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Vitamin  D3 decreases TNF‑α‑induced inflammation in lung 
epithelial cells through a reduction in mitochondrial fission 
and mitophagy
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and mechanisms of action of vitamin  D3 (Vit. D) on 
the expression of intercellular adhesion molecule-1 
(ICAM-1) in vitro and in vivo with or without tumor 
necrosis factor α (TNF-α) treatment. Pretreatment 
with Vit. D reduced the expression of ICAM-1 and 
leukocyte adhesion in TNF-α-treated A549 cells. 
TNF-α increased the accumulation of mitochon-
drial reactive oxygen species (mtROS), while Vit. D 
reduced this effect. Pretreatment with Vit. D attenu-
ated TNF-α-induced mitochondrial fission, as shown 

Abstract Previous work has shown an association 
between vitamin  D3 deficiency and an increased risk 
for acquiring various inflammatory diseases. Vita-
min  D3 can reduce morbidity and mortality in these 
patients via different mechanisms. Lung inflam-
mation is an important event in the initiation and 
development of respiratory disorders. However, 
the anti-inflammatory effects of vitamin  D3 and the 
underlying mechanisms remained to be determined. 
The purpose of this study was to examine the effects 
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by the increased expression of mitochondrial fission 
factor (Mff), phosphorylated dynamin-related pro-
tein 1 (p-DRP1), and mitophagy-related proteins 
(BCL2/adenovirus E1B 19  kDa protein-interacting 
protein 3, Bnip3) in A549 cells. Inhibition of DRP1 
or Mff significantly decreased ICAM-1 expression. 
In addition, we found that Vit. D decreased TNF-α-
induced ICAM-1 expression, mitochondrial fission, 
and mitophagy via the AKT and NF-κB pathways. 
Moreover, ICAM-1 expression, mitochondrial fission, 
and mitophagy were increased in the lung tissues of 
TNF-α-treated mice, while Vit. D supplementation 
reduced these effects. In this study, we elucidated the 
mechanisms by which Vit. D reduces the expression 
of adhesion molecules in models of airway inflam-
mation. Vit. D might be served as a novel therapeutic 
agent for the targeting of epithelial activation in lung 
inflammation.

Keywords Adhesion molecules · ROS · 
Inflammation · Vitamin  D3 · Mitochondrial fission · 
Mitophagy

Abbreviations
Vit. D  Vitamin  D3
ROS  Reactive oxygen species
mtROS  Mitochondrial reactive oxygen species
ATP  Adenosine triphosphate
DRP1  Dynamin-related protein 1
Mff  Mitochondrial fission factor
Bnip3  BCL2/adenovirus E1B 19kDA protein-

interacting protein 3
COPD  Chronic obstructive pulmonary disease
BSA  Bovine serum albumin
DMEM  Dulbecco’s Modified Eagle Medium
FBS  Fetal bovine serum
SDS  Sodium dodecyl sulfate

Introduction

Inflammatory lung diseases display high morbid-
ity and mortality and pose a significant socioeco-
nomic burden to society (Scherer and Chen 2016). 
In the lung, inflammation is caused by pathogens 
or exposure to irritants, air pollutants, and aller-
gens (Moldoveanu et  al. 2009). Inflammation is an 
important factor in the occurrence and progression 

of respiratory diseases, such as asthma and chronic 
obstructive pulmonary disease (Lee and Yang 2013). 
The complicated interactions between circulating 
polymorphonuclear leukocytes and constituent cells 
in lung tissues were involved in these inflammatory 
responses. During inflammation, intercellular adhe-
sion molecule 1 (ICAM-1), a member of the immu-
noglobulin supergene family, which is upregulated in 
respiratory epithelial cells (Lee and Yang 2013; Roe-
buck and Finnegan 1999). Therefore, it is important 
to both mechanistically understand and attempt to 
inhibit the known inflammatory cascade that induces 
and amplifies lung inflammation.

Oxidative stress is a predictor and indicator of tis-
sue damage and is involved in many biological and 
pathological diseases, such as inflammation and car-
cinogenesis (Cachon et  al. 2014). Reactive oxygen 
species (ROS) are mainly produced by nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase 
family members in the plasma membrane and mito-
chondria (Forrester et al. 2018). An increasing body 
of evidence has shown that excessive ROS plays an 
important role in the pathogenesis of airway inflam-
mation and tissue damage, so the neutralization of 
ROS or inhibition of the redox pathway may reduce 
inflammation (Babbar and Casero 2006; Kim et  al. 
2008, 2014Liu et  al. 2018). However, the role of 
excessive mitochondrial ROS (mtROS) production in 
driving lung inflammation and ICAM-1 expression 
has not been fully elucidated.

Under physiological conditions, mitochondria are 
not only the “powerhouses” of cells, producing large 
amounts of adenosine triphosphate (ATP) necessary 
for cells to live, but are also a hub for sensing inflam-
matory signals and the starting point for inflamma-
tory responses (Ng Kee Kwong et  al. 2017). Mito-
chondria undergo balanced membrane remodeling 
through fusion and fission and form a dynamic inter-
connected intracellular network (Park et  al. 2013). 
When stressed, healthy and damaged mitochondria 
are separated through a fission mechanism, which 
is regulated by dynamin-related protein 1 (DRP1) 
and mitochondrial fission factor (Mff) (Westermann 
2010). Damaged mitochondria are mainly degraded 
by mitophagy, a selective form of autophagy (Har-
ris et  al. 2018). Mitophagy can preserve energy 
metabolism and reduce damage caused by external 
stimuli, thereby protecting the body. However, exces-
sive mitophagy can lead to cell death (Ravikumar 
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et  al. 2010). Bcl2/adenovirus E1B 19  kDa protein-
interacting protein 3 (Bnip3) is a receptor-mediated 
mitophagy-related factor located on the outer mito-
chondrial membrane that recruits LC3 interacting 
region (LIR) motifs and triggers mitophagy (Harris 
et al. 2018). However, the role of the mitophagy-asso-
ciated proteins Bnip3 and LC3B in TNF-α-induced 
lung inflammation is still unclear.

Vitamin  D3 regulates adaptive and innate immune 
functions, proliferation and differentiation of many 
cell types, and airway remodeling (Hutchinson 
et al. 2018). Vitamin  D3 is primarily synthesized by 
7-dehydrocholesterol in the skin upon exposure to 
ultraviolet B (UVB) radiation present in sunlight 
(Christakos et  al. 2016; Dusso et  al. 2005) but can 
also be obtained from the diet. Vitamin  D3 is not 
biologically active. The first metabolite of vitamin 
 D3, 25(OH)D3, is the major circulating form of vita-
min  D3 and the second metabolite of vitamin  D3, 
1,25(OH)2D3, is the biologically active form of vita-
min  D3. 25(OH)D3 level in serum has become a reli-
able biomarker of vitamin  D3 status (Cashman et al. 
2017). Vitamin  D3 deficiency is also closely related 
to the level of inflammatory biomarkers such as vas-
cular cell adhesion molecule-1 (VCAM-1), ICAM-1, 
and interleukin-6 (IL-6) (Dobnig et al. 2008). In addi-
tion, vitamin  D3 extensively modulates both innate 
and adaptive immune responses and could reduce 
systemic inflammation in patients (Dusso et al. 2005). 
Vitamin  D3 administration reduced ICAM-1 and 
VCAM-1 levels in hemodialysis patients in a pla-
cebo-controlled, double-blind clinical trial (Naeini 
et al. 2017). It has been reported that vitamin  D3 defi-
ciency is associated with the occurrence of bronchi-
ectasis, which is linked to disorders such as asthma 
and chronic obstructive pulmonary disease (COPD) 
(Ferri et al. 2019). Vitamin  D3 treatment could reduce 
morbidity and mortality of patients with chronic kid-
ney disease and end-stage kidney disease by reduc-
ing inflammatory mechanisms (Assimon et al. 2012). 
However, the role of vitamin  D3 in inflammatory dis-
eases is not fully understood. Herein, we studied the 
effects and mechanisms of action of vitamin  D3 on 
the expression of adhesion molecules. A better under-
standing of these processes may provide important 
insights for preventing airway inflammation.

Materials and methods

Cell culture

A549 cells (tumor transformed human type II epithe-
lial alveolar cells) and THP-1 cells (human monocytic 
cells) were bought from the American Type Culture 
Collection (VA, USA). A549 cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) (Bio-
logical Industries, BI, CT, USA) containing 10% fetal 
bovine serum (FBS, BI) and 1% penicillin/streptomy-
cin (BI). THP-1 cells were cultured in RPMI-1640 
medium (BI) containing 10% FBS and 1% penicil-
lin/streptomycin/amphotericin B. Both types of cells 
were cultivated in a humidified, 5%  CO2 atmosphere 
at 37 °C.

Western blot

Cells were pretreated with 25-hydroxy vitamin  D3 
(25(OH)D3,  25VD3, Vit. D; Cayman, NY, USA) or 
1,25-dihydroxyvitamin  D3 (1–25(OH)2D3; 1-25VD3; 
Cayman, NY, USA) for 24  h and then treated with 
10 ng/mL TNF-α (PeproTech, NJ, USA). A uniform 
amount of protein samples (30 μg) was subjected to 
sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis, and then transferred to polyvinylidene 
fluoride membranes (Millipore, Germany). The 
membranes were blocked with Tris-buffered saline 
containing 0.1% Tween-20 and 5% nonfat dry milk 
for 1  h. Then, membranes were treated with pri-
mary antibodies against ICAM-1 (Santa Cruz, TX, 
USA; 1:2000 dilution); phospho-ERK, phospho-
JNK, phospho-p38, phospho-AKT, phospho-p65, 
phospho-DRP1 (Ser616), DRP1, Mff, LC3B, Bnip3 
(Cell Signaling, MA, USA; 1:2000 dilution); or 
HIF-1α (GeneTex, CA, USA; 1:2000 dilution) over-
night at 4 °C. Anti-GAPDH or anti-β-actin antibodies 
(BIOTOOLS, Taiwan, 1:10,000 dilution) were used 
as loading controls. Furthermore, the membranes 
were incubated with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG or goat anti-mouse 
IgG antibodies (Jackson ImmunoResearch Labo-
ratories, PA, USA; 1:2000 dilution) for 1  h at room 
temperature (RT). Protein levels were detected using 
Immobilon Western Chemiluminescent HRP sub-
strate (Merck, Germany). Images were visualized on 
a UVP ChemStudio PLUS Touch imaging system 
(Analytik Jena, Germany). The intensity of each band 
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was quantified using ImageJ and normalized to that of 
GAPDH or β-actin.

Immunofluorescent staining

To detect the in situ expression of ICAM-1, confluent 
A549 cells (control cells or cells treated with Vit. D 
for 24  h) on sterile coverslips were treated with the 
absence or presence of 10  ng/mL TNF-α at 37  °C 
for 4 h. Then, the medium was removed and the cells 
were rinsed with PBS, fixed in 4% paraformaldehyde 
for 15 min at RT, and permeabilized with 0.01% Tri-
ton X-100 at RT for 1  min. The cells were further 
blocked with 1% bovine serum albumin (BSA) in 
PBS at RT for 1 h. Then, cells were treated with anti-
ICAM-1 (diluted 1:50 in PBS containing 1% BSA, 
Jackson ImmunoResearch Laboratories) overnight 
at 4 °C. After washing off the unbound antibody, the 
cells were treated with Alexa Fluor 488-conjugated 
secondary antibody (diluted 1:200 in PBS contain-
ing 1% BSA) for 1 h. Nuclei were labeled with 1 μg/
mL DAPI for 3 min, to observe and photograph these 
results with a fluorescence microscope (Leica, Ger-
many). Further, to examine the expression of mito-
chondrial DRP1, Bnip3 or LC3B, control cells or 
24 h Vit. D-treated cells on sterilized coverslips were 
incubated with 1  μM MitoTracker (Invitrogen, CA, 
USA) or with LysoTracker (Invitrogen) for 30  min 
and then treated with or without 10 ng/ml TNF-α at 
37  °C for 1–2 h. The cells were then fixed and per-
meabilized by the same method as described above. 
Then, the cells were incubated with primary antibod-
ies against DRP1, Bnip3, or LC3B (1:200 dilution in 
PBS containing 1% BSA) overnight at 4 °C. Then, the 
subsequent experimental steps are the same as above.

Leukocyte-epithelial cell adhesion assay

A549 cells cultured in 12-well plates were pretreated 
with or without Vit. D for 24 h and treated with 10 ng/
mL TNF-α for 4 h. 2′,7′-bis-(2-carboxyethyl)-5-(and-
6)-carboxyfluorescein acetoxymethyl ester (BCECF-
AM, Invitrogen) labeled THP-1 cells were incubated 
with A549 cells for 1  h. Nonadherent THP-1 cells 
were removed by gentle washing with PBS. For each 
experiment, three randomly selected images were 
captured under a fluorescence microscope and the 
number of THP-1 cells adhered to A549 cells was 
counted in each image.

Detection of mitochondrial ROS

A549 cells were pretreated with Vit. D for 24 h and 
then stimulated with 10 ng/mL TNF-α for 4 h. Mito-
SOX Red (Invitrogen), a mitochondrial superoxide 
indicator, was used to detect mitochondrial ROS lev-
els. A549 cells were incubated with 1.5  μM Mito-
SOX Red at 37 °C for 15 min. Fluorescence intensity 
was examined using a fluorescence microscope and a 
FACSCalibur flow cytometer (Becton, Dickinson and 
Company, BD, NJ, USA).

Mitochondrial membrane potential (ΔψM) 
determination

The change in mitochondrial transmembrane poten-
tial was analyzed using 5,5′,6,6′-Tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolyl-carbocyanine iodide (JC-
1, Invitrogen). Cells were pretreated with Vit. D for 
24 h and then stimulated with 10 ng/mL TNF-α. JC-1 
(1  μg/mL) was added to the culture media prior to 
TNF-α stimulation. At high ΔψM, JC-1 forms aggre-
gates and emits red fluorescence; at low ΔψM, JC-1 
exists as a monomer and emits green fluorescence. 
The fluorescence was measured by a fluorescence 
microscope and an LSRFortessa flow cytometer 
(BD).

Determination of adenosine triphosphate (ATP) 
levels

A Molecular Probes® ATP determination kit was 
used to examine the levels of cellular ATP (Invit-
rogen). The cells were collected in lysis buffer and 
centrifuged (14,500 × g) for 20  min at 4  °C. Subse-
quently, the supernatants were collected and twenty 
micrograms of each sample was added to a 96-well 
plate. Then, the reaction solution was added to the 
96-well plate. ATP level was measured using a micro-
plate luminometer (Berthold, Bad Wildbad, Ger-
many) and calculated it based on the standard ATP 
curve.

Mitochondrial imaging

Confluent A549 cells (control cells or 24  h Vit. 
D-treated cells) on sterilized coverslips were incu-
bated with 1  μM MitoTracker (Invitrogen) at 37  °C 
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for 30 min and then stimulated with or without 10 ng/
ml TNF-α for 0–4  h at 37  °C. Mitochondria were 
observed and imaged using a Zeiss ApoTome (Zeiss, 
Germany). ImageJ software was used to measure 
mitochondrial length from 20 cells and at least 10 
mitochondria per cell. Three replicates were per-
formed for each biological sample.

Transmission electron microscopy

After pretreatment with Vit. D for 24 h, the cells were 
treated with 10  ng/mL TNF-α. After centrifugation, 
the cells were collected, washed with PBS, fixed with 
2% paraformaldehyde and 2% glutaraldehyde in PBS 
at 4 °C for 24 h, and then post-fixed with 1% osmic 
acid at RT for 1 h. The cells were further dehydrated 
in graded ethanol, washed with propylene oxide, and 
embedded in epoxy resin. The ultrathin sections were 
cut by using a Reichert ultramicrotome, stained with 
aqueous uranyl acetate and lead citrate, and viewed 
using a HITACHI H-7100 at 100 kV.

Mitochondrial isolation assay

Whole A549 cell lysates were collected in 
trypsin–EDTA and then the mitochondrial and cyto-
plasmic parts were prepared using a mitochondria 
isolation kit (Thermo Scientific, CA, USA). The 
experimental procedure was carried out in accordance 
with the manufacturer’s instructions. The mitochon-
drial and cytoplasmic parts were stored at − 20 °C for 
immunoblot analysis.

Acridine Orange (AO) staining

A549 cells were seeded on sterilized coverslips, 
preincubated with Vit. D for 24  h and then treated 
with TNF-α (10  ng/mL) for 2  h. AO reagent (1  μg/
mL, Cayman) was added to the culture media prior 
to TNF-α stimulation. Cells were washed with PBS 
and then observed and photographed under a fluores-
cence microscope. Red fluorescence indicated acidic 
autophagic vesicles, while green fluorescence was 
observed in the cytoplasm and nucleus.

Coimmunoprecipitation assay

For coimmunoprecipitation, cells were collected in 
lysis buffer and centrifuged at 12,000 × g for 10 min. 
Then, the supernatant was collected, incubated with 
1  μg of the appropriate antibody against protein of 
interest, and precipitated with GammaBind Plus-
Sepharose beads (GE Healthcare, IL, USA) overnight 
at 4 °C. Wash the beads 3 times with PBS, and then 
centrifuge at 2500 × g for 5 min to collect the precipi-
tated protein. The immunoprecipitated proteins were 
separated by SDS-PAGE and subjected to Western 
blot. Primary antibodies used for immunoblot were 
as follows: DRP1 and Bnip3. In addition, Mff and 
LC3B antibodies were used to check the purity of the 
precipitate.

Animal model

Male C57BL6/J wild-type mice were bought from 
National Taiwan University (Taipei, Taiwan). This 
study uses mice aged 8–12 weeks, weighing between 
25 and 35  g. The mice were orally fed vitamin  D3 
(10,000 IU/kg/day) for 14 days and then anesthetized 
by inhalation of 2% isoflurane. The neck of the mouse 
was shaved, and the surgical site was disinfected with 
75% alcohol. Make a vertical 5 mm incision to expose 
the trachea. Use an insulin syringe to puncture the 
anterior wall of the trachea between the second and 
third tracheal cartilage rings at a 45° angle to avoid 
damage to the posterior wall. TNF-α (10  μg/kg) in 
sterile PBS was slowly infused into the trachea. Then 
suture the skin incision. After returning to normal 
behavior, the mouse was placed back into the cage. 
The next day, the mice were anesthetized via inhala-
tion of isoflurane and sacrificed.

Part of lung tissue was fixed in 4% buffered para-
formaldehyde and embedded in paraffin for immuno-
histochemical analysis and hematoxylin–eosin stain-
ing. The remaining part was quickly frozen in liquid 
nitrogen for protein separation to examine the levels 
of ICAM-1, DRP1, Mff, Bnip3, and LC3B expres-
sion by Western blot. In short, lung tissue was lysed 
in lysis buffer supplemented with phosphatase inhibi-
tors and protease. The lysate was then centrifuged at 
14,500 × g at 4  °C for 20  min. The supernatant was 
stored at − 80 °C for further study.
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Immunohistochemistry

Five-micrometer-thick sections were cut from the 
paraffin blocks. The sections were placed in a 60 °C 
oven for 1 h for deparaffinization and then gradually 
rehydrated through graded alcohol: 100%, 95%, 85%, 
and 75% for 5 min each. After antigen retrieval using 
10 mM sodium citrate, endogenous peroxidases were 
inactivated with 3% hydrogen peroxide for 10 min at 
RT. To check the ICAM-1 expression in lung tissues, 
the sections were incubated overnight with ICAM-1 
antibody (1:200 dilution) at 4 °C. Subsequently, they 
were incubated with biotin-conjugated goat anti-
mouse IgG (1:200 dilution, Jackson ImmunoResearch 
Laboratories) at RT for 1 h. After washing with PBS, 
the sections were incubated with avidin–biotin per-
oxidase complex (VECTASTAIN® ABC-HRP Kit, 
Vector Laboratories, CA, USA) for 1  h at RT. The 
sections were then stained with 3′3-diaminobenzi-
dine tetrahydrochloride (DAB; Vector, CA, USA) and 
 H2O2, counterstained with hematoxylin, and exam-
ined by light microscopy.

In order to check whether ICAM-1 is related to 
type II alveolar epithelial cells, the sections were 
double stained with ICAM-1 and SP-D (a marker for 
type II alveolar epithelial cells, 1:100, Bioss, Beijing, 
China) antibodies. After washing with PBS, the sec-
tions were incubated with Alexa Fluor 488 (1:200 
dilution) for ICAM-1 and Alexa Fluor 594 (1:100 
dilution) for SP-D. Subsequently, the slides were 
counterstained with DAPI solution and detected by 
fluorescence microscopy.

Statistical analysis

Data are expressed as the fold change compared to 
the control value and expressed as the mean ± SEM. 
Statistical significance was determined through one-
way analysis of variance (one-way ANOVA) using 
the Statistical Package for the Social Sciences (SPSS) 
with Fisher’s least significant difference (LSD) test. 
Statistical analyses were performed using GraphPad 
Prism software (CA, USA). *p ˂ 0.05 compared with 
the control group; †p ˂ 0.05 compared with the TNF-
α-stimulated cells.

Results

Vit. D reduces TNF-α-induced ICAM-1 expression in 
A549 cells

Vit. D is reported to have anti-inflammatory effects 
(Brito et  al. 2020). Therefore, we investigated 
whether Vit. D suppressed the inflammatory response 
by affecting TNF-α-induced adhesion molecules. 
To analyze the effect of Vit. D on ICAM-1 expres-
sion under inflammatory conditions, A549 cells were 
preincubated with 0.1, 0.5, 1, 5, or 10 μM Vit. D for 
24 h and then treated with 10 ng/mL TNF-α for 4 h. 
As shown in Fig.  1a, TNF-α significantly increased 
ICAM-1 expression, while 10 μM Vit. D reduced this 
effect. In addition, TNF-α induced ICAM-1 expres-
sion in a time-dependent manner, while 10 μM Vit. D 
reduced this expression (Fig. 1b). Based on this result, 
Vit. D was used at 10 μM in all following experiments 
evaluating the anti-inflammatory effect and molecular 
mechanism of Vit. D treatment. 1,25-dihydroxyvita-
min  D3 (1–25(OH)2D3; 1-25VD3) is an active, hor-
monal metabolite of vitamin  D3 (Dusso et al. 2005). 
To examine whether the protective effect of Vit. D 
 (25VD3) is similar to that of 1-25VD3, A549 cells 
were pretreated with 0.1 or 10 μM 1-25VD3 for 24 h 
and then treated with TNF-α for 4  h. As shown in 
Fig. 1c, the low dose of 1-25VD3 had no significant 
effect on ICAM-1 reduction, while the high dose of 
1-25VD3 significantly decreased TNF-α-induced 
ICAM-1 expression. Similarly, ICAM-1 was strongly 
present in the cytoplasm of TNF-α-treated A549 cells 
(T) by fluorescence microscopy. In contrast, pre-
treatment with Vit. D reduced ICAM-1 expression 
in TNF-α-treated A549 cells (Vit. D/T) (Fig.  1d). 
Because cell adhesion molecules are essential for 
monocyte binding, the subsequent step was to check 
the effects of Vit. D about the adhesion of mono-
cytes to epithelial cells. TNF-α-treated A549 cells 
(T) exhibited increased monocyte adhesion compared 
with confluent control cells (C). Pretreatment with 
Vit. D reduced the number of monocytes adhered 
to TNF-α-treated A549 cells (Fig.  1e). In addition, 
pretreatment with an ICAM-1 neutralizing antibody 
significantly reduced the monocyte binding to TNF-
α-treated A549 cells (ICAM-1 Ab/T) (Fig. 1e). These 
results suggested that Vit. D reduces TNF-α-induced 
inflammatory responses in A549 cells.
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Vit. D reduces TNF-α-induced mitochondrial ROS 
(mtROS) production in A549 cells

We next wanted to examine whether Vit. D reduces 
TNF-α-induced inflammatory responses by decreas-
ing mitochondrial oxidative stress. The produc-
tion of ROS, which are predominantly derived from 

mitochondria, is a key event in the progression of 
many inflammatory disorders (Liu et  al. 2018; Park 
et  al. 2013). Hypoxia-inducible factor-1α (HIF-1α) 
has been recognized as a transcription factor that 
can act as a major regulator of oxygen homeosta-
sis (Semenza 2014). Hypoxia-inducible factor-1α 
(HIF-1α) has been recognized as a transcription 

Fig. 1  Vit. D reduces TNF-α-induced ICAM-1 expres-
sion in A549 cells. a A549 cells were pretreated with Vit. D 
(0–10 μM) for 24 h and stimulated with TNF-α (10 ng/mL) for 
4  h. Then, the expression of ICAM-1 was detected by West-
ern blot. b A549 cells were pretreated with 10 μM Vit. D for 
24  h and then treated with TNF-α for the indicated times. 
Then, ICAM-1 levels were measured by Western blot. c A549 
cells were pretreated with Vit. D (10  μM) or 1-25VD3 (0.1, 
10 μM) for 24 h and then stimulated with TNF-α (10 ng/mL) 
for 4 h. Then, expression of ICAM-1 was detected by Western 
blot. d The distribution of ICAM-1 expression was detected 

by immunofluorescent staining. The nuclei were stained with 
DAPI. Bar = 50  μm. e Representative images and quantita-
tive analysis of fluorescein-labeled THP-1 cells adhering to 
A549 cells. A549 cells were left untreated or were pretreated 
with 10 μM Vit. D or 2 μg/mL anti-ICAM-1 antibody for 24 h 
and then stimulated with TNF-α for 4 h. Then, a fluorescence 
microscope was used to photograph and count adherent cells. 
Bar = 100  μm. Data are reported as the mean ± SEM (n = 9). 
*p ˂ 0.05 compared to untreated cells; †p ˂ 0.05 compared to 
TNF-α-treated cells
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factor that can act as a major regulator of oxygen 
homeostasis However, Haddad and Land reported 
that TNF-α plays a major role in mediating HIF-1α 
regulation under normoxia (Haddad and Land 
2001). In this study, we examined the effect of Vit. 
D on TNF-α-induced HIF-1α expression. The data 
showed that TNF-α treatment significantly increased 
the expression of HIF-1α in a time-dependent man-
ner, while pretreatment with Vit. D reduced TNF-
α-induced HIF-1α expression (Fig.  2a). The levels 
of mtROS were evaluated using the MitoSOX Red 
assay. Cells treated with TNF-α for 4 h displayed sig-
nificantly increased mtROS levels, as shown by both 
fluorescence microscopy (Fig.  2b) and flow cytom-
etry (Fig.  2c). As shown in Fig.  2b, pretreatment 
with Vit. D significantly decreased TNF-α-induced 
mtROS production. MitoTEMPO, a mitochondrial-
targeted antioxidant, was used to examine whether 
Vit. D affects ROS production in mitochondria. Pre-
treatment with MitoTEMPO significantly decreased 
TNF-α-induced mtROS production, as shown by 
fluorescence microscopy. The flow cytometry results 
were consistent with the fluorescence microscopy 
findings (Fig. 2c). TNF-α-induced HIF-1α expression 
was suppressed by mitoquinol (MitoQ), a mitochon-
drial-targeted antioxidant (Fig.  2d). We next evalu-
ated whether the expression of ICAM-1 in TNF-α-
treated A549 cells was caused by the production of 
mtROS. The data showed that pretreatment with 
MitoQ reduced the expression of ICAM-1 in TNF-
α-treated A549 cells (Fig. 2e). Taken together, these 
data indicate that TNF-α-induced ICAM-1 expression 
is related to mtROS production in A549 cells.

Vit. D attenuates the TNF-α-induced decrease in 
mitochondrial membrane potential (ΔΨm) and 
increase in mitochondrial fission

Under normal conditions, mitochondria undergo 
dynamic and balanced membrane remodeling through 
cycles of fusion and fission. Once stimulated, healthy 
and damaged mitochondria are separated through 
a fission mechanism. Imbalances in mitochondrial 
fission and fusion play an important role in the pro-
gression of many diseases (Park et  al. 2013; West-
ermann 2010). Due to the production of mtROS in 
TNF-α-stimulated A549 cells, we examined several 
mitochondrial functions, such as changes in mem-
brane potential, ATP production and expression of 

mitochondrial dynamics-related proteins. The levels 
of ΔΨm and ATP are key parameters for cell and 
mitochondrial function. Cells treated with TNF-α for 
1 and 2 h (T1h, T2h) displayed a marked change in 
fluorescence shift from red to green, as shown by the 
JC-1 analysis; this change indicates the collapse of 
ΔΨm. Cells pretreated with Vit. D displayed reduced 
green fluorescence emission, with a distribution 
type is similar to that of the control group (Fig. 3a). 
Moreover, JC-1 analysis of flow cytometry showed 
that TNF-α stimulation increased the ratios of green 
to red MFI (mean fluorescence intensity), while Vit. 
D pretreatment reversed this effect (Fig. 3b and Sup-
plementary Fig.  1). ATP level was decreased after 
TNF-α treatment, while Vit. D treatment protected 
cells from this TNF-α-induced influence (Fig. 3c).

Mitochondria are highly dynamic cellular orga-
nelles with the ability to undergo fission and fusion. 
Mitochondrial dynamics play the important role in 
cellular and mitochondrial function (Scott and Youle 
2010). As shown in Fig.  3d, DRP1 phosphorylation 
at residue Ser616 was significantly increased after 
1 and 2  h TNF-α stimulation, while pretreatment 
with Vit. D reduced this activation. The expression 
of Mff, an adaptor of DRP1, was also decreased in 
TNF-α-treated A549 cells pretreated with Vit. D. 
Next, MitoTracker was used to monitor changes in 
mitochondrial morphology in A549 cells incubated 
with Vit. D for 24  h and then treated with TNF-α 
for 0–4  h. We found that mitochondrial length was 
significantly reduced in TNF-α-treated cells as com-
pared to cells pretreated with Vit. D before TNF-α 
stimulation (Fig.  3e). TEM images also showed 
that mitochondrial length was reduced in TNF-α-
treated cells, while pretreatment with Vit. D reversed 
these effects (Fig. 3f). We also found that there was 
increased expression of mitochondrial DRP1 and Mff 
in TNF-α-treated cells. These data showed that cells 
pretreated with Vit. D displayed reduced mitochon-
drial DRP1 and Mff levels after 1 h TNF-α stimula-
tion (Fig. 3g). Consistently, immunostaining showed 
that TNF-α stimulation increased DRP1 expression, 
while the mitochondrial marker MitoTracker was 
used to demonstrate that the expression of DRP1 was 
localized to the mitochondria (Fig.  3h). These data 
indicate that TNF-α increases DRP1 expression in 
the mitochondria. The mitochondrial fission inhibitor 
Mdivi-1 was used to investigate whether the inflam-
matory responses are caused by TNF-α-induced 
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mitochondrial fission. Western blot analysis revealed 
that TNF-α-induced ICAM-1 expression was 
decreased following Mdivi-1 pretreatment (Fig.  3i). 
Pretreatment with Mdivi-1 also reduced the num-
ber of adherent monocytes (Fig.  3j). The efficiently 

reduced endogenous levels of DRP1 and Mff were 
indicated by Western blot (Fig.  3k). Knockdown of 
DRP1 or Mff significantly reduced TNF-α-induced 
ICAM-1 expression (Fig. 3l). These results suggested 

Fig. 2  The effect of Vit. D 
on TNF-α-induced mito-
chondrial ROS (mtROS) 
production in A549 cells. a 
A549 cells were pretreated 
with 10 μM Vit. D for 
24 h and then treated with 
TNF-α for the indicated 
times. HIF-1α expression 
levels were measured by 
Western blot. b, c A549 
cells were pretreated with 
10 μM Vit. D or with 
100 μM MitoTEMPO (a 
mitochondria-targeted anti-
oxidant) for 24 h and then 
treated with TNF-α for 4 h. 
Mitochondrial ROS levels 
were detected using 1.5 μM 
MitoSox Red (a mitochon-
drial ROS indicator) by 
fluorescence microscopy 
(b) and flow cytometry 
(c). Bar = 100 μm. d, e 
A549 cells were incubated 
with 10 μM Vit. D or 1 or 
5 μM mitoquinol (MitoQ, 
a mitochondria-targeted 
antioxidant) for 24 h and 
then stimulated with TNF-α 
for 4 h. Expression levels of 
HIF-1α and ICAM-1 were 
measured by Western blot. 
Data are reported as the 
mean ± SEM (n = 9). *p ˂ 
0.05 compared to untreated 
cells; †p ˂ 0.05 compared to 
TNF-α-treated cells
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that Vit. D reduces ICAM-1 expression by decreasing 
TNF-α-induced mitochondrial fission in A549 cells.

Vit. D reduces TNF-α-induced mitophagy

Mitochondrial dysfunction has been demonstrated to 
play a key role in several diseases, and the accumula-
tion of dysfunctional mitochondria leads to oxidative 
stress and impairment of cellular functions (Bhatti 
et  al. 2017). Mitochondrial dynamics and mitophagy 
have been identified as important mediators that con-
trol mitochondrial quality. Mitophagy appears to be 
an autophagic mechanism for the degradation of dys-
functional mitochondria (Harris et al. 2018). To inves-
tigate the involvement of mitophagy in A549 cells pre-
treated with Vit. D and then stimulated with TNF-α 
for the indicated times, we examined expression of 
the mitophagy-related protein Bnip3 by Western blot. 
As shown in Fig.  4a, TNF-α significantly increased 
both Bnip3 and LC3B expression in a time-dependent 
manner, while pretreatment with Vit. D reduced these 
TNF-α-induced effects. Interestingly, expression of 
the autophagy-related protein LC3B was significantly 
increased in the Vit. D pretreated cells. After 2 h of 
TNF-α stimulation, cells showed more acidic vesicu-
lar organelles by AO staining, which were detected 
as red-stained dots by fluorescence microscopy, com-
pared with the 0  h group. Cells pretreated with Vit. 
D showed fewer red-stained dots (Fig.  4b). We then 
investigated whether Vit. D affected mitochondrial 
translocation of Bnip3 and LC3B in TNF-α-treated 
A549 cells. Vit. D pretreatment reduced mitochondrial 
translocation of Bnip3 when compared to that of TNF-
α-treated cells, while mitochondrial fractions of LC3B 
expression showed no difference between TNF-α 
stimulation and Vit. D pretreatment with TNF-α 
stimulation (Fig. 4c). In addition, fluorescent staining 
revealed increased Bnip3 localization to mitochon-
dria in TNF-α-treated cells, while Vit. D pretreatment 
reduced this effect (Fig.  4d). Coimmunoprecipitation 
was used to investigate interactions between Bnip3 
and LC3B. As shown in Fig. 4e, Vit. D reduced TNF-
α-induced Bnip3-LC3B interactions in A549 cells. 
These data suggested that Vit. D reduces TNF-α-
induced Bnip3-mediated mitophagy. Mitophagy was 
identified in TNF-α-treated A549 cells with or without 
Vit. D pretreatment. Therefore, we next used bafilo-
mycin A1 (Baf. A1) and chloroquine (CQ) to examine 
whether Vit. D reduced inflammation via inhibition 

of TNF-α-induced mitophagy (Fig.  4f). CQ inhibits 
autophagy because it raises the lysosomal pH, which 
results in the inhibition of autophagosome-lysosome 
fusion and lysosomal protein degradation whereas 
Baf. A1 inhibits the fusion between autophagosomes 
and lysosomes by inhibiting vacuolar  H+-ATPase, 
thereby preventing the maturation of autophagosomes 
(Mauthe et  al. 2018; Mauvezin and Neufeld 2015). 
Baf. A1 pretreatment did not affect TNF-α-induced 
monocyte adhesion, however, CQ pretreatment sig-
nificantly increased TNF-α-induced monocyte adhe-
sion (Fig.  4g). Mdivi-1 was used to assess rates of 
mitophagy and revealed that increased mitophagy was 
correlated with excess TNF-α-induced mitochondrial 
fission. As shown in the results, pretreatment with 
Mdivi-1 reduced TNF-α-induced Bnip3 expression 
in A549 cells (Fig.  4h). These data suggested that 

Fig. 3  Vit. D reduces excessive TNF-α-induced mitochon-
drial fission in A549 cells. a A549 cells were pretreated with 
10  μM Vit. D for 24  h and then treated with TNF-α for the 
indicated times. Changes in mitochondrial membrane potential 
were detected using JC-1 staining and fluorescence micros-
copy. Bar = 50  μm. b Cells were incubated with 10  μM Vit. 
D for 24 h and then stimulated with TNF-α for the indicated 
times. Changes in mitochondrial membrane potential were 
examined using JC-1 staining and flow cytometry. c ATP pro-
duction was measured using an ATP assay. d The levels of 
mitochondrial fission-related proteins, phosphorylated DRP1 
(Ser 616) and Mff, were examined by Western blot. e Mito-
chondrial morphology was observed using a Zeiss ApoTome. 
The right panel shows a larger magnification of the indicated 
area in the left panel. Bar = 10 μm. The bar graph shows mito-
chondrial lengths in A549 cells as measured using ImageJ 
software. f A549 cells were pretreated with 10 μM Vit. D for 
24  h and then stimulated with TNF-α for 2  h. Mitochondrial 
morphology (arrowhead) was examined using TEM. Scale 
bar = 500  nm. g A549 cells were pretreated with Vit. D and 
then stimulated with TNF-α for 1  h. The mitochondrial frac-
tion was analyzed by Western blot. h Immunofluorescence 
was used to assess colocalization of DRP-1 (green) and 
MitoTracker (mitochondria, red) Bar = 10 μm. i The cells were 
pretreated with mitochondrial division inhibitor 1 (Mdivi-1) 
for 1 h and then stimulated with TNF-α for 4 h. The expres-
sion of ICAM-1 was detected by Western blot. j Photographs 
and quantitative analysis of fluorescein-labeled THP-1 cells 
adhered to A549 cells after Mdivi-1 pretreatment and TNF-α 
stimulation. Bar = 100 μm. k A549 cells were transfected with 
50 nM DRP1 siRNA or 25 nM Mff siRNA for 48 h and then 
DRP1 and Mff expression was determined by Western blot. 
l A549 cells were transfected with 50  nM DRP1 siRNA or 
25  nM Mff siRNA for 48  h and then stimulated with TNF-α 
for 4 h. The expression of ICAM-1 was determined by Western 
blot. Data are reported as the mean ± SEM (n = 9). *p ˂ 0.05 
compared to untreated cells; †p ˂ 0.05 compared to TNF-α-
treated cells

▸
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mitophagy in A549 cells is caused by TNF-α-induced 
mitochondrial fission and that Vit. D could reduce 
these effects.

Vit. D reduces TNF-α-induced the expression 
of ICAM-1 in A549 cells through the AKT/p65 
pathways

The inflammatory cytokines-induced ICAM-1 
expression is mediated through multiple signaling 

pathways, including MAPKs, AKT, and p65 (Lee 
and Yang 2013). We first examined whether TNF-
α-induced ICAM-1 expression was mediated by 
activation of MAPKs. ERK1/2, p38 and JNK phos-
phorylation was significantly increased in A549 
cells after 5 and 15  min of TNF-α stimulation but 
declined beginning at 30 min. In order to determine 
the impact of Vit. D, cells were pretreated with 
Vit. D for 24 h, then treated with TNF-α for 5, 15, 
and 30 min. As shown in Fig. 5a, Vit. D treatment 
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Fig. 4  Vit. D reduces TNF-α-induced mitophagy in A549 cells. a 
A549 cells were pretreated with Vit. D for 24 h and then treated with 
TNF-α for the indicated times. Bnip3 and LC3B expression levels 
in cell lysates were examined by Western blot. b A549 cells were 
pretreated with Vit. D for 24  h and then treated with TNF-α for 
2 h. The formation of autophagosomes was examined via Acridine 
Orange (AO) staining and fluorescence microscopy. Bar = 50 μm. c 
A549 cells were pretreated with Vit. D for 24 h and then treated with 
TNF-α for 2  h. The cytoplasmic and mitochondrial fractions were 
examined for Bnip3 and LC3B expression by Western blot. d Immu-
nofluorescence was used to assess colocalization of Bnip3 (green) or 
LC3B (green) and MitoTracker (mitochondria, red) or LysoTracker 
(lysosome, red). Bar = 10  μm. e Coimmunoprecipitation of Bnip3 
and LC3B in A549 cells pretreated with Vit. D for 24 h and stim-

ulated with TNF-α for 2  h. The left panel shows the Western blot 
analysis of whole cell lysates, and the right panel shows the analysis 
of immunoprecipitated samples. f A549 cells were pretreated with 
100 nM bafilomycin A1 (Baf. A1) or 10 μM chloroquine (CQ) for 
6 h, treated with or without Vit. D for 24 h, and then stimulated with 
TNF-α for 4 h. The expression of ICAM-1 was examined by Western 
blot. g Representative images and quantitative analysis of fluores-
cein-labeled THP-1 cells adhered to A549 cells. The adherent cells 
were photographed and counted under a fluorescence microscope. 
Bar = 100  μm. h A549 cells were pretreated with Mdivi-1 for 1  h 
and then stimulated with TNF-α for 2 h. Bnip3 and LC3B expres-
sion levels were analyzed by Western blot. Data are reported as the 
mean ± SEM (n = 9). *p ˂ 0.05 compared to untreated cells; †p ˂ 0.05 
compared to TNF-α-treated cells
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significantly decreased ERK, p38 and JNK phos-
phorylation levels. In addition, the levels of phos-
phorylated AKT and p65 expression were signifi-
cantly induced after TNF-α stimulation, while Vit. 

D pretreatment remarkably reduced these effects 
(Fig.  5b). To further confirm the involvement of 
MAPKs, AKT, and p65 in TNF-α-induced mito-
chondrial fission and mitophagy, we used inhibitors 

Fig. 4  (continued)
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Fig. 5  Vit. D reduces TNF-α-induced mitochondrial fission, 
mitophagy, and ICAM-1 expression in A549 cells through 
the AKT/p65 pathways. a, b The effect of Vit. D treatment on 
TNF-α-induced phosphorylation of a ERK1/2, p38, JNK, b 
AKT and p65 in A549 cells. A549 cells were pretreated with 
10  μM Vit. D for 24  h and then stimulated with TNF-α for 
0–30  min. The levels of phosphorylated ERK1/2, p38, JNK, 
AKT and p65 were analyzed by Western blot. c A549 cells 
were pretreated with 50 μM PD98059 (an ERK1/2 inhibitor), 
50 μM SB203580 (a p38 inhibitor), 50 μM SP600125 (a JNK 
inhibitor), 15  μM AKTi (an AKT inhibitor), or 15  μM Bay 
(a p65 inhibitor) for 1 h and then treated with TNF-α for 1 h. 
The expression of Ser616-phosphorylated DRP1 and Mff was 
analyzed by Western blot. d The effects of MAPKs, AKT, and 

p65 on the expression of Bnip3 and LC3B after 2 h of TNF-α 
stimulation were detected by Western blot. e A549 cells were 
pretreated with PD98059, SB203580, SP600125, AKTi, 
or Bay for 1  h and then treated with TNF-α for 4  h. Then, 
expression of ICAM-1 was examined by Western blot. f The 
effects of AKT/p65 inhibitors on TNF-α-induced adhesion of 
fluorescein-labeled THP-1 cells to A549 cells. The cells were 
left untreated or pretreated with AKTi or Bay for 1  h. Then, 
they were treated with TNF-α in the continued presence of the 
inhibitors for 4 h. Bar = 100 μm. g, h The effects of AKT/p65 
inhibitors on mitochondrial length (g) and JC-1 staining (h). 
Bar = 10 or 50 μm as panel indicated. Data are reported as the 
mean ± SEM (n = 9). *p ˂ 0.05 compared to untreated cells; †p 
˂ 0.05 compared to TNF-α-treated cells
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for specific signal transduction pathways. TNF-
α-induced increases in p-DRP1, Mff, and Bnip3 
expression was inhibited by pretreatment with AKTi 
(an AKT inhibitor) and Bay (an NF-κB inhibi-
tor) but not with PD98059 (an ERK 1/2 inhibitor), 
SB203580 (a p38 inhibitor), or SP600125 (a JNK 
inhibitor), as demonstrated by Western blot (Fig. 5c, 
d). Furthermore, we assessed whether the activation 
of MAPKs/AKT/p65 was related to the inhibition 
of TNF-α-induced ICAM-1 expression by Vit. D. 
TNF-α-induced ICAM-1 expression was inhibited 
by pretreatment with AKTi and Bay but not with 
PD98059, SB203580, or SP600125, as shown by 
Western blot analysis (Fig. 5e). Moreover, AKT and 
p65 specific inhibitors reduced TNF-α-increased 

monocyte binding (Fig.  5f), which further cor-
roborated that sequential activation of the AKT/
p65 pathway lead to the upregulation of ICAM-1 
and subsequent monocyte binding. We also dem-
onstrated that inhibitors specific for AKT and p65 
enhanced TNF-α-induced reductions in mitochon-
drial length (Fig.  5g) and JC-1 staining (Fig.  5h). 
These data suggested that Vit. D decreased TNF-α-
induced ICAM-1 expression, mitochondrial fission, 
and mitophagy via AKT and NF-κB pathways.

Vit. D reduces lung inflammation, mitochondrial 
fission, and mitophagy in TNF-α-treated mice

In order to examine the impact of Vit. D on the 
expression of ICAM-1 under inflammatory condi-
tions in vivo, mice were orally fed Vit. D for 14 days 
and then stimulated for 24 h via intratracheal injection 
of TNF-α. At the light microscopic level, airspaces 
were inflated in healthy controls, and fewer blood 
cells were observed in the septal walls. 24 h of TNF-α 
stimulation caused thickening of distal airspaces and 
infiltration of many inflammatory cells, while pread-
ministration of Vit. D reduced these effects (Fig. 6a). 
Western blot and immunohistochemical staining were 
performed to detect ICAM-1 expression levels in lung 
tissues. As shown in Fig.  6b, TNF-α significantly 
induced ICAM-1 expression in lung tissues, and pre-
treatment with Vit. D diminished these effects. Con-
sistent with the Western blot results, stronger ICAM-1 
staining was observed on epithelial cells in the TNF-
α-treated group; in contrast, preadministration of Vit. 
D followed by 24 h of TNF-α stimulation resulted in 
weaker ICAM-1 staining and weak ICAM-1 expres-
sion in the control and Vit. D-treated groups (Fig. 6c). 
The expression of ICAM-1 was colocalized with type 
II epithelial cell maker SP-D (Fig. 6d). Expression of 
the mitochondrial fission-related proteins DRP1 and 
Mff and the mitophagy-related protein Bnip3 was 
significantly increased after TNF-α treatment, while 
Vit. D preadministration reduced mitochondrial fis-
sion and mitophagy (Fig. 6e). Furthermore, inhibitors 
specific for AKT and p65 reduced TNF-α-induced the 
expression of ICAM-1, Mff, and Bnip3, while did not 
affect the expression DRP1 and LC3B in lung tissues 
(Fig. 6f).

Fig. 5  (continued)
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Fig. 6  Vit. D reduces lung inflammation, mitochondrial fis-
sion, and mitophagy in TNF-α-treated mice. C57BL/6 J mice 
were orally administered vitamin  D3 (10,000  IU/kg/day) for 
14 days, and then TNF-α (10 μg/kg) was administered intratra-
cheally. Mice were sacrificed 24  h after TNF-α treatment. a 
Representative light microscopic images of control (Con), 
TNF-α stimulated (T), Vit. D pre-administered and TNF-α 
stimulated (Vit. D/T), and Vit. D pre-administered (Vit. D) 
lung tissues. Bar = 100  μm. b The expression of ICAM-1 in 
lung tissues was examined by Western blot. c The localization 
of ICAM-1 expression in lung tissues was examined by immu-

nohistochemistry. Bar = 100 μm. d ICAM-1 expression (white 
arrow) was localized to type II epithelial cells (yellow arrow) 
in lung tissues, as demonstrated by immunohistochemistry. 
Bar = 10 μm. e The expression levels of mitochondrial fission-
related proteins (DRP1 and Mff), mitophagy-related protein 
(Bnip3), and autophagy-related protein (LC3B) in lung tis-
sues were examined by Western blot. f The effects of AKT/p65 
inhibitors on the expression of ICAM-1, Mff, Bnip3, DRP1, 
and LC3B were examined by Western blot. Data are reported 
as the mean ± SEM (n = 5). *p ˂ 0.05 compared to the control 
group; †p ˂ 0.05 compared to TNF-α-treated group
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Discussion

Inflammation is considered a key factor in lung 
injury that leads to respiratory system failure. There-
fore, novel research related to lung injury is urgently 
needed to generate novel insights into potential lung 
injury treatments. Our data showed that Vit. D treat-
ment remarkably attenuated ICAM-1 expression and 
monocyte binding to TNF-α-treated A549 cells. This 
effect was mediated by inhibiting AKT/NF-κB phos-
phorylation. Moreover, pretreatment with Vit. D sig-
nificantly reduced TNF-α-induced mitochondrial fis-
sion and mitophagy. Furthermore, Vit. D treatment 
attenuated ICAM-1 expression, mitochondrial fis-
sion and mitophagy in murine lung tissues following 
TNF-α stimulation. Therefore, the protection of pul-
monary epithelial cells by Vit. D is due to the AKT/
NF-κB-mediated reduction of ICAM-1 expression, 
mitochondrial fission and mitophagy.

Vit. D has been found to be an essential nutrient 
necessary for the optimal absorption of dietary cal-
cium and phosphate. Recently, due to the adverse 

effects of vitamin deficiency on health, Vit. D has 
received more and more attention worldwide. Vit. 
D deficiency impairs lung function and aggravates 
hypertension and inflammatory diseases, including 
COPD, asthma, tuberculosis, acute lung injury and 
its more severe form, acute respiratory distress syn-
drome (Andersen et al. 2015; Shi et al. 2016). 1α,25-
Dihydroxyvitamin  D3 treatment increased mitochon-
drial volume and mitochondrial oxygen consumption 
rate, which are likely to influence muscle strength in 
human skeletal muscle cells (Ryan et  al. 2016). In 
addition, Vit. D extensively modulates both innate 
and adaptive immune responses and could reduce 
systemic inflammation in patients. Vit. D reduced 
inflammatory responses in both endothelial cells and 
db/db mice exposed to a diabetes-like environment 
(Einbinder et  al. 2016). The addition of 1,25-dihy-
droxyvitamin  D3 reduced TNF-α-induced inflamma-
tion in human chondrocytes (Avcioglu et al. 2020). In 
this study, TNF-α treatment increased tumor necro-
sis factor receptor-2 (TNFR2) expression in A549 
cells, while Vit. D pretreatment did not affect this 

Fig. 6  (continued)
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expression (Supplementary Fig. 2). Vit. D treatment 
reduces the morbidity and mortality of patients with 
chronic kidney failure and end-stage renal disease by 
reducing inflammatory mechanisms (Assimon et  al. 
2012). Our previous studies and other reports dem-
onstrated that the inflammatory cytokines TNF-α and 
IL-1β increased ICAM-1 expression and monocyte 
adhesion in human lung epithelial cells and lung tis-
sues (Oh and Kwon 2009; Sung et  al. 2015, 2018; 
Peng et al. 2018). Furthermore, this study shows for 
the first time to show that Vit. D reduces the ICAM-1 
expression in TNF-α-treated A549 cells and mouse 
lung tissue. In addition, Vit. D inhibits the adhesion 
of monocytes to A549 cells treated with TNF-α. 
ICAM-1 is an important regulator of respiratory epi-
thelial cell inflammation (Lee and Yang 2013). Our 
experiments provide evidence that Vit. D can reduce 
ICAM-1 expression and monocyte adhesion; there-
fore Vit. D may be an effective therapeutic agent for 
lung inflammation.

Cell survival or death is closely tied to mitochon-
drial function (Reddy 2014). Healthy mitochondria 
produce ATP which is needed by cells, but dam-
aged mitochondria produce pathological and exces-
sive ROS (Tang et al. 2015). In this study, we dem-
onstrated that TNF-α-treated A549 cells experienced 
mitochondrial dysfunction, as demonstrated by 
decreased ATP production and mitochondrial mem-
brane potential, while Vit. D reversed these effects. 
In order to prohibit cell death and sustain mitochon-
drial function, harmful mitochondria may enter into 
degradation and fission. Oxidative stress affects mito-
chondrial fission (Kroemer et al. 2007) but may also 
cause excessive mitochondrial fission, leading to the 
changes of mitochondrial structure and function, and 
cell damage (Reddy 2014). Using MitoTracker and 
TEM, we observed shorter mitochondria, indicat-
ing upregulation of mitochondrial fission, in TNF-α-
treated A549 cells, while Vit. D reduced this change. 
Mitochondrial fission is regulated by DRP1 and Mff 
(Westermann 2010). DRP1, a member of the con-
served dynamin GTPase superfamily, is necessary 
for mitochondrial fission (Shen et  al. 2018) and is 
mainly present in the cytosol, however activated 
DRP1 migrates from the cytosol to the outer mito-
chondrial membrane, where it interacts with adaptors 
after external stimulation (Zhou et al. 2019a). It has 
been suggested that the function of DRP1 is related 

to various cellular processes, including autophagy, 
apoptosis and necrosis (Kim et al. 2018). The activ-
ity of DRP1 is controlled by phosphorylation by 
various kinases at three different sites, including Ser 
616, Ser 637 and Ser 693 (van der Bliek et al. 2013). 
Phosphorylation of Ser616 promotes mitochon-
drial fission, leading to inflammation and apoptosis 
(Deng et  al. 2020a, 2020b). High levels of DRP1 
have been detected in RAW264.7 cells and mouse 
models of lipopolysaccharide (LPS)-induced acute 
lung injury (Deng et al. 2020b). TNF-α induces car-
diomyocyte death by increasing the level of p-DRP1 
Ser616 and mitochondrial translocation (Shen et  al. 
2018). It is well known that inhibiting DRP1 can pre-
vent mucosal damage (Mazumder et  al. 2019). Our 
data showed that TNF-α treatment upregulated the 
levels of p-DRP1 and Mff expression, while Vit. D 
reduced these effects. Importantly, we demonstrated 
that TNF-α-induced increases in ICAM-1 expression 
and monocyte adhesion could be reversed by Vit. D 
or by Mdivi-1, a mitochondrial fission inhibitor. Our 
study showed that Vit. D can be used as a mitochon-
drial fission inhibitor to reduce ICAM-1 expression 
and monocyte adhesion in TNF-α-treated A549 cells. 
Furthermore, in this study, stimulation with TNF-α 
increased the levels of mitochondrial fission-related 
proteins and ICAM-1 in the lung tissues of mice, 
while Vit. D treatment significantly decreased these 
levels. The previous study showed that Vit. D defi-
ciency is associated with increased COVID-19 risk 
via altered mitochondrial dynamics, oxidative stress, 
and inflammatory states (de Las Heras et  al. 2020). 
Based on the findings and our results, we suggest that 
the therapeutic effects of vitamin  D3 are mediated 
through the downregulation of ROS production and 
the improvement of mitochondrial function.

Healthy mitochondria sustain the mitochondrial 
life cycle to generate energy and participate in cell 
signal transduction, while deleterious mitochon-
dria are cleared mainly through the mitochondrial 
autophagy (mitophagy) pathway, which is a lysoso-
mal catabolic process accompanied by the expres-
sion of LC3B and Bnip3 (Yang and Klionsky 2010; 
Novak 2012). The effects of autophagy on lung 
inflammation are controversial (Zhang et  al. 2019a; 
Qu et  al. 2019; Li et  al. 2016, 2019). In our study, 
TNF-α treatment significantly increased mitophagy 
by increasing Bnip3 expression. Additionally, 
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we used AO staining to demonstrate that TNF-α 
increased autophagolysosome. Furthermore, we used 
fluorescence microscopy to show that MitoTracker-
labeled mitochondria colocalized with Bnip3, indi-
cating the presence of mitophagy in TNF-α-treated 
A549 cells. Finally, interactions between Bnip3 and 
LC3B were increased in TNF-α-treated A549 cells. 
These results indicate that mitophagy is significantly 
activated by TNF-α stimulation in pulmonary epithe-
lial cells, while Vit. D treatment can attenuate this 
effect. ROS have been suggested to be involved in 
the activation of HIF-1α (Qutub and Popel 2008). It 
has been reported that the Bnip3 promoter contains 
a functional hypoxia response element (HRE) and 
can be activated under hypoxic environment (Chen 
et al. 2016; Zhang et al. 2019b; Fu et al. 2020). Thus, 
HIF-1α activates the downstream protein Bnip3 and 
induces mitophagy. In our study, the expression 
of HIF-1α and Bnip3 was significantly increased 
in TNF-α-treated A549 cells, while Vit. D reduced 
this effect. These results indicate that Vit. D attenu-
ates TNF-α-induced HIF-1α expression and further 
reduces the occurrence of mitophagy. Interestingly, 
Vit. D treatment decreased the expression of the 
mitophagy-related protein Bnip3 but increased the 
expression of LC3B in A549 cells with or without 
TNF-α stimulation. Previous study indicated that Vit. 
D modulates autophagy via VDR by directly upregu-
lating transcription (Hoyer-Hansen et al. 2010). This 
discrepancy may be caused by VDR-driven transcrip-
tional activation of LC3B under Vit. D treatment 
(Tavera-Mendoza et  al. 2017). Therefore, Vit. D 
attenuated the mitophagy through the downregulation 
of Bnip3, while Vit. D sustained the autophagy prob-
ably via transcriptional activation of LC3B. In this 
study, VDR expression was present in A549 cells and 
10 μM of Vit. D significantly increased VDR expres-
sion (Supplementary Fig.  3). Vit. D significantly 
increased the expression of 25(OH)D 1α-hydroxylase 
(CYP27B1, Supplementary Fig.  4). The present 
study suggested that the function of Vit. D used in 
the present study may be mediated by the increased 
VDR expression and converted to 1,25(OH)2D3 via 
the increased 25(OH)D 1α-hydroxylase expression. 
In addition, to comprehend the mechanism of Vit. D 
effect on TNF-α-induced mitophagy, we also exam-
ined another pathway about PINK1-Parkin. TNF-α 
significantly increased the expression of PINK1 and 

Vit. D reduced the effect. However, TNF-α did not 
affect the expression of Parkin and even with Vit. D 
pretreatment (Supplementary Fig.  5). The expres-
sion of PINK1 and Parkin was not consistent, and 
further study is needed. Furthermore, the levels of 
mitophagy-related proteins were also decreased 
in lung tissues of mice, showing the same trend as 
in vitro study. In conclusion, our data indicated that 
the reduction of mitophagy is related to the pro-
tective impact of Vit. D on TNF-α-induced lung 
inflammation.

MAPK, PI3K/AKT and NF-κB pathways play vital 
roles in regulating the expression of pro-inflammatory 
cytokines, leading to the occurrence and development 
of lung inflammation (Lee and Yang 2013; Sung et al. 
2015, 2018). In our study, as reported in previous 
studies, MAPK, AKT and NF-κB were strongly phos-
phorylated in A549 cells treated with TNF-α (Lee and 
Yang 2013; Oh and Kwon 2009). It has been reported 
that Vit. D attenuates inflammatory responses by 
reducing NF-κB activity (Mousa et al. 2017). Vit. D 
attenuated the LPS-induced inflammatory response in 
endothelial cells by inhibiting the PI3K/AKT/NF-κB 
signaling pathway (Zhou et al. 2019b). However, the 
detailed protective mechanism of Vit. D has not yet 
been determined. Our results showed that Vit. D sig-
nificantly reduced the TNF-α-induced phosphoryla-
tion of MAPKs, AKT, and NF-κB. In addition, the 
TNF-α-induced increase in ICAM-1 expression and 
monocyte adhesion was markedly suppressed in the 
presence of inhibitors of either AKT or NF-κB. In 
addition, there is increasing evidence that the activa-
tion of MAPKs, AKT, or NF-κB is involved in mito-
chondrial fission and mitophagy (Aravamudan et  al. 
2014; Feng et  al. 2018; Mao and Klionsky 2011). 
In this study, we demonstrated that TNF-α induces 
mitochondrial fission and mitophagy in A549 cells 
through the activation of NF-κB, while Vit. D reduces 
this effect.

Taken together, our current study shows that Vit. D 
prevents TNF-α-induced inflammation by the regula-
tion of mitochondrial function. Vit. D inhibits TNF-α-
induced mitochondrial fission and mitophagy by the 
inhibition of the expression of DRP1, Mff and Bnip3. 
This effect is mediated through the AKT/NF-κB path-
way. Due to these findings, Vit. D should be consid-
ered a new and novel therapeutic agent for the target-
ing epithelial activation in lung inflammation.
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