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Nutrition plays an essential role in the regulation of optimal immunological response, by providing adequate nutrients in sufficient concentrations to immune cells. There are a large number of micronutrients, such as minerals, and vitamins, as well as some macronutrients such as some amino acids, cholesterol and fatty acids demonstrated to exert a very important and specific impact on appropriate immune activity. This review aims to summarize at some extent the large amount of data accrued to date related to the modulation of immune function by certain micro and macronutrients and to emphasize their importance in maintaining human health. Thus, among many, some relevant case in point examples are brought and discussed: (1) The role of vitamin A/all-trans-retinoic-acids (ATRA) in acute promyelocytic leukemia, being this vitamin utilized as a very efficient therapeutic agent via effective modulation of the immune function (2) The involvement of vitamin C in the fight against tumor cells via the increase of the number of active NK cells. (3) The stimulation of apoptosis, the suppression of cancer cell proliferation, and delayed tumor development mediated by calcitriol/vitamin D by means of immunity regulation (4) The use of selenium as a cofactor to reach more effective immune response to COVID vaccination (5). The crucial role of cholesterol to regulate the immune function, which is demonstrated to be very sensitive to the variations of this macronutrient concentration. Other important examples are reviewed as well.
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Introduction

Food, nutrition and health are highly interrelated and consumption of specific nutrients have a profound impact on human health. The amount and type of nutrients consumed are tightly linked to the metabolic stage and the immune health and thus, inappropriate nutrient consumption is associated with development of major human diseases due to an immune system not properly functioning (1).

The inflammatory mechanisms that compose the innate immunity are strongly influenced by nutrition, and this interaction, when perturbed, can profoundly affect disease development. The immune system is able to destroy antigens through both innate and adaptive immune cells and finally through antibodies that are specific for each pathogen (2).

The number of studies related to the impact of nutrition on immune system is continuously increasing. The initial studies published were related to nutritional-modulation of the immune function were mostly based on the effects of micro and macronutrients (3). Lately, a wide variety of phytochemicals and other chemical biocomponents found in nutrients has been added to the list of nutritional-immuno-modulators. These biocomponents affect the immune function but are not crucial for maintaining normal cell metabolism and function (3). Cases in point are several phytochemicals demonstrated to exert impressive positive immune effects (3).

In light of the strong effects, that we will list in the following paragraphs, nutrients have on the immune system it can be concluded that a rich-nutrient diet is rigorously required in order to maintain an adequate health status. This is in addition to the fact that nutrients are the main factors for survival, including cell proliferation, specialization, development of tissue and organs growth, energy supply, and the immune defense function (4).

To clarify all these aspects, it is essential to understand the meaning of an adequate diet and concomitantly to recognize the harmful effect of processed foods that impact the immune system (Figure 1).
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FIGURE 1
The importance of understanding the meaning of a healthy diet and concomitantly to recognize the harmful effect of pro-inflammatory foods that impact the immune system.


Moreover, nutritional deficiencies are closely associated with impaired immune response and loss of the host resistance to infection (3). On the one hand, in less developed regions malnutrition continues to be a major health problem (5–7) since it is associated with a higher incidence of morbidity and mortality usually linked with the higher prevalence of bacterial and parasitic infection diseases in these regions (3). In contrast, developed countries confront with inadequate diet consumption, with no real nutritional value, accompanied by excess calories (8). Therefore, malnutrition due to undernutrition or to consumption of poor diets, deficient in macro- and micronutrients, reduce the effectiveness of the immune system, not only by causing a deterioration of the immune protection but also reducing its efficacy in appropriate elimination of the pathogens, thus making people unprotected to a vast variety of diseases.

In addition to food consumption, an important question that arises is regarding the bioavailability of nutrients. Could we treat certain deficiencies using supplements if we are aware of them? Or should we try to build an adequate and complex menu that ensures the proper and desired bioavailability? Another important question refers to where does the absorption of the nutrients take place? It is important to know that the pathogenic agents such as bacterial products, bacteria and some toxic alimentary particles from food and the intestinal microbiota are often responsible for triggering an immune response (9). This is very important because prevention against pathogens is mainly maintained through the intestinal epithelial barrier. The gastrointestinal tract has an essential role due to its lymphoid tissue and for this reason, represents an essential part of the immune system. It has been demonstrated that the epithelial barrier contains cells that present antigens to dendritic cells (DCs) in the lamina propria. The most important are CD103 + CX3CR1- DCs. These imprint the intestinal lymphocytes to stimulate the development of regulatory T cells, the production of IgA, and dendritic cells responsible for the development of Th17 cells and the production of TNFα (10). Additionally, nutrients can control the expression of pro and anti-inflammatory cytokines via interaction with Toll-like receptors (TLRs), which are proteins known to play a key role in the control of the innate immune system. They are located in cells such as macrophages and dendritic cells and as such they control immune cell activity via appropriate crosstalk and signaling. As a result, immune cell’s enzymatic activity is affected and therefore molecular and chemical changes linked to oxidative stress and inflammation take place finally affecting the immune function. Most of the activities are associated with oxidative reactions, affecting neutralized cytotoxicity (11).

The normal standard diets of human beings (except for vegetarians and vegans), include vegetables, eggs, milk, dairy products, and meat. From a biochemical perspective, the foods can be converted into micronutrients and macronutrients that ensure the organism’s well-functioning (12).

This review aims to summarize at some extent the large amount of data accrued to date related to the modulation of immune function by certain micro and macronutrients and to emphasize their importance in maintaining human health.

In order to achieve this goal, research articles and reviews, found in several international databases, have been researched using phrases and keywords. We used the following keywords: nutrition, health, immunity, nutrients, vitamins, minerals, amino acids, and cholesterol.

The review material covers an extended period of time from 1973 to 2022. To achieve this aim some of the issues addressed were: the correlation of nutrition with the immune system in order to obtain good health, certain nutrients involved in the modulation of immune function through mediating pro-and anti-inflammatory responses, and cholesterols’ role in the immune response.



The effect of nutrition on optimal immune response

As alluded to earlier, nutrition plays an essential role in the regulation of optimal immunological response, by providing adequate nutrients in sufficient concentrations to the immune cells. In such a manner, the immune system can initiate effective responses against pathogens. In order to avoid chronic inflammation, nutrients stemmed from the diet exert significant effects in initiating this quick response (13). When the dietary nutrients are insufficient or inefficient, the supply of these elements to the immune system cells is significantly spared and immunity is compromised.

There are certain micronutrients such as vitamins and minerals as well as some macronutrients such as specific amino acids demonstrated to exert a very important and particular impact on immune modulation. Amino acids such as L-arginine and L-tryptophan are responsible and critical for macrophages’ appropriate immune activity. Macrophages are characterized by variations in their plasticity and polarization in response to changes in the intracellular environment. They are capable to transform into different subtypes depending on the intracellular microenvironment and to the different signaling molecules (Figure 2). L-arginine is associated with a well-known immunoregulatory mechanism exploited by M2 macrophages. The mechanism involves arginase 1, which consumes L-arginine and the genes responsible for M1inhibition, concomitantly with M2 promotion (14). Furthermore, arginine and methionine together, are in charge of the synthesis of polyamines. Due to their ability to maintain cell membrane stability and keep DNA homeostasis, they stimulate cell proliferation (Figure 2). In addition, many studies show the involvement of these kinds of amino acids in tumor cell growth metabolic pathways as well as in immune antitumor response (15). Through their degradation, these kinds of amino acids supply chemical precursors for a number of biological reactions (16). Regarding insulin-like growth factor -I and insulin growth hormone these can use as strong secretagogue arginine. Metabolic syndrome and type 2 diabetes as well are major worldwide public health problems which are strongly related to nutrition. There are some amino acids implicated in the synergistic stimulation of insulin release from pancreatic β-cells. One of the most well-known mechanisms is related to the fact that arginine in the presence of glucose can depolarize the plasma membrane at a neutral pH. This gating mechanism is called cationic (17).
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FIGURE 2
The relationship between nutrition and the immune system. Macronutrients such as arginine and tryptophan are involved in cell proliferation and macrophages’ adequate activities. Micronutrients like Vitamin A and Zinc can promote cell proliferation; inhibit the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway; decrease the pro-inflammatory cytokines IL-1β and tumor necrosis factor-α (TNF-α); regulate the Th17 and Th9 cell differentiation; initiate the growth Treg cell population.


Indoleamine 2,3-dioxygenase 1 (IDO1) is a powerful immunosuppressive enzyme involved in the catalysis of the first and rate limiting step of L-tryptophan catabolism. IDO1 depletes L-tryptophan storage and induces the production of immunoregulatory molecules interferon-γ (IFN-γ), tumor-necrosis factor (TNF) and IL-1 (18). High IDO1 expression and catalytic activity occur in dendritic cells (DCs)— in response to IFN-γ (18). Tryptophan metabolism leads to the synthesis of NAD +, which is known as a cofactor capable of redox reactions. In immune tolerance, arginine catabolism may determine the initiation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway. Arginine may also provide a substrate for the growth and survival of the cells and concomitantly exerts a key role in differentiation and appropriate gene expression (16).

The decline of protein metabolism that is related to the diminishing concentration of certain amino acids, leads to the endoplasmic reticulum (ER) stress. As a result, the T cells which produce pro-inflammatory cytokines are activated (19). The deficiency of Arg is correlated with reduced T cell ability to trigger tumor immunity (15).

Vitamins and minerals such as vitamin A and Zn in addition to their involvement in cell division and proliferation (Figure 2) are involved in immune-modulation. For example, the rate of antibody synthesis can be modified by these micronutrients (20).

Vitamin A (Figure 2), which is involved in biosynthesis of carotenoids and retinyl esters, molecules well known to affect appropriate immune function (21). It can also exert a role as transcription factor if it is bound to retinoic acid receptors (RARs). As a result, it can be responsible for lipid homeostasis, cell division, growth, and specialization by regulating the expression of certain specific genes (21). Vitamin A deficiency has repercussions on immune functions, such as impaired neutrophil function, suppressing the activity of natural killer (NK) cells, as well as a decline in their number, and damaged capacity of phagocytosing of macrophages. In addition, it may affect the growth and differentiation of B cells (2). In this way, the predisposition for infection disease can increase (22).

Zinc represents another example of the micronutrient group. The transcription factor NF-κB (23) can be inhibited by Zinc (Figure 2). Also, the pro-inflammatory cytokines IL-1β and tumor necrosis factor (TNF-α) production (24) may be repressed, as a result of modulation of the Toll-Like Receptor 4 (TLR4) signaling pathway. Moreover, the pro-inflammatory specific Th17 and Th9 cell differentiation pathway (25, 26) can be moderated by Zn. Treg cell population can be increased after Zinc administration (27, 28) thus Zn is considered an important factor for immune cell development. Specific effects include impaired lymphocyte proliferation, Delayed-Type Hypersensitivity (DTH) response, and natural killer (NK) cell activity (29–31). As we mentioned before, there are strong and dynamic relationships between nutrition and the immune system, which are important for maintaining good health. We will discuss further in more details the role of specific nutrients in the mediation of pro-and anti-inflammatory responses.



Nutrients involved in mediation of pro-and anti-inflammatory responses

The immune system consists of cells belonging to the two types of immune responses, i.e., the innate and adaptive mechanisms. Once the pathogens enter the body, the first reaction is mediated by the cells belonging to the innate immunity system. This system consists phagocytes, dendritic cells, eosinophils, neutrophils, mast cells, and some additional cells (32). In this case, the immune response acts quickly. The difference between the innate immunity system and the adaptive response is that the former is unspecialized and less efficient (13). In contrast, the adaptive response is capable to recognize each pathogen, and furthermore, remember if it has been encountered before, therefore T cells being the most important in antigen identification. They are also involved in immune response regulation. Furthermore, there are two kinds: cytotoxic T cells/T8 (CD8 inducer), which are implied directly in killing infected cells (33) and tumor cells, and the T4 helper cells (CD4 inducer), which are useful in modulating other cell’s responses. Furthermore, in the function of type cytokines produce by them, there are some subtypes of T helper cells: Th1, Th2, Th17 (13, 34). Th1 cells are responsible for fighting against bacteria and viruses. The main role of these cells is to produce Interferon γ (IFNγ) and IL-2. IFNγ, like IL2, is a cytokine created by both immune adaptive and innate cells like Th1, T8 lymphocytes as well as innate lymphoid cells and NK (35). At the same time, the immune function is activated by Th2 cells. They are capable to produce other interleukins (ILs) (36). Induced cells apoptosis can be caused by activated macrophages and cytotoxic CD8 + T. Interestingly, the other immunity regulatory T cells are involved in the suppression or the blockage of cytokine secretion by the immune response (37). In light of this information, they have a crucial role in peripheral tolerance through the initiation and continuance of this stage (38).

B lymphocytes, which also belong to the adaptive immune system are involved in the synthesis of antibodies. Similar to T cells, they have the ability to specifically respond to each antigen (39). Antigens can actually produce damage to the tissue that they attack. It makes sense that the pathogens in the tissues and around this region promote an inflammatory response. Its main role is to repair the damage tissue in certain ways that can eliminate the antigens and their effects, and decrease their extension (40). After that this process takes place, some physiological changes occur which are responsible for increasing the phagocytes number in the place where this process is happening. As a result, pro-and anti-inflammatory cytokines, prostaglandins, and complements are delivered, especially through the activation of phagocytes. All these changes cause the growth of the inflammatory response (1). Based on the knowledge of which cells are involved in each inflammatory response pathway, it is now feasible to shed light on the effects of specific nutrients on each of these processes.

To this end, we selected to discuss the influence of certain vitamins such as: A, B1, B2, B3, B12, C, and D, minerals like: Zinc, and Selenium as well as certain amino acids such as arginine and tryptophan and some fatty acids.


Vitamin A

Vitamin A plays an essential role in the regulation of innate and cell-mediated immunity, and antibody responsiveness through the activity of either all-trans retinoic acid, 9-cis retinoic acid or other metabolites and nuclear retinoic acid receptors (41). Vitamin A and associated retinoid metabolites exert an important regulatory function of the immune system. This essential role is evidenced when Vitamin A is deficient and an augmented susceptibility to infections is evident (42). Vitamin A deficiency affects processes related to appropriate cytokines release and antibody production. Additionally, vitamin A deficiency is associated with a reduced production of natural killer cells, monocytes or macrophages, and impaired maturation and proliferation of T- and β-lymphocytes. Vitamin A deficiency impairs innate immunity by impeding normal regeneration of mucosal barriers damaged by infection, and by diminishing the function of neutrophils, macrophages, and natural kill cells. Vitamin A supplementation cuts down morbidity and mortality in various infectious diseases (43). In the case of vitamin A deficiency, the integrity of the mucosal epithelium is altered, resulting in enhanced accessibility to various pathogens to the gastrointestinal tracts and other organs, being children the most affected population (44). In children, severe vitamin A deficiency causes almost the disappearance of goblet cells present in the upper layer of the epithelial line, therefore the production of mucus by these cells is compromised, and bacterial adherence to the epithelial lining is reinforced thus becoming the major factor for the development of the bacterial disease (45). Additionally, vitamin A deficiency is associated with diminished phagocytic activity and macrophage oxidative breakdown that takes place during the process of inflammation along with a reduction in the number of natural killer (NK) cells (42).

It has been demonstrated that vitamin A (Tab.1) stimulates the expansion and differentiation of Th1 and Th2. Thus, vitamin A is capable of promoting the Th2 anti-inflammatory response by repression of IL-12 and IFNγ which are synthesized by Th1 lymphocytes (46). In addition, some studies suggest a positive relationship between vitamin A and mitogen-induced pro-inflammatory cytokine (IFN-γ) and anti-inflammatory cytokine (IL-10) (47). It is important to know that retinol, retinoic acid (RA), and retinal are the three forms of vitamin A. It has been shown that RA is involved in a lot of biological activities (48). According to Rampal et al. (49) under inflammatory conditions, RA might sustain or cause stimulation of intestinal inflammation (50). Moreover, through the release of certain cytokines, such as: IL-1, IL-6, IL-12, and nitric oxide, RA can affect the macrophages’ activity (51). When it comes to hypovitaminosis in children, vitamin A administration reduces mortality caused by diarrheal diseases (52). Vitamin A might be responsible for antitumor effects on human pancreatic cell lines (53). In metastasis of renal carcinoma, it seems that all-trans-RA (ATRA) have a similar effect (54). ATRA represents a nutrient that is required in small quantities and it is synthesized in the human body from the A vitamin (55). In acute promyelocytic leukemia (APL), ATRA is utilized as a very efficient therapeutic agent. Furthermore, together with arsenic trioxide (ATO), they are able to increase life expectancy. Due to this combination, the recovery of this disease is approximately 95% of cases (56). It was observed that, in breast cancer, after the administration of vitamin A, cytotoxic effects have been seen, but the healthy cells weren’t influenced. As a result, vitamin A is capable of reducing some negative chemotherapy effects (57). The next question worth asking would be whether there are more nutrients involved in mediating pro- and anti-inflammatory responses.



Vitamins B1, B2, B3, and B12

The group of B-vitamins comprise eight water soluble vitamins in charged to carry out essential, inter-related roles for appropriate cellular functioning. These vitamins act as efficient co-enzymes in a vast array of catabolic and anabolic enzymatic reactions and they are essential cofactors for many important cellular metabolic pathways. We therefore cannot refer to life or to cellular life without referring to the B vitamins. In this respect, the crucial enzymes responsible for the regulation of vital functions in cells use specific cofactors such as: Nicotinamide Adenine Dinucleotide/B3, Flavin Mono Nucleotide/Flavin Adenine Dinucleotide/B2, and Thiamine Pyro Phosphate/B1 (58). However, an important aspect to be considered in terms of B vitamins, is that when it comes to the human body, an important source of vitamins B is determined by the activity of the gut microbiota except for some that may be ingested by the diet. The absorption of B vitamins takes place in two different intestinal locations, the large and small intestines. The large intestine represents the main absorption place for most bacterial-produced B vitamins. At the same time, the small intestine represents the place where dietary B vitamins are absorbed. It is tentatively to surmise whether two specific immune responses result from the two different absorption places (59). We surmise that the immune activities at the two specific locations are different since the population of gut immune cells are different (59).

Vitamin B1 or Thiamine (Table 1), exerts an anti-oxidative role due to its protective action on sulfhydryl groups from the surface of neutrophils. As a result, the synthesis of cytokines from macrophages is blocked furthermore. Regarding the stimulation of antimicrobial oxidative reactions myeloperoxidase (MPO), H2O2, and a halide (HRP/H2O2/Nal) determined by the activation of polymorphonuclear leukocytes, thiamine together with other compounds can prevent and inhibit this oxidative system of PMNL (60). The NF-κB pathway involved in the control of the oxidative stress, is prevented by Thiamine. This role is highlighted by suppressing the phosphorylation and catabolism of inhibitory kappa B (IκB), which subsequently inhibits the nuclear translocation of the transcription factor-sensitive redox NF-κB (58, 61). From a biochemical and immunological point of view, we can conclude that thiamine derivates are involved in the control of immune metabolism through the regulation of cells’ immune activities. These properties are a result of its function in maintaining an equilibrium between glycolysis and the TCA cycle (62). As we mentioned before, they are cofactors for enzymes participating in these pathway’s. The TCA energy cycle represents the main source of naïve T cells, rest macrophages, and T-regulatory cells. Interestingly, activated T helper cells need energy from aerobic glycolysis because the amount of energy from TCA is not sufficient (63). Due to the significant effects of thiamine on these pathways, B1 deficiencies have so significant side effects. One of the side effects is linked to the stimulation of IL-1, IL-6, and TNF-α (pro-inflammatory cytokines) expression and neuro-inflammation. Finally, neuronal death may occur due to the inhibition of CD 40 and CD 40L regulation (64). It was observed that B1 could be used in the treatment of neurodegenerative diseases through its involvement in the suppression of the pro-oxidative activity of microglial cells (65). Additionally, in regards to B vitamins, we should pay attention to their role in oncogenesis and more over is extremely important to clearly make a distinction between healthy and sick individuals. Some speculations exist regarding the role of B1 in cancer due to its involvement as a cofactor in proliferation and energy pathways that are essential in the development of tumor cells. Further research is needed in order to clearly distinguish Thiamine’s possible oncogenic effects (58, 66).


TABLE 1    Vitamins with pro-and anti-inflammatory effects as well as pro-tumor and anti-tumor effects.
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Riboflavin, or vitamin B2 is crucial for energy metabolism through its function as a cofactor (67). It also plays an important role as an anti-inflammatory and anti-oxidant modulator, especially in lungs (68, 69). Some specific aspects regarding the link between major histocompatibility complex (MHC) and B2 bacterial compounds are worth mentioning. This function on the innate mucosal results in the stimulation of invariant T cells. Riboflavin and its precursors selectively activate mucosa-associated invariant T cells (MAIT) that represent the largest population of innate-like T cells in humans. Their synthesis as well as the link with the major histocompatibility complex through the major histocompatibility complex-protein (MR1) are not fully understood. It was observed that the activation of MAIT cells is dependent on genes that encode enzymes responsible for the formation of intermediate compounds in the synthesis of bacterial riboflavin. (70). These types of cells are known for their function in the inflammation and defense activity in gut mucosal due to their production of IL-17 and IFN-γ (71). The proliferation of neutrophils and monocytes as well as the stimulation of macrophages and neutrophils activities might be boosted by the activity of riboflavin (72, 73). The catabolism of inhibitory kappa B (IκB) is responsible for the activation of the pro-inflammatory factor Kappa B (NF-κB). Following this catabolic pathway, the inflammatory signaling pathway becomes activated. At the end of this signaling pathway, the activation of pro-inflammatory cytokines, such as TNF-α and ILs, takes place. In this signaling process vitamin B2, act as an anti-inflammatory suppressor and it may block the activation of the NF-κB (74). Furthermore, through the overexpression of catalase and nitric oxide synthase vitamin B2 could reduce oxidative stress (75).

Vitamin B3, niacin (Table 1) is known as NADP and NAD precursor. Similarly, to all B vitamins, it is a cofactor for a wide variety of enzymes involved in several metabolic pathways. In contrast to other B vitamin groups, human cells can synthesize NADP and NAD cofactors through independent pathways. From a biochemical point of view, niacin and the resulting cofactors are involved in redox reactions. NAD is responsible for genomic equilibrium and epigenetic regulation may represent its mechanism of action (76). Additionally, there is a positive correlation between high concentrations of NAD and the blockage of ROS synthesis (77). Furthermore, NAD can be considered an anti-inflammatory micronutrient due to its inhibitory and deacetylation actions, which were observed in the NF-κB pathway (78). Also, it has an inhibitory effect on inflammatory cytokines as well as on animal tumor cells (79). NAD is also considered an efficient anti-inflammatory component since it induces the reduction of certain cytokines released from alveolar macrophages (80).

B12, cobalamin (Table 1) affects pro- and anti-inflammatory responses. A negative correlation has been observed between vitamin B12 and TNF-α (81). It has been demonstrated that an increase of TNF-α induce the exhaustion of antioxidants involved in the defense against free radicals (82). As a result, pro-inflammatory cytokines and some other pro-inflammatory compounds are activated (83). Interestingly, in human anemia with cobalamin deficiency, the number of CD8 + T cells decreases compared to the levels in healthy individuals. In contrast, an increase in the number of CD4 + T cells has been observed in patients with cobalamin deficiencies, which differed compared to healthy people. In these cases, the CD4 + /CD8 + ratio is pathological higher. Additionally, in these patients, the activity of NK cells is decreased (84). Interestingly, hyperhomocysteinemia is the result of vitamin B12 deficiency (85), leading to chronic diseases such as insulin resistance (86) and coronary heart disease (87) through the expansion of inflammatory processes. Since vitamin B12 deficiency is associated with abnormal TNF-α activity, it can also lead to insulin resistance (88, 89). Regarding cancer activity, a study by Cheng et al. (90) from a genetic perspective found no correlation between B12 and certain types of cancers such as squamous cell carcinoma, prostate, breast, and colorectal cancer. In the case of lung cancer, B12 administration was not considered a risk factor (91). On the contrary, a higher intake of B12 was considered dangerous for many types of cancer as indicated in a big meta-analysis of cancer patients (92).



Vitamin C

Vitamin C (Table 1), is considered an essential micronutrient (93) in humans since they cannot synthesize it. Human absorption of vitamin C is higher compared to other species that are capable to synthesized it (94, 95). Vitamin C is involved in the modulation of a wide variety of immune functions and play a role as a regulator of cell-signaling. Vitamin C is also, involved in gene transcription as well as in hydroxylation reactions (96). Through its main function as an antioxidant, it became capable to defend the body against reactive oxygen species that are the result of the activity of toxins and pollution (97).

Vitamin C is responsible for discontinuing the action of the pro-inflammatory cytokines and inhibiting the initiation of the NF-κB reaction (98). In peripheral blood cultures that are stimulated with LPS (lipopolysaccharide), after vitamin C administration, an enhancement of IL-10 and a reduction of TNF-α and IFN-γ has been observed (99). Moreover, as a result of ROS accumulation in microbial infections, vitamin C causes neutrophils displacement into infected sites (100). Additionally, vitamin C might be useful as a cofactor in the synthesis pathways for vasopressin and norepinephrine in severe infections. This has a noticeable effect on the infection response of the cardiovascular system when the pathological state represents a danger (101). It appears that vitamin C may be considered as an antioxidant protector for the skin in the fight against ROS as a result of external factors’ synergistic work, particularly of pollutants (102). In this case, the effect is more pronounced if vitamin C is administrated in combination with vitamin E (103). Ellulu et al. (104) have demonstrated in hypertensive and/or diabetic adults that following C vitamin treatment a decreased inflammation associated with a moderate decline in inflammatory markers such as: the high-sensitivity C-reactive protein (hs-CRP) and IL-6 is observed. Vitamin C is also involved in the regulation of hypoxia-inducible factor 1-alpha (HIF-1α) activity, which makes neutrophil viability under hypoxic conditions possible (105), and in this way, neutrophil apoptosis is delayed (106). Furthermore, it is thought that vitamin C is involved in the fight against tumor cells through the increase in the number of NK cells (107).



Vitamin D

Vitamin D, (Table 1) exerts many anti-inflammatory roles (108) since receptors to this vitamin are expressed in different organs throughout the human body. The best known and established effects are linked to mineral and bone metabolism (109). Wöbke et al. (108) demonstrated that vitamin D effects are mediated through either nuclear and cytosolic signaling control pathways involving also pro-inflammatory components. Vitamin D binds its receptors (VDR) resulting in a complex of vitamin D-VDR that may contribute to the formation of homodimer with an additional VDR or formation of a heterodimer compound with the nuclear retinoid X receptor (RXR). Also, the nuclear role is demonstrated following the formation of heterodimers with steroid hormone receptors (110). Vitamin D bound to/VDR/RXR can cross the nuclear membrane, and then binds to a response element and start its specific gene regulation action (111) through activation of expression of its responsive genes.

Vitamin D is apparently involved in the adaptive immunity since immune cells such B and T cells express a high number of VDR’s (112). From the immunological regulatory aspect, vitamin D can block the secretion of the pro-inflammatory cytokines IL-6 or TNFα in monocytes (113). Additionally, the same effect has been observed in prostate cells (114). These effects are caused by the inhibition on P-38 MAP kinase (a subclass of mitogen-activated protein kinase) as a response to pro-inflammatory cytokines (113). Moreover, there is an interesting relationship between VDR/RXR and MAP kinase signaling path in terms of activation or inhibition. The results are closely related to the specificity of cells, their response, and effects of triggering factors (115). Furthermore, the complex VDR/RXR can bind to other compounds involved in the transcription process, such as glucocorticoid receptor (GCR) and NF-κB. Thus, vitamin D may be considered an anti-inflammatory micronutrient as a result of these interactions.

The vitamin D bound VDR becomes active and thus exerts inhibitory effects on NF-κB, which is also a heterodimer compound (116). Additionally, some studies suggest anti-inflammatory role of D vitamin is mediated also through the inhibition of specific pro-inflammatory Th1 cell cytokines such as TNF-α, IFN-γ, IL-6, IL-2, and IL-17 (117, 118). Additionally, vitamin D is capable of increasing the concentration of cytokines such as IL-10, IL-4, and IL-5 as a result of an increase in the activity of Th2 cells (119). At the same time, it may induce the amplification of Treg cells as well as a reduction of the number of Th17 cells (120, 121).

From a medical perspective, vitamin D has an important effect on the lung defense system against microbial pathogens. This function represents the result of the antimicrobial peptides activation expression in monocytes, epithelial cells lining the respiratory tract, monocytes, neutrophils, and NK cells (122). Lower levels of vitamin D in the serum are correlated with higher infection risks (123). Particularly, the administration of vitamin D induce a decline in acute respiratory infections (124).

The anti-cancer effect of vitamin D in tumor cells is mediated by calcitriol which is the biologically active molecule of vitamin D (125). The stimulation of apoptosis, the suppression of cancer cell proliferation, and associated delayed tumor development in cancer are the main effects mediated by calcitriol (125, 126). At a molecular level, through the suppression of pro-inflammatory cytokines and prostaglandins (PG) activity as well as by preventing the NF-κB signaling pathway, calcitriol is considered an anti-inflammatory nutrient (127). From this point of view, calcitriol may be used as a preventive and therapeutic agent in cancer (128).



The minerals-zinc and selenium

When inflammatory cytokines are maintained at a high level, chronic inflammation takes place (129). This process is closely linked to the action of some minerals. In this way, it is important to test what is the role of Zinc in this essential process. The process is mediated (Table 2) by the activity of several signaling pathways that are triggered due to the action of some changes produced by antigens and their metabolites. The main compound involved in inflammatory responses as a result of its role in cell proliferation, cell apoptosis, and the release of certain cytokines like IL-6, IL-8, and IL-1β are mediated by the activity of the NF-κB factor (130). The role of Zinc in this regard is controversial. In vitro studies demonstrate that the zinc effects can be either anti-or-pro- inflammatory (131). The NF-κB signaling pathway can be blocked by distinctive intracellular membrane chelator such as TPEN (N, N, N’, N’-tetrakis (2-pyridinylmethyl)-1,2-ethanediamine) (132). From one side the apoptosis effect is evident following the binding of the chelator and heavy metals (133). From the other side, other studies indicate a strong relationship between the initiation of LPS-induced NF-κB and zinc (132). Moreover, after a decline in the release of IL-1β, zinc is able to inhibit pro-inflammatory actions (134).


TABLE 2    Selenium and zinc with pro-and anti-inflammatory effects as well as anti-tumor.
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Furthermore, it has been reported that cytokine synthesis is dependent on Zinc status and this is closely related to chronic inflammation. In this regard, it has been observed that obese people having low zinc plasma concentrations over-express IL-1β, IL-1α and IL-6 genes (135). Zinc exerts beneficial effects on the proliferation and differentiation of T lymphocytes (46). The strong relation between a high number of cytokines and the decline in zinc plasma levels in infections and trauma-associated conditions has been demonstrated in cross-sectional studies. In patients with severe head injuries, upregulated cytokine production genes have been observed (136). In addition, the production of cytokines is elevated in patients that are in a critical state due to their decrease in plasma zinc concentration (137). Moreover, zinc antioxidant effects help the body to defend against reactive nitrogen species (RNS) and reactive oxygen species (ROS) (138). Zinc is able to induce the initiation of the CD8 + T cells proliferation (36, 139). Zinc also can be capable to support the integrity of skin and the mucous membrane (36). To summarize, zinc has an essential effect on the proliferation and development of cells belonging to the immune system, such as T lymphocytes, CD8 + T cells, etc., which are known for their quick turnover. In this regard, it was observed that deficiency of this mineral negatively impacts health by decreasing resistance to infectious diseases, dermatitis, growth diseases, and genetic disorders (140).

Another crucial micronutrient is selenium (Table 2), which is involved in the functioning of the thyroid metabolism and the cardiovascular system as well as in ensuring a functional immune system and preventing cancer. From the cellular point of view, there are still discrepancies regarding the exact dose that may be translated into deficiency or toxicity, even if these stages do not commonly take place in the human body (141, 142). It is well known that when selenium is present within the amino acid selenocysteine is able to control certain metabolic reactions that may lead to lipoxygenase synthesis that finally, can be involved in the production of inflammatory mediators (143, 144). In mice, selenium, due to stimulation of T cell receptor complexes (TCR) activity and conversion of Th1 from T0 cells, may improve the regulation of cellular immunity (145). Selenium can also contribute to the defense against pathogens as a result of its effects on redox signaling activities (146). It was recently demonstrated that in COVID-19 patients, selenium together with zinc exert a protective role and they are associated with a higher chance of survival (147). During vaccination against COVID-19, it has been demonstrated that the response may increase after selenium administration as well as the increase of titers antibodies. It is assumed that selenium may act as a cofactor in immunity response that is mediated by the vaccine (148).

Additionally, in women that are infertile as a result of polycystic ovary syndrome, to whom fertilization in vitro has been recommended, a decline in IL-1 and TNF-α gene expression was observed as a result of selenium treatment (149). This effect suggests that selenium has an anti-inflammatory role in the human body. Furthermore, in patients with cancer, the supplementation of selenium increased antibody titers of IgA and IgG as well as the number of neutrophils (150). We can say that selenium is involved in the regulation of the inflammatory mediators’ synthesis and, also, it might increase the activity of phagocytic cells as well. Selenium is capable to enhance the immune response of Th1 cells and the stimulation of T cells. Selenium has a positive relationship with the number of B cells. The innate immune system may be strengthened after selenium administration. A similar effect has been observed on cellular immunity (11). Increased titers of antibodies were measured due to selenium supplements that can cause an enhancement of vaccine effects (145, 146). In the brain, both neurogenesis and hippocampal neural precursor cells are increased after selenium infusion (151).



Macronutrients: Amino acids arginine and tryptophan

Besides micronutrients, macronutrients, such as proteins and amino acids, also play an important role in the activity of the immune system. Proteins are formed from amino acids that are essential in the construction of other proteins among which antibodies and cytokines that are typical proteins belonging to the immune system (20).

Arginine (Table 3) contribute with the production of nitric oxide in macrophage cells. Nitric oxide (NO) resulting from arginine under the action of nitric oxide synthase (iNOS) determines the cytotoxicity of macrophages in the fight against antigens such as pathogenic bacteria and parasites. Moreover, M1 macrophages use arginine to produce NO (152). Even though that arginine was initially considered a non-essential amino acid (153), after one decade, some papers have proven that arginine is essential for embryonic outliving, ontogenetic fetal development, and for constant hemodynamics and vascular parameters (154). Moreover, the induction of the NF-κB pathway has been linked to the arginine degradation pathway (16). As we presented previously, arginine through cations dependent mechanism can improve the release of insulin from pancreatic β cells. In addition, in β-pancreatic cells, arginine causes an increase in Ca2+concentration due to electron transport through a mechanism dependent on the amino acid mCAT2A transporter. When the membrane was depolarized, the Ca2+ voltage-dependent channels are opened, followed by the increase in the intracytoplasmic concentration of Calcium and finally the stimulation of insulin secretion. However, clinical evaluations have shown that the beneficial effects of arginine administration are limited, probably due to the fact that it is very quickly transformed into ornithine or citrulline in epithelial cells (17). In addition, the polyamines, compounds which are also derived from arginine degradation, are involved in balanced levels of membrane, mRNA and DNA. Thus polyamines are capable to control the proliferation of cells (155). In vitro, polyamines can modify the inflammatory process (156). Furthermore, it has been demonstrated that higher concentrations of intracellular polyamines may change the in vitro cytotoxicity regulated by macrophage cells (157). The inflammation regulation and identification of pathogens are closely related to polyamines through their binding manner to receptor-ligand complexes (155).


TABLE 3    Macronutrients implied in mediate pro-and anti-inflammatory responses.

[image: Table 3]

In the last decades, it has been discovered that arginine is more beneficial than it has been supposed to be in the past, for example arginine induces the decline of oxidative stress and causes the reduction of the intestine’s inflammation (158).

Arginine is capable of diminishing intestinal damage and reestablishing mucosal immune equilibrium in humans and mammalians’ intestinal diseases (159). In an in vitro intestinal system in Caco-2 cells, arginine is able to induce the inhibition of IL-1β-mediated NF-κB pathway (160). However, the mechanism of reducing the inflammatory pathways is still unknown. Perhaps, it is linked to the activity of Arginase-1 (Arg-1), which, in this case, is stimulated by L-arginine as a substrate. The arginase-1 is an enzyme involved in the end of the urea cycle with the aim of forming l-ornithine and urea from l-arginine (161). Some studies suggest that the Arg-1 has positive effects in certain inflammatory diseases through an anti-inflammatory action (162, 163). In contrast, there are studies which have shown that higher metabolism of arginine in tumors cells, together with their particular environment, create conditions that are intermediary, and at the same time, crucial for the maintenance and development of cancer cells. The result of these actions is translated into proper immunosuppression (164, 165). One thing is certain, that the relationship between arginine and cancer cells is controversial. On the one hand there is data suggesting that arginine deprivation is correlated with a delay in the development of some tumor cells (166). On the other hand, arginine can have antitumoral actions which are observed through the enhancement of immune response (167). Furthermore, Al-Koussa et al. (168) have shown that certain kinds of cancer cells need arginine to develop. In this sense, some authors suggest that arginine deprivation may downregulate the migration of cancer cells. In physiological conditions, the movement process is useful for embryonic growth and immune function. But when it comes to cancer cells, things are different. This happens since certain kinds of cancer cells can use this property with the aim to stimulate metastasis (169, 170). Therefore, arginine deprivation in cancer cells is capable of reducing metastatic activity (168). Unfortunately, the exact mechanism remains unknown.

Tryptophan (Trp) is clearly essential for the activity of the immune system (Table 3). Since Trp is necessary for protein synthesis, it becomes to be indispensable for cell division and development (171). Since Trp is not synthesized by the human body, it is required to be obtained from the diet (172). Trp serves as a substrate for the biosynthesis and formation of serotonin (5-HT), kynurenine (Kyn), and indoles (173). The most useful and active Trp metabolism is the Kyn path which is related to the formation of nicotinamide adenine dinucleotide (NAD) and kynurenic acid. Of course, similarly to all pathways, this type takes place due to the involvement of two types of enzymes indoleamine 2,3-dioxygenase (IDO and IDO2) and tryptophan 2,3-dioxygenase (TDO) (174, 175). Additionaly to the Trp metabolism, we brought information on its role in the regulation of inflammation through its initiators, starting with IDO, which exerts an insignificant effect on healthy and normal conditions. Things are changed by some cytokines, including interferons which represent the result of the triggered inflammatory process (176). The highly potent and amply used cytokine interferon-gamma (IFN-γ). It is linked to the promotor-region of IDO and it is capable to express itself in many types of cells. However, the highest expressive grade is found in dendritic cells and macrophages, but there are some other places where it was manifest such as epithelial and connective tissues (177–180). When it comes to cancer, infections, auto-immune diseases, or cardiovascular problems, the serum ratio Kyn/Trp may represent a marker for inflammation which is related to IDO activity (181). As we discussed before, inflammation and chronic immune tolerance are regulated by Trp biochemistry. This being affected by the ability of IDO to change the Kyn/Trp ratio. IDO-competent cells may trigger an anti-inflammatory action through the Kyn/Trp equilibrium, which has the ability to influence some immune signaling and certain metabolic pathways (182). The last step metabolite of the Kyn pathway is represented by the NAD +, which is known for initiating CD8 + and CD4 + lymphocytes programmed death (183). In tumor cells, an important step for metabolic reprogramming is represented by amino acids metabolism. Some authors suggest that, in the case of glioma, there is a strong link between the two because the metabolic amino acid pathway could be used as a predictor for survival as well as certain clinical characteristics (184). As we mentioned before, amino acids and their metabolites are responsible for both controlling malignant cells as well as for changing the microenvironment. In this way, the results are translated into the improvement of immunosuppression and malignancy state (185). Kynurenine metabolism is capable of stimulating an oxidative stress resistance pathway, and, in this way, creating an opportunity to make changes in the tumor microenvironment that helps the development of the tumor (186). However, another metabolite of tryptophan; 5-methoxytryptophan (5-MTP) has the ability to suppress the development of tumors and the displacement of cancer cells in other tissues. Wu et al. (187) consider that these effects are due to suppressing the activity of cyclooxygenase-2 (COX-2). This type of inflammation-associated enzyme is very abundant in tumor cells and also contributes to development process of cancer (187).




The role of cholesterol in the immune response

Cholesterol has a key function on cellular membranes functionality, especially in the plasma membrane of the cell where it is found at higher concentrations. Its special location at the lipid bilayer allows optimal interaction with other lipids and displays a significant role in membrane fluidity. Cholesterol points its structure mainly into the lipid bilayer leaving only the hydroxyl group facing the external environment. Thus, the steroid rings are in close vicinity to the hydrocarbon chains of adjacent lipids (188). Cholesterol is vital for the many physiological roles that the plasma membrane is involved. The cells keep their lipid bilayer appropriate functionality due to cholesterol molecules, otherwise, microenvironment, endocytosis, signaling pathways, as well as other functions, would be altered. Cholesterol is involved in membrane integrity and it is responsible for receptors arrangement and bilayer fluidity (189, 190). For a better understanding of the information provided later-on, we will describe the cholesterol synthesis and pathway in a schematic frame. Cholesterol biosynthesis of is characterized by a complex pathway, nonetheless the pathways involved have been clearly elucidated (191). Its synthesis involves more than 20 metabolic-specific actions, which include enzymatic reactions belonging to the mevalonate pathway of and additional synthesis pathway of cholesterol. Enzymes involved in cholesterol biosynthesis are mainly detected in the membranes of the endoplasmic reticulum (ER). These enzymes are the target of several molecular reactions which, closely controlled in order to not allow cellular damage (191, 192). However, cholesterol is non-uniformly disseminated in the plasmalemma. In the cell, the plasma membrane represents the main pool/storage. It has been observed that each pool is corresponded to an exclusive function in the plasma membrane physiology (193–195).

It is clear that cholesterol equilibrium involves a transport mechanism by virtue of the concentration gradient from high concentration cholesterol places to regions where cholesterol has been lost or has a low level. The transport of cholesterol is dependent on proteins due to its hydrophobic conformation, thus it cannot be transported through the blood. Thus cholesterol binds to different proteins and forms distinct lipoprotein compounds such as low-density (LDL) and high-density (HDL). As expected, regulatory mechanisms for the formation of each lipoprotein are specific (196). The surplus of cholesterol can be transported through the efflux process or deposited as intracellular lipid droplets (191) because of the incapacity of most human cells to efficiently degrade it. The deposition of lipid droplet plaques in the bloodstream causes the release of inflammatory cytokines which create later an inflammatory process. The consequence of this event is associated with inflammation triggered by the cytokine interleukin-1β (IL-1β) (197). Furthermore, IL-1β is considered an important marker in the inflammatory process (198).

The cholesterol signaling pathway plays a role in the immune response we therefore will highlight these pathways. Sterol response element-binding protein (SREBP) exerts an essential role in the signaling pathway of cholesterol (Figure 3). Normally, these proteins are located in the membrane of the ER, which is capable of binding with additional two complex proteins such as the cleavage-activating protein and generating (SCAP) (199) and the insulin-inducible genes (INSIGs) (200). The shift of SCAP from ER to the Golgi apparatus plays a key role in its activity. SREBPs proteins are composed of three variants SREBP1a, SREBP1c, and SREBP2, being the latter the most important (199). SREBP2 is a protein complex structure that seems to be capable to regulate the expression of all the enzymes that are involved in cholesterol biosynthesis (201). Its most important activity is its specific response to high concentration of sterols which are able to efficiently induce a decrease in cholesterol synthesis. SREBP2 fulfills its function when the sterols concentration decrease. This change in sterol concentration due to SREBP2 activity will generate afterward the shifting the complex SCAP from ER to the Golgi apparatus (200). In this organelle, the SCAP molecule is changed (199). Once the SCAP reaches the Golgi apparatus, proteases sit 1 and 2 cut this complex (Figure 3). As a result, the transcription factor (TF) is created and stimulated (202). Then the TF enters the nucleus where it is responsible for the regulation of the cholesterol synthetic pathway enzymes (203). Regarding immune-related mechanisms, SREBP2 may be activated in the immune cells’ T cell receptor (TCR) and B cell receptor (BCR) through their signaling pathways. All these pathways may stimulate the flux of cholesterol biosynthesis (204, 205).
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FIGURE 3
Schematic frame of cholesterol biosynthesis. In the signaling pathway of cholesterol, sterol response element-binding protein SREBP2 has an essential role. SREBP2 is located in RE, where it forms a complex with the protein like cleavage-activating protein and generating (SCAP); Its most important activity is to reduce the cellular cholesterol concentration when this is higher. Then, SCAP is shifted from ER to the Golgi apparatus. Once SCAP reaches the Golgi apparatus, proteases sit 1 and 2 digest this complex and subsequently, the transcription factor (TF) is formed and is activated (202). Then, TF moves into the nucleus where it becomes active and control the transcription of the enzymes of cholesterol biosynthetic pathway.


Additionally, it is important to mention that all cholesterol associated pathways involving synthesis, influx, efflux, and esterification take place through mechanisms closely related to each other allowing well-adjusted whole mechanistic biochemical pathways. All these tightly controlled mechanisms highlight the crucial role of cholesterol in life span, and clarify the potential risks when the concentrations are diverted from the optimal range. In this regards, Luo et al. (191) have demonstrated that there is a correlation between certain metabolic diseases such as familial hypercholesterolemia, Schnyder corneal disease and altered cholesterol metabolism (191). Moreover, in several diseases such as various types of cancer, infections and allergies, cholesterol biochemical equilibrium is severely altered through inflammation-associated consequences. Regarding the relationship between cholesterol and macrophages, counter-regulatory mechanisms oppose macrophage inflammation and at the same time cholesterol cellular accumulation. When the concentration of cellular cholesterol increases, specific sterols are formed. With their help, the transcription factors liver X receptor (LXR)–retinoid X receptor (RXR) are activated. These heterodimers have anti-inflammatory roles, including controlling the expression of ATP-binding cassette transporters (ABC transporters), which are ABC subfamily A member 1 (ABCA1) and ABCG1. They are also involved in stimulating the efflux of cholesterol from macrophages. In this way, they can suppress the activation of TLR signaling given by the increased intracellular cholesterol concentration. When TLRs are activated, LXR genes are inhibited, thus decreasing the cholesterol efflux from macrophages. Activation of cholesterol efflux by ABCA1 and ABCG1 is via apolipoprotein A1 (APOA1), forming HDL and initiating the process of transporting cholesterol back to the liver via blood vessels and lymphatics. Therefore, as a way of amplifying the inflammatory response, the immune system can alter cholesterol homeostasis (206). When the control of cholesterol biosynthesis is disturbed resulting in high cholesterol levels it can be translated into metabolic diseases such as atherosclerosis and dyslipidemia (Figure 4). In some of these cases, both the innate and the adaptive immune functions have the ability to regulate this phenomenon (207). In this way, ApoB-containing lipoproteins are originated immediately after atherosclerosis damages. These are generated, developed and stored in the endothelial compartment (208). Interestingly, these molecules exert pro-inflammatory effects through acetylation, oxidation, and especially induce aggregation with additional molecules (209). The modifications provoked by the accumulation of ApoB-containing lipoproteins (Figure 4) in endothelial location results in the growth of adherence, hold, and mobility in this place of immune cells (210). In summary, the inflammation is supported through the generation of ROS and certain cytokines such as (TNF) α, IL6, and (IL)1β (208, 210). When it comes to the inflammatory stage, the Treg cells exert an anti-inflammatory effect through the inhibition action of CD8 + Th and CD4 + T cells. At the same time, Th17 and Th1 are involved in the pro-inflammatory process (209, 211). Long-term inflammation (Figure 4) and the development of atherosclerosis are strongly linked with the decline of the Treg/Th17 ratio (212–214).
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FIGURE 4
Cholesterol rate in the modulation of immune function. Some diseases, such as cancer, infections, and allergies, are capable of modifying the cholesterol biochemical equilibrium through their own state of inflammation; Atherosclerosis and dyslipidemia are negative effects of the increased cholesterol biosynthesis; The ApoB-containing lipoproteins are accumulated in endothelial place; This phenomenon has pro-inflammatory effects; The inflammation is correlated with the generation of certain cytokines like (TNF) α, IL6, and (IL)1β; The Treg cells have an anti-inflammatory effect; Th17 cells are involved in the pro-inflammatory process; The decline of Treg/Th17 ratio is linked with long-term inflammation.




The polyunsaturated fatty acids effects on immunomodulation

Polyunsaturated fatty acids (PUFAs) are essential fatty acids that contain more than one double bond in their backbone. PUFAs are divided into two main groups: omega-3 and omega-6. The structural chemical difference between the two groups is represented by the location of the cis double bonds (215). Together with cholesterol, PUFAs are essential for cell membrane integrity, development and maintenance in the homeostasis of cell function. Moreover, they are used by certain structures in cells and they stimulate cell proliferation (216). Calder and Grimble demonstrated that the changes in fatty acids’ membrane composition can affect membrane fluidity, mostly due to their modification in the enzymes’ affinity for substrates, which can change the signaling pathways. In this way, the sensitivity of the immune function can be modified (217). The most representative polyunsaturated fatty acids are eicosapentaenoic acid (EPA), alpha-linolenic acid (ALA), and docosahexaenoic acid (DHA), all defined as omega-3 fatty acids (215). They are very intensively studied since they are involved in many essential vital activities and more interestingly in immunomodulation pathways. In addition, the ALA is important due to the fact that it is a precursor of other fatty acids (218). Omega-3 PUFAs have a role in immunomodulation by decreasing pro-inflammatory eicosanoids. They represent a substrate for AA cascade enzymes, in this way certain prostanoids and leukotrienes are produced. Some lipid mediators such as maresins have omega-3 PUFAs as precursors. They promote the ending of the inflammatory process (219). In human breast cancer cells ALA produce inhibition of cell proliferation and activate apoptosis (220). In diabetic rats, ALA increases insulin sensitivity and restored lipid and glucose metabolic abnormalities (221). ALA is considered essential because it cannot be synthesized by the human body. In these regards, from the omega-6 group, an essential is considered linoleic acid (LA). Following LA ingestion, this fatty acid is quickly converted into arachidonic acid (ARA), which is responsible for the fluidity as well as the flexibility of the cell membrane. Free ARA is involved in the modulation of ion channels, enzymes, and receptors through stimulation or suppression of their function (222). Free unesterified ARA exerts antitumoral activity in vitro as well in vivo. It can be used as an anti-cancer drug. (223). Moreover, ARA can cause the death of tumor cells through the suppression of proliferation determining in this way, the death via stimulation of neutral sphingomyelinase (nSMase) mechanism (224).

Omega-3, as well as omega-6, participate in immunomodulation. According to Simonetto et al. (225) they have antagonist effects. Omega-3 from the PUFAs group is involved in anti-inflammatory reactions through the inhibition of ARA from the membrane, which is the main precursor for pro-inflammatory eicosanoids (225). They are capable to modulate immune and inflammatory responses through intensity and duration. On the one hand, pro-inflammatory effects are linked to fever, vasodilatation and intensification of pain. On the other hand, they could have anti-inflammatory effects by blocking natural killer activity and lymphocyte proliferation. Also, they are capable to inhibit IL-6, IL-2, and TNF-α (217). However, most importantly is the ratio between the 2 groups of PUFAs. Simopoulos, tried to shade light in this regards and proposed that a low omega-6/omega-3 ratio in women is responsible for the decrease in breast cancer risk. She additionally concluded that a lower ratio is associated with a general decrease in very common chronic diseases in the Western society (226).



Conclusion and future perspectives


The nutrients which have major effects on normal immune cell function and immune homeostasis

As mentioned throughout all this review, there is a strong and dynamic link between nutrition and immune function, as a direct consequence of the modulation of the immune function through the pro-inflammatory and anti-inflammatory effects of certain nutrients including cholesterol who exerts a crucial impact in these complex biological settings and holds a great capacity to regulate immune function, tightly related to its concentration. Certain micronutrients mentioned in this review: A, B1, B2, B3, B12, C, and D vitamins and minerals such as Zinc, and Selenium affect innate as well as adaptive immunity specifically through genetic, biochemical, and signaling pathways. All these may be translated into the modulation of proliferation, cell division, cell mobilization, and physiology of immune cells.

Additionally, we provide evidence that some macro-nutrients such as tryptophan, arginine, cholesterol and PUFAs may be involved in the prevention and therapy of some immune-related diseases. Also, is very important to note that some vitamins such as A and D are fat soluble (227). That is why when we consume fat-free (light) products, we are practically deprived of fat-soluble vitamins and the immune function can be affected. So, western diets should contain the accurate class of healthy fats, such as PUFAs, in a correct ratio, otherwise the edible products become poor in nutrients. A good example is the Mediterranean diet. In addition, the fats are much more satiating and give food a much better taste (228).



The nutrients implicated in inflammation and immunopathologies

We highlight the difference in response to micro- and macro nutrients between healthy and sick population. We provided evidence that the response in pathophysiologic stages are very different to normal physiologic stages additionally to interindividual variations. As a result, the immune response is different and variable (11, 229, 230). We also presented some evidences and speculations on the roles of some vitamins, as well as certain amino acids, in cancer patients, due to their involvement as cofactors in proliferation and energy-related pathways finally leading to the development of tumor cells. We foresee that further research needs to be done in order to clearly distinguish the possible oncogenic effects of thiamin, cobalamin, and arginine (58, 66).

We additionally provide evidence that the inflammatory responses in general, and the changes in immune functions are modified by the lack of an accurate cholesterol metabolism. The alterations in the cholesterol biosynthetic pathway may have both positive and negative immune health-related repercussions. Alterations in the cholesterol biosynthetic pathway may directly impinge and interfere with antimicrobial responses, as well as with antiviral effects (192). Thus, an immediate action is required in order to adjust the cholesterol metabolism.



Perspectives on the role of nutrients in ameliorating severity of specific inflammatory diseases, autoimmunity

Moreover, we refer to the bioavailability of macro- and micro nutrients from food. We ask whether foods contain enough amounts of macro- and micro nutrients. Does the soil and then the foods today still have the same nutritional value as before for example in fruits and vegetables? These led us to question under what conditions can artificial supplementation with macro or micronutrients be done? And how should be done? Should they be taken alone or as a complex? The question is the synergistic and complementary action of taking supplements of vitamin complexes, results in a better or worst outcome? We surmise that the administration of nutrients (micro and macro) would exert distinct effects on each person. We know that each individual is different, and thus their immune responses will differ from each other. To add more complexity, we referred also to the absorption capability of nutrients in the different compartments of the digestive system. From all the information provided above we can establish that malnutrition and/or supplementation strongly affect the immune system.

We finally provided evidence that for each stage of the immune process, both micro and macronutrients are needed for the proper functioning of this important system.




Author contributions

BS and CM wrote the manuscript after a rigorous investigation, interpretation, systematization, and conceptualization of current data. Both authors agreed to publish the present manuscript, contributed to the article, and approved the submitted version.



Funding

This study was supported by funds from the National Research Development Projects to finance excellence (PFE)-14/2022-2024 granted by the Romanian Ministry of Research and Innovation.



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.



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.



References

1. Gombart A, Pierre A, Maggini S. A review of micronutrients and the immune system–working in harmony to reduce the risk of infection. Nutrients. (2020) 12:236. doi: 10.3390/nu12010236

2. Maggini S, Pierre A, Calder P. Immune function and micronutrient requirements change over the life course. Nutrients. (2018) 10:1531. doi: 10.3390/nu10101531

3. Wu D, Lewis E, Pae M, Meydani S. Nutritional modulation of immune function: analysis of evidence, mechanisms, and clinical relevance. Front Immunol. (2019) 9:3160. doi: 10.3389/fimmu.2018.03160

4. Koithan M, Devika J. New approaches to nutritional therapy. J Nurse Practit. (2010) 6:805–6. doi: 10.1016/j.nurpra.2010.07.001

5. Mullero K. Malnutrition and health in developing countries. Can Med Assoc J. (2005) 173:279–86. doi: 10.1503/cmaj.050342

6. World Health Organization. Joint Statement on the Management of Acute Diarrhoea. Geneva: World Health Organization (2004).

7. Adepoju A, Allen S. Malnutrition in developing countries: nutrition disorders, a leading cause of ill health in the world today. Paediatr Child Health. (2019) 29:394–400. doi: 10.1016/j.paed.2019.06.005

8. Popkin B, Adair L, Ng S. Global nutrition transition and the pandemic of obesity in developing countries. Nutr Rev. (2012) 70:3–21. doi: 10.1111/j.1753-4887

9. Shi H, Walker W. Development and physiology of the intestinal mucosal defense. Mucosal Immunol. (2015) 1:9–29. doi: 10.1016/B978-0-12-415847-4.00002-1

10. McDole J, Wheeler L, McDonald K, Wang B, Konjufca V, Knoop K, et al. Goblet cells deliver luminal antigen to CD103+ dendritic cells in the small intestine. Nature. (2012) 483:345–9. doi: 10.1038/nature10863

11. Tourkochristou E, Triantos C, Mouzaki A. The influence of nutritional factors on immunological outcomes. Front Immunol. (2021) 12:665968. doi: 10.3389/fimmu.2021.665968

12. Walls J, Sinclair L, Finlay D e. Nutrient sensing, signal transduction and immune responses. Semin Immunol. (2016) 28:396–407. doi: 10.1016/j.smim.2016.09.001

13. Childs C, Calder P, Miles E. Diet and immune function. Nutrients. (2019) 11:1933. doi: 10.3390/nu11081933

14. Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas. J Clin Invest. (2012) 122:787–95. doi: 10.1172/JCI59643

15. Szefel J, Danielak A, Kruszewski W. Metabolic pathways of L-arginine and therapeutic consequences in tumors. Adv Med Sci. (2019) 64:104–10. doi: 10.1016/j.advms.2018.08.018

16. Grohmann U, Mondanelli G, Belladonna M, Orabona C, Pallotta M, Iacono A, et al. Amino-acid sensing and degrading pathways in immune regulation. Cytokine Growth Fact Rev. (2017) 35:37–45. doi: 10.1016/j.cytogfr.2017.05.004

17. Newsholme P, Brennan L, Rubi B, Maechler P. New insights into amino acid metabolism, β-cell function and diabetes. Clin Sci. (2005) 108:185–94. doi: 10.1042/CS20040290

18. Mellor AL, Munn DH. IDO expression by dendritic cells: tolerance and tryptophan catabolism. Nat Rev Immunol. (2004) 4:762–74. doi: 10.1038/nri1457

19. Rubio-Patiño C, Bossowski J, De Donatis G, Mondragón L, Villa E, Aira L, et al. Low-protein diet induces IRE1α-dependent anticancer immunosurveillance. Cell Metab. (2018) 27:828.e–42.e. doi: 10.1016/j.cmet.2018.02.009

20. Li P, Yin Y, Li D, Kim S, Wu G. Amino acids and immune function. Br J Nutr. (2007) 98:237–52. doi: 10.1017/S000711450769936X

21. Al Tanoury Z, Piskunov A, Rochette-Egly C. Vitamin A and retinoid signaling: genomic and nongenomic effects: thematic review series: fat-soluble vitamins: vitamin A. J Lipid Res. (2013) 54:1761–75. doi: 10.1194/jlr.R030833

22. Prentice S. They are what you eat: can nutritional factors during gestation and early infancy modulate the neonatal immune response? Front Immunol. (2017) 8:1641. doi: 10.3389/fimmu.2017.01641

23. Liu M, Bao S, Gálvez-Peralta M, Pyle C, Rudawsky A, Pavlovicz R, et al. ZIP8 regulates host defense through zinc-mediated inhibition of NF-κB. Cell Rep. (2013) 3:386–400. doi: 10.1016/j.celrep.2013.01.009

24. Brieger A, Rink L, Haase H. Differential regulation of TLR-dependent MyD88 and TRIF signaling pathways by free zinc ions. J Immunol. (2013) 191:1808–17. doi: 10.4049/jimmunol.1301261

25. Kitabayashi C, Fukada T, Kanamoto M, Ohashi W, Hojyo S, Atsumi T, et al. Zinc suppresses Th17 development via inhibition of STAT3 activation. Int Immunol. (2010) 22:375–86. doi: 10.1093/intimm/dxq017

26. Maywald M, Wang F, Rink L. Zinc supplementation plays a crucial role in T helper 9 differentiation in allogeneic immune reactions and non-activated T cells. J Trace Elements Med Biol. (2018) 50:482–8. doi: 10.1016/j.jtemb.2018.02.004

27. Rosenkranz E, Maywald M, Hilgers R, Brieger A, Clarner T, Kipp M, et al. Induction of regulatory T cells in Th1-/Th17-driven experimental autoimmune encephalomyelitis by zinc administration. J Nutr Biochem. (2016) 29:116–23. doi: 10.1016/j.jnutbio.2015.11.010

28. Rosenkranz E, Metz C, Maywald M, Hilgers R, Weßels I, Senff T, et al. Zinc supplementation induces regulatory T cells by inhibition of Sirt−1 deacetylase in mixed lymphocyte cultures. Mol Nutr Food Res. (2016) 60:661–71. doi: 10.1002/mnfr.201500524

29. Haase H, Rink L. The immune system and the impact of zinc during aging. Immun Ageing. (2009) 6:1–17. doi: 10.1186/1742-4933-6-9

30. Prasad A. Effects of zinc deficiency on Th1 and Th2 cytokine shifts. J Infect Dis. (2000) 182(Suppl. 1):S62–8. doi: 10.1086/315916

31. Prasad A. Zinc in human health: effect of zinc on immune cells. Mol Med. (2008) 14:353–7. doi: 10.2119/2008-00033

32. Marshall J, Warrington R, Watson W, Kim H. An introduction to immunology and immunopathology. Allergy Asthma Clin Immunol. (2018) 14:49. doi: 10.1186/s13223-018-0278-1

33. Jasenosky L, Scriba T, Hanekom W, Goldfeld AE. T cells and adaptive immunity to Mycobacterium tuberculosis in humans. Immunol Rev. (2015) 264:74–87. doi: 10.1111/imr.12274

34. Romagnani S. T-cell subsets (Th1 versus Th2). Ann Allergy Asthma Immunol. (2000) 85:9–18. doi: 10.1016/S1081-1206(10)62426-X

35. Hu X, Ivashkiv L. Cross-regulation of signaling pathways by interferon-γ: implications for immune responses and autoimmune diseases. Immunity. (2009) 31:539–50. doi: 10.1016/j.immuni.2009.09.002

36. Haryanto B, Suksmasari T, Wintergerst E, Maggini S. Multivitamin supplementation supports immune function and ameliorates conditions triggered by reduced air quality. Vitam Miner. (2015) 4:1–15. doi: 10.4172/2376-1318.1000128

37. Zuniga E, Macal M, Lewis G, Harker J. Innate and adaptive immune regulation during chronic viral infections. Annu Rev Virol. (2015) 2:573. doi: 10.1146/annurev-virology-100114-055226

38. Romano P. Past, present, and future of regulatory T cell therapy in transplantation and autoimmunity. Front Immunol. (2019) 10:43. doi: 10.3389/fimmu.2019.00043

39. Schroeder H Jr., Cavacini L. Structure and function of immunoglobulins. J Allergy Clin Immunol. (2010) 125:S41–52. doi: 10.1016/j.jaci.2009.09.046

40. Cañedo-Dorantes L, Cañedo-Ayala M. Skin acute wound healing: a comprehensive review. Int J Inflamm. (2019) 2019:3706315. doi: 10.1155/2019/3706315

41. Villamor E, Fawzi WW. Effects of vitamin a supplementation on immune responses and correlation with clinical outcomes. Clin Microbiol Rev. (2005) 18:446–64. doi: 10.1128/CMR.18.3.446-464.2005

42. Huang Z, Liu Y, Qi G, Brand D, Zheng S. Role of vitamin A in the immune system. J Clin Med. (2018) 7:258. doi: 10.3390/jcm7090258

43. Cunningham-Rundles C. Hematologic complications of primary immune deficiencies. Blood Rev. (2002) 16:61–4. doi: 10.1054/blre.2001.0185

44. Maggini S, Wintergerst ES, Beveridge S, Hornig DH. Selected vitamins and trace elements support immune function by strengthening epithelial barriers and cellular and humoral immune responses. Br J Nutr. (2007) 98(Suppl. 1):S29–35. doi: 10.1017/S0007114507832971

45. Padbidri Bhaskaram MD. Micronutrient malnutrition, infection, and immunity: an overview. Nutr Rev. (2002) 60:S40–5. doi: 10.1301/00296640260130722

46. Maggini S, Beveridge S, Sorbara P, Senatore G. Feeding the immune system: the role of micronutrients in restoring resistance to infections. CAB reviews: perspectives in agriculture, veterinary science. Nutr Nat Resour. (2008) 3:1–21. doi: 10.1079/PAVSNNR20083098

47. Cox S, Arthur P, Kirkwood B, Yeboah-Antwi K, Riley E. Vitamin A supplementation increases ratios of proinflammatory to anti-inflammatory cytokine responses in pregnancy and lactation. Clin Exp Immunol. (2006) 144:392–400. doi: 10.1111/j.1365-2249.2006.03082

48. Pino−Lagos K, Guo Y, Noelle R. Retinoic acid: a key player in immunity. Biofactors. (2010) 36:430–6. doi: 10.1002/biof.117

49. Rampal R, Awasthi A, Ahuja V. Retinoic acid−primed human dendritic cells inhibit Th9 cells and induce Th1/Th17 cell differentiation. J Leukocyte Biol. (2016) 100:111–20. doi: 10.1189/jlb.3VMA1015-476R

50. Lu L, Lan Q, Li Z, Zhou X, Gu J, Li Q, et al. Critical role of all-trans retinoic acid in stabilizing human natural regulatory T cells under inflammatory conditions. Proc Natl Acad Sci USA. (2014) 111:E3432–40. doi: 10.1073/pnas.1408780111

51. Roy S, Awasthi A. Vitamin a and the immune system. In: M Mahmoudi, N Rezaei editors. Nutrition and Immunity. Cham: Springer (2019). p. 53–73. doi: 10.1007/978-3-030-16073-9_3

52. Imdad A, Yakoob M, Sudfeld C, Haider B, Black R, Bhutta Z. Impact of vitamin A supplementation on infant and childhood mortality. BMC Public Health. (2011) 11:S20. doi: 10.1186/1471-2458-11-S3-S1

53. Bold R, Ishizuka J, Townsend C Jr., Thompson J. All-trans-retinoic acid inhibits growth of human pancreatic cancer cell lines. Pancreas. (1996) 12:189–95. doi: 10.1097/00006676-199603000-00014

54. Mirza N, Fishman M, Fricke I, Dunn M, Neuger A, Frost T, et al. All-trans-retinoic acid improves differentiation of myeloid cells and immune response in cancer patients. Cancer Res. (2006) 66:9299–307.

55. Nhieu J, Lin Y, Wei L. Noncanonical retinoic acid signaling. Methods Enzymol. (2020) 637:261–81.

56. Cicconi L, Lo-Coco F. Current management of newly diagnosed acute promyelocytic leukemia. Ann Oncol. (2016) 27:1474–81. doi: 10.1093/annonc/mdw17

57. Shin J, Song M, Oh J, Keum Y, Saini R. Pro-oxidant actions of carotenoids in triggering apoptosis of cancer cells: a review of emerging evidence. Antioxidants. (2020) 9:532. doi: 10.3390/antiox9060532

58. Peterson C, Rodionov D, Osterman A, Peterson SN. B vitamins and their role in immune regulation and cancer. Nutrients. (2020) 12:3380. doi: 10.3390/nu12113380

59. Rodionov D, Arzamasov A, Khoroshkin M, Iablokov S, Leyn S, Peterson S, et al. Micronutrient requirements and sharing capabilities of the human gut microbiome. Front Microbiol. (2019) 10:1316. doi: 10.3389/fmicb.2019.01316

60. Jones PT, Anderson R. Oxidative inhibition of polymorphonuclear leukocyte motility mediated by the peroxidase/H2O2/halide system: studies on the reversible nature of the inhibition and mechanism of protection of migratory responsiveness by ascorbate, levamisole, thiamine and cysteine. Int J Immunopharmacol. (1983) 5:377–89. doi: 10.1016/0192-0561(83)90012-7

61. Yadav UC, Kalariya NM, Srivastava SK, Ramana KV. Protective role of benfotiamine, a fat-soluble vitamin B1 analogue, in lipopolysaccharide-induced cytotoxic signals in murine macrophages. Free Radical Biol Med. (2010) 48:1423–34. doi: 10.1016/j.freeradbiomed.2010.02.031

62. Mathis D, Shoelson S. Immunometabolism: an emerging frontier. Nat Rev Immunol. (2011) 11:81. doi: 10.1038/nri2922

63. Buck M, Sowell R, Kaech S, Pearce E. Metabolic instruction of immunity. Cell. (2017) 169:570–86. doi: 10.1016/j.cell.2017.04.004

64. Scalabrino G. Vitamin−regulated cytokines and growth factors in the CNS and elsewhere. J Neurochem. (2009) 111:1309–26. doi: 10.1111/j.1471-4159.2009.06417

65. Shoeb M, Ramana K. Anti-inflammatory effects of benfotiamine are mediated through the regulation of the arachidonic acid pathway in macrophages. Free Radical Biol Med. (2012) 52:182–90. doi: 10.1016/j.freeradbiomed.2011.10.444

66. Jonus H, Hanberry B, Khatu S, Kim J, Luesch H, Dang L, et al. The adaptive regulation of thiamine pyrophosphokinase-1 facilitates malignant growth during supplemental thiamine conditions. Oncotarget. (2018) 9:35422. doi: 10.18632/oncotarget.26259

67. Huskisson E, Maggini S, Ruf M. The role of vitamins and minerals in energy metabolism and well-being. J Int Med Res. (2007) 35:277–89. doi: 10.1177/147323000703500301

68. Mikkelsen K, Apostolopoulos V. Vitamin B1, B2, B3, B5, and B6 and the immune system. In: M Mahmoudi, N Rezaei editors. Nutrition and Immunity. Cham: Springer (2019). p. 115–25. doi: 10.1007/978-3-030-16073-9_7

69. Hultquist D, Seekamp A, Till G. Protection by vitamin B 2 against oxidant-mediated acute lung injury. Inflammation. (1999) 23:449–60. doi: 10.1023/a:1021965026580

70. Corbett A, Eckle S, Birkinshaw R, Liu L, Patel O, Mahony J, et al. T-cell activation by transitory neo-antigens derived from distinct microbial pathways. Nature. (2014) 509:361–5. doi: 10.1038/nature13160

71. Cowley S. MAIT cells and pathogen defense. Cell Mol Life Sci. (2014) 71:4831–40. doi: 10.1007/s00018-014-1708-y

72. Araki S, Suzuki M, Fujimoto M, Kimura M. Enhancement of resistance to bacterial infection in mice by vitamin B2. J Vet Med Sci. (1995) 57:599–602. doi: 10.1292/jvms.57.599

73. Mazur-Bialy A, Buchala B, Plytycz B. Riboflavin deprivation inhibits macrophage viability and activity–a study on the RAW 264.7 cell line. Br J Nutr. (2013) 110:509–14. doi: 10.1017/S0007114512005351

74. Qureshi A, Reis J, Qureshi N, Papasian C, Morrison D, Schaefer D. δ-Tocotrienol and quercetin reduce serum levels of nitric oxide and lipid parameters in female chickens. Lipids Health Dis. (2011) 10:1–22. doi: 10.1186/1476-511X-10-39

75. Al-Harbi N, Imam F, Nadeem A, Al-Harbi M, Korashy H, Sayed-Ahmed M, et al. Riboflavin attenuates lipopolysaccharide-induced lung injury in rats. Toxicol Mech Methods. (2015) 25:417–23. doi: 10.3109/15376516.2015.1045662

76. Kirkland J, Meyer-Ficca M. Niacin. Adv Food Nutr Res. (2018) 83:83–149. doi: 10.1016/bs.afnr.2017.11.003

77. Choi H, Jang S, Hwang E. High-dose nicotinamide suppresses ROS generation and augments population expansion during CD8+ T cell activation. Mol Cells. (2015) 38:918. doi: 10.14348/molcells.2015.0168

78. Hwang E, Song S. Nicotinamide is an inhibitor of SIRT1 in vitro, but can be a stimulator in cells. Cell Mol Life Sci. (2017) 74:3347–62. doi: 10.1007/s00018-017-2527-8

79. Fania L, Mazzanti C, Campione E, Candi E, Abeni D, Dellambra E. Role of nicotinamide in genomic stability and skin cancer chemoprevention. Int J Mol Sci. (2019) 20:5946. doi: 10.3390/ijms20235946

80. Zhou E, Li Y, Yao M, Wei Z, Fu Y, Yang Z. Niacin attenuates the production of pro-inflammatory cytokines in LPS-induced mouse alveolar macrophages by HCA2 dependent mechanisms. Int Immunopharmacol. (2014) 23:121–6. doi: 10.1016/j.intimp.2014.07.006

81. Popa C, Netea M, Van Riel P, Van Der Meer J, Stalenhoef A. The role of TNF-α in chronic inflammatory conditions, intermediary metabolism, and cardiovascular risk. J Lipid Res. (2007) 48:751–62. doi: 10.1194/jlr.R600021-JLR200

82. Chen X, Andresen B, Hill M, Zhang J, Booth F, Zhang C. Role of reactive oxygen species in tumor necrosis factor-alpha induced endothelial dysfunction. Curr Hyperten Rev. (2008) 4:245–55. doi: 10.2174/157340208786241336

83. Weiss N. Mechanisms of increased vascular oxidant stress in hyperhomocysteinemia and its impact on endothelial function. Curr Drug Metab. (2005) 6:27–36. doi: 10.2174/1389200052997357

84. Todorova T, Ermenlieva N, Tsankova G. Vitamin B12: could it be a promising immunotherapy. In: K Metodiev editor. Immunotherapy: Myths, Reality, Ideas, Future. Norderstedt: Books on Demand (2017). 85 p. doi: 10.2165/00023210-200216120-00003

85. Battaglia-Hsu S, Akchiche N, Noel N, Alberto J, Jeannesson E, Orozco-Barrios C, et al. Vitamin B12 deficiency reduces proliferation and promotes differentiation of neuroblastoma cells and up-regulates PP2A, proNGF, and TACE. Proc Natl Acad Sci USA. (2009) 106:21930–5. doi: 10.1073/pnas.0811794106

86. Al-Daghri N. Hyperhomocysteinemia, coronary heart disease, and diabetes mellitus as predicted by various definitions for metabolic syndrome in a hypertensive Saudi population. Saudi Med J. (2007) 28:339.

87. De Koning A, Werstuck G, Zhou J, Austin R. Hyperhomocysteinemia and its role in the development of atherosclerosis. Clin Biochem. (2003) 36:431–41. doi: 10.1016/S0009-9120(03)00062-6

88. Li Y, Jiang C, Xu G, Wang N, Zhu Y, Tang C, et al. Homocysteine upregulates resistin production from adipocytes in vivo and in vitro. Diabetes. (2008) 57:817–27. doi: 10.2337/db07-0617

89. Moller D. Potential role of TNF-α in the pathogenesis of insulin resistance and type 2 diabetes. Trends Endocrinol Metab. (2000) 11:212–7. doi: 10.1016/S1043-2760(00)00272-1

90. Cheng W, Wang Z, Shangguan H, Zhu Q, Zhang H. Are vitamins relevant to cancer risks? A Mendelian randomization investigation. Nutrition. (2020) 78:110870. doi: 10.1016/j.nut.2020.110870

91. Brasky T, Ray R, Navarro S, Schenk J, Newton A, Neuhouser M. Supplemental one−carbon metabolism related B vitamins and lung cancer risk in the Women’s health initiative. Int J Cancer. (2020) 147:1374–84. doi: 10.1002/ijc.32913

92. Arendt J, Sørensen H, Horsfall L, Petersen I. Elevated vitamin B12 levels and cancer risk in UK primary care: a THIN database cohort study high plasma B12 levels and cancer risk in primary care. Cancer Epidemiol Biomark Prev. (2019) 28:814–21. doi: 10.1158/1055-9965.EPI-17-1136

93. Nishikimi M, Fukuyama R, Minoshima S, Shimizu N, Yagi K. Cloning and chromosomal mapping of the human nonfunctional gene for L-gulono-gamma-lactone oxidase, the enzyme for L-ascorbic acid biosynthesis missing in man. J Biol Chem. (1994) 269:13685–8.

94. Frikke-Schmidt H, Tveden-Nyborg P, Lykkesfeldt J. L-dehydroascorbic acid can substitute l-ascorbic acid as dietary vitamin C source in guinea pigs. Redox Biol. (2016) 7:8–13. doi: 10.1016/j.redox.2015.11.003

95. Michels A, Hagen T, Frei B. Human genetic variation influences vitamin C homeostasis by altering vitamin C transport and antioxidant enzyme function. Annu Rev Nutr. (2013) 33:45. doi: 10.1146/annurev-nutr-071812-161246

96. Kuiper C, Vissers M. Ascorbate as a co-factor for Fe-and 2-oxoglutarate dependent dioxygenases: physiological activity in tumor growth and progression. Front Oncol. (2014) 4:359. doi: 10.3389/fonc.2014.00359

97. Carr A, Frei B. Does vitamin C act as a pro-oxidant under physiological conditions? FASEB J. (1999) 13:1007–24. doi: 10.1096/fasebj.13.9.1007

98. Cárcamo J, Pedraza A, Bórquez-Ojeda O, Zhang B, Sanchez R, Golde D. Vitamin C is a kinase inhibitor: dehydroascorbic acid inhibits IκBα kinase β. Mol Cell Biol. (2004) 24:6645–52. doi: 10.1128/MCB.24.15.6645-6652

99. Molina N, Morandi A, Bolin A, Otton R. Comparative effect of fucoxanthin and vitamin C on oxidative and functional parameters of human lymphocytes. Int Immunopharmacol. (2014) 22:41–50. doi: 10.1016/j.intimp.2014.06.026

100. Bozonet S, Carr A, Pullar J, Vissers M. Enhanced human neutrophil vitamin C status, chemotaxis and oxidant generation following dietary supplementation with vitamin C-rich SunGold kiwifruit. Nutrients. (2015) 7:2574–88. doi: 10.3390/nu7042574

101. Carr A, Shaw G, Natarajan R. Ascorbate-dependent vasopressor synthesis: a rationale for vitamin C administration in severe sepsis and septic shock? Crit Care. (2015) 19:418. doi: 10.1186/s13054-015-1131-2

102. Valacchi G, Muresan X, Sticozzi C, Belmonte G, Pecorelli A, Cervellati F, et al. Ozone-induced damage in 3D-skin model is prevented by topical vitamin C and vitamin E compound mixtures application. J Dermatol Sci. (2016) 82:209–12. doi: 10.1016/j.jdermsci.2016.02.007

103. Lin J, Selim M, Shea C, Grichnik J, Omar M, Monteiro-Riviere N, et al. UV photoprotection by combination topical antioxidants vitamin C and vitamin E. J Am Acad Dermatol. (2003) 48:866–74. doi: 10.1067/mjd.2003.425

104. Ellulu M, Rahmat A, Patimah I, Khaza’ai H, Abed Y. Effect of vitamin C on inflammation and metabolic markers in hypertensive and/or diabetic obese adults: a randomized controlled trial. Drug Design Dev Ther. (2015) 9:3405. doi: 10.2147/DDDT.S83144

105. Hirota K, Semenza G. Regulation of hypoxia-inducible factor 1 by prolyl and asparaginyl hydroxylases. Biochem Biophys Res Commun. (2005) 338:610–6. doi: 10.1016/j.bbrc.2005.08.193

106. Elks P, van Eeden F, Dixon G, Wang X, Reyes-Aldasoro C, Ingham P, et al. Activation of Hif-1alpha delays inflammation resolution by reducing neutrophil apoptosis and reverse migration in a zebrafish inflammation model. Blood. (2011) 118:712–22. doi: 10.1182/blood-2010-12-324186

107. Huijskens M, Walczak M, Sarkar S, Atrafi F, Senden-Gijsbers B, Tilanus M, et al. Ascorbic acid promotes proliferation of natural killer cell populations in culture systems applicable for natural killer cell therapy. Cytotherapy. (2015) 17:613–20. doi: 10.1016/j.jcyt.2015.01.004

108. Wöbke T, Sorg B, Steinhilber D. Vitamin D in inflammatory diseases. Front Physiol. (2014) 5:244. doi: 10.3389/fphys.2014.00244

109. Sung C, Liao M, Lu K, Wu C. Role of vitamin D in insulin resistance. J Biomed Biotechnol. (2012) 2012:634195. doi: 10.1155/2012/634195

110. Gil Á, Plaza-Diaz J, Mesa M. Vitamin D: classic and novel actions. Ann Nutr Metab. (2018) 72:87–95. doi: 10.1159/000486536

111. Ryan J, Anderson P, Morris H. Pleiotropic activities of vitamin D receptors–adequate activation for multiple health outcomes. Clin Biochem Rev. (2015) 36:53.

112. Chen S, Sims G, Chen X, Gu Y, Chen S, Lipsky P. Modulatory effects of 1, 25-dihydroxyvitamin D3 on human B cell differentiation. J Immunol. (2007) 179:1634–47. doi: 10.4049/jimmunol.179.3.1634

113. Zhang Y, Leung D, Richers B, Liu Y, Remigio L, Riches D, et al. Vitamin D inhibits monocyte/macrophage proinflammatory cytokine production by targeting MAPK phosphatase-1. J Immunol. (2012) 188:2127–35. doi: 10.4049/jimmunol.1102412

114. Nonn L, Peng L, Feldman D, Peehl D. Inhibition of p38 by vitamin D reduces interleukin-6 production in normal prostate cells via mitogen-activated protein kinase phosphatase 5: implications for prostate cancer prevention by vitamin D. Cancer Res. (2006) 66:4516–24. doi: 10.1158/0008-5472.CAN-05-3796

115. Miodovnik M, Koren R, Ziv E, Ravid A. The inflammatory response of keratinocytes and its modulation by vitamin D: the role of MAPK signaling pathways. J Cell Physiol. (2012) 227:2175–83. doi: 10.1002/jcp.22951

116. Karin M, Lin A. NF-κB at the crossroads of life and death. Nat Immunol. (2002) 3:221–7. doi: 10.1038/ni0302-221

117. Baeke F, Takiishi T, Korf H, Gysemans C, Mathieu C. Vitamin D: modulator of the immune system. Curr Opin Pharmacol. (2010) 10:482–96. doi: 10.1016/j.coph.2010.04.001

118. Xie Z, Chen J, Zheng C, Wu J, Cheng Y, Zhu S, et al. 1, 25−dihydroxyvitamin D3−induced dendritic cells suppress experimental autoimmune encephalomyelitis by increasing proportions of the regulatory lymphocytes and reducing T helper type 1 and type 17 cells. Immunology. (2017) 152:414–24. doi: 10.1111/imm.12776

119. Boonstra A, Barrat F, Crain C, Heath V, Savelkoul H, O’Garra A. 1α, 25-dihydroxyvitamin D3 has a direct effect on naive CD4+ T cells to enhance the development of Th2 cells. J Immunol. (2001) 167:4974–80. doi: 10.4049/jimmunol.167.9.4974

120. Fawaz L, Mrad M, Kazan J, Sayegh S, Akika R, Khoury S. Comparative effect of 25 (OH) D3 and 1, 25 (OH) 2D3 on Th17 cell differentiation. Clin Immunol. (2016) 166:59–71. doi: 10.1016/j.clim.2016.02.011

121. Şıklar Z, Karataş D, Doğu F, Hacıhamdioğlu B, İkincioğulları A, Berberoğlu M. Regulatory T cells and vitamin D status in children with chronic autoimmune thyroiditis. J Clin Res Pediatr Endocrinol. (2016) 8:276. doi: 10.4274/jcrpe.2766

122. Gombart A. The vitamin D–antimicrobial peptide pathway and its role in protection against infection. Future Microbiol. (2009) 4:1151–65. doi: 10.2217/fmb.09.87

123. Wishart K, Maggini S, Wintergerst E. Vitamin D and immunity. In: R Watson editor. Foods and Dietary Supplements in the Prevention and Treatment of Disease in Older Adults. Amsterdam: Elsevier (2015). p. 253–63.

124. Martineau A, Jolliffe D, Hooper R, Greenberg L, Aloia J, Bergman P, et al. Vitamin D supplementation to prevent acute respiratory tract infections: systematic review and meta-analysis of individual participant data. BMJ. (2017) 356:i6583. doi: 10.1136/bmj.i6583

125. Krishnan A, Feldman D. Mechanisms of the anti-cancer and anti-inflammatory actions of vitamin D. Annu Rev Pharmacol Toxicol. (2011) 51:311–36. doi: 10.1146/annurev-pharmtox-010510-100611

126. Bouillon R, Eelen G, Verlinden L, Mathieu C, Carmeliet G, Verstuyf A. Vitamin D and cancer. J Steroid Biochem Mol Biol. (2006) 102:156–62. doi: 10.1016/j.jsbmb.2006.09.014

127. Krishnan A, Feldman D. Anti-inflammatory activity of calcitriol in cancer. In: Trump D, Johnson C editors. Vitamin D and Cancer. New York, NY: Springer (2011). p. 53–71. doi: 10.1007/978-1-4419-7188-3_3

128. Krishnan A, Trump D, Johnson C, Feldman D. The role of vitamin D in cancer prevention and treatment. Endocrinol Metab Clin. (2010) 39:401–18. doi: 10.1016/j.ecl.2010.02.011

129. Hotamisligil G. Inflammation and metabolic disorders. Nature. (2006) 444:860–7. doi: 10.1038/nature05485

130. Jarosz M, Olbert M, Wyszogrodzka G, Młyniec K, Librowski T. Antioxidant and anti-inflammatory effects of zinc. Zinc-dependent NF-κB signaling. Inflammopharmacology. (2017) 25:11–24. doi: 10.1007/s10787-017-0309-4

131. Foster M, Samman S. Zinc and regulation of inflammatory cytokines: implications for cardiometabolic disease. Nutrients. (2012) 4:676–94. doi: 10.3390/nu4070676

132. Haase H, Ober-Blöbaum J, Engelhardt G, Hebel S, Heit A, Heine H, et al. Zinc signals are essential for lipopolysaccharide-induced signal transduction in monocytes. J Immunol. (2008) 181:6491–502. doi: 10.4049/jimmunol.181.9.6491

133. Nakatani T, Tawaramoto M, Kennedy D, Kojima A, Matsui-Yuasa I. Apoptosis induced by chelation of intracellular zinc is associated with depletion of cellular reduced glutathione level in rat hepatocytes. Chem Biol Interact. (2000) 125:151–63. doi: 10.1016/s0009-2797(99)00166-0

134. Prasad A, Bao B, Beck F, Kucuk O, Sarkar F. Antioxidant effect of zinc in humans. Free Radic Biol Med. (2004) 37:1182–90. doi: 10.1016/j.freeradbiomed.2004.07.007

135. Costarelli L, Muti E, Malavolta M, Cipriano C, Giacconi R, Tesei S, et al. Distinctive modulation of inflammatory and metabolic parameters in relation to zinc nutritional status in adult overweight/obese subjects. J Nutr Biochem. (2010) 21:432–7. doi: 10.1016/j.jnutbio.2009.02.001

136. Young B, Ott L, Kasarskis E, Rapp R, Moles K, Dempsey R, et al. Zinc supplementation is associated with improved neurologic recovery rate and visceral protein levels of patients with severe closed head injury. J Neurotrauma. (1996) 13:25–34. doi: 10.1089/neu.1996.13.25

137. Besecker B, Exline M, Hollyfield J, Phillips G, DiSilvestro R, Wewers M, et al. A comparison of zinc metabolism, inflammation, and disease severity in critically ill infected and noninfected adults early after intensive care unit admission. Am J Clin Nutr. (2011) 93:1356–64. doi: 10.3945/ajcn.110.008417

138. Wintergerst E, Maggini S, Hornig D. Immune-enhancing role of vitamin C and zinc and effect on clinical conditions. Ann Nutr Metab. (2006) 50:85–94. doi: 10.1159/000090495

139. Wintergerst E, Maggini S, Hornig D. Contribution of selected vitamins and trace elements to immune function. Ann Nutr Metab. (2007) 51:301–23. doi: 10.1159/000107673

140. World Health Organization.Guidelines on Food Fortification with Micronutrients Part 2. Evaluating the Public Health Significance of Micronutrient Malnutrition. Geneva: World Health Organization (2006).

141. MacFarquhar J, Broussard D, Melstrom P, Hutchinson R, Wolkin A, Martin C, et al. Acute selenium toxicity associated with a dietary supplement. Arch Intern Med. (2010) 170:256–61. doi: 10.1001/archinternmed.2009.495

142. Müller D, Desel H. Acute selenium poisoning by paradise nuts (Lecythis ollaria). Hum Exp Toxicol. (2010) 29:431–4. doi: 10.1177/0960327109360046

143. Safir N, Wendel A, Saile R, Chabraoui L. The effect of selenium on immune functions of J774. 1 cells. Clin Chem Lab Med. (2003) 41:1005–11. doi: 10.1515/CCLM.2003.154

144. Weitzel F, Wendel A. Selenoenzymes regulate the activity of leukocyte 5-lipoxygenase via the peroxide tone. J Biol Chem. (1993) 268:6288–92. doi: 10.1016/S0021-9258(18)53251-8

145. Hoffmann F, Hashimoto A, Shafer L, Dow S, Berry M, Hoffmann P. Dietary selenium modulates activation and differentiation of CD4+ T cells in mice through a mechanism involving cellular free thiols. J Nutr. (2010) 140:1155–61. doi: 10.3945/jn.109.120725

146. Zhang Y, Roh Y, Han S, Park I, Lee H, Ok Y, et al. Role of selenoproteins in redox regulation of signaling and the antioxidant system: a review. Antioxidants. (2020) 9:383. doi: 10.3390/antiox9050383

147. Heller R, Sun Q, Hackler J, Seelig J, Seibert L, Cherkezov A, et al. Prediction of survival odds in COVID-19 by zinc, age and selenoprotein P as composite biomarker. Redox Biol. (2021) 38:101764. doi: 10.1016/j.redox.2020.101764

148. Ivory K, Prieto E, Spinks C, Armah C, Goldson A, Dainty J, et al. Selenium supplementation has beneficial and detrimental effects on immunity to influenza vaccine in older adults. Clin Nutr. (2017) 36:407–15. doi: 10.1016/j.clnu.2015.12.003

149. Heidar Z, Hamzepour N, Zadeh Modarres S, Mirzamoradi M, Aghadavod E, Pourhanifeh M, et al. The effects of selenium supplementation on clinical symptoms and gene expression related to inflammation and vascular endothelial growth factor in infertile women candidate for in vitro fertilization. Biol Trace Element Res. (2020) 193:319–25. doi: 10.1007/s12011-019-01715-5

150. Rocha K, Vieira M, Beltrame R, Cartum J, Alves S, Azzalis L, et al. Impact of selenium supplementation in neutropenia and immunoglobulin production in childhood cancer patients. J Med Food. (2016) 19:560–8. doi: 10.1089/jmf.2015.0145

151. Leiter O, Zhuo Z, Rust R, Wasielewska J, Grönnert L, Kowal S, et al. Selenium mediates exercise-induced adult neurogenesis and reverses learning deficits induced by hippocampal injury and aging. Cell Metab. (2022) 34:408.e–23.e. doi: 10.1016/j.cmet.2022.01.005

152. Calder P, Yaqoob P. Amino acids and immune function. 2nd ed. In: L Cynober editor. Metabolic and Therapeutic Aspects of Amino Acids in Clinical Nutrition. Boca Raton, FL: CRC Press (2003). p. 305–20.

153. Beaumier L, Castillo L, Yu Y, Ajami A, Young V. Arginine: new and exciting developments for an” old” amino acid. Biomed Environ Sci. (1996) 9:296–315.

154. Wu G, Bazer F, Davis T, Kim S, Li P, Marc Rhoads J, et al. Arginine metabolism and nutrition in growth, health and disease. Amino Acids. (2009) 37:153–68. doi: 10.1007/s00726-008-0210-y

155. Whelan R. The Role of Amino Acids in the Immune System-a Special Focus on Broilers. (2019). Available online at: https://en.engormix.com/poultry-industry/articles/the-role-amino-acids-t43647.htm (accessed April 12, 2022).

156. Soulet D, Rivest S. Polyamines play a critical role in the control of the innate immune response in the mouse central nervous system. J Cell Biol. (2003) 162:257–68. doi: 10.1083/jcb.200301097

157. Tjandrawinata R, Hawel L, Byus C. Regulation of putrescine export in lipopolysaccharide or IFN-gamma-activated murine monocytic-leukemic RAW 264 cells. J Immunol. (1994) 152:3039–52.

158. Valentová K, Vidlář A, Zatloukalová M, Stuchlík M, Vacek J, Šimánek V, et al. Biosafety and antioxidant effects of a beverage containing silymarin and arginine. A pilot, human intervention cross-over trial. Food Chem Toxicol. (2013) 56:178–83. doi: 10.1016/j.fct.2013.02.023

159. Liu Y, Wang X, Hou Y, Yin Y, Qiu Y, Wu G, et al. Roles of amino acids in preventing and treating intestinal diseases: recent studies with pig models. Amino Acids. (2017) 49:1277–91. doi: 10.1007/s00726-017-2450-1

160. Meng Q, Cooney M, Yepuri N, Cooney RN. L-arginine attenuates interleukin-1β (IL-1β) induced nuclear factor kappa-beta (NF-κB) activation in Caco-2 cells. PLoS One. (2017) 12:e0174441. doi: 10.1371/journal.pone.0174441

161. Caldwell R, Rodriguez P, Toque H, Narayanan S, Caldwell R. Arginase: a multifaceted enzyme important in health and disease. Physiol Rev. (2018) 98:641–65. doi: 10.1152/physrev.00037.2016

162. Wang X, Chen Y, Qin W, Zhang W, Wei S, Wang J, et al. Arginase I attenuates inflammatory cytokine secretion induced by lipopolysaccharide in vascular smooth muscle cells. Arterioscler Thromb Vasc Biol. (2011) 31:1853–60. doi: 10.1161/ATVBAHA.111.229302

163. Stempin C, Dulgerian L, Garrido V, Cerban F. Arginase in parasitic infections: macrophage activation, immunosuppression, and intracellular signals. J Biomed Biotechnol. (2010) 2010:683485. doi: 10.1155/2010/683485

164. Fletcher M, Ramirez M, Sierra R, Raber P, Thevenot P, Al-Khami A, et al. l-Arginine depletion blunts antitumor T-cell responses by inducing myeloid-derived suppressor cellssuppression of T-cell responses by L-arginine depletion. Cancer Res. (2015) 75:275–83. doi: 10.1158/0008-5472.CAN-14-1491

165. Kim S, Roszik J, Grimm E, Ekmekcioglu S. Impact of l-arginine metabolism on immune response and anticancer immunotherapy. Front Oncol. (2018) 8:67. doi: 10.3389/fonc.2018.00067

166. Lind D. Arginine and cancer. J Nutr. (2004) 134:2837S–41S. doi: 10.1093/jn/134.10.2837S

167. Feun L, You M, Wu C, Kuo M, Wangpaichitr M, Spector S, et al. Arginine deprivation as a targeted therapy for cancer. Curr Pharm Design. (2008) 14:1049–57. doi: 10.2174/138161208784246199

168. Al-Koussa H, El Mais N, Maalouf H, Abi-Habib R, El-Sibai M. Arginine deprivation: a potential therapeutic for cancer cell metastasis? A review. Cancer Cell Int. (2020) 20:1–7. doi: 10.1186/s12935-020-01232-9

169. El-Sibai M, Pertz O, Pang H, Yip S, Lorenz M, Symons M, et al. RhoA/ROCK-mediated switching between Cdc42-and Rac1-dependent protrusion in MTLn3 carcinoma cells. Exp Cell Res. (2008) 314:1540–52. doi: 10.1016/j.yexcr.2008.01.016

170. Al-Dimassi S, Salloum G, Saykali B, Khoury O, Liu S, Leppla S, et al. Targeting the MAP kinase pathway in astrocytoma cells using a recombinant anthrax lethal toxin as a way to inhibit cell motility and invasion. Int J Oncol. (2016) 48:1913–20. doi: 10.3892/ijo.2016.3431

171. Lanser L, Kink P, Egger E, Willenbacher W, Fuchs D, Weiss G, et al. Inflammation-induced tryptophan breakdown is related with anemia, fatigue, and depression in cancer. Front Immunol. (2020) 11:249. doi: 10.3389/fimmu.2020.00249

172. Richard D, Dawes M, Mathias C, Acheson A, Hill-Kapturczak N, Dougherty D. L-tryptophan: basic metabolic functions, behavioral research and therapeutic indications. Int J Tryptophan Res. (2009) 2:45–60. doi: 10.4137/IJTR.S2129

173. Platten M, Nollen E, Röhrig U, Fallarino F, Opitz C. Tryptophan metabolism as a common therapeutic target in cancer, neurodegeneration and beyond. Nat Rev Drug Discov. (2019) 18:379–401. doi: 10.1038/s41573-019-0016-5

174. Murakami Y, Saito K. Species and cell types difference in tryptophan metabolism. Int J Tryptophan Res. (2013) 6(Suppl. 1):47–54. doi: 10.4137/IJTR.S11558

175. Schwarcz R, Bruno J, Muchowski P, Wu H. Kynurenines in the mammalian brain: when physiology meets pathology. Nat Rev Neurosci. (2012) 13:465–77. doi: 10.1038/nrn3257

176. Yeung A, Terentis A, King N, Thomas S. Role of indoleamine 2, 3-dioxygenase in health and disease. Clin Sci. (2015) 129:601–72. doi: 10.1042/CS20140392

177. Chaudhary K, Shinde R, Liu H, Gnana-Prakasam J, Veeranan-Karmegam R, Huang L, et al. Amino acid metabolism inhibits antibody-driven kidney injury by inducing autophagy. J Immunol. (2015) 194:5713–24. doi: 10.4049/jimmunol.1500277

178. Curran T, Jalili R, Farrokhi A, Ghahary A. IDO expressing fibroblasts promote the expansion of antigen specific regulatory T cells. Immunobiology. (2014) 219:17–24. doi: 10.1016/j.imbio.2013.06.008

179. Takamatsu M, Hirata A, Ohtaki H, Hoshi M, Hatano Y, Tomita H, et al. IDO1 plays an immunosuppressive role in 2, 4, 6-trinitrobenzene sulfate–induced colitis in mice. J Immunol. (2013) 191:3057–64. doi: 10.4049/jimmunol.1203306

180. Wang Y, Liu H, McKenzie G, Witting P, Stasch J, Hahn M, et al. Kynurenine is an endothelium-derived relaxing factor produced during inflammation. Nat Med. (2010) 16:279–85. doi: 10.1038/nm.2092

181. Schröcksnadel K, Wirleitner B, Winkler C, Fuchs D. Monitoring tryptophan metabolism in chronic immune activation. Clin Chim Acta. (2006) 364:82–90. doi: 10.1016/j.cca.2005.06.013

182. Sorgdrager F, Naudé P, Kema I, Nollen E, Deyn P. Tryptophan metabolism in inflammaging: from biomarker to therapeutic target. Front Immunol. (2019) 10:2565. doi: 10.3389/fimmu.2019.02565

183. Seman M, Adriouch S, Scheuplein F, Krebs C, Freese D, Glowacki G, et al. NAD-induced T cell death: ADP-ribosylation of cell surface proteins by ART2 activates the cytolytic P2X7 purinoceptor. Immunity. (2003) 19:571–82. doi: 10.1016/S1074-7613(03)00266-8

184. Liu Y, Chai R, Wang Y, Wang Z, Liu X, Wu F, et al. Amino acid metabolism−related gene expression−based risk signature can better predict overall survival for glioma. Cancer Sci. (2019) 110:321–33. doi: 10.1111/cas.13878

185. Sivanand S, Vander Heiden M. Emerging roles for branched-chain amino acid metabolism in cancer. Cancer Cell. (2020) 37:147–56. doi: 10.1016/j.ccell.2019.12.011

186. Sahm F, Oezen I, Opitz C, Radlwimmer B, Von Deimling A, Ahrendt T, et al. The endogenous tryptophan metabolite and NAD+ precursor quinolinic acid confers resistance of gliomas to oxidative stress. Cancer Res. (2013) 73:3225–34. doi: 10.1158/0008-5472.CAN-12-3831

187. Wu K, Cheng H, Chang T. 5-methoxyindole metabolites of L-tryptophan: control of COX-2 expression, inflammation and tumorigenesis. J Biomed Sci. (2014) 21:1–8. doi: 10.1186/1423-0127-21-17

188. Myant N. Cholesterol metabolism. J Clin Pathol Suppl (Ass Clin Path). (1973) 5:1–4. doi: 10.1136/jcp.s1-5.1.1

189. Ikonen E. Cellular cholesterol trafficking and compartmentalization. Nat Rev Mol Cell Biol. (2008) 9:125–38. doi: 10.1038/nrm2336

190. Van Meer G, Voelker D, Feigenson G. Membrane lipids: where they are and how they behave. Nat Rev Mol Cell Biol. (2008) 9:112–24. doi: 10.1038/nrm2330

191. Luo J, Yang H, Song B. Mechanisms and regulation of cholesterol homeostasis. Nat Rev Mol Cell Biol. (2020) 21:225–45. doi: 10.1038/s41580-019-0190-7

192. Lee M, Bensinger S. Reprogramming cholesterol metabolism in macrophages and its role in host defense against cholesterol-dependent cytolysins. Cell Mol Immunol. (2022) 19:327–36. doi: 10.1038/s41423-021-00827-0

193. Das A, Brown M, Anderson D, Goldstein J, Radhakrishnan A. Three pools of plasma membrane cholesterol and their relation to cholesterol homeostasis. Elife. (2014) 3:e02882. doi: 10.7554/eLife.02882

194. Gay A, Rye D, Radhakrishnan A. Switch-like responses of two cholesterol sensors do not require protein oligomerization in membranes. Biophys J. (2015) 108:459–69. doi: 10.1016/j.bpj.2015.02.008

195. Endapally S, Infante R, Radhakrishnan A. Monitoring and modulating intracellular cholesterol trafficking using ALOD4, a cholesterol-binding protein. In: G Drin editor. Intracellular Lipid Transport. Berlin: Springer (2019). p. 153–63. doi: 10.1007/978-1-4939-9136-5_12

196. Cox R, Garcia-Palmieri M. Cholesterol, triglycerides, and associated lipoproteins. In: Walker H, Hall W, Hurst J editors. Clinical Methods: The History, Physical, and Laboratory Examinations. Boston, MA: Butterworth (1990). p. 154–6.

197. Guo H, Callaway J, Ting J. Inflammasomes: mechanism of action, role in disease, and therapeutics. Nat Med. (2015) 21:677–87. doi: 10.1038/nm.3893

198. Lopez-Castejon G, Brough D. Understanding the mechanism of IL-1β secretion. Cytokine Growth Fact Rev. (2011) 22:189–95. doi: 10.1016/j.cytogfr.2011.10.001

199. Eberlé D, Hegarty B, Bossard P, Ferré P, Foufelle F. SREBP transcription factors: master regulators of lipid homeostasis. Biochimie. (2004) 86:839–48. doi: 10.1016/j.biochi.2004.09.018

200. Lee S, Lee J, Im S. The cellular function of SCAP in metabolic signaling. Exp Mol Med. (2020) 52:724–9. doi: 10.1038/s12276-020-0430-0

201. Madison B. Srebp2: a master regulator of sterol and fatty acid synthesis1. J Lipid Res. (2016) 57:333–5. doi: 10.1194/jlr.C066712

202. Shao W, Espenshade P. Sterol regulatory element-binding protein (SREBP) cleavage regulates Golgi-to-endoplasmic reticulum recycling of SREBP cleavage-activating protein (SCAP). J Biol Chem. (2014) 289:7547–57. doi: 10.1074/jbc.M113.545699

203. Chatterjee S, Szustakowski J, Nanguneri N, Mickanin C, Labow M, Nohturfft A, et al. Identification of novel genes and pathways regulating SREBP transcriptional activity. PLoS One. (2009) 4:e5197. doi: 10.1371/journal.pone.0005197

204. Hsieh W, Zhou Q, York A, Williams K, Scumpia P, Kronenberger E, et al. Toll-like receptors induce signal-specific reprogramming of the macrophage lipidome. Cell Metab. (2020) 32:128.e–43.e. doi: 10.1016/j.cmet.2020.05.003

205. Kidani Y, Elsaesser H, Hock M, Vergnes L, Williams K, Argus J, et al. Sterol regulatory element–binding proteins are essential for the metabolic programming of effector T cells and adaptive immunity. Nat Immunol. (2013) 14:489–99. doi: 10.1038/ni.2570

206. Tall A, Yvan-Charvet L. Cholesterol, inflammation and innate immunity. Nat Rev Immunol. (2015) 15:104–16. doi: 10.1038/nri3793

207. Tabas I, Lichtman A. Monocyte-macrophages and T cells in atherosclerosis. Immunity. (2017) 47:621–34. doi: 10.1016/j.immuni.2017.09.008

208. Chistiakov D, Kashirskikh D, Khotina V, Grechko A, Orekhov A. Immune-inflammatory responses in atherosclerosis: the role of myeloid cells. J Clin Med. (2019) 8:1798. doi: 10.3390/jcm8111798

209. Bäck M, Yurdagul A, Tabas I, Öörni K, Kovanen P. Inflammation and its resolution in atherosclerosis: mediators and therapeutic opportunities. Nat Rev Cardiol. (2019) 16:389–406. doi: 10.1038/s41569-019-0169-2

210. Weber C, Noels H. Atherosclerosis: current pathogenesis and therapeutic options. Nat Med. (2011) 17:1410–22. doi: 10.1038/nm.2538

211. Hedrick C. Lymphocytes in atherosclerosis. Arterioscler Thromb Vasc Biol. (2015) 35:253–7. doi: 10.1161/ATVBAHA.114.305144

212. Liu H, Yao S, Dann S, Qin H, Elson C, Cong Y. ERK differentially regulates T h17−and T reg−cell development and contributes to the pathogenesis of colitis. Eur J Immunol. (2013) 43:1716–6. doi: 10.1002/eji.201242889

213. Wigren M, Björkbacka H, Andersson L, Ljungcrantz I, Fredrikson G, Persson M, et al. Low levels of circulating CD4+ FoxP3+ T cells are associated with an increased risk for development of myocardial infarction but not for stroke. Arterioscler Thromb Vasc Biol. (2012) 32:2000–4. doi: 10.1161/ATVBAHA.112.251579

214. Potekhina A, Pylaeva E, Provatorov S, Ruleva N, Masenko V, Noeva E, et al. Treg/Th17 balance in stable CAD patients with different stages of coronary atherosclerosis. Atherosclerosis. (2015) 238:17–21. doi: 10.1016/j.atherosclerosis.2014.10.088

215. Sokoła-Wysoczańska E, Wysoczański T, Wagner J, Czyż K, Bodkowski R, Lochyński S, et al. Polyunsaturated fatty acids and their potential therapeutic role in cardiovascular system disorders-a review. Nutrients. (2018) 10:1561. doi: 10.3390/nu10101561

216. Ruthig D, Meckling-Gill KA. N-3 and n-6 fatty acids stimulate restitution by independent mechanisms in the IEC-6 model of intestinal wound healing. J Nutr Biochem. (2002) 13:27–35. doi: 10.1016/s0955-2863(01)00192-9

217. Calder P, Grimble R. Polyunsaturated fatty acids, inflammation and immunity. Eur J Clin Nutr. (2002) 56 (Suppl. 3):S14–9. doi: 10.1038/sj.ejcn.1601478

218. Sokola-Wysoczanska E, Wysoczanski T, Czyz K, Vogt A, Patkowska-Sokola B, Sokola K, et al. Characteristics of polyunsaturated fatty acids ethyl esters with high alpha-linolenic acid content as a component of biologically active health-promoting supplements. Przemysl Chem. (2014) 93:1923–7. doi: 10.12916/przemchem.2014.1923

219. Serhan CN. Pro-resolving lipid mediators are leads for resolution physiology. Nature. (2014) 510:92–101. doi: 10.1038/nature13479

220. Dozio E, Ruscica M, Passafaro L, Dogliotti G, Steffani L, Marthyn P, et al. The natural antioxidant alpha-lipoic acid induces p27Kip1-dependent cell cycle arrest and apoptosis in MCF-7 human breast cancer cells. Eur J Pharmacol. (2010) 641:29–34. doi: 10.1016/j.ejphar.2010.10.001

221. Bitar MS, Wahid S, Pilcher CW, Al-Saleh E, Al-Mulla F. α-lipoic acid mitigates insulin resistance in goto-kakizaki rats. Horm Metab Res. (2004) 36:542–9. doi: 10.1055/s-2004-825760

222. Tallima H, El Ridi R. Arachidonic acid: physiological roles and potential health benefits - a review. J Adv Res. (2017) 11:33–41. doi: 10.1016/j.jare.2017.11.004

223. Das UN. Gamma-linolenic acid, arachidonic acid, and eicosapentaenoic acid as potential anticancer drugs. Nutrition. (1990) 6:429–34.

224. Marchesini N, Hannun YA. Acid and neutral sphingomyelinases: roles and mechanisms of regulation. Biochem Cell Biol. (2004) 82:27–44. doi: 10.1139/o03-091

225. Simonetto M, Infante M, Sacco R, Rundek T, Della-Morte DA. Novel anti-inflammatory role of omega-3 PUFAs in prevention and treatment of atherosclerosis and vascular cognitive impairment and dementia. Nutrients. (2019) 11:2279. doi: 10.3390/nu11102279

226. Simopoulos A. The importance of the ratio of omega-6/omega-3 essential fatty acids. Biomed Pharmacother. (2002) 56:365–79. doi: 10.1016/s0753-3322(02)00253-6

227. Riccioni G, D’Orazio N, Menna V, De Lorenzo A. Fat soluble vitamins and immune system: an overview. Eur J Inflamm. (2003) 1:59–64. doi: 10.1177/1721727X0300100202

228. Montmayeur JP. Fat Detection: Taste, Texture, and Post Ingestive Effects. Boca Raton, FL: CRC Press (2009). doi: 10.1201/9781420067767

229. Magee P, McCann M. Micronutrient deficiencies: current issues. Proc Nutr Soc. (2019) 78:147–9. doi: 10.1017/S0029665118002677

230. Singer P, Blaser A, Berger M, Alhazzani W, Calder P, Casaer M, et al. ESPEN guideline on clinical nutrition in the intensive care unit. Clin Nutr. (2019) 38:48–79. doi: 10.1016/j.clnu.2018.08.037



OPS/images/fnut-09-1082500-g004.jpg
Cholesterol rate in modulation of IMMUNE function

INNATE IMMUNITY

L 4 %
04%@ g
N9

DYSLIPIDEMIA
9000
§/| CHOLESTEROL 00000
= & |[HOMEOSTASIS > OO00
55 & | 00000
< AFFECTED
oty 10 \\
g PROTNOLMORICRY
IL-l 7A
RATIO = 1 e
= TNF-Q
o
IL-10 , % g
I1.-35
TGF B

IL-1B
IL-26 1L-22 IL-17F

ATHEROSCLEROTIC
Anti 1nﬂammatory Pro 1nﬂammatory
Response

PLAQUE
Response

ADAPTIVE IMMUNITY CON%GBNING
LIPOPROTEINS





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/nav.xhtml




Contents





		Cover



		The relationship between nutrition and the immune system



		Introduction



		The effect of nutrition on optimal immune response



		Nutrients involved in mediation of pro-and anti-inflammatory responses



		Vitamin A



		Vitamins B1, B2, B3, and B12



		Vitamin C



		Vitamin D



		The minerals-zinc and selenium



		Macronutrients: Amino acids arginine and tryptophan







		The role of cholesterol in the immune response



		The polyunsaturated fatty acids effects on immunomodulation



		Conclusion and future perspectives



		The nutrients which have major effects on normal immune cell function and immune homeostasis



		The nutrients implicated in inflammation and immunopathologies



		Perspectives on the role of nutrients in ameliorating severity of specific inflammatory diseases, autoimmunity







		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fnut-09-1082500-g001.jpg
What is healthy nutrition?

Unhealthy ~
food »
(with excessive
calories) O

K

| Potentiates the
N g | effects of age >
Unprotected effects

Inflammation Cancer
and immunity infection,allergy






OPS/images/fnut-09-1082500-g002.jpg
The relationship between nutrition and the immune system

P Cell proliferation
IT\\$Macrophages adequate activities

Tryptophan

Arginine
Tryptopha

¢

\

M3 macrophage

M2 macrophage o o
MI macrophage (tissue repair activity) (anti-inflammatory activity)

(antimicrobial activity)

n M} Cell proliteration
e

inhibit
Vit. A de >NF-kB (transcription factor)

Crease IL"B
= Of pro-inﬂammatory CytOkineS < TNF-a

jate .
1TCR se\f—ieacti\nty +
N The growth of Treg cell population . : @

on 7o » Treg cell
Th o |
ymocyte Lacy,,

FOXP3"

Naive cell






OPS/images/fnut-09-1082500-g003.jpg
Schematic frame of cholesterol biosynthesis

NE

z
-

Ribosomes (R)

T~

NE= nuclear envelope

GA= Golgi apparatus
TF= transcription factor
RER-= rough endoplasmic reticulum
SER= smooth endoplasmic reticulum
TV= transport vesicle

P1 = Protease 1

P2= Protease 2

GV= Golgi vesicle





OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition








OPS/images/fnut-09-1082500-t003.jpg
Nutrients

Arginine

Tryptophan (Trp)

Anti-inflammatory
effects

The induction of the NF-kB
pathway was linked with the
arginine degradation pathway
(16).

In Caco-2 cells, arginine was
able to induce the inhibition of
the IL-1B-mediated NF-kB
pathway (160).

Some studies that showed the
Arg-1 positive effects in certain
diseases that are inflammatory
through an anti-inflammatory
action (162, 163).

IDO-competent cells may
trigger an anti-inflammatory
action through the Kyn/Trp
equilibrium, which has the
ability to influence some
signaling immune and certain
metabolic pathways (182).

Pro-inflammatory
effects

Usually, IDO, the tryptophan
metabolite has an insignificant
effect in healthy and normal
conditions. Things are changed
by some cytokines, including
interferons as a result of the
triggered inflammatory process
(176).

In cases of cancer, infections,
auto-immune diseases, or
cardiovascular problems the
blood ratio Kyn/Trp may
represent a marker for

inflammation which is linked to

IDO activity(181).

Antitumor effects

There is information that
reported the antitumor role of
arginine through the
improvement of immune
response (167).

The metabolite of tryptophan
5-methoxytryptophan
(5-MTP), has the ability to
suppress the development of
tumors and the displacement of
cancer cells in other tissues
(187).

Tumor effects

There are studies were shown
that the higher metabolism of
arginine in tumors cells
together with their particular
environment creates conditions
that are intermediary and at the
same time crucial for the
maintenance and development
of cancer cells (164, 165).

Data were shown that the
arginine deprivation is
correlated with a delay in the
development of some tumor
cells (166).

(168) et al., 2020 show that
certain kinds of cancer cells
need arginine to develop.
Some authors explained that
arginine deprivation may
downregulate the migration of
cancer cells (169, 170).

The arginine deprivation of
cancer cells is capable to reduce
metastatic activity (166).
Kynurenine metabolism is able
to stimulate an oxidative stress
resistance pathway, and in this
way creating an opportunity to
make changes in the tumor
microenvironment that help
the development of the tumor
(186).

Arg-1, type-I arginase; IDO, indoleamine 2,3-dioxygenase; Kyn/Trp, kynurenine/tryptophan; 5-methoxytryptophan, 5-MTP; IL, interleukin; NF-kB, pro-inflammatory factor Kappa B;

Th, helper T cell.
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Vitamin A

Vitamin
B1(Thiamin)

Vitamin B2
(Riboflavin)

Vitamin B3
(Niacin)

Vitamin B12
(Cobalamin)

Vitamin C

Vitamin D

Anti-inflammatory effects

It is capable of promoting the Th2
anti-inflammatory response through
repression of IL-12 and IFNy which are
synthesized by Th1 lymphocytes (46).
Stimulates production of anti-inflammatory
cytokine (IL-10) (47).

Anti-inflammatory effects are observed due
to the fact that B1 deficiencies side effects is
linked to stimulation of IL-1, IL-6, and
TNF-a (pro-inflammatory cytokines)
expression and neuro-inflammation (64).
B1 may be used in the treatment of
neurodegenerative diseases through its
involvement in the suppression of the

pro-oxidative activity of microglial cells (65).

Anti-inflammatory and anti-oxidant
modulator, especially in lungs (68, 69).

Vitamin B2, act as an anti-inflammatory
suppressor. It may block the activation of
the NF-kB (74).

Through deacetylation and suppression of
NF-«kB, NAD may be an anti-inflammatory
nutrient (78).

It has inhibition effects on inflammatory
cytokines (79).

It is responsible for diminution of certain
alveolar macrophages cytokines such as IL-6,
IL-1a, and tumor necrosis factor -o after
niacin administration (80).

Niacin was considered an inhibitory factor
for pro-inflammatory cytokines (80).

It has been found a negative relationship
between vitamin B12 and TNF-a (81).
Vitamin B12 deficiency is recognized to
increase in chronic diseases like insulin
resistance (86) and coronary heart disease
(87) the inflammatory processes.

Vitamin C is responsible for preventing

activity of pro-inflammatory cytokines and

launching the NF-kB reaction (98).
In peripheral blood cultures that are
stimulated with LPS (lipopolysaccharide)

after vitamin C administration was observed

an enhancement of IL-10 and a reduction of
TNF-a and IFN-y (99).

Vitamin C may be an antioxidant protector
for the skin in the fight against ROS as a
result of external factors’ synergistic work,
particularly pollutants (102).

(104) et al., 2015 confirmed the decreased
inflammation effects in hypertensive

and/or diabetic adults through a moderate
decline of inflammatory markers such as
hs-CRP and IL-6.

It is involved in the regulation of HIF-1a
activity, which is capable to make possible
neutrophil viability under hypoxic
conditions (105).

Vitamin D may be an anti-inflammatory
nutrient, through suppression of NF-kB
(116).
It is responsible for the inhibition of
specific pro-inflammatory Th1 cells
cytokines like TNF-a, IFN-y, IL-6, IL-2,
and IL-17 (117, 118).

It is capable to increase the number of
cytokines such as IL-10, IL-4, and IL-5 as a
result of an increase in the activity of Th2
cells (119).

At a molecular level, t!
suppression of pro-in:

cytokines and prostag]

hrough the
ammatory

andins (PG) action

as well as stopping the NF-«B signaling

pathway calcitriol is considered an

anti-inflammatory nu

ATRA, all-trans-RA; HIF-1a, hypoxia-inducib!

rient (128).

Pro-inflammatory
effects

It is a positive relationship
between vitamin A and
mitogen-induced
pro-inflammatory cytokine
(IFN-y) (47).

Under inflammatory
conditions RA may sustain or
cause stimulation of intestinal
inflammation (50).

Through the liberation of
certain cytokines such as IL-1,
IL-6, IL-12, and nitric oxide is
shown that RA may affect
macrophages’ activity (51).

B2 bacterial compounds
stimulate innate mucosal

through invariant T cells which

are recognized by their

inflammation and defense

function in gut mucosal by their
products IL-17 and IFN-y (71).

Antitumor effects

It has antitumor effects on
human pancreatic cell lines
(53).
It has antitumor effects in
metastasis renal carcinoma by
ATRA.
It seems that all-trans-RA
(ATRA) has an antitumor effect
(54).
In acute promyelocytic
leukemia (APL), ATRA is

utilized as a very efficient

therapeutic agent (56).

It inhibits proliferation of
animal tumor cells (79).

No correlation was found
between B12 and certain types
of cancer like squamous cell
carcinoma, prostate, breast, and
colorectal (90).

It is supposed that vitamin C is
involved in the fight against
tumor culture cells through the
number enhancement of the
NK cells (107).

Anti-cancer action of vitamin
D is extrapolated in tumor cells
by calcitriol which is the active
biologically and hormonally
compound of vitamin D (127).
The stimulation of apoptosis,
the suppression of cancer cell
proliferation, and delayed
tumor development in cancer
are certain effects of calcitriol
(126, 127).

Calcitriol may be used as a
preventive and therapeutic

agent in cancer (128).

C-reactive protein; RA, retinoic acid; ROS, reactive oxygen species; Th, helper T cell; TNF-a, tumor necrosis factor.

Tumor effects

There are some speculations
regarding its role in cancer due
to its involvement as a cofactor
in proliferation and energy
pathways that are essential in
the development of tumor cells
(60, 66).

Highintake of B12 was
considered hazardous for all
types of cancer in a big
meta-analysis of cancer patients
(92).

e factor 1-alpha; IL, interleukin; IFNy, Interferon y; NK, natural killer; NF-kB, pro-inflammatory factor Kappa B; hs-CRP high-sensitivity
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Anti-inflammatory effects

Zinc may block the NF-«B signaling pathway through chelating with a distinctive
intracellular membrane chelator such as TPEN (132).

NF-kB signaling pathways may be inhibited by Zinc through a lot of suggested
mechanisms (29).

Through a decline of IL-1B gene expression, Zinc is responsible for the inflammatory
cytokines number reduction.

It is capable to inhibit TNF-a (134).

It was observed that obese persons with low plasma concentrations of zinc had
overexpression of, IL-1B, IL- 1o and IL-6 genes (135).

The cytokine production is much higher in patients with a critical state of health who
were evaluated immediately after intensive therapy due to their decrease in plasma zinc
concentration (137).

It is able to induce the initiation of the CD8+ T cells proliferation (36, 139)

Could be implied in inflammatory mediators production (143, 144).

It may acts as a cofactor in immunity that is mediated by the vaccine (148).

After selenium treatment was observed a decline in IL-1 and TNF-a gene expression
(149).

Can enhance the immune response of Th1 cells and the stimulation of T cells (11).
Antibody increase titers due to selenium supplementation cause an enhancer of vaccine
effects (145, 146).

Pro-inflammatory
effects

Some information has
shown that the initiation
of LPS-induced NF-kB is

dependent on zinc (132).

Antitumor effects

In patients with cancer, the
supplementation of selenium
increased antibody titers of IgA
and IgG as well as the number of
neutrophils (150).

IL, interleukin; IFNY, Interferon y; NF-kB, pro-inflammatory factor Kappa B; ROS, reactive oxygen species; Th, helper T cell; TNE-a, tumor necrosis factor; TPEN, N,N,N,N’-tetrakis

(2-pyridinylmethyl)-1,2-ethanediamine.
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