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Vitamin A is a micronutrient important for vision, cell growth, reproduction and immunity. Both deficiency and excess consuming of vitamin A cause severe health consequences. Although discovered as the first lipophilic vitamin already more than a century ago and the definition of precise biological roles of vitamin A in the setting of health and disease, there are still many unresolved issues related to that vitamin. Prototypically, the liver that plays a key role in the storage, metabolism and homeostasis of vitamin A critically responds to the vitamin A status. Acute and chronic excess vitamin A is associated with liver damage and fibrosis, while also hypovitaminosis A is associated with alterations in liver morphology and function. Hepatic stellate cells are the main storage site of vitamin A. These cells have multiple physiological roles from balancing retinol content of the body to mediating inflammatory responses in the liver. Strikingly, different animal disease models also respond to vitamin A statuses differently or even opposing. In this review, we discuss some of these controversial issues in understanding vitamin A biology. More studies of the interactions of vitamin A with animal genomes and epigenetic settings are anticipated in the future.
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1 INTRODUCTION
Vitamin A (VA, all-trans-retinol) is an essential nutrient and called preformed VA, which it can be processed to form retinal, and retinoic acid (RA). VA can come from provitamin carotenoids (i.e., β-carotene and other carotenoids) (Figure 1). These key micronutrients play important roles in vision, reproductive biology, immune function, bone remodeling and epithelial tissue homeostasis (Haaker et al., 2020). The activity of VA was discovered as the first lipophilic vitamin more than a century ago (McCollum and Davis, 1913). Since then, retinol and its metabolites have been demonstrated to regulate various physiological processes (Ross and Harrison, 2007). Dietary VA and molecules with its activities have been gradually identified as reviewed elsewhere (Ross, 2003; Blomhoff and Blomhoff, 2006; Ross and Harrison, 2007; Napoli, 2012). Both the changes of VA status and activation of VA signaling have been shown to regulate a variety of physiological pathways including metabolism (Chen and Chen, 2014; Blaner, 2019a). Interestingly, changing VA statuses (feeding animals diets with different amounts of VA) and activation of VA signaling (treating animals and humans with pharmacological compounds such as 13-cis retinoic acid) sometimes do not obtain results that fit each other well. In addition, data obtained from rat and mouse studies do not align well. This mini review was aimed to discuss these discrepancies and challenges in VA studies.
[image: Figure 1]FIGURE 1 | Structure and function of vitamin A. Vitamin A is a group of fat-soluble, oxygen and UV-sensitive compounds that include retinol, retinal, retinoic acid and several provitamin A carotenoids such as β-Carotene. Vitamin A has multiple functions within the body including the promotion of development and growth and support of the immune system. Shortcomings in Vitamin A are majorly associated with disorders of vision, skin, bone and the immune system.
As a micronutrient, VA contributes to the general health of humans (Bloomhoff and Blomhoff, 2006). As humans cannot synthesize it, VA has to be derived from diets such as liver, fish, milk, eggs, and orange or yellow vegetables. Dietary molecules with VA activities exist in two forms, the preformed VA and provitamin A (Ross et al., 2020). Preformed VA molecules are retinol and retinyl-esters that are generally obtained from animal derived foods, whereas provitamin A carotenoids are from plant-derived foods. Retinyl-esters as the major stored form of VA are digested into retinol and fatty acids in the gastrointestinal tract, and absorbed into enterocytes. Carotenoids in enterocytes and hepatocytes mainly in the form of β-carotene are enzymatically converted into retinaldehyde, which is reduced to produce retinol for further process (Lakshman, 2004; Wyss, 2004). Retinol is esterified with fatty acids to generate retinyl-esters, which are incorporated into chylomicrons and transported in the lymph and peripheral cells and transported via the blood into the liver, in which retinol circulates between hepatocytes and hepatic stellate cells (HSCs) (Figure 2).
[image: Figure 2]FIGURE 2 | Overview of vitamin A uptake, metabolism and transport. Dietary retinyl-esters and carotenoids are absorbed by enterocytes of the intestine lumen, esterified and packed into chylomicrons. These large lipoprotein complexes are then secreted into the circulation, processed into chylomicron remnants, which are then readily taken up by the liver and peripheral cells and tissues. In the liver most of the vitamin A is stored as retinyl-esters in hepatic stellate cells. This store can be mobilized when needed back to retinol by hydrolysis, which can be transported in complex with retinol binding protein 4 (RBP4) and transthyretin (TTR) via the circulation to target organs. A directional transport distributes retinol between hepatic stellate cells and hepatocytes, in which retinoic acid is the main driver of lipogenesis.
The hepatic retinyl-ester content is the best indicator of VA status as VA is mainly stored in the liver (Tanumihardjo, 2004). The Food and Nutrition Board at the Institute of Medicine (IOM) of the National Academies has established the dietary reference intakes (DRIs) of VA (Medicine Io, 2001). According to age and gender, the recommended dietary allowance (RDA) of VA is given in μg. Since 2021, the IOM has recommended to use retinol activity equivalent (RAE), in which 1 µg of RAE is equivalent to 1 µg of retinol, 2 µg of supplemental β-carotene, 12 µg of dietary β-carotene or 24 µg of dietary α-carotene or β-cryptoxanthin (Institute of Medicine, 2001). The RDA for VA is 900, 700, and 770 μg of RAE for men, women, and pregnant women at age 19–50 years old (Institute of Medicine, 2001). Unfortunately, other studies still use International Units (IUs) for reporting VA intakes, recommendations, or allowances, which often results in confusion (Dwyer et al., 2020). To convert IUs into µg RAE, the following conversion factors should be applied (National Institutes of Health, 2022):
1 IU retinol = 0.3 µg RAE; 1 IU supplemental β-carotene = 0.3 µg RAE; 1 IU dietary β-carotene = 0.05 RAE.
Nevertheless, irrespectively in which VA quantities are given, both, VA deficiency (VAD) and excessive intake of VA have severe health consequences (Table 1). The differences of β-carotene equivalence of VA in the recommended absolute values among institutes and in units of expression of VA have been noticed (Melse-Boonstra et al., 2017). Although worldwide the VA RDAs are largely within the same ranges for men, women and children, global recommendations for dietary intake may differ from country to country due to the differences of β-carotene conversion rate. Furthermore, the biological effects of insufficient or excess supply with vitamin A can be significantly different between animals and humans.
TABLE 1 | Health risks and signs resulting from Vitamin A deficiency and excess intake of Vitamin Aa.
[image: Table 1]Provitamin A, β-carotene is enzymatically cleaved to produce retinaldehyde, which is reduced to generate retinol (O’Byrne and Blaner, 2013). In the small intestine, retinyl-ester is hydrolyzed into retinol and a fatty acid by lipases (Harrison, 2005). Provitamin A molecules can be found in colored fruits and vegetables such as β-carotene, α-carotene, and β-cryptoxanthine. Two enzymes, annotated as β-carotene-dioxygenase-1 and -2 (BCO1 and BCO2), are key enzymes in β-carotene metabolism to VA (Lakshman, 2004; Wyss, 2004; von Lintig et al., 2020). BCO1 mediates the central cleavage across the C15,C15′ double bond adjacent to a canonical β-ionone ring site of carotenoids and β-apocarotenoids (von Lintig et al., 2020). In the case of β-carotene this results in the formation of two retinal molecules. BCO2 has a broader substrate specificity and catalyzes the asymmetric oxidative cleavage of carotenoids across the C9,C10′ double bond, yielding apo-10′-carotenals and ionones whose functions are still uncertain (von Lintig et al., 2020; Strychalski et al., 2022). Therefore, BCO1, the central cleaving β-carotene-15,15′-dioxygenase, is considered the only VA producing enzyme.
In the body, the blood VA level reflects the dynamic balance of the dietary uptake, storage and usage in organs and tissues. The blood VA levels declines when severe VA deficiency occurs. Many enzymes and proteins involved in VA absorption, transport, and metabolism have been identified and their corresponding genes have been cloned (Moise et al., 2007). So far, retinal and RA are the two metabolites mediating VA’s physiological functions (Ross, 2003; Evans and Mangelsdorf, 2014). Retinal is the chromophore of visual pigments, a critical component of the visual cycle. On the other hand, RA is an activator of nuclear receptors, which are transcription factors responding to variations of ligand levels. There are about 48 members in the nuclear receptor super family (Evans and Mangelsdorf, 2014). Their ligands are a variety of molecules from steroid hormones, thyroid hormones, vitamin D, oxysterols, bile acids, RA, and many others (Evans and Mangelsdorf, 2014). The structural features of nuclear receptors allow the binding of the ligands to initiate transcriptional regulations to influence physiological responses (Bain et al., 2007). Additional cofactors interacting with ligand-activated nuclear receptors modulate the target gene expressions (Benbrook et al., 2014; Evans and Mangelsdorf, 2014). As an agonist, RA activates RA receptors (RARα, β, γ), and retinoid X receptors (RXRα, β, γ) (Wolf, 2010; Naploi, 2012). Here, RXRs can interact with other nuclear receptors to form a heterodimer to regulate gene expression, and 9-cis RA has been thought to activate RXRs (Figure 3) (Evans and Mangelsdorf, 2014). The RA response elements (RAREs) are DNA fragments located on the promoters of RA responsive genes composed classically of two direct repeats of a consensus sequence 5-RGKTCA-3’ (‘R’ = purine, ‘K’ for “keto” = ‘G’ or ‘T’, according to International Union of Biochemistry and Molecular Biology rules) separated by one, two or five nucleotides (Moutier et al., 2012). Other nuclear receptors, such as the hepatocyte nuclear factor 4α (HNF4α), chicken ovalbumin upstream promoter-transcription factor II (COUP-TFII), and peroxisome proliferator-activated receptor β/δ (PPARβ/γ) have also been considered to mediate RA signaling (Makita et al., 2001; Shaw et al., 2003; Kruse et al., 2008; Li et al., 2014).
[image: Figure 3]FIGURE 3 | Simplified vitamin A signaling. In the cytoplasm, vitamin A is bound to the cellular retinol-binding protein (CRBP), where it is oxidized in a two-step reaction involving a retinol dehydrogenase (RDH) and a retinal dehydrogenase (RALDH) into retinoic acid (RA). RA is then transported from the cytosol to the nucleus by bind to the cellular retinoic acid binding protein type II (CRABP2) to the nucleus where it bind to members of the nuclear retinoic acid receptors (RAR) that form heterodimers with the retinoid X receptor (RXR) family members that subsequently bind to specific retinoic acid response elements (RARE), thereby initiating the transcription of target genes. In the absence of the RA ligand, RAR/RXR heterodimers bound to DNA are associated with nuclear co-repressors (NCoR) that repress gene expression.
2 EFFECTS OF VITAMIN A STATUS ON THE REGULATION OF GLUCOSE AND LIPID METABOLISM
Numerous studies have indicated that VA has a role in metabolic disease prevention and causation. It is required for maintaining development, normal growth, immunity, reproduction, and vision. There are additional functions and there is growing evidence that RA and some of its metabolites are important transcriptional regulators, which mediate their effects by members of nuclear hormone superfamily of ligand-dependent transcriptions factors (for review see Blaner, 2019b). More recent studies have shown that VA and related proteins involved in its metabolism have further roles in the development and prevention of obesity and diseases related to obesity such as insulin resistance, type 2 diabetes, hepatic steatosis, steatohepatitis, and cardiovascular disease (Blaner, 2019b). Some of the important findings in humans and animals should be highlighted in the following paragraphs.
2.1 The effects of changes of VA status on humans
Based on the data obtained in a meta-analysis including 54 studies, the prevalence of VAD in Chinese children is about 5.16% with inequities between rural and urban areas (Song et al., 2017). One study has investigated the micronutrients statuses and intakes in women of reproductive age and during pregnancy in Ethiopia, Kenya, Nigeria and South Africa (Harika et al., 2017). The deficiencies in VA, iodine, zinc and folate ranged from 4% to 22%, 22%–55%, 34% and 46%, respectively, which are associated with inadequate intakes of these micronutrients in those women (Harika et al., 2017). To combat VAD, direct supplementation and food fortification of retinyl-esters (Sommer, 2008), and agriculturally-enriched food containing β-carotene (Tang et al., 2009) have been used. Recently, orange-fleshed or golden sweet potatoes that contain a significant amount of β-carotene and other micronutrients have been considered a potential way to reduce malnutrition in VAD regions (Gurmu et al., 2014). These are already low-priced crops and staple foods in Africa and can be easily applied to other places for the intervention of VAD. Interventions using orange sweet potato showed various results, which seem to depend on the length of the study, gender and region (Haskell et al., 2004; van Jaarsveld et al., 2005; Lowe et al., 2007; Hotz et al., 2012a; Hotz et al., 2012b; Jamil et al., 2012; Turner et al., 2013; Girard et al., 2017). For children and women, this orange color potato seems to be sufficient to increase the intakes of VA equivalent (β-carotene) and lead to the improvement of plasma VA levels (van Haarsveld et al., 2005; Low et al., 2007; Hotz et al., 2012a; Hotz et al., 2012b; Girard et al., 2017). On the other hand, it only works for men (Haskell et al., 2004), but not women (Jamil et al., 2012; Turner et al., 2013) of Bangladeshi in studies covering 60 days or shorter. It appears that even if provitamin A is provided in certain forms, it does not mean the plasma retinol will be raised, indicating that more studies are needed to determine the conversion of β-carotene to retinol in humans.
One Brazilian study analyzed the VA status in severely obese adolescents (64 subjects, 15–19 years old) before and 1, 6 and 12 months after the Roux-en-Y gastric bypass procedure (Silva et al., 2017). VAD was observed in 26.6% of the subjects before the procedure, and blood retinol levels dropped 1 month after the procedure. A daily uptake of 5000 IU retinyl-acetate, corresponding to 1,500 μg VA, failed to reverse VAD and night blindness, suggesting the importance of dietary VA. This is associated with reductions of blood glucose and lipid levels (Silva et al., 2017). Low VA was positively associated with high lipids, inflammation and insulin resistance in obese Mexico children (García et al., 2013). A French study showed that in Caucasian outpatients (267 subjects, aged 40.5 ± 12.6 years), lower values of VA are associated with increasing body mass index (Takahashi et al., 2021). The blood level of glycated hemoglobin has a weak inverse correlation with VA in subjects with type 2 diabetes mellitus (T2DM) (Maxwell et al., 1997). The plasma RA levels of uncontrolled T2DM subjects and control subjects were compared using a sensitive liquid chromatography–tandem mass spectrometry method (Morgenstern et al., 2021). It appears that RA levels in T2DM subjects are lower than that in those control ones. However, the plasma retinol levels of those subjects were not reported (Morgenstern et al., 2021).
On the other hand, an Indian study that enrolled 146 subjects reported no difference in VA status between normal weight and obese women (Herter-Aeberli et al., 2016). An Iranian study showed that VA intake was not different from the recommended dietary values in morbid obese subjects prior to bariatric surgery (170 subjects, mean age 37 years old) (Malek et al., 2019). In the Canadian population, the intake and plasma levels of VA in subjects with diabetes are similar to that in the control subjects (Basualdo et al., 1997). Contrarily, a Japanese study containing 197 subjects with T2DM did not find any relationship between VA intake and loss of muscle mass (Takahashi et al., 2021).
In elderly Chinese (>64 years), an increase in blood VA level as measured by a LC-MS/MS method was associated with increases in alanine aminotransferase, glutamyl transpeptidase, urea, glucose, and uric acid levels (Yin et al., 2021). A cross sectional study (1,928 children, aged 7–11 years) performed in Chongqing (China) showed that the blood VA levels in obese subjects are higher than that in overweight and normal weight subjects, and glucose level is strongly associated with VA status (Wei et al., 2016). Moreover, in Brazilian adolescents, elevated blood retinol level and reduced β-carotene levels were associated with dyslipidemia (Albuquerque et al., 2016). As the blood VA level is not a good indicator for the VA status, it is probably premature to say that the elevated blood VA level indicates a healthy state. The results from clinical observations appear to indicate that more studies are needed to fully understand the complex roles of VA in the regulation of glucose and lipid metabolism of different human populations.
2.2 The effects of changes of VA status in animals
When the Bio-Breed (BB)/Worcester (Wor) diabetic-prone diabetic rats, a model of type 1 diabetes mellitus (T1DM) were fed a diet enriched in VA and zinc, they had a higher rate of developing diabetes than those fed the basal diet or the diet only supplemented with VA (Lu et al., 2000). In addition, an inbred strain of BB rats, VAD leads to reduction of T1DM and insulitis in inbred BB diabetes-prone Wor rats (Driscoll et al., 1996). In male albino rats fed a diet enriched in retinyl palmitate (30,000 IU per day) for 2 days, the total hepatic triglycerides and cholesterol, glycogen and VA contents were elevated (Singh et al., 1969). This was associated with increases in the hepatic gluconeogenesis and glycogen (Dileepan et al., 1977). The adrenals appear to contribute to glycogen and gluconeogenesis associated with hypervitaminosis A (Singh et al., 1975; Singh et al., 1976a; Singh et al., 1976b). In addition, the glucose tolerance was lowered in rats fed excessive amount of VA (Singh et al., 1968). Furthermore, excessive VA uptake has been thought to contribute to fatty liver development in rats (Singh et al., 1969).
Interestingly, VA supplementation was reported to correct the hyperglycemia and hyperinsulinemia, but not to increase body weight, in female rats (8–10 weeks of age) fed an high fat diet for 6 weeks (El-Sayed et al., 2013). Dietary supplementation of 129 mg retinyl palmitate/kg diet for 14 weeks led to elevated liver triacylglycerol and plasma insulin levels, and lowered plasma glucose level in 30-week old WNIN/GR-Ob obese rats compared with that of 2.6 mg retinyl palmitate/kg diet (Jeyakumar et al., 2017). The treatment with a VA-enriched diet leads to body weight gain in lean and WNIN/GR-Ob obese rats (Jeyakumar et al., 2015).
On the other hand, lowered dietary VA status corrected obesity and T2DM development in Zucker diabetic fatty (ZDF) rats (Wang et al., 2022). In addition, feeding of a VAD diet prevented the development of obesity in Zucker fatty rats (Zhang et al., 2012). In fact, VAD in rats had led to a reduction of plasma glucose and lipid levels (Zhang et al., 2012). Interestingly, in lecithin-retinol acyltransferase (Lrat−/−) null, but not the wild type, mice fed a VA-deficient diet for 10 weeks, blood glucose was elevated and glucose tolerance test results were impaired according to a study (Trasino et al., 2015). Although the Lrat−/− mice has reduction of pancreatic retinol, the retinol content of the liver and other impacts of the lack in LRAT on glucose metabolism were not analyzed (Trasino et al., 2015). Nevertheless, the discrepancy between mouse and rat responses to VAD is worth to be investigated further.
3 EFFECTS OF RETINOIDS ON THE REGULATION OF GLUCOSE AND LIPID METABOLISM
RA is a drug to treat human diseases. Isotretinoin (13-cis RA) has been used to treat acne, but causes side effects such as hyperlipidemia and reduction of insulin sensitivity in human subjects (Koistinen et al., 2001), which was attributed to de novo lipogenesis (Laker et al., 1987). In line, sensitive subjects are more likely to develop hyperlipidemia and metabolic syndrome later (4 years after the completion of the isotretinoin therapy) (Rodondi et al., 2002). In addition, hyperlipidemia was also observed as a side effect of RA treatment in patients with adult T cell leukemia (Maeda et al., 2008), and acute promyelocytic leukemia (Fujiwara et al., 1995).
RA (10 mg RA/kg body weight per day) has been used to treat both Zucker lean (ZL) and ZDF rats at 9 weeks of age for 2 weeks (Nizamutdinova et al., 2013). This treatment lowered the blood glucose level of ZDF rats from 528 to 223 mg/dL, which was attributed to the inhibition of NF-κB signaling and reduction of inflammation (Nizamutdinova et al., 2013). However, this study did not report the blood glucose measurements in ZL rats (Nizamutdinova et al., 2013). Female ob/ob mice at 9 weeks of age had been treated with 100 µg/mouse/day of RA or vesicle for 16 days (Manolescu et al., 2010). This RA treatment lowered body weight, and improved outcomes of intraperitoneal glucose and insulin tolerance tests (Manolescu et al., 2010). In obese mice induced by feeding a high-fat/high-sucrose diet for 16 weeks, RA treatment reduced body weight, hyperlipidemia, and improved insulin responses, which was attributed to the activations of PPARβ/δ and RAR (Berry and Noy, 2009). In diet-induced obese and ob/ob mice, RA treatment for 7 days was reported to ameliorate hepatic steatosis (Kim et al., 2014).
Here, the results of human and mouse studies do not fit well with each other. In subjects with acne and leukemia, RA treatment leads to hyperlipidemia and reduction of insulin sensitivity. It should be noted that 13-cis-RA is generally used to treat acne, whereas rodents were treated with all-trans-RA. This may contribute to the different study outcomes. On the other hand, in rodents, RA treatment appears to improve insulin responses and correct obesity and hyperlipidemia. Whether this discrepancy is due to the different pharmacological responses of humans and mice to RA or RA signaling is mediated by different proteins in humans and rodents remains to be determined. Nevertheless, it clearly demonstrates the challenges in the journey to understand the mechanisms by which RA signaling regulates glucose and lipid metabolism.
4 THE VITAMIN A METABOLISM IN STELLATE CELLS AND HEPATOCYTES
Most of the VA (80%–90%) is stored in the liver, while only a small portion is stored in extrahepatic organs such as the pancreas, lungs, kidneys and intestines (Senoo et al., 2010). In the liver, the major storage side for VA are HSCs that were formerly called as VA-storing cells, lipocytes, pericytes, or fat storing cells. These are located in the space of Disse between hepatocytes and sinusoidal endothelial cells (Senoo et al., 2010). In respective cells, VA is stored in large cytoplasmic lipid-droplets of different sizes that can be effectively stained with Oil Red O (Figure 4). The content of VA within HSCs has a gradual distribution in the liver lobules and depends on the total VA amount and is further genetically determined (Weiskirchen and Tacke, 2014).
[image: Figure 4]FIGURE 4 | Hepatic stellate cells, major store for retinoids. (A) Phase contrast microscopic analysis of primary rat HSC. (B,C) Oil Red O staining was used to visualize the cytoplasmic lipid droplet content of HSC. (D–F) Representative electron microscopy of primary HSCs cultured for 1 day. Ultrastructural characteristics of HSCs include the occurrence of abundant, size variable vitamin A-containing droplets, a prominent nucleus, and numerous cytoplasmic extensions. Original magnifications are (A) ×200, (B) ×400, (C) ×1,000, (D) ×6,500, (E) ×8,300, and (F) ×30,000, respectively. All images were reprinted with permission from (Neyzen et al., 2006).
Actually, the precise role of the stored hepatic retinoids for the cellular function of HSCs is not fully understood. Dietary retinol that is, taken up from the circulation by hepatocytes can be transferred to HSCs, where it is converted by the LRAT to retinyl-esters and stored in lipid droplets. Upon retinol shortage, these retinyl-esters can be utilized and transferred back to hepatocytes (Haaker et al., 2020). The bidirectional transport of retinyl-esters is strongly dependent on retinol-binding proteins (RBPs). In particular, RBP4 seems to have key functions. In the human body, RBP4 is highly expressed in the liver, in renal proximal tubules, pancreatic endocrine cells (i.e., the so called pancreatic islets), and in some other tissues (Figure 5A). In the normal liver, the highest expression is found in hepatocytes, while the expression in non-parenchymal cells (Kupffer cells, smooth muscle cells) and fibroblasts is rather low (Figure 5B). Therefore, it is often used as a hepatocyte marker, that is co-expressed with typical hepatocytic genes including albumin (ALB), fibrinogen α polypeptide chain (FGA), fibrinogen γ polypeptide chain (FGG), and hemopexin (HPX) (Figure 5C). Experimental findings demonstrated that antibodies directed against RBP4 can completely block the transport of retinol from hepatocytes to HSCs (Bloomhoff et al., 1988). Therefore, it was first postulated that HSCs take up and accumulate retinol and RBP4 in the liver from a retinol-RBP4 complex making this RBP central for the storage of retinol in the liver (Bloomhoff et al., 1988). However, this view was somewhat challenged by the finding that Rbp4-deficient C57BL/6 mice accumulate similar amounts of retinyl-esters in the liver combined with serum retinol levels that were below the detection limit, suggesting that the absence of RBP4 does not impair accumulation of hepatic retinol stores (Shen et al., 2016). Similar findings were already reported by Quadro et al. (2004) several years ago showing that RBP4 is not involved in the intercellular trafficking of retinol between hepatocytes and HSCs in two mouse models, namely, in Rbp4 null mice and a transgenic mouse that expressed human RBP4 under the control of the mouse muscle creatine kinase promoter in the RBP4 null background. The roles of RBP1 and RBP4 in the transfer of retinoids from hepatocytes to HSCs have been reviewed (Blaner et al., 2016). It appears that the identities of the molecules facilitating retinoid movement from hepatocytes to HSCs remain to be revealed (Widjaja-Adhi and Golczak, 2020).
[image: Figure 5]FIGURE 5 | Expression of RBP4. (A) Expression of RBP4 in healthy human tissue. Highest expression of RBP4 is found in the liver, pancreas and kidney. Immunohistochemistry shows that the major cellular sources of RBP4 in the liver are hepatocytes, while in pancreas the highest expression is found in endocrine cells (islet) and in the kidney in renal proximal tubules. (B) Single cell expression data of liver cells confirms that the highest expression of RBP4 in liver is found in hepatocytes. (C) The expression of RBP4 in liver correlates with expression of albumin (ALB), fibrinogen α polypeptide chain (FGA), fibrinogen γ polypeptide chain (FGG), and hemopexin (HPX) that are well-established markers of hepatocytes (Naylor et al., 1987; Fish and Neerman-Arbez, 2012; Gu et al., 2017). All data depicted in this figure is taken from the Human Protein Atlas resource (https://www.proteinatlas.org/).
More recent data suggested that retinol released from HSCs has paracrine effects on hepatocytes by promoting influx and accumulation of triglycerides as well as increasing the expression of genes associated with de novo lipogenesis (Hwang et al., 2021). This activity is of fundamental importance during activation of HSCs, which is the key step in the initiation of hepatic fibrosis. It was postulated that in the first of liver fibrosis, TGF-β1 suppresses the transcriptional intermediary factor 1γ (TIF1γ) in activated HSCs that subsequently increases expression of the stimulated by retinoic acid 6 (STRA6) gene (Lee et al., 2020; Hwang et al., 2021). STRA6 is a channel-like transmembrane pore, which bidirectional transports VA between extra- and intracellular RBPs and acts itself as a bona fide RBP (Kelly and von Lintig, 2015). High expression of STRA6 in HSCs leads to a leakage of retinol from HSCs that is, taken up by surrounding hepatocytes through STRA6. This leads to transcriptional activation of SREBP1 and further induction of STRA6 through RAR/LXR, which in consequence induces a vicious cycle in hepatocytes resulting in fat deposition and increased expression of genes associated with lipogenesis (Figure 6) (Hwang et al., 2021). However, these findings were not reproduced yet by any other laboratory and more studies are needed to confirm this line of research.
[image: Figure 6]FIGURE 6 | Biological function of STRA6 in the pathogenesis of liver fibrosis. In healthy liver, STRA6 bidirectional transports Vitamin A between extra- and intracellular retinoid binding proteins and acts as a bona fide RBP. Fibrogenic triggers induce expression of TGF-β1 and leakage of HSCs. This results in suppression of TIF1γ and increased expression of STRA6. Released Vitamin A is transported to and taken up by surrounding hepatocytes. This results in a virtuous cycle in which STRA6 expression is increasingly expressed. Moreover, genes involved in de novo lipogenesis are induced via RAR/LXR-mediated signalling resulting in accumulation of fat. For more information, please refer to the text.
Nevertheless, the general role of STRA6 in liver is still completely unknown. Under normal conditions, hepatic STRA6 expression in mouse adult liver is rather low and the complete lack of STRA6 in mice majorly affects the quantities of VA in the eye, while there were no phenotypic alterations observed (Bouillet et al., 1997; Ruiz et al., 2012; Terra et al., 2013; Amengual et al., 2014). Moreover, Stra6−/− mice displayed higher hepatic retinoid stores than wild type mice when kept on a beta-carotene diet, while there was no increase in hepatic VA when fed with a VA-sufficient diet (Moon et al., 2022). A similar finding was previously found in a study in which STRA6−/− mice were kept on a standard chow on which Stra6−/− showed 6-fold higher quantities of hepatic retinyl-ester levels than age-matched heterozygous siblings (Kelly et al., 2016). In contrast, high STRA6 expression is found in the brain, kidney spleen, female genital tracts, and testis (Bouillet et al., 1997). Importantly, elevated expression of STRA6 was demonstrated in blood-organ barriers made of epithelial or endothelial cells associated with tight junctions. Therefore, it was originally suggested that STRA6 performs a function as a transport system, which is in agreement with the proposed activity in VA transport (Bouillet et al., 1997).
So there seems to be a complex network of factors (RBPs, STRA6, RAR/LXR, TIF1γ, and others) that impact the transfer of VA compounds from HSCs to hepatocyte and vice versa leaving open many unanswered questions about all of these compounds. Moreover, high blood levels of RBP4 are associated with the pathogenesis of metabolic disease, obesity, insulin resistance, and T2DM (Flores-Cortez et al., 2022) showing that components of this network have more complex activities than simply controlling or transferring VA compounds between different cells.
Nevertheless, deficiency or impairment in RA metabolism worsens inflammation, fibrosis progression, and accelerates tumorigenesis in the liver (Weiskirchen and Tacke, 2014; Okayasu et al., 2019). In this context it is notable that hepatic damage is associated with activation of HSCs that lose their VA stores and transit into α-smooth muscle actin positive, extracellular matrix-secreting myofibroblasts (MFBs) that have the capacity to synthesize large quantities of extracellular matrix, which is the major hallmark of hepatic fibrogenesis. Although mostly argued that “HSC activation is simply accompanied by loss of the HSC typical retinoid droplets,” the biological function of retinoid loss in HSC biology and in hepatic fibrosis is still unclear (Kitto and Henderson, 2020). Recently, it was suggested that the cellular release of active VA metabolites, such as RA, is an essential event that is, required to initiate the differentiation of the Th17 cell population, thereby limiting the secretion of IL-17A by immune cells and promoting IL-22 signalling that shows protective effects in mouse models of liver pathology, but only in the absence of IL-17A (Rolla et al., 2016; Kartasheva-Ebertz et al., 2021). Therefore, the release of VA during activation of HSCs might be a prerequisite, consequence or even protective defence mechanism during the pathogenesis of hepatic lesions.
Another unsolved issue is the mechanisms by which elevated VA concentrations lead to hepatotoxicity that can arise acutely after consumption of exorbitant quantities of performed VA, or chronically after the persistent intake of lesser, but still excessive amounts of preformed VA (Harrison, 2014). In particular, the finding that elevated stores of VA in HSCs can provoke dose related cellular activation, hypertrophy and increased expression and excess collagen production in humans is hard to understand (Nollevaux et al., 2006; LiverTox, 2012). It was speculated that the excess of VA per se is potentially not the major cause of VA-induced fibrosis sickening effects of VA. Instead metabolites of VA with or without the influence of other environmental factors may give rise to polar metabolites, which may in turn induce liver cell necrosis and inflammation because of their covalent binding to hepatocellular proteins (Nollevaux et al., 2006). Dominantly activating VA signalling through the expression of a constitutive active RAR in mouse liver recaps the phenotype (Blaner, 2019b). In this scenario, HSC activation and fibrogenesis is the net result of retinol toxicity and release of pro-inflammatory and pro-fibrotic mediators by damaged hepatocytes. Similar to humans, the excessive intake of VA was associated with HSC lipidosis and hepatic fibrosis in a domestic cat that was fed exclusively on a home-made diet based on raw beef liver and giblets highly enriched in VA (Guerra et al., 2014).
However, if excess VA induces hepatic fibrosis, it is somewhat questionable why arctic animals such as polar bears or bearded seals that have similar HSC content in % of parenchymal cells but much higher VA-storing capacity in HSCs than humans do not show signs of hypervitaminosis A or spontaneous hepatic fibrosis (Senoo et al., 2012). Moreover, it is still open how and why arctic animals accumulate such high quantities of VA. Recently it was demonstrated in rats that the repeated daily intake of VA (90 µg/100 g body weight) for longer than 14 days formed resistance to hypervitaminosis A that prevented the accumulation of more than 250–300 µg VA/g liver tissue and decreased the content of vitamins E and C (Bozhkov et al., 2022). It is worth to note that LRAT knock-out mice had reduced hepatic VA storage which probably has increased hepatic RA levels (Liu and Gudas, 2005). Interestingly, animals with Cu-induced liver fibrosis were unable to accumulate VA within their liver, further suggesting that the functional state of the liver impacts the general capacity of the liver to uptake VA (Bozhkov et al., 2022). Alternatively, the storage of VA might be a mechanism to counteract excessive supply.
Similarly, the association of primary (i.e., prolonged dietary deprivation) and the secondary (i.e., shortages in absorption, storage, or transport of VA) VAD and the outcome of hepatic fibrosis is not fully understood. It is well accepted that VAD is associated with liver disease progression. In particular, it is assumed that poor VA intake leads to oxidative stress that critically contributes to the pathophysiological mechanism during non-alcoholic fatty liver disease (NAFLD), the severity of chronic liver diseases, and hepatocellular carcinoma (Coelho et al., 2020). However, a case-control study that enrolled 60 healthy and NAFLD patients from Jordanian showed that the intake of VA in both groups was not significantly different (734.9 ± 46.5 vs. 895.3 ± 54.5, p = 0071) suggesting that poor uptake might not per se be necessarily be a prerequisite for initiating the NAFLD pathogenesis (Tayyem et al., 2019). Furthermore, VA restriction in male rats induced by feeding a VA-deficient diet for 3 months resulted in a hypolipidaemic effect by decreasing serum triacylglycerol, cholesterol and HDL-cholesterol levels. This is contrarily to the common findings associated with NAFLD, in which de novo lipogenesis, triglyceride accumulation, and elevated serum cholesterol quantities elevated are hallmarks of this disease (Oliveros et al., 2007). Even more, an experimental study that analysed VA metabolism in two mouse models of NAFLD showed a significant accumulation of VA in hepatocytes, suggesting that impaired VA metabolism is the consequence but not the reason for NAFLD pathogenesis (Saeed et al., 2021). These discrepancies show that VA might act in concert with other factors that together predict the pathogenesis and outcome of NAFLD. Possibly, these factors are genetically determined or other nutrient components (Obrochta et al., 2014).
In sum, all these findings demonstrate that there are still many unanswered questions related to the mechanisms by which high quantities of VA mediate its pathogenic effects during acute and chronic hypervitaminosis A.
5 CHALLENGES AND FUTURE PERSPECTIVES
Although VA was discovered already more than a century ago and its metabolism extensively studied, there is still a significant lack in understanding of its biological activities. As an essential micronutrient, it is required for the maintenance of normal vision and is indispensable for proper immune function, bone remodeling, epithelial tissue homeostasis and functionality of the reproductive system. Different organizations and countries recommend minimum and maximum values for VA intake for children, adults, men, and normal women, pregnant and lactating women. Based on the important functions of VA and diseases that are directly or indirectly connected with VA signaling pathways, this vitamin is intensively discussed as a therapeutic compound to cure various diseases (Chen et al., 2022; Cook et al., 2022; Sajovic et al., 2022; Zawada et al., 2023). In liver disease, for example, a low circulating retinol level was associated with liver fibrosis and liver-related mortality in chronic liver disease, suggesting that supplementation with VA might have direct therapeutic implications (Song and Jiang, 2023). However, different VA compounds are taken up at different ratios and both, shortage and oversupply, cause severe clinical symptoms. Unfortunately, the outcome of some experimental studies and clinical trials are contradictory, most likely because the biological activities of VA compounds are influenced by partly unknown genetic and epigenetic factors. Therefore, the research area of VA’s role in hepatic metabolism and energy homeostasis still offers many open questions. In particular, there is a lack of knowledge in the following areas:
• How can somebody estimate his/her daily VA intake when different VA compounds are absorbed differentially in the body (e.g., the absorbance rate of retinoids is 75%–100%, while the uptake of carotenoids is strongly dependent on the food matrix and type of carotenoid)?
• Why do humans and animals (e.g., artic animals) are differentially susceptible for hypervitaminosis A?
• How can discrepancies be explained that were shown in different correlation studies of body mass index and VA status?
• What are the mechanisms that lead to liver damage in hyper- and hypovitaminosis A?
• How specific is the VA status for the pathogenesis of liver diseases?
• What are suitable tests for estimating VAD/excess?
• Which genetic and epigenetic factors in other pathways impact uptake, storage, metabolism and elimination of VA?
• How suitable are experimental models of VAD/excess for mimicking human disease conditions?
• What are normal VA values in the body and which diagnostic tests are suitable for measuring them?
• Are there test systems available that allow to detect VAD/excess at an early stage?
• Is there a reasonable composition of foodstuffs that guarantees an adequate VA supply?
• Can the knowledge about VA transport lead to novel therapeutic opportunities (e.g., in NASH)?
Importantly, there are many studies that have associated VAD or excess with a multitude of symptoms and diseases. In addition, VA is a well-accepted epigenetic modulator (Bar-El Dadon and Reifen, 2017). However, the molecular mechanisms by which VA exerts its effect on the expression of genes or signatures are not fully understood. Similarly, the network of VA, RAR/RXR, and diverse nuclear co-repressors (e.g., NCoRs) is not unraveled yet. The beneficial effects of VA in the treatment of skin diseases, cystic acne, wound healing injuries, and several cancers have shown that this vitamin is an effective therapeutic. Nevertheless, over dosage can cause severe side effects including respiratory distress, pericardial effusions, and multi-organ failure. Therefore, the intake of VA supplements or diets enriched in VA should be only done after consulting an expert.
AUTHOR CONTRIBUTIONS
GC and RW have written this review and SW has prepared the figures. All authors contributed to the article and approved the submitted version.
FUNDING
The laboratory of RW is funded by the German Research Foundation (grants WE2554/13-1, WE2554/15-1, WE 2554/17-1) and a grant from the Interdisciplinary Centre for Clinical Research within the faculty of Medicine at the RWTH Aachen University (grant PTD 1-5). The laboratory of GC had been funded by grants (#466, 492, and 492B) from the Diabetes Action Research and Education Foundation.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ABBREVIATIONS
DRI(s), dietary reference intake(s); HSC(s), hepatic stellate cell(s); LRAT, lecithin-retinol acyltransferase; MFB, myofibroblast(s); NAFLD, non-alcoholic fatty liver disease; PPAR, proliferator-activated receptor; RA, retinoic acid; RARE(s), retinoic acid response element(s); RBS(s), retinol binding protein(s); RDA, recommended dietary allowance; RXR, retinoid X receptors; STRA6, stimulated by retinoic acid 6; T1DM, type I diabetes mellitus; T2DM, type II diabetes mellitus; TIF1γ, transcriptional intermediary factor 1γ; VA, vitamin A; VAD, vitamin A deficiency; ZDF, Zucker diabetic fatty.
REFERENCES
 Albuquerque, M. N., Diniz Ada, S., and Arruda, I. K. (2016). Elevated serum retinol and low beta-carotene but not alpha-tocopherol concentrations are associated with dyslipidemia in Brazilian adolescents. J. Nutr. Sci. Vitaminol. (Tokyo) 62 (2), 73–80. doi:10.3177/jnsv.62.73
 Amengual, J., Zhang, N., Kemerer, M., Maeda, T., Palczewski, K., and Von Lintig, J. (2014). STRA6 is critical for cellular vitamin A uptake and homeostasis. Hum. Mol. Genet. 23 (20), 5402–5417. doi:10.1093/hmg/ddu258
 Bain, D. L., Heneghan, A. F., Connaghan-Jones, K. D., and Miura, M. T. (2007). Nuclear receptor structure: Implications for function. Annu. Rev. Physiol. 69, 201–220. doi:10.1146/annurev.physiol.69.031905.160308
 Bar-El Dadon, S., and Reifen, R. (2017). Vitamin A and the epigenome. Crit. Rev. Food Sci. Nutr. 57 (11), 2404–2411. doi:10.1080/10408398.2015.1060940
 Basualdo, C. G., Wein, E. E., and Basu, T. K. (1997). Vitamin A (retinol) status of first nation adults with non-insulin-dependent diabetes mellitus. J. Am. Coll. Nutr. 16 (1), 39–45. doi:10.1080/07315724.1997.10718647
 Benbrook, D. M., Chambon, P., Rochette-Egly, C., and Asson-Batres, M. A. (2014). History of retinoic acid receptors. Subcell. Biochem. 70, 1–20. doi:10.1007/978-94-017-9050-5_1
 Berry, D. C., and Noy, N. (2009). 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. 29 (12), 3286–3296. doi:10.1128/mcb.01742-08
 Blaner, W. S. (2019b). Hepatic stellate cells and retinoids: Toward a much more defined relationship. Hepatology 69 (2), 484–486. doi:10.1002/hep.30293
 Blaner, W. S., Li, Y., Brun, P. J., Yuen, J. J., Lee, S. A., and Clugston, R. D. (2016). Vitamin A absorption, storage and mobilization. Subcell. Biochem. 81, 95–125. doi:10.1007/978-94-024-0945-1_4
 Blaner, W. S. (2019a). Vitamin A signaling and homeostasis in obesity, diabetes, and metabolic disorders. Pharmacol. Ther. 197, 153–178. doi:10.1016/j.pharmthera.2019.01.006
 Blomhoff, R., Berg, T., and Norum, K. R. (1988). Transfer of retinol from parenchymal to stellate cells in liver is mediated by retinol-binding protein. Proc. Natl. Acad. Sci. U. S. A. 85 (10), 3455–3458. doi:10.1073/pnas.85.10.3455
 Blomhoff, R., and Blomhoff, H. K. (2006). Overview of retinoid metabolism and function. J. Neurobiol. 66 (7), 606–630. doi:10.1002/neu.20242
 Bohhkov, A., Ionov, I., Kurhuzova, N., Novkova, A., Katerynych, O., and Akzhyhitov, R. (2022). Vitamin A intake forms resistance to hypervitaminosis A and affects the functional activity of the liver. Clin. Nutr. Open Sci. 41, 82–97. doi:10.1016/j.nutos.2021.12.003
 Bouillet, P., Sapin, V., Chazaud, C., Messaddeq, N., Décimo, D., Dollé, P., et al. (1997). Developmental expression pattern of Stra6, a retinoic acid-responsive gene encoding a new type of membrane protein. Mech. Dev. 63 (2), 173–186. doi:10.1016/s0925-4773(97)00039-7
 Chen, S., Hu, Q., Tao, X., Xia, J., Wu, T., Cheng, B., et al. (2022). Retinoids in cancer chemoprevention and therapy: Meta-analysis of randomized controlled trials. Front. Genet. 13, 1065320. doi:10.3389/fgene.2022.1065320
 Chen, W., and Chen, G. (2014). The roles of Vitamin A in the regulation of carbohydrate, lipid, and protein metabolism. J. Clin. Med. 3 (2), 453–479. doi:10.3390/jcm3020453
 Coelho, J. M., Cansanção, K., Perez, R. M., Leite, N. C., Padilha, P., Ramalho, A., et al. (2020). Association between serum and dietary antioxidant micronutrients and advanced liver fibrosis in non-alcoholic fatty liver disease: An observational study. PeerJ 8, e9838. doi:10.7717/peerj.9838
 Cook, M. K., Perche, P. O., and Feldman, S. R. (2022). The use of oral vitamin A in acne management: A review. Dermatol Online J. 28 (5). doi:10.5070/D328559239
 Dileepan, K. N., Singh, V. N., and Ramachandran, C. K. (1977). Early effects of hypervitaminosis A on gluconeogenic activity and amino acid metabolizing enzymes of rat liver. J. Nutr. 107 (10), 1809–1815. doi:10.1093/jn/107.10.1809
 Driscoll, H. K., Chertow, B. S., Jelic, T. M., Baltaro, R. J., Chandor, S. B., Walker, E. M., et al. (1996). Vitamin A status affects the development of diabetes and insulitis in BB rats. Metabolism 45 (2), 248–253. doi:10.1016/s0026-0495(96)90062-1
 Dwyer, J., Saldanha, L., Haggans, C., Potischman, N., Gahche, J., Thomas, P., et al. (2020). Conversions of β-carotene as vitamin A in IU to vitamin A in RAE. J. Nutr. 150 (5), 1337. doi:10.1093/jn/nxz334
 El-Sayed, M. M., Ghareeb, D. A., Talat, H. A., and Sarhan, E. M. (2013). High fat diet induced insulin resistance and elevated retinol binding protein 4 in female rats; treatment and protection with Berberis vulgaris extract and vitamin A. Pak J. Pharm. Sci. 26 (6), 1189–1195. PMID: 24191325.
 Evans, R. M., and Mangelsdorf, D. J. (2014). Nuclear receptors, RXR, and the big bang. Cell. 157 (1), 255–266. doi:10.1016/j.cell.2014.03.012
 Fish, R. J., and Neerman-Arbez, M. (2012). Fibrinogen gene regulation. Thromb. Haemost. 108 (3), 419–426. doi:10.1160/TH12-04-0273
 Flores-Cortez, Y. A., Barragán-Bonilla, M. I., Mendoza-Bello, J. M., González-Calixto, C., Flores-Alfaro, E., and Espinoza-Rojo, M. (2022). Interplay of retinol binding protein 4 with obesity and associated chronic alterations (Review). Mol. Med. Rep. 26 (1), 244. doi:10.3892/mmr.2022.12760
 Fujiwara, H., Umeda, Y., and Yonekura, S. (1995). Cerebellar infarction with hypertriglyceridemia during all-trans retinoic acid therapy for acute promyelocytic leukemia. Leukemia 9 (9), 1602–1603. PMID: 7658733.
 García, O. P., Ronquillo, D., del Carmen Caamaño, M., Martínez, G., Camacho, M., López, V., et al. (2013). Zinc, iron and vitamins A, C and e are associated with obesity, inflammation, lipid profile and insulin resistance in Mexican school-aged children. Nutrients 5 (12), 5012–5030. doi:10.3390/nu5125012
 Girard, A. W., Grant, F., Watkinson, M., Okuku, H. S., Wanjala, R., Cole, D., et al. (2017). Promotion of orange-fleshed sweet potato increased Vitamin A intakes and reduced the Odds of low retinol-binding protein among postpartum Kenyan women. J. Nutr. 147 (5), 955–963. doi:10.3945/jn.116.236406
 Gu, X., Huang, D., Ci, L., Shi, J., Zhang, M., Yang, H., et al. (2017). Fate tracing of hepatocytes in mouse liver. Sci. Rep. 7 (1), 16108. doi:10.1038/s41598-017-15973-7
 Guerra, J. M., Daniel, A. G., Aloia, T. P., de Siqueira, A., Fukushima, A. R., Simões, D. M., et al. (2014). Hypervitaminosis A-induced hepatic fibrosis in a cat. J. Feline Med. Surg. 16 (3), 243–248. doi:10.1177/1098612X13516121
 Gurmu, F., Hussein, S., and Laing, M. (2014). The potential of orange-fleshed sweet potato to prevent Vitamin A deficiency in Africa. Int. J. Vitam. Nutr. Res. 84 (1-2), 65–78. doi:10.1024/0300-9831/a000194
 Haaker, M. W., Vaandrager, A. B., and Helms, J. B. (2020). Retinoids in health and disease: A role for hepatic stellate cells in affecting retinoid levels. Biochim. Biophys. Acta Mol. Cell. Biol. Lipids 1865 (6), 158674. doi:10.1016/j.bbalip.2020.158674
 Harika, R., Faber, M., Samuel, F., Kimiywe, J., Mulugeta, A., and Eilander, A. (2017). Micronutrient status and dietary intake of iron, vitamin A, iodine, folate and zinc in women of reproductive age and pregnant women in Ethiopia, Kenya, Nigeria and South Africa: A systematic review of data from 2005 to 2015. Nutrients 9 (10), 1096. doi:10.3390/nu9101096
 Harrison, E. H. (2005). Mechanisms of digestion and absorption of dietary vitamin A. Annu. Rev. Nutr. 25 (1), 87–103. doi:10.1146/annurev.nutr.25.050304.092614
 Harrison, E. H. (2014). Vitamin A. Reference Module Biomed. Sci . doi:10.1016/B978-0-12-801238-3.00230-0
 Haskell, M. J., Jamil, K. M., Hassan, F., Peerson, J. M., Hossain, M. I., Fuchs, G. J., et al. (2004). Daily consumption of Indian spinach (Basella alba) or sweet potatoes has a positive effect on total-body vitamin A stores in Bangladeshi men. Am. J. Clin. Nutr. 80 (3), 705–714. doi:10.1093/ajcn/80.3.705
 Herter-Aeberli, I., Thankachan, P., Bose, B., and Kurpad, A. V. (2016). Increased risk of iron deficiency and reduced iron absorption but no difference in zinc, vitamin A or B-vitamin status in obese women in India. Eur. J. Nutr. 55 (8), 2411–2421. doi:10.1007/s00394-015-1048-1
 Hotz, C., Loechl, C., de Brauw, A., Eozenou, P., Gilligan, D., Moursi, M., et al. (2012a). A large-scale intervention to introduce orange sweet potato in rural Mozambique increases vitamin A intakes among children and women. Br. J. Nutr. 108 (1), 163–176. doi:10.1017/s0007114511005174
 Hotz, C., Loechl, C., Lubowa, A., Tumwine, J. K., Ndeezi, G., Nandutu Masawi, A., et al. (2012b). Introduction of β-carotene-rich orange sweet potato in rural Uganda resulted in increased vitamin A intakes among children and women and improved vitamin A status among children. J. Nutr. 142 (10), 1871–1880. doi:10.3945/jn.111.151829
 Hwang, I., Lee, E. J., Park, H., Moon, D., and Kim, H. S. (2021). Retinol from hepatic stellate cells via STRA6 induces lipogenesis on hepatocytes during fibrosis. Cell. Biosci. 11 (1), 3. doi:10.1186/s13578-020-00509-w
 Institute of Medicine (US) (2001). Panel on micronutrients. Dietary reference intakes for vitamin A, vitamin K, arsenic, boron, chromium, copper, iodine, iron, manganese, molybdenum, nickel, silicon, vanadium, and zinc. Washington (DC): National Academies Press. 
 Jamil, K. M., Brown, K. H., Jamil, M., Peerson, J. M., Keenan, A. H., Newman, J. W., et al. (2012). Daily consumption of orange-fleshed sweet potato for 60 days increased plasma β-carotene concentration but did not increase total body vitamin A pool size in Bangladeshi women. J. Nutr. 142 (10), 1896–1902. doi:10.3945/jn.112.164830
 Jeyakumar, S. M., Sheril, A., and Vajreswari, A. (2015). Chronic vitamin A-enriched diet feeding induces body weight gain and adiposity in lean and glucose-intolerant obese rats of WNIN/GR-Ob strain. Exp. Physiol. 100 (11), 1352–1361. doi:10.1113/ep085027
 Jeyakumar, S. M., Sheril, A., and Vajreswari, A. (2017). Vitamin A improves hyperglycemia and glucose-intolerance through regulation of intracellular signaling pathways and glycogen synthesis in WNIN/GR-Ob obese rat model. Prev. Nutr. Food Sci. 22 (3), 172–183. doi:10.3746/pnf.2017.22.3.172
 Kartasheva-Ebertz, D. M., Pol, S., and Lagaye, S. (2021). Retinoic acid: A new old friend of IL-17a in the immune pathogeny of liver fibrosis. Front. Immunol. 12, 691073. doi:10.3389/fimmu.2021.691073
 Kelly, M., and von Lintig, J. (2015). STRA6: Role in cellular retinol uptake and efflux. Hepatobiliary Surg. Nutr. 4 (4), 229–242. doi:10.3978/j.issn.2304-3881.2015.01.12
 Kelly, M., Widjaja-Adhi, M. A., Palczewski, G., and von Lintig, J. (2016). Transport of vitamin A across blood-tissue barriers is facilitated by STRA6. FASEB J. 30 (8), 2985–2995. doi:10.1096/fj.201600446R
 Kim, S. C., Kim, C. K., Axe, D., Cook, A., Lee, M., Li, T., et al. (2014). All-trans-retinoic acid ameliorates hepatic steatosis in mice by a novel transcriptional cascade. Hepatology 59 (5), 1750–1760. doi:10.1002/hep.26699
 Kitto, L. J., and Henderson, N. C. (2020). Hepatic stellate cell regulation of liver regeneration and repair. Hepatol. Commun. 5 (3), 358–370. doi:10.1002/hep4.1628
 Koistinen, H. A., Remitz, A., Gylling, H., Miettinen, T. A., Koivisto, V. A., and Ebeling, P. (2001). Dyslipidemia and a reversible decrease in insulin sensitivity induced by therapy with 13-cis-retinoic acid. Diabetes Metab. Res. Rev. 17 (5), 391–395. doi:10.1002/dmrr.222
 Kruse, S. W., Suino-Powell, K., Zhou, X. E., Kretschman, J. E., Reynolds, R., Vonrhein, C., et al. (2008). Identification of COUP-TFII orphan nuclear receptor as a retinoic acid-activated receptor. PLoS Biol. 6 (9), e227. doi:10.1371/journal.pbio.0060227
 Laker, M. F., Green, C., Bhuiyan, A. K., and Shuster, S. (1987). Isotretinoin and serum lipids: Studies on fatty acid, apolipoprotein and intermediary metabolism. Br. J. Dermatol 117 (2), 203–206. doi:10.1111/j.1365-2133.1987.tb04117.x
 Lakshman, M. R. (2004). Alpha and omega of carotenoid cleavage. J. Nutr. 134 (1), 241S–5S. doi:10.1093/jn/134.1.241S
 Lee, E. J., Hwang, I., Lee, J. Y., Park, J. N., Kim, K. C., Kim, I., et al. (2020). Hepatic stellate cell-specific knockout of transcriptional intermediary factor 1γ aggravates liver fibrosis. J. Exp. Med. 217 (6), e20190402. doi:10.1084/jem.20190402
 Li, R., Zhang, R., Li, Y., Zhu, B., Chen, W., Zhang, Y., et al. (2014). A RARE of hepatic Gck promoter interacts with RARα, HNF4α and COUP-TFII that affect retinoic acid- and insulin-induced Gck expression. J. Nutr. Biochem. 25 (9), 964–976. doi:10.1016/j.jnutbio.2014.04.009
 Liu, L., and Gudas, L. J. (2005). Disruption of the lecithin:retinol acyltransferase gene makes mice more susceptible to vitamin A deficiency. J. Biol. Chem. 280 (48), 40226–40234. doi:10.1074/jbc.M509643200
 LiverTox (2012). Clinical and research information on drug-induced liver injury [internet]. Bethesda (MD): National Institute of Diabetes and Digestive and Kidney Diseases. Vitamin A. [Updated 2020 Nov 4]. Available at: https://www.ncbi.nlm.nih.gov/books/NBK548165/. 
 Low, J. W., Arimond, M., Osman, N., Cunguara, B., Zano, F., and Tschirley, D. (2007). A food-based approach introducing orange-fleshed sweet potatoes increased vitamin A intake and serum retinol concentrations in young children in rural Mozambique. J. Nutr. 137 (5), 1320–1327. doi:10.1093/jn/137.5.1320
 Lu, J., Field, C. J., and Basu, T. K. (2000). The immune responses to diabetes in BB rats supplemented with vitamin A. J. Nutr. Biochem. 11 (10), 515–520. doi:10.1016/s0955-2863(00)00114-5
 Maeda, Y., Yamaguchi, T., Hijikata, Y., Tanaka, M., Hirase, C., Takai, S., et al. (2008). Clinical efficacy of all-trans retinoic acid for treating adult T cell leukemia. J. Cancer Res. Clin. Oncol. 134 (6), 673–677. doi:10.1007/s00432-007-0334-6
 Makita, T., Hernandez-Hoyos, G., Chen, T. H.-P., Wu, H., Rothenberg, E. V., and Sucov, H. M. (2001). A developmental transition in definitive erythropoiesis: Erythropoietin expression is sequentially regulated by retinoic acid receptors and HNF4. Genes. Dev. 15 (7), 889–901. doi:10.1101/gad.871601
 Malek, M., Yousefi, R., Safari, S., Seyyedi, S. H. S., and Mottaghi, A. (2019). Dietary intakes and biochemical parameters of morbidly obese patients prior to bariatric surgery. Obes. Surg. 29 (6), 1816–1822. doi:10.1007/s11695-019-03759-x
 Manolescu, D. C., Sima, A., and Bhat, P. V. (2010). All-trans retinoic acid lowers serum retinol-binding protein 4 concentrations and increases insulin sensitivity in diabetic mice. J. Nutr. 140 (2), 311–316. doi:10.3945/jn.109.115147
 Maxwell, S. R., Thomason, H., Sandler, D., LeGuen, C., Baxter, M. A., Thorpe, G. H., et al. (1997). Poor glycaemic control is associated with reduced serum free radical scavenging (antioxidant) activity in non-insulin-dependent diabetes mellitus. Ann. Clin. Biochem. 34 (6), 638–644. doi:10.1177/000456329703400607
 McCollum, E. V., and Davis, M. (1913). The necessity of certain lipins in the diet during growth. J. Biol. Chem. 15, 167–175. doi:10.1016/S0021-9258(18)88553-2
 Melse-Boonstra, A., Vossenaar, M., van Loo-Bouwman, C. A., Kraemer, K., de Pee, S., West, K. P., et al. (2017). Dietary vitamin A intake recommendations revisited: Global confusion requires alignment of the units of conversion and expression. Public Health Nutr. 20 (11), 1903–1906. doi:10.1017/S1368980017000477
 Moise, A. R., Noy, N., Palczewski, K., and Blaner, W. S. (2007). Delivery of retinoid-based therapies to target tissues. Biochemistry 46 (15), 4449–4458. doi:10.1021/bi7003069
 Moon, J., Ramkumar, S., and von Lintig, J. (2022). Genetic dissection in mice reveals a dynamic crosstalk between the delivery pathways of vitamin A. J. Lipid Res. 63 (6), 100215. doi:10.1016/j.jlr.2022.100215
 Morgenstern, J., Fleming, T., Kliemank, E., Brune, M., Nawroth, P., and Fischer, A. (2021). Quantification of all-trans retinoic acid by liquid chromatography-tandem mass spectrometry and association with lipid profile in patients with type 2 diabetes. Metabolites 11 (1), 60. doi:10.3390/metabo11010060
 Moutier, E., Ye, T., Choukrallah, M. A., Urban, S., Osz, J., Chatagnon, A., et al. (2012). Retinoic acid receptors recognize the mouse genome through binding elements with diverse spacing and topology. J. Biol. Chem. 287 (31), 26328–26341. doi:10.1074/jbc.M112.361790
 Napoli, J. L. (2012). Physiological insights into all-trans-retinoic acid biosynthesis. Biochim. Biophys. Acta 1821 (1), 152–167. doi:10.1016/j.bbalip.2011.05.004
 National Institutes of Health (2022). Office of dietary supplements. Vitamin A and carotenoids. Fact sheet for health professionals. Last updated June 15, 2022. Available at: https://ods.od.nih.gov/factsheets/VitaminA-HealthProfessional/. 
 Naylor, S. L., Altruda, F., Marshall, A., Silengo, L., and Bowman, B. H. (1987). Hemopexin is localized to human chromosome 11. Somat. Cell. Mol. Genet. 13 (4), 355–358. doi:10.1007/BF01534930
 Neyzen, S., Van de Leur, E., Borkham-Kamphorst, E., Herrmann, J., Hollweg, G., Gressner, A. M., et al. (2006). Cryopreservation of hepatic stellate cells. J. Hepatol. 44 (5), 910–917. doi:10.1016/j.jhep.2005.07.008
 Nizamutdinova, I. T., Guleria, R. S., Singh, A. B., Kendall, J. A., Baker, K. M., and Pan, J. (2013). Retinoic acid protects cardiomyocytes from high glucose-induced apoptosis through inhibition of NF-κB signaling pathway. J. Cell. Physiol. 228 (2), 380–392. doi:10.1002/jcp.24142
 Nollevaux, M. C., Guiot, Y., Horsmans, Y., Leclercq, I., Rahier, J., Geubel, A. P., et al. (2006). Hypervitaminosis A-induced liver fibrosis: Stellate cell activation and daily dose consumption. Liver Int. 26 (2), 182–186. doi:10.1111/j.1478-3231.2005.01207.x
 O'Byrne, S. M., and Blaner, W. S. (2013). Retinol and retinyl esters: Biochemistry and physiology. J. Lipid Res. 54 (7), 1731–1743. doi:10.1194/jlr.R037648
 Obrochta, K. M., Kane, M. A., and Napoli, J. L. (2014). Effects of diet and strain on mouse serum and tissue retinoid concentrations. PLoS One 9 (6), e99435. doi:10.1371/journal.pone.0099435
 Okayasu, I., Fujiwara, M., and Yoshida, T. (2019). The role of vitamin A-storing cells (stellate cells) in inflammation and tumorigenesis. Vitam. A. IntechOpen . doi:10.5772/intechopen.83523
 Oliveros, L. B., Domeniconi, M. A., Vega, V. A., Gatica, L. V., Brigada, A. M., and Gimenez, M. S. (2007). Vitamin A deficiency modifies lipid metabolism in rat liver. Br. J. Nutr. 97 (2), 263–272. doi:10.1017/S0007114507182659
 Quadro, L., Blaner, W. S., Hamberger, L., Novikoff, P. M., and Vogel, S. (2004). The role of extrahepatic retinol binding protein in the mobilization of retinoid stores. J. Lipid Res. 45 (11), 1975–1982. doi:10.1194/jlr.M400137-JLR200
 Rodondi, N., Darioli, R., Ramelet, A. A., Hohl, D., Lenain, V., Perdrix, J., et al. (2002). High risk for hyperlipidemia and the metabolic syndrome after an episode of hypertriglyceridemia during 13-cis retinoic acid therapy for acne: A pharmacogenetic study. Ann. Intern Med. 136 (8), 582–589. doi:10.7326/0003-4819-136-8-200204160-00007
 Rolla, S., Alchera, E., Imarisio, C., Bardina, V., Valente, G., Cappello, P., et al. (2016). The balance between IL-17 and IL-22 produced by liver-infiltrating T-helper cells critically controls NASH development in mice. Clin. Sci. (Lond). 130 (3), 193–203. doi:10.1042/CS20150405
 Ross, A. C., Caballero, B., Cousins, R. J., Tucker, K. L., and Ziegler, T. R. (2020). Modern nutrition in health and diseases. Eleventh ed Wolters Kluwer Health Adis. 
 Ross, A. C., and Harrison, E. (2007). “Vitamin A: Nutrional aspctes of retionoids and carotenoids,” in Handbook of vitamins ed . Editors J. Zempleni, R. B. Rucker, D. B. McCormick, and J. W. Suttie4th edition (Boca Raton: CRC Press). ISBN: 978-0-8493-4022-2. 
 Ross, A. C. (2003). Retinoid production and catabolism: Role of diet in regulating retinol esterification and retinoic acid oxidation. J. Nutr. 133 (1), 291S-296S–6. doi:10.1093/jn/133.1.291S
 Ruiz, A., Mark, M., Jacobs, H., Klopfenstein, M., Hu, J., Lloyd, M., et al. (2012). Retinoid content, visual responses, and ocular morphology are compromised in the retinas of mice lacking the retinol-binding protein receptor, STRA6. Investig. Ophthalmol. Vis. Sci. 53 (6), 3027–3039. doi:10.1167/iovs.11-8476
 Saeed, A., Bartuzi, P., Heegsma, J., Dekker, D., Kloosterhuis, N., de Bruin, A., et al. (2021). Impaired hepatic vitamin A metabolism in NAFLD mice leading to vitamin A accumulation in hepatocytes. Cell. Mol. Gastroenterol. Hepatol. 11 (1), 309–325.e3. doi:10.1016/j.jcmgh.2020.07.006
 Sajovic, J., Meglič, A., Glavač, D., Š, M., Hawlina, M., and Fakin, A. (2022). The role of vitamin A in retinal diseases. Int. J. Mol. Sci. 23 (3), 1014. doi:10.3390/ijms23031014
 Senoo, H., Imai, K., Mezaki, Y., Miura, M., Morii, M., Fujiwara, M., et al. (2012). Accumulation of vitamin A in the hepatic stellate cell of arctic top predators. Anat. Rec. Hob. 295 (10), 1660–1668. doi:10.1002/ar.22555
 Senoo, H., Yoshikawa, K., Morii, M., Miura, M., Imai, K., and Mezaki, Y. (2010). Hepatic stellate cell (vitamin A-storing cell) and its relative--past, present and future. Cell. Biol. Int. 34 (12), 1247–1272. doi:10.1042/CBI20100321
 Shaw, N., Elholm, M., and Noy, N. (2003). Retinoic acid is a high affinity selective ligand for the peroxisome proliferator-activated receptor beta/delta. J. Biol. Chem. 278 (43), 41589–41592. doi:10.1074/jbc.C300368200
 Shen, J., Shi, D., Suzuki, T., Xia, Z., Zhang, H., Araki, K., et al. (2016). Severe ocular phenotypes in Rbp4-deficient mice in the C57BL/6 genetic background. Lab. Investig. 96 (6), 680–691. doi:10.1038/labinvest.2016.39
 Silva, J. S., Chaves, G. V., Stenzel, A. P., Pereira, S. E., Saboya, C. J., and Ramalho, A. (2017). Improvement of anthropometric and biochemical, but not of vitamin A, status in adolescents who undergo roux-en-Y gastric bypass: A 1-year follow up study. Surg. Obes. Relat. Dis. 13 (2), 227–233. doi:10.1016/j.soard.2016.09.002
 Singh, M., Ningh, V. N., and Venkitasubramanian, T. A. (1975). Role of adrenals in the vitamin A-mediated increase in the activities of gluconeogenic enzymes of rat liver. Life Sci. 17 (6), 859–865. doi:10.1016/0024-3205(75)90436-1
 Singh, M., Singh, V. N., and Venkitasubramanian, T. A. (1976b). Early effects of excessive retinol intake on gluconeogenesis. Involvement of adrenals in the increased activities on Gluconeogenic Enzymes of rat. Arch. Biochem. Biophys. 173 (1), 82–92. doi:10.1016/0003-9861(76)90237-x
 Singh, M., Singh, V. N., and Venkitasubramanian, T. A. (1976a). Early effects of excessive retinol intake on hepatic glycogen metabolism. Arch. Biochem. Biophys. 173 (1), 93–99. doi:10.1016/0003-9861(76)90238-1
 Singh, M., Singh, V. N., and Venkitasubramanian, T. A. (1968). Early effects of feeding excess vitamin A: Hepatic glycogen, blood lactic acid, plasma NEFA and glucose tolerance in rats. Life Sci. 7 (5), 239–247. doi:10.1016/0024-3205(68)90197-5
 Singh, V. N., Singh, M., and Venkitasubramanian, T. A. (1969). Early effects of feeding excess vitamin A: Mechanism of fatty liver production in rats. J. Lipid Res. 10 (4), 395–401. doi:10.1016/S0022-2275(20)43066-4
 Sommer, A. (2008). Vitamin A deficiency and clinical disease: An historical overview. J. Nutr. 138 (10), 1835–1839. doi:10.1093/jn/138.10.1835
 Song, J., and Jiang, Z. G. (2023). Low vitamin A levels are associated with liver-related mortality: A nationally representative cohort study. Hepatol. Commun. 7 (5), e0124. doi:10.1097/HC9.0000000000000124
 Song, P., Wang, J., Wei, W., Chang, X., Wang, M., and An, L. (2017). The prevalence of vitamin A deficiency in Chinese children: A systematic review and bayesian meta-analysis. Nutrients 9 (12), 1285. doi:10.3390/nu9121285
 Strychalski, J., Gugołek, A., Antoszkiewicz, Z., Fopp-Bayat, D., Kaczorek-Łukowska, E., Snarska, A., et al. (2022). The effect of the BCO2 genotype on the expression of genes related to carotenoid, retinol, and α-tocopherol metabolism in rabbits fed a diet with aztec marigold flower extract. Int. J. Mol. Sci. 23 (18), 10552. doi:10.3390/ijms231810552
 Takahashi, F., Hashimoto, Y., Kaji, A., Sakai, R., Kawate, Y., Okamura, T., et al. (2021). Vitamin intake and loss of muscle mass in older people with type 2 diabetes: A prospective study of the KAMOGAWA-DM cohort. Nutrients 13 (7), 2335. doi:10.3390/nu13072335
 Tang, G., Qin, J., Dolnikowski, G. G., Russell, R. M., and Grusak, M. A. (2009). Golden Rice is an effective source of vitamin A. Amer J. Clin. Nutr. 89 (6), 1776–1783. doi:10.3945/ajcn.2008.27119
 Tanumihardjo, S. A. (2004). Assessing vitamin A status: Past, present and future. J. Nutr. 134 (1), 290S-293S–3s. doi:10.1093/jn/134.1.290S
 Tayyem, R. F., Al-Dayyat, H. M., and Rayyan, Y. M. (2019). Relationship between lifestyle factors and nutritional status and non-alcoholic fatty liver disease among a group of adult Jordanians. Arab. J. Gastroenterol. 20 (1), 44–49. doi:10.1016/j.ajg.2019.01.008
 Terra, R., Wang, X., Hu, Y., Charpentier, T., Lamarre, A., Zhong, M., et al. (2013). To investigate the necessity of STRA6 upregulation in T cells during T cell immune responses. PLoS One 8 (12), e82808. doi:10.1371/journal.pone.0082808
 Trasino, S. E., Benoit, Y. D., and Gudas, L. J. (2015). Vitamin A deficiency causes hyperglycemia and loss of pancreatic β-cell mass. J. Biol. Chem. 290 (3), 1456–1473. doi:10.1074/jbc.M114.616763
 Turner, T., Burri, B. J., Jamil, K. M., and Jamil, M. (2013). The effects of daily consumption of β-cryptoxanthin-rich tangerines and β-carotene-rich sweet potatoes on vitamin A and carotenoid concentrations in plasma and breast milk of Bangladeshi women with low vitamin A status in a randomized controlled trial. Am. J. Clin. Nutr. 98 (5), 1200–1208. doi:10.3945/ajcn.113.058180
 van Jaarsveld, P. J., Faber, M., Tanumihardjo, S. A., Nestel, P., Lombard, C. J., and Benadé, A. J. (2005). Beta-carotene-rich orange-fleshed sweet potato improves the vitamin A status of primary school children assessed with the modified-relative-dose-response test. Am. J. Clin. Nutr. 81 (5), 1080–1087. doi:10.1093/ajcn/81.5.1080
 von Lintig, J., Moon, J., Lee, J., and Ramkumar, S. (2020). Carotenoid metabolism at the intestinal barrier. Biochim. Biophys. Acta Mol. Cell. Biol. Lipids 1865 (11), 158580. doi:10.1016/j.bbalip.2019.158580
 Wang, T., Tang, X., Hu, X., Wang, J., and Chen, G. (2022). Reduction in the dietary VA status prevents type 2 diabetes and obesity in Zucker diabetic fatty rats. Biomolecules 12 (4), 528. doi:10.3390/biom12040528
 Wei, X., Peng, R., Cao, J., Kang, Y., Qu, P., Liu, Y., et al. (2016). Serum vitamin A status is associated with obesity and the metabolic syndrome among school-age children in Chongqing, China. Asia Pac J. Clin. Nutr. 25 (3), 563–570. doi:10.6133/apjcn.092015.03
 Weiskirchen, R., and Tacke, F. (2014). Cellular and molecular functions of hepatic stellate cells in inflammatory responses and liver immunology. Hepatobiliary Surg. Nutr. 3 (6), 344–363. doi:10.3978/j.issn.2304-3881.2014.11.03
 Widjaja-Adhi, M. A. K., and Golczak, M. (2020). The molecular aspects of absorption and metabolism of carotenoids and retinoids in vertebrates. Biochim. Biophys. Acta Mol. Cell. Biol. Lipids 1865 (11), 158571. doi:10.1016/j.bbalip.2019.158571
 Wolf, G. (2010). Tissue-specific increases in endogenous all-trans retinoic acid: Possible contributing factor in ethanol toxicity. Nutr. Rev. 68 (11), 689–692. doi:10.1111/j.1753-4887.2010.00323.x
 Wyss, A. (2004). Carotene oxygenases: A new family of double bond cleavage enzymes. J. Nutr. 134 (1), 246S–50S. doi:10.1093/jn/134.1.246S
 Yin, Y., Wang, D., Ma, C., Yu, S., Xie, S., Cheng, Q., et al. (2021). Establishing reference intervals for vitamins A and E in Chinese elderly people using liquid chromatography-tandem mass spectrometry. J. Clin. Lab. Anal. 35 (4), e23726. doi:10.1002/jcla.23726
 Zawada, D., Kornherr, J., Meier, A. B., Santamaria, G., Dorn, T., Nowak-Imialek, M., et al. (2023). Retinoic acid signaling modulation guides in vitro specification of human heart field-specific progenitor pools. Nat. Commun. 14 (1), 1722. doi:10.1038/s41467-023-36764-x
 Zhang, Y., Li, R., Li, Y., Chen, W., Zhao, S., and Chen, G. (2012). Vitamin A status affects obesity development and hepatic expression of key genes for fuel metabolism in Zucker fatty rats. Biochem. Cell. Biol. 90 (4), 548–557. doi:10.1139/o2012-012
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Chen, Weiskirchen and Weiskirchen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-14-1186336-g005.gif





OPS/images/fphar-14-1186336-g006.gif





OPS/images/fphar-14-1186336-g003.gif





OPS/images/fphar-14-1186336-g004.gif





OPS/images/fphar-14-1186336-t001.jpg
itamin A deficiency (hypovitaminosis A)

Acute and chronic vitamin A poising (hypervitaminosis A)

Loss of appetite

Severe headache (increased intracranal pressure)

Growth retardation
Keratinization of epithelial cells and poor wound healing

Nervous disorders

Blurred vision
Nausea and vomiting

Dizziness

Defective reproduction

Fetal malformations (e.g., lungs)

Aching muscles and abdominal pain

Coordination problems

Night blindness, dry eyes, and xerophthalmia (i.e., drying and clouding of the cornea)

Increased susceptibility for infections and acne

Increased spinal fluid pressure

Congenital birth defects and malfunctions of the eye, skull, lungs and heart

Disorders in bone formation

Increased risk for cysts formation in endocrine glands

Potential teratogenic effects

Reduced bone mineral density

Higher prevalence for formation urinary calculi and nephritis
Increased risk of anemia and death
Infertility

Large number of secondary complications
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