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Abstract: Modern lifestyles deviated considerably from the ancestral routines towards major shifts
in diets and increased sedentarism. The trace elements status of the human body is no longer
adequately supported by micronutrient-inferior farmed meats and crop commodities produced
by the existing agricultural food systems. This is particular evident in the increased obesogenic
adipogenesis and low-grade inflammation that fails to resolve with time. The metabolically restrictive
environment of the inflamed tissues drives activation and proliferation of transient and resident
populations of immune cells in favor of pro-inflammatory phenotypes, as well as a part of the
enhanced autoimmune response. As different stages of the immune activation and resolution
depend on the availability of specific minerals to maintain the structural integrity of skin and mucus
membranes, activation and migration of immune cells, activation of the complement system, and
the release of pro-inflammatory cytokines and chemokines, this review discusses recent advances
in our understanding of the contribution of select minerals in optimizing the responses of innate
and adaptive immune outcomes. An abbreviated view on the absorption, transport, and delivery of
minerals to the body tissues as related to metabolic adaptation is considered.

Keywords: micronutrient; malnutrition; macrophage polarization; intestinal immunity; mucosal
integrity; dietary intervention

1. Introduction

A new lifestyle has evolved in the last 80 years, owing mostly to changes in dietary
habits and a rise in sedentarism. These conditions have resulted in a dramatic increase
in the prevalence of noncommunicable diseases, including chronic disorders associated
with four key metabolic and physiological changes (raised blood glucose, raised LDL
cholesterol, excess body weight or obesity, and high blood pressure). Centers for Disease
Control and Prevention maps effectively tracked the rise obesity in the US during this time,
with an estimated average gain of 15 kg of body mass, 4.5 BMI units, and 18 cm of waist
circumference for an average adult [1]. Excess adiposity has thus almost become the norm,
and trends in diagnosed diabetes trailed the obesity data with a 15–20 year delay owing
to progressive damage from sustained hyperglycemia and impaired insulin action in the
target tissues [2]. Only 6.8% of US adults had optimal cardiometabolic health in 2018 [3], a
critical issue that was brought into spotlight one more time by the striking relationship of
metabolic health and risk of severe COVID-19 outcomes associated with immune-mediated
dysfunction that leads to development of pneumonia (15%) and severe disease (5%) in
unvaccinated individuals [4]. This association between excessive adiposity and deteriorated
immune phenotypes is now observed worldwide, as 50–60% of the population are routinely
classified as overweight or obese, and 9–12% as diabetic, in both Europe [5], Middle East
and Gulf region [6], and East Asia [7].

Although the four metabolic risk factors have very different pathophysiological signa-
tures, inflammation and oxidative stress are the common central players in their develop-
ment [8–10]. Metabolic states directly affect systemic markers of chronic low-grade inflam-
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mation and correlate with immune activation in tissues such as fat, liver, pancreas, and the
vasculature [11]. The innate immune system (granulocytes and myeloid cells) allows for a
rapid proinflammatory response to injury or infection via activation of pattern recognition
receptors; however, its resolution is substantially delayed in unhealthy metabolic states. The
adaptive immune system (B and T lymphocytes) in turn critically depends on the innate
immune cells for antigen presentation and receptor-mediated activation, otherwise unable to
effectively control for autoimmune reactions. In tissues, this process seems to be maintained
by the transient tissue macrophages, as well as mature tissue macrophages derived from
embryonic precursors seeded in place before birth and self-renewed [12].

Failure to maintain metabolic homeostasis results in a maladaptive metabolic state that
relies on tissue-resident macrophages to propagate inflammation [13]. Expansion of adipose
tissue and ectopic storage of triglycerides in liver, muscle, and pancreas is also achieved by
local inflammatory reactions that allow for increased perfusion and remodeling of otherwise
structurally rigid tissues [14]. This is achieved by chronic upregulation of complex signaling
cascades that include vasoactive amines (histamine and serotonin), eicosanoids—lipid media-
tors that define pro-inflammatory (prostaglandins and thromboxanes) or anti-inflammatory
(leukotrienes, lipoxins, resolvins) polarization, as well as cytokines with similar polarization
effects. A core cluster of effector molecules that drives pro-inflammatory responses seems
to include TNF-α, IL-1β/IL-6/IL-17, IL-18/INF-γ/MCP-1 [15], and the messengers of pro-
longed activation (NF-κB, COX-2, iNOS) [16]. It is currently not clear to what extent the nature
of an inflammatory trigger dictates the type of the mediator induced.

This situation is further complicated by an alteration in the two-way relationship
between the richness and diversity of microbiota that occupies mucosal surfaces of the
gastrointestinal tract or lungs, and the underlying immune tissues [17]. One common evolu-
tionary approach to maintain tissue integrity and healthy metabolism is sensing the effector
molecules (enzymes/substrates, receptors/ligands) from sequestrated cells that normally
do not overlap spatially, as seen at the surface epithelium, vascular endothelium, basement
membranes (epithelial-mesenchymal connection), and plasma membranes [13]. Assembly
of NALP3 inflammasome in response to leaked intracellular ATP/toxins via activation of
macrophage purinoceptors [18], as well as differentiation of intestinal regulatory T cells in
response to metabolites secreted by the commensal microbial community [19] indicate dual
regulation of the metabolic status, and maintenance of a fine balance between immunity
and tolerance in the gastrointestinal tract.

Finally, another variable in a relationship between metabolic and immune health is
food. The modern agricultural food systems achieved significant advances in breeding
crops with increased macronutrient profiles and energy density, as well as developed an
extensive set of manufacturing and processing routines that improved affordability, shelf
life, and safety of contemporary food products. This was achieved, however, at a profound
loss of several important phytonutrients including dietary fiber, micronutrients (vitamins
and essential minerals), and phytochemicals such as phenolic metabolites [20]. Mineral
malnutrition is especially widespread but difficult to quantify. Reduced consumption
of organ meats, changes in geographical origin of foods, new varieties, agroecological
methods of farming and preserving soils, and widespread environmental changes are in
part responsible for the observed reductions [21]. The important role of minerals as a
part of healthy diet as it applies to metabolic and immune health has stimulated research
into altered cellular metabolism, often driven by mitochondrial dysfunction to produce
metabolic disparity, which in turn influences inflammation and energy balance. These areas
are the focus of the present review.

2. Inflammation and Metabolic Dysfunction

Inflammation is a physiological response to adverse stimuli, which may be physical,
chemical, or biological. The response normally leads to the restoration of homeostasis and
apoptosis of malfunctioning or necrotic cells by macrophages. In this process, macrophages
undergo activation as polarization towards two opposite states, the M1 or classical (pro-
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inflammatory), and the M2 or alternative (pro-resolution) phenotype [22]. In addition to
the pathogen defense, M2 macrophages clear apoptotic cells and mitigate inflammatory
response to IL-4, IL-10, IL-13, and TGF-β signaling [23]. If the noxious stimuli are not
neutralized and removed, or if the apoptotic inflammatory cells are not cleared from the
inflamed tissue, the inflammatory mechanism continues, and a condition of chronic inflam-
mation or autoimmunity can develop with recruitment of T lymphocytes and the formation
of lymphoid infiltrates in the metabolic tissues [24]. This process is especially evident in the
metabolic state of morbid obesity which is characterized by constant activation of the innate
immune system that leads to acute inflammation [25]. Sustaining the M2 state of tissue
resident macrophages would be an interesting approach to reduce circulating inflammatory
mediators and thus alleviate the metabolic disorders associated with chronic inflammation.

2.1. Inflammation in Obesity

Obesity is a cofounding factor of many metabolic disorders. Excessive lipids in
the circulation, whether they are dietary or genetically determined, trigger hyperplasia,
remodeling and hypertrophy of the adipose tissue, and result in increased fat mass as
an adaptation to extra energy storage. These processes have significant inflammatory
underpinnings, and inflammation is linked to all stages of metabolic alterations. Metabolic
dysfunction is generally observed together with a low-grade local inflammation, deficient
insulin receptor signaling, and metabolic homeostasis disruption [26]. However, the precise
contribution of individual macronutrients (carbohydrates, fats, proteins) to development
of the obese and pro-inflammatory metabolic states has not been established.

While there is a broad consensus that increased levels of fructose-containing carbohy-
drates, saturated long-chain fatty acids, and branched-chain amino acids impair metabolic
health, the views on their different roles are extremely polarized. This is highlighted by
a generally recognized U-shaped association between mortality risk and carbohydrate
consumption, with the epidemiological data from the PURE study at one extreme [27] and
the Blue Zone Diets at the other [28]. These inconsistencies arise from the inherent limita-
tions of the single nutrient approaches, and inability to correlate findings with concurrent
nutrient intakes. For example, when protein is diluted in the diet by readily digestible
carbohydrates and fats in the form of processed foods, protein “leverage” results in excess
calorie intake, leading to rising levels of obesity and metabolic disease [29].

On the molecular level, the processes are mediated in part by increased de novo lipoge-
nesis in the liver, reduced fat oxidation in mitochondria, accumulation of toxic ceramides
and diacylglycerides, and activation of mTOR that ultimately degrade the insulin receptor
substrate-1 (IRS-1) substrate and lead to malfunction of insulin-sensitive tissues [30]. In
a remarkable overlap, deficiencies in IRS-1 substrate drive the proinflammatory pheno-
types of the target tissues [31]. Similar to metabolic mediators, inflammatory cytokines
like TNF-α, IL-6, and IL-1β also impair the insulin signaling pathway leading to insulin-
resistant metabolic conditions [32]. Both IL-6 and TNF-α promote hepatic production of
C-reactive protein (CRP), a major nonspecific reactant for the acute inflammatory phase,
that is also increased in obese subjects. This further stimulates the complement system,
mediates phagocytosis, and controls inflammation in the target tissues [33].

Cytokines, endothelial adhesion molecules, and chemotactic mediators within adipose
tissue originate from both adipocytes, as well as resident or transitory macrophages that
infiltrate the tissue [34]. These signals also activate another molecular pathway, called
inflammasome, in myeloid cells which mediates the maturation and secretion of IL-1β
and IL-18 by macrophages [35]. The signaling messengers have local effects on adipocytes
and other resident immune cells (e.g., neutrophils, B cells, and T cells), and circulate in
the periphery, where they affect the liver and skeletal muscle. In liver, this translates to
increased infiltration with resident Kupffer cells and monocyte-derived recruited hep-
atic macrophages [36], while skeletal muscle experiences increased pro-inflammatory M1
macrophage infiltration [37].
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2.2. Inflammation in Diabetes

The relationship between immunity and carbohydrate metabolism is bidirectional, en-
compassing both inflammation role in the pathogenesis of metabolic disorders and the impact
of the metabolic condition, including the inflammatory signaling, on immune cell regula-
tion [38]. At the pathophysiological level, type 2 diabetes (T2D) is primarily characterized by
peripheral insulin resistance and progressive exhaustion/destruction of insulin producing
pancreatic beta cells [39]. These alterations are also associated with elevated oxidative stress,
which leads to the additional dysregulation of the polyol, hexosamine, and protein kinase
C (PKC) pathways, as well as a rise in the formation of advanced glycation end products
(AGEs) [40]. Indeed, increased oxidative stress has been a major risk factor for the most
prevalent diabetic microvascular complications, including nephropathy, retinopathy, and neu-
ropathy at the later stages of T2D. Importantly, in diabetic patients, this consistently elevated
oxidative stress condition results in low-grade pathological inflammation [40].

A number of markers of inflammation are elevated in patients with diabetes, including
the leukocyte count, IL-6, TNF-α, and CRP [41]. Similar to obesity, TNF-α produces
metabolic perturbation in diabetic states by inducing insulin resistance via activation of IκB
kinase β (IKKβ), the c-Jun aminoterminal kinase (JNK), and inhibitory phosphorylation
of IRS-1 at Ser 307 [42]. A close connection between obesity and insulin resistance is
exemplified by the fact that a gradual weight loss 5–15% of the original body weight
over 3–10 months is sufficient to improve β-cell function and insulin sensitivity in all
key metabolically active tissues: liver, skeletal muscle, and fat [43]. It has also been long
recognized that anti-inflammatory treatments attenuate insulin resistance as observed with
salicylic acid [44], salicilates [45], or aspirin [46], likely via inhibition of κB in the NF-κB
inflammatory pathway. Inflammasome-activated IL-1β and IL-18 are the major cytokines
implicated in the development of obesity- and diabetes-related insulin resistance, and some
conflicting results were reported for IL-6 and the downstream STAT pathway [47].

2.3. Inflammation in the Gastrointestinal Disorders

Another bidirectional interaction between gastrointestinal tissues, microbiota in the
gastrointestinal lumen, and host immunity, in which inflammation is critically involved,
has recently been stated to have a compounding effect on metabolic diseases [48]. The
gastrointestinal tract represents a major component of the immune system that maintains
immune homeostasis by supporting the integrity of the intestinal epithelial barrier and
recognizing the food and microbial antigens. Disruption of the epithelial barrier occurs
when a double (stomach or colon) or a single (small intestine) layer of the gastrointestinal
mucus is diminished [49], and the tight junction protein complexes are misassembled to
allow for increased penetration of dietary components and microbial metabolites via the
paracellular transport pathway [50]. This creates a unique antigen presentation environ-
ment where under normal conditions specialized epithelial microfold (M) cells recognize
luminal antigens and present them to the mononuclear phagocytes (dendritic cells and
macrophages) and B cells to trigger antigen-specific secretory IgA, as well as systemic IgG
production [51]. In humans, these areas are more frequently localized in the distal part
of the small intestine (ileum) where microbial loads start to increase [52]. This allows for
timely activation and differentiation of the effector and regulatory Th cells mostly via IL-10
and TGF-β signaling to suppress the inflammatory responses of B and T cells initiated
by normal food, commensal microbes, and environmental antigens [53]. The epithelial
layer also expressed a significant number of extraoral bitter taste receptors family (TAS2R,
25 members in humans) that do not support the bitter sensing in the gut, but instead pro-
vide a chemosensing environment to detect and respond to dietary and microbial chemical
constituents and modify their absorption [54].

In addition to ectopic lipid accumulation and chronic inflammation in the key metabolic
tissues, excessive metabolic states also promote inflammation of the gastrointestinal tissues.
As different parts of the gut perform distinct functions in the digestion and absorption of
nutrients, the health outcomes of the gastrointestinal inflammatory disorders are highly
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variable. In a normal state, duodenum supports digestion of foods with pancreatic and
bile secretions, as well as iron, calcium, and magnesium absorption. The jejunum absorbs
most nutrients, vitamins, and minerals. The ileum reabsorbs bile acids and fluids, and
colon completes absorption of fluid and electrolytes. This functional separation is partially
responsible on different manifestations associated with the gastrointestinal disorders, as celiac
disease primarily affects duodenum/jejunum, the Crohn’s disease is centered in ileum and
spreads to colon, and the ulcerative colitis affects primarily colon starting at the anus. For this
reasons, primary mineral inadequacies in celiac patients are iron, calcium, magnesium, and
to a lesser degree zinc, copper, and selenium [55]. Mineral malabsorption in Crohn patients
is variable but generally includes iron, calcium, magnesium, and zinc [56]. Patients with
ulcerative colitis are less susceptible to mineral deficiencies, but require larger amounts of zinc,
copper, and selenium to promote wound healing [57]. The altered epithelial barrier function
is present in all IBD conditions and presents as increased leak-flux of water and solutes that
leads to elevated antigen presentation, tissue inflammation, and diarrhea [58].

3. Immune Cell Metabolism and Metabolic Reprogramming

The immune system has various type of cells in its stable state, which become active in
different situation in order to respond to infection, inflammation, and changes in metabolic
fluxes. These responses include multiple changes in signal transduction pathways and gene
expression networks to perform the suitable functions like production of cytokines, tissue
remodeling enzymes, mediators, and toxic gases, in order to be able to migrate through
tissues and/or undergo cellular division and proliferation. Such changes are supported by
abrupt modifications of basic metabolic processes that provide immune cells with energy
and bio-precursors to correlate with required immune functions. Cellular bioenergetics
therefore serves as both a sensor and fundamental effector of the immune response, and
this becomes even more evident in pathological metabolic states.

3.1. Inflamed Tissue Is a Metabolically Restrictive Environment

Cellular metabolism involves a network of biochemical reactions that utilizes nutrients
and microelements generate the energy, redox equivalents, and macromolecules specific
to the cell type and function. This is typically achieved first via glycolysis in the cytosol
and the subsequent mitochondrial oxidative phosphorylation in the presence of oxygen.
However, rapidly proliferating cells such as tumors and activated immune cells require
faster energy supplies and achieve them by lowering their metabolic efficiency and relying
nearly exclusive on the faster glycolytic reactions in the cytosol. This allows them to
outcompete other cells and tissues for essential nutrients and microelements critical to their
survival [59]. Aerobic glycolysis and pentose phosphate pathways are the main metabolic
modes of activated M1 macrophages, neutrophils (respiratory burst and chemotaxis), iNOS-
expressing dendritic cells, lymphocytes (effector T cells, LPS-stimulated B lymphocytes)
and natural killer cells. Alternatively activated immune cells geared towards resolution
of inflammation such as M2 macrophages and the regulatory T cells rely on oxidative
phosphorylation from fatty acid oxidation instead [60].

Survival of activated immune cells in the metabolically restrictive environment de-
pends on the competitive uptake of glucose and the expression of corresponding trans-
porters on the cell surface. For this reason, many pro-inflammatory pathologies induce at
least transitory, but often long-lasting state of insulin resistance in the host tissues. This is
observed in patients with sepsis [61], burn injury [62], and normal pregnancy [63].

The resulting increased availability of glucose for aerobic glycolysis provides the
biosynthetic precursors essential for the synthesis of nucleotides, amino acids, and lipids
of rapidly growing and proliferating cells. The metabolic shifts are supported in part
by interaction of glycolytic enzymes such as GAPDH with translation of IFN-γ and IL-2
mRNA to ensure unconstrained generation of pro-inflammatory signaling once glycolysis
is upregulated [64], as well as activity of the glycolytic regulators such as HIF-1α under the
conditions of microenvironment hypoxia [65].
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3.2. Metabolic Reprograming during Activation of Immune Cells

Active selection of metabolic pathways enables immune cells to adapt to their functional
requirements, but at the same time, the metabolic state of the host directly affects the phenotype
and function of immune cells. A number of minerals have been shown to be important for
adequate transition between resting and activated states of the immune system, activity of
the rate-limiting enzymes in respective biochemical pathways, and transcriptional factors
responsible for activation of the target gene expression networks (Figure 1).
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Figure 1. Schematic representation of the immune cell lineages of lymphoid and myeloid origin. Es-
sential minerals that play important roles in maturation and activation of the immune cell subgroups
are shown at the top. The major effector molecules produced by each subgroup include cytokines,
interleukins, and chemokines as listed below the individual clades.

3.2.1. Neutrophils

Neutrophils are a subpopulation of granulocytes (leukocytes) abundant in the blood
and rare in healthy tissues. These immune cells are one of the earliest transitory responders
that propagate the pro-inflammatory states via secretion of elastase 2, TNF-α and MCP-1 [47].
Neutrophils phagocytose debris, promote angiogenesis, and allow for tissue expansion and
repair. They consume very low amounts of oxygen and rely primarily on aerobic glycolysis to
generate ATP. A high flux through the glycolytic pathway upon activation is channeled via
pentose phosphate pathway to generate NADPH and superoxide anions (oxidative burst).
Neutrophils also maintain some levels of fatty acid oxidation and glutaminolysis [66].

3.2.2. Mast Cells

Mast cells are another class of highly granulated tissue resident hematopoietic cells that
are major effectors of IgE mediated allergies, but also disorders of the brain, gastrointestinal,
and adipose tissues. They undergo early phase degranulation and late phase activation by
releasing histamine, leukotrienes, TNF-α and Th2-associated cytokines such as IL-4, IL-6, IL-10,
and IL-13. Both oxidative phosphorylation and glycolysis appear to be critical for rapid allergic
reactions, while glycolysis is a predominant energy pathway for non-IgE activation [67].
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3.2.3. Macrophages

In obese metabolic states, macrophages constitute up to 40% of the stromal vascular
cells in the adipose tissue [68]. Adipose tissue macrophages encompass both resident
and transitory cells recruited via MCP-1, and are sometimes designated as Me due to
differences in surface markers [69]. In the resting state, macrophages use energy produced
from oxidative phosphorylation, and abruptly switch to glycolysis when they enter the pro-
inflammatory M1 activated state (CD11b+, F4/80+ and CD11c+) via IFN-γ or LPS signaling.
Their activation is dependent on the same IKK-β implicated in the pathophysiology of
insulin resistance, and results in PPAR-γ mediated secretion of IL-1β, TNF-α, IL-6, IL-12,
and IL-23. On the biochemical level, M1 polarization results in accumulation of succinate
and malate [70] due to the Krebs cycle breaks at the level of isocitrate dehydrogenase
and succinate dehydrogenase [71]. This allows for citrate shift towards fatty acid and
prostaglandin synthesis, accumulation of succinate, and activation of the arginosuccinate
shunt towards malate and nitric oxide production.

The alternatively activated M2 macrophages (CD206+ CD301+) participate in resolu-
tion of inflammation via secretion of IL-10, IL-4, IL-13 and TGF-β that is heavily influenced
by adipose tissue eosinophils and regulatory T cells. Both IL-4 and IL-10 are two suppres-
sive cytokines which become more abundant in the gut mucosal tissue due to exposure to
helminth and microbial products derived from the gut microflora, respectively [72].

3.2.4. Dendritic Cells

Dendritic cells link innate and adaptive immunity by presenting antigens to T cell
receptors. They induce pro-inflammatory environment by producing IL-6 and macrophage
recruitment signaling. Similar to other innate cells (dendritic cells differentiate from monocytes
as do macrophages), activation of dendritic cells is critically dependent on glycolysis [73].

3.2.5. NK Natural Killer Cells CD56+

Activated NK cells maintain bioenergetic profiles that are similar to Th1 cells in relying
predominantly on glycolysis and glutaminolysis for energy supply. Like other innate
immune cells described above, NK responses are rapid and nonspecific. The observed
shifts to a higher metabolic level upon innate immune cell activation is required for the
secretion of IFN-γ and direct cytotoxicity. The glycolysis is increased by regulating the
expression of citric acid and malic acid reverse transporter SLC25A1 and ACLY15 via
SREBP signaling [74].

3.2.6. B Cells CD19+

B cells are the lymphocyte component of adaptive immunity that produce immunoglob-
ulins against familiar antigens. Their phenotypical activation in the adipose tissue promotes
chemotaxis of neutrophils, T cells, and monocytes. These cells are somewhat unique be-
cause they use glycolysis and glutaminolysis in all resting and maturation states [75]. B cell
accumulation generally precedes T cell accumulation in metabolic disorders, and promotes
pro-inflammatory activation of T cells [68].

3.2.7. T Cells CD3+ CD8+ (Cytotoxic)

These cells constitute a population of acquired immunity cells, and their abundance is
increased in metabolically disadvantageous states. Energy requirements of these cells are
maintained upon activation by glycolysis and glutaminolysis [70].

3.2.8. T Cells CD3+ CD4+ (Helper)

T helper cells interact with the antigen-presenting cells like dendritic cells, macrophages,
and B cells to modulate the inflammatory status of the target tissue. The maturation of
these cells occurs in thymus and leads to amplification of several different subclasses of
T cells that differ in their surface markers and cytokine profiles as summarized below [76].
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Th1 cells are differentiated via pro-inflammatory IL-12 and IFN-γ signaling to release
pro-inflammatory IFN-γ and TNF-α. Their bioenergetic profile depends on glycolysis and
glutaminolysis upon activation.

Th2 cells are differentiated via IL-4 signaling to further secrete IL-4 (critical for survival
of the B-type lymphocytes), IL-5, IL-10, and IL-13. Th2 and the majority of T helper
cells described below maintain energy supply via glycolysis and partial preservation of
oxidative phosphorylation.

Th9 cells are differentiated via IL-4 and TGF-β signaling to release IL-9.
Th17 cells are differentiated via IL-1β, IL-6, IL-23 and TGF-β signaling to release IL-17 in

control of pathogenic infections and autoimmunity, as well as a series of IL-21/26 cytokines.
Interestingly, high levels of glucose lead to the excessive differentiation and stimulation of
Th17 cells and provoking inflammation in the host [77].

Th22 cells are differentiated via IL-6 and TNF-α signaling to release IL-22.
Treg (CD3+ CD4+ FOXP3+) regulatory cells are differentiated via IL-2 and TGF-β

signaling to release IL-10 and TGF-β. The former maintains the immunosuppressive
function of Tregs. The bioenergetic profile of T regs is similar to naïve T cells and is
primarily supported by fatty acid oxidation and oxidative phosphorylation [76].

4. Influence of Essential Minerals on Immunological Outcomes

Nutrients exert their role in innate immunity and inflammation at two major check-
points: (i) gut-associated lymphoid tissue in the intestinal tract, and (ii) immune cell
crosstalk and signaling in the different host tissues. Inadequate nutritional states caused
by malnutrition, unhealthy diet, disorders associated with loss, or inability, essential nu-
trients lead to nutritional deficiencies that can directly affect immune and inflammatory
status of the body. The interactions among nutrients within foods and diets add additional
level of complexity to the expected immune outcomes. This is especially evident at the
level of macronutrients through existence of the nutrient-specific appetite systems for
proteins, carbohydrates, and fats [78]. In many animals, the appetite prioritizes proteins
for reproductive success and carbohydrates for longevity [79], and the overall food intake
increases as nutrient concentrations fall in the food due to compensatory feeding for these
macronutrients [80]. As such, total energy intakes are highest on diets with low protein
and/or low carbohydrate content [81], and this unobvious discrepancy may form the basis
for many lifestyle metabolic disorders.

While a similar seeking behavior may exist for at least two micronutrients, sodium and
calcium, the remaining micronutrients are maintained within healthy limits by continuous
intake from the available variety of foods. Essential minerals form a subgroup of these mi-
cronutrients with high implications for immune health. These include major—calcium (Ca),
phosphorus (P), sodium (Na), potassium (K), magnesium (Mg), chloride (Cl), sulfur (S), and
trace minerals—iron (Fe), zinc (Zn), copper (Cu), manganese (Mn), selenium (Se), iodine (I),
molybdenum (Mo), and possibly trivalent chromium (Cr) and fluorine (F). Minerals play a
vital role in maintaining integrity of various physiological and metabolic processes occur-
ring within living tissues. Their regulatory effects on immune function have been defined
to a certain extent, and inadequate levels of minerals have been reported to alter immune
competence in humans [82].

A balanced and diverse diet can commonly support all essential minerals for the
body [83], whether it is based on natural or fortified foods, yet modern lifestyles, dietary
patterns, and agricultural production system has changed this equilibrium towards com-
mon inadequacies in some minerals (Table 1). The US data based on the National Health
and Nutrition Examination Surveys (NHANES) supported prominent micronutrient inade-
quacies in the US population, with a particular focus on calcium, potassium, magnesium,
and iron [84,85]. In Western diets, severe deficiencies occur only when minerals are not ob-
tained in sufficient amounts or are not absorbed from the diet due to inaccessible chemical
formulation or malabsorption disorders of the gastrointestinal tract, especially in patients
on parenteral nutrition, elderly, and children with inborn errors of metabolism who require
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very specialized diets. This is in contrast to many developing countries where a variety
of food choices is limited, the risk of economically driven malnutrition is high, and vegan
diets are more widespread [86]. Individuals sustaining a vegetarian diet may require up to
50% more dietary minerals due to the plant phytates consumed. Inadequacies, however,
are rather common all over the world, and the critical shortfall minerals with immune
effects are described in more details below.

Table 1. Selected mineral intakes and inadequacies in the US population. Primary mineral inadequa-
cies (shortfall micronutrients) are highlighted in red.

Minerals, mg
Mean Daily Intake from

Naturally Occurring Foods,
US Adults Ages ≥ 19 1

Mean Daily Intake from
All Foods Including

Enriched and Fortified, US
Population Ages ≥ 4 2

RDA, Reference Daily
Allowance for Ages ≥ 4 2

EAR, % Less
than Estimated

Average
Requirement 2

Calcium, Ca 856 mg 987 mg 1300 mg −24.1%
Phosphorus, P 1308 mg 1350 mg 1250 mg fair

Sodium, Na 3361 mg 3433 mg 1500 mg 3 excess
Potassium, K 2695 mg 2595 mg 4700 mg −44.8%

Magnesium, Mg 278 mg 286 mg 420 mg −31.9%
Iron, Fe 10.3 mg 15.1 mg 8–18 mg −16.1%
Zinc, Zn 11.2 mg 11.7 mg 8–11 mg fair

Copper, Cu 1.3 mg 1.3 mg 0.9 mg fair
Selenium, Se 0.1 mg 0.1 mg 0.055 mg fair

Manganese, Mn n/a 2.1–4.1 mg 1.8–2.3 mg 3 fair
1 NHANES 2003–2006 [84]. 2 NHANES 2007–2010 [85]. 3 When RDA is not determined, AI (adequate daily intake)
is listed instead. Major shortfall minerals are highlighted in red.

4.1. Calcium

Calcium is critically important for healthy bones and teeth, muscle contraction and
relaxation, nerve functioning, blood clotting, blood pressure regulation, and the health of
immune system. Calcium is tightly regulated and rarely varies from physiologic levels of
8.8–10.4 mg/dL serum (4.7–5.2 mg/dL if ionized) [87]. Calcium binds to bile acids and fatty
acids to form insoluble complexes that protect the intestinal cells of the gut and maintain
the immunological integrity of the intestine, in part by suppressing cell proliferation by
promoting differentiation or apoptosis [88]. Calcium not only facilitates T-cell activation but
also modulates the distinctive metabolic changes that arise in different T-cell subsets and
developmental stages. The calcium influx is defective and the calcium efflux is increased in
autophagy-deficient T cells, which leads to a decreased level of lymphocyte activation [89].

4.2. Potassium

Potassium is a systemic electrolyte that supports nerve transmission, muscle contrac-
tion, water balance, and energy production. Historically, potassium was used to treat
symptoms of chronic cough as a mucus expectorant, and is expected to have similar
effects at other mucosal surfaces, including gastric secretion and gastrointestinal tissue
synthesis [90]. Normal serum potassium values are in 3.5–5 mmol/L range. Potassium
balances sodium effects on innate immune system in part by inhibiting the NLRC4 inflam-
masome [91]. In the instances of insulin resistance, the body enters the catabolic state that
suppresses the T lymphocyte-dependent adaptive immune system and drives inflamma-
tion in a continuous attempt to repair the damaged tissues, while unable to complete the
immune sequence. Sodium/potassium pump is critical to ionic integrity of the lymphocyte
under the conditions of insulin resistance and depleted potassium stores, thus preventing
the lymphocyte to proceed in its cycle [92].

4.3. Magnesium

Magnesium is found in healthy bone tissue, this element also supports muscle contrac-
tion, nerve transmission, health of immune system, as well as cellular energy production
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and protein synthesis. Normal serum magnesium levels are between 1.8 and 2.2 mg/dL [93].
Magnesium acts as cofactors for enzymatic activation in multiple biochemical pathways
such as glycolysis and the Krebs cycle. It is a co-factor for immunoglobulin synthesis,
C′3 convertase, antibody-dependent cytolysis, immune cell adherence, IgM lymphocyte
binding, macrophage response to lymphokines, and T or B cell adherence [94].

4.4. Iron

Iron is a critical part of red blood cell hemoglobin that ensures oxygen transfer and
contributes to energy metabolism in all tissues as an electron transfer medium. Iron is
also an integrated part of many enzyme systems that regulate cell regulation/proliferation,
DNA synthesis, and electron transport in the mitochondria. Iron differs from other body
minerals due to the absence of any physiological process of excretion. Normal value range
is 60–170 µg/dL [95]. Iron is somewhat unique that it participates in nutritional immunity,
an active withdrawal of iron from circulation in response to the infection [96]. Iron is
pro-inflammatory both in macrophages and neutrophils when present in excess and not
properly stored within ferritin, thus strengthening the elimination of pathogens at the
expense of higher levels of tissue inflammation [97]. Iron also selectively promotes Th2
over Th1 cells differentiation and activity via INF-γ signaling, as well as contributes to
the modulation of Treg due to the imbalance at the transferrin receptor CD71, an iron
uptake protein [98]. The opposing effect is observed in B cells where iron promotes
proliferation [99]. Downstream of the immune cell signaling, however, iron deficiency led
to the downregulation of the antibody responses [100].

4.5. Other Major Minerals (Phosphorus, Sodium, Chloride, Sulfur)

Currently there are no critical shortcomings in this group of minerals as long as a
balanced diet is maintained in the target population. Other than obvious participation
in cell signaling and energy metabolism, the interactions between phosphorus and the
immune system are inconsistent. Similarly, even though sodium can amplify inflammatory
macrophage and T cell responses, translational evidence for the effects of dietary salt
on human immunity is scarce [101]. Chloride, the most abundant anion in humans, is
actively accumulated in the intracellular space of the myeloid cells such as neutrophils and
macrophages, and reacts with hydrogen peroxide via phagolysosome hypochlorous acid to
produce the defensive hypochlorous acid [102].

Sulfur is obtained from diet mostly in the form of sulfur amino acids and contributes
to regulation of immune health via the metabolites such as glutathione, homocysteine, and
taurine. Glutathione is the major storage form of sulfur in the body, as neither cysteine
nor methionine are stored, and any excess is readily oxidized to sulfate and excreted in
urine, often in the form of phase II metabolites of dietary pharmacophores [103]. Sulfur also
contributes to immune health with production of tissue and colonic (microbiota) hydrogen
sulfide that decreases the severity of various immune-mediated diseases [104], but can be
detrimental in the pathogenesis of infectious diseases such as tuberculosis [105].

4.6. Other Trace Minerals (Zinc, Copper, Selenium, Manganese)

Trace mineral deficiency is not commonly seen in the developed regions unless as-
sociated with aging and chronic disorders. Patients with an acquired form of deficiency
usually are unable to maintain intake, absorb, metabolize, or excrete the mineral efficiently.
Precise assessment of the mineral status, however, is challenging because commonly used
measurements in the clinic do not directly reflect mineral status in the target tissues where
minerals tend to accumulate [106]. Even though healthy diets tend to cost more, it becomes
increasingly evident that many nutritional inadequacies are driven by the consumer prefer-
ence of low nutrient, high energy density diets at the same price point [107]. Paired with a
dramatic decrease in consumption of organ meats that historically served as a good source
of minerals for an omnivore population [108], selected trace mineral inadequacies may still
be expected. Nutritional risks for trace mineral inadequacies include lack of meat intake,
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excess dietary phytates (legumes, seeds, whole grains) or oxalates (sorrel, spinach, okra,
nuts, and tea). Impaired gastrointestinal absorption due to chronic gastrointestinal and
metabolic diseases usually manifests itself by redistribution of body mineral stores away
from the epithelium in the gut and skin, thus allowing for an increase of autoimmune
disorders associated with these tissues [109].

Among the trace minerals discussed, zinc stands out in its requirement for several
classes of catalytic enzymes such as matrix metalloproteinases, liver alcohol dehydrogenase,
carbonic anhydrase, and transcriptional zinc finger proteins. Zinc is critical in reproductive
health [110] and immune system, where it has a significant effect on the normal functioning
of macrophages, neutrophils, natural killer cells, and complement activity, yet it cannot
be stored in the body and must be replenished continuously [109]. Zinc inadequacy is a
risk factor for the epithelial barrier integrity, both in the skin, gut (diarrhea), and lungs
(viral infections). The immune effects are mediated in part by incorrect activation and
maturation of T and B cells, and unbalanced ratio skewed in the direction of Th1 and
Th17 pro-inflammatory phenotypes [111]. Increased recruitment of zinc into the activated
immune cells and away from blood circulation and epithelial tissues may be essential to
ensure transcription and translation of the acute phase proteins, but further depletes the
available stores [112].

Copper is a cofactor for cytochrome c oxidase, the terminal enzyme in the electron
transport chain that is critical for oxidative phosphorylation. This determines copper
applicability to the proper functioning of organs and metabolic processes, stimulation of
the immune system to fight infections, and repair of injured tissues [113]. Its relevance to
immune system is mediated by iron and protein metabolism, as copper-containing ceru-
loplasmin is an important antioxidant component of ferroxidase, erythrocyte superoxide
dismutase, and diamine oxidase [114]. Copper deficiencies are associated with impaired
proliferation of T lymphocytes, decreased IL-2 production, and decreased activity of phago-
cytes, B-lymphocytes and natural killer cells [115]. In the presence of inflammation, plasma
copper and ceruloplasmin concentrations are increased, resulting in increased protection
against pathogens and oxygen radicals.

The relationship between the remaining trace minerals and immune function is less
well documented in humans. Selenium is a part of the glutathione peroxidase and iodothy-
ronine deiodinase enzyme systems, and plasma selenium levels correlate with the CD4+
counts and differentiation of CD4+ T-cells into Th1 cells [116]. Manganese is a co-factor
of several proteins including superoxide dismutase [117]. Iodine (synthesis of thyroid
hormones), molybdenum (mitochondrial bioenergetics), chromium (glucose and lipid
metabolism), and fluorine (bone health) may have effects on immune health, but these
are not well-defined. Of critical interest, both zinc and copper are classical examples of
micronutrients that undergo spatiotemporal alterations in tissues during the onset and
resolution of the inflammatory process [118]. Increased recruitment of zinc and copper into
the immune cells at the time of infection or immune activation strengthens host defenses
against pathogens by direct toxicity, as well as indirect increases in free radical formation
and activation of the central enzymes in cellular metabolism [119]. The recently emerging
evidence suggests that other trace elements such as selenium, manganese, or molybdenum
may participate in similar processes and express similar transient increases in the activated
immune cells [120].

5. Changes in the Mineral Content of Foods

Domestication of agricultural crops resulted in significant losses in biodiversity (crop
package), complex carbohydrates, micronutrients, and dietary fiber in modern diets [20].
Limited ability to absorb, store, and metabolize these nutrients due to environmental or
soil impacts, socioeconomic conditions, and health status may further lead to the develop-
ment of multiple mineral inadequacies in the susceptible populations [121]. While food
fortification strategies certainly help with most commonly identified deficiencies (iron, zinc,
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iodine), important opportunities for tackling multiple mineral malnutrition are missed by
targeting single foods for single nutrients [21].

5.1. Agrociltural Food Production

Nutritional values of plant and animal foods changed during the selective domestica-
tion and breeding events all over the world. Energy density of everyday foods in the form
of increased calorie retention has increased dramatically both in plants (accumulation of car-
bohydrates at the expense of protein and mineral content [122]) and animals (accumulation
of saturated fat and cholesterol at the expense of unsaturated fat and minerals [123]).

Technological advances that allow for production of refined sugars and oils also
increased high energy density of processed foods yet contributed negligible amounts of
micronutrients to human diets. This transition formed a modern energy dense diet in
which the total food energy is derived from 51.8% carbohydrate, 32.8% fat, and 15.4%
protein [124]. Finally, nutritionary dense organ meats (offal) such as liver, heart, kidney,
brain, tripe, intestine, and sweetbreads (thymus and pancreas) has fallen out of many
modern diets [108]. These tissues usually contain higher amounts of minerals than skeletal
muscles, as shown both for beef [125] and lamb [126].

Limited information is available to estimate contribution of different food groups to
mineral intake at the populational level. For a few selected minerals such as phospho-
rus, potassium, magnesium, zinc, copper and manganese, the older data from British
households suggested that total plant foods and fruits & vegetables contributed to daily
diets 37% and 14% phosphorus, 60% and 45% potassium, 65% and 28% magnesium, 36%
and 11% zinc, 61% and 24% copper, and 93% and 27% manganese, respectively [127]. These
numbers, however, are significantly affected by systematic declines in the mineral content of
fruits and vegetables as shown for the UK (sodium, calcium, magnesium, copper, and iron
between 1940 and 2019), USA (calcium, phosphorus, copper and iron between 1950–2009),
Finland (potassium, manganese, zinc and copper between 1970–2000s), Australia (iron and
zinc between 1980–2000s) as summarized recently [21] (Table 2).

Table 2. Contributions by different groups of foods to intake of selected minerals in 1986 British
households (mg per person per day) [127], as compared to mineral content of selected organ meats
(lamb, per 100 g cooked edible portion) [126].

Animal Foods Refined Plant Foods [127] Lamb Organ Meats [126]

Minerals,
mg

Milk
1 Meat Fish Egg

Sug
2 Fats

Veg
3 Fruit Bread Flo

4
Cer

5 Int 6 Lung Heart Liver Sto 7 Kid
8 Spleen

Calcium,
Ca - 9 - - - - - - - - - - 18.6 8.9 5.1 5.0 52.7 9.4 7.6

Phosphorus,
P 406 215 41 91 5 1 140 24 149 59 80 124 271 195 423 170 330 406

Sodium,
Na - - - - - - - - - - - 38 160 101 71 80 234 112

Potassium,
K 529 305 61 62 3 9 893 194 175 81 98 75 298 261 315 155 310 409

Magnesium,
Mg 44 21 5 5 1 1 46 14 46 12 22 21.9 22.2 29.0 28.3 25.3 30.6 30.8

Iron, Fe - - - - - - - - - - - 1.4 8.4 3.8 6.1 4.9 4.4 22.8
Zinc, Zn 1.73 3.01 0.14 0.60 0.05 0.06 0.86 0.12 1.17 0.36 0.58 2.6 2.6 2.5 4.2 3.9 3.7 3.6
Copper,

Cu 0.022 0.328 0.028 0.031 0.012 0.017 0.214 0.056 0.221 0.089 0.094 - - - - - - -
Selenium,

Se - - - - - - - - - - - - - - - - - -
Manganese,

Mn 0.03 0.10 0.01 0.01 0.01 0.01 0.54 0.16 1.06 0.26 0.36 0.01 0 0.04 0.27 0.19 0.05 0

1 Milk and milk products (dairy). 2 Refined sugars. 3 Vegetables, including potato. 4 Flour, cakes, and biscuits.
5 Other cereals and cereal products. 6 Intestines. 7 Stomach. 8 Kidney. 9 (-) Data not available.

5.2. Bioavailability, Fortification, and Dietary Guidelines

A recent significant rise in alternative plant and cellular culture protein-based foods
is another unknown in mineral health status of the populations that consume significant
amounts of these products, since most minerals present in the whole animal and plant
foods exist in biological complexes consisting of coenzymes and trace element activators.
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This places additional constrains on absorption, fortification, and direct supplementa-
tion with micronutrients, especially among rapidly developing infants and children [121].
For these reasons, fortification of foods with micronutrients is often performed for iodine,
iron, as well as vitamins A and D, and several B vitamins (thiamine B1, riboflavin B2,
and niacin B3). Furthermore, increased access to nutritious foods, including products
fortified with micronutrients (especially for iron, calcium, zinc and folate), supports dietary
adequacy for most individuals in the developing populations [128]. However beneficial,
micronutrient supplementation also comes with an increased health risk or no added
health benefits for certain populations, as shown in clinical settings for countries with a
high endemic burden of infectious diseases [129,130], or in several recent meta-analyses
performed in industrialized countries [131,132].

Minerals in the food matrices are further bound to various organic and inorganic
compounds (multiforms) which directly affect their solubility, absorption, and bioavail-
ability. Food processing can have a substantial influence on the mineral bioavailability,
both in the direction of irreversible loss or reduction, and more rarely in the direction of
increased uptake [133]. Localization and activity of ion channels, transport proteins, epithe-
lial integrity in the target areas of the gastrointestinal tract can also significantly modulate
mineral uptake by the host. In instances when mineral chelation to phytates, polyphenols,
tannins, lectins, dietary fibers, and proteins prevents their absorption in the upper intestine
and enhances delivery of these minerals to the colonic lumen, gut microbiome may provide
additional benefits through generation of short-chain fatty acids, reduced luminal pH (acid-
ification), and increased mineral solubility [134]. Their assessment in human tissues other
than biological liquids is challenging, as serum and urine mineral levels do not precisely
reflect tissue micronutrient content [82] (Table 3).

Table 3. Absorption, transport, and normal value ranges of selected minerals.

Minerals Absorption 1

Bioavailability
Ion Channels and
Carrier Proteins

Main Transport
Proteins

Normal Value Range
(Serum) 2

Calcium, Ca Duodenum
21–45%

TRPV6/5 influx
NCX1/PMCA1b efflux

Albumin
Calbindin

9.0–10.5 mg/dL
2.2–2.6 mmol/L

Phosphorus, P Jejunum
40–70%

SLC34A1/2/3 influx
Npt2 NaPi cotransporters

Free
Albumin

2.8–4.5 mg/dL
0.97–1.45 mmol/L

Sodium, Na Ileum/Colon
90%

NHE3 Na+/H+ exchange
Na, K-ATPase efflux Free –

136–145 mmol/L

Potassium, K Ileum/Colon
90%

Na, K-ATPase influx
NKCC co-transporters Free –

3.5–5.1 mmol/L

Magnesium, Mg Duodenum
40–60%

TRPM6/7 influx
CNNM4/SLC41A1 efflux

Free
Albumin

1.5–2.4 mg/dL
0.62–0.99 mmol/L

Iron, Fe Duodenum
14–18%

HCP1/DMT1 influx
FPN1 efflux

Ferritin
Transferrin

50–150 µg/dL
9.2–27.5 µmol/L

Zinc, Zn Jejunum
26–34%

SLC39A4/ZIP influx
ZnT1/SLC30A1 efflux Albumin 66–110 µg/dL

10.1–16.8 µmol/L

Copper, Cu Jejunum
30–40%

SLC31A1/2 influx
ATP7A efflux Ceruloplasmin 7.0–15.5 µg/dL

11–24.2 µmol/L

Selenium, Se Jejunum
69–86%

B(0)AT1/rBAT influx
SLC26 family influx

Selenoproteins
Selenosugars

11–16.5 µg/dL
0.6–1.5 µmol/L

Manganese, Mn Jejunum
3–4%

DMT1/TRPM7 influx
SLC30A10 efflux

Ceruloplasmin
Albumin

30–90 ng/dL
5.5–16.4 nmol/L

1 Although many minerals are absorbed marginally along the entire length of the gastrointestinal tract, only major
absorption areas are listed. Passive paracellular transport based on the large electrochemical gradients is not
discussed. 2 Blood test normal values listed after 20th Edition Merck Manual of Diagnosis and Therapy (2018)
that reflects medical practice and information in the US.
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Obtaining higher levels of minerals from diverse and whole food diets for a healthy in-
dividual without chronic gastrointestinal disorders is rather straightforward. The preferred
dietary choices generally overlap with foods proposed to prevent and promote the recovery
from depressive disorders [135], including bivalves (oysters, clams, or mussels), organ
meats (liver, spleen, kidneys, or heart), and leafy greens (watercress, spinach, mustard,
turnip, or Swiss chard). As a part of a healthy dietary pattern, this selection aligns well with
the current guidelines on using nutrient-dense foods to meet daily nutrient requirements
without consuming excessive calories [136].

6. Conclusions

Crucial functionally of minerals in application to metabolic and immune health cannot
be overlooked. This is especially applicable to chronic metabolic and pro-inflammatory
states that take time to develop and resolve. Recent developments in our understanding of
absorption and bioavailability specific to each mineral, their abundance in circulation and
target tissues represent a series of major advances in uncovering the nutritional basis of
minerals intake and their application to human health. However, our understanding of the
metabolically restrictive environments of the inflamed tissues, the critical dependence on
aerobic glycolysis to supply immune cells with energy to perform immune functions, and
mineral fluxes into the target tissues and back into circulation in support of these changes
remain very fragmented.

The connection between the transitory and permanent states of insulin resistance
associated with most metabolic and immune disorders is largely not explored, even though
the knowledge about the connection between type I diabetes and an impaired immune
response exists [137]. Redistribution of metabolic fluxes during the prolonged immune
activation from pyruvate to lactate (outside of the TCA cycle towards NADH production
and biosynthesis), glutamine to pyruvate (to compensate for the former) and citrate (for
added synthesis of fatty acids and lipid species) leads to dysfunctional regulation of de-
velopmental metabolic programs of the immune cells. The future studies may discover
that these metabolic states define a broader spectrum of cell subpopulations exemplified
by M1 and M2 macrophage extremes, and mediated both by the inflammasome (IL-1β)
and non-inflammasome (TNF-α) pathways, as well as a balance between pro-inflammatory
palmitate (C16:0) and anti-inflammatory palmitoleate (C16:1n7) signaling [138]. It is inter-
esting to note that inhibition of the aspartate-aminotransferase AST enzyme that shunts
the fragmented TCA cycle is sufficient to promote mitochondrial respiration, inhibit nitric
oxide and IL-6 production, and decrease M1 macrophage polarization [139].

Successful nutritional care of metabolic and immune outcomes with essential minerals
is an important goal, as many mineral deficiencies and inadequacies are difficult to diag-
nose and quantify. Recent studies conducted with several minerals in the context of insulin
resistance, systemic inflammation, and vaccination highlighted the need to further investi-
gate these interventions in clinical settings [140], and emphasized the use of more effective
multiforms for enhanced mineral delivery to the target tissues [106]. In the future, precise
targeting of human mineral status and its contribution to overall health with interventions
selected for desired physiological outcomes may be used to personalize nutrition strategies
that help to manage chronical health disorders and promote optimal health.
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