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Abstract

:

Vitamin A (all-trans-retinol) is a fat-soluble micronutrient which together with its natural derivatives and synthetic analogues constitutes the group of retinoids. They are involved in a wide range of physiological processes such as embryonic development, vision, immunity and cellular differentiation and proliferation. Retinoic acid (RA) is the main active form of vitamin A and multiple genes respond to RA signalling through transcriptional and non-transcriptional mechanisms. Vitamin A deficiency (VAD) is a remarkable public health problem. An adequate vitamin A intake is required in early lung development, alveolar formation, tissue maintenance and regeneration. In fact, chronic VAD has been associated with histopathological changes in the pulmonary epithelial lining that disrupt the normal lung physiology predisposing to severe tissue dysfunction and respiratory diseases. In addition, there are important alterations of the structure and composition of extracellular matrix with thickening of the alveolar basement membrane and ectopic deposition of collagen I. In this review, we show our recent findings on the modification of cell-junction proteins in VAD lungs, summarize up-to-date information related to the effects of chronic VAD in the impairment of lung physiology and pulmonary disease which represent a major global health problem and provide an overview of possible pathways involved.
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1. Introduction


Vitamin A (all-trans-retinol) is a fat-soluble micronutrient which, together with its natural derivatives and synthetic analogues that exhibit its biological activity, constitutes the group of retinoids [1]. It is converted by two successive oxidative reactions into its main biologically active derivatives, retinaldehyde and retinoic acid (RA), which can exist as all-trans or several cis isomers. Vitamin A is the most multifunctional vitamin in the human body, as it is involved in several essential physiological processes from embryogenesis to adulthood. Most of these functions are not carried out by retinol itself but by its active metabolites. They have a number of already established functions including vision, immunity, cell differentiation, embryological development, cellular differentiation and proliferation and antioxidant function [2,3,4,5,6,7]. The importance of vitamin A in regulating growth through cell proliferation and differentiation was recognized early in the 20th century [8,9]. In the last decade, new biological functions related to insulin resistance, lipid metabolism, energy balance and redox signalling have been described [10,11].



RA exerts its broad range of biological effects mainly by controlling gene expression. RA binds to and activates two classes of nuclear ligand-dependent transcriptional regulators that belong to the superfamily of nuclear specific receptors and that comprise two subfamilies, RARs (RA receptors) and RXRs (retinoid X receptors). Both classes of receptors have three subtypes (α, β and γ) and each of them has different isoforms. RARs require heterodimerization with RXRs for DNA binding and subsequent function and are activated by all-trans-retinoic acid (atRA), the predominant isomer of RA in vivo and by 9-cis-retinoic acid (9-cis-RA), whereas RXRs are only activated by 9-cis-RA. RAR-RXR heterodimers bind to specific DNA regions, termed RA response elements (RAREs) in the promoter region of target genes resulting in the control of transcription [12]. RA can also bind other nuclear receptors, such as the peroxisome proliferation-activated receptor β/δ (PPAR β/δ), which participate in the regulation of energy homeostasis and insulin response. Over 500 genes have been reported to be responsive to either all-trans- or 9-cis-RA. Moreover, RA also has extranuclear, nontranscriptional direct effects, which influences the expression of RA target genes via phosphorylation processes. In addition, different transcriptional effects for retinol and retinal have also been described [10,13,14].



Although a considerable effort in the control of vitamin A deficiency (VAD) has been made in the last years, VAD is still a major public health problem in the world and has important implications for the global health policy. According to the World Health Organization [15], VAD constitutes, with protein malnutrition, the most common nutritional disorder in the world. It is estimated that 250 million preschool-aged children in developing countries are VAD and 5 million are clinically affected by this deficiency. A value below a cut-off of 0.70 µmol/L of serum retinol concentrations represents biochemical VAD; in these persons, the tissue concentrations of this vitamin are low enough to result in increased risk of adverse health effects. Serum retinol concentrations lower than 0.35 μmol/L are indicative of severe deficiency and are associated with marked increases in the risk of clinical manifestations, including xerophthalmia accompanied by nyctalopia, hyperkeratosis, increased susceptibility to severe infection and disturbances in cell differentiation, organ development, growth and reproduction [16,17,18]. It is important to point out that over 20% of the population in the developed world does not reach two-thirds of the recommended intake and has plasma and liver concentrations of vitamin A lower than those accepted as normal as a result of modern societal habits. Therefore, in these countries it is important to consider the subclinical deficiency [19,20,21]. VAD, even the asymptomatic subclinical form, increases morbidity and mortality from several infections and also increases the incidence and morbidity of respiratory tract illnesses [17,22,23,24,25].



Vitamin A is involved in the proliferation and maintenance of epithelial cells, including those of the respiratory tract. It is a major factor regulating differentiation and maturation of the lung, and maternal VAD during pregnancy could have lasting adverse effects on the lung health of the offspring [26]. Early retinoid deprivation of pregnant animals results in abnormalities such as lung agenesis and later deprivation results in defective alveologenesis [27]. Vitamin A is also required for the maintenance of alveolar architecture and tissue regeneration after the alveoli have been formed. Available evidence showing that nutritional VAD induces negative histologic changes within the respiratory tract indicates that retinoids continue to play an important role in the adulthood lung [23,28,29].



VAD has been associated with histopathological changes in the pulmonary epithelial lining and in lung parenchyma which leads to disrupt the normal lung physiology and predisposes to severe tissue dysfunction and respiratory diseases. These alterations are associated with changes in the extracellular matrix (ECM) and basement membrane (BM) protein content and distribution [30,31,32]. ECM provides tissues with structural strength and flexibility and cells with attaching support. In addition, ECM also accomplishes important signalling functions. It is formed by a complex array of highly cross-linked macromolecules, such as collagens, laminins, fibrilins, elastins, fibronectins and several proteoglycans. In the lung, ECM maintains tensile strength, elasticity and dictates the specialized function of multiple cell lineages. BMs, which are laminar structures of highly specialized ECM, are associated with the airway and alveolar epithelium, endothelium, nerve cells and visceral pleura, bronchial and vascular smooth muscle cells. In the alveoli, they are also part of the air-blood barrier and thence traversed during the gas-exchange process. We have reported that collagens I and IV show an increase in the lungs of VAD rats and, in parallel, the alveolar BM doubles in thickness and appears to have an ectopic deposition of collagen I fibrils inside. These morphological alterations might be a contributory factor to the development or progression of lung disease [32,33,34].



In this review, we report our recent findings on the modification of cell-junction proteins in VAD lungs and summarize the information available on the effects of chronic VAD in the impairment of lung physiology and pulmonary disease, which represent a major global health problem [35] and provide an overview of the possible pathways involved.




2. Vitamin A Metabolism and Retinoid Signalling


2.1. Vitamin A Bioavailability and Requirements


Vitamin A cannot be synthesized by vertebrates, including humans but instead has to be obtained as a micronutrient from the diet. There are a large number of sources of dietary vitamin A. Vitamin A is present in foods either as preformed vitamin A, mainly retinyl esters (RE) but also all-trans-retinol, which can be obtained from animal sources such as milk, eggs, liver and food products fortified with vitamin A, or as provitamin A, which refers to some carotenoids, mainly β-carotene, which are partly converted to vitamin A in the intestinal mucosa, as well as in other peripheral non-digestive tissues (e.g., adipocytes, macrophages) [36,37] and abounds in darkly coloured fruits and vegetables as green leaves, carrots, ripe mangos and other orange-yellow vegetables and fruits. Although retinyl esters and all-trans-retinol are the most abundant preformed retinoids in the diet, some RA is also present but normally it represents under 0.01% of the total preformed retinoid content in a common diet [38].



The requirements for vitamin A are based on the assurance of adequate liver stores of vitamin A (>20 µg/g liver) and are actually expressed in retinol activity equivalents (RAE). One µg of RAE is defined as the biological activity associated with 1 µg of all-trans-retinol and, based on its estimated efficacy of absorption and conversion into vitamin A, it is equivalent to 12 µg of β-carotene and to 24 µg of α-carotene or β-cryptoxanthin (other carotenoids found in food, such as lycopene, lutein and zeaxanthin, are not metabolic precursors for vitamin A). This change of bioconversion means that a larger amount of provitamin A carotenoids and, therefore, higher amount of carotene-rich fruit and vegetables, is needed to meet vitamin A requirements. Therefore, in populations from low-income countries, to depend solely on vegetable intakes for vitamin A sources increases the risk of VAD. In addition, carotenoids could be beneficial when ingested in physiological amounts but may have side effects when administered at high doses or under a highly oxidative status. It has been estimated that individuals in developing nations receive 70%–90% of their retinoid from provitamin A carotenoids, whereas individuals in industrialized nations consume up to 75% of their total dietary retinoid as preformed vitamin A, including the intake of vitamin A added to dietetic products. Vitamin A levels could also be stated as international units (IU). One IU is equivalent to 0.3 µg of all-trans-retinol, or 0.3 µg of RAE. The recommended dietary allowances (RDAs) for children, men and women are 300–600, 900 and 700 µg of RAE/day, respectively. During pregnancy, the RDA is 750 mg of RAE/day and increases to 1300 mg of RAE/day during lactation. There is no RDA for β-carotene or other provitamin A carotenoids. Finally, it is important to consider that a number of factors can affect the vitamin A absorption and availability and thus its requirements, including the presence and severity of infection and parasites, intestinal or liver disease (such as biliary atresia, cholangitis, viral hepatitis, alcoholic liver disease and non-alcoholic fatty liver disease), iron and zinc status, stress, fat intake, xenobiotics, protein energy malnutrition, alcohol consumption and the food matrix and food processing. Both insufficient dietary retinoid intake (hypovitaminosis A or VAD) and excessive retinoid consumption resulting in vitamin A concentrations above the physiological range (hypervitaminosis A or vitamin A-toxicity) cause adverse effects to human health, which are paradoxically similar in both situations [24,38,39,40,41,42,43,44,45].




2.2. Vitamin A Uptake, Transport and Metabolism


Retinol, RE and carotenoids absorption depends both on common lipid absorption and on specific enzymes, binding proteins and transporters. Dietary retinol and RE are efficiently absorbed by duodenal mucosal cells after solubilizing into micelles in the lumen of the intestine. Retinol is directly taken up by enterocytes whereas RE are unable to be absorbed intact by the intestinal mucosa and are hydrolysed to retinol by extracellular RE hydrolases. After absorption by enterocytes, by passive diffusion or by a process that may involve a membrane transporter, they are re-esterified in the gut by lecithin: retinol acyltransferases to RE and delivered through circulating chylomicrons mainly to the liver. Unesterified retinol is also absorbed into the portal circulation and its efflux from the basolateral cell membrane is facilitated by the lipid transporter ABCA1. On the other hand, β-carotene is less well absorbed than the preformed RE. β-carotene is taken up in enterocytes by membrane-bound transporters, probably involving scavenger receptor class B type I, SR-BI and then it must be cleaved and converted to retinol, which is esterified as RE and incorporated, together with a fraction of the absorbed carotenoids, into chylomicrons. The major pathway implicated in the rupture of β-carotene is the central cleavage catalysed by a cytosolic enzyme, β-carotene 15,15′-oxygenase 1; this enzyme cleaves β-carotene at its central double bond (15,15′) to yield retinal, which is then reduced to retinol by a retinal reductase. Post-prandial chylomicrons are secreted into the lymphatic system and from here to the general circulation through the thoracic duct. Before clearance by peripheral tissues, RE must first be hydrolysed to retinol by lipoprotein lipase (LPL). It is stablished that chylomicron RE is taken up mainly by the liver, where chylomicron remnants are cleared from the circulation, while a minor proportion is delivered to peripheral tissues during chylomicron remodelling by LPL. In healthy individuals, approximately 90% of vitamin A in the body is stored in the liver as RE. While parenchymal cells (or hepatocytes) are important for retinol uptake and mobilization, they account only for 10%–20% of the total retinoid found in the liver. The remaining 80%–90% of hepatic retinoid is found in the non-parenchymal hepatic stellate cells (also known as Ito cells, lipocytes or fat-storing cells), located in the space of Disse between the sinusoidal endothelial cells and hepatic epithelial cells. When required, vitamin A reserves are mobilized, hydrolysed back to retinol and transported in blood by the plasma carrier retinol-binding protein (RBP, also known as RBP4) to meet tissue needs, representing the predominant retinoid specie in the fasting circulation. The hepatocyte is the major cellular site within the liver that is able to synthesize and secrete retinol bound to RBP4. The retinol-RBP4 complex (holo-RBP) secreted from the hepatocyte into the circulation associates in plasma with another protein, transthyretin (transporter of thyroxin and retinol, TTR) (1:1), thus stabilizing the retinol-RBP4 complex, reducing renal filtration of the low molecular weight RBP4 and allowing for RBP4 to be recycled after retinol is taken into cells. The existence of stellate cells in other organs, such as pancreas, intestine, eyes, lungs and kidneys, suggests that they may be adapted to store vitamin A and also express and secrete RBP. Finally, different forms of retinoid have been found in the circulation in addition to retinol-RBP4 and RE (transported in chylomicrons and chylomicron remnants); these forms include RE transported from the liver in very low-density lipoprotein, VLDL and low-density lipoprotein, LDL, RA bound to albumin and retinol and RA transported in the form of water-soluble retinyl and retinoyl-β-glucuronides. However, in fasting conditions, retinol-RBP4 is the preponderant form comprising >95% of retinoids, whereas, after a retinoid-rich meal, chylomicron retinyl ester concentrations exceed those of retinol-RBP4. Regarding retinol transport into the cell, although it enters by free diffusion due to its hydrophobic nature, there is also evidence that supports retinol uptake by a protein located on the cell surface membrane. STRA6 (stimulated by RA 6) has been suggested as one possible receptor located in the plasma membrane for all-trans-retinol-RBP (holo-RB4) in many tissues, although its functions are complex and controversial. While STRA6 is a retinol transporter, it is not required for maintaining proper vitamin A levels in most tissues, neither during embryonic development nor in the adulthood. However, STRA6 mediated vitamin A uptake is a regulated process mandatory for ocular vitamin A uptake when RBP4 constitutes the only transport mode in VAD. Moreover, in addition to mediating vitamin A transport, STRA6 is also a surface signalling receptor when activated by holo-RBP4 it induces Janus kinases (JAK) 2 phosphorylation, triggering JAK2/signal transducers and activators of transcription (STAT) 3/5, a cascade that culminates in induction of STAT target genes within the nucleus. Thus, holo-RBP4 functions as a classical cytokine to activate STRA6/JAK2/STAT3/5 pathway. Within cells, retinol is reversibly oxidised to retinal by enzymes of the alcohol dehydrogenase, ADH and short-chain dehydrogenase/reductase families, SDR/RDH. RA is formed by irreversible oxidation of retinal catalysed by cytosolic aldehyde dehydrogenase 1 isoenzymes, ALDH1, alias RALDH. RA is further oxidized for excretion by mono-oxygenases of the cytochrome P450 (CYP) family. There are cellular binding proteins for retinol and retinal (CRBP) and RA (CRABP) which facilitate their metabolism and action. CRABP1 and CRABP2 seem to be involved in RA degradation and RA transcriptional activity, respectively. The metabolites from CYP degradation of retinol and RA are conjugated in the liver mainly with glucuronic acid and are excreted in bile and urine [38,46,47,48,49,50,51,52,53,54,55]. The treatment of human fibroblast with different tocopherols in the presence of retinol cause an increase in CRABP-2 mRNA and protein [56,57].




2.3. Retinoid Signalling


Retinoids and its natural derivatives retinol, retinal and RA, are involved in many important physiological functions, such as the vision, immunity, reproduction, embryonic development, cellular differentiation, tissue architecture maintenance, antioxidant function, redox signalling or energy balance [2,3,4,5,6,7,10,11,58].



Retinal, the oxidized form of retinol, plays a key role in vision being the precursor of the visual chromophore 11-cis-retinal. In vertebrates, phototransduction is initiated by a photochemical reaction where opsin-bound 11-cis-retinal is isomerized to all-trans-retinal. The photosensitive receptor is restored via the retinoid visual cycle [47,59]. On the other hand, most of the physiologic actions of retinoids are accounted by the ability of RA stereoisomers to bind nuclear retinoid receptors, which function as transcription factors modulating the expression of several hundred genes [12]. From many studies, it can be concluded that RA is involved in the regulation of more than 500 genes. In some cases, the control of gene expression is exerted by RARs directly, mainly by direct binding of RAR/RXR heterodimers to RAREs on the promoter of responsive genes. However, in some cases, gene regulation is achieved through an indirect action of RARs onto responsive genes (Figure 1). At the moment, two families of nuclear receptors, RA receptors (RAR isotypes α, β and γ, also referred to as NR1B1, NR1B2 and NR1B3 and their isoforms) and retinoid X receptors (RXR isotypes α, β and γ, also referred to as NR2B1, NR2B2 and NR2B3 and their isoforms) are described. RARs act by forming heterodimers with RXRs, whereas RXRs can form either homodimers or heterodimers with several partners including RARs, vitamin D receptor, PPAR, thyroid hormone receptor and orphan nuclear receptor. All-trans RA, the predominant isomer in vivo and 9-cis RA activate RARs, whereas RXRs are activated by 9-cis RA. However, the endogenous presence of 9-cis RA has never been rigorously confirmed and the consideration of this compound as an endogenous RXR ligand (rexinoid) is a controversial matter. Recently, an alternative ligand (9-cis-13,14-dihydroretinoic acid) has been proposed as a physiologically relevant rexinoid in mammals, although additional work is required to determine its expected role in mammalian signalling [60]. The RAR/RXR heterodimer binds weakly to specific DNA sequences, called RA response elements, RARE and located within the regulatory region of target genes. RARE are characterized by two direct repeats of the core hexameric motif 5′-(A/G)G(G/T)TCA-3′ separated by differently sized nucleotide motifs. When activated by a retinoid, the heterodimer binds tighter to RARE, releases corepressors, recruits coactivators and the transcription machinery, and initiates gene transcription. In the absence of a ligand, DNA-bound RARs associates with corepressors, which recruit protein complexes with histone deacetylase activity. By removing acetyl residues of histones, these complexes maintain chromatin in a condensed, repressed state. RARs and RXRs are actively regulated by post-translational modifications, which mainly include phosphorylation processes of specific and conserved serine residues induced by retinoid activated kinases. Phosphorylation significantly affects the binding of RAR to DNA, co-regulators recruitment and degradation. Nevertheless, the mechanism and the biological role of these events in the pleiotropic action of retinoids are currently unstated [10,47,61,62,63].



Several studies over the last decade have suggested that RA displays biological activities that are independent of its ability to activate RAR. RA can also function as an agonist for a different nuclear receptor, namely PPARβ/δ (also referred to as NR1C2). PPARs, like RARs, interact with RXR to form heterodimers which when are activated by its ligand bind to PPAR response elements, PPRE, in regulatory regions of specific genes to induce target gene transcription. PPARβ/δ is involved in keratinocyte differentiation, neuronal development and inflammation and, like other PPARs, is also involved in lipid metabolism and insulin resistance. RA signalling through RXR: PPARβ/δ has acquired a great interest for energy homeostasis and insulin response. Partitioning RA between RARs and PPARβ/δ is governed by different intracellular lipid-binding proteins: CRABP2 selectively delivers RA to nuclear RARs and a fatty acid binding protein, FABP5, delivers RA from the cytosol to nuclear PPARβ/δ. Consequently, since RARs and PPARβ/δ regulate the expression of distinct sets of genes, RA stimulates different cellular responses depending on whether RARs or PPARβ/δ are activated [64,65].



Furthermore, besides classical nuclear receptor signalling, RA stimulates extra-nuclear non-transcriptional effects through the rapidly and transiently stimulation of kinase signalling pathways by extra-nuclear RARs which also can affect gene transcription. Depending on the cell type, the extra nuclear effects of atRA appear to involve different mechanisms and kinase cascades. In line with this concept, though classically known to reside in the nucleus, RARs have been reported to be present in membranes. Indeed, it has been shown that a subpopulation of RARs (RARα or RARγ) is present in membrane lipid rafts and activates kinase cascades in response to atRA. In various epithelial and fibroblast cells, atRA activates p38 mitogen-activated protein kinase, p38MAPK, through the interaction of RARα with Gαq. In neuronal, sertoli and embryonic stem cells atRA activates p42/44MAPK (also called extracellular signal-regulated kinase, Erks) via RARα and phosphoinositide 3-kinase, PI3K, or via RARγ and the sarcome, Src, kinase. The activated p38 and p42/44MAPKs translocate to the nucleus where they phosphorylate several targets. One of these targets is mitogen- and stress-activated protein kinase, MSK1. Both MAPKs and MSK1 also phosphorylate histones and several nuclear proteins involved in the transcription of the RA-target genes, including RARs themselves and their co-regulators [10,62,63]. Recently, it has been shown that RA modulates glucocorticoid receptor signalling in the nucleus of a hippocampal HT22 cell line by increasing its phosphorylation in Ser220. This effect is mediated at least in part via the cyclin dependent kinase 5, CDK5 and its cofactor p35 which may participate to the beneficial effect of RA on neuronal cells in addition to other mechanisms [66].



Moreover, it has become increasingly evident that, in addition to RA, others vitamin A derivatives, among them oxoretinoids, are also biological active vitamin A compounds. Interestingly, for example, all-trans-4-oxoretinol, first considered to be an inactive metabolite of RA, has been identified as a physiologically retinoid signalling molecule that exerts an important biological activity and regulates some of the same genes as RA, independently of its intracellular transformation into RA [67,68]. Furthermore, nuclear RARs are targets for S-4-oxo-9-cis-13,14-dihydro-RA that activates the transcription of RARE-containing genes in several cell types both in vitro and in vivo. This oxoretinoid was reported to be present in liver and other tissues of experimental animals, as well as in humans. These compounds and their synthetic analogues are emerging as promising candidates with a significant therapeutic potential [60,69,70].



Additionally, new concepts are now arising and retinol have proved to be active and also to stimulate kinase pathways, resulting in the activation of other subsets of genes involved in lipid homeostasis and insulin responses, increasing again the spectrum of action of retinoids. As mentioned before, retinol bound to RBP4 (holo-RBP) activates intracellular signalling pathways. The binding of the retinol-RBP complex to STRA6 not only induces retinol transport into cells but also triggers the phosphorylation of its cytosolic domain which activates the JAK/STAT signalling cascade. As a result, STAT target genes, such as SOCS3 (suppressor of cytokine signalling 3) which inhibits insulin signalling and PPARγ, which enhances lipid accumulation, are up-regulated. Hence, holo-RBP functions like a classical cytokine to activate a STRA6/JAK2/STAT3/5 pathway [55,71]. Furthermore, the work by Ziouzenkova et al. [52] shows that retinaldehyde, the natural metabolite of retinol oxidation, is a signalling molecule in fat tissue, with its own distinct effects independent of RA formation via aldehyde dehydrogenase-1 family of enzymes and the key role in the retina for night vision. At the molecular level, retinaldehyde modulates adipogenesis by inhibiting the activation of RXRs and PPARγ. The intracellular carrier proteins—CRBP and CRABP—for retinol, retinaldehyde and RA are not just passive carriers but instead contribute to the overall regulatory network [13,52,72].



Consequently, the pleiotropic effects of vitamin A might be due to the diversity of the several natural retinoids with different biological activity, their diverse action mechanisms and the variety of the participants implicated.





3. Vitamin A Deficiency


3.1. Epidemiology and Incidence


Plasma retinol levels are typically measured to assess vitamin A status; however, their value is limited because plasma retinol levels are under tight hepatic homeostatic control and do not decline until vitamin A concentration in the liver is almost depleted (critical liver concentration ≤ 20µg g−1 of liver [40]. Liver vitamin A reserves can be measured indirectly through the relative dose-response test [41], which is considered the “gold standard” indicator of whole-body vitamin A status; however, for clinical purposes, plasma retinol levels alone are sufficient and commonly used for documenting significant deficiency of vitamin A [73,74]. The physiological plasma concentration of vitamin A is 1–2 µmol/L and according to the World Health Organization, values of serum retinol concentrations below a cut-off of 0.70 µmol/L (or 20 µg/dL) represent biochemical VAD and values lower than 0.35 µmol/L are indicative of severe deficiency and associate with numerous clinical manifestations [15,24].



VAD is a major public health problem in more than half of all countries. This deficiency constitutes, together with protein malnutrition, the most common nutritional disorder in the world; in fact, it is estimated that 250 million preschool-aged children in developing countries have biochemical VAD and 5 million are clinically affected by this deficiency. The latest WHO global estimations of VAD (1995–2005) reveal that, based on the prevalence of plasma retinol concentrations below 0.70 µmol/L, 122 countries have VAD of public health significance. In these countries, along with preschool children, other groups of people at high risk for VAD are pregnant and lactating women [15,24]. The deficiency is endemic in developing countries, particularly in Africa and South-East Asia, mostly because residents have limited access to foods that contain preformed vitamin A from animal-based food sources and do not commonly consume available foods containing β-carotene, which are abundant in relatively expensive vegetables and fruits.



VAD is rare in developed countries where vitamin A intake is higher in comparative terms; however, it is important to note that over 20% of the population in the developed world does not reach two-thirds of the recommended intake and has plasma and liver concentrations of vitamin A lower than those accepted as normal. In this context, higher prevalence is found in the poverty areas of the developed communities and may result important among pregnant women of lower social status and in adults or children affected by human immunodeficiency virus. This situation can be aggravated by the increasingly common tendency to reduce fat intake and to engage in uncontrolled weight loss diets (exacerbated in psychiatric eating disorders e.g., anorexia and bulimia) and vegetarian culture. Other risk factors for VAD include stress, diseases which affect the intestine’s ability to absorb fat, obesity and also bariatric techniques for its treatment, infections, infestations, alcohol abuse and interactions with other xenobiotics which could disrupt normal retinoid homeostasis. Excessive alcohol consumption results in a reduction of liver vitamin A reserves due to lower consumption of foods, competitive inhibition of retinol oxidation, mobilization of the vitamin A from liver and the induction of enzymes which degrade retinol and RA. The hepatic depletion was strikingly exacerbated when ethanol and drugs (that induce cytochromes P450 in liver microsomes) were combined, which mimics a common clinical occurrence [19,20,21,24,39,43,75,76]. Intestinal infestations and severe infections in adult patients (i.e., sepsis and pneumonia) result in excretion of large quantities of retinol in the urine and depletion of vitamin A stores [77,78]. Retinol levels decline rapidly as part of the acute phase response [79] and this translates into increased susceptibility to infection, creating a “vicious circle” difficult to break [80]. Therefore, in all of these situations it is important to consider the subclinical deficiency which has increased dramatically worldwide in the last decades [17,18,24].



The WHO’s goal is the worldwide eradication of VAD and its tragic consequences, including blindness, disease and premature death. Over the last decade global improvement in VAD control has been achieved, by promoting breastfeeding, intensifying the distribution of supplements, fortification of foods and through horticulture and education programs [15].




3.2. Clinical Manifestations and Tissue Damage


Accordingly, with the multiple functions of vitamin A and its biologically active derivatives, VAD has a remarkable number of clinical manifestations, ranging from xerophthalmia (dryness, thickening and loss of transparency of the eye conjunctiva), practically pathognomonic, and nyctalopia (night blindness) to dry skin, metaplasia and keratinization of mucosal epithelial surfaces. This leads to clinical abnormalities of conjunctival and corneal xerosis, as well as epidermoid metaplasia and other epithelial defects throughout the respiratory, genitourinary and gastrointestinal tracts and glandular ducts, disturbances in cell differentiation, organ development and growth and increased susceptibility to severe infection. VAD is the leading cause of preventable blindness in children and increases the risk of disease and death from severe infections.



The term “vitamin A deficiency disorders” (VADD) has been coined to cover the whole clinical spectrum of disease [15,17,18,41]. Night blindness is the first symptom of the deficiency and is accompanied by degenerative changes of the retina and dryness of the conjunctiva (xerosis), which produces a greyish pigmentation called Bitot spots. It is estimated that 250,000 to 500,000 vitamin A-deficient children become blind every year, half of them dying within 12 months of losing their sight [15]. The control of blindness in children is closely linked to child survival and reducing its prevalence is one of the goals of WHO by the year 2020 (World Health Organization’s VISION 2020: The Right to Sight Programme (Gilbert and Foster 2001; https://www.iapb.org/vision-2020/).



Classic studies in multiple species, including hamsters, rats and mice, have shown major pleiotropic effects of maternal dietary vitamin A deprivation in embryonic development. Many organs and systems are affected by VAD during the stage of the prenatal development or in the postnatal life. Foetal resorption is common in severe VAD, growth fails, and vascularization stops, while foetuses that survive have characteristic malformations of the eye, lungs, urogenital tract and cardiovascular system. This situation could be reverted by re-feeding vitamin A-deficient animals with retinol, thus confirming the involvement of vitamin A in the maintenance of organ morphology and cell differentiation [16]. Similar abnormalities leading to foetal death or to morphological malformations are also observed in rat embryos lacking nuclear retinoid receptors and/or altered retinoid signalling [81,82,83]. Therefore, it is clear from both nutritional and genetic studies that retinoids, through RA signalling, play a critical role in many stages of embryogenesis and this is accomplished through the precise regulation of RA synthesis and catabolism via the RALDH and CYP26 enzymes, although it seems insufficient to support gestation of the embryo. For a more detailed discussion of the different roles of vitamin A during embryogenesis, see the following reviews [84,85,86,87,88,89,90].



Available evidence showing that nutritional VAD induces negative histologic changes in different tissues indicates that retinoids continue to play an important role in the postnatal life. VAD during the growing postnatal period in rats induced alterations in the mucous epithelium leading to cornea ulcerations, squamous metaplasia, necrotizing tracheobronchiolitis, altered immune function, increased risk for cancer and sterility. Chronic VAD was also associated to changes in the morphology and the ultrastructure of ECM in kidney, lung and liver, which is related to fibrogenic activation and deterioration of tissue parenchyma. Other adverse effects such as hepatic steatosis, decreased protein metabolism, pulmonary stress and oxidative damage to liver mitochondria, decreased respiratory complex in heart and altered expression pattern of p53 and proliferative control genes in liver and lung have also been described. Once vitamin A levels and retinoid signalling were restored to normality, these changes were almost reversed, thus confirming the involvement of vitamin A in the preservation of organ architecture and cell differentiation in the growing period and providing a justification for the therapeutic use of retinoids and vitamin A supplementation programs [32,34,91,92,93,94,95,96,97,98,99,100,101]. In fact, RA (isotretinoin) and vitamin A are currently valued in more than 400 clinical trials in the treatment of different diseases, including cancer, kidney pathologies, emphysema and other lung diseases, and, among others, in improving the lipid profile (https://clinicaltrials.gov/ct2/results?term).



Vitamin A also interplays with endocrine tissues and hormonal systems, that is, VAD provokes thyroid dysfunction. Recently, it has been described that maternal VAD affects foetal pancreatic islet vascularization and development and that retinoids are needed also by the adult to assure normal pancreatic endocrine functions, especially those of the α- and β-cells. VAD affects pancreatic progress and function causing apoptosis of pancreatic beta-cell masses which can be reverted by RA administration [102,103,104]. Also, altered retinoid signalling has profound effects on several physiological and pathological processes in the brain. RA signalling is widely identified in the adult central nervous system, including amygdala, cortex, hypothalamus, hippocampus and other brain areas. VAD and knockout mutations of RAR have been shown to impair spatial and working memory of rodents, thus providing evidence that vitamin A status affects cognitive ability. In this sense, VAD was associated with apoptosis in the hippocampus and decreased neurogenesis. Moreover, adult humans with VAD or deficient RA signalling show defective performances in spatial learning and memory tasks and, in parallel, this deficiency could both induce amyloid β protein (Aβ) overproduction and inhibit Aβ protein clearance by glial cells, leading to Aβ accumulation and increased susceptibility to Alzheimer’s disease [105,106,107,108,109,110,111].



Several organs and systems are affected by VAD but the developing lung is especially sensitive to changes in the levels of vitamin A. Retinoids play a key regulatory role in lung from embryogenesis to adulthood. Keratinization of the tracheae and bronchi appears to occur very soon in deficiency, preceding alterations in the eyes and predispose to the development of infection [9]. VAD during pregnancy or RARα and β double null mice is known to result in lung hypoplasia and lung agenesis of the embryos [26,29,90,112,113]. Several evidences also support that retinoids play an essential role in adult life. Vitamin A is essential in the formation of lung alveoli, which constitute the gas exchange region of the lung, which takes place during pregnancy and continues for several years after birth. Chronic nutritional VAD results in decreased alveolar septation and in marked changes in the respiratory epithelium. Moreover, chronic VAD has been linked to lung functional defects and disease states both in human and in animal models [23,28,29,58,114,115,116].



In this review, we will summarize our current knowledge regarding the link between VAD and several lung pathologies, through foetal lung differentiation and maturation to postnatal state and disease progression. Many respiratory diseases have been associated with vitamin A status. One major focus has been the link between VAD and childhood asthma. VAD has been associated with an increased risk of respiratory infections. Other chronic respiratory diseases associated with VAD include emphysema, chronic obstructive pulmonary disease (COPD), pulmonary fibrosis and lung cancer. We will also show our recent findings on morphologic alterations in the BM proteins and in the modification of cell-junction proteins in VAD lungs and briefly provide an overview of the potential pathways involved in the pathogenesis of these diseases, which collectively represent a major global health problem constituting one of the leading current causes of death worldwide [35].





4. Vitamin A Deficiency and the Lung


4.1. Overview


Human lung development begins in the fifth foetal week and continues throughout the first few years of life. It includes several phases: embryonic, pseudoglandular, canalicular, saccular and alveolar phase. The foetal lung develops postnatally to become one of the most complex organs, characterized by approximately 40 different cell types. The primary function of the lung is to meet the organism’s need for oxygen and CO2 removal. This takes place in lung alveoli which are formed in part by subdivision (septation) of the gas-exchange saccules of the immature lung. The development stage during which septation occurs varies considerably among species. In humans, the timely process of lung differentiation to form alveolar structures occurs mainly during the third trimester of pregnancy and continues in postpartum, over the first years of life. During perinatal period, lung maturation proceeds in a highly controlled process, where alveolar epithelial/mesenchymal interactions play a key role. However, in rats, the alveolar phase does not begin until postpartum and slowly develops throughout life. Because of this delay in lung maturation, rats have been used as an animal model to study human lung diseases of the preterm neonate [112,117]. Pulmonary alveoli are the functional units of the lungs in the process of breathing. Results found in RAR null mice indicate that the different RARs play distinct roles during alveoli formation. RARγ could be a positive regulator and RARβ could be a negative-regulator of alveolar septation. RARα seems to be required for post-natal alveolar regeneration [63].



Alveolar type II pneumocytes are in direct contact with the alveolar type I pneumocytes above the BM and fibroblasts and other interstitial cells below the membrane. Before parturition, fibroblasts secrete a polypeptide that stimulates the rate-limiting enzyme for surfactant synthesis by the alveolar type II pneumocytes. In addition, the type II cell serves as a progenitor for the type I pneumocyte, which is the major resident of the alveolar wall and is therefore important for normal lung maintenance. Surfactant, a lipoprotein that reduces surface tension preventing the pulmonary collapse during the respiration, also participates in host defence and inflammation response in the lung. RA is able to control the expression of surfactant protein in human foetal lung explants. Insulin, transforming growth factor β (TGF-β) and glucocorticoids can also modulate the expression of surfactant protein [28,117,118].



As described above, vitamin A is stored in hepatic stellate cells in liver but also in other organs. These cells, which have been also detected in the lungs including foetal lung, can take up retinol from chylomicron, suggesting that this organ acquires it by a similar mechanism as liver, although its concentration is considerably lower than in the liver. Total vitamin A (free plus esterified) concentration in human lung of subjects ranging in age from 4 months to 86 years varies between 8.7–1102.2 nmol/g tissue in liver and 0.7–404.6 nmol/g tissue in lung [119]. The main role for RE stores in the lung is to ensure direct retinol delivery when there is an increased retinol demand by this tissue, especially in the developing lung, when the morphology of the lungs is still immature. Thereby, maternal vitamin A supply is of essential importance for adequate foetal supply, growth and development. These stores are the basis for RA synthesis during lung maturation and post-natal function. Moreover, the foetal/neonatal synthesis of RBP is not sufficient to ensure continuous supply from liver stores. Inadequacies in the nutritional requirements of the developing lung in utero compromise the respiratory system integrity. Vitamin A, through the related formation of RA, is important in regulating early lung development and alveolar formation. Therefore, sufficient intake should be ensured during the last month of pregnancy, assuring retinyl stores in the developing lung, essential for RA synthesis during lung maturation and postnatal life. During embryonic development, RA regulates cell proliferation and differentiation and regular organogenesis. VAD during pregnancy or RARα and β double null mice is known to result in altered lung morphogenesis of the embryos and results from the different RAR double mutants implicate both RARα and RARβ as critical receptors for the developing lung. Moreover, a balanced activation of both receptors is critical for appropriate lung bud initiation and endodermal differentiation. It has been concluded that RA co-ordinately regulates several endogen pathways including wingless-Int (Wnt), bone morphogenetic protein (BMP) and TGF-β signalling to modulate fibroblast growth factor 10 (Fgf10) expression which is a crucial factor for the induction of lung buds [26,29,90,112,113,118,120]. Low vitamin A status of the new-born appears to contribute to the risk of bronchopulmonary dysplasia (BPD), a chronic lung disease with focal loss of ciliated cells with keratinizing metaplasia and necrosis of the bronchial mucosa as well as increased mucous-secreting cells, and this acquires more importance in premature infants where serum retinol and RBP levels are significantly lower than in full-term neonates. Moreover, mature lung function might be a consequence of adequate alveolar formation during foetal lung development and during early childhood. In fact, low neonatal liver stores and a low supply during lactation have been linked with abnormal lung function, decreased alveolar number, reduced protection against infections and higher probability of development of acute illnesses in childhood and chronic illnesses in adulthood, including the risk of lung cancer [23,118,121].



Additionally, in the postnatal period, RA is essential for lung growth, alveolarization and expression of the major components of the ECM which plays a main role in resistance and elasticity, repair and remodelling of lung. Consequently, VAD will induce profound changes in lung architecture and function. In humans, endemic VAD is associated with a low forced vital capacity (FVC), an indicator of airway obstruction and a strong predictor of mortality in asymptomatic adults without chronic respiratory conditions. Interestingly, in a recent work, a new gene associated with FVC, NCOR2 (nuclear receptor corepressor 2), also known as SMRT (silencing mediator of retinoid and thyroid hormone), which is implicated in the RA signalling pathway has been identified and this emphasizes again the importance of vitamin A metabolism in the regulation of lung growth and maintenance [122].



It was as early as in 1913, when McCollum, who described “fat-soluble A” which was later identified as retinol, observed that the animals made deficient of this factor “have frequently suffered from prevalent bronchitis”. Moreover, as has been mentioned above, keratinization of the tracheae and bronchi appears to occur very soon in VAD, indeed preceding alterations in the eye [8,118,120,121,123]. Since then, numerous reports have shown that VAD is associated with several lung diseases. However, in this review we will consider those that have the greatest impact and where the relationship has been better established.




4.2. Respiratory Infections


Respiratory infections are a major cause of morbidity and mortality worldwide [35]. Acute respiratory infections—mainly pneumonia and influenza—result in over 4 million deaths worldwide each year. They are the leading causes of illness and death among children under 5 years of age. About 1.3 million children die from acute respiratory infections worldwide, constituting one third of the deaths in under five in low income countries and remaining the leading causes of paediatric death worldwide. Moreover, in a global context, the death rate from these infections alone is 10 times higher than the global median death rate from all causes [124,125,126].



Hopkins, McCollum and Osborne and Mendel [8,127,128] found that animals fed only fats, protein, starch and inorganic salts failed to grow normally, showed increased susceptibility to infection and often died of overwhelming sepsis. In 1928, Green and Mellanby had confirmed vitamin A as an anti-infective factor [129]. Several studies, confirm that vitamin A is an immune-modulating agent and plays an important role in the immunological response to infections [99,130,131]. In accordance with these results, VAD markedly contributes to childhood morbidity and mortality being the epithelia of the trachea and respiratory tree among the first tissues to show histological changes. Earlier works of Sommer and colleagues showed that ‘‘the risk of respiratory disease and diarrhoea were more closely associated with vitamin A status than with general nutritional status’’ [22]. The epithelial tissues are the first barrier of defence from pathogens in animals. Many of the effects of undernutrition are mediated through the immune system, including changes in host defences that affect resistance to or recovery from infections. VAD causes squamous metaplasia of the respiratory epithelium, where the ciliated epithelial cells are replaced by squamous epithelium and also provokes a decrease in mucus production. These are factors that can increase the risk of invasive pathogens. The function of residents macrophages, neutrophils and natural killer cells and the development of T-cells mediated antibody responses are also impaired in VAD, leading to a decreased protective mechanism at mucosal surfaces [91,98]. During embryogenesis, maternal RA is essential for the development of secondary lymphoid organs [132], whereas throughout the adult life RA controls the differentiation of immune cells necessary for immune tolerance via Treg induction in in vitro and in vivo animal models. In addition, evidence for effects of vitamin A on epigenetic regulation of immune function is emerging [130].



In individuals with reduced plasma vitamin A levels, repeated respiratory infections are more frequent and this constitutes one of the main health problems in developing countries. In addition, during infectious diseases and particularly of the respiratory tract, plasma retinol levels decline and this induces an increased susceptibility to infection creating a “vicious circle”. This can be explained with an increased metabolic demand and/or an increased renal elimination of retinol and of RBP during acute infections [23,80]. Vitamin A supplementation is administered to infants in developing countries and is generally accepted that supplementations are beneficial and reduces respiratory infections but this is not always the case and supplementation is still controversial [18,25,99,133,134]. On the one hand, vitamin A supplementation among individuals at high risk of tuberculosis also seems to be effective in preventing this disease which remains actually the tenth leading cause of death in the world and one of the top causes of death from infectious disease, the vast majority occurring in low- and middle-income countries [35,135,136]. However, others supplementation trials found no evidence for a beneficial effect in areas with a high prevalence of VAD. Perhaps conflicting clinical results can be explained, at least in part, by the distinct response of supplementation against some pathogens (i.e., it could be favourable to diminish diarrheal disease but not respiratory infections), or its differential effects depending on the nutritional status (its administration is protective against infection in malnourished children but could be detrimental for well-fed children), or the most recent vaccines given, the sex and age of the child, the season or the differential effects of RA on target cells [25,130,134,137,138,139,140].




4.3. Asthma


Asthma is a chronic inflammatory disease characterized by a nonspecific hyperirritability of the tracheobronchial tree with variable airway inflammation, reversible airflow obstruction, bronchial hyper responsiveness (increased propensity in airway constriction in response to bronchoconstricting stimuli) and recurrent episodes of wheezing and coughing. The aetiology of airway hyper responsiveness in asthma is unknown, may be increased by a number of factors (i.e., allergenic, infectious, exercise-related) and airway inflammation plays a fundamental role. Asthma often presents with clinical features such as airway infiltration of mast cells, eosinophils and activated T helper lymphocytes. It currently affects approximately 235 to 300 million people in the world and is expected to affect another 100 million people by 2025; in fact, its prevalence is increasing worldwide as communities adopt modern lifestyles and become urbanized, maybe through increasing obesity, interactions with common environmental microorganisms and exposure to open-air pollution and allergens. Asthma results in approximately 200,000 deaths worldwide every year, mostly in low- and middle-income countries and is found frequently in the paediatric population. Several randomized and controlled trials provide strong evidence to support the treatment guidelines of both the Global Initiative for Asthma and the Expert Panel Report 3 of the National Asthma Education and Prevention Program, which recommend the use of corticosteroids and long-acting β2-agonists (LABA) for asthma treatment, as well as the recent FDA decision to remove the safety warning of this combination. A lower consumption of antioxidant vitamins can promote higher vulnerability to oxidative stress and increased susceptibility to suffer from asthma; systematic reviews show evidence of a beneficial effect of fresh fruits and antioxidant vitamins on prevention and treatment of asthma [125,141,142,143,144,145].



An inverse relationship between vitamin A status and the degree of airway obstruction, assessed by forced expiratory volume in one second (FEV1), has been established in humans [116]. Several observational studies reported that VAD is associated with a higher risk of asthma and severe wheezing. In addition, an inverse correlation between VAD and bronchial hyper reactivity in experimental animals has been proposed. Different mechanisms can be postulated to explain the effects seen in vitamin deficiency. VAD provokes altered ciliated columnar epithelial cells, squamous metaplasia and decreased defensive ability of glandular cells in the respiratory tract which could lead to an increased risk of suffering from asthma. Oxidative stress associated with increased reactive oxygen species (ROS) and/or reactive nitrogen species may act as mediators of the molecular and cellular events implicated in the pathogenesis of asthma by increasing the release of pro-inflammatory cytokines; in this sense, it is known that VAD is a condition which leads to an imbalance between ROS production and antioxidant defences in lung [32,146,147,148,149,150]. Moreover, the airway hyper reactivity in VAD rats has been associated to a diminished ability of muscarinic M-2 receptor mediated suppression of bronchoconstriction, because there is a reduction in the expression of muscarinic M-2 receptor in their bronchial tissue compared with control rats. This effect can be reversed with RA. Furthermore, a similar reduction in muscarinic M-2 receptor function has been observed in asthma. Other studies suggested that, at least in part, the airway hyper responsiveness can result from essential changes in the bronchial smooth muscle phenotype and provide evidence that endogenous RA plays a key role in controlling the airway bronchial smooth muscle differentiation program during the airway development. Moreover, alterations in lung ECM which are present in asthma, as bronchial BM thickening, are similar to those observed by our group in an experimental model of chronic VAD. These changes, which are probably mediated by TGF-β1, were almost totally reversed by RA [33,113,114,130,151,152,153,154,155].



Increased serum vitamin A induced a good pulmonary function and a good quality of life in children with stable asthma; also, RA reverses airway hyper responsiveness associated with VAD in rats and might protect from asthma by downregulation of oxidative stress or direct effects on the immune system. However, other studies concluded that vitamin A supplementation early in life was not associated with a decreased risk of asthma in an area with chronic VAD. The multifactorial origin of conditions that lead to hyper responsiveness and asthma indicate that additional factors, such as pulmonary infections or airway inflammation, should not be ignored in the pathogenesis of these diseases; moreover, an inverse association between asthma risk and vitamin A status could be explained by a reduction in serum retinol plasma levels due to inflammation. Thus, currently, there is not sufficient evidence for the strategic use of retinoids in treating these diseases [113,130,143,145,148,152,156,157].




4.4. Emphysema and Chronic Obstructive Pulmonary Disease


Pulmonary emphysema is a common disease in which destruction of the alveolar inner walls leads to larger but fewer alveoli, decreased surface area for gas-exchange air and inadequate oxygenation. It commonly associates with chronic bronchitis, a condition with chronic cough and phlegm. Emphysema and chronic bronchitis comprise the disease known as chronic obstructive pulmonary disease (COPD), which is characterized by airflow limitation, gradual loss of lung recoil and long-term breathing problems. Consequently, maximal expiratory flow is reduced. COPD is a progressive disorder even when contributing factors are removed and therapy is established; progression is inevitable, since loss of elastic tissue is a normal part of the aging process. Thus, treatment may slow the progression of COPD but it cannot reverse the damage. COPD prevalence and mortality is of increasing public health importance. An estimated 210 million people suffer COPD worldwide. This disease claimed 3.0 million lives in 2016 being currently one of the top three causes of mortality [35]. It has been established that cigarette smoking is the leading cause of COPD and smoking cessation reverts the rate of decline FEV1, although lost lung function is not regained [25,58,158,159].



The mechanisms through which emphysema develops are not satisfactorily known and several possibilities may be considered. First, an increase in elastase activity could be involved leading to a decrease in matrix protein elastin which seems to be related to the development of emphysema. Second, the imbalance of oxidant/antioxidant supply could induce oxidative injure to the tissues leading to emphysema. Both mechanisms are suggested to be present during exposure to cigarette smoking, the most linked cause of emphysema [58].



Vitamin A and its active metabolite, RA, influence alveolar development and tissue repair [26] and it has been demonstrated that VAD induces emphysema [58]. The biochemical mechanism underlying VAD and emphysema has intended to be explored in basis of the two mechanisms proposed for the development of this respiratory disease. In weanling rats fed a vitamin A-deficient diet alveolar septation is significantly reduced and the lungs show areas with emphysematous features such as increased size of air spaces distal to the terminal bronchiole with thinning and partial or total destruction of the septal wall. These alterations in lung function and architecture are associated with modifications in ECM/BM. During alveologenesis, it is known that ECM interacts with fibroblastic, epithelial and microvascular cells. Destruction of lung matrix, especially elastin, results in emphysema. In murine lung, VAD during foetal development leads to quantitative changes in elastin and collagens and these are involved in the defects of alveolarization and lung function deficiency induced by vitamin deficiency [28,30,58,160,161]. In a model of chronic VAD rats we have shown that vitamin deficiency during the growing period also results in emphysemic lungs, which associates with alterations in ECM/BM and an increase in TGF-β levels in pulmonary tissue. The BM doubled its thickness and its component macromolecules, such as collagen IV and laminin, are also modified, not only quantitatively but also qualitatively in VAD rat lungs [32]. The relationship between retinoids and the TGF-β system appears quite complex and is not clearly stablished. It is known that VAD is a condition which leads to an imbalance between ROS production and antioxidant defences in lung [32,91]. ROS, acting as secondary intracellular messengers, have been shown to activate transcription factors, such as activated protein-1 (AP-1) and to induce the synthesis of the fibrogenic cytokine TGF-β1 and of various ECM proteins. TGF-β1 in paracrine action also induces the expression of type I and type IV collagens in fibroblasts and epithelial–endothelial cells [162,163,164]. Although many cell types are able to synthesize TGF-β1, data from our previous studies in VAD animals lead us to proposing the inflammatory cells as its main source in lung tissue [32]. Accordingly, experimental data suggest that oxidative stress plays a key role in the pathogenesis of many inflammatory lung disorders such as asthma, COPD, idiopathic pulmonary fibrosis (IPF), cystic fibrosis and adult respiratory distress syndrome. In experimental models of emphysema, RA prevented the decreased number of alveoli and stimulated alveolar wall formation when administered postnatally. Also in our studies, RA partially reverses the alterations found in the BM thickness and ultrastructure in VAD rat lungs. All these studies suggest that vitamin A/RA could be beneficious for the prevention or treatment of emphysema. Despite promising results in experimental animals, randomized controlled with placebo studies in patients yielded disappointing results, perhaps due to the remarkable differences in the pathophysiology of human emphysema [32,33,58,63,159,165,166,167]. Recently, a new mechanism has been suggested whereby RA signalling can regulate alveolar maintenance and repair in adult human lungs through microvascular angiogenesis, which improves alveolarization. On the contrary, degradation of endogenous RA by increased CYP26A1, which occurs in emphysema, impairs endothelial cell repair and may contribute to chronic lung disease. This supports the clinical importance of maintaining an adequate vitamin A status for the conservation of lung function in humans [168].



As previously mentioned, the most linked cause with emphysema is cigarette smoking. Exposure to tobacco smoke leads to oxidative stress, increased mucosal inflammation and increased expression of inflammatory cytokines and tumour necrosis factor (TNF)-α and these factors play a key role in an impaired lung function and are involved in lung diseases. Moreover, the emphysema caused by smoking cigarettes also may be provoked by a deficiency of local vitamin A of the lungs. Rats exposed to cigarette smoke showed a decrease in vitamin A levels in serum, lung and liver, which were associated with areas of emphysema and inflammation in lung similar to that seen in VAD lungs. Furthermore, adult ferrets exposed to cigarette smoke revealed an increased catabolism of RA and presented lower levels of RA in their lungs. The relationship between cigarette smoking and vitamin A levels in humans is less clear than in experimental animals; however, there are several studies which indicate an inverse relationship between cigarette smokers and vitamin A status in adult population. In this context, it is important to point out that alcohol abuse which is known to induce vitamin A depletion and tobacco smoking are conditions commonly associated in adult population [36,58,169]. Accordingly, a higher vitamin A and β-carotene intake is proposed in patients suffering from lung diseases such as COPD, however with caution, since the elevated intake of β-carotene and retinol could increase the incidence of lung cancer and cardiovascular disease mortality (see Section 4.5) [58,150,169,170,171,172].




4.5. Lung Cancer


Vitamin A plays a main role in regulating antioxidant defences, cell growth and differentiation. Consequently, numerous studies have focused on the association between vitamin A and various types of cancer, although the relationship between serum vitamin A status and cancer risk is still unclear [160,172]. Lung cancer is a leading cause of cancer mortality worldwide. It has been suggested that inflammation plays a key role in the pathogenesis of lung cancer and that pulmonary disorders such as COPD and emphysema, constitute comorbid conditions and are independent risk factors for lung cancer [173]. It has been shown that among all the modifiable factors, smoking interruption plays an important role in the prevention of decreased lung function and lung cancer incidence. With regard to vitamin A, a recent meta-analysis indicated that the highest category of dietary vitamin A intake could reduce the lung cancer risk compared with lowest vitamin A category [174]. It has been shown that the incidence of several epithelial tumours increases in humans with low levels of plasma retinol as well as with a low vitamin A dietary intake. In agreement with those results, VAD in rats augmented the epithelial thickness increase and mucosal cell hyperplasia caused by cigarette smoke [175]. In human lung cancer cell lines, RAR-β transfection decreases the rate of cellular proliferation and also the tumorigenicity after inoculation into mice [176]. Moreover, the risk of death from lung cancer was reduced by 40%–50% in participants receiving β-carotene, α-tocopherol and selenium [177]. However, in the Beta-Carotene and Retinol Efficacy Trial (CARET) evaluating the efficacy of vitamin A and β-carotene among smokers (25,000 IU of vitamin A + 30 mg of β-carotene daily) reported a 28% increased risk for lung cancer incidence in the treatment group after 4 years of follow-up as compared with the placebo group and an increase in risk for total mortality. This study was stopped earlier than planned [178]. Similar results were also shown in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention (ATBC) Study, which reported a 16% excess in incident lung cancer among smokers in the β-carotene supplement group (20 mg daily) as compared with those in the placebo group for an average of five to eight years of follow-up [179]. In the Japan Public Health Centre-based prospective study, higher levels of dietary retinol intake were associated with an increased risk of lung cancer in men [180]. Accordingly, the 2018 Third Expert Report by the World Cancer Research Fund (WCRF) and the American Institute for Cancer Research (AICR) had reported that the daily intake of vitamin A and β-carotene could be associated with the decrease of some cancer risk but supplements of β-carotene are a recognized cause of lung cancer in current and former smoker [181]. One possible explanation for the failure of these studies to demonstrate that large β-carotene supplement has a protective role is that these patients were smokers, workers exposed to asbestos, ingested more alcohol or that carotenoids could exert a pro-oxidant effect on the lungs or reduce the absorption of other nutrients. In ferrets, the association of β-carotene supplementation and tobacco smoking leads to elevated carotene oxidation products with an increase in indicators of cell proliferation in lung [182,183]. Therefore, treatments should take into consideration the possible interactions of vitamin A and/or provitamin A with xenobiotics that may enhance the toxicity or side effects of retinoids.



These studies, however, do not indicate that the deficiency of these compounds, although subclinical, could not be related with an increased risk of suffering from lung cancer. The relevance of these results to people who have never smoked or to the effects of β-carotene or retinol from food or multivitamins is not known. In fact, the ATBC study showed that the subjects who at the beginning of the study had the highest concentrations of β-carotenes in plasma had the lowest cancer rate of all the participants in the study. The elevation of lung-cancer incidence or death as a result of β-carotene and/or vitamin A supplementation does not seem to appear in other large randomized trials. In a randomized, double-blind, placebo-controlled trial (Physician’s Health Study) of β-carotene (50 mg on alternate days), the supplementation to male physicians during a 12-year span produced neither benefits nor harm in terms of incidence of cancer, cardiovascular disease, or death from all cases [184]. It is worthy to mention that, in all human trials, synthetic beta-carotene (all-trans-β-carotene) was administrated, while the natural β-carotene contains several isomers (mainly all-trans, 9-cis and 13-cis β-carotene) and more research is needed to fully understand the beneficial mechanisms in β-carotenoid physiology [185].



More recently, RA has been evaluated as a single-agent treatment and combined with other chemotherapy in patients with non-small-cell lung carcinoma. However, these studies have not concluded a clear benefit with the use of retinoids in this lung carcinoma [63]; therefore, further research is needed to determine the effects of vitamin A/RA as a single agent or in combination with other treatments on lung and other types of cancer.



In this context, we have shown that vitamin A status modulates the expression of proliferative genes, p53, p21 WAF1/CIF1 and cyclin D1 and that the mechanism consists in a direct regulation of RA on c-Jun expression, a positive regulator of cell proliferation and G1–S phase progression. Our results indicated that vitamin A could regulate lung tumorigenesis and, moreover, this is in agreement with the significant role that retinoids play in cell proliferation and differentiation, emphasizing the importance of maintaining vitamin A tissue levels in a normal range [93].




4.6. Lung Fibrosis


Lung fibrosis is a major health problem worldwide, characterized by a replacement of normal lung parenchyma with fibrotic tissue accompanied by inflammation and excessive collagen deposition. It causes a progressive impairment of the pulmonary function leading to irreversible decrease in oxygen diffusion capacity of the lung, having it a poor prognosis with limited therapeutic options. This disease may be a secondary effect of other diseases or conditions, such as viral infections, sarcoidosis, environmental inhalants, radiation from cancer treatment, certain drugs, or it may appear without any known cause (idiopathic pulmonary fibrosis, IPF). The most prominent characteristic in the pathogenesis of lung fibrosis is persistent alveolitis, accumulation of myofibroblasts and the deposition of excessive amounts of ECM. Myofibroblasts, fibroblasts that express some features of muscle differentiation, are derived from resident mesenchymal cells, bone marrow progenitors (fibrocytes) and epithelial cells undergone epithelial-mesenchymal transition (EMT) [186,187,188]. One of the primary functions of the ECM is to maintain tissue integrity and homeostasis of multicellular organisms and its plays an important role in regulating alveolarization, tissue repair and remodelling in pulmonary tissue. Therefore, changes in the structure or composition of the ECM can induce alterations in cell and organ responses, leading to the development or progression of disease.



Retinoid signalling participates in the expression of ECM proteins including collagen, laminin, entactin, fibronectin, elastin and proteoglycans both directly, acting on their gene promoters and indirectly, modifying the expression of profibrotic factors and also affects the expression of cell membrane ECM receptors. Consequently, an altered retinoid signalling induces changes in ECM/BM ultrastructure which are associated to fibrogenic activation in different organs and deterioration of tissue parenchyma. This can contribute to the disorders induced by VAD in organs and tissues [123]. In this line, there is currently a considerable interest in the balance between increased ECM production and impaired ECM degradation in the context of fibrotic lung disease. In an experimental model of chronic VAD rats, we showed a thickening of the alveolar BM with an increase in the total amount of both type I and type IV collagens and a deposition of ectopic collagen fibrils in the BM [32]. The levels of α chains of collagen IV were also increased compared to that found in control lungs and this change was chain-specific, showing a significant increase in the content of α1 (IV), α3 (IV), α4 (IV) chains but not in α2 (IV) and α5 (IV) chains. In addition, the mRNA content for each α-chain varied in a similar way, indicating a regulation at the transcriptional level of the synthesis of α (IV) collagen chains. However, unlike what occurs with collagen IV, laminins decreased in VAD lungs [33]. Moreover, in VAD, specific matrix metalloproteinases 2 and 9 (MMP2 and MMP9), which play an important role in the degradation and remodelling of the BM, were decreased. Additionally, the levels of the two of their tissue inhibitors 1 (TIMP1) and 2 (TIMP2) did no change in chronic VAD. Consequently, the deficiency of vitamin A decreases BM degrading capacity and, therefore, can justify, at least in part, the BM alteration observed [33]. In agreement with these findings, it has been reported that lungs of VAD rats show scattered inflammation with increased collagen in areas of interstitial pneumonitis [28].



The mechanism through which VAD alters ECM is not clearly stablished. Among the different possibilities suggested, an alteration in the transforming growth factor-β1 (TGF-β1)/Smad3 signalling pathway has been considered to play a central role and is associated with lung fibrosis. TGF-β1 via Smad signalling pathway can upregulate the expression of several collagens and also via non-Smad signalling can activate the expression of other ECM molecules and its composition. Additionally, TGF-β1 is an inducer of EMT in alveolar epithelial cells, which has been suggested as an early event in the development of pulmonary fibrosis. Moreover, TGF-β1, via an integration of the Smad3 and STAT3 signalling pathways stimulates the connective tissue growth factor (CTGF), a central mediator of ECM production. In agreement, increased levels of TGF-β1 have been found in VAD tissues such as kidney, lung and aorta [32,123,186,188,189,190,191,192,193].



Most of the VAD-induced alterations of ECM are reversed by RA, suggesting a possibility for their therapeutical use in the treatment of fibrosis [32,95,152,166,194,195]. In fact, RA exhibits anti-proliferative, anti-inflammatory, anti-migratory and anti-fibrogenic activities and ameliorates bleomycin-induced lung fibrosis by downregulating the TGF-β1/Smad3 signalling pathway in rats. Consequently, inhibition of TGF-β1/Smad3 signalling with a variety of biologics, including neutralizing antibodies, short-interfering RNAs and antisense oligonucleotides has been suggested to ameliorate fibrosis [186,187,188]. However, RA signalling is complex, the possible mechanisms for its beneficial effect on fibrosis are diverse, intricate and controversial and more studies are needed to elucidate the precise effect of RA in fibrosis.





5. New Insights in Vitamin A Deficiency and Epithelial–Mesenchymal Transition


EMT is the differentiation switch by which polarized epithelial cells differentiate into contractile and motile mesenchymal cells. EMT plays a key role during lung development and many diseases such as COPD, pulmonary fibrosis and lung cancer [196,197]. Historically, several stimuli from the local microenvironment, including growth factors and cytokines, inflammation, hypoxia, disruption of cell contact or contact with the surrounding ECM have been proposed as potential triggers of EMT. Although the molecular mechanisms underlying EMT in lung are still unclear, numerous studies have revealed that TGF-β signalling is a powerful inducer of EMT mostly through its canonical Smad-dependent pathway but also β-catenin signalling pathway seems to be involved [198,199]. This complex signalling network controls the expression of EMT markers. Hallmarks of EMT include the loss of expression or function of E-cadherin and reduced abundance of tight junction proteins and cytokeratins, as well as concomitant increase in abundance of mesenchymal markers, such as vimentin, fibronectin, α-smooth muscle actin (α-SMA) and N-cadherin, among others [200,201,202]. Cadherins are cell surface glycoproteins with important functions in cell-cell adhesion and tissue architecture maintenance. In fact, E-cadherin is a key molecule involved in the formation of cell-cell adhesion complexes called adherent junctions, playing a fundamental role in the regulation of the epithelial phenotype. Loss of cell contact is one of the early events in EMT that triggers a change in cytoskeletal composition and an arrangement that alters cell polarity to form spindle-shaped cells. These newly formed mesenchymal cells invade their basal ECM and migrate into underlying tissues (Figure 2).



It is well established the role that plays RA in the inhibition of EMT [203,204]. However, little is known about the effect of VAD in this process. As previously demonstrated, chronic VAD leads to activation of TGF-β signalling, increased oxidative stress and leucocyte infiltration in lung [32]. All these data unveil the possibility that VAD induces EMT in pulmonary tissue, since the increase of TGF-β1 results in alterations of the structures and composition of the ECM and BM. To address the plausible role of VAD in this process, we have analyzed several proteins involved in cell-junctions and whose deregulation promotes EMT. In VAD lungs, there is a decrease in E-cadherin and β-catenin concomitant with an increase in N-cadherin protein levels (Figure 2A). As described above, this pattern of expression is characteristic of the EMT (Figure 2B), further reinforcing the hypothesis that EMT is taking place in VAD deficient lung and is an early stage common to several respiratory pathologies already associated with vitamin deficiency.




6. Conclusions


This review provides a summary of current knowledge on the effects of a deficiency of vitamin A as a contributory factor on the development and progression of pulmonary disease along with the molecular mechanisms implicated. According to the World Health Organization, VAD constitutes, with protein malnutrition, the most common nutritional disorder in the world. VAD is a significant public health problem affecting particularly children and women during pregnancy in developing nations. A large body of evidence has shown that vitamin A is an important factor playing a direct part in the complex process of differentiation and maturation of pulmonary tissue. VAD has been associated with histopathological changes predisposing to severe lung dysfunction and respiratory diseases, which represent a major global health problem. Moreover, our results in lung VAD show that the pattern of expression is characteristic of the EMT, an early stage common to several respiratory pathologies. Additionally, based on our and others’ results provided in the literature, several pathological features of chronic lung disease could be prevented or even partially reversed by the use of vitamin A supplements and/or RA. There is sufficient evidence to consider the vitamin A supplementation programs for at-risk populations with potentially important implications for global health policy and, in particular, for the prevention and therapy of several pulmonary diseases, and retinoids as molecules with future therapeutic potential in the treatment of lung pathologies. Although definitive clinical benefits have not been observed in the treatment with retinoids in some pulmonary diseases, different studies have shown a protective effect of RA in several respiratory pathologies. Future studies are likely to open major venues for development of strategies for the use of retinoids as therapeutical targets.







Author Contributions


J.T., L.T., J.R.V. and T.B. designed the structure of the paper and drafted the manuscript. L.R.-F., M.P.M., R.Z. and M.T.C. performed the literature search, compiled and analyzed the data and contributed in writing the manuscript. R.Z. designed and developed the figures. J.T., L.T., J.R.V. and T.B. reviewed the manuscript. All authors had full access to the final version of the manuscript and gave their approval before submission.




Funding


This research and the APC were funded by Generalitat Valenciana (grant PROMETEO/2018/167) and Universitat de València (grant VLC-BIOMED-13-ERATRAES-BARBER-MARIN-2016-A).




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript and in the decision to publish the results.




References


	



McLaren, D.S.; Kraemer, K. Vitamin A in nature. World Rev. Nutr. Diet. 2012, 103, 7–17. [Google Scholar] [CrossRef] [PubMed]

	



De Luca, L.M. Retinoids and their receptors in differentiation, embryogenesis and neoplasia. FASEB J. 1991, 5, 2924–2933. [Google Scholar] [CrossRef] [PubMed]

	



Livrea, M.A.; Tesoriere, L. Antioxidant activity of vitamin A within lipid environments. Subcell. Biochem. 1998, 30, 113–143. [Google Scholar] [CrossRef] [PubMed]

	



Clagett-Dame, M.; Knutson, D. Vitamin A in reproduction and development. Nutrients 2011, 3, 385–428. [Google Scholar] [CrossRef] [PubMed]

	



Rhinn, M.; Dollé, P. Retinoic acid signaling during development. Development 2012, 139, 843–858. [Google Scholar] [CrossRef] [PubMed]

	



Ross, A.C. Vitamin A and retinoic acid in T cell-related immunity. Am. J. Clin. Nutr. 2012, 96, 1166S–1172S. [Google Scholar] [CrossRef] [PubMed]

	



Sommer, A.; Vyas, K.S. A global clinical view on vitamin A and carotenoids. Am. J. Clin. Nutr. 2012, 96, 1204S–1206S. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



McCollum, E.V.; Davis, M. The necessity of certain lipids in the diet during growth. J. Biol. Chem. 1913, 15, 167–175. [Google Scholar]

	



Wolbach, S.B.; Howe, P.R. Tissue changes following deprivation of fat-soluble A vitamin. J. Exp. Med. 1925, 42, 753–777. [Google Scholar] [CrossRef] [PubMed]

	



Al Tanoury, Z.; Piskunov, A.; Rochette-Egly, C. Vitamin A and Retinoid Signaling: Genomic and Nongenomic Effects. J. Lipid Res. 2013, 54, 1761–1775. [Google Scholar] [CrossRef] [PubMed]

	



Hammerling, U. Retinol as electron carrier in redox signaling, a new frontier in vitamin A research. Hepatobiliary Surg. Nutr. 2016, 5, 15–28. [Google Scholar] [CrossRef] [PubMed]

	



Chambon, P. A decade of molecular biology of retinoic acid receptors. FASEB J. 1996, 10, 940–954. [Google Scholar] [CrossRef] [PubMed]

	



Ziouzenkova, O.; Orasanu, G.; Sharlach, M.; Akiyama, T.E.; Berger, J.P.; Viereck, J.; Hamilton, J.A.; Tang, G.; Dolnokowski, G.G.; Vogel, S.; et al. Retinaldehyde represses adipogenesis and diet-induced obesity. Nat. Med. 2007, 13, 695–702. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Berry, D.C.; Noy, N. Signaling by Vitamin A and Retinol-Binding Protein in Regulation of Insulin Responses and Lipid Homeostasis. Biochim. Biophys. Acta. 2012, 1821, 168–176. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Micronutrients Deficiencies. Available online: http://www.who.int/nutrition/topics/vad/en/ (accessed on 30 April 2018).

	



Wilson, J.G.; Roth, C.B.; Warkany, J. An analysis of the syndrome of malformations induced by maternal vitamin A deficiency. Effects of restoration of vitamin A at various times during gestation. Am. J. Anat. 1953, 92, 189–217. [Google Scholar] [CrossRef] [PubMed]

	



Underwood, B.A. Vitamin A Deficiency Disorders: International Efforts to Control a Preventable “Pox”. J. Nutr. 2004, 134, 231S–236S. [Google Scholar] [CrossRef] [PubMed]

	



Sommer, A. Vitamin A deficiency and clinical disease: an historical overview. J. Nutr. 2008, 138, 1835–1839. [Google Scholar] [CrossRef] [PubMed]

	



Bendich, A.; Langseth, L. Safety of Vitamin A. Am. J. Clin. Nutr. 1989, 49, 358–371. [Google Scholar] [CrossRef] [PubMed]

	



Whatham, A.; Bartlett, H.; Eperjesi, F.; Blumenthal, C.; Allen, J.; Suttle, C.; Gaskin, K. Vitamin and mineral deficiencies in the developed world and their effect on the eye and vision. Ophthal. Physiol. Opt. 2008, 28, 1–12. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Faustino, J.F.; Ribeiro-Silva, A.; Dalto, R.F.; Souza, M.M.; Furtado, J.M.; Rocha Gde, M.; Alves, M.; Rocha, E.M. Vitamin A and the Eye: An Old Tale for Modern Times. Arq. Bras. Oftalmol. 2016, 79, 56–61. [Google Scholar] [CrossRef] [PubMed]

	



Sommer, A.; Katz, J.; Tarwotjo, I. Increased risk of respiratory disease and diarrhea in children with preexisting mild vitamin A deficiency. Am. J. Clin. Nutr. 1984, 40, 1090–1095. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Biesalski, H.K.; Nohr, D. Importance of vitamin-A for lung function and development. Mol. Aspects Med. 2003, 24, 431–440. [Google Scholar] [CrossRef]

	



World Health Organization. Global Prevalence of Vitamin A Deficiency in Populations at Risk 1995–2005; World Health Organization: Geneva, Switzerland, 2009; ISBN 978-92-4-159801-9. [Google Scholar]

	



Karim, T.; Muhit, M.; Khandaker, G. Interventions to prevent respiratory diseases: Nutrition and the developing world. Paediatr. Respir. Rev. 2017, 22, 31–37. [Google Scholar] [CrossRef] [PubMed]

	



Checkley, W.; West, K.; Wise, R.; Baldwin, M.; Wu, L.; LeClerq, S.C.; Christian, P.; Katz, J.; Tielsch, J.; Khatry, S.; et al. Maternal vitamin A supplementation and lung function in offspring. N. Engl. J. Med. 2010, 362, 1784–1794. [Google Scholar] [CrossRef] [PubMed]

	



Maden, M. Retinoids in lung development and regeneration. Curr. Top. Dev. Biol. 2004, 61, 153–189. [Google Scholar] [CrossRef] [PubMed]

	



Baybutt, R.C.; Hu, L.; Molteni, A. Vitamin A deficiency injures lung and liver parenchyma and impairs function of rat type II pneumocytes. J. Nutr. 2000, 130, 1159–1165. [Google Scholar] [CrossRef] [PubMed]

	



Maden, M.; Hind, M. Retinoic acid in alveolar development, maintenance and regeneration. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2004, 359, 799–808. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



McGowan, S.E.; Takle, E.J.; Holmes, A.J. Vitamin A deficiency alters the pulmonary parenchymal elastic modulus and elastic fiber concentration in rats. Respir. Res. 2005, 6, 77. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Schwartz, E.; Zelig, R.; Parker, A.; Johnson, S. Vitamin A supplementation for the prevention of bronchopulmonary dysplasia in preterm infants: An update. Nutr. Clin. Pract. 2017, 32, 346–353. [Google Scholar] [CrossRef] [PubMed]

	



Esteban-Pretel, G.; Marín, M.P.; Renau-Piqueras, J.; Barber, T.; Timoneda, J. Vitamin A deficiency alters rat lung alveolar basement membrane: Reversibility by retinoic acid. J. Nutr. Biochem. 2010, 21, 227–236. [Google Scholar] [CrossRef] [PubMed]

	



Esteban-Pretel, G.; Marín, M.P.; Renau-Piqueras, J.; Sado, Y.; Barber, T.; Timoneda, J. Vitamin A deficiency disturbs collagen IV and laminin composition and decreases matrix metalloproteinase concentrations in rat lung. Partial reversibility by retinoic acid. J. Nutr. Biochem. 2013, 24, 137–145. [Google Scholar] [CrossRef] [PubMed]

	



Barber, T.; Esteban-Pretel, G.; Marín, M.P.; Timoneda, J. Vitamin A: An Overview. In Vitamin A and Carotenoids: Chemistry, Analysis, Function and Effects; Preedy, V.R., Ed.; The Royal Society of Chemistry: London, UK, 2012; pp. 396–416. ISBN 978-1-84973-368-7. [Google Scholar] [CrossRef]

	



World Health Organization. Global Health Estimates 2016: Deaths by Cause, Age, Sex, by Country and by Region, 2000–2016. Available online: http://www.who.int/en/news-room/fact-sheets/detail/the-top-10-causes-of-death/ (accessed on 24 May 2018).

	



Lobo, G.P.; Amengual, J.; Li, H.N.M.; Golczak, M.; Bonet, M.L.; Palczewski, K.; von Lintig, J. β,β-Carotene Decreases Peroxisome Proliferator Receptor γ Activity and Reduces Lipid Storage Capacity of Adipocytes in a β,β-Carotene Oxygenase 1-dependent Manner. J. Biol. Chem. 2010, 285, 27891–27899. [Google Scholar] [CrossRef] [PubMed]

	



Zolberg Relevy, N.; Bechor, S.; Harari, A.; Ben-Amotz, A.; Kamari, Y.; Harats, D.; Shaish, A. The inhibition of macrophage foam cell formation by 9-cis β-carotene is driven by BCMO1 activity. PLoS ONE 2015, 10, e0115272. [Google Scholar] [CrossRef] [PubMed]

	



Blaner, W.S.; Li, Y.; Brun, P.J.; Yueng, J.J.; Lee, S.A.; Clugston, R.D. Vitamin A Absorption, Storage and Mobilization. Subcell. Biochem. 2016, 81, 95–126. [Google Scholar] [CrossRef] [PubMed]

	



Lieber, C.S. Alcohol: Its metabolism and interaction with nutrients. Annu. Rev. Nutr. 2000, 20, 395–430. [Google Scholar] [CrossRef] [PubMed]

	



Institute of Medicine. Dietary References Intakes: The Essential Guide to Nutrient Requirements; The National Academies Press: Washington, DC, USA, 2006. [Google Scholar]

	



McLaren, D.S.; Kraemer, K. Manual on Vitamin Deficiency Disorders (VADD), 3rd ed.; Sight and Life Press: Basel, Switzerland, 2012; ISBN 978-3-906412-58-0. [Google Scholar]

	



Eroglu, A.; Harrison, E.H. Carotenoid metabolism in mammals, including man: Formation, occurrence and function of apocarotenoids. J. Lipid Res. 2013, 54, 1719–1730. [Google Scholar] [CrossRef] [PubMed]

	



Shmarakov, I.O. Retinoid-Xenobiotic Interactions: the Ying and the Yang. Hepatobiliary Surg. Nutr. 2015, 4, 243–267. [Google Scholar] [CrossRef] [PubMed]

	



Melse-Boonstra, A.; Vossenaar, M.; van Loo-Bouwman, C.A.; Kraemer, K.; de Pee, S.; West, K.P.; Russell, R.M.; Solomons, N.W. Dietary vitamin A intake recommendations revisited: global confusion requires alignment of the units of conversion and expression. Public Health Nutr. 2017, 20, 1903–1906. [Google Scholar] [CrossRef] [PubMed]

	



Saeed, A.; Dullaart, R.P.F.; Schreuder, T.C.M.A.; Blokzijl, H.; Faber, K.N. Disturbed Vitamin A Metabolism in Non-Alcoholic Fatty Liver Disease (NAFLD). Nutrients 2018, 10, 29. [Google Scholar] [CrossRef] [PubMed]

	



Underwood, B.A. Vitamin A in animal and human nutrition. In The Retinoids; Sporn, M.B., Roberts, A., Goodman, D.S., Eds.; Academic Press: New York, NY, USA, 1984; Volume 1, pp. 281–392. ISBN 0-12-658101-0. [Google Scholar]

	



Blomhoff, R.; Blomhoff, H.K. Overview of retinoid metabolism and function. J. Neurobiol. 2006, 66, 606–630. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



D’Ambrosio, D.N.; Clugston, R.D.; Blaner, W.S. Vitamin A Metabolism: An Update. Nutrients 2011, 3, 63–103. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Ross, A.C.; Zolfaghari, R. Cytochrome P450s in the regulation of cellular retinoic acid metabolism. Annu. Rev. Nutr. 2011, 31, 65–87. [Google Scholar] [CrossRef] [PubMed]

	



Harrison, E.H. Mechanisms involved in the intestinal absorption of dietary vitamin A and provitamin A carotenoids. Biochim. Biophys. Acta 2012, 1821, 70–77. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Amengual, J.; Zhang, N.; Kemerer, M.; Maeda, T.; Palczewski, K.; Von Lintig, J. STRA6 is critical for cellular vitamin A uptake and homeostasis. Hum. Mol. Genet. 2014, 23, 5402–5417. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Petrosino, J.M.; Disilvestro, D.; Ziouzenkova, O. Aldehyde dehydrogenase 1A1: Friend or foe to female metabolism? Nutrients 2014, 6, 950–973. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Wongsiriroj, N.; Blaner, W.S. The multifaceted nature of retinoid transport and metabolism. Hepatobiliary Surg. Nutr. 2014, 3, 126–139. [Google Scholar] [CrossRef] [PubMed]

	



Kawaguchi, R.; Zhong, M.; Kassai, M.; Ter-Stepanian, M.; Sun, H. Vitamin A transport mechanism of the multitransmembrane cell-surface receptor STRA6. Membranes 2015, 5, 425–453. [Google Scholar] [CrossRef] [PubMed]

	



Noy, N. Vitamin A transport and cell signaling by the retinol-binding protein receptor STRA6. Subcell. Biochem. 2016, 81, 77–94. [Google Scholar] [CrossRef] [PubMed]

	



Gimeno, A.; Zaragozá, R.; Viña, J.R.; Miralles, V.J. Vitamin E activates CRABP-II gene expression in cultured human fibroblasts, role of protein kinase C. FEBS Lett. 2004, 569, 240–244. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Gimeno, A.; Zaragozá, R.; Vivó-Sesé, I.; Viña, J.R.; Miralles, V.J. Retinol, at concentration greater than the physiological limit, induces oxidative stress and apoptosis in human dermal fibroblasts. Exp. Dermatol. 2004, 13, 45–54. [Google Scholar] [CrossRef] [PubMed]

	



Baybutt, R.C.; Molteni, A. Vitamin A and emphysema. Vitam. Horm. 2007, 75, 385–401. [Google Scholar] [CrossRef] [PubMed]

	



Wald, G. Molecular basis of visual excitation. Science 1968, 162, 230–239. [Google Scholar] [CrossRef] [PubMed]

	



De Lera, A.R.; Krezel, W.; Rühl, R. An Endogenous Mammalian Retinoid X Receptor Ligand, At Last! ChemMedChem 2016, 11, 1027–1037. [Google Scholar] [CrossRef] [PubMed]

	



Amann, P.M.; Eichmüler, S.B.; Schmidt, J.; Bazhin, A.V. Regulation of gene expression by retinoids. Curr. Med. Chem. 2011, 18, 1405–1412. [Google Scholar] [CrossRef] [PubMed]

	



Rochette-Egly, C. Retinoic acid signaling and mouse embryonic stem cell differentiation: Cross talk between genomic and non-genomic effects of RA. Biochim. Biophys. Acta 2015, 1851, 66–75. [Google Scholar] [CrossRef] [PubMed]

	



Di Masi, A.; Leboffe, L.; De Marinis, E.; Pagano, F.; Cicconi, L.; Rochette-Egly, C.; Lo-Coco, F.; Ascenzi, P.; Nervi, C. Retinoic acid receptors: from molecular mechanisms to cancer therapy. Mol. Aspects Med. 2015, 41, 1–115. [Google Scholar] [CrossRef] [PubMed]

	



Berry, D.C.; Noy, N. All-trans-retinoic acid represses obesity and insulin resistance by activating both peroxisome proliferation-activated receptor beta/delta and retinoic acid receptor. Mol. Cell. Biol. 2009, 29, 3286–3296. [Google Scholar] [CrossRef] [PubMed]

	



Noy, N. Non-classical transcriptional activity of retinoic acid. Subcell. Biochem. 2016, 81, 179–199. [Google Scholar] [CrossRef] [PubMed]

	



Brossaud, J.; Roumes, H.; Helbling, J.C.; Moisan, M.P.; Pallet, V.; Ferreira, G.; Biyong, E.F.; Redonnet, A.; Corcuff, J.B. Retinoic acid increases glucocorticoid receptor phosphorylation via cyclin-dependent kinase 5. Mol. Cell. Neurosci. 2017, 82, 96–104. [Google Scholar] [CrossRef] [PubMed]

	



Achkar, C.C.; Derguini, F.; Blumberg, B.; Langston, A.; Levin, A.A.; Speck, J.; Evans, R.M.; Bolado, J., Jr.; Nakanishi, K.; Buck, J.; et al. 4-Oxoretinol, a new natural ligand and transactivator of the retinoic acid receptors. Proc. Natl. Acad. Sci. USA 1996, 93, 4879–4884. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; Derguini, F.; Gudas, L.J. Metabolism and regulation of gene expression by 4-oxoretinol versus all-trans retinoic acid in normal human mammary epithelial cells. J. Cell. Physiol. 2009, 220, 771–779. [Google Scholar] [CrossRef] [PubMed]

	



Schuchardt, J.P.; Wahlström, D.; Rüegg, J.; Giese, N.; Stefan, M.; Hopf, H.; Pongratz, I.; Håkansson, H.; Eichele, G.; Pettersson, K.; et al. The endogenous retinoid metabolite S-4-oxo-9-cis-13,14-dihydro-retinoic acid activates retinoic acid receptor signalling both in vitro and in vivo. FEBS J. 2009, 276, 3043–3059. [Google Scholar] [CrossRef] [PubMed]

	



Tiberio, P.; Cavadini, E.; Cleris, L.; Dallavalle, S.; Musso, L.; Daidone, M.G.; Appierto, V. Sodium 4-Carboxymethoxyimino-(4-HPR) a Novel Water-Soluble Derivative of 4-Oxo-4-HPR Endowed with In Vivo Anticancer Activity on Solid Tumors. Front. Pharmacol. 2017, 8, 226. [Google Scholar] [CrossRef] [PubMed]

	



Berry, D.C.; Jin, H.; Majumdar, A.; Noy, N. Signaling by vitamin A and retinol-binding protein regulates gene expression to inhibit insulin responses. Proc. Natl. Acad. Sci. USA 2011, 108, 4340–4345. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Desvergne, B. Retinaldehyde: More than meets the eye. Nat. Med. 2007, 13, 671–673. [Google Scholar] [CrossRef] [PubMed]

	



Ross, A.C.; Zolfaghari, R. Regulation of Hepatic Retinol Metabolism: Perspectives from Studies on Vitamin A Status. J. Nutr. 2004, 134, 269S–275S. [Google Scholar] [CrossRef] [PubMed]

	



National Institutes of Health. Available online: https://ods.od.nih.gov/factsheets/VitaminA-HealthProfessional/ (accessed on 2 June 2018).[Green Version]

	



Trasino, S.E.; Tang, X.H.; Jessurun, J.; Gudas, L.J. Obesity leads to tissue, but not serum vitamin a deficiency. Sci. Rep. 2015, 5, 15893. [Google Scholar] [CrossRef] [PubMed]

	



Parafita-Fernández, A.; Escalona-Fermín, M.M.; Sampil, M.; Moraña, N.; Viso, E.; Fernández-Vila, P.C. Acquired Night Blindness Due to Bad Eating Patterns. Eur. J. Clin. Nutr. 2015, 69, 752–754. [Google Scholar] [CrossRef] [PubMed]

	



Sivakumar, B.; Reddy, V. Absorption of vitamin A in children with ascariasis. J. Trop. Med. Hyg. 1975, 78, 114–115. [Google Scholar] [PubMed]

	



Alvarez, J.O.; Salazar-Lindo, E.; Kohatsu, J.; Miranda, P.; Stephensen, C.B. Urinary excretion of retinol in children with acute diarrhea. Am. J. Clin. Nutr. 1995, 61, 1273–1276. [Google Scholar] [CrossRef] [PubMed]

	



Stephensen, C.B.; Gildengorin, G. Serum retinol, the acute phase response, and the apparent misclassification of vitamin A status in the third National Health and Nutrition Examination Survey. Am. J. Clin. Nutr. 2000, 72, 1170–1178. [Google Scholar] [CrossRef] [PubMed]

	



Thurnham, D.I.; Northrop-Clewes, C.A. Optimal nutrition: vitamin A and the carotenoids. Proc. Nutr. Soc. 1999, 58, 449–457. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Morriss-Kay, G.M.; Sokolova, N. Embryonic development and pattern formation. FASEB J. 1996, 10, 961–968. [Google Scholar] [CrossRef] [PubMed]

	



Niederreither, K.; Subbarayan, V.; Dollé, P.; Chambon, P. Embryonic retinoic acid synthesis is essential for early mouse post-implantation development. Nat. Genet. 1999, 21, 444–448. [Google Scholar] [CrossRef] [PubMed]

	



Wendling, O.; Ghyselinck, N.B.; Chambon, P.; Mark, M. Roles of retinoic acid receptors in early embryonic morphogenesis and hindbrain patterning. Development 2001, 128, 2031–2038. [Google Scholar] [PubMed]

	



Mendelsohn, C.; Lohnes, D.; Décimo, D.; Lufkin, T.; LeMeur, M.; Chambon, P.; Mark, M. Function of the retinoic acid receptors (RARs) during development (II). Multiple abnormalities at various stages of organogenesis in RAR double mutants. Development 1994, 120, 2749–2771. [Google Scholar] [PubMed]

	



Zile, M.H. Vitamin A and embryonic development: An overview. J. Nutr. 1998, 128, 455S–458S. [Google Scholar] [CrossRef] [PubMed]

	



Ross, S.A.; McCaffery, P.J.; Drager, U.C.; De Luca, L.M. Retinoids in embryonal development. Physiol. Rev. 2000, 80, 1021–1054. [Google Scholar] [CrossRef] [PubMed]

	



Clagett-Dame, M.; DeLuca, H.F. The role of vitamin A in mammalian reproduction and embryonic development. Annu. Rev. Nutr. 2002, 22, 347–381. [Google Scholar] [CrossRef] [PubMed]

	



Cameron, D.; Penmimpede, T.; Petkovich, M. Retinoic Acid in Development. In Vitamin A and Carotenoids: Chemistry, Analysis, Function and Effects; Preedy, V.R., Ed.; The Royal Society of Chemistry: London, UK, 2012; pp. 438–456. ISBN 978-1-84973-368-7. [Google Scholar] [CrossRef]

	



Cunningham, T.J.; Duester, G. Mechanisms of Retinoic Acid Signalling and its Roles in Organ and Limb Development. Nat. Rev. Mol. Cell Biol. 2015, 16, 110–123. [Google Scholar] [CrossRef] [PubMed]

	



Rankin, S.A.; McCracken, K.W.; Luedeke, D.M.; Han, L.; Wells, J.M.; Shannon, J.M.; Zorn, A.M. Timing is everything: Reiterative Wnt, BMP and RA signaling regulate developmental competence during endoderm organogenesis. Dev. Biol. 2018, 434, 121–132. [Google Scholar] [CrossRef] [PubMed]

	



Barber, T.; Borrás, E.; Torres, L.; García, C.; Cabezuelo, F.; Lloret, A.; Pallardó, F.V.; Viña, J.R. Vitamin A deficiency causes oxidative damage to liver mitochondria in rats. Free Radic. Biol. Med. 2000, 29, 1–7. [Google Scholar] [CrossRef]

	



Estornell, E.; Tormo, J.R.; Marín, M.P.; Renau-Piqueras, J.; Timoneda, J.; Barber, T. Effects of vitamin A deficiency on mitochondrial function in rat liver and heart. Br. J. Nutr. 2000, 84, 927–934. [Google Scholar] [CrossRef] [PubMed]

	



Borrás, E.; Zaragozá, R.; Morante, M.; García, C.; Gimeno, A.; López-Rodas, G.; Barber, T.; Miralles, V.J.; Viña, J.R.; Torres, L. In vivo studies of altered expression patterns of p53 and proliferative control genes in chronic vitamin A deficiency and hypervitaminosis. Eur. J. Biochem. 2003, 270, 1493–1501. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Yanagitani, A.; Yamada, S.; Yasui, S.; Shimomura, T.; Murai, R.; Murawaki, Y.; Hashiguchi, K.; Kanbe, T.; Saeki, T.; Ichiba, M.; et al. Retinoic acid receptor α dominant negative form causes steatohepatitis and liver tumors in transgenic mice. Hepatology 2004, 40, 366–375. [Google Scholar] [CrossRef] [PubMed]

	



Marín, M.P.; Esteban-Pretel, G.; Alonso, R.; Sado, Y.; Barber, T.; Renau-Piqueras, J.; Timoneda, J. Vitamin A deficiency alters the structure and collagen IV composition of rat renal basement membranes. J. Nutr. 2005, 135, 695–701. [Google Scholar] [CrossRef] [PubMed]

	



Esteban-Pretel, G.; Marín, M.P.; Cabezuelo, F.; Moreno, V.; Renau-Piqueras, J.; Timoneda, J.; Barber, T. Vitamin A deficiency increases protein catabolism and induces urea cycle enzymes in rats. J. Nutr. 2010, 140, 792–798. [Google Scholar] [CrossRef] [PubMed]

	



Mishra, S.K.; Kim, M.K. Vitamin A and Cancer Risk. In Vitamin A and Carotenoids: Chemistry, Analysis, Function and Effects; Preedy, V.R., Ed.; The Royal Society of Chemistry: London, UK, 2012; pp. 485–500. ISBN 978-1-84973-368-7. [Google Scholar] [CrossRef]

	



Stephensen, C.B. Vitamin A and Immune Function. In Vitamin A and Carotenoids: Chemistry, Analysis, Function and Effects; Preedy, V.R., Ed.; The Royal Society of Chemistry: London, UK, 2012; pp. 501–515. ISBN 978-1-84973-368-7. [Google Scholar] [CrossRef]

	



Brown, C.H.; Noelle, R.J. Seeing Through the Dark: New Insights in to the Immune Regulatory Functions of Vitamin A. Eur. J. Immunol. 2015, 45, 1287–1295. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Guo, Y.; Brown, C.; Ortiz, C.; Noelle, R.J. Leukocyte Homing, Fate, and Function are Controlled by Retinoic Acid. Physiol. Rev. 2015, 95, 125–148. [Google Scholar] [CrossRef] [PubMed]

	



Uray, I.P.; Dmitrovsky, E.; Brown, P.H. Retinoids and Rexinoids in Cancer Prevention: From Laboratory to Clinic. Semin. Oncol. 2016, 43, 49–64. [Google Scholar] [CrossRef] [PubMed]

	



Trasino, S.E.; Benoit, Y.D.; Gudas, L.J. Vitamin A deficiency causes hyperglycemia and loss of pancreatic β-cell mass. J. Biol. Chem. 2015, 290, 1456–1473. [Google Scholar] [CrossRef] [PubMed]

	



Chien, C.Y.; Lee, H.S.; Cho, C.H.; Lin, K.I.; Tosh, D.; Wu, R.R.; Mao, W.Y.; Shen, C.N. Maternal vitamin A deficiency during pregnancy affects vascularized islet development. J. Nutr. Biochem. 2016, 36, 51–59. [Google Scholar] [CrossRef] [PubMed]

	



Brun, P.J.; Wongsiriroj, N.; Blaner, W.S. Retinoids in the Pancreas. Hepatobiliary Surg. Nutr. 2016, 5, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Bonnet, E.; Touyarot, K.; Alfos, S.; Pallet, V.; Higueret, P.; Abrous, D.N. Retinoic acid restores adult hippocampal neurogenesis and reverses spatial memory deficit in vitamin A deprived rats. PLoS ONE 2008, 3, e3487. [Google Scholar] [CrossRef] [PubMed]

	



Olson, C.R.; Mello, C.V. Vitamin A and Brain Function. In Vitamin A and Carotenoids: Chemistry, Analysis, Function and Effects; Preedy, V.R., Ed.; The Royal Society of Chemistry: London, UK, 2012; pp. 516–531. ISBN 978-1-84973-368-7. [Google Scholar] [CrossRef]

	



Cocco, S.; Diaz, G.; Stancampiano, R.; Diana, A.; Carta, M.; Curreli, R.; Sarais, I.; Fadda, F. Vitamin A deficiency produces spatial learning and memory impairment in rats. Neuroscience 2002, 115, 475–482. [Google Scholar] [CrossRef][Green Version]

	



Das, B.C.; Thapa, P.; Karki, R.; Das, S.; Mahapatra, S.; Liu, T.C.; Torregroza, I.; Wallace, D.P.; Kambhampati, S.; Van Veldhuizen, P.; et al. Retinoic Acid Signaling Pathways in Development and Diseases. Bioorg. Med. Chem. 2014, 22, 673–683. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Yuan, X.; Chen, L.; Wei, H.; Chen, J.; Li, T. The change in retinoic acid receptor signaling induced by prenatal marginal vitamin A deficiency and its effects on learning and memory. J. Nutr. Biochem. 2017, 47, 75–85. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, J.; Chen, L.; Wang, Z.; Chen, Q.; Fan, Z.; Jiang, H.; Wu, Y.; Ren, L.; Chen, J.; Li, T.; et al. Marginal vitamin A deficiency facilitates Alzheimer’s pathogenesis. Acta Neuropathol. 2017, 133, 967–982. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, W.; Guo, M.; Gong, M.; Chen, L.; Bi, Y.; Zhang, Y.; Shi, Y.; Qu, P.; Liu, Y.; Chen, J.; et al. Vitamin A bio-modulates apoptosis via the mitochondrial pathway after hypoxic-ischemic brain damage. Mol. Brain 2018, 11, 14. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chytil, F. Retinoids in lung development. FASEB J. 1996, 10, 986–992. [Google Scholar] [CrossRef] [PubMed]

	



Marquez, H.A.; Cardoso, W.V. Vitamin A-retinoid signaling in pulmonary development and disease. Mol. Cell. Pediatr. 2016, 3, 28. [Google Scholar] [CrossRef] [PubMed]

	



McGowan, S.E.; Smith, J.; Holmes, A.J.; Smith, L.A.; Businga, T.R.; Madsen, M.T.; Kopp, U.C.; Kline, J.N. Vitamin A deficiency promotes bronchial hyperreactivity in rats by altering muscarinic M2 receptor function. Am. J. Physiol. Lung Cell. Mol. Physiol. 2002, 282, L1031–L1039. [Google Scholar] [CrossRef] [PubMed]

	



Massaro, G.D.; Massaro, D. Retinoic acid treatment partially rescues failed septation in rats and mice. Am. J. Physiol. Lung Cell. Mol. Physiol. 2000, 278, L955–L960. [Google Scholar] [CrossRef] [PubMed]

	



Morabia, A.; Menkes, M.J.; Comstock, G.W.; Tockman, M.S. Serum retinol and airway obstruction. Am. J. Epidemiol. 1990, 132, 77–82. [Google Scholar] [CrossRef] [PubMed]

	



Lykkedegn, S.; Sorensen, G.L.; Beck-Nielsen, S.S.; Christesen, H.T. The impact of vitamin D on fetal and neonatal lung maturation. A systematic review. Am. J. Physiol. Lung Cell. Mol. Physiol. 2015, 308, L587–L602. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Biesalski, H.; Nohr, D. The importance of vitamin A during pregnancy and childhood: Impact on lung function. In Vitamin A and Carotenoids: Chemistry, Analysis, Function and Effects; Preedy, V.R., Ed.; The Royal Society of Chemistry: London, UK, 2012; pp. 532–554. ISBN 978-1-84973-368-7. [Google Scholar] [CrossRef]

	



Schmitz, H.H.; Poor, C.L.; Wellman, R.B.; Erdman, J.W., Jr. Concentrations of selected carotenoids and vitamin A in human liver, kidney and lung tissue. J. Nutr. 1991, 121, 1613–1621. [Google Scholar] [CrossRef] [PubMed]

	



Desai, T.J.; Chen, F.; Lü, J.; Qian, J.; Niederreither, K.; Dollé, P.; Chambon, P.; Cardoso, W.V. Distinct roles for retinoic acid receptors alpha and beta in early lung morphogenesis. Dev. Biol. 2006, 291, 12–24. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chytil, F. The lungs and vitamin A. Am. J. Physiol. 1992, 262, L517–L527. [Google Scholar] [CrossRef] [PubMed]

	



Minelli, C.; Dean, C.H.; Hind, M.; Alves, A.C.; Amaral, A.F.; Siroux, V.; Huikari, V.; Soler Artigas, M.; Evans, D.M.; Loth, D.W.; et al. Association of Forced Vital Capacity with the Developmental Gene NCOR2. PLoS ONE 2016, 11, e0147388. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Barber, T.; Esteban-Pretel, G.; Marín, M.P.; Timoneda, J. Vitamin A Deficiency and Alterations in the Extracellular Matrix. Nutrients 2014, 6, 4984–5017. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Griffiths, J.K. The vitamin A paradox. J. Pediatr. 2000, 137, 604–607. [Google Scholar] [CrossRef] [PubMed]

	



Schluger, N.W.; Koppaka, R. Lung disease in a global context. A call for public health action. Ann. Am. Thorac. Soc. 2014, 11, 407–416. [Google Scholar] [CrossRef] [PubMed]

	



Tazinya, A.A.; Halle-Ekane, G.E.; Mbuagbaw, L.T.; Abanda, M.; Atashili, J.; Obama, M.T. Risk factors for acute respiratory infections in children under five years attending the Bamenda Regional Hospital in Cameroon. BMC Pulm. Med. 2018, 18, 7. [Google Scholar] [CrossRef] [PubMed]

	



Hopkins, F.G. Feeding experiments illustrating the importance of accessory factors in normal dietaries. J. Physiol. 1912, 49, 425–460. [Google Scholar] [CrossRef]

	



Osborne, T.B.; Mendel, L.B. The influence of butter-fat on growth. J. Biol. Chem. 1913, 16, 423–437. [Google Scholar] [CrossRef]

	



Green, H.N.; Mellanby, E. Vitamin A as an anti-infective agent. Br. Med. J. 1928, 2, 691–696. [Google Scholar] [CrossRef] [PubMed]

	



Raiten, D.J.; Sakr Ashour, F.A.; Ross, A.C.; Meydani, S.N.; Dawson, H.D.; Stephensen, C.B.; Brabin, B.J.; Suchdev, P.S.; van Ommen, B. Inflammation and Nutritional Science for Programs/Policies and Interpretation of Research Evidence (INSPIRE). J. Nutr. 2015, 145, 1039S–1108S. [Google Scholar] [CrossRef] [PubMed]

	



Larange, A.; Cheroutre, H. Retinoic acid and retinoic acid receptors as pleiotropic modulators of the immune system. Annu. Rev. Immunol. 2016, 34, 369–394. [Google Scholar] [CrossRef] [PubMed]

	



Van de Pavert, S.A.; Ferreira, M.; Domingues, R.G.; Ribeiro, H.; Molenaar, R.; Moreira-Santos, L.; Almeida, F.F.; Ibiza, S.; Barbosa, I.; Goverse, G.; et al. Maternal Retinoids Control Type 3 Innate Lymphoid Cells and Set the Offspring Immunity. Nature 2014, 508, 123–127. [Google Scholar] [CrossRef] [PubMed]

	



Stansfield, S.K.; Pierre-Louis, M.; Lerebours, G.; Augustin, A. Vitamin A supplementation and increased prevalence of childhood diarrhoea and acute respiratory infections. Lancet 1993, 342, 578–582. [Google Scholar] [CrossRef]

	



Penkert, R.R.; Jones, B.G.; Häcker, H.; Partridge, J.F.; Hurwitz, J.L. Vitamin A differentially regulates cytokine expression in respiratory epithelial and macrophage cell lines. Cytokine 2017, 91, 1–5. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Aibana, O.; Franke, M.F.; Huang, C.C.; Galea, J.T.; Calderon, R.; Zhang, Z.; Becerra, M.C.; Smith, E.R.; Ronnenberg, A.G.; Contreras, C.; et al. Impact of Vitamin A and Carotenoids on the Risk of Tuberculosis Progression. Clin. Infect. Dis. 2017, 65, 900–909. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



World Health Organization. Global Tuberculosis Report. 2017. Available online: http://www.who.int/tb/en/ (accessed on 4 June 2018).

	



World Health Organization. Potential interventions for the prevention of childhood pneumonia in developing countries: A meta-analysis of data from field trials to assess the impact of vitamin A supplementation on pneumonia morbidity and mortality. The Vitamin A and Pneumonia Working group. Bull. World Health Organ. 1995, 73, 609–619. [Google Scholar]

	



Wieringa, F.T.; Dukhuizen, M.A.; Berger, J. Vitamin A in the context of supplementation. In Vitamin A and Carotenoids: Chemistry, Analysis, Function and Effects; Preedy, V.R., Ed.; The Royal Society of Chemistry: London, UK, 2012; pp. 55–70. ISBN 978-1-84973-368-7. [Google Scholar] [CrossRef]

	



Mason, J.; Greiner, T.; Shrimpton, R.; Sanders, D.; Yukich, J. Vitamin A policies need rethinking. Int. J. Epidemiol. 2015, 44, 283–292. [Google Scholar] [CrossRef] [PubMed]

	



Benn, C.S.; Aaby, P.; Arts, R.J.; Jensen, K.J.; Netea, M.G.; Fisker, A.B. An enigma: Why vitamin A supplementation does not always reduce mortality even though vitamin A deficiency is associated with increased mortality. Int. J. Epidemiol. 2015, 44, 906–918. [Google Scholar] [CrossRef] [PubMed]

	



Pawankar, R.; Canonica, G.W.; Holgate, S.T.; Lockey, R.F. Allergic diseases and asthma: A major global health concern. Curr. Opin. Allergy Clin. Immunol. 2012, 12, 39–41. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Larsen, V.; Del Giacco, S.R.; Moreira, A.; Bonini, M.; Charles, D.; Reeves, T.; Carlsen, K.H.; Haahtela, T.; Bonini, S.; Fonseca, J.; et al. Asthma and dietary intake: An overview of systematic reviews. Allergy 2016, 71, 433–442. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Bai, Y.J.; Dai, R.J. Serum levels of vitamin A and 25-hydroxyvitamin D3 (25OHD3) as reflectors of pulmonary function and quality of life (QOL) in children with stable asthma: A case-control study. Medicine 2018, 97, e9830. [Google Scholar] [CrossRef] [PubMed]

	



Busse, W.W.; Bateman, E.D.; Caplan, A.L.; Kelly, H.W.; O’Byrne, P.M.; Rabe, K.F.; Chinchilli, V.M. Combined Analysis of Asthma Safety Trials of Long-Acting β2-Agonists. N. Engl. J. Med. 2018, 378, 2497–2505. [Google Scholar] [CrossRef] [PubMed]

	



Whyand, T.; Hurst, J.R.; Beckles, M.; Caplin, M.E. Pollution and respiratory disease: Can diet or supplements help? A review. Respir. Res. 2018, 19, 79. [Google Scholar] [CrossRef] [PubMed]

	



Vachier, I.; Chanez, P.; Le Doucen, C.; Damon, M.; Descomps, B.; Godard, P. Enhancement of reactive oxygen species formation in stable and unstable asthmatic patients. Eur. Respir. J. 1994, 7, 1585–1592. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Sahiner, U.M.; Birben, E.; Erzurum, S.; Sackesen, C.; Kalayci, O. Oxidative stress in asthma. World Allergy Organ. J. 2011, 4, 151–158. [Google Scholar] [CrossRef] [PubMed]

	



Guilleminault, L.; Williams, E.J.; Scott, H.A.; Berthon, B.S.; Jensen, M.; Wood, L.G. Diet and Asthma: Is it time to adapt our message? Nutrients 2017, 9, 1227. [Google Scholar] [CrossRef] [PubMed]

	



Topic, A.; Francuski, D.; Nikolic, A.; Milosevic, K.; Jovicic, S.; Markovic, B.; Djukic, M.; Radojkovic, D. The role of oxidative stress in the clinical manifestations of childhood asthma. Fetal Pediatr. Pathol. 2017, 36, 294–303. [Google Scholar] [CrossRef] [PubMed]

	



Strzelak, A.; Ratajczak, A.; Adamiec, A.; Feleszko, W. Tobacco smoke induces and alters immune responses in the lung triggering inflammation, allergy, asthma and other lung diseases: A mechanistic review. Int. J. Environ. Res. Public Health 2018, 15, 1033. [Google Scholar] [CrossRef] [PubMed]

	



Arora, P.; Kumar, V.; Batra, S. Vitamin A status in children with asthma. Pediatr. Allergy Immunol. 2002, 13, 223–226. [Google Scholar] [CrossRef] [PubMed]

	



McGowan, S.E.; Holmes, A.J.; Smith, J. Retinoic acid reverses the airway hyperresponsiveness but not the parenchymal defect that is associated with vitamin A deficiency. Am. J. Physiol. Lung Cell. Mol. Physiol. 2004, 286, L437–L444. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Al Senaidy, A.M. Serum vitamin A and beta-carotene levels in children with asthma. J. Asthma 2009, 46, 699–702. [Google Scholar] [CrossRef] [PubMed]

	



Luo, Z.X.; Liu, E.M.; Luo, J.; Li, F.R.; Li, S.B.; Zeng, F.Q.; Qu, P.; Fu, Z.; Li, T.Y. Vitamin A deficiency and wheezing. World J. Pediatr. 2010, 6, 81–84. [Google Scholar] [CrossRef] [PubMed]

	



Chen, F.; Marquez, H.; Kim, Y.K.; Qian, J.; Shao, F.; Fine, A.; Cruikshank, W.W.; Quadro, L.; Cardoso, W.V. Prenatal retinoid deficiency leads to airway hyperresponsiveness in adult mice. J. Clin. Investig. 2014, 124, 801–811. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Elenius, V.; Palomares, O.; Waris, M.; Turunen, R.; Puhakka, T.; Rückert, B.; Vuorinen, T.; Allander, T.; Vahlberg, T.; Akdis, M.; et al. The relationship of serum vitamins A, D, E and LL-37 levels with allergic status, tonsillar virus detection and immune response. PLoS ONE 2017, 12, e0172350. [Google Scholar] [CrossRef] [PubMed]

	



Checkley, W.; West, K.P., Jr.; Wise, R.A.; Wu, L.; LeClerq, S.C.; Khatry, S.; Katz, J.; Christian, P.; Tielsch, J.M.; Sommer, A. Supplementation with vitamin A early in life and subsequent risk of asthma. Eur. Respir. J. 2011, 38, 1310–1319. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Thurlbeck, W.M.; Müller, N.L. Emphysema: Definition, imaging, and quantification. Am. J. Roentgenol. 1994, 163, 1017–1025. [Google Scholar] [CrossRef] [PubMed]

	



Massaro, G.D.; Massaro, D. Retinoic acid treatment abrogates elastase-induced pulmonary emphysema in rats. Nat. Med. 1997, 3, 675–677. [Google Scholar] [CrossRef] [PubMed]

	



Herzog, R.; Cunningham-Rundles, S. Immunologic impact of nutrient depletion in chronic obstructive pulmonary disease. Curr. Drug Targets 2011, 12, 489–500. [Google Scholar] [CrossRef] [PubMed]

	



Wei, H.; Huang, H.M.; Li, T.Y.; Qu, P.; Liu, Y.X.; Chen, J. Marginal vitamin A deficiency affects lung maturation in rats from prenatal to adult stage. J. Nutr. Sci. Vitaminol. 2009, 55, 208–214. [Google Scholar] [CrossRef] [PubMed]

	



Iglesias-De la Cruz, M.C.; Ruiz-Torres, P.; Alcamí, J.; Diez-Marqués, L.; Ortega Velázquez, R.; Chen, S.; Rodríguez-Puyo, M.; Ziyadeh, F.N.; Rodríguez-Puyol, D. Hydrogen peroxide increases extracellular matrix mRNA through TGF-β in human mesangial cells. Kidney Int. 2001, 59, 87–95. [Google Scholar] [CrossRef] [PubMed]

	



Douthwaite, J.A.; Johnson, T.S.; Haylor, J.L.; Watson, P.; El Nahas, A.M. Effects of transforming growth factor-β1 on renal extracellular matrix components and their regulating proteins. J. Am. Soc. Nephrol. 1999, 10, 2109–2119. [Google Scholar] [PubMed]

	



Fine, A.; Goldstein, R.H. The effect of transforming growth factor-β on cell proliferation and collagen formation by lung fibroblasts. J. Biol. Chem. 1987, 262, 3897–3902. [Google Scholar] [PubMed]

	



Massaro, G.D.; Massaro, D. Postnatal treatment with retinoic acid increases the number of pulmonary alveoli in rats. Am. J. Physiol. 1996, 270, L305–310. [Google Scholar] [CrossRef] [PubMed]

	



Massaro, D.; Massaro, G.D. Toward therapeutic pulmonary alveolar regeneration in humans. Proc. Am. Thorac. Soc. 2006, 3, 709–712. [Google Scholar] [CrossRef] [PubMed]

	



Veness-Meehan, K.A.; Pierce, R.A.; Moats-Staats, B.M.; Stiles, A.D. Retinoic acid attenuates O2-induced inhibition of lung septation. Am. J. Physiol. Lung Cell. Mol. Physiol. 2002, 283, L971–L980. [Google Scholar] [CrossRef] [PubMed]

	



Ng-Blichfeldt, J.; Alçada, J.; Montero, M.A.; Dean, C.H.; Griesenbach, U.; Griffiths, M.J.; Hind, M. Deficient retinoid-driven angiogenesis may contribute to failure of adult human lung regeneration in emphysema. Thorax 2017, 72, 510–521. [Google Scholar] [CrossRef] [PubMed]

	



Eijl, S.V.; Mortaz, E.; Versluis, C.; Nijkamp, F.P.; Folkerts, G.; Bloksma, N. A Low Vitamin A Status Increases the Susceptibility to Cigarette Smoke-Induced Lung Emphysema in C57bl/6j Mice. J. Physiol. Pharmacol. 2011, 62, 175–182. [Google Scholar] [PubMed]

	



Goodman, G.E.; Thornquist, M.D.; Balmes, J.; Cullen, M.R.; Meyskens, F.L., Jr.; Omenn, G.S.; Valanis, B.; Williams, J.H., Jr. The beta-carotene and retinol efficacy trial: Incidence of lung cancer and cardiovascular disease mortality during 6-year follow-up after stopping beta-carotene and retinol supplements. J. Natl. Cancer Inst. 2004, 96, 1743–1750. [Google Scholar] [CrossRef] [PubMed]

	



Leng, S.; Picchi, M.A.; Tesfaigzi, Y.; Wu, G.; Gauderman, W.J.; Xu, F.; Gilliland, F.D.; Belinsky, S.A. Dietary nutrients associated with preservation of lung function in Hispanic and non-Hispanic white smokers from New Mexico. Int. J. Chron. Obstruct. Pulmon. Dis. 2017, 12, 3171–3181. [Google Scholar] [CrossRef] [PubMed]

	



Zhai, T.; Li, S.; Hu, W.; Li, D.; Leng, S. Potential micronutrients and phytochemicals against the pathogenesis of chronic obstructive pulmonary disease and lung cancer. Nutrients 2018, 10, 813. [Google Scholar] [CrossRef] [PubMed]

	



Mital, V.; El Rayes, T.; Narula, N.; McGraw, T.E.; Altorki, N.K.; Barcellos-Hoff, M.H. The microenvironment of lung cancer and therapeutic implications. Adv. Exp. Med. Biol. 2016, 890, 75–110. [Google Scholar] [CrossRef]

	



Yu, N.; Su, X.; Wang, Z.; Dai, B.; Kang, J. Association of dietary vitamin A and β-carotene intake with the risk of lung cancer: A meta-analysis of 19 publications. Nutrients 2015, 7, 9309–9324. [Google Scholar] [CrossRef] [PubMed]

	



Shields, P.A.; Jeffery, P.K. The combined effects of vitamin A-deficiency and cigarette smoke on rat tracheal epithelium. Br. J. Exp. Pathol. 1987, 68, 705–717. [Google Scholar] [PubMed]

	



Houle, B.; Rochette-Egly, C.; Bradley, W.E. Tumor-suppressive effect of the retinoic acid receptor beta in human epidermoid lung cancer cells. Proc. Natl. Acad. Sci. USA 1993, 90, 985–989. [Google Scholar] [CrossRef] [PubMed]

	



Blot, W.J.; Li, J.Y.; Taylor, P.R.; Li, B. Lung Cancer and Vitamin Supplementation. N. Engl. J. Med. 1994, 331, 614. [Google Scholar] [CrossRef] [PubMed]

	



Omenn, G.S.; Goodman, G.E.; Thornquist, M.D.; Balmes, J.; Cullen, M.R.; Glass, A.; Keogh, J.P.; Meyskens, F.L.; Valanis, B.; Williams, J.H.; et al. Effects of a combination of beta carotene and vitamin A on lung cancer and cardiovascular disease. N. Engl. J. Med. 1996, 334, 1150–1155. [Google Scholar] [CrossRef] [PubMed]

	



The Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study Group. The effect of vitamin E and beta carotene on the incidence of lung cancer and other cancers in male smokers. N. Engl. J. Med. 1994, 330, 1029–1035. [Google Scholar] [CrossRef] [PubMed]

	



Narita, S.; Saito, E.; Sawada, N.; Shimazu, T.; Yamaji, T.; Iwasaki, M.; Ishihara, J.; Takachi, R.; Shibuya, K.; Inoue, M.; et al. Dietary consumption of antioxidant vitamins and subsequent lung cancer risk: The Japan Public Health Center-based prospective study. Int. J. Cancer 2018, 142, 2441–2460. [Google Scholar] [CrossRef] [PubMed]

	



World Cancer Research Fund/American Institute for Cancer Research. Diet, Nutrition, Physical Activity and Cancer: A Global Perspective. Continuous Update Project Expert Report 2018; WCRF International: London, UK, 2018; Available online: http://www.dietandcancerreport.org/ (accessed on 24 July 2018).

	



Wang, X.D.; Liu, C.; Bronson, R.T.; Smith, D.E.; Krinsky, N.I.; Russell, M. Retinoid signaling and activator protein-1 expression in ferrets given beta-carotene supplements and exposed to tobacco smoke. J. Natl. Cancer Inst. 1999, 91, 60–66. [Google Scholar] [CrossRef] [PubMed]

	



Wolf, G. The effect of low and high doses of β-carotene and exposure to cigarette smoke on lungs of ferrets. Nutr. Rev. 2002, 60, 88–90. [Google Scholar] [CrossRef] [PubMed]

	



Hennekens, C.H.; Buring, J.E.; Manson, J.E.; Stampfer, M.; Rosner, B.; Cook, N.R.; Belanger, C.; LaMotte, F.; Gaziano, J.M.; Ridker, P.M.; et al. Lack of effect of long-term supplementation with beta carotene on the incidence of malignant neoplasms and cardiovascular disease. N. Engl. J. Med. 1996, 334, 1145–1149. [Google Scholar] [CrossRef] [PubMed]

	



Patrick, N.D. Beta-Carotene: The Controversy Continues. Altern. Med. Rev. 2000, 5, 530–545. [Google Scholar] [PubMed]

	



Song, X.; Liu, W.; Xie, S.; Wang, M.; Cao, G.; Mao, C.; Lv, C. All-transretinoic acid ameliorates bleomycin-induced lung fibrosis by downregulating the TGF-β1/Smad3 signaling pathway in rats. Lab. Investig. 2013, 93, 1219–1231. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, T.B.; Drummen, G.P.C.; Qin, Y.H. The controversial role of retinoic acid in fibrotic diseases: Analysis of involved signaling pathways. Int. J. Mol. Sci. 2013, 14, 226–243. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, F.; Yang, Y.; Xue, L.; Li, B.; Zhang, Z. 1,α,25-dihydroxyvitamin D3 Attenuates TGF-β-Induced Pro-Fibrotic Effects in Human Lung Epithelial Cells through Inhibition of Epithelial–Mesenchymal Transition. Nutrients 2017, 9, 980. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Liu, H.; Meyer, C.; Li, J.; Nadalin, S.; Königsrainer, A.; Weng, H.; Dooley, S.; Dijke, P. TGF-β mediated connective tissue growth factor (CTGF) expression in hepatic stellate cells requires Stat3 activation. J. Biol. Chem. 2013, 288, 30708–30719. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez-Gonzalez, F.J.; Chandel, N.S.; Jain, M.; Budinger, G.R.S. Reactive oxygen species as signaling molecules in the development of lung fibrosis. Transl. Res. 2017, 190, 61–68. [Google Scholar] [CrossRef] [PubMed]

	



Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol. Cell Biol. 2014, 15, 178–196. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.; Chen, K.; Zhang, X.; Wang, L.; Li, C.; Tao, H.; Wang, L.; Li, Q. Vitamin A deficiency results in dysregulation of lipid efflux pathway in rat kidney. Pediatr. Nephrol. 2010, 25, 1435–1444. [Google Scholar] [CrossRef] [PubMed]

	



Gatica, L.V.; Oliveros, L.B.; Pérez Díaz, M.F.; Domínguez, N.S.; Fornes, M.W.; Gimenez, M.S. Implication of vitamin A deficiency on vascular injury related to inflammation and oxidative stress. Effects on the ultrastructure of rat aorta. Eur. J. Nutr. 2012, 51, 97–106. [Google Scholar] [CrossRef] [PubMed]

	



Morath, C.; Dechow, C.; Lehrke, I.; Haxsen, V.; Waldherr, R.; Floege, J.; Ritz, E.; Wagner, J. Effetcs of retinoids on the TGF-β system and extracellular matrix in experimental glomerulonephritis. J. Am. Soc. Nephrol. 2001, 12, 2300–2309. [Google Scholar] [PubMed]

	



Takahashi, N.; Takasu, S. A close relationship between type 1 diabetes and vitamin A-deficiency and matrix metalloproteinase and hyaluronidase activities in skin tissues. Exp. Dermatol. 2011, 20, 899–904. [Google Scholar] [CrossRef] [PubMed]

	



Bartis, D.; Mise, N.; Mahida, R.Y.; Eickelberg, O.; Thickett, DR. Epithelial-mesenchymal transition in lung development and disease: Does it exist and is it important? Thorax 2014, 69, 760–765. [Google Scholar] [CrossRef] [PubMed]

	



Sung, W.J.; Kim, H.; Park, K.K. The biological role of epithelial-mesenchymal transition in lung cancer. Oncol. Rep. 2016, 36, 1199–1206. [Google Scholar] [CrossRef] [PubMed]

	



Kage, H.; Borok, Z. EMT and Interstitial Lung Disease: A Mysterious Relationship. Curr. Opin. Pulm. Med. 2012, 18, 517–523. [Google Scholar] [CrossRef] [PubMed]

	



Qi, Y.; Wang, N.; He, Y.; Zhang, J.; Zou, H.; Zhang, W.; Gu, W.; Huang, Y.; Lian, X.; Hu, J.; et al. Transforming growth factor-β1 signaling promotes epithelial-mesenchymal transition-like phenomena, cell motility and cell invasion in synovial sarcoma cells. PLoS ONE 2017, 12, e0182680. [Google Scholar] [CrossRef] [PubMed]

	



Beck, T.N.; Chikwem, A.J.; Solanki, N.R.; Golemis, E.A. Bioinformatic approaches to augment study of epithelial-to-mesenchymal transition in lung cancer. Physiol. Genomics 2014, 46, 699–724. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Gonzalez, D.M.; Medici, D. Signaling mechanisms of the epithelial-mesenchymal transition. Sci. Signal. 2015, 7, re8. [Google Scholar] [CrossRef] [PubMed]

	



Kourtidis, A.; Lu, R.; Pence, L.J.; Anastasiadis, P.Z. A central role for cadherin signaling in cancer. Exp. Cell Res. 2017, 358, 78–85. [Google Scholar] [CrossRef] [PubMed]

	



Woo, Y.J.; Jang, K.L. All-trans retinoic acid activates E-cadherin expression via promoter hypomethylation in the human colon carcinoma HCT116 cells. Biochem. Biophys. Res. Commun. 2012, 425, 944–949. [Google Scholar] [CrossRef] [PubMed]

	



Gong, L.; Jiang, L.; Qin, Y.; Jiang, X.; Song, K.; Yu, X. Protective effect of retinoic acid receptor α on hypoxia-induced epithelial to mesenchymal transition of renal tubular epithelial cells associated with TGF-β/MMP-9 pathway. Cell Biol. Int. 2018, 42, 1050–1059. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 10 01132 g001 550] 





Figure 1. Intracellular signalling pathways of vitamin A. (A) Nuclear receptor signalling pathway. In blood, hydrophobic retinol (ROH) is bound by retinol-binding protein (RBP4) and transthyretin (TTR) and retinoic acid (RA) is bound to albumin. They enter the cell through membrane diffusion or ROH via the membrane transporter stimulated by RA (STRA6). Inside the cell, ROH is found in cytosol bound to cellular retinol binding protein (CRBP), metabolized into retinaldehyde (RAL), which is irreversibly converted into RA. Intracellular RA is transported by cellular retinoic acid binding proteins (CRABP) or fatty acid binding protein 5 (FABP5) and it can be degraded by CYP26 or translocated to the nucleus, where it binds and activates nuclear receptors. If transported by CRABP it binds nuclear retinoid acid receptors (RARs), whilst in association to FABP5 it binds peroxisome proliferation-activated receptor β/δ (PPARβ/δ), activating the transcription of specific target genes; (B) RA extranuclear effects. In response to RA, a subpopulation of RARα and RARγ present in membrane lipid rafts activates kinase cascades. In neuronal cells, extracellular signal-regulated kinase (ERK) phosphorylation is mediated through RARγ in association with sarcome (Src) kinase, whereas in other cellular subtypes RARα is the effector of the transduction cascade through p38 mitogen-activated protein kinase (p38MAPK) or ERK signalling. Activated p38MAPK and Erks translocate to the nucleus where they phosphorylate several targets, being mitogen- and stress-activated protein kinase (MSK1) a good candidate. Plasma ROH, bound to RBP4, binds to the cell receptor STRA6 which phosphorylates and activates Janus kinases2/signal transducers and activators of transcription 5 (JAK2/STAT5) signalling pathway. This phosphorylated STAT5 translocates into the nucleus where it regulates gene expression of target genes. 
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Figure 2. Retinoids are involved in epithelial-mesenchymal transition: (A) Markers of epithelial-mesenchymal transition (EMT) are observed in vitamin A-deficient (VAD) lungs. Lung protein extracts from control and chronic VAD rats were analysed by western blot to characterize EMT in this animal model. A decrease in E-cadherin and β-catenin protein levels was observed in VAD lungs, together with increased levels of N-cadherin, all of them hallmarks of EMT. A representative experiment is shown (n = 3). MW, molecular weight; (B) Epithelial-mesenchymal transition (EMT) in vitamin A-deficient (VAD) lung. VAD induces the activation of transforming growth factor β (TGF-β) which, in turn, drives the progression of the EMT observed. Basement membrane (BM) thickens and extracellular matrix (ECM) changes its composition in VAD lungs. Concomitant with these results, epithelial cells loss cell junctions and express mesenchymal markers, favouring the disassembly of the epithelial barrier and the migration of these newly formed mesenchymal cells. 
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