐dependent Proliferation of T Cells. Eur. J. Immunol. 40, 1496–1503. doi:10.1002/eji.200939574
 Kehl-Fie, T. E., and Skaar, E. P. (2010). Nutritional Immunity beyond Iron: a Role for Manganese and Zinc. Curr. Opin. Chem. Biol. 14, 218–224. doi:10.1016/j.cbpa.2009.11.008
 Kelleher, S. L., Velasquez, V., Croxford, T. P., Mccormick, N. H., Lopez, V., and Macdavid, J. (2012). Mapping the Zinc-Transporting System in Mammary Cells: Molecular Analysis Reveals a Phenotype-dependent Zinc-Transporting Network during Lactation. J. Cell. Physiol. 227, 1761–1770. doi:10.1002/jcp.22900
 Kim, J.-H., Jeon, J., Shin, M., Won, Y., Lee, M., Kwak, J.-S., et al. (2014). Regulation of the Catabolic Cascade in Osteoarthritis by the Zinc-ZIP8-MTF1 axis. Cell 156, 730–743. doi:10.1016/j.cell.2014.01.007
 Kim, P. W., Sun, Z.-Y. J., Blacklow, S. C., Wagner, G., and Eck, M. J. (2003). A Zinc Clasp Structure Tethers Lck to T Cell Coreceptors CD4 and CD8. Science 301, 1725–1728. doi:10.1126/science.1085643
 King, L. E., Frentzel, J. W., Mann, J. J., and Fraker, P. J. (2005). Chronic Zinc Deficiency in Mice Disrupted T Cell Lymphopoiesis and Erythropoiesis while B Cell Lymphopoiesis and Myelopoiesis Were Maintained. J. Am. Coll. Nutr. 24, 494–502. doi:10.1080/07315724.2005.10719495
 Kitabayashi, C., Fukada, T., Kanamoto, M., Ohashi, W., Hojyo, S., Atsumi, T., et al. (2010). Zinc Suppresses Th17 Development via Inhibition of STAT3 Activation. Int. Immunol. 22, 375–386. doi:10.1093/intimm/dxq017
 Kitamura, H., Morikawa, H., Kamon, H., Iguchi, M., Hojyo, S., Fukada, T., et al. (2006). Toll-like Receptor-Mediated Regulation of Zinc Homeostasis Influences Dendritic Cell Function. Nat. Immunol. 7, 971–977. doi:10.1038/ni1373
 Knoell, D. L., Julian, M. W., Bao, S., Besecker, B., Macre, J. E., Leikauf, G. D., et al. (2009). Zinc Deficiency Increases Organ Damage and Mortality in a Murine Model of Polymicrobial Sepsis*. Crit. Care Med. 37, 1380–1388. doi:10.1097/ccm.0b013e31819cefe4
 Kühn, L. C. (1999). Iron Overload: Molecular Clues to its Cause. Trends Biochem. Sci. 24, 164–166. doi:10.1016/s0968-0004(99)01386-9
 Li, D., Achkar, J.-P., Haritunians, T., Jacobs, J. P., Hui, K. Y., D'amato, M., et al. (2016). A Pleiotropic Missense Variant in SLC39A8 Is Associated with Crohn's Disease and Human Gut Microbiome Composition. Gastroenterology 151, 724–732. doi:10.1053/j.gastro.2016.06.051
 Lichten, L. A., and Cousins, R. J. (2009). Mammalian Zinc Transporters: Nutritional and Physiologic Regulation. Annu. Rev. Nutr. 29, 153–176. doi:10.1146/annurev-nutr-033009-083312
 Liu, H., Bai, M., Xu, K., Zhou, J., Zhang, X., Yu, R., et al. (2021). Effects of Different Concentrations of Coated Nano Zinc Oxide Material on Fecal Bacterial Composition and Intestinal Barrier in Weaned Piglets. J. Sci. Food Agric. 101, 735–745. doi:10.1002/jsfa.10686
 Liu, L., Geng, X., Cai, Y., Copple, B., Yoshinaga, M., Shen, J., et al. (2018). Hepatic ZIP8 Deficiency Is Associated with Disrupted Selenium Homeostasis, Liver Pathology, and Tumor Formation. Am. J. Physiology-Gastrointestinal Liver Physiology 315, G569–G579. doi:10.1152/ajpgi.00165.2018
 Liu, M.-J., Bao, S., Gálvez-Peralta, M., Pyle, C. J., Rudawsky, A. C., Pavlovicz, R. E., et al. (2013). ZIP8 Regulates Host Defense through Zinc-Mediated Inhibition of NF-Κb. Cell Rep. 3, 386–400. doi:10.1016/j.celrep.2013.01.009
 Liu, M.-J., Bao, S., Napolitano, J. R., Burris, D. L., Yu, L., Tridandapani, S., et al. (2014). Zinc Regulates the Acute Phase Response and Serum Amyloid A Production in Response to Sepsis through JAK-STAT3 Signaling. PloS one 9, e94934. doi:10.1371/journal.pone.0094934
 Liu, Z., Li, H., Soleimani, M., Girijashanker, K., Reed, J. M., He, L., et al. (2008). Cd2+ versus Zn2+ Uptake by the ZIP8 HCO3--dependent Symporter: Kinetics, Electrogenicity and Trafficking. Biochem. Biophysical Res. Commun. 365, 814–820. doi:10.1016/j.bbrc.2007.11.067
 Lu, X., Wang, C., and Liu, B. (2015). The Role of Cu/Zn-SOD and Mn-SOD in the Immune Response to Oxidative Stress and Pathogen Challenge in the Clam Meretrix Meretrix. Fish shellfish Immunol. 42, 58–65. doi:10.1016/j.fsi.2014.10.027
 Maares, M., and Haase, H. (2016). Zinc and Immunity: An Essential Interrelation. Archives Biochem. biophysics 611, 58–65. doi:10.1016/j.abb.2016.03.022
 Mak, A. C. Y., White, M. J., Eckalbar, W. L., Szpiech, Z. A., Oh, S. S., Pino-Yanes, M., et al. (2018). Whole-Genome Sequencing of Pharmacogenetic Drug Response in Racially Diverse Children with Asthma. Am. J. Respir. Crit. Care Med. 197, 1552–1564. doi:10.1164/rccm.201712-2529oc
 Maret, W., Jacob, C., Vallee, B. L., and Fischer, E. H. (1999). Inhibitory Sites in Enzymes: Zinc Removal and Reactivation by Thionein. Proc. Natl. Acad. Sci. U.S.A. 96, 1936–1940. doi:10.1073/pnas.96.5.1936
 Maret, W., and Li, Y. (2009). Coordination Dynamics of Zinc in Proteins. Chem. Rev. 109, 4682–4707. doi:10.1021/cr800556u
 Mayneris-Perxachs, J., Bolick, D. T., Leng, J., Medlock, G. L., Kolling, G. L., Papin, J. A., et al. (2016). Protein- and Zinc-Deficient Diets Modulate the Murine Microbiome and Metabolic Phenotype. Am. J. Clin. Nutr. 104, 1253–1262. doi:10.3945/ajcn.116.131797
 Maywald, M., Meurer, S. K., Weiskirchen, R., and Rink, L. (2017). Zinc Supplementation Augments TGF-β1-dependent Regulatory T Cell Induction. Mol. Nutr. Food Res. 61, 1600493. doi:10.1002/mnfr.201600493
 McCoy, T. H., Pellegrini, A. M., and Perlis, R. H. (2019). Using Phenome-wide Association to Investigate the Function of a Schizophrenia Risk Locus at SLC39A8. Transl. Psychiatry 9, 45. doi:10.1038/s41398-019-0386-9
 Melia, J. M. P., Lin, R., Xavier, R. J., Thompson, R. B., Fu, D., Wan, F., et al. (2019). Induction of the Metal Transporter ZIP8 by Interferon Gamma in Intestinal Epithelial Cells: Potential Role of Metal Dyshomeostasis in Crohn's Disease. Biochem. Biophysical Res. Commun. 515, 325–331. doi:10.1016/j.bbrc.2019.05.137
 Miyai, T., Hojyo, S., Ikawa, T., Kawamura, M., Irié, T., Ogura, H., et al. (2014). Zinc Transporter SLC39A10/ZIP10 Facilitates Antiapoptotic Signaling during Early B-Cell Development. Proc. Natl. Acad. Sci. U.S.A. 111, 11780–11785. doi:10.1073/pnas.1323549111
 Mocchegiani, E., Romeo, J., Malavolta, M., Costarelli, L., Giacconi, R., Diaz, L.-E., et al. (2013). Zinc: Dietary Intake and Impact of Supplementation on Immune Function in Elderly. Age 35, 839–860. doi:10.1007/s11357-011-9377-3
 Mokgobu, M. I., Cholo, M. C., Anderson, R., Steel, H. C., Motheo, M. P., Hlatshwayo, T. N., et al. (2015). Oxidative Induction of Pro-inflammatory Cytokine Formation by Human Monocyte-Derived Macrophages Following Exposure to Manganesein Vitro. J. Immunotoxicol. 12, 98–103. doi:10.3109/1547691x.2014.902877
 Moore-Scott, B. A., Opoka, R., Lin, S.-C. J., Kordich, J. J., and Wells, J. M. (2007). Identification of Molecular Markers that Are Expressed in Discrete Anterior-Posterior Domains of the Endoderm from the Gastrula Stage to Mid-gestation. Dev. Dyn. 236, 1997–2003. doi:10.1002/dvdy.21204
 Nairz, M., Schroll, A., Sonnweber, T., and Weiss, G. (2010). The Struggle for Iron - a Metal at the Host-Pathogen Interface. Cell Microbiol. 12, 1691–1702. doi:10.1111/j.1462-5822.2010.01529.x
 Nakata, T., Creasey, E. A., Kadoki, M., Lin, H., Selig, M. K., Yao, J., et al. (2020). A Missense Variant in SLC39A8 Confers Risk for Crohn's Disease by Disrupting Manganese Homeostasis and Intestinal Barrier Integrity. Proc. Natl. Acad. Sci. U.S.A. 117, 28930–28938. doi:10.1073/pnas.2014742117
 Nebert, D. W., and Liu, Z. (2019). SLC39A8 Gene Encoding a Metal Ion Transporter: Discovery and Bench to Bedside. Hum. Genomics 13, 51–21. doi:10.1186/s40246-019-0233-3
 Nguyen, H. T. T., Morgan, N., Roberts, J. R., Wu, S.-B., Swick, R. A., and Toghyani, M. (2021). Zinc Hydroxychloride Supplementation Improves Tibia Bone Development and Intestinal Health of Broiler Chickens. Poult. Sci. 100, 101254. doi:10.1016/j.psj.2021.101254
 Nyström-Rosander, C., Frisk, P., Edvinsson, M., Hjelm, E., Thelin, S., Friman, G., et al. (2009). Thoracic Aortic Aneurysm Patients with Chlamydophila Pneumoniae Infection Showed a Shift in Trace Element Levels in Serum and Diseased Aortic Tissue. J. Trace Elem. Med. Biol. 23, 100–106. doi:10.1016/j.jtemb.2009.01.002
 Pan, S., Zhang, K., Ding, X., Wang, J., Peng, H., Zeng, Q., et al. (2018). Effect of High Dietary Manganese on the Immune Responses of Broilers Following Oral Salmonella typhimurium Inoculation. Biol. Trace Elem. Res. 181, 347–360. doi:10.1007/s12011-017-1060-9
 Parisinos, C. A., Wilman, H. R., Thomas, E. L., Kelly, M., Nicholls, R. C., Mcgonigle, J., et al. (2020). Genome-wide and Mendelian Randomisation Studies of Liver MRI Yield Insights into the Pathogenesis of Steatohepatitis. J. Hepatology 73, 241–251. doi:10.1016/j.jhep.2020.03.032
 Park, J. H., Hogrebe, M., Grüneberg, M., Duchesne, I., Von Der Heiden, A. L., Reunert, J., et al. (2015). SLC39A8 Deficiency: A Disorder of Manganese Transport and Glycosylation. Am. J. Hum. Genet. 97, 894–903. doi:10.1016/j.ajhg.2015.11.003
 Pickrell, J. K., Berisa, T., Liu, J. Z., Ségurel, L., Tung, J. Y., and Hinds, D. A. (2016). Detection and Interpretation of Shared Genetic Influences on 42 Human Traits. Nat. Genet. 48, 709–717. doi:10.1038/ng.3570
 Pieper, R., Vahjen, W., Neumann, K., Van Kessel, A. G., and Zentek, J. (2012). Dose-dependent Effects of Dietary Zinc Oxide on Bacterial Communities and Metabolic Profiles in the Ileum of Weaned Pigs. J. Anim. Physiol. Anim. Nutr. Berl. 96, 825–833. doi:10.1111/j.1439-0396.2011.01231.x
 Pinilla-Tenas, J. J., Sparkman, B. K., Shawki, A., Illing, A. C., Mitchell, C. J., Zhao, N., et al. (2011). Zip14 Is a Complex Broad-Scope Metal-Ion Transporter Whose Functional Properties Support Roles in the Cellular Uptake of Zinc and Nontransferrin-Bound Iron. Am. J. Physiology-Cell Physiology 301, C862–C871. doi:10.1152/ajpcell.00479.2010
 Popichak, Ka., Afzali, Mf., Kirkley, Ks., and Tjalkens, R. B. (2018). Glial-neuronal Signaling Mechanisms Underlying the Neuroinflammatory Effects of Manganese. J. Neuroinflammation 15, 324–325. doi:10.1186/s12974-018-1349-4
 Prasad, As., Miale, A., Farid, Z., Sandstead, Hh., and Schulert, A. R. (1963). Zinc Metabolism in Patients with the Syndrome of Iron Deficiency Anemia, Hepatosplenomegaly, Dwarfism, and Hypognadism. J. Lab. Clin. Med. 61, 537–549.
 Prasad, A. S. (1995). Zinc: an Overview. Nutrition 11, 93–99.
 Prasad, A. S., Bao, B., Beck, F. W. J., Kucuk, O., and Sarkar, F. H. (2004). Antioxidant Effect of Zinc in Humans. Free Radic. Biol. Med. 37, 1182–1190. doi:10.1016/j.freeradbiomed.2004.07.007
 Prasad, A. S., Bao, B., Beck, F. W. J., and Sarkar, F. H. (2011). Zinc-suppressed Inflammatory Cytokines by Induction of A20-Mediated Inhibition of Nuclear Factor-Κb. Nutrition 27, 816–823. doi:10.1016/j.nut.2010.08.010
 Prasad, A. S., Beck, F. W. J., Kaplan, J., Chandrasekar, P. H., Ortega, J., Fitzgerald, J. T., et al. (1999). Effect of Zinc Supplementation on Incidence of Infections and Hospital Admissions in Sickle Cell Disease (SCD). Am. J. Hematol. 61, 194–202. doi:10.1002/(sici)1096-8652(199907)61:3<194::aid-ajh6>3.0.co;2-c
 Prasad, A. S. (2000). Effects of Zinc Deficiency on Th1 and Th2 Cytokine Shifts. J. Infect. Dis. 182, S62–S68. doi:10.1086/315916
 Prasad, A. S. (2007). Zinc: Mechanisms of Host Defense. J. Nutr. 137, 1345–1349. doi:10.1093/jn/137.5.1345
 Pyle, Cj., Azad, Ak., Papp, Ac., Sadee, W., Knoell, Dl., and Schlesinger, L. S. (2017b). Elemental Ingredients in the Macrophage Cocktail: Role of ZIP8 in Host Response to Mycobacterium tuberculosis. Int. J. Mol. Sci. 18. doi:10.3390/ijms18112375
 Pyle, C. J., Akhter, S., Bao, S., Dodd, C. E., Schlesinger, L. S., and Knoell, D. L. (2017a). Zinc Modulates Endotoxin-Induced Human Macrophage Inflammation through ZIP8 Induction and C/EBPβ Inhibition. PLoS One 12, e0169531. doi:10.1371/journal.pone.0169531
 Radisky, D., and Kaplan, J. (1999). Regulation of Transition Metal Transport across the Yeast Plasma Membrane. J. Biol. Chem. 274, 4481–4484. doi:10.1074/jbc.274.8.4481
 Reed, S., Knez, M., Uzan, A., Stangoulis, J. C. R., Glahn, R. P., Koren, O., et al. (2018). Alterations in the Gut (Gallus gallus) Microbiota Following the Consumption of Zinc Biofortified Wheat (Triticum aestivum)-Based Diet. J. Agric. Food Chem. 66, 6291–6299. doi:10.1021/acs.jafc.8b01481
 Reed, S., Neuman, H., Moscovich, S., Glahn, R., Koren, O., and Tako, E. (2015). Chronic Zinc Deficiency Alters Chick Gut Microbiota Composition and Function. Nutrients 7, 9768–9784. doi:10.3390/nu7125497
 Riley, L. G., Cowley, M. J., Gayevskiy, V., Roscioli, T., Thorburn, D. R., Prelog, K., et al. (2017). A SLC39A8 Variant Causes Manganese Deficiency, and Glycosylation and Mitochondrial Disorders. J. Inherit. Metab. Dis. 40, 261–269. doi:10.1007/s10545-016-0010-6
 Rosenkranz, E., Hilgers, R.-D., Uciechowski, P., Petersen, A., Plümäkers, B., and Rink, L. (2017). Zinc Enhances the Number of Regulatory T Cells in Allergen-Stimulated Cells from Atopic Subjects. Eur. J. Nutr. 56, 557–567. doi:10.1007/s00394-015-1100-1
 Rosenkranz, E., Maywald, M., Hilgers, R.-D., Brieger, A., Clarner, T., Kipp, M., et al. (2016a). Induction of Regulatory T Cells in Th1-/Th17-Driven Experimental Autoimmune Encephalomyelitis by Zinc Administration. J. Nutr. Biochem. 29, 116–123. doi:10.1016/j.jnutbio.2015.11.010
 Rosenkranz, E., Metz, C. H. D., Maywald, M., Hilgers, R.-D., Weßels, I., Senff, T., et al. (2016b). Zinc Supplementation Induces Regulatory T Cells by Inhibition of Sirt-1 Deacetylase in Mixed Lymphocyte Cultures. Mol. Nutr. Food Res. 60, 661–671. doi:10.1002/mnfr.201500524
 Rowland, J. L., and Niederweis, M. (2012). Resistance Mechanisms of Mycobacterium tuberculosis against Phagosomal Copper Overload. Tuberculosis 92, 202–210. doi:10.1016/j.tube.2011.12.006
 Samuelson, Dr., Smith, Dr., Cunningham, Kc., Wyatt, Ta., Hall, Sc., Murry, Dj., et al. (2022). ZIP8-Mediated Intestinal Dysbiosis Impairs Pulmonary Host Defense against Bacterial Pneumonia. Int. J. Mol. Sci. 23. doi:10.3390/ijms23031022
 Sapkota, M., and Knoell, D. L. (2018). Essential Role of Zinc and Zinc Transporters in Myeloid Cell Function and Host Defense against Infection. J. Immunol. Res. 2018, 4315140. doi:10.1155/2018/4315140
 Sarwar, S., Ali, A., Pal, M., and Chakrabarti, P. (2017). Zinc Oxide Nanoparticles Provide Anti-cholera Activity by Disrupting the Interaction of Cholera Toxin with the Human GM1 Receptor. J. Biol. Chem. 292, 18303–18311. doi:10.1074/jbc.m117.793240
 Sauer, A. K., and Grabrucker, A. M. (2019). Zinc Deficiency during Pregnancy Leads to Altered Microbiome and Elevated Inflammatory Markers in Mice. Front. Neurosci. 13, 1295. doi:10.3389/fnins.2019.01295
 Sazawal, S., Black, R. E., Jalla, S., Mazumdar, S., Sinha, A., and Bhan, M. K. (1998). Zinc Supplementation Reduces the Incidence of Acute Lower Respiratory Infections in Infants and Preschool Children: a Double-Blind, Controlled Trial. Pediatrics 102, 1–5. doi:10.1542/peds.102.1.1
 Schizophrenia Working Group of The Psychiatric Genomics Consortium (2014). Biological Insights from 108 Schizophrenia-Associated Genetic Loci. Nature 511, 421–427. doi:10.1038/nature13595
 Schrantz, N., Blanchard, D. A., Mitenne, F., Auffredou, M.-T., Vazquez, A., and Leca, G. (1999). Manganese Induces Apoptosis of Human B Cells: Caspase-dependent Cell Death Blocked by Bcl-2. Cell Death Differ. 6, 445–453. doi:10.1038/sj.cdd.4400508
 Shen, J., Chen, Y., Wang, Z., Zhou, A., He, M., Mao, L., et al. (2014). Coated Zinc Oxide Improves Intestinal Immunity Function and Regulates Microbiota Composition in Weaned Piglets. Br. J. Nutr. 111, 2123–2134. doi:10.1017/s0007114514000300
 Simonsen, A., Lippe, R., Christoforidis, S., Gaullier, J.-M., Brech, A., Callaghan, J., et al. (1998). EEA1 Links PI(3)K Function to Rab5 Regulation of Endosome Fusion. Nature 394, 494–498. doi:10.1038/28879
 Smith, J. C., Mcdaniel, E. G., Mcbean, L. D., Doft, F. S., and Halsted, J. A. (1972). Effect of Microorganisms upon Zinc Metabolism Using Germfree and Conventional Rats. J. Nutr. 102, 711–719. doi:10.1093/jn/102.6.711
 Solomons, N. W. (2013). Update on Zinc Biology. Ann. Nutr. Metab. 62, 8–17. doi:10.1159/000348547
 Speliotes, E. K., Willer, C. J., Willer, C. J., Berndt, S. I., Monda, K. L., Thorleifsson, G., et al. (2010). Association Analyses of 249,796 Individuals Reveal 18 New Loci Associated with Body Mass Index. Nat. Genet. 42, 937–948. doi:10.1038/ng.686
 Stafford, Sl., Bokil, Nj., Achard, Me., Kapetanovic, R., Schembri, Ma., Mcewan, Ag., et al. (2013). Metal Ions in Macrophage Antimicrobial Pathways: Emerging Roles for Zinc and Copper. Biosci. Rep. 33. doi:10.1042/BSR20130014
 Stennicke, H. R., and Salvesen, G. S. (1997). Biochemical Characteristics of Caspases-3, -6, -7, and -8. J. Biol. Chem. 272, 25719–25723. doi:10.1074/jbc.272.41.25719
 Subramanian Vignesh, K., Landero Figueroa, J. A., Porollo, A., Caruso, J. A., and Deepe, G. S. (2013). Granulocyte Macrophage-Colony Stimulating Factor Induced Zn Sequestration Enhances Macrophage Superoxide and Limits Intracellular Pathogen Survival. Immunity 39, 697–710. doi:10.1016/j.immuni.2013.09.006
 Sunuwar, L., Frkatović, A., Sharapov, S., Wang, Q., Neu, Hm., Wu, X., et al. (2020). Pleiotropic ZIP8 A391T Implicates Abnormal Manganese Homeostasis in Complex Human Disease. JCI Insight 5. doi:10.1172/jci.insight.140978
 Tanaka, S., Masuda, Y., Honma, C., Hosaka, K., Takahashi, K., and Kubohara, Y. (2012). Manganese Promotes Phorbol Ester-Induced Interleukin-2 Production via AP-1 Activation in Jurkat T-Cells. Toxicol. Lett. 211, 312–318. doi:10.1016/j.toxlet.2012.04.015
 Taylor, K. M., Morgan, H. E., Smart, K., Zahari, N. M., Pumford, S., Ellis, I. O., et al. (2007). The Emerging Role of the LIV-1 Subfamily of Zinc Transporters in Breast Cancer. Mol. Med. 13, 396–406. doi:10.2119/2007-00040.taylor
 Taylor, K. M., and Nicholson, R. I. (2003). The LZT Proteins; the LIV-1 Subfamily of Zinc Transporters. Biochimica Biophysica Acta (BBA) - Biomembr. 1611, 16–30. doi:10.1016/s0005-2736(03)00048-8
 Teslovich, T. M., Musunuru, K., Smith, A. V., Edmondson, A. C., Stylianou, I. M., Koseki, M., et al. (2010). Biological, Clinical and Population Relevance of 95 Loci for Blood Lipids. Nature 466, 707–713. doi:10.1038/nature09270
 Tseng, W. C., Reinhart, V., Lanz, T. A., Weber, M. L., Pang, J., Le, K. X. V., et al. (2021). Schizophrenia-associated SLC39A8 Polymorphism Is a Loss-Of-Function Allele Altering Glutamate Receptor and Innate Immune Signaling. Transl. Psychiatry 11, 136. doi:10.1038/s41398-021-01262-5
 Vahjen, W., Pieper, R., and Zentek, J. (2011). Increased Dietary Zinc Oxide Changes the Bacterial Core and Enterobacterial Composition in the Ileum of Piglets1. J. Anim. Sci. 89, 2430–2439. doi:10.2527/jas.2010-3270
 Von Bülow, V., Dubben, S., Engelhardt, G., Hebel, S., Plümäkers, B., Heine, H., et al. (2007). Zinc-dependent Suppression of TNF-α Production Is Mediated by Protein Kinase A-Induced Inhibition of Raf-1, IκB Kinase β, and NF-Κb. J. Immunol. 179, 4180–4186. doi:10.4049/jimmunol.179.6.4180
 Von Bülow, V., Rink, L., and Haase, H. (2005). Zinc-mediated Inhibition of Cyclic Nucleotide Phosphodiesterase Activity and Expression Suppresses TNF-α and IL-1β Production in Monocytes by Elevation of Guanosine 3′, 5′-cyclic Monophosphate. J. Immunol. 175, 4697–4705. doi:10.4049/jimmunol.175.7.4697
 Wang, B., Schneider, S. N., Dragin, N., Girijashanker, K., Dalton, T. P., He, L., et al. (2007). Enhanced Cadmium-Induced Testicular Necrosis and Renal Proximal Tubule Damage Caused by Gene-Dose Increase in aSlc39a8-Transgenic Mouse Line. Am. J. Physiology-Cell Physiology 292, C1523–C1535. doi:10.1152/ajpcell.00409.2006
 Wang, C.-Y., Jenkitkasemwong, S., Duarte, S., Sparkman, B. K., Shawki, A., Mackenzie, B., et al. (2012). ZIP8 Is an Iron and Zinc Transporter Whose Cell-Surface Expression Is Up-Regulated by Cellular Iron Loading. J. Biol. Chem. 287, 34032–34043. doi:10.1074/jbc.m112.367284
 Wang, W., Van Noten, N., Degroote, J., Romeo, A., Vermeir, P., and Michiels, J. (2019). Effect of Zinc Oxide Sources and Dosages on Gut Microbiota and Integrity of Weaned Piglets. J. Anim. Physiol. Anim. Nutr. 103, 231–241. doi:10.1111/jpn.12999
 Waterworth, D. M., Ricketts, S. L., Song, K., Chen, L., Zhao, J. H., Ripatti, S., et al. (2010). Genetic Variants Influencing Circulating Lipid Levels and Risk of Coronary Artery Disease. Atvb 30, 2264–2276. doi:10.1161/atvbaha.109.201020
 Wellinghausen, N., Martin, M., and Rink, L. (1997). Zinc Inhibits Interleukin-1-dependent T Cell Stimulation. Eur. J. Immunol. 27, 2529–2535. doi:10.1002/eji.1830271010
 Wessels, I., Haase, H., Engelhardt, G., Rink, L., and Uciechowski, P. (2013). Zinc Deficiency Induces Production of the Proinflammatory Cytokines IL-1β and TNFα in Promyeloid Cells via Epigenetic and Redox-dependent Mechanisms. J. Nutr. Biochem. 24, 289–297. doi:10.1016/j.jnutbio.2012.06.007
 Wiegand, S., Zakrzewski, Ss., Eichner, M., Schulz, E., Günzel, D., Pieper, R., et al. (2017). Zinc Treatment Is Efficient against Escherichia coli α-haemolysin-induced Intestinal Leakage in Mice. Sci. Rep. 7. doi:10.1038/srep45649
 Willer, Cj., Schmidt, Em., Sengupta, S., Peloso, Gm., Gustafsson, S., Kanoni, S., et al. (2013). Discovery and Refinement of Loci Associated with Lipid Levels. Nat. Genet. 45, 1274–1283. doi:10.1038/ng.2797
 Wu, Q., Mu, Q., Xia, Z., Min, J., and Wang, F. (2021). Manganese Homeostasis at the Host-Pathogen Interface and in the Host Immune System. Seminars Cell & Dev. Biol. 115, 45–53. doi:10.1016/j.semcdb.2020.12.006
 Xia, T., Lai, W., Han, M., Han, M., Ma, X., and Zhang, L. (2017). Dietary ZnO Nanoparticles Alters Intestinal Microbiota and Inflammation Response in Weaned Piglets. Oncotarget 8, 64878–64891. doi:10.18632/oncotarget.17612
 Xie, W., Xue, Q., Niu, L., and Wong, K.-W. (2020). Zinc Transporter SLC39A7 Relieves Zinc Deficiency to Suppress Alternative Macrophage Activation and Impairment of Phagocytosis. PloS one 15, e0235776. doi:10.1371/journal.pone.0235776
 Ye, Z., Vasco, D. A., Carter, T. C., Brilliant, M. H., Schrodi, S. J., and Shukla, S. K. (2014). Genome Wide Association Study of SNP-, Gene-, and Pathway-Based Approaches to Identify Genes Influencing Susceptibility to Staphylococcus aureus Infections. Front. Genet. 5, 125. doi:10.3389/fgene.2014.00125
 Yu, M., Lee, W.-W., Tomar, D., Pryshchep, S., Czesnikiewicz-Guzik, M., Lamar, D. L., et al. (2011). Regulation of T Cell Receptor Signaling by Activation-Induced Zinc Influx. J. Exp. Med. 208, 775–785. doi:10.1084/jem.20100031
 Zelko, I. N., Mariani, T. J., and Folz, R. J. (2002). Superoxide Dismutase Multigene Family: a Comparison of the CuZn-SOD (SOD1), Mn-SOD (SOD2), and EC-SOD (SOD3) Gene Structures, Evolution, and Expression. Free Radic. Biol. Med. 33, 337–349. doi:10.1016/s0891-5849(02)00905-x
 Zhang, H., Pan, S., Zhang, K., Michiels, J., Zeng, Q., Ding, X., et al. (2020). Impact of Dietary Manganese on Intestinal Barrier and Inflammatory Response in Broilers Challenged with Salmonella typhimurium. Microorganisms 8, 757. doi:10.3390/microorganisms8050757
 Zhang, R., Witkowska, K., Afonso Guerra-Assunção, J., Ren, M., Ng, F. L., Mauro, C., et al. (2016). A Blood Pressure-Associated Variant of theSLC39A8gene Influences Cellular Cadmium Accumulation and Toxicity. Hum. Mol. Genet. 25, 4117–4126. doi:10.1093/hmg/ddw236
 Zhang, T., Zhu, X., Guo, J., Gu, A. Z., Li, D., and Chen, J. (2021). Toxicity Assessment of Nano-ZnO Exposure on the Human Intestinal Microbiome, Metabolic Functions, and Resistome Using an In Vitro Colon Simulator. Environ. Sci. Technol. 55, 6884–6896. doi:10.1021/acs.est.1c00573
 Zhu, H., Yang, H., and Owen, M. R. (2007). Combined Microarray Analysis Uncovers Self-Renewal Related Signaling in Mouse Embryonic Stem Cells. Syst. Synth. Biol. 1, 171–181. doi:10.1007/s11693-008-9015-2
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Samuelson, Haq and Knoell. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-924820-t002.jpg
Zn status Bacterial taxa (phylum, Abundance change Host species
class, family, genus, (relative
species) all taxa to control)
are classified to
the lowest taxanomic
level
Zn deficient Firmicutes Decreased Broiler Chickens
Proteobacteria Increased
Proteobacterial, Gammaproteobacteria, Enterobacterals, Enterobacteriaceae  Increased
Bacilota, Clostridia, Clostridiales Decreased
Bacillota, Clostridia, Clostridiales, Ruminococcaceae Increased
Bacilota, Clostridia, Clostridiales, Peptostreptococcaceae Decreased
Bacillota, Bacili, Lactobacilales, Enterococcaceae, Enterococcus Increased
Proteobacteria, Gammaproteobacteria, Enterobacterales, Decreased Human (children)
Enterobacteriaceae, Escherichia, col
Bacilota, Clostridia Decreased
Bacillota, Clostridia, Clostridiales, Ruminococcaceae, Subdoligranulum Decreased
Beillota, Negativicutes, Velionellales, Veilonellaceae, Veilonella Decreased
Bacillta, Negativioutes, Selenomonadales, Veilonellaceae, Megasphere Decreased
Bacilota, Bacill, Lactobacilales, Streptococcaceae, Stretococous Decreased
Bacillota, Bacill, Lactobacilales, Lactobacillaceae, Leuconostoc Decreased
Bacteroidota, Bacteroidia, Bacteroidales, Bacteroidaceae, Bacteroides Decreased
Proteobacteria Decreased Mice (pregnant)
Verrucomicrobiota Decreased
Firmicutes Decreased
Bacteroidetes Decreased
Actinobacteria Decreased
Zn Fortifed (ZnONP) Proteobacteria, Gammaproteobacteria, Enterobacterales, Increased Pigs

Enterobacteriaceae
Proteobacteria, Gammaproteobacteria, Enterobacterales,
Enterobacteriaceae, Escherichia, coli

Decreased(high dose)

Bacilota, Bacill, Lactobacilales, Lactobacilacea, Lactobacilus Decreased
Bacilota, Bacill, Lactobacilales, Lactobacilaceae, Lactobacilus, acidophilus  Decreased
Bacillota, Bacili, Lactobacilales, Lactobacilaceae, Lactobacilus, mucosae  Decreased
Bacillota, Bacill, Lactobacillales, Lactobacilaceae, Lactobacilus, amylovorus  Decreased
Bacilota, Bacili, Lactobacillales, Lactobacilaceae, Lactobacilus, reuteri Decreased
Bacilota, Bacill, Lactobacillales, Lactobacilaceae, Weissela, cibaria Increased
Bacilota, Bacili, Lactobacillles, Lactobacilaceae, Weissella, confusa Increased
Bacilota, Bacill, Lactobacillales, Lactobacilaceae, Leuconostoc, citreum  Increased
Bacillota, Bacill, Lactobacillales, Streptococcaceae, Streptococcus, equinus — Increased
Bacillota, Clostridia, Clostridiales, Clostridiaceae, Clostridium Decreased
Bacillta, Clostridia, Clostridiales, Clostridiaceae, Ruminococcus, flavefaciens  Decreased
Bacilota, Clostridia, Clostridiales, Lachnospiraceae Increased
Firmicutes Decreased Human in vitro fermentation
Bacteroidetes Increased cultures
Zn Fortifed (Zn Bacitracin) Bacillota, Clostridia, Clostridiales Increased Broiler chickens:
Bacilota, Bacill, Lactobacilales, Lactobacilacea, Lactobacilus Decreased
Bacillota, Clostridia, Clostridiales, Eubacteriaceae, Eubacterium Decreased
Bacillota, Clostridia, Clostridiales, Clostridiaceae, Faecalibacterium Increased
Zn-Fortifed (Zn Bacillota, Bacill, Lactobacilales, Lactobacillaceae, Lactobacilus Increased Broler chickens
hydroxychloride) Bacilota, Bacill,, Bacilales, Bacilaceae, Bacilus Decreased
Zp8 KO Proteobacteria, Betaproteobacteria, Burkholderiales, Sutterellaceae, Increased Mice
Parasutterella
Thermodesulfobacteriota, Desulfovibrionia, Desulfovibrionales, Decreased
Desulfovibrionaceae, Desulfovibrio
Bacillota, Clostridia, Clostridiales, Clostridiaceae, Intestinimonas Decreased
Bacillota, Clostridia, Clostridiales Family Xl Decreased
Bacillota, Clostridia, Clostridiales, Lachnospiraceae Decreased
Bacilota, Clostridia, Clostridiales, Ruminococcaceae Increased
Bacteroidetes, Bacteroidia, Bacteroidales, Muribaculaceae, Muribaculum  Increased
Bacteroidetes, Bacteroidia, Bacteroidales, Prevotellaceae_UCG-001 Increased
Firmicutes, Erysipelotrichia, Erysipelotrichales, Erysipelotrichaceae, Increased
Erysipelatociostridium
Deferribacterota, Deferribacteres, Deferrivacterales, Deferribacteracea, Increased
Mucispirillum
SLC39A8 A3OTT Bacilota, Clostridia, Clostridiales, Lachnospiraceae, Anaerostipes Decreased Humans
Bacillota, Clostidia, Clostridiales, Lachnospiraceae, Coprococcus Decreased
Bacillota, Clostridia, Clostridiales, Lachnospiraceae, Roseburia Decreased
Bacillota, Clostidia, Clostridiales, Lachnospiraceae, Lachnospira Decreased
Bacillota, Clostridia, Clostridiales, Lachnospiraceae, Dorea Decreased
Bacillota, Clostridia, Clostridiales, Clostridiaceae, SMB53 Decreased
Beclloh. Chabichs. Clistrdles. PAtiGoscoaaE e —
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Nucleotide
Variant

Ala.391.Thr

Gly.38.Arg
lle.340.Asn
Val.33.met
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Cys.113.Ser

Minor Allele Frequency

0.05 in American populations
0.08 in Northern European
populations
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Asian populations

© 0.0001255 in European populations
® Unknown frequency
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autosomal recessive models with a
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0.0001
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