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Roles of zinc and zinc 
transporters in development, 
progression, and treatment of 
inflammatory bowel disease (IBD)
S. B. Mitchell  and T. B. Aydemir *

Division of Nutritional Sciences, Cornell University, Ithaca, NY, United States

The inflammatory bowel diseases (IBD), including Crohn’s Disease and Ulcerative 
Colitis, are chronic, incurable disorders of the gastrointestinal tract. These multifactorial 
diseases pose an enormous burden on patients, clinicians, and public health 
systems worldwide. Zinc (Zn) is an essential micronutrient that is required for a wide 
variety of functions critical to maintaining gastrointestinal health. Zn homeostasis 
is facilitated by the SLC39/ZIP and SLC30/ZnT families of solute carrier proteins, 
which collectively distribute Zn with subcellular specificity. Disruptions in Zn 
homeostasis can have substantial impacts on health, as recent years have seen Zn 
transporters become increasingly recognized for their importance in health and 
disease. Although dietary Zn deficiency is rare in the United States, Zn deficiency is 
common among IBD patients. Disruptions in Zn homeostasis have also been shown 
to play a role in the progression of IBD. Despite these links, Zn supplementation 
trials in IBD have shown inconsistent results. This review focuses on the role of 
Zn and Zn transporters in the development, progression, and treatment of IBD, 
as well as discussing the challenges and potentially promising future of the study 
of Zn and Zn transporters in precision health.
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1 Introduction

Zinc (Zn) is an essential micronutrient required by all forms of life for survival. The 
cellular and molecular roles of Zn are diverse, including structural roles in proteins, acting as 
a cofactor in enzymes, catalytic activity, regulation of gene expression, and participation in cell 
signaling pathways. Zn, the gastrointestinal tract, and human health are deeply interconnected. 
As the primary site of absorption of dietary Zn, the small intestine provides Zn for all cells in 
the body. In turn, Zn is required for processes essential to maintaining the health of the 
gastrointestinal tissues, including the maintenance of epithelial barrier integrity, cellular 
growth and proliferation, and the production of the mucus layer.

Systemic and local Zn homeostasis is controlled by the SLC39A/ZIP and SLC30A/ZnT 
families of transporters. Together, these transporters facilitate Zn trafficking with tissue-, 
cellular-, and subcellular-specificity. Abnormalities or disruptions in Zn homeostasis can, 
therefore, pose great risks to human health. Indeed, recent years have seen Zn transporters 
become recognized for their importance in health and disease, having been implicated in chronic 
diseases, including inflammatory bowel disease (IBD). As a multifactorial, incurable disease, the 
exact causes of IBD remain unknown and vary between individuals but are thought to include 
an individual’s genetic susceptibility, environmental factors such as diet, gut microbiome, and 
host immune responses. Despite the heterogeneous nature of IBD, Zn is known to be involved 
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in each of these hallmarks of disease. Zn is involved in the regulation of 
host gene expression, and individual expression of genes related to Zn 
homeostasis, including Zn transporters, has been implicated in 
IBD. Furthermore, zinc is essential for modulating immune responses 
and regulating gut microbial composition.

This review examines the role of Zn and Zn transporters in the 
context of IBD. First, we discuss Zn, Zn deficiency, and Zn transporters 
in the context of health and disease. We then explore the interplay 
between Zn and IBD, including epidemiological studies, clinical 
interventions, and studies in cellular and animal models. Finally, 
we discuss remaining challenges and emerging opportunities for further 
research. Collectively, we aim to provide a current understanding of the 
role of Zn and Zn transport in IBD, highlighting the importance of 
these studies as we aspire toward potential applications in precision 
nutrition and medicine to meet modern health needs.

1.1 Zinc

Zn is an essential micronutrient and trace element required for all 
forms of life. Zn is required for a wide variety of cell processes, 
including structural and catalytic roles in proteins, gene regulation, 
and signaling processes. As a catalytic cofactor, zinc is involved in all 
six enzyme classes (oxidoreductases, transferases, hydrolases, lyases, 
isomerases, and ligases), either directly driving bond-making and 
bond-breaking reactions at the active site (catalytic zinc) or enhancing 
enzymatic activity in multi-metal systems, where zinc collaborates 
with other metal ions positioned in close proximity, one serving a 
catalytic role while others modulate activity (cocatalytic zinc) (1–5). 
Structurally, zinc stabilizes the tertiary and quaternary architectures 
of proteins, including zinc-finger domains in transcription factors, 
and facilitates protein–protein, protein-DNA/RNA, and protein-lipid 
interactions (6–9). Zinc also modulates gene expression by binding to 
metal-response element-binding transcription factor-1 (MTF-1), 
which activates or represses specific target genes in response to zinc 
availability (10–12). Additionally, zinc functions as a signaling 
molecule, acting as a first or second messenger to regulate diverse 
signaling pathways, including NFκB activation, apoptosis, and 
ion-channel activity (13–16). These multifaceted roles enable zinc to 
integrate enzymatic function, structural integrity, and signaling 
dynamics across numerous physiological processes.

Despite the essentiality of Zn and its diverse roles in cells and 
tissues, Zn was not recognized as important for human nutrition until 
relatively recently. As late as the 1960s, there was a belief that Zn 
deficiency could not exist in humans due to the fact that Zn is nearly 
universally present in human foods. This began to change in 1961 with 
the observation that the administration of a hospital diet reversed 
stunted growth and hypogonadism in a series of case studies of Iranian 
teenage boys and young men with a history of geophagia and poor-
quality diets (17). Today, it is recognized that approximately 17% of 
the world’s population, over 1 billion people, are at risk of inadequate 
Zn intake (18). Despite now more than 60 years of research focusing 
on Zn in human health and nutrition, many mechanisms of action of 
Zn remain unclear due to the widespread and interconnected roles of 

Zn in cells and tissues. This makes the study of Zn and its transport in 
modern health and disease both greatly important and exciting.

Zn is the second most abundant trace element in humans, behind 
iron (Fe). In total, there is between 1.5 – 2.5 g of Zn in an average 
person, with approximately 57% in residing in skeletal muscle, 29% in 
bone, 6% in skin, 5% in liver, and only 0.1% in blood plasma (19, 20). 
These, of course, are estimations; however, the disparity in Zn content 
between different tissues is useful for highlighting several important 
aspects of Zn physiology. First, the low proportion of body Zn found 
in circulation has implications for assessing body Zn status, which is 
primarily determined by measuring plasma or serum Zn. This means 
that measurements of Zn status may not reflect Zn status in tissues of 
interest. Second, these disparities indicate that small changes in tissue 
Zn content in muscle or liver tissue can have a significant impact on 
circulating Zn status. Nearly all body Zn is intracellular, with about 
50% of that in the cytoplasm, 40% in the nucleus, and 10% in cellular 
and organelle membranes (20). Total cellular Zn concentrations vary 
but are thought to be approximately 250 μM (21, 22). The specific and 
disparate distribution of Zn at the tissue and intracellular level is itself 
evidence that Zn homeostasis in humans is tightly controlled. 
Furthermore, it highlights how changes in Zn distribution, induced 
by diet or disease, can have significant impacts on health.

Zn deficiency can be dietary or acquired. Zn deficiency can result 
in growth stunting, affecting the skin, gastrointestinal tissues, the 
immune system, the skeletal system, and the reproductive systems 
most severely (20). For adults, the Recommended Dietary Allowance 
is 11 mg/day for men and 8 mg/day for women (20, 23). Dietary Zn 
deficiency is most common in countries in South and Southeast Asia, 
Sub-Saharan Africa, and Central America, based on Zn availability in 
their national food supplies (18). Symptoms include stunted growth, 
wasting, impaired immunity, and impaired sexual maturation (18, 20, 
23). Outright dietary Zn deficiency is rare in the United States, with 
vegetarians and women who are pregnant or lactating at the greatest 
risk for dietary inadequacy due to bioavailability and increased 
requirements, respectively (24, 25). Zn bioavailability can 
be influenced by presence of Zn chelators in foods. This most notably 
occurs via phytic acid, or phytates, found in seeds, grains, cereals, and 
legumes, which is known to bind dietary Zn, rendering it unavailable 
for dietary absorption. In fact, the phytate/zinc molar ratio is used by 
global health organizations to assess the quality of Zn bioavailability 
in foods (26, 27). Conversely, other naturally occurring Zn chelators 
such as carnosine can improve Zn availability and may be useful for 
treatment of gastrointestinal disorders such as H. pylori infection and 
associated ulceration (28).

Acquired Zn deficiency includes deficiency resulting from 
disease, most notably acrodermatitis enteropathica, a fatal skin 
disease caused by a mutation in ZIP4 resulting in Zn malabsorption 
(29, 30). Additionally, Zn deficiency can be  induced by 
inflammatory diseases such as diabetes and infections. Diabetes in 
particular is a powerful example of modern diseases altering Zn 
homeostasis, resulting in deficiency. In patients with diabetes, 
urinary excretion of Zn is increased, resulting in a circulating Zn 
deficiency (31, 32). This is of great concern, as Zn is essential for 
insulin production and secretion (8, 33). Indeed, oral 
supplementation with Zn has beneficial effects on glycemic control 
and lipid parameters in patients with diabetes (34). This illustrates 
how disease-induced alterations in Zn homeostasis can, in turn, 
negatively impact disease outcomes, forming a self-perpetuating 

Abbreviations: Zn, Zinc; ZIP, Zrt-Irt-Like Proteins; ZNT, Zinc Transporter; MT, 

Metallothionein; ER, Endoplasmic Reticulum.
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cycle of disease-Zn interactions. As chronic inflammatory and 
metabolic disorders are among the defining health challenges of our 
time, clearly defining the interactions between disease and Zn 
homeostasis is essential for optimized treatment and management 
of these diseases.

Excessive amounts of Zn can be toxic to cells in in vitro settings; 
however, in practice, dietary Zn toxicity is not a significant concern in 
humans. Cases of toxicity can occur following prolonged high-dose 
supplementation or occupational exposure, such as in industrial 
settings, which primarily manifests as a copper deficiency (20, 35). In 
rare cases, allergy to Zn has been observed in individuals, particularly 
in association with insulin. In some individuals who experienced an 
allergic response to insulin injections, Zn-free insulin did not induce 
an allergic response (36, 37).

Assessment of Zn in humans continues to be a challenge. Zn 
deficiency can go undetected as there is no specific biomarker for Zn 
that reliably and sensitively indicates an individual’s Zn status (38). 
The most commonly used indicators for Zn status are plasma or 
serum Zn concentrations (PZC) (39). These assessments are useful for 
detecting moderate to severe dietary deficiency and responses to 
supplementation. PZC is also associated with clinical signs of 
deficiency, such as growth (39). However, there are major limitations 
to PSCs as indicators of Zn status, especially when trying to evaluate 
Zn status in chronic disease. In the presence of inflammation, PZCs 
are reduced, potentially resulting in an incorrect assessment of Zn 
deficiency (40, 41). To this end, efforts such as those by the Biomarkers 
Reflecting Inflammation and Nutritional Determinants of Anemia 
(BRINDA) project have been made to adjust or correct PZCs for 
inflammation based on correlations with C-reactive protein or α
-1-acid glycoprotein. However, these adjustments were not found to 
be necessary (41). Circulating Zn levels also fluctuate around recent 
intake due to lack of storage. PZCs can be  further impacted by a 
variety of factors, including practical considerations such as the 
hemolysis of collected samples, as well as factors like the time of day 
of sample collection and the timing since the last meal. Additionally, 
circulating Zn concentrations may not accurately reflect local tissue 
Zn status in areas of interest due to the small proportion of body Zn 
in circulation. This presents a challenge in accurately determining 
which individuals are most likely to benefit from Zn-based therapies. 
Recent efforts to improve the assessment of Zn status have taken a 
multiparameter approach. The Biomarkers of Nutrition for 
Development (BOND) project recommends estimating the Zn status 
of populations by considering three indicators: the prevalence of Zn 
intakes below the estimated average requirement, the percentage of 
the population with low PZCs, and the percentage of children aged 
years and younger who are stunted (39). For the assessment of 
individuals, a three-parameter formula has been proposed as a Zn 
status index (ZSI). The formula consists of the mRNA gene expression 
of Zn-related proteins, fecal microbiome profiling, and the linoleic 
acid:dihomo-γ-linolenic acid (LA: DGLA) ratio, for which Zn is 
essential for the enzymatic conversion of LA to DGLA by ∆ 6 
desaturase (42). These assessments could then be used to estimate the 
probability of Zn adequacy, allowing for the classification of Zn status 
ranging from severely deficient to adequate. Ultimately, there remains 
no ‘gold-standard’ marker for Zn status and more research is required 
to clearly define the biological roles of Zn, particularly in the context 
of disease. Improved understanding of the interactions between Zn 
homeostasis and chronic disease as well as more accurate measurement 

of Zn status in individuals is essential for precision health and 
nutrition approaches.

1.2 Zn transport

Zn status is tightly regulated by two families of transport proteins, 
the ZnT/SLC30 and ZIP/SLC39 families of solute carrier proteins. The 
ZIP/SLC39 family comprises 14 members (ZIP1-14) and functions to 
transport Zn into the cytosol of cells, either by uptake from outside the 
cell or by releasing Zn from organelles. Conversely, the ZnT/SLC30 
family comprises 10 members (ZnT1-10) that transport Zn out of the 
cytosol and into organelles or export Zn out of the cell (43, 44). Together, 
these 24 transporters traffic Zn to cellular and subcellular specificity, 
facilitating the targeted functions of Zn. These transporters are diverse 
in their localization, function, and regulation. These transporters only 
began to be characterized in mammals near exactly 30 years ago. In 1995, 
Palmiter and Findley characterized ZnT-1 by cloning rat cDNAs that 
conferred Zn resistance to baby hamster kidney cells (45). The 
proceeding 30 years to date have seen the study of specific Zn 
transporters in human disease become of great interest. Two examples 
are ZIP4 and ZnT8. In humans, ZnT8 is primarily found in pancreatic 
beta cells, where it transports zinc required for the incorporation into 
insulin granules (8, 46–48). Indeed, ZnT8 has been identified in genome-
wide association studies as a risk locus for type 2 diabetes (49, 50). 
Perhaps the classic example of Zn transporters in human disease is the 
aforementioned acrodermatitis enteropathica, a fatal skin disease that 
predates knowledge of Zn in human nutrition (29). It has since been 
found to be caused by a mutation in ZIP4, which is localized to the apical 
membrane of enterocytes and is primarily responsible for the absorption 
of dietary Zn (30). This provides an extreme but useful example of the 
essentiality not just of Zn, but of the specific transport proteins that 
facilitate its movement to target tissues and cells.

Zn transport and homeostasis begin with the absorption of 
dietary Zn by the small intestine (Figure 1). Though it is absorbed 
throughout the entire small intestine, the jejunum displays the highest 
rate of Zn absorption (44, 51). ZIP4 is expressed abundantly 
throughout the small intestine and is considered the primary 
transporter responsible for the absorption of dietary Zn (44). 
Following absorption into enterocytes, the transporter ZnT1 moves 
Zn into circulation (20, 52). This movement of Zn from the lumen 
into circulation has been the subject of most research on Zn transport. 
However, transport of Zn in the opposite direction does occur. Zn is 
excreted primarily through the feces. That is, endogenous Zn is 
transported from circulation back across the gut epithelium and into 
the lumen (20, 53). Secretion of Zn from the pancreas and 
transepithelial Zn transport are the two main routes of movement of 
endogenous Zn into the lumen. Transepithelial Zn transport in the 
serosal-to-mucosal direction is thought to be primarily mediated by 
ZnT5, ZnT10, ZIP5, and ZIP14. On the basolateral membrane, ZIP5 
and ZIP14 transport Zn from the circulation into epithelial cells (44, 
54). ZnT5 and ZnT10 release Zn from epithelial cells into the gut 
lumen (55–57). ZnT5B, a variant of ZnT5, has been shown to mediate 
bidirectional Zn transport in human intestinal Caco-2 cells (57). The 
transepithelial route of Zn transport is becoming increasingly 
recognized as critical for maintaining systemic and gastrointestinal Zn 
homeostasis. Therefore, the study of Zn transporters that are localized 
to the basolateral membrane of intestinal epithelial cells and their 
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associated transport of Zn is of great interest, particularly in the 
context of disease.

One such transporter is SLC39A14/ZIP14, which is one of the 
most well-characterized ZIP transporters, with known roles in the 
liver, adipose tissue brain, bone, and intestinal tissues (54). The 
roles of ZIP14, specifically in the intestine, will be discussed later 
on. In addition to Zn, ZIP14 can transport nontransferrin-bound 
Fe, manganese (Mn), and cadmium (58, 59). Though at 
physiological concentrations, the preferred substrate of ZIP14 
transport is Zn (60). It is thought to be localized on the plasma 
membrane of cells (59, 61–63). ZIP14 is expressed in many 
mammalian tissues throughout the body, with the greatest 
abundance in the small intestine, liver, heart, and pancreas (16, 
59, 62). It is not thought to be regulated by Zn levels or dietary Zn 
intake but rather by proinflammatory cytokines. In the liver, 
ZIP14 was found to be induced specifically by IL-6 and IL-1β (54, 
62, 64) This sensitivity to inflammatory conditions is a notable 
feature of ZIP14 among other Zn transporters, making it a prime 
candidate for the study of Zn homeostasis in modern chronic 
inflammatory diseases (54, 65).

1.3 Inflammatory bowel disease

The inflammatory bowel diseases are ulcerative colitis and Crohn’s 
disease, which are chronic, uncurable inflammatory diseases involving 

the gastrointestinal tissues. These diseases differ in their localization 
and presentation, with Crohn’s disease occurring in discontinuous or 
patchy patterns anywhere from the oral cavity to the anus, 
affectionately referred to as the “gum to bum” pattern. Ulcerative 
colitis is continuous in its presentation and is localized to the large 
bowel or colon. Crohn’s disease causes transmural inflammation, 
while ulcerative colitis is restricted to the mucosa and submucosa (66).

Patients suffering from IBD experience repeating cycles of 
inflammation of the gastrointestinal tract. Rectal bleeding occurs in 
more than 90% of patients with ulcerative colitis (67). Abdominal 
pain, bloody feces, and diarrhea, both increases and decreases in 
bowel movement frequency, fecal incontinence and mucus discharges 
are among the most common symptoms of ulcerative colitis. Both 
ulcerative colitis and Crohn’s disease can present with extraintestinal 
manifestations, which may even precede symptoms in the 
gastrointestinal tissues. The most common of these include peripheral 
arthritis, skin diseases, and renal and pulmonary manifestations 
(67, 68).

The specific causes of IBD are unclear and likely to vary greatly 
between individuals. However, it has become clear in recent years that 
a key component of disease development is a loss of tolerance to 
commensal microbiota, resulting in a dysregulated immune response 
(66, 69). This includes many factors, such as genetic susceptibility, 
environmental and dietary considerations, and host–microbe 
interactions (69–72). A loss of barrier integrity is a hallmark of 
IBD. The disruption of the intestinal barrier, resulting in increased gut 
permeability, is a predictor of disease onset and relapse (73–75). The 
link between gut permeability and IBD extends beyond the individual, 
as even first-degree relatives of Crohn’s disease patients have been 
found to have increased intestinal permeability (76).

The diverse presentations and experiences of IBD from individual 
to individual have made treatment and management of the disease 
difficult for both patients and clinicians. Upon diagnosis, patients are 
sorted into Crohn’s disease and ulcerative colitis based on clinical 
observations described previously. This results in groups of patients 
with likely very different drivers of the disease being classified in the 
same way. Accordingly, there has been an effort to identify 
personalized care for IBD patients (77). Genome-wide association 
studies have identified hundreds of risk loci associated with IBD, but 
the mechanistic contributions of these loci remain largely unknown 
(77, 78). In addition to host genetics, changes in the microbiome, both 
in its composition and functional capacity, have been linked to 
IBD. Although the body of knowledge regarding the likely mechanisms 
of disease development has greatly improved in recent years, there has 
been limited success in new therapeutic development or measurable 
differences in prognosis. Ultimately, the numerous factors that 
contribute to IBD and the immense individual variability in disease 
onset and presentation necessitate research that accounts for both host 
genetics and microbial contributions, as well as the interactions 
between them, to develop more effective therapeutic approaches.

As a low-mortality and incurable disease, IBD continues to place 
an increasing burden on patients and healthcare systems globally. IBD 
has traditionally been more prevalent in Western and developed 
countries but is now increasing more rapidly in developing countries. 
Globally, there are estimated to be between 5 and 7 million cases of 
IBD (79, 80). Given that the most common age of onset for IBD is in 
the second and third decades of life, patients often experience IBD for 
the majority of their life. Collectively, this places an enormous burden 

FIGURE 1

General depiction of an intestinal epithelial cell with the localization 
of known Zn transporters. ZIP, Zrt-Irt-Like Proteins; ZNT, Zinc 
Transporter; MT, Metallothionein; Zn, Zinc; M, Membrane; ER, 
Endoplasmic Reticulum.
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of treatment and management on patients, healthcare providers, and 
healthcare systems.

Arguably, the most important point of contact between the human 
host and the external environment is the gut epithelium. This barrier 
is responsible for both the absorption of dietary nutrients and the 
prevention of the passage of microbes and antigens. Achieving this 
requires a well-coordinated symphony of tight junctions, the secretion 
of mucus and antimicrobial peptides, and immune regulation. When 
inflammatory responses at the intestinal barrier become dysregulated, 
disease can occur. An underactive or defective inflammatory response 
can lead to infections caused by harmful pathogens, while an 
overactive or uncontrolled inflammatory response can lead to diseases 
such as IBD. Disruption of the barrier allows pathogens and other 
antigens to cross into the bowel wall, leading to an immune response. 
During and between periods of inflammation in IBD, the intestinal 
barrier must undergo a healing process in order to restore normal 
function and achieve remission. Healing, or regeneration, of the 
barrier involves re-establishing the integrity of the barrier so that 
antigens can no longer cross (81, 82). Indeed, mucosal healing has 
been a critical goal of IBD therapeutics (83). Achieving this goal is 
associated with improved prognosis in both ulcerative colitis and 
Crohn’s disease (84).

There have been numerous dietary factors and specific foods that 
have been associated with increased progression or incidence of 
IBD. These include meat intake, sugar intake, consumption of ultra-
processed foods, dietary fat intake, and Western dietary patterns 
(85–89). Likewise, many dietary factors have been linked to a reduced 
risk of disease development, including Mediterranean diets, fruit and 
vegetable intake, and dietary fiber intake (90–92).

As a chronic disease impacting the gastrointestinal tract, it is not 
surprising that nutrient deficiencies commonly occur alongside 
IBD. In some of the earliest descriptions of illnesses that would 
eventually become known as IBDs, emaciation, and wasting were 
significant clinical observations (93). In fact, the original description 
of “regional ileitis” by Crohn, Ginzburg, and Oppenheimer in 1932 
states, “The disease is clinically featured by symptoms that resemble 
those of ulcerative colitis, namely, fever, diarrhea, and emaciation” 
(94) It is now understood that factors, including reduced food intake, 
malabsorption, and increased nutrient requirements, contribute to the 
development of malnutrition and nutrient deficiencies in IBD (95, 96) 
Up to 85% of patients experience some form of malnutrition, with 
both macronutrient and micronutrient being common. The most 
common micronutrient deficiencies include Fe, vitamin B12, vitamin 
D, and Zn (95, 96).

1.4 Zn and IBD

Associations between Zn and IBD are plentiful. Although dietary 
Zn deficiency is rare in the United States, up to 50% of IBD patients 
may be Zn deficient (95, 97, 98). Further, Zn status and dietary Zn 
intake are inversely associated with both the risk for disease 
development and the severity of symptoms and complications (99–
101). Zn deficiency has been associated with an increased risk of 
hospitalizations, surgeries, and other complications (101). A deficiency 
of Zn in IBD could arise from multiple factors, most notably dietary 
deficiency, which may result from dietary insufficiency, malabsorption 
due to other dietary factors (e.g., phytates), or genetic malabsorption. 

Additionally, deficiency could arise from disease-induced 
(non-dietary) conditions such as damaged absorptive tissues. 
However, it remains unclear whether Zn deficiency is a symptom or 
driver of disease development.

Aside from epidemiological studies showing associations between 
Zn intake and status and IBD, there have been attempts to utilize Zn 
supplementation in the treatment and management of IBD. These 
have yielded mixed results, with some studies showing improvements 
in disease activity while others have shown no significant results 
(Table 1). In a small cohort of Crohn’s disease patients who had been 
in remission for at least 3 months, high-dose oral Zn sulfate 
supplementation for 8 weeks reduced intestinal permeability (102). In 
a different study, IBD patients with Zn deficiency were given oral 
supplementation of 25-150 mg/day Zn acetate hydrate. In patients 
with Crohn’s disease, both Zn deficiency and the Crohn’s disease 
activity index improved after 4 and 20 weeks. However, patients with 
ulcerative colitis did not consistently improve their Zn levels or disease 
activity, as measured by the partial Mayo score, after 4 or 20 weeks of 
supplementation (103). Patients with ulcerative colitis who received 
nutritional guidance promoting a Zinc-Rich diet showed 
improvements in disease activity scores after 24 weeks compared to 
those who did not receive guidance (104). Administration of Zn 
carnosine by enema showed significant improvement in endoscopic 
scores and induction of remission (105). Patients with ulcerative 
colitis and Zn deficiency were supplemented with 30 mg/day of Zn 
gluconate for 60 days. Plasma Zn levels increased, but the intervention 
failed to induce activity of superoxide dismutase in red blood cells 
(106). Ulcerative colitis patients given 35 mg/day Zn gluconate for 
30 days displayed increased circulating Zn but did not show changes 
in circulating concentrations of TNF-α, IL-6, or IL-10 (107). A similar 
study where ulcerative colitis patients with low circulating Zn received 
35 mg/day Zn gluconate for 60 days showed increases in circulating 
Zn and reductions in IL-2 and IL-10, but no significant changes in 
IL-4, IL-6, IL-17, TNF-α, or IFN-γ (108). Ultimately, Zn interventions 
in IBD can effectively increase circulating Zn levels; however, 
improvements in markers of inflammation, histopathology scores, or 
disease activity scores do not consistently accompany this increase. 
These discrepancies may be due to differences in treatment dose and 
duration, route of administration, different forms of Zn provided, 
current disease state of the participants, and differing individual 
factors between patients. This also highlights that assessment of 
circulating Zn levels may not be  reflective of disease state or 
severity in IBD.

Of the IBDs, Zn deficiency has been most well-established in 
Crohn’s disease, having been documented since at least 1980. This is 
thought to be primarily caused by reduced absorption of dietary Zn, 
even when the tissue appears normal or even in remission (109–112). 
Comparatively, Zn deficiency is less common in ulcerative colitis. As 
ulcerative colitis does not present in the small intestine, the primary 
site of Zn absorption, the complications with Zn absorption often 
found in Crohn’s disease are typically not a concern in ulcerative 
colitis. If systemic Zn deficiency in ulcerative colitis does arise, it is 
likely driven by decreased intake of Zn due to the active illness. In 
these cases, there are measurable negative impacts of Zn deficiency. 
However, measurements of systemic Zn (i.e., circulating Zn levels) 
may not accurately reflect tissue Zn status in patients with ulcerative 
colitis. The concept of local Zn deficiency in ulcerative colitis is 
supported by findings of lower metallothionein expression in patients 
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TABLE 1  Summary of the clinical trials to test the effect of Zn Supplementation on IBD.

Disease type 
and stage

Dose and form of 
Zn

Duration Control (n) Treatment (n) Year Outcome Citation

UC-Active disease Zn Sulfate-220 mg/3Xday 4 weeks 25 (glucose 

capsules)

26 1977 No benefit as an adjuvant treatment. (150)

IBD-Mixed stages Zn Aspartate-100 mg/3Xday 8 weeks (at 4 weeks 

crossed over)

6 7 1993 Trends toward reducing natural killer cell activity. (151)

CD-Clinical remission Zn sulfate-200 mg/day 6 weeks 20 20 1994 Improved Zn status and abnormal erythrocyte membrane long-chain fatty acid 

composition.

(152)

IBD-Active disease Zn Aspartate-300 mg/day 4 weeks 22 14 1994 Zn as an adjuvant treatment improved Zn status but had no effect on plasma, 

erythrocyte, or mucosal metalloprotein levels.

(153)

CD-Clinical remission Zn Sulfate-110 mg/3Xday 8 weeks 12 (pre & post) 2001 Reduced intestinal permeability. (102)

UC-Clinical remission Zn Gluconate -30 mg/day 3 months 12 12 2014 Improved Zn status, but no change in superoxide dismutase activity. (106)

UC-Mixed stages Zn gluconate -35 mg/day 1 month 18 23 2018 Improved Zn status, but no significant change in serum inflammatory markers. (107)

UC-Mixed stages Zn gluconate-35 mg/day 2 months 18 (corn starch 

capsules)

23 2020 Improved Zn status and attenuating inflammatory markers, IL2 and IL10. (108)

IBD-Zn deficiency in 

mixed stages

Zn acetate -25-150 mg/day 4 and 20 weeks 40CD & 11UC (pre 

& post)

2022 Zn as an adjuvant treatment improved Zn status and the CDAI scores in 

patients with CD. Zn as an adjuvant treatment improved Zn status, but no 

change in Mayo scores in patients with UC.

(103)

UC-Mildly active 

disease

A diet rich in Zn and n-3 

fatty acids

12-24 weeks 10 10 2023 Adjuvant dietary intervention rich in zinc and n-3 fatty acids improved disease 

severity, resulting in significantly higher clinical remission rates.

(104)

IBD, Inflammatory Bowel Disease; UC, Ulcerative Colitis; CD, Crohn’s Disease; Zn, Zinc; CDAI, Crohn’s Disease Activity Index.
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with ulcerative colitis compared to healthy control patients (113). 
However, this area remains nearly entirely unexplored, and 
measurements of systemic or circulating Zn remain the most 
common. Furthermore, the contributions of the colon to Zn 
homeostasis are largely unknown. Zn absorption occurs primarily in 
the small intestine, but when absorption is impaired, such as in CD, 
whether colon absorption or excretion of Zn may compensate 
is unknown.

Some work has been done to explore how host Zn status may 
influence IBD development in mouse models of colitis. High-dose Zn 
supplementation in mice for 2 weeks prior to the induction of colitis 
by either dextran sodium sulfate (DSS) or 2,4,6-trinitrobenzene 
sulphonic acid (TNBS) resulted in reduced disease severity (114). In 
TNBS colitis, Zn deficiency induced by a cell-permeable Zn chelator 
N, N, N′, N′-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) was 
found to aggravate colonic inflammation by activating type 17 helper 
T (Th17) through the activation of IL-23 (115). Conversely, high dose 
supplementation of Zn through the diet protected mice from TNBS-
induced colitis, at least in part by reducing Th17 cells (116). In rats, 
dietary Zn deficiency has been found to exacerbate DSS-induced 
colitis (117, 118). Treatment with Zn oxide nanoparticles alleviated 
colitis symptoms in DSS colitis in mice by suppressing reactive oxygen 
species production through activation of Nrf2 (119). Zn 
supplementation by oral gavage of Zn sulfate in rats improved body 
weight and reduced the frequency of diarrhea but did not improve 
colonic inflammation or damage (120, 121).

Mechanistically, Zn is known to be critical for processes essential 
to maintaining the health of the gut barrier. As the small intestine is 
the primary site of absorption of dietary Zn, there is an 
interconnectivity between local and systemic Zn homeostasis and 
gastrointestinal health (122). Zn is known to regulate gut barrier 
integrity by altering the expression of tight junction proteins. In 
Caco2 cells, a pharmacological Zn deficiency induced by TPEN 
resulted in increased permeability by downregulating claudin-2 and 
occludin (123). Supplementation of Zn in Caco2 cells has also been 
found to improve cell growth and barrier integrity through the 
activation of the PI3K/AKT/mTOR pathway (124). In a human goblet 
cell model, HT-29-MTX cells made Zn deficient displayed impaired 
mucin production, mostly from changes in post-translational 
modifications. Zn-deficient cells were found to have fewer and shorter 
O-glycans (125). In piglets, Zn supplementation increased the 
expression of tight junction proteins, including zonula occludens-1 
(ZO-1) and occludin, as well as the enzyme total superoxide dismutase 
(T-SOD), for which Zn functions as a cofactor (126). Meanwhile, the 
expressions of interleukin-1β and IFN-γ were decreased by Zn 
supplementation (127).

Zn may also participate in nutrient-nutrient interactions that 
influence gastrointestinal health. In a DSS model of colitis, dietary Zn 
was required for the activation of the aryl hydrocarbon receptor 
(AHR) to have a beneficial effect on disease outcomes. Without 
sufficient Zn, activation of AHR by its dietary ligand indole-3-carbinol 
(I3C) failed to improve barrier integrity and overall disease outcomes. 
The combined treatment of both Zn and I3C showed the greatest 
improvements in barrier integrity, mucin expression, and histological 
scoring (128). In a different study, a combined treatment of Zn, 
prebiotics, and probiotics improved disease outcomes in DSS-induced 
colitis by a greater degree than the probiotic intervention alone. The 
combined treatment reduced the expression of TNFα, IL-6, IL-1β, and 

IL-17 while increasing the expression of IL-10, suggesting that the 
combined therapeutic effect was mediated through the modulation of 
inflammatory responses (125). These findings suggest that Zn is not 
only important for its independent functions related to the health of 
gastrointestinal tissues but also that it may interact with other dietary 
or environmental factors to promote health. Further study into the 
relationships between Zn and other dietary factors may therefore be a 
fruitful route for improving our understanding of how dietary factors 
influence gastrointestinal health and the risk of chronic disease.

1.5 Zn transporters and IBD

The study of Zn transporters in IBD is still in its early stages, 
though some studies have begun to identify potential roles. Most 
notably, a missense variant of SLC39A8/ZIP8, rs13107325, has been 
associated with an increased risk of Crohn’s disease. This single-
nucleotide polymorphism, which encodes either alanine or threonine 
at position 391, is also associated with altered microbiome 
composition, indicating a potential microbiome-driven role for 
ZIP8 in Crohn’s disease (129). A mouse model of this ZIP8 variant 
(SLC39A8 A393T) demonstrated that the altered ZIP8 resulted in 
increased cobalt in the colonic mucosa but decreased iron, zinc, 
manganese, copper, and cadmium in the colonic lumen. Additionally, 
SLC39A8 A393T mice exhibited changes in microbiome composition 
and function associated with metal dishomoeostasis (130). SLC39A8 
A393T mice have also been shown to have increased susceptibility to 
colitis (131, 132).

Specific Zn transporters have been identified as having key 
functions in maintaining gut barrier health. In mice lacking functional 
ZIP4 in intestinal epithelial cells, Paneth cells became Zn deficient, 
displayed reduced Sox9 and lysozyme expression, and resulted in 
disorganization of villus and crypt structures (133). ZIP7 has been 
found to be essential for the maintenance of the intestinal stem cell 
niche. Mice lacking ZIP7  in intestinal epithelial cells exhibited 
increased endoplasmic reticulum (ER) stress in progenitor cells, 
resulting in cell death. Additionally, there was a decrease in Olfm4+ 
stem cells and a degeneration of Paneth cells (134). ZnT2, which is 
localized on Paneth cell granules, has also been identified as important 
to Paneth cell function. The deletion of ZnT2 results in degranulation, 
less active lysozyme, reduced bactericidal activity, and alterations in 
gut microbial composition (135). Interestingly, deletion of ZnT2 
resulted in improved disease outcomes in a model of infectious colitis 
by colonization with Citrobacter rodentium. Mice lacking ZnT2 
exhibited less colonic inflammation, did not experience colon 
hyperplasia, and retained their goblet cells. These improvements in 
disease outcome may be  at least partially mediated by reduced 
expression of TLR4. Studies in a human colonocyte cell model, HT29 
cells, showed that knockdown of ZnT2 resulted in less TLR4 
expression and, in turn, less nuclear translocation of NF-κB (136). 
Deletion of ZnT7, which is localized on the membrane of the Golgi 
complex, resulted in sex-dependent differences in mucin production, 
goblet cell counts, and microbiome composition. Male mice lacking 
ZnT7 exhibited increased goblet cell counts and higher mucin density 
compared to wild-type (WT) mice. In contrast, female mice lacking 
ZnT7 exhibited decreased goblet cell counts and mucin density 
compared to wild-type (WT) mice (137). ZIP14 is localized to the 
basolateral membrane of intestinal epithelial cells and has been found 
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FIGURE 2

Depiction of an intestinal villus/crypt with color-coded specialized epithelial cells and known function of Zn transporters in each cell type based on the 
data from gene deletion studies. ZIP, Zrt-Irt-Like Proteins; ZNT, Zinc Transporter.

to regulate barrier integrity. Of note, ZIP14 is most closely related to 
ZIP8, which has been implicated in CD (58, 129, 138). The deletion of 
ZIP14 resulted in a reduction in the expression of tight junction 
proteins occludin and claudin-1, accompanied by an increase in the 
expression of claudin-2, leading to decreased gut permeability (61, 
139). In mice lacking ZIP14, specifically in intestinal epithelial cells, 
the expression of proinflammatory genes, including IL-6 and IFN-γ, 
was increased. Histone deacetylase function was impaired, and a 
decrease in major histocompatibility complex class II was observed, 
suggesting that ZIP14-mediated Zn transport may impact gut barrier 
function by epigenetic mechanisms (139, 140). Loss of ZIP14 does not 
result in spontaneous gastrointestinal disease; however, it has been 
implicated in potential precursors to chronic disease, including gut 
permeability, alterations in host metabolism, and shifts in the gut 
microbiome similar to those observed in IBD. Specifically, the global 
deletion of Zip14 in mice led to an increased ratio of fungi to bacteria 
in the fecal microbiome, at least partially driven by an increase in 
Saccharomyces cerevisiae, which has been linked to IBD (141, 142). A 
decrease in Akkermansia muciniphila was also observed in mice 
lacking ZIP14, in line with observations in patients with IBD, as well 
as those with obesity and diabetes (141). ZIP14 has also been 
implicated in dietary risk factors for IBD. In mice administered a 
subchronic sucrose treatment through drinking water, ZIP14-
mediated changes in Zn homeostasis were associated with an 
imbalance in epithelial turnover marked by increased epithelial 
proliferation, decreased apoptosis, and increased gut permeability 

(15). Collectively, Zn transport proteins have recently been identified 
as playing a role in maintaining intestinal health, although few have 
been studied specifically in the context of IBD.

2 Discussion

Zn deficiency is common in IBD patients and is associated with 
worse clinical outcomes, including increased hospitalizations, higher 
risk of complications, and disease severity. The precise role of Zn in 
IBD pathogenesis, however, remains unclear; whether deficiency is a 
cause or consequence of the disease is still an open question. Recent 
studies have highlighted the key roles of Zn transporters, such as ZIP4, 
ZIP7, ZIP8, ZIP14, ZnT2, and ZnT7, in maintaining intestinal health 
by regulating processes including tight junction expression, Paneth 
cell function, mucin production, gut permeability, and gut microbial 
diversity and composition (Figure  2). These findings suggest Zn 
transport dysregulation, driven by genetic, inflammatory, or dietary 
factors, may be a critical contributor to the impaired gut barrier and 
immune dysregulation characteristic of IBD. While Zn 
supplementation has shown potential to improve outcomes in some 
cases (Table 1), variability in results highlights the need for further 
mechanistic understanding of the reciprocal mechanistic regulation 
between Zn metabolism and IBD.

Lack of a Reliable Biomarker for Zn Status: Assessing Zn 
deficiency remains difficult due to the absence of specific and 
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sensitive biomarkers. Serum Zn levels, the most commonly used 
measure, are influenced by inflammation, recent dietary intake, and 
other confounding factors, rendering them unreliable indicators, 
especially in chronic diseases such as IBD. Beyond circulating Zn 
levels, gaining a mechanistic understanding of inflammation-induced 
tissue-, cell-, and organelle-specific alterations in Zn metabolism and 
the whole metallome profile in a disease at all stages is necessary to 
link the function of Zn to specific cellular events, thus identifying 
better candidates for inflammation-dependent and independent 
biomarkers. Achieving this goal requires an integrated approach 
combining basic and translational science. This includes in  vivo 
studies using diverse preclinical disease models alongside ex vivo 
organoid and cell culture systems derived from both animal models 
and human subjects.

Understanding Zn Transporter Mechanisms: While Zn 
transporters have been implicated in IBD and other diseases, much 
remains unknown about their precise functions, regulatory 
mechanisms, and tissue/cell-specific roles. For example, the missense 
variant in SLC39A8, which results in the dysregulation of multiple 
elements in various organ systems, has been shown to alter the gut 
microbial composition and confer a risk for Crohn’s disease, 
highlighting the essentiality of functional transport activity in 
gastrointestinal tissues. However, besides ZIP8, studies investigating 
the mechanistic link between Zn transporters in IBD are scarce. As 
mentioned in the earlier sections, the regulation of these transporters 
is multifaceted, responding not only to Zn levels but also to various 
cytokines, hormones, secondary messengers, and dietary components 
(8, 13–16, 62, 143–149). These modes of regulation suggest that 
disease-induced dysregulation in Zn transporters may contribute to 
worsening disease outcomes. Advancements in RNA sequencing have 
opened new avenues for analyzing cell-type-specific expression 
patterns of Zn transporters in human samples from both healthy 
individuals and patients with IBD. This technology holds immense 
promise for uncovering previously unrecognized links between Zn 
transporter dysfunction and IBD. Future research should prioritize 
the identification of Zn transporters linked to gastrointestinal health. 
Mechanistic studies utilizing genetically modified preclinical animal 
models will be  particularly crucial, as they enable in-depth 
investigations into the roles of Zn transporters in distinct regions of 
the gastrointestinal tract and specific cell types within those regions 
while facilitating metallomics analyses to establish accurate reference 
values for Zn distribution across tissues, cells, and organelles. 
Additionally, the emerging technique of spatial transcriptomics and 
imaging, which integrates advanced imaging technologies with omics 
analyses, offers an innovative approach to profile Zn transporter 
expression spatially. These approaches could be  used to detect 
changes in intestinal cell type abundance, cellular pathways, gene 
regulatory networks, and cell–cell signaling, enabling the 
identification of Zn transporters that modulate pivotal pathways and 
gene networks implicated in IBD. Such multidisciplinary efforts 
could provide invaluable insights into the causal roles of Zn 
transporters in IBD pathophysiology and the development of effective 
therapeutic interventions.

Role of the Microbiome in Zn Uptake and IBD: The relationship 
between Zn status, microbiome composition, and IBD remains 
incompletely understood. Zn has been shown to influence microbial 
diversity and functionality, but further research is needed to clarify 

how Zn-driven changes in the microbiome might promote or alleviate 
intestinal inflammation. Multi-omics approaches integrating 
metagenomics, transcriptomics, metabolomics, and metallomics may 
provide crucial insights.

Addressing these gaps will require multidisciplinary approaches 
that integrate nutrition science, biochemistry, systems biology, and 
clinical research. A deeper understanding of Zn metabolism and its 
interactions with host genetics, immune functions, and the 
microbiome will pave the way for more effective Zn-based 
therapeutic and preventive strategies for IBD and other chronic 
inflammatory diseases. Continued efforts in these areas will 
contribute to a broader understanding of the essential role of Zn in 
optimizing human health within the context of modern nutritional 
and medical challenges.

Author contributions

SM: Writing – review & editing, Conceptualization, Writing – 
original draft. TA: Writing  – original draft, Conceptualization, 
Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This project was supported 
by Cornell University Division of Nutritional Sciences funds to TA.

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.

Generative AI statement

The author(s) declare that Gen AI was used in the creation of this 
manuscript. Generative AI was used as a tool to check for grammatical 
errors and such.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

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.

https://doi.org/10.3389/fnut.2025.1649658
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Mitchell and Aydemir� 10.3389/fnut.2025.1649658

Frontiers in Nutrition 10 frontiersin.org

References
	1.	Andreini C, Bertini I. A bioinformatics view of zinc enzymes. J Inorg Biochem. 

(2012) 111:150–6. doi: 10.1016/j.jinorgbio.2011.11.020

	2.	Andreini C, Bertini I, Cavallaro G. Minimal functional sites allow a classification 
of zinc sites in proteins. PLoS One. (2011) 6:e26325. doi: 10.1371/journal.pone.0026325

	3.	McCall KA, Huang C-c, Fierke CA. Function and mechanism of zinc 
metalloenzymes. J Nutr. (2000) 130:1437S–46S. doi: 10.1093/jn/130.5.1437S

	4.	Sousa SF, Lopes AB, Fernandes PA, Ramos MJ. The zinc proteome: a tale of stability 
and functionality. Dalton Trans. (2009) 38:7946–56. doi: 10.1039/b904404c

	5.	Stipanuk M. H. (2026). Biochemical, physiological, and molecular aspects of human 
nutrition. St. Louis, Missouri: Elsevier.

	6.	Cassandri M, Smirnov A, Novelli F, Pitolli C, Agostini M, Malewicz M, et al. Zinc-
finger proteins in health and disease. Cell Death Dis. (2017) 3:17071. doi: 
10.1038/cddiscovery.2017.71

	7.	Chabosseau P, Woodier J, Cheung R, Rutter GA. Sensors for measuring subcellular 
zinc pools. Metallomics: Integrated Biometal Sci. (2018) 10:229–39. doi: 
10.1039/c7mt00336f

	8.	Hung YH, Kim Y, Mitchell SB, Thorn TL, Aydemir TB. Absence of Slc39a14/
Zip14  in mouse pancreatic beta cells results in hyperinsulinemia. Am J Physiol 
Endocrinol Metab. (2024) 326:E92–E105. doi: 10.1152/AJPENDO.00117.2023

	9.	Mitchell SB, Aydemir TB. ZIP family zinc transporters: emerging players in 
pancreatic β cell function and insulin regulation. J Nutr. (2025). 155:2497–2507 doi: 
10.1016/J.TJNUT.2025.06.007

	10.	Günther V, Lindert U, Schaffner W. The taste of heavy metals: gene regulation by 
MTF-1. Biochim Biophys Acta. (2012) 1823:1416–25. doi: 10.1016/j.bbamcr.2012.01.005

	11.	Guo L, Lichten LA, Ryu MS, Liuzzi JP, Wang F, Cousins RJ. STAT5-glucocorticoid 
receptor interaction and MTF-1 regulate the expression of ZnT2 (Slc30a2) in pancreatic 
acinar cells. Proc Natl Acad Sci USA. (2010) 107:2818–23. doi: 10.1073/PNAS.0914941107

	12.	Lichten LA, Ryu M-S, Guo L, Embury J, Cousins RJ. MTF-1-mediated repression 
of the zinc transporter Zip10 is alleviated by zinc restriction. PLoS One. (2011) 6:e21526. 
doi: 10.1371/journal.pone.0021526

	13.	Aydemir TB, Sitren HS, Cousins RJ. The zinc transporter Zip14 influences c-met 
phosphorylation and hepatocyte proliferation during liver regeneration in mice. 
Gastroenterology. (2012) 142:1536–1546.e5. doi: 10.1053/j.gastro.2012.02.046

	14.	Aydemir TBTBTB, Liuzzi JPJP, McClellan S, Cousins RJRJ. Zinc transporter ZIP8 
(SLC39A8) and zinc influence IFN-γ expression in activated human T cells. J Leukoc 
Biol. (2009) 86:337–48. doi: 10.1189/jlb.1208759

	15.	Mitchell SB, Hung Y-H, Thorn TL, Zou J, Baser F, Gulec S, et al. Sucrose-
induced hyperglycemia dysregulates intestinal zinc metabolism and integrity: risk 
factors for chronic diseases. Front Nutr. (2023) 10:122053. doi: 
10.3389/fnut.2023.1220533

	16.	Troche C, Aydemir TB, Cousins RJ. Zinc transporter Slc39a14 regulates 
inflammatory signaling associated with hypertrophic adiposity. American J Physiol 
Endocrinol Metabolism. (2016) 310:E258–68. doi: 10.1152/AJPENDO.00421.2015

	17.	Prasad AS, Halsted JA, Nadimi M. Syndrome of iron deficiency anemia, 
hepatosplenomegaly, hypogonadism, dwarfism and geophagia. Am J Med. (1961) 
31:532–46.

	18.	Wessells KR, Brown KH. Estimating the global prevalence of zinc deficiency: 
results based on zinc availability in National Food Supplies and the prevalence of 
stunting. PLoS One. (2012) 7:e50568. doi: 10.1371/JOURNAL.PONE.0050568

	19.	Jackson M. J. (1989). Physiology of zinc: General aspects. In: Mills, C.F. (eds) Zinc 
in Human Biology. ILSI Human Nutrition Reviews. Springer, London. 1–14. doi: 
10.1007/978-1-4471-3879-2_1

	20.	Ryu M., Aydemir TB. Chapter 23 - Zinc. Eds. B. P. Marriott, D. F. Birt, V. A. 
Stallings, A. A. Yates, Present Knowledge in Nutrition (Eleventh Edition), Academic 
Press, (2020) 393-408. Available at: https://www.sciencedirect.com/science/article/pii/
B9780323661621000238

	21.	Colvin RA, Bush AI, Volitakis I, Fontaine CP, Thomas D, Kikuchi K, et al. Insights 
into Zn2+ homeostasis in neurons from experimental and modeling studies. Am J 
Physiol-Cell Physiol. (2008) 294:C726–42. doi: 10.1152/ajpcell.00541.2007

	22.	Krężel A, Maret W. Zinc-buffering capacity of a eukaryotic cell at  
physiological pZn. J Biol Inorg Chem. (2006) 11:1049–62. doi: 
10.1007/S00775-006-0150-5

	23.	Institute of Medicine (IOM). Dietary Reference Intakes for Vitamin A, Vitamin K, 
Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, 
Silicon, Vanadium, and Zinc: A Report of the Panel on Micronutrients Nutrition Reviews 
(2001) 55, 319–326.

	24.	Bailey RL, Pac SG, Fulgoni VL, Reidy KC, Catalano PM. Estimation of total usual 
dietary intakes of pregnant women in the United States. JAMA Netw Open. (2019) 
2:e195967. doi: 10.1001/JAMANETWORKOPEN.2019.5967

	25.	Foster M, Chu A, Petocz P, Samman S. Effect of vegetarian diets on zinc status: a 
systematic review and meta-analysis of studies in humans. J Sci Food Agric. (2013) 
93:2362–71. doi: 10.1002/JSFA.6179

	26.	Lönnerdal B. Phytic acid–trace element (Zn, cu, Mn) interactions. Int J Food Sci 
Technol. (2002) 37:749–58. doi: 10.1046/J.1365-2621.2002.00640.X

	27.	Oberleas D, Harland BF. Phytate content of foods: effect on dietary zinc 
bioavailability. J Am Diet Assoc. (1981) 79:433–6.

	28.	Efthymakis K, Neri M. The role of zinc L-carnosine in the prevention and 
treatment of gastrointestinal mucosal disease in humans: a review. Clin Res Hepatol 
Gastroenterol. (2022) 46:101954. doi: 10.1016/J.CLINRE.2022.101954

	29.	Barnes PM, Moynahan EJ. Zinc deficiency in Acrodermatitis Enteropathica: 
multiple dietary intolerance treated with synthetic diet. J R Soc Med. (1973) 66:327–9. 
doi: 10.1177/003591577306600411

	30.	Kasana S, Din J, Maret W. Genetic causes and gene–nutrient interactions in 
mammalian zinc deficiencies: Acrodermatitis enteropathica and transient neonatal zinc 
deficiency as examples. J Trace Elem Med Biol. (2015) 29:47–62. doi: 
10.1016/J.JTEMB.2014.10.003

	31.	Kinlaw WB, Levine AS, Morley JE, Silvis SE, McClain CJ. Abnormal zinc 
metabolism in type II diabetes mellitus. Am J Med. (1983) 75:273–7.

	32.	Pidduck HG, Wren PJ, Evans DA. Hyperzincuria of diabetes mellitus and possible 
genetical implications of this observation. Diabetes. (1970) 19:240–7.

	33.	Dodson G, Steiner D. The role of assembly in insulin’s biosynthesis. Curr Opin 
Struct Biol. (1998) 8:189–94.

	34.	Jayawardena R, Ranasinghe P, Galappatthy P, Malkanthi RLDK, Constantine GR, 
Katulanda P. Effects of zinc supplementation on diabetes mellitus: a systematic review 
and meta-analysis. Diabetol Metab Syndr. (2012) 4:1–12. doi: 
10.1186/1758-5996-4-13/FIGURES/3

	35.	Fosmire G. Zinc toxicity. Am J Clin Nutr. (1990) 51:225–7.

	36.	Ben Ammar I, Ksouri H, Trabelsi N, Mellouli F, Ben Mami F, Dakhli S, et al. 
Generalized allergy due to zinc in insulin treated with zinc-free insulin. Acta Diabetol. 
(2012) 49:239–41. doi: 10.1007/S00592-010-0230-4

	37.	Feinglos MN, Jegasothy BV. “Insulin” allergy due to zinc. Lancet. (1979) 313:122–4.

	38.	Lowe NM, Hall AG, Broadley MR, Foley J, Boy E, Bhutta ZA. Preventing and 
controlling zinc deficiency across the life course: a call to action. Adv Nutr. (2024) 
15:100181. doi: 10.1016/j.advnut.2024.100181

	39.	King JC, Brown KH, Gibson RS, Krebs NF, Lowe NM, Siekmann JH, et al. 
Biomarkers of nutrition for development (BOND)—zinc review. J Nutr. (2016) 
146:858S–85S. doi: 10.3945/JN.115.220079

	40.	Galloway P, McMillan DC, Sattar N. Effect of the inflammatory response on trace 
element and vitamin status. Ann Clin Biochem. (2000) 37:289–97. doi: 
10.1258/0004563001899429

	41.	Mcdonald CM, Suchdev PS, Krebs NF, Hess SY, Wessells KR, Ismaily S, et al. 
Adjusting plasma or serum zinc concentrations for inflammation: biomarkers reflecting 
inflammation and nutritional determinants of Anemia (BRINDA) project. Am J Clin 
Nutr. (2020) 111:927–37. doi: 10.1093/AJCN/NQZ304

	42.	Cheng J, Bar H, Tako E. Zinc status index (ZSI) for quantification of zinc 
physiological status. Nutrients. (2021) 13:3399. doi: 10.3390/NU13103399

	43.	Cousins RJ, Liuzzi JP, Lichten LA. Mammalian zinc transport, trafficking, and 
signals. J Biol Chem. (2006) 281:24085–9. doi: 10.1074/JBC.R600011200

	44.	Ohashi W, Hara T, Takagishi T, Hase K, Fukada T. Maintenance of intestinal 
epithelial homeostasis by zinc transporters. Dig Dis Sci. (2019) 64:2404–15. doi: 
10.1007/S10620-019-05561-2

	45.	Palmiter RD, Findley SD. Cloning and functional characterization of a mammalian 
zinc transporter that confers resistance to zinc. EMBO J. (1995) 14:639–49.

	46.	Lemaire K, Ravier MA, Schraenen A, Creemers JWM, Van De Plas R, Granvik M, 
et al. Insulin crystallization depends on zinc transporter ZnT8 expression, but is not 
required for normal glucose homeostasis in mice. Proc Natl Acad Sci USA. (2009) 
106:14872–7. doi: 10.1073/PNAS.0906587106

	47.	Tamaki M, Fujitani Y, Hara A, Uchida T, Tamura Y, Takeno K, et al. The diabetes-
susceptible gene SLC30A8/ZnT8 regulates hepatic insulin clearance. J Clin Invest. (2013) 
123:4513–24. doi: 10.1172/JCI68807

	48.	Wijesekara N, Dai FF, Hardy AB, Giglou PR, Bhattacharjee A, Koshkin V, et al. Beta 
cell-specific Znt8 deletion in mice causes marked defects in insulin processing, crystallisation 
and secretion. Diabetologia. (2010) 53:1656–68. doi: 10.1007/S00125-010-1733-9

	49.	Saxena R, Voight BF, Lyssenko V, Burtt NP, De Bakker PIW, Chen H, et al. 
Genome-wide association analysis identifies loci for type 2 diabetes and triglyceride 
levels. Science. (2007) 316:1331–6. doi: 10.1126/SCIENCE.1142358

	50.	Scott LJ, Mohlke KL, Bonnycastle LL, Willer CJ, Li Y, Duren WL, et al. A genome-
wide association study of type 2 diabetes in finns detects multiple susceptibility variants. 
Science. (2007) 316:1341–5. doi: 10.1126/SCIENCE.1142382

	51.	Lee HH, Prasad AS, Brewer GJ, Owyang C. Zinc absorption in human small 
intestine. American J Physiol Gastrointestinal Liver Physiol. (1989) 256:G87–91.

	52.	Mcmahon RJ, Cousins RJ. Regulation of the zinc transporter ZnT-1 by dietary zinc. 
Proc Natl Acad Sci USA. (1998) 95:4841–6.

https://doi.org/10.3389/fnut.2025.1649658
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.jinorgbio.2011.11.020
https://doi.org/10.1371/journal.pone.0026325
https://doi.org/10.1093/jn/130.5.1437S
https://doi.org/10.1039/b904404c
https://doi.org/10.1038/cddiscovery.2017.71
https://doi.org/10.1039/c7mt00336f
https://doi.org/10.1152/AJPENDO.00117.2023
https://doi.org/10.1016/J.TJNUT.2025.06.007
https://doi.org/10.1016/j.bbamcr.2012.01.005
https://doi.org/10.1073/PNAS.0914941107
https://doi.org/10.1371/journal.pone.0021526
https://doi.org/10.1053/j.gastro.2012.02.046
https://doi.org/10.1189/jlb.1208759
https://doi.org/10.3389/fnut.2023.1220533
https://doi.org/10.1152/AJPENDO.00421.2015
https://doi.org/10.1371/JOURNAL.PONE.0050568
https://doi.org/10.1007/978-1-4471-3879-2_1
https://www.sciencedirect.com/science/article/pii/B9780323661621000238
https://www.sciencedirect.com/science/article/pii/B9780323661621000238
https://doi.org/10.1152/ajpcell.00541.2007
https://doi.org/10.1007/S00775-006-0150-5
https://doi.org/10.1001/JAMANETWORKOPEN.2019.5967
https://doi.org/10.1002/JSFA.6179
https://doi.org/10.1046/J.1365-2621.2002.00640.X
https://doi.org/10.1016/J.CLINRE.2022.101954
https://doi.org/10.1177/003591577306600411
https://doi.org/10.1016/J.JTEMB.2014.10.003
https://doi.org/10.1186/1758-5996-4-13/FIGURES/3
https://doi.org/10.1007/S00592-010-0230-4
https://doi.org/10.1016/j.advnut.2024.100181
https://doi.org/10.3945/JN.115.220079
https://doi.org/10.1258/0004563001899429
https://doi.org/10.1093/AJCN/NQZ304
https://doi.org/10.3390/NU13103399
https://doi.org/10.1074/JBC.R600011200
https://doi.org/10.1007/S10620-019-05561-2
https://doi.org/10.1073/PNAS.0906587106
https://doi.org/10.1172/JCI68807
https://doi.org/10.1007/S00125-010-1733-9
https://doi.org/10.1126/SCIENCE.1142358
https://doi.org/10.1126/SCIENCE.1142382


Mitchell and Aydemir� 10.3389/fnut.2025.1649658

Frontiers in Nutrition 11 frontiersin.org

	53.	Krebs NF, Hambidge KM. Zinc metabolism and homeostasis: the application of 
tracer techniques to human zinc physiology. Biometals. (2001) 14:397–412. doi: 
10.1023/A:1012942409274

	54.	Aydemir TB, Cousins RJ. The multiple faces of the metal transporter ZIP14 
(SLC39A14). J Nutr. (2018) 148:174–84. doi: 10.1093/jn/nxx041

	55.	Kambe T. Molecular architecture and function of ZnT transporters. Curr Top 
Membr. (2012) 69:199–220. doi: 10.1016/B978-0-12-394390-3.00008-2

	56.	Kambe T, Suzuki T, Nagao M, Yamaguchi-Iwai Y. Sequence similarity and 
functional relationship among eukaryotic ZIP and CDF transporters. Genomics, 
Proteomics Bioinfo. (2006) 4:1–9. doi: 10.1016/S1672-0229(06)60010-7

	57.	Valentine RA, Jackson KA, Christie GR, Mathers JC, Taylor PM, Ford D. ZnT5 
variant B is a bidirectional zinc transporter and mediates zinc uptake in human intestinal 
Caco-2 cells. J Biol Chem. (2007) 282:14389–93. doi: 10.1074/jbc.M701752200

	58.	Girijashanker K, He L, Soleimani M, Reed JM, Li H, Liu Z, et al. Slc39a14 gene 
encodes ZIP14, a metal/bicarbonate symporter: similarities to the ZIP8 transporter. Mol 
Pharmacol. (2008) 73:1413–23. doi: 10.1124/MOL.107.043588

	59.	Liuzzi JP, Aydemir F, Nam H, Knutson MD, Cousins RJ. Zip14 (Slc39a14) mediates 
non-transferrin-bound iron uptake into cells. Proc Natl Acad Sci USA. (2006) 
103:13612–7. doi: 10.1073/pnas.0606424103

	60.	Pinilla-Tenas JJ, Sparkman BK, Shawki A, Illing AC, Mitchell CJ, Zhao N, et al. 
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 Phys 
Cell Phys. (2011) 301:862–71. doi: 10.1152/AJPCELL.00479.2010

	61.	Guthrie GJ, Aydemir TB, Troche C, Martin AB, Chang SM, Cousins RJ. Influence of 
ZIP14 (slc39A14) on intestinal zinc processing and barrier function. American J Physiol 
Gastrointestinal Liver Physiol. (2015) 308:G171–8. doi: 10.1152/AJPGI.00021.2014

	62.	Liuzzi JP, Lichten LA, Rivera S, Blanchard RK, Aydemir TB, Knutson MD, et al. 
Interleukin-6 regulates the zinc transporter Zip14  in liver and contributes to the 
hypozincemia of the acute-phase response. Proc Natl Acad Sci USA. (2005) 102:6843–8. 
doi: 10.1073/PNAS.0502257102

	63.	Taylor KM, Morgan HE, Johnson A, Nicholson RI. Structure–function analysis of 
a novel member of the LIV-1 subfamily of zinc transporters, ZIP14. FEBS Lett. (2005) 
579:427–32. doi: 10.1016/J.FEBSLET.2004.12.006

	64.	Lichten LA, Liuzzi JP, Cousins RJ. Interleukin-1β contributes via nitric oxide to 
the upregulation and functional activity of the zinc transporter Zip14 (Slc39a14) in 
murine hepatocytes. Am J Physiol Gastrointest Liver Physiol. (2009) 296:G860–7. doi: 
10.1152/AJPGI.90676.2008

	65.	Hara T, Takeda T a, Takagishi T, Fukue K, Kambe T, Fukada T. Physiological roles 
of zinc transporters: molecular and genetic importance in zinc homeostasis. J Physiol 
Sci. (2017) 67:283–301. doi: 10.1007/S12576-017-0521-4

	66.	Camilleri MFJGKAN In: DK Podolsky, editor. Yamda’s textbook of 
gastroenterology, vol. 2. Ed.; 6th ed. Hoboken, New Jersey, USA: Wiley-Blackwell (2016)

	67.	Le Berre C, Honap S, Peyrin-Biroulet L. Ulcerative colitis. Lancet. (2023) 
402:571–84. doi: 10.1016/S0140-6736(23)00966-2

	68.	Levine JS, Burakoff R. Extraintestinal manifestations of inflammatory bowel 
disease. Gastroenterol Hepatol (NY). (2011) 7:235-41.

	69.	Shan Y, Lee M, Chang EB. The gut microbiome and inflammatory bowel diseases. 
Annu Rev Med. (2022) 73:455–68. doi: 10.1146/ANNUREV-MED-042320-021020

	70.	Hashash JG, Elkins J, Lewis JD, Binion DG. AGA clinical practice update on diet 
and nutritional therapies in patients with inflammatory bowel disease: expert review. 
Gastroenterology. (2024) 166:521–32. doi: 10.1053/J.GASTRO.2023.11.303

	71.	Kaplan GG, Ng SC. Understanding and preventing the global increase of inflammatory 
bowel disease. Gastroenterology. (2017) 152:313–321.e2. doi: 10.1053/J.GASTRO.2016.10.020

	72.	Owczarek D, Rodacki T, Domagała-Rodacka R, Cibor D, Mach T. Diet and 
nutritional factors in inflammatory bowel diseases. World J Gastroenterol. (2016) 
22:895–905. doi: 10.3748/WJG.V22.I3.895

	73.	Mehandru S, Colombel JF. The intestinal barrier, an arbitrator turned provocateur 
in IBD. Nat Rev Gastroenterol Hepatol. (2020) 18:83–4. doi: 10.1038/s41575-020-00399-w

	74.	Yu LCH. Microbiota dysbiosis and barrier dysfunction in inflammatory bowel 
disease and colorectal cancers: exploring a common ground hypothesis. J Biomed Sci. 
(2018) 25:79–14. doi: 10.1186/S12929-018-0483-8

	75.	Zhou F, Wu NZ, Xie Y, Zhou XJ. Intestinal barrier in inflammatory bowel disease: 
a bibliometric and knowledge-map analysis World J Gastroenterol. (2023) 29:5254–67. 
doi: 10.3748/WJG.V29.I36.5254

	76.	Hollander D, Vadheim CM, Brettholz E, Petersen GM, Delahunty T, Rotter JI. 
Increased intestinal permeability in patients with Crohn’s disease and their relatives Ann 
Intern Med. (1986) 105:883–5. doi: 10.7326/0003-4819-105-6-883

	77.	Widjaja Foundation, FGerich ME, Gerich ME, McGovern B. Towards personalized 
care in IBD. Nat Rev Gastroenterol Hepatol. (2013) 11:287–99. doi: 10.1038/nrgastro.2013.242

	78.	Furey TS, Sethupathy P, Sheikh SZ. Redefining the IBDs using genome-scale 
molecular phenotyping. Nat Rev Gastroenterol Hepatol. (2019) 16:296–311. doi: 
10.1038/S41575-019-0118-X

	79.	Alatab S, Sepanlou SG, Ikuta K, Vahedi H, Bisignano C, Safiri S, et al. The global, 
regional, and national burden of inflammatory bowel disease in 195 countries and territories, 
1990–2017: a systematic analysis for the global burden of disease study 2017. Lancet 
Gastroenterol Hepatol. (2020) 5:17–30. doi: 10.1016/S2468-1253(19)30333-4

	80.	Wang R, Li Z, Liu S, Zhang D. Global, regional and national burden of 
inflammatory bowel disease in 204 countries and territories from 1990 to 2019: a 
systematic analysis based on the global burden of disease study 2019. BMJ Open. (2023) 
13:e065186. doi: 10.1136/BMJOPEN-2022-065186

	81.	Liu CY, Cham CM, Chang EB. Epithelial wound healing in inflammatory bowel 
diseases: the next therapeutic frontier. Translational Res: J Laboratory Clin Med. (2021) 
236:35–51. doi: 10.1016/J.TRSL.2021.06.001

	82.	Villablanca EJ, Selin K, Hedin CRH. Mechanisms of mucosal healing: treating 
inflammatory bowel disease without immunosuppression? Nat Rev Gastroenterol 
Hepatol. (2022) 19:493–507. doi: 10.1038/s41575-022-00604-y

	83.	Turner D, Ricciuto A, Lewis A, D’Amico F, Dhaliwal J, Griffiths AM, et al. STRIDE-
II: an update on the selecting therapeutic targets in inflammatory bowel disease 
(STRIDE) initiative of the International Organization for the Study of IBD (IOIBD): 
determining therapeutic goals for treat-to-target strategies in IBD. Gastroenterology. 
(2021) 160:1570–83. doi: 10.1053/J.GASTRO.2020.12.031

	84.	Frøslie KF, Jahnsen J, Moum BA, Vatn MH. Mucosal healing in inflammatory 
bowel disease: results from a Norwegian population-based cohort. Gastroenterology. 
(2007) 133:412–22. doi: 10.1053/j.gastro.2007.05.051

	85.	Chiba M, Nakane K, Komatsu M. Westernized diet is the most ubiquitous 
environmental factor in inflammatory bowel disease. Perm J. (2019) 23:18–107. doi: 
10.7812/TPP/18-107

	86.	Ge J, Han TJ, Liu J, Li JS, Zhang XH, Wang Y, et al. Meat intake and risk of 
inflammatory bowel disease: a meta-analysis. Turk J Gastroenterol. (2015) 26:492–7. doi: 
10.5152/TJG.2015.0106

	87.	Khademi Z, Milajerdi A, Larijani B, Esmaillzadeh A. Dietary intake of total 
carbohydrates, sugar and sugar-sweetened beverages, and risk of inflammatory bowel 
disease: a systematic review and meta-analysis of prospective cohort studies. Front Nutr. 
(2021) 8:707795. doi: 10.3389/FNUT.2021.707795

	88.	Narula N, Chang NH, Mohammad D, Wong ECL, Ananthakrishnan AN, Chan SSM, 
et al. Food processing and risk of inflammatory bowel disease: a systematic review and Meta-
analysis. Clin Gastroenterol Hepatol. (2023) 21:2483–2495.e1. doi: 10.1016/J.CGH.2023.01.012

	89.	Wu J, Xue P, Yang C, He H, Mao B. Dietary fat and risk of inflammatory bowel 
disease: a meta-analysis. Int J Clin Exp Med. (2016) 9:11072–7.

	90.	Jaber M, Altamimi M, Altamimi A, Cavaliere S, De Filippis F. Mediterranean diet 
diminishes the effects of Crohn’s disease and improves its parameters: a systematic 
review. Nutr Health. (2022). 25:2601060221102281. doi: 10.1177/02601060221102281

	91.	Li F, Liu X, Wang W, Zhang D. Consumption of vegetables and fruit and the risk 
of inflammatory bowel disease: a meta-analysis. Eur J Gastroenterol Hepatol. (2015) 
27:623–30. doi: 10.1097/MEG.0000000000000330

	92.	Milajerdi A, Ebrahimi-Daryani N, Dieleman LA, Larijani B, Esmaillzadeh A. 
Association of Dietary Fiber, fruit, and vegetable consumption with risk of inflammatory 
bowel disease: a systematic review and Meta-analysis. Adv Nutr. (2021) 12:735–43. doi: 
10.1093/ADVANCES/NMAA145

	93.	Heatley RV. Assessing nutritional state in inflammatory bowel disease. Gut. (1986) 
27:61–6.

	94.	Crohn BB, Ginzburg L, Oppenheimer GD. Regional ileitis: a pathologic and 
clinical entity. Am J Med. (1952) 13:583–90.

	95.	Vagianos K, Bector S, McConnell J, Bernstein CN. Nutrition assessment of patients 
with inflammatory bowel disease. JPEN J Parenter Enteral Nutr. (2007) 31:311–9. doi: 
10.1177/0148607107031004311

	96.	Weisshof R, Chermesh I. Micronutrient deficiencies in inflammatory 
bowel disease. Curr Opin Clin Nutr Metab Care. (2015) 18:576–81. doi: 
10.1097/MCO.0000000000000226

	97.	Alkhouri RH, Hashmi H, Baker RD, Gelfond D, Baker SS. Vitamin and mineral 
status in patients with inflammatory bowel disease. J Pediatr Gastroenterol Nutr. (2013) 
56:89–92. doi: 10.1097/MPG.0B013E31826A105D

	98.	Zupo R, Sila A, Castellana F, Bringiotti R, Curlo M, De Pergola G, et al. Prevalence 
of zinc deficiency in inflammatory bowel disease: a systematic review and Meta-analysis. 
Nutrients. (2022) 14:4052. doi: 10.3390/NU14194052

	99.	Ananthakrishnan AN, Khalili H, Song M, Higuchi LM, Richter JM, Chan AT. Zinc 
intake and risk of Crohn’s disease and ulcerative colitis: a prospective cohort study. Int 
J Epidemiol. (2015) 44:1995–2005. doi: 10.1093/IJE/DYV301

	100.	Schneider T, Caviezel D, Korcan Ayata C, Kiss C, Niess JH, Hruz P. The copper/
zinc ratio correlates with markers of disease activity in patients with inflammatory bowel 
disease. Crohn's Colitis. (2020) 2:otaa001. doi: 10.1093/CROCOL/OTAA001

	101.	Siva S, Rubin DT, Gulotta G, Wroblewski K, Pekow J. Zinc deficiency is associated 
with poor clinical outcomes in patients with inflammatory bowel disease. Inflamm Bowel 
Dis. (2017) 23:152–7. doi: 10.1097/MIB.0000000000000989

	102.	Sturniolo GC, Di Leo V, Ferronato A, D’Odorico A, D’Inc R. Zinc 
supplementation tightens “leaky gut” in Crohn’s disease. Inflamm Bowel Dis. (2001) 
7:94–8. doi: 10.1097/00054725-200105000-00003

	103.	Sakurai K, Furukawa S, Katsurada T, Otagiri S, Yamanashi K, Nagashima K, et al. 
Effectiveness of administering zinc acetate hydrate to patients with inflammatory bowel 
disease and zinc deficiency: a retrospective observational two-center study. Intest Res. 
(2021) 20:78–89. doi: 10.5217/IR.2020.00124

	104.	Miyaguchi K, Tsuzuki Y, Ichikawa Y, Shiomi R, Ohgo H, Nakamoto H, et al. 
Positive zinc intake and a Japanese diet rich in n-3 fatty acids induces clinical remission 

https://doi.org/10.3389/fnut.2025.1649658
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1023/A:1012942409274
https://doi.org/10.1093/jn/nxx041
https://doi.org/10.1016/B978-0-12-394390-3.00008-2
https://doi.org/10.1016/S1672-0229(06)60010-7
https://doi.org/10.1074/jbc.M701752200
https://doi.org/10.1124/MOL.107.043588
https://doi.org/10.1073/pnas.0606424103
https://doi.org/10.1152/AJPCELL.00479.2010
https://doi.org/10.1152/AJPGI.00021.2014
https://doi.org/10.1073/PNAS.0502257102
https://doi.org/10.1016/J.FEBSLET.2004.12.006
https://doi.org/10.1152/AJPGI.90676.2008
https://doi.org/10.1007/S12576-017-0521-4
https://doi.org/10.1016/S0140-6736(23)00966-2
https://doi.org/10.1146/ANNUREV-MED-042320-021020
https://doi.org/10.1053/J.GASTRO.2023.11.303
https://doi.org/10.1053/J.GASTRO.2016.10.020
https://doi.org/10.3748/WJG.V22.I3.895
https://doi.org/10.1038/s41575-020-00399-w
https://doi.org/10.1186/S12929-018-0483-8
https://doi.org/10.3748/WJG.V29.I36.5254
https://doi.org/10.7326/0003-4819-105-6-883
https://doi.org/10.1038/nrgastro.2013.242
https://doi.org/10.1038/S41575-019-0118-X
https://doi.org/10.1016/S2468-1253(19)30333-4
https://doi.org/10.1136/BMJOPEN-2022-065186
https://doi.org/10.1016/J.TRSL.2021.06.001
https://doi.org/10.1038/s41575-022-00604-y
https://doi.org/10.1053/J.GASTRO.2020.12.031
https://doi.org/10.1053/j.gastro.2007.05.051
https://doi.org/10.7812/TPP/18-107
https://doi.org/10.5152/TJG.2015.0106
https://doi.org/10.3389/FNUT.2021.707795
https://doi.org/10.1016/J.CGH.2023.01.012
https://doi.org/10.1177/02601060221102281
https://doi.org/10.1097/MEG.0000000000000330
https://doi.org/10.1093/ADVANCES/NMAA145
https://doi.org/10.1177/0148607107031004311
https://doi.org/10.1097/MCO.0000000000000226
https://doi.org/10.1097/MPG.0B013E31826A105D
https://doi.org/10.3390/NU14194052
https://doi.org/10.1093/IJE/DYV301
https://doi.org/10.1093/CROCOL/OTAA001
https://doi.org/10.1097/MIB.0000000000000989
https://doi.org/10.1097/00054725-200105000-00003
https://doi.org/10.5217/IR.2020.00124


Mitchell and Aydemir� 10.3389/fnut.2025.1649658

Frontiers in Nutrition 12 frontiersin.org

in patients with mild active ulcerative colitis: a randomized interventional pilot study. J 
Clin Biochem Nutr. (2023) 72:82–8. doi: 10.3164/JCBN.22-72

	105.	Itagaki M, Saruta M, Saijo H, Mitobe J, Arihiro S, Matsuoka M, et al. Efficacy of 
zinc–carnosine chelate compound, Polaprezinc, enemas in patients with ulcerative 
colitis. Scand J Gastroenterol. (2014) 49:164–72. doi: 10.3109/00365521.2013.863963

	106.	Matias JP, Costa e Silva DM, Clímaco Cruz KJ, da Silva KG, Feitosa MM, Medeiros 
LGO, et al. Effect of zinc supplementation on superoxide dismutase activity in patients with 
ulcerative rectocolitis. Nutr Hosp. (2014) 31:1434–7. doi: 10.3305/NH.2015.31.3.8402

	107.	Soares NRM, Pinho FA, Silva TMC. Zinc supplementation reduces inflammation 
in ulcerative colitis patients by downregulating gene expression of Zn metalloproteins. 
PharmaNutrition. (2018) 6:119–24. doi: 10.1016/J.PHANU.2018.06.004

	108.	de Moura MSB, Soares NRM, Barros SÉ d L, de Pinho FA, Silva TMC, Bráz DC, 
et al. Zinc gluconate supplementation impacts the clinical improvement in patients with 
ulcerative colitis. Biometals. (2020) 33:15–27. doi: 10.1007/S10534-019-00225-0/TABLES/3

	109.	Filippi J, Al-Jaouni R, Wiroth JB, Hébuterne X, Schneider SM. Nutritional 
deficiencies in patients with Crohn’s disease in remission. Inflamm Bowel Dis. (2006) 
12:185–91. doi: 10.1097/01.MIB.0000206541.15963.C3

	110.	Matsui T. Zinc deficiency in Crohn’s disease. J Gastroenterol. (1998) 33:924–5.

	111.	Mcclain C, Soutor C, Zieve L. Zinc deficiency: a complication of Crohn’s disease. 
Gastroenterology. (1980) 78:78272–9.

	112.	Sturniolo GC, Molokhia MM, Shields R, Turnberg LA. Zinc absorption in 
Crohn’s disease. Gut. (1980) 21:387–91.

	113.	Mulder TPJ, Verspaget HW, Janssens AR, De Bruin AF, Penia AS, Lamers HW, 
et al. Decrease in two intestinal copper/zinc containing proteins with antioxidant 
function in inflammatory bowel disease. Gut. (1991) 32:1146–50.

	114.	Foligné B, George F, Standaert A, Garat A, Poiret S, Peucelle V, et al. High-dose 
dietary supplementation with zinc prevents gut inflammation: investigation of the role 
of metallothioneins and beyond by transcriptomic and metagenomic studies. FASEB J. 
(2020) 34:12615–33. doi: 10.1096/FJ.202000562RR

	115.	Higashimura Y, Takagi T, Naito Y, Uchiyama K, Mizushima K, Tanaka M, et al. 
Zinc deficiency activates the IL-23/Th17 Axis to aggravate experimental colitis in mice. 
J Crohn's Colitis. (2020) 14:856–66. doi: 10.1093/ECCO-JCC/JJZ193

	116.	Wen C, Wang J, Sun Z, Zhong R, Li M, Shen X, et al. Dietary zinc ameliorates 
TNBS-induced colitis in mice associated with regulation of Th1/Th2/Th17 balance and 
NF-κB/NLRP3 signaling pathway. Biol Trace Elem Res. (2024) 202:659–70. doi: 
10.1007/S12011-023-03715-Y

	117.	Iwaya H, Kashiwaya M, Shinoki A, Lee JS, Hayashi K, Hara H, et al. Marginal 
zinc deficiency exacerbates experimental colitis induced by dextran sulfate sodium in 
rats. J Nutr. (2011) 141:1077–82. doi: 10.3945/JN.111.138180

	118.	Suwendi E, Iwaya H, Lee JS, Hara H, Ishizuka S. Zinc deficiency induces 
dysregulation of cytokine productions in an experimental colitis of rats. Biomed Res. 
(2012) 33:329–36. doi: 10.2220/BIOMEDRES.33.329

	119.	 Li J, Chen H, Wang B, Cai C, Yang X, Chai Z, et al. ZnO nanoparticles act as supportive 
therapy in DSS-induced ulcerative colitis in mice by maintaining gut homeostasis and 
activating Nrf2 signaling. Scientific Reports. (2017) 7:1–11. doi: 10.1038/srep43126

	120.	 Di Leo V, D’incè R, Barollo M, Tropea A, Fries W, Mazzon E, et al. Effect of zinc 
supplementation on trace elements and intestinal metallothionein concentrations in 
experimental colitis in the rat. Dig Liver Dis. (2001) 33:135–9. doi: 
10.1016/S1590-8658(01)80068-2

	121.	Sturniolo GC, Fries W, Mazzon E, Di Leo V, Barollo M, D’Inca R. Effect of zinc 
supplementation on intestinal permeability in experimental colitis. J Lab Clin Med. 
(2002) 139:311–5. doi: 10.1067/mlc.2002.123624

	122.	Krebs NF. Zinc and health: current status and future directions. J Nutr. (2000) 
130:1374–7.

	123.	Miyoshi Y, Tanabe S, Suzuki T. Cellular zinc is required for intestinal epithelial 
barrier maintenance via the regulation of claudin-3 and occludin expression. American J 
Physiol Gastrointestinal Liver Physiol. (2016) 311:G105–16. doi: 10.1152/AJPGI.00405.2015

	124.	 Shao Y, Wolf PG, Guo S, Guo Y, Rex Gaskins H, Zhang B. Zinc enhances intestinal 
epithelial barrier function through the PI3K/AKT/mTOR signaling pathway in Caco-2 cells. 
J Nutr Biochem. (2017) 43:18–26. doi: 10.1016/J.JNUTBIO.2017.01.013

	125.	Maares M, Keil C, Straubing S, Robbe-Masselot C, Haase H. Zinc deficiency 
disturbs mucin expression, O-glycosylation and secretion by intestinal goblet cells. Int 
J Mol Sci. (2020) 21:6149. doi: 10.3390/IJMS21176149

	126.	Olechnowicz J, Tinkov A, Skalny A, Suliburska J. Zinc status is associated with 
inflammation, oxidative stress, lipid, and glucose metabolism. J Physiol Sci. (2018) 
68:19–31. doi: 10.1007/s12576-017-0571-7

	127.	Zhu C, Lv H, Chen Z, Wang L, Wu X, Chen Z, et al. Dietary zinc oxide modulates 
antioxidant capacity, small intestine development, and jejunal gene expression in 
weaned piglets. Biol Trace Elem Res. (2017) 175:331–8. doi: 10.1007/S12011-016-0767-3

	128.	Hu X, Xiao W, Lei Y, Green A, Lee X, Maradana MR, et al. Aryl hydrocarbon 
receptor utilises cellular zinc signals to maintain the gut epithelial barrier. Nature 
Commun. (2023) 14:5431–15. doi: 10.1038/s41467-023-41168-y

	129.	 Li D, Achkar JP, Haritunians T, Jacobs JP, Hui KY, D’Amato M, et al. A pleiotropic 
missense variant in SLC39A8 is associated with Crohn’s disease and human gut microbiome 
composition. Gastroenterology. (2016) 151:724–32. doi: 10.1053/J.GASTRO.2016.06.051

	130.	Yang JC, Zhao M, Chernikova D, Arias-Jayo N, Zhou Y, Situ J, et al. ZIP8 A391T 
Crohn’s disease-linked risk variant induces colonic metal ion Dyshomeostasis, 
microbiome compositional shifts, and inflammation. Dig Dis Sci. (2024) 69:3760–72. 
doi: 10.1007/S10620-024-08647-8

	131.	 Nakata T, Creasey EA, Kadoki M, Lin H, Selig MK, Yao J, et al. A missense variant in 
SLC39A8 confers risk for Crohn’s disease by disrupting manganese homeostasis and intestinal 
barrier integrity. Proc Natl Acad Sci USA. (2020) 117:28930–8. doi: 10.1073/PNAS.2014742117

	132.	Sunuwar L, Frkatović A, Sharapov S, Wang Q, Neu HM, Wu X, et al. Pleiotropic 
ZIP8 A391T implicates abnormal manganese homeostasis in complex human disease. 
JCI Insight. (2020) 5:e140978. doi: 10.1172/jci.insight.140978

	133.	Geiser J, Venken KJT, de Lisle RC, Andrews GK. A mouse model of 
Acrodermatitis Enteropathica: loss of intestine zinc transporter ZIP4 (Slc39a4) disrupts 
the stem cell niche and intestine integrity. PLoS Genet. (2012) 8:e1002766. doi: 
10.1371/JOURNAL.PGEN.1002766

	134.	Ohashi W, Kimura S, Iwanaga T, Furusawa Y, Irié T, Izumi H, et al. Zinc 
transporter SLC39A7/ZIP7 promotes intestinal epithelial self-renewal by resolving ER 
stress. PLoS Genet. (2016) 12:e1006349. doi: 10.1371/JOURNAL.PGEN.1006349

	135.	Podany AB, Wright J, Lamendella R, Soybel DI, Kelleher SL. ZnT2-mediated zinc 
import into Paneth cell granules is necessary for coordinated secretion and Paneth cell 
function in mice. Cell Mol Gastroenterol Hepatol. (2016) 2:369–83. doi: 
10.1016/J.JCMGH.2015.12.006

	136.	McGourty K, Vijayakumar R, Wu T, Gagnon A, Kelleher SL. ZnT2 is critical for 
TLR4-mediated cytokine expression in colonocytes and modulates mucosal 
inflammation in mice. Int J Mol Sci. (2022) 23:11467. doi: 10.3390/IJMS231911467/S1

	137.	 Kable ME, Riazati N, Kirschke CP, Zhao J, Tepaamorndech S, Huang L. The Znt7-null 
mutation has sex dependent effects on the gut microbiota and goblet cell population in the 
mouse colon. PLoS One. (2020) 15:e0239681. doi: 10.1371/JOURNAL.PONE.0239681

	138.	Jeong J, Eide DJ. The SLC39 family of zinc transporters. Mol Asp Med. (2013) 
34:612–9. doi: 10.1016/J.MAM.2012.05.011

	139.	Jimenez-Rondan FR, Ruggiero CH, McKinley KL, Koh J, Roberts JF, Triplett EW, 
et al. Enterocyte-specific deletion of metal transporter Zip14 (Slc39a14) alters intestinal 
homeostasis through epigenetic mechanisms. Am J Physiol Gastrointest Liver Physiol. 
(2023) 324:G159–76. doi: 10.1152/AJPGI.00244.2022

	140.	Jimenez- Rondan FR, Ruggiero CH, Riva A, Yu F, Stafford LS, Cross TR, et al. 
Deletion of metal transporter Zip14 reduces major histocompatibility complex II 
expression in murine small intestinal epithelial cells. Proc Natl Acad Sci USA. (2025) 
122:e2422321121. doi: 10.1073/pnas.2422321121

	141.	 Mitchell SB, Thorn TL, Lee M-T, Kim Y, Comrie JMC, Bai ZS, et al. Metal transporter 
SLC39A14/ZIP14 modulates regulation between the gut microbiome and host metabolism. 
Am J Physiol Gastrointest Liver Physiol. (2023) 325:G593–607. doi: 10.1152/AJPGI.00091.2023

	142.	Sokol H, Leducq V, Aschard H, Pham HP, Jegou S, Landman C, et al. Fungal 
microbiota dysbiosis in IBD. Gut. (2017) 66:1039–48. doi: 10.1136/GUTJNL-2015-310746

	143.	Aydemir TB, Chang S-MM, Guthrie GJ. Zinc transporter ZIP14 functions 
in hepatic zinc, iron and glucose homeostasis during the innate immune response 
(endotoxemia). PLoS One. (2012) 7:e48679. doi: 10.1371/journal.pone.0048679

	144.	Aydemir TB, Troche C, Kim MH, Cousins RJ. Hepatic ZIP14-mediated zinc 
transport contributes to endosomal insulin receptor trafficking and glucose metabolism. 
J Biol Chem. (2016) 291:23939–51. doi: 10.1074/JBC.M116.748632

	145.	Besecker B, Bao S, Bohacova B, Papp A, Sadee W, Knoell DL. The human zinc 
transporter SLC39A8 (Zip8) is critical in zinc-mediated cytoprotection in lung epithelia. 
Am J Phys Lung Cell Mol Phys. (2008) 294:L1127–36. doi: 10.1152/AJPLUNG.00057.2008

	146.	Kim M-HM-H, Aydemir TBTB, Kim J, Cousins RJRJ. Hepatic ZIP14-mediated 
zinc transport is required for adaptation to endoplasmic reticulum stress. Proc Natl Acad 
Sci. (2017) 114:E5805–14. doi: 10.1073/pnas.1704012114

	147.	Merriman C, Fu D. Down-regulation of the islet-specific zinc transporter-8 
(ZnT8) protects human insulinoma cells against inflammatory stress. J Biol Chem. 
(2019) 294:16992–7006. doi: 10.1074/jbc.RA119.010937

	148.	Norouzi S, Adulcikas J, Henstridge DC, Sonda S, Sohal SS, Myers S. The zinc 
transporter zip7 is downregulated in skeletal muscle of insulin-resistant cells and in mice 
fed a high-fat diet. Cells. (2019) 8:663. doi: 10.3390/cells8070663

	149.	Woodruff G, Bouwkamp CG, De Vrij FM, Lovenberg T, Bonaventure P, Kushner 
SA, et al. The zinc transporter SLC39A7 (ZIP7) is essential for regulation of cytosolic zinc 
levels s. Mol Pharmacol. (2018) 94:1092–100. doi: 10.1124/MOL.118.112557

	150.	Dronfield MW, Malone JDG, Langman MJS. Zinc in ulcerative colitis: a 
therapeutic trial and report on plasma levels. Gut. (1977) 18:33–6.

	151.	Van DE Wal Y, Veer AVDS, Verspaget HW, Mulder TPJ, Griffioen G, Van Tol 
EAF, et al. Effect of zinc therapy on natural killer cell activity in inflammatory bowel 
disease. Aliment Pharmacol Ther. (1993) 7:281–6.

	152.	Belluzzi A, Brignola C, Campieri M, Gionchetti P, Rizzello F, Boschi S, et al. Short 
report: zinc sulphate supplementation corrects abnormal erythrocyte membrane long-
chain fatty acid composition in patients with Crohn’s disease. Aliment Pharmacol Ther. 
(1994) 8:127–30.

	153.	Mulder TPJ, Veer AVDS, Verspaget HW, Griffioen G, Peña AS, Janssens AR, et al. 
Effect of oral zinc supplementation on metallothionein and superoxide dismutase 
concentrations in patients with inflammatory bowel disease. J Gastroenterol Hepatol. 
(1994) 9:472–7.

https://doi.org/10.3389/fnut.2025.1649658
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3164/JCBN.22-72
https://doi.org/10.3109/00365521.2013.863963
https://doi.org/10.3305/NH.2015.31.3.8402
https://doi.org/10.1016/J.PHANU.2018.06.004
https://doi.org/10.1007/S10534-019-00225-0/TABLES/3
https://doi.org/10.1097/01.MIB.0000206541.15963.C3
https://doi.org/10.1096/FJ.202000562RR
https://doi.org/10.1093/ECCO-JCC/JJZ193
https://doi.org/10.1007/S12011-023-03715-Y
https://doi.org/10.3945/JN.111.138180
https://doi.org/10.2220/BIOMEDRES.33.329
https://doi.org/10.1038/srep43126
https://doi.org/10.1016/S1590-8658(01)80068-2
https://doi.org/10.1067/mlc.2002.123624
https://doi.org/10.1152/AJPGI.00405.2015
https://doi.org/10.1016/J.JNUTBIO.2017.01.013
https://doi.org/10.3390/IJMS21176149
https://doi.org/10.1007/s12576-017-0571-7
https://doi.org/10.1007/S12011-016-0767-3
https://doi.org/10.1038/s41467-023-41168-y
https://doi.org/10.1053/J.GASTRO.2016.06.051
https://doi.org/10.1007/S10620-024-08647-8
https://doi.org/10.1073/PNAS.2014742117
https://doi.org/10.1172/jci.insight.140978
https://doi.org/10.1371/JOURNAL.PGEN.1002766
https://doi.org/10.1371/JOURNAL.PGEN.1006349
https://doi.org/10.1016/J.JCMGH.2015.12.006
https://doi.org/10.3390/IJMS231911467/S1
https://doi.org/10.1371/JOURNAL.PONE.0239681
https://doi.org/10.1016/J.MAM.2012.05.011
https://doi.org/10.1152/AJPGI.00244.2022
https://doi.org/10.1073/pnas.2422321121
https://doi.org/10.1152/AJPGI.00091.2023
https://doi.org/10.1136/GUTJNL-2015-310746
https://doi.org/10.1371/journal.pone.0048679
https://doi.org/10.1074/JBC.M116.748632
https://doi.org/10.1152/AJPLUNG.00057.2008
https://doi.org/10.1073/pnas.1704012114
https://doi.org/10.1074/jbc.RA119.010937
https://doi.org/10.3390/cells8070663
https://doi.org/10.1124/MOL.118.112557

	Roles of zinc and zinc transporters in development, progression, and treatment of inflammatory bowel disease (IBD)
	1 Introduction
	1.1 Zinc
	1.2 Zn transport
	1.3 Inflammatory bowel disease
	1.4 Zn and IBD
	1.5 Zn transporters and IBD

	2 Discussion

	References

