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Abstract 

Vitamin D regulates the pleiotropic effect to maintain cellular homeostasis and epidemiological evidence establishes an association between vitamin D 

deficiency and various human diseases. Here, the role of autophagy, the cellular self-degradation process, in vitamin D-dependent function is documented 

in different cellular settings and discussed the molecular aspects for treating chronic inflammatory, infectious diseases, and cancer. Vitamin D activates 

autophagy through a genomic and non-genomic signaling pathway to influence a wide variety of physiological functions of different body organs along 

with bone health and calcium metabolism. Moreover, it induces autophagy as a protective mechanism to inhibit oxidative stress and apoptosis to regulate 

cell proliferation, differentiation, and immune modulation. Furthermore, vitamin D and its receptor regulate autophagy signaling to control inflammation 

and host immunity by activating antimicrobial defense mechanisms. Vitamin D has been revealed as a potent anticancer agent and induces autophagy to 

increase the response to radiation and chemotherapeutic drugs for potential cancer therapy. Increasing vitamin D levels in the human body through timely 

exposure to sunlight or vitamin D supplements could activate autophagy as part of the homeostasis mechanism to prevent multiple human diseases and 

aging-associated dysfunctions. 

© 2021 Elsevier Inc. All rights reserved. 
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1. Introduction 

Vitamin D deficiency is a major global health issue. It is con- 

sidered a potential pandemic, and about 1 billion people have 

vitamin D deficiency worldwide. However, vitamin D deficiency 

individuals are asymptomatic and highly prevalent in aged, obese, 

and home resident individuals with less exposure to sunlight. 

Vitamin D deficiency is also related to the population with higher 

melanin content in the skin, including Indians. Vitamin D is a 

fat-soluble steroid hormone that has long been known for its cal- 

cium homeostasis and bone metabolism [1-3] . Moreover, vitamin 

D regulates pleiotropic non-calcemic cellular functions, including 

immune regulation, inflammation, antioxidant defense, differen- 

tiation, and cell death to maintain homeostasis [4 , 5] . Vitamin D 

deficiency has been associated with different human diseases, in- 

cluding infection and inflammatory disease [6-8] , neural disorder, 

kidney dysfunction, aging [1 , 2] , and cancer [9-12] , indicating its 

importance in health benefits in humans. 
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Autophagy is an evolutionary conserved catabolic process to 

engulf cytoplasmic materials and dysfunctional organelles through 

the formation of double-layered autophagosome that fuses with 

lysosome for degradation and recycling of nutrients to maintain 

cellular homeostasis. Autophagy induces stress response and 

triggers by starvation, infection, and toxin exposure to protect 

cells. The housekeeping function of autophagy recycles metabolic 

substrates, including free amino acids, carbohydrates, nucleotides, 

and lipids for the biosynthetic process and ATP generation for 

maintenance and cell survival. Furthermore, autophagy functions 

as a protective mechanism by eliminating dysfunctional organelles, 

protein aggregates and invading intracellular microbes through 

lysosomal degradation [13 , 14] . Autophagy primarily serves as a 

cytoprotective mechanism, and excessive autophagy leads to cell 

death, known as autophagy-dependent cell death. Autophagy plays 

a crucial role in maintaining body homeostasis, and its impairment 

is associated with neural disorders, developmental abnormities, 

inflammatory diseases, aging, and cancer [15 , 16] . 

This review highlights the potential role of autophagy in the 

health-promoting effect of vitamin D in different diseases. More- 

over, it aims to discuss autophagy signaling by activating the 

vitamin D receptor (VDR)-dependent pathway to control cellular 

functions and treat chronic inflammatory, infectious diseases, and 

cancer. Furthermore, it highlights the role of vitamin D in au- 

tophagy activation through a genomic and non-genomic signaling 
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pathway to influence a wide variety of physiological processes in 

different tissue to maintain homeostasis. More importantly, this re- 

view discusses the potential function of vitamin D and its receptor 

to induce autophagy to promote antimicrobial defense mechanisms 

to control inflammation and host immunity. In addition, it showed 

that vitamin D exhibits as a potent anticancer agent and poten- 

tiates the effect of radiation and chemotherapeutic drug through 

modulation of autophagy for potential therapy. Lastly, the review 

focuses on the protective role of vitamin D-induced autophagy 

by preventing oxidative stress and apoptosis to control aging and 

age-related diseases as a part of the homeostasis mechanism. 

2. Vitamin D, biosynthesis, and receptor 

Vitamin D, a fat-soluble, seco-steroid prohormone, controls 

multiple biological functions to maintain cellular homeostasis 

[17 , 18] . The natural process of generating vitamin D 3 is through 

UV-B exposure of the skin under direct sunlight with a restricted 

number of foods, including cod liver oil, fatty fish, salmon, tuna, 

meat [19-21] , and mackerel. However, mushrooms contain a high 

amount of vitamin D 2 which is also known as ergocalciferol. The 

synthesis of vitamin D consists of complex reactions in differ- 

ent tissues in the human body. In the presence of UV-B from 

sunlight, the cholesterol precursor 7-hydrocholesterol photolyzes 

through a non-enzymatic process to generate previtamin D 3 that 

subsequently undergoes thermal isomerization to form vitamin D 3 

(cholecalciferol) in the skin. Similarly, plants, particularly fungus, 

synthesize ergocalciferol (vitamin D 2 ) from ergosterol. The en- 

dogenous vitamin D 3 and dietary supplements, as well as vitamin 

D 2 from fungus, are transferred to the liver and converted to 

25-hydroxyvitamin D 3 [25(OH)D3] (calcidiol) through the addition 

of hydroxyl group at C-25 position by vitamin D hydroxylates 

(encode by CYP27A1). The 25(OH)D3 (refer as vitamin D hereafter) 

represents the serum concentration of vitamin D and functions 

as a biomarker for vitamin D status of a person. This vitamin D 

metabolite is transported in the blood to the kidney as well to 

cells of different tissue and converted to 1,25 (OH)2D3 through 

mitochondrial enzyme 25(OH)D3-1 α hydroxylase (encode by 

CYP27B1) and is the active form of vitamin D 3 to regulate various 

cellular functions. Interestingly, as a feedback mechanism, 1 α
25(OH)2 24 hydroxylase (encode by CYPB24A1), another enzyme 

present in mitochondria, converts 25(OH)D3 or 1 α 25 (OH)2D3 to 

24, 25 (OH)2D 3 or 1, 24, 25 (OH)2D 3 through 24-hydroxylation for 

degradation and excretion in bile [3 , 6 , 7 , 18] ( Fig. 1 ). 

Vitamin D functions through the genomic and non-genomic 

pathways ( Fig. 1 ). In the genomic mechanism, vitamin D binds 

to its receptor known VDR, widely distributed in many differ- 

ent cell types to regulate gene transcription [3 , 5] . Like classical 

transcription factors, VDR forms a heterodimer with retinoid-X 

receptor (RXR) through the DNA-binding domain and α-helical 

ligand-binding domain leading to transport into the nucleus. The 

complex binds to vitamin D response elements (VDREs) in the 

regulatory part of target genes. It showed that VDREs generally 

are located close to the promoter region, but a recent study 

revealed that VDREs could find a distant site of about 75 kb to 

regulate transcription of about 1,0 0 0 genes indicating the potential 

influence of vitamin D to regulate the transcriptome. Vitamin D 

target genes includes nuclear factor erythroid 2-related factor 2 

(NRF2), GSTA4, CYP1A1, CYP3A4, CYP24A1 for antioxidant and 

detoxification; MYC, JUN, FOS, CCND1, CDKN1A, CDKN1B, G0S2, 

CST5, DKK1 for proliferation and cell cycle control; CDH1, CDH2, 

OCLN, CLD2, TJP1, CASR, FLNA for cellular differentiation; BCL2, 

BAK, BAG, BIRC5, BAX, G0S2, IGFBPs for apoptosis; HIF1A, VEGF, 

DKK4 for angiogenesis; NFKB1A, RELA, IL1B, IL6, IL8, IL10, IL17, 

IL23, CL2, CCL11, CCL13, CYTL1 for immunoregulation [2 , 4 , 22] . Fur- 

thermore, VDR controls the epigenetic mechanism through DNA 

methylation, histone modification, and chromatin remodeling to 

contribute vitamin D-dependent phenotypic stability and cellular 

processes [2 , 3 , 17] . For example, vitamin D controls the methylation 

state of its gene promoters for gene activation. It showed that vi- 

tamin D response gene methylation and genome-wide methylation 

were correlated with vitamin D deficiency. The VDR/RXR complex 

activates lysine demethylase 6B and histone acetyltransferases 

(HATs), including p300/CBP and steroid receptor coactivators 1 and 

2 (SRC-1 and SRC-2) to regulate gene-related functions [23-26] . 

In non-genomic action, vitamin D functions through membrane 

binding receptor known as rapid response steroid-binding proteins 

to control various signaling molecules, including catalase, superox- 

ide dismutase, phosphatidylinositol-3-kinase (PI3K)/protein kinase 

B (AKT), protein kinases A and C, adenylyl cyclase, phospholi- 

pases Ca 2 + ion channels, and generation of secondary messengers 

without affecting gene transcription [3 , 27] . 

3. Autophagy: the self-degradative mechanism 

Autophagy is a self-digestion process, and the word autophagy 

is derived from the Greek word auto means self, and phagia means 

eating. Autophagy is regulated by autophagy-related proteins (ATG) 

and comprises the following steps: (1) phagophore nucleation, 

(2) phagophore initiation, (3) phagophore elongation to form 

autophagosome, and (4) autolysosome formation and degradation 

of cargo. Autophagy initiates by different stress signals, including 

starvation, protein aggregates, hypoxia, oxidative, and endoplasmic 

reticulum (ER) stress ( Fig. 2 ). Autophagy induces the formation of 

sack-like structures known as phagophore in yeast and omegasome 

to a specific subcellular location known as phagophore assembly 

site on ER, and other organelles, as recently reported [28 , 29] . Au- 

tophagy stimulates through activation of Unc-51 like kinase (ULK1) 

complex consists of ULK1, ATG13, and FIP200. Autophagy promotes 

through multiple signaling complexes that control the cellular 

energy and nutrients through the mammalian target of rapamycin 

(mTOR). mTOR is found in two distinct forms, mTORC1 and 

mTORC2, but mTORC1 is predominated over mTOR2 for autophagy 

induction. ULK1 and ATG13 form complex and phosphorylated by 

mTOR in nutrient-rich conditions and remain inactive, switching 

off autophagy. During starvation, ULK1 is dissociated from the 

active site of mTORC1 and hypophosphorylated. ULK1 is self- 

activated through autophosphorylation leading to phosphorylation 

of ATG13 and FIP200 to initiate autophagy [30 , 31] . Autophagy also 

induces in response to energy depletion through a decrease in 

ATP/AMP ratio by activation of 5 ′ AMP-activated protein kinase 

(AMPK) and inhibition of mTOR as well as direct phosphorylation 

of ULK1 [32] . ULK1 complex activates the Class III phospho- 

inositide 3-kinase (PI3K; VPS34) complex to produce a pool of 

phosphatidylinositol 3-phosphate (PI3P) to expand the phagophore 

at the ER site. In the mammalian system, VPS34 complex consists 

of VPS34, Beclin-1, ATG14, pseudokinase p150, ultraviolet irra- 

diation resistance-associated gene and Autophagy And Beclin 1 

Regulator 1 which are recruited onto omegasome to increase cat- 

alytic activity for autophagosome biogenesis [13 , 33] . Furthermore, 

the ULK1 complex regulates the activity of ATG9, a transmembrane 

protein to deliver phospholipid to phagophore from different cellu- 

lar membranes, including ER, Golgi complex, recycling endosome, 

and plasma membrane to expand the autophagic membrane. 

PI3P on omegasome recruits PI3K effector proteins, including WD 

repeat domain phosphorylation regulating protein and its partner 

ATG2; zinc finger FYVE domain contains protein 1 to phagophore 

through interaction with PI3K binding creating a platform for the 

association of ubiquitination conjugation system [34] . 
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Fig. 1. . Vitamin D synthesis and signaling. The synthesis of vitamin D initiates from the 7-hydrocholesterol in the presence of UV-B to produce vitamin D 3 (cholecalciferol) 

in the skin, and fungus synthesizes ergocalciferol (vitamin D 2 ) from ergosterol. The vitamin D 3 and vitamin D 2 are transferred to the liver and converted to 25(OH)D3, which 

carries in the blood to the kidney and cells of different tissue and converted to 1,25 (OH)2D3 to regulate diverse cellular functions. Interestingly, as a feedback mechanism, 1 α

25(OH)2 24 hydroxylase (encode by CYPB24A1), another enzyme presents in mitochondria, convert 25(OH)D3 and 1 α 25 (OH)2 D3 to 24, 25 (OH)2 D3 and 1, 24, 25 (OH)2D3 

through 24-hydroxylation to degrade and excrete in bile. Vitamin D functions through the genomic and non-genomic pathways. In the genomic mechanism, vitamin D binds 

to its receptor known as the vitamin D receptor (VDR) and form a heterodimer with retinoid-X receptor and translocate to the nucleus to activate target genes of vitamin 

D response element (VDREs). In non-genomic action, vitamin D functions through membrane binding receptors known as rapid response steroid-binding proteins to control 

various signaling molecules, including enzyme, kinases, phosphatases, ion channels, and generation of secondary messengers without affecting gene transcription. 

The ubiquitination conjugation system is part of the elonga- 

tion process which is essential to close the phagophore to form 

mature autophagosome [35 , 36] . Initially, ATG7 (E1 ubiquitin- 

activating enzyme) activates ATG12, and simultaneously, ATG10 

(E1; ubiquitin-activating enzyme) activates ATG5 followed to 

form ATG12–ATG5 binary complex. Then ATG16L1 is conjugated 

with binary complex ATG12–ATG5 to form ATG12–ATG5–ATG16L1 

ternary complex (E3 ubiquitin-like ligase). In the second ubiquitin 

system, ATG4, the cysteine protease cleaves LC3 family proteins 

to produce LC3 I with a glycine residue. The ternary complex is 

then recruited to phagophore through the interaction of ATG16L1 

with WIPP2. ATG7 activates LC3 I to conjugate with phosphatidyl 

ethanolamine to form membrane anchor lipidated LC3 II through 

ATG3 and ternary complex E3 ligase at the omegasome on the 

outer and inner membrane of phagophore to promote phagophore 

elongation. Although autophagy is considered a bulk degradation 

process of cytoplasmic cargo, highly selective autophagic degra- 

dation occurs inside the cells. The selective autophagy induces 

through the LC3 interacting region in an ubiquitin-dependent and 

independent manner. The ubiquitin proteins bind to adaptor pro- 

tein p62, which interacts with LC3 to selectively engulf the cargo. 

On the other hand, many receptors, including BNIP3 and BNIP3L, 

PUMA, directly interact with LC3 to induce selective autophagy 

and degradation of cellular organelles. The maturation process 

involves the fusion of the autophagosome with the lysosome to 

form an autolysosome. In the final step for fusion, SNARE proteins 

are inserted on the autophagosome, leading to HOPS complex 

recruitment. For example, an autophagosomal protein SNARE syn- 

taxin 17 interacts with SNAP29 and VAMP8 on the endosome or 

lysosome involved in fusion process for autolysosome. The outer 

membrane of autophagosome fuses with the lysosomal membrane 

to form autolysosome to degrade the cargo with acid hydrolases 

in the lysosomal lumen [37] . Autophagy is associated with the 

development of proto-lysosome from autolysosome through au- 

tophagic lysosomal reformation to maintain the lysosomal pool 

as a feedback mechanism. The newly formed proto-lysosomes are 

then matured to form the active functional lysosome to continue 

autophagy to attain cellular homeostasis [38] . 

4. Vitamin D, vitamin D receptor, and autophagy signaling 

Vitamin D and its receptor regulate autophagy through a 

different signaling pathway ( Fig. 3 ). VDR promotes the expression 

of ATG16L1 at the transcriptional level to induce autophagy. More- 

over, a low level of VDR in intestinal epithelial cells correlates with 

a decrease in the expression of ATG16L1 and impaired autophagy, 

leading to an increased risk for inflammatory bowel disease [39] . 

In another study, VDR constitutively represses LC3B expression, 

and knockdown of VDR results in a 100-fold increase in LC3B 

as compared to vitamin D-induced LC3B to promote autophagy. 

In this setting, vitamin D treatment dismisses the constitutive 

inhibition of the MAP1LC31B gene by VDR [40] . Furthermore, LC3 
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Fig. 2. . Mechanism of autophagy. Autophagy induces through inhibition of mTOR by the stress response. It results in the phosphorylation of the ATG13 and FIP200 by ULK1 

followed by activation of Class III PI3K VPS34 complex to produce a pool of PI3P to expand the phagophore at the ER site. Moreover, ULK1 regulates the activity ATG9 helps 

in membrane extraction from other sources. PI3P on omegasome recruits PI3K effector proteins through interaction with PI3K binding creating a platform for the association 

of ubiquitination conjugation system. Further, the membrane gets elongated with the conjugation machinery to form a mature autophagosome, which gets fused with the 

lysosome to form an autolysosome. Autolysosomes degrade the cargos and help in nutrient recycling and/or undergo tubulation to form proto-lysosomes. The proto-lysosomes 

further matured to form the functional lysosomes available for the other cellular processes, including autophagy. 

directly functions as a VDR ligand and promotes VDR/RXR het- 

erodimer formation in the nucleus. Mechanistically, LC3 binds to 

VDR through its ligand-binding domain and transports to the nu- 

cleus to interact with RXR to regulate downstream signaling [41] . 

Vitamin D activates autophagy as a protective mechanism 

to inhibit oxidative stress and apoptosis. After UV exposure, 

vitamin D activates autophagy to conserve energy to inhibit 

AKT/GSK3/mTOR pathway in keratinocytes. Moreover, vitamin D 

activates PINK1/PARKIN-dependent mitophagy to inhibit reactive 

oxygen species (ROS) generation resulting in promoted post-UV 

DNA repair to inhibit oxidative DNA damage [42] . Vitamin D 

activates pro-survival autophagy through the up-regulation of 

Beclin-1 and inactivation of ERK1.2-AKT pathway in endothe- 

lial cells [43] . Moreover, vitamin D modulates MEK/ERK and 

PTEN/PI3K/AKT/mTOR signaling to activate autophagy in hep- 

atocytes, and inhibition of the signaling pathway reduces the 

protective effect of vitamin D from hepatic injury [44] . In addition, 

in cardiomyocytes, vitamin D modulates autophagy through inhi- 

bition of β-catenin/TCF4/GSK-3 β and mTOR signaling to protect 

from myocardial hypertrophy [45] . Vitamin D activates protein 

tyrosine phosphatase non-receptor type 6 by recruiting VDR–RXRA 

complex and NCOA1 to induce autophagy through modulation 

of MAPK and STAT3, leading to the degradation of accumulated 

lipids inside the macrophages to inhibit the formation of foam 

cells and atherosclerosis [46] . Vitamin D induces autophagy in 

osteoclast through RANKL to promote osteoclastogenesis for bone 

homeostasis [47] . Another study showed that vitamin D activates 

autophagy through AMPK/mTOR signaling pathway to inhibit 

osteoarthritis-associated inflammation in chondrocyte cells [48] . 

Vitamin D induces autophagy as an antibacterial defense 

mechanism. Vitamin D increases human cathelicidin/LL-37 pep- 

tide expression to promote autophagy through transcriptional 

up-regulation of Beclin-1 and ATG5. Moreover, vitamin D-induced 

cathelicidin increases autophagosome–lysosome fusion leading 

to the restoration of Mycobacterium tuberculosis (Mtb) containing 

phagosome maturation and degradation [49-51] . In addition, vita- 

min D activates PDIA3 membrane receptor and drives PDIA3-STAT3 

complex to nucleus leading to increase in the expression of MCLN3 

gene to enhance Ca 2 + release from the lysosome to normalize 

acidification to eliminate H. pylori infection in autolysosomal 

degradation pathway [52] . Interestingly, in response to influenza 

A virus infection, vitamin D upregulates fusion proteins, including 

syntaxin 17 and V-type proton ATPase subunit, through the VDR 

signaling pathway to restore autophagic flux and inhibit apoptosis 

and tissue damage [53] . 

Vitamin D regulates different signaling pathways to induce 

autophagy in various cancers. Vitamin D activates Ca 2 + signaling 
to induce autophagy and generates massive autophagosomes in a 
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Fig. 3. . Vitamin D and its receptor in autophagy signaling. Vitamin D inhibits mTOR to induce autophagy through Ca 2 + /calmodilun-dependent activation of AMPK and inhibi- 

tion of β-catenin/TCF4/GSK-3 β signaling. It also activates pro-survival autophagy through activation of ERK1/2-AKT pathway and up-regulation of Beclin-1. Vitamin D modulates 

MEK/ERK and PTEN/PI3K/AKT/mTOR signaling to activate autophagy. Furthermore, vitamin D activates PINK1/PARKIN-dependent mitophagy to control ROS production and re- 

move damaged mitochondria. Vitamin D also induces autophagy by targeting RANKL. As an antibacterial defense mechanism, vitamin D induces autophagy through cathelicidin 

and triggers autophagosome–lysosome fusion leading to phagosome maturation and degradation. In addition, vitamin D treatment stimulates PDIA3 membrane receptor and 

drives PDIA3-STAT3 complex activation and nuclear translocation leading to increased MCLN3 expression. It enhances Ca 2 + release from the lysosome to normalize acidification 

and promotes autolysosomal degradation pathway. Interaction of the autophagic protein LC3 with VDR potentiates its nuclear translocation to promote VDR-retinoid-X receptor 

heterodimer and activate VDR signaling. Vitamin D treatment also promotes DDIT4 expression through VDR signaling to activate autophagy by targeting mTOR signaling. 

Beclin-1- and ATG-7-dependent pathway [54] . This process triggers 

Ca 2 + /calmodulin-dependent kinase kinase β activation of AMPK 

and inhibition of mTOR to stimulate autophagy in cancer cells. 

Interestingly, vitamin D downregulates MYC expression, leading 

to mTOR inactivation and hence, autophagy activation to promote 

myeloid differentiation [55] . In addition, vitamin D treatment 

promotes DNA damage-inducible transcript 4 (DDIT4) expressions 

through VDR signaling to activate autophagy in mTOR signaling as 

an anticancer mechanism [56] ( Fig. 3 ). 

5. Vitamin D in health and diseases: the role of autophagy 

5.1. Vitamin D-induced autophagy in maintaining cellular 

homeostasis 

5.1.1. Skin and vitamin D: the complex relationship 

With the site for synthesis, vitamin D also plays a crucial role 

in skin protection and involves the growth, repair, and metabolism 

of skin cells [57] . Here, I have discussed the role of vitamin D 

in maintaining skin cells through the modulation of autophagy. 

Vitamin D and its analogs induce autophagy in keratinocytes to 

protect them from different skin diseases [58] . UV exposure causes 

DNA damage in skin keratinocytes, and it is shown that vitamin D 

has a protective effect on UV-induced DNA damage. Treatment of 

vitamin D increases glycolysis and autophagy through inhibition of 

AKT/GSK3/mTOR pathway to conserve energy for repairing pyrim- 

idine dimer after UV exposure ( Table 1 ). Furthermore, vitamin D 

activates PINK1/PARKIN-dependent mitophagy to inhibit ROS and 

to repair mitochondrial damage leading to apurinic/apyrimidinic 

site generation for DNA repair to protect the development of skin 

cancer [42] . Similarly, vitamin D exhibits an antioxidant response 

against H 2 O 2 through modulation of autophagy in melanocytes. 

It is showed that calcipotriol regulates the velocity of melanocyte 

dendrites, increases superoxide dismutase activity, reduces mi- 

tochondrial membrane potential (MMP), and restores calcium 

homeostasis to manage oxidative stress [59] . In another study, 

vitamin D and calcium modulate sebocyte morphology, enhance 

cell number, and decrease lipogenesis with significantly higher 

autophagy in young acne patients indicating that vitamin D could 

have therapeutic importance in maintaining calcium in skin ep- 
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Table 1 

Effect of vitamin D-induced autophagy signaling in cellular homeostasis in different cell and tissue types 

Cell/tissue type Autophagy signaling Function of vitamin D-induced 

autophagy signaling 

References 

Skin Keratinocytes Inhibit AKT/GSK3/mTOR and 

activate of PINK1/PARKIN 

pathway 

Protect from UV-induced DNA 

damage and inhibit apoptosis 

[42] 

Melanocytes Increase expression of Beclin–1, 

LC3-II/LC3-I, Mfn2, and Drp1 

Protect against H 2 O 2 -induced 

oxidative stress and restores 

the dendritic morphology 

[59] 

Sebocytes Activate lipophagy Maintain morphology, increase 
cell numbers, decrease 

sebaceous lipogenesis 

[60] 

M2 
macrophage 

Activate KLF4-PPAR γ pathway Protect from UV-induced acute 
skin injury and inflammation 

[61] 

Bone Chondrocytes Activate AMPK/mTOR signaling Inhibit of osteoarthritis 

associated with inflammation 

[48] 

Synovial 
fibroblast 

Activate VDR and PPAR γ to 
restore autophagic flux 

Prevent inflammation in 
rheumatoid arthritis 

[63] 

Osteoclast Increase expression of RANKL Promote osteoclastogenesis [47] 
Heart and 

blood vessel 

Cardiomyocytes Restore autophagic flux Protect from myocardial injury 

by inhibiting ER stress and 
mitochondrial dysfunction 

[68] 

Cardiomyocytes Inhibit β-catenin/TCF4/GSK-3 β
and mTOR signaling 

Reduce diabetic 

cardiomyopathy 

[45] 

Cardiomyocytes Inhibit the translocation of 

FOXO1 to nucleus through VDR 
activation 

Attenuate diabetic heart-related 

cardiac autophagy and 
apoptosis 

[69] 

Cardiomyocytes Modulate autophagy 

dysfunction and promote flux 

Inhibit apoptosis and 

inflammation in experimental 
autoimmune myocardiatisis 

[70] 

Endothelial 
cells 

Upregulate 
Beclin-1/ERK1.2/AK TK T 

pathway 

Inhibit apoptosis caused by 
H 2 O 2 and maintain 

mitochondria function 

[43] 

Nervous system Neural cells Activate AMPK-associated 

pro-survival signaling 

Attenuate rotenone-induced 

neurotoxicity 

[72] 

Neural cells Activate VDR expression and 
restores autophagic activity 

Attenuate autophagy 
dysfunction-mediated cell 
death in traumatic brain injury 

[74] 

Neural cells High LC3-II/LC3-I Attenuate tyrosine hydroxylase 
expression in Parkinson’s 

disease 

[75] 

Gastrointestinal Paneth cells Transcriptional activation of 

ATG16L1 through VDR 

Maintain intestinal homeostasis 

and prevent gut inflammation 

[39 , 77 , 78] 

Peritoneal 

macrophage 

Autophagy mediated NLPRP3 

degradation 

Inhibit ulcerative 

colitis-associated inflammation 

[79] 

Gastric 

epithelial cells 

Translocate PDIA3-STAT3 

complex to nucleus leading to 

increase expression of MCLN3 

to enhance Ca 2 + release from 

the lysosome to normalized 

acidification 

Autolysosomal degradation of 

Helicobacter pylori leading to 

inhibit its pathogenicity in the 

stomach 

[52] 

Liver Hepatocytes Activate MEK/ERK and 

PTEN/PI3K/AKT/mTOR pathway 

Inhibit oxidative stress in 

hepatic ischemia–reperfusion 

[44] 

HepG2 cells Activate ATG16L1 through VDR Decrease lipid accumulation 
and modulate liver 

inflammation in hepatic 

steatosis 

[83] 

Pancreas and 
kidney 

Pancreatic- β
cells 

Increase expression levels of 
LC3 and Beclin–1 

Protect from oxidative damage 
and increases insulin secretion 

in diabetic model 

[84 , 85] 

( continued on next page ) 
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Table 1 ( continued ) 

Cell/tissue type Autophagy signaling Function of vitamin D-induced 

autophagy signaling 

References 

HK-2 Activate autophagy through 

binding of VDR to LC3 

Renoprotective through 

inhibition of fibrotic genes 
against angiotensin-induced 

renal injury 

[41] 

Podocytes Regulate of aberrant autophagy Inhibit autoantibody-induced 

injury in lupus nephritis 

[88] 

Kidney cells Increase expression of Beclin–1, 
LC3-II/LC3-I 

Anti-inflammatory and 
anti-apoptotic effect in diabetic 

nephropathy 

[90 , 91] 

Lungs BEAS-2B, THP1 

cells 

Promote formation of 

autophagosome formation 

Activate NRF2 signaling to 

inhibit particles-induced 

pulmonary injury and tissue 
repair 

[92] 

A549, THP1 

cells 

Activate VDR and cathelicidin 

through p-38/MAPK- and 

STAT4-dependent pathway 

Inhibit intracellular 

mycobacterial growth 

[95] 

Ovary Ovary cells Increase LC3II level and AKT 

phosphorylation 

Promote ovary maturation in 

testosterone-induced polycystic 
ovarian syndrome in rats 

[96] 

Placenta cells Modulate VDR signaling genes, 
including CYP24A1, ATG4B, 

mTOR signaling 

Maintain placenta morphology, 
function, and pregnancy 

outcome in mice 

[100] 

ithelium [60] . Interestingly, vitamin D exhibits anti-inflammatory 

activity to promote tissue repair and inhibits apoptosis in M2 

polarized macrophage in UV-induced acute skin injury in a murine 

model [61] . More importantly, vitamin D activates autophagy to 

polarized macrophages through activation of the KLF4-PPAR γ
pathway, and inhibition of autophagy prevents down-regulation 

of tumor necrosis factor α (TNF α) and MMP ( Table 1 ), leading to 

inflammation in the skin. 

5.1.2. Maintaining healthy bone, periodontal health, and muscle 

function 

Vitamin D is essential for bone growth and remodeling. Vi- 

tamin D deficiency affects bone density and is associated with 

osteoporosis [3] . A population study is showed that ATG7 and 

SOD2 gene expression is significantly decreased in the osteo- 

porotic group compared to the osteoporosis-free group indicating 

that vitamin D could be correlated with autophagy and oxidative 

stress in osteoporosis [62] . Interestingly, vitamin D promotes au- 

tophagy in chondrocytes and suppresses osteoarthritis associated 

with inflammation through AMPK/mTOR signaling in the mouse 

model [48] . Furthermore, the combination of arsenic trioxide and 

vitamin D activates VDR and PPAR γ to restore defective autophagy 

to alleviate inflammation in synovial fibroblast in rheumatoid 

arthritis [63] . Interestingly, vitamin D shows a dual role in osteo- 

clastogenesis. Vitamin D can directly inhibit autophagy to suppress 

osteoclast proliferation and induces differentiation. On the other 

side, vitamin D induces autophagy through RANKL to promote 

osteoclastogenesis regulating osteoporosis [47] . Vitamin D supple- 

ments showed a decrease in cytotoxic T cells, pro-inflammatory 

cytokines, and increased autophagy-related proteins in peripheral 

blood mononuclear cells in periodontitis patients [64] . However, 

different metabolites of vitamin D induce opposing effects. For 

example, vitamin D activates autophagy and protects muscle 

cells through AKT signaling from pro-cachectic cytokines TNF α, 

interferon γ (IFN- γ ) or interleukin (IL)-6 and cachexia condition- 

induced atrophy in myocytes [65] . On the other hand, active vi- 

tamin D promotes atrophagic activity through activation of FOXO3 

and atrogens by blocking autophagic flux. The contrasting vitamin 

D activity is due to differential expression of CYP24A1 present in 

mitochondria to convert vitamin D to the inactive form [47] . 

5.1.3. Heart and blood vessel abnormalities 

Vitamin D plays a critical role in maintaining the function of the 

heart, and its deficiency is associated with cardiovascular diseases 

[66 , 67] . Vitamin D-activated receptors prevent myocardial reperfu- 

sion (MI/R) by inhibiting ER stress and mitochondrial dysfunction- 

dependent apoptosis [68] . Furthermore, VRD activation suppresses 

MI/R-induced autophagy dysfunction and restores autophagic flux. 

Moreover, vitamin D administration significantly reduces myocar- 

dial hypertrophy and intestinal fibrosis and concomitantly restores 

dysfunctional autophagy in streptozotocin-induced diabetic rats 

[45] . At the molecular level, vitamin D modulates autophagy by 

inhibiting β-catenin/TCF4/GSK-3 β and mTOR signaling in car- 

diomyocytes ( Table 1 ). Cardiovascular dysfunction is associated 

with diabetes through excessive autophagy and result in apoptosis. 

Vitamin D supplements decrease cardiac autophagy and damage 

through VDR activation to inhibit the translocation of FOXO1 to 

the nucleus in Zucker diabetic fatty rat [69] . Interestingly, it is 

showed that the administration of vitamin D decreases experimen- 

tal autoimmune myocardiatisis in mice through improved cardiac 

function, suppressed myocardial apoptosis, and cell infiltration. It 

is correlated with a reduced number of autophagosomes and de- 

creased LC3 and Beclin-1 expression indicating the role of vitamin 

D on autophagy differs in different tissues and diseases [70] . 

Vitamin D prevents endothelial cell death by promoting the 

expression of the autophagy genes and re-establishes the MMP 

that arises from oxidative stress. Vitamin D activates pro-survival 

autophagy through the up-regulation of Beclin-1 and inactiva- 

tion of ERK1.2-AKT pathway [43] . Vitamin D has been shown 

to enhance random skin flap survival in rats through increased 

angiogenesis, decreased oxidative stress, and inflammation. It is 

revealed that higher autophagic activity in skin flaps might involve 

modulation of oxidative stress and warrants further studies [71] . 
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5.1.4. Nervous system and neurological disorder 

Vitamin D regulates the development of neurons, their main- 

tenance, and survival. Vitamin D attenuates rotenone-induced cell 

death in neural cells by activating AMPK-associated pro-survival 

autophagy [72] . The effect of vitamin D on locomotory recovery 

after spinal cord injury is studied in rats [73] . It is showed that 

vitamin D treatment increases antioxidant activity with higher 

autophagy leading to functional recovery in damaged neurons 

as compared to the control. Furthermore, vitamin D activates 

VDR expression and restores autophagic activity with decreased 

apoptosis, leading to diminished traumatic brain injury in rats 

[74] . Moreover, vitamin D protects neural cells from 1-methyl- 

4-phenyl-1,2,3,6-tetrahydropyridine-induced Parkinson’s disease 

through autophagic modulation [75] . Furthermore, vitamin D 

inhibits experimental autoimmune encephalomyelitis in mice with 

autophagy modulation ( Table 1 ) [76] , indicating vitamin D can be 

a promising treatment for multiple sclerosis. 

5.1.5. Gastrointestinal system and gut microbiome 

In intestinal homeostasis, VDR plays an essential role in vitamin 

D-activated autophagy signaling. It is showed that VDR knockout 

in the intestine results in dysfunctional autophagy and lysosomes, 

leading to the impaired antibacterial function of Paneth cells 

( Table 1 ). Furthermore, VDR transcriptionally regulates ATG16L1 to 

induce autophagy and prevent risk factors for inflammatory bowel 

disease [39] . The VDR knockout mice are susceptible to dextran 

sulfate sodium-induced colitis, and butyrate administration in- 

creases VDR expression along with the inhibition of inflammation. 

Interestingly, VDR knockout shows a change in intestinal micro- 

biome function and imbalanced bacterial profiles in mice. Interest- 

ingly, vitamin D activates ATG16L1-dependent autophagy and sup- 

presses IL-1 β expression to clear Salmonella infection in intestinal 

epithelial cells to maintain gut homeostasis [77] . Another study is 

showed that VDR deficiency increases cell death through induction 

of Bax along with a decrease in ATG16L1 and Beclin-1 expression 

in intestinal cells of mice [78] . Moreover, Beclin-1 is shown to in- 

teract with Bcl-2, inhibiting autophagy in VDR deficient epithelial 

cells in mice with a high label of bacterial endotoxin in serum. Be- 

sides, vitamin D treatment increases VDR and ATG16L1 expression 

in the organoid in vitro and colitis IL-10 −/ − mice, indicating that 

imbalance of autophagy and apoptosis in VDR deficiency leads to 

inflammation and inflammation-associated diseases. A recent study 

has revealed that vitamin D exhibits anti-inflammatory activity by 

inhibiting inflammasome activation, leading to diminish caspase-1 

action and IL-1 β through VDR signaling pathway in macrophage 

with DSS-induced ulcerative colitis mice [79] . Mechanistically, vi- 

tamin D promotes NLRP3 ubiquitination and degradation through 

autophagy. Furthermore, it is showed that 3-methyladenine re- 

duces the NLRP3 degradation caused by vitamin D. Administration 

of probiotic prevents intestinal epithelial cells from Salmonella 

infection through induction of autophagy and VDR signaling 

pathway [80 , 81] . Helicobacter pylori invade gastric epithelium and 

residing in the autophagosomes. It is showed that H. pylori infec- 

tion impairs the acidification of autolysosomes resulting inability 

to fuse with lysosomes, leading to the survival of bacteria in the 

stomach. Vitamin D treatment reactivates autolysosomal degrada- 

tion in the PDIA3 membrane receptor-dependent pathway. Vitamin 

D drives PDIA3-STAT3 complex for nuclear translocation leading 

to increase expression of MCLN3 to augment Ca 2 + release from 

the lysosome to control acidification and eliminate Helicobacter 

pylori infection in the autophagosomal degradation pathway [52] . 

Another study is indicated that the combined effect of vitamin D 

and alginates regulates acidity and antioxidant activity in gastric 

epithelial cells [82] . This gastro-protective effect has also been 

demonstrated to enhanced autophagic activity with inhibition of 

ROS-induced apoptosis, although detail needs to be investigated. 

5.1.6. Liver and inflammation 

Vitamin D-induced autophagy prevents the liver from oxidative 

stress and inflammation. The protective role of vitamin D through 

the modulation of autophagy to inhibit oxidative stress in hepatic 

ischemia–reperfusion was studied in mice [44] . It is observed that 

vitamin D activates MEK/ERK and PTEN/PI3K/AKT/mTOR signaling 

to promote autophagy in hepatocytes and inhibition of autophagy 

signaling pathway reduces the protective effect of vitamin D 

from liver damage. The protective effect of vitamin D-dependent 

autophagy in hepatic steatosis is studied in mice [83] . The data 

have found that vitamin D treatment decreases lipid accumulation 

and modulates liver inflammation by activating ATG16L1 in mice. 

5.1.7. Pancreas, kidney, and diabetes pathogenesis 

Vitamin D increases cell viability and insulin secretion and 

protects from oxidative stress through autophagy activation in 

INS-1 cells in streptozotocin-induced diabetics in rats [84] . Vita- 

min D treatment promotes autophagy in pancreatic- β cells and 

increases insulin secretion in streptozotocin-induced type-1 dia- 

betes mellitus in the mouse model [85] . It is observed that vitamin 

D attenuated glucose-induced autophagy inhibition in peritoneal 

mesothelium through mTOR signaling in mice models, indicating 

a potential therapy of vitamin D for peritoneal injury [86] . In high 

glucose exposure conditions, autophagic protein LC3 binds with 

VDR independent of LC3 interacting region and transports to the 

nucleus to promote VDR-RXR heterodimer to activate VDR signal- 

ing ( Table 1 ). This nuclear transport of LC3 exerts a renoprotective 

effect regulating fibrogenic gene expression in high glucose- 

induced HK-2 cells [41] . Administration of vitamin D is reported 

to be renoprotective against angiotensin-induced renal injury 

through inhibition of pro-fibrotic and pro-inflammatory cytokines 

and mitochondrial dysfunction. Furthermore, vitamin D modulates 

angiotensin-induced autophagy dysfunction in mice [87] . Another 

study has reported that vitamin D reduces podocyte injury caused 

by autoantibody isolated from lupus nephritis patients’ serum. The 

data have indicated that vitamin D regulates aberrant autophagy 

activation and decreased expression of nephrin [88] , indicat- 

ing a novel approach to manage lupus nephritis. Interestingly, 

22-oxacalcitrol, vitamin D analog promotes the renoprotective 

effect and inhibits pro-inflammatory immune response through 

attenuation of fasting sugar, serum IL-16, toll-like receptor 4 

(TLR-4), and IFN- γ gene with up-regulation of autophagy genes 

and down-regulation of apoptotic genes in diabetic nephropathy 

[89] . Moreover, 22-oxacalcitrol has showed a renoprotective effect 

in acute kidney injury in rats by decreasing apoptosis and fibrosis, 

with an increase in autophagy, leading to an anti-inflammatory 

response for cell survival [90] . In combination with insulin, vi- 

tamin D exhibits a renoprotective response with antioxidant and 

anti-inflammatory effects in diabetic nephropathy rats. Moreover, 

this combination shows down-regulation of mTOR and stimulation 

of autophagy as compared to the control groups [91] . 

5.1.8. Lungs and pulmonary diseases 

It is reported that fine particulate matters induce chronic 

pulmonary disease, and the effect of vitamin D was studied in 

feed particulate-induced tissue damage both in vitro and in vivo 

[92] . Interestingly, vitamin D administration inhibits inflammation 

through regulation of TGF- β signaling in NRF2-dependent manner 

( Table 1 ). Furthermore, vitamin D activates autophagy leading to 

degradation of p62 and its partner Keap1, which causes reduced 

NRF2 ubiquitination hence, increases stability, and protects tissue 

injury in the lung. Interestingly, vitamin D protects Aspergillus 
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fumigatus infected mice through the regulation of inflammation. 

Moreover, vitamin D increases the cellular function of the lung 

through modulation of autophagy and NF-kB activity in infected 

mice, although the detailed role of autophagy needs to be iden- 

tified to control pulmonary aspergillosis [93 , 94] . Another study 

has indicated that a combination of innate cytokines (IL-1 and 

IL-18) inhibits mycobacterial growth through activation of VDR, 

cathelicidin, and autophagy in p-38/MAPK- and STAT4-dependent 

pathways in macrophage and lung epithelial cells [95] . 

5.1.9. Ovary and gynecological disorder 

Polycystic ovarian syndrome (PCOS) is a complex and metabolic 

disorder in a reproductive woman with increased cardiovascular 

risks. Vitamin D deficiency decreases LC3II level and increases AKT 

phosphorylation with reduced insulin receptor signaling ovaries 

of the testosterone-induced (PCOS) in rats [96] . Interestingly 

vitamin D supplements promote autophagy and ovary maturation, 

indicating the beneficial effect of vitamin D on PCOS treatment. 

The data are showed that vitamin D treatment in PCOS induced 

by chronic dihydrotestosterone administration in C57BL/6J mice 

rescues cardiac dysfunction and inhibits cardiomyocytes apoptosis 

with improved cardiac function ( Table 1 ). At the cellular level, 

vitamin D activates autophagy through mTOR-AMPK signaling to 

prevent cardiac remodeling [97] . Interestingly, vitamin D treatment 

attenuates placental ischemia through modulation of apoptosis 

and autophagy. The data are showed that vitamin D improves 

the impaired heart, kidney, and placenta of ischemia in rats by 

decreasing oxidative stress-induced apoptosis [98] . In comparison 

to normal individuals, patients with pre-eclampsia showed a 

decrease in vitamin D in serum and VDR, LC3B, and Beclin-1 in 

placental tissues affecting trophoblast survival capacity through 

inactivation of autophagy [99] . VDR null placenta in C57BL/6 mice 

exhibits a differential expression of VDR signaling genes, including 

CYP24A1, ATG4B, mTOR signaling PRR5 compared to wild type 

without showing any change in placenta morphology, function, 

and pregnancy outcome in mice [100] . This study indicates ma- 

ternal vitamin D status might be crucial in determining pregnancy 

outcome through genomic and non-genomic signaling, although a 

detailed analysis and role of autophagy in this connection need to 

be identified. 

5.2. Vitamin D-induced lethal autophagy controls cellular 

transformation and cancer 

As part of the anticancer mechanism, vitamin D regulates 

cancer growth and proliferation in the autophagy-dependent 

pathway. Vitamin D induces an increase in intracellular Ca 2 + to 
activate autophagy and accumulates massive autophagosomes in a 

Beclin-1- and ATG7-dependent pathway. This mechanism involves 

Ca 2 + /calmodilun-dependent protein kinase kinase β activation 

of AMPK and inhibition of mTOR to induce autophagy in MCF-7 

cells [54] . Moreover, vitamin D treatment increases in expression 

of autophagy-related genes signature in luminal breast cancer 

cells, which is lost from mammary gland cells during cancer 

progression. Mechanistically, VDR constitutively inhibits autophagy 

through repressor of LC3B expression, and exposure to vitamin 

D de-represses the expression of LC3B to promote autophagy. 

Furthermore, inhibition of vitamin D-induced autophagosome 

maturation with chloroquine potentiates anti-breast cancer ther- 

apy in MCF-7 xenograft mice [40] . Interestingly, microarray data 

have indicated that the genome signature of vitamin D exposure 

in normal mammary tissue distinct from that of the breast cancer 

cells [101] . Moreover, many unique genes, including pathways of 

autophagy genes, are identified, which could be valuable for the 

biomarker of vitamin D treatment in breast cancer. 

EB1089, a synthetic analog of vitamin D, induces cell death 

through autophagy in breast cancer MCF-7 cells [102] . In this 

setting, knockdown of Beclin-1 inhibits cell death and tumor pro- 

liferation in a caspase-independent manner. Interestingly, vitamin 

D triggers autophagic cell death through the modulation of Beclin- 

1-associated complex along with differentiation in leukemia cells 

in apoptosis deficient conditions. [103] . Interestingly, DDIT4 ex- 

pression inhibits human cutaneous squamous cell carcinoma with 

decreased autophagy flux. In this connection, vitamin D treatment 

promotes DDIT4 expression through VDR signaling to activate au- 

tophagy through mTOR signaling pathway and exhibits potent an- 

titumor activity in vitro and in vivo [56] . In another study, vitamin 

D and its analogs inhibit PI3K/AKT/mTOR signaling and activate 

autophagy through Beclin-1 as a part of the anticancer mechanism 

of action in Kaposi’s sarcoma cells [104] . Moreover, vitamin D 

inhibits the translocation of phosphorylated AKT to the nucleus in 

VDR and NF-kB-dependent mechanism to induce cell death. 

EB1089 potentiates the effect of radiation to promote au- 

tophagic cell death and inhibits cell proliferation in breast cancer 

cells. Vitamin D induces cytostatic autophagy to radio-sensitize 

through VDR, TP53 AMPK pathway in non-small cell lung cancer. 

The combined effect promotes growth arrest and proliferation 

recovery without affecting increased DNA damage, decreased 

DNA repair, or an increase in apoptosis, necrosis, or senescence 

but through the conversion of protective autophagy to cyto- 

static autophagy in non-small cell lung cancer cells. Vitamin 

D radio-sensitizes the breast cancer cells and switches cyto- 

protective to cytotoxic autophagy to inhibit cancer growth in 

apoptosis-independent manner. Interestingly, vitamin D failed 

to radio-sensitize and unable to induce cytostatic autophagy 

in low expressing VDRs in BT474 cells [105-109] . Interestingly, 

vitamin D inhibits proliferation and induces cell cycle arrest 

and autophagy in Pfeiffer diffuse large B lymphoma cell lines 

through AKT/mTOR/PI3K signaling pathway [110] . In this con- 

nection, the expression of CYP24A1 that degrades vitamin D is 

found increased in a grade-wise manner in this cancer. Further- 

more, rapamycin blocks the expression of CYP24A1 and VDR, 

leading to inhibit degradation of vitamin D and combination 

with vitamin D promotes cell cycle arrest and anticancer effect 

in this cancer. Likely, temozolomide combined with vitamin D 

inhibits the growth of glioblastoma C6 cells through activation 

of cytotoxic autophagy, and it has indicated that the presence of 

3-methyladenine significantly reduces the anticancer activity of 

the combined effect. In addition, the in vivo study has exhibited 

profound tumor regression with prolonged survival time in the 

combined group compared only to temozolomide [111] . Vitamin 

D, in combination with 1-asparaginase which is involved in amino 

acid depletion, induces myeloid differentiation. It is observed that 

the combination treatment induces MYC down-regulation, leading 

to mTOR inactivation and autophagy activation to promote differ- 

entiation. Moreover, I-asparaginase administration increases in vivo 

effect of vitamin D with prolonged survival time in the xenograft 

model, suggesting the combined treatment may be a promising 

approach for acute myeloid leukemia [55] . The combined effect 

of vitamin D and metformin exhibits antiproliferative effects in 

p53-dependent ways in colon cancer cells. Furthermore, vitamin 

D-metformin in combination also induces autophagy through 

the AMPK-mTOR-dependent pathway in wild p53 status HCT116 

cells [112] . Moreover, high doses of vitamin D supplementation 

suppress high fat-associated tumorigenesis through a decrease in 

pro-inflammatory cytokine production, leading to inhibition of the 

Wnt signaling pathway in APC mutant mice [113] . Similarly, the 

addition of sulforaphane to high dose vitamin D reduces histone 

deacetylase activity and promotes autophagy to inhibit colorectal 

cancer. Combinations of vitamin D with plant polyphenol Carnosic 
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acid potentiate the antitumor activity of sorafenib on hepatocel- 

lular carcinoma [114] . It is showed that the combined treatment 

increases autophagy and apoptosis to induce cell death. Moreover, 

it is indicated that the combined approach promotes inhibition of 

autophagosome and lysosome fusion to cause cell death. Vitamin 

D and its analogs inhibit the hepatitis C virus with altered gene 

expression-related autophagy, and the detailed role of autophagy 

needs to be studied in hematoma cells [115] . 

5.3. Vitamin D-induced autophagy in immunity and infection 

Vitamin D has a crucial role in controlling immunity through 

autophagy. For example, autophagy activity in the peripheral blood 

mononuclear cells and T cells from severe vitamin D deficiency 

and vitamin D insufficient individuals are compared in systemic 

lupus erythematous patients [116] . It is showed that autophagy 

signature molecules mTOR, LC3, and p62 expression are altered 

in the severe deficiency group compared to the insufficient group 

indicating that vitamin D deficiency affects autophagy. Interest- 

ingly, the transcriptome pattern is analyzed in vitamin D-treated 

monocytes exposed to bacterial lipopolysaccharides (LPS) [117] . 

The data are directed that LPS in the presence of vitamin D 

results in the up-regulation of antibacterial activity and autophagy 

pathway with down-regulation of the pro-inflammatory response 

gene compared to only the LPS treated group. Vitamin D pro- 

motes autophagy as an antibacterial defense mechanism against 

Mtb through cathelicidin/LL-37 peptide by transcriptional up- 

regulation of Beclin-1 and ATG5. It is showed that mycobacterial 

phagosomes are localized with autophagosome in a cathelicidin- 

dependent manner to degrade bacteria in macrophages [36] . 

Interestingly, the IFN- γ promotes antibacterial activity through 

vitamin D signaling-induced autophagy in human macrophages 

[51 , 118] . Furthermore, vitamin D-upregulated cathelicidin/DEFB4 

triggers autophagosome–lysosome fusion leading to restoration of 

Mtb phagosome maturation and degradation. More importantly, 

mycobacterial lipoprotein induces TLR2/1/CD14-Ca 2 + -AMPK-p38- 

MAPK pathway to contribute vitamin D-dependent activation 

to promote antibacterial autophagy [119] . In another study, 

vitamin D causes interleukin IL-1 β , which activates through in- 

flammasome in macrophages. The IL-1 β promotes antibacterial 

signaling on neighboring epithelial cells to inhibit Mtb infection 

in macrophages in an autophagy-independent manner [120] . 

Vitamin D supplements in pulmonary tuberculosis patients are 

shown to increase immune response to control the growth of 

mycobacteria in macrophages through activation of the mannose 

receptor, DS SIGN, and autophagy genes [121] . Prostaglandin E2, 

a lipid mediator, inhibits vitamin D-induced cathelicidin and 

autophagy during Mtb infection and promotes intracellular Mtb 

growth and survival in macrophages [122] . Vitamin D also inhibits 

Mycobacterium marinum infection through the antibacterial activity 

of cathelicidin-induced autophagy in THP1 cells [50] . 

Vitamin D, at the physiological level, inhibits HIV-1 infec- 

tion replication through autophagy in human macrophages in a 

cathelicidin-independent manner [123] . The TLR-8 induces vitamin 

D-dependent autophagic response triggering human expression 

of cathelicidin antibacterial peptide, VDR, and CY27A to inhibit 

replication of HIV-1 [124] . Interestingly, the physiological concen- 

tration of vitamin D induces cathelicidin antibacterial peptide to 

induce autophagy flux in HIV-Mtb co-infected macrophages to im- 

pede growth and replication. Furthermore, vitamin D restores the 

impaired Mtb-mediated TNF releases in HIV-positive macrophages 

through TLR signaling [125] . Influenza A virus infection induces 

apoptosis and tissue damage to humans. Vitamin D supplemen- 

tation inhibits apoptosis through VDR-dependent mechanism. 

Interestingly, vitamin D restores autophagic flux inhibited by viral 

infection through up-regulation of fusion protein, including syn- 

taxin 17 and V-type proton ATPase subunit, to prevent apoptosis 

[53] , suggesting that vitamin D can be a preventive, therapeutic 

agent through modulation of autophagy in viral infections. Pre- 

and post-treatment of vitamin D are shown to decrease inflamma- 

tion in response to influenza A infection in human epithelial cells 

[126] , although the role of autophagy in regulating this phenotype 

is still need to be investigated. Rotavirus infection is associated 

with severe diarrhea in young children. The data have directed 

that vitamin D treatment increases the expression of Beclin-1, 

LC3, and decreases expression of p62 with higher expression 

of cathelicidin, leading to inhibit the viral infection in pigs and 

porcine small intestine epithelial cells [127] . 

Vitamin D, in combination with retinoic acid, increases the up- 

take of Mtb through ROS-induced autophagy [128] . The combined 

effect increases antigen presentation with marked change pheno- 

types of macrophage, leading to promotes persistent Mtb. Further, 

the combined effect of vitamin D with primaquine increases the 

number of monocytes, suppresses pro-inflammatory cytokines, ni- 

tric oxide synthase, and enhances antioxidant genes, antibacterial 

peptides, and autophagic protein against Pneumocystis pneumonia 

in C57BL/6 mice [129] . Artesunate treatment attenuates sepsis- 

induced immunosuppression in Pseudomonas aeruginosa infected 

mice and enhances pro-inflammatory cytokines with decreased 

bacterial load in mice. At the molecular level, the Artesunate 

interacts with the VDR to inhibit nuclear translocation to increase 

autophagy through ATG16L1. Moreover, it promotes VDR and 

NF-kB interaction, leading to nuclear translocation of NF-kB to 

synthesize pro-inflammatory cytokines to inhibit bacterial growth 

in macrophages [130] . 

5.4. Vitamin D, autophagy, and aging: does it have a role in 

controlling COVID-19? 

Autophagy, the cytoprotective mechanism, is inactivated with 

aging leading to the accumulation of reactive mitochondria, 

dysfunctional organelles, and protein aggregates [131] . Similarly, 

vitamin D levels are reduced with aging, and vitamin D deficiency 

accelerates aging and age-related diseases in humans [132-137] . 

For example, it is observed that the expression of VDR is de- 

creased with age, as shown in rats associated with intervertebral 

disc degeneration pathogenesis. Furthermore, activation of VDR 

attenuates apoptosis and mitochondrial dysfunction along with 

reduced autophagy in cells of annulus fibrous through inhibition 

of mTOR/p70S6K signal pathway [138] . Interestingly, vitamin D 

also reported to protect form viral infection including HIV [123] , 

rotavirus [127] , influenza [53 , 126] , and hepatitis [115 , 139] . Does vi- 

tamin D status associated with severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) infection cause COVID-19 in humans? 

Recently, the Israeli population study has established a link be- 

tween low vitamin D in serum and COVID-19 positive patients. In 

this study, 7,800 people are analyzed for viral infection, and 782 

patients are COVID-19 positive. The COVID-19 positive patients 

are associated with low plasma vitamin D levels compared to 

COVID-19 negative patients [140] . Another study has suggested 

that circulating vitamin D levels are significantly and inversely 

associated with SARS-CoV-2 nucleic acid amplification testing, and 

this correlation is highly relevant in different demographic factors 

including latitudes, ethnicities, both sexes, and age ranges in the 

United States [141] . In addition, the individuals have vitamin D 

deficiency at the time of COVID-19 test are at high risk than the 

individuals with sufficient vitamin D levels. Furthermore, it is 

found that COVID-19 patients with deficient vitamin D levels have 

improved with supplement ware not found to have a high risk for 

COVID-19 compared with patients with likely sufficient vitamin 
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D status [142] . Interestingly, a pilot randomized clinical study has 

revealed that treatment with vitamin D significantly decreases 

the need for ICU for COVID-19 patients indicating vitamin D 

controls the severity of the disease [143] . Moreover, vitamin D 

level has been shown to regulate lung function to determine the 

clinical outcome in COVID-19 patients [144] . Vitamin D has been 

documented as an anti-inflammatory hormone to control cytokine 

storms and protect from cellular dysfunction and infection in 

elderly adults with COVID-19 [145] . In this setting, it can be 

hypothesized that aged individuals with a deficiency in vitamin D 

and autophagy are more susceptible to viral infections, including 

SARS-CoV-2, and older adults associated with different diseases 

could aggravate the COVID-19, leading to death. Autophagy is 

reported to inhibit viral infection through a process known as 

virophagy, a mechanism for removing viruses through autophagy 

[146] . On the contrary, autophagy fusion inhibitors, including 

chloroquine, have indicated a promising effect in controlling viral 

growth by inhibiting endosome-containing viruses with the lyso- 

some to release the viral particle to the cytoplasm during infection 

[147] . The detailed role of autophagy in COVID-19 disease and its 

role in controlling SARS-CoV-2 need to be further studied. 

6. Conclusion and future perspectives 

Vitamin D has been documented as a vital hormone to con- 

trol cellular homeostasis and protects from different diseases. 

Here, vitamin D-activated autophagy signaling contributes to 

preventing cellular dysfunction and establishes the fine-tuning 

to maintain a healthy life. Vitamin D functions as an antioxi- 

dant through autophagy to control cell death, inflammation, and 

inflammation-associated diseases. The genomic and non-genomic 

function of vitamin D promotes autophagy to establish gut mi- 

crobiome homeostasis and prevents gut-associated inflammatory 

disease. Moreover, it regulates both pro-inflammatory and anti- 

inflammatory responses through autophagy modulation, suggesting 

utilizing this seco-steroid for two opposing functions, including 

autoimmune disease and immunosuppression. In addition, vitamin 

D exhibits a potent anticancer agent and potentiates the effect 

of radiation and chemotherapeutic drugs through modulation of 

autophagy for potential therapy. Although autophagy signaling 

through the supplement of vitamin D regulates multiple cellular 

functions, the detailed role of autophagy in contributing vitamin D 

activity warrants further study in different models. Identification 

of critical molecules and associated signaling pathways through 

proteomics approaches could widen vitamin D-based therapy 

or supplement and classical drugs for multiple human diseases. 

What is the genetic and epigenetic basis of vitamin D-associated 

autophagy activity in modulating cellular functions that need to be 

deciphered to understand the contribution of conflicting roles at 

different cells, tissues, and systems? In conclusion, increasing vi- 

tamin D level in human body through timely exposure to sunlight 

or vitamin D supplements could activate autophagy as part of the 

homeostasis mechanism to prevent multiple human diseases and 

aging-associated dysfunctions. 
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