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Background and Objective: Vitamin D is involved in various physiological and patholo
gical processes, including inflammation and autophagy. We aimed to investigate the effects 
of dietary vitamin D deficiency or supplementation initiated in lactation and early life on 
inflammation and autophagy in an ovalbumin (OVA) mouse model.
Methods: Female BALB/c were fed with vitamin D-deficient, sufficient or supplemented 
diets throughout lactation and their offspring followed the same diet after weaning. Offspring 
were then sensitized and challenged with OVA, airway resistance (RL) was measured, and 
their serum, bronchoalveolar lavage fluid (BALF), and lung tissue were collected. Alveolar 
macrophages (AMs) were isolated from lung tissue and cultured with different concentra
tions of 1,25(OH)2D3. The expressions of autophagy-related (ATG) proteins including light- 
chain 3 (LC3), Beclin-1, and ATG5, and NF-κB p65 in lung tissue and AMs were measured.
Results: OVA sensitization and challenge induced dramatic allergic airway inflammation 
and higher RL in the vitamin D-deficient group compared with vitamin D-sufficient or the 
supplemented group. The expression of ATGs including LC3, Beclin-1, and ATG5, and NF- 
κB p65 in lung tissue in the vitamin D-deficient OVA-mediated group was increased 
compared with vitamin D-supplemented OVA-mediated group. There was correlation 
between the expression of LC3 mRNA and inflammatory cell numbers and cytokines in 
BALF. In vitro, 1,25(OH)2D3 also regulated the expression of LC3, Beclin-1, ATG5, and NF- 
κB p65 mRNA in AMs in a time- and dose-dependent manner.
Conclusion: Deficiency of vitamin D in early life may aggravate allergic airway inflamma
tion, and maintaining sufficient vitamin D during early life is necessary for lung health. 
Vitamin D may modulate autophagy in lungs of OVA sensitized/challenged mice, thus 
playing a protective role in OVA-induced allergic airway inflammation.
Keywords: vitamin D, allergic airway inflammation, asthma, autophagy, LC3, Beclin-1, 
ATG5

Introduction
Asthma is a chronic airway disease that is increasing globally. It is characterized by 
airway hyper-responsiveness (AHR) and inflammation as a result of molecular and 
cellular responses.1 Increasing evidence indicates that both genetic and environ
mental factors are involved in the pathogenesis and development of allergic airway 
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inflammation and that perinatal exposures are highly 
influential.2 Vitamin D deficiency has been implicated in 
various kinds of disorders, including infectious or allergic 
lung disease.3 Epidemiological and experimental research 
has also demonstrated that a lower serum vitamin D level 
in early life was associated with poorer lung function and 
higher sensitivity to aeroallergens,4 and supplementation 
of vitamin D during pregnancy as shown in the VDAART 
trial plays a role in averting less persistent forms of 
wheezing in infants with a parental history of asthma but 
has no effect in preventing asthma in schoolchildren.5,6 

Thus, studies need to confirm the effect of different levels 
of vitamin D on allergic airway inflammation in early life. 
However, few studies have established murine models 
with vitamin D deficiency or supplementation in early 
life to study allergic airway inflammation and the relevant 
mechanisms.7,8

Vitamin D is synthesized by the skin in response to sunlight 
and available through diet in humans. Circulating 25- 
hydroxyvitamin D (25(OH)D) is a typical form used to evalu
ate vitamin D levels, and 1,25-dihydroxyvitamin D3 

(1,25(OH)2D3) is the most active vitamin D metabolite. 
Although 1,25(OH)2D3 is most commonly thought to regulate 
calcium homeostasis that affects bone metabolism, the wide 
distribution of vitamin D receptor (VDR) suggests that vitamin 
D may have much broader functions, including playing roles in 
apoptosis, inflammation, immunomodulation, and 
autophagy.9–12 The relationship between vitamin D and autop
hagy in innate immunity, inflammatory bowel diseases, infec
tion, and cancer13–16 has been the subject of recent 
investigation. Studies have shown that vitamin D suppressed 
experimental autoimmune encephalomyelitis-induced LC3 in 
the brain13 or angiotensin II–induced LC3 in the kidney,14 

while it increased LC3 II and Beclin-1 in enteroids15 and 
human peritoneal mesothelial cells.16 Nevertheless, it is still 
unclear how vitamin D regulates autophagy, especially in 
different vitamin D concentrations in early life in the mouse 
model of allergic airway inflammation.

Therefore, we speculated that allergic airway inflammation 
may be attributed to vitamin D deficiency in early life. In this 
study, we tried to verify our assumptions in vivo using vitamin 
D-deficient,7,8 vitamin D-sufficient,17,18 and vitamin 
D-supplemented19 mouse models of allergic airway inflam
mation, which were mediated with ovalbumin (OVA) initiated 
in lactation and early life. NF-κB is a key transcription factor 
that also regulates immune and inflammatory responses in 
asthma,20–22 and LL-37, as an antimicrobial peptide, can be 
induced by physiological concentrations of 1,25(OH)2D3 in 

established cell lines.23,24 Thus, NF-κB and LL37 were also 
studied to evaluate the allergic airway inflammation attributed 
to vitamin D deficiency in early life. Since LC3, Beclin-1, and 
ATG5 are the most well-known ATG proteins for autophago
some formation and closely related to allergic 
inflammation,12,25,26 the expressions of ATG proteins were 
studied in the presence of different levels of vitamin D in 
early life in the OVA-mediated mouse model and alveolar 
macrophages isolated from bronchoalveolar lavage fluid 
(BALF) to verify the relationship of vitamin D and autophagy.

Methods
Mice and Diets
Pathogen-free BALB/c mice were obtained from SLAC 
Laboratory Animal Co. Ltd. (Shanghai, China) and housed 
in controlled conditions of temperature (21–25°C) and humid
ity (40–60%), with ad libitum access to water (free from OVA) 
and food (details of diets are described below). Before begin
ning the experiments, mice were acclimatized for 1 week with 
a 12-h light-dark cycle. Female mice were randomly divided 
into three groups. At 8 weeks old, they were placed with male 
BALB/c mice of the same age for up to 2 weeks for breeding. 
During this time, all the mice were provided standard food 
containing 1,000 IU vitamin D/kg.17,18,27 Once the offspring 
were born, during lactation28 the maternal mice were fed with 
vitamin D-deficient (LVD) (0 IU vitamin D/kg), vitamin 
D-sufficient (NVD) (1,000 IU vitamin D/kg), and vitamin 
D-supplemented (HVD) diets (2,280 IU vitamin D/kg), 
respectively (Jinpan Laboratories, Shanghai, China). The 
LVD diets were also supplemented with 1.2% calcium and 
vitamins A, E, and K as in the NVD and HVD diets. The 
offspring were weaned on the same diet as their mothers and 
were primary experimental subjects for the rest of our research 
(see schematic diagram of mouse experiment in Appendix 1 of 
Supplementary Information). The numbers of female and male 
offspring studied in this study are shown in Table 1 of 
Supplementary Information.

Sensitization and Challenge of Ovalbumin 
in Mice
The offspring were sensitized and challenged with aller
gens as previously described.29 Offspring were sensitized 
by intraperitoneal injection (IP) with 10 μg chicken OVA 
(Grade V, Sigma Aldrich Co., St. Louis, MO, USA) emul
sified in 2 mg of alum (Shanghai No. 4 Reagent & H.V. 
Chemical Industries Ltd., Shanghai, China) in a total 
volume of 100 μL of 0.9% sterile saline at 8 weeks of 
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age (Day 0) and boosted 14 days later (Day 14). Non- 
sensitized mice received phosphate buffered saline (PBS) 
in the same volume. For the OVA challenge, mice were 
placed in a plastic box (50 × 30×40 cm3) and inhaled 1% 
OVA in a saline (10 mg/mL) aerosol delivered using an 
ultrasonic nebulizer (PARI BOY, Starnberg, Germany) for 
30 min on 5 successive days from Day 21 to Day 25. Each 
group consisted of 7 to 9 mice.

Measurement of Airway Responsiveness
At 24 h after the last challenge, mice were anesthetized with 
Zoletil 50 (tiletamine hydrochloride and zolazepam hydro
chloride, 25 mg/kg, Virbac S.A., France) and xylazine hydro
chloride (10 mg/kg, Chang Sha Best Biological Technology 
Institute Co., Ltd, China) via IP injection,30 and an intratra
cheal cannula FTC 101 (1.12-mm inner diameter, 1.33-mm 
outer diameter) was inserted via tracheotomy. The tracheos
tomized mice were connected to a ventilator (MiniVent, 
Hugo Sach Electronic, Germany) and ventilated at 180 
breaths/min and tidal volume of 210 μL in a whole-body 
plethysmograph with a pneumotachograph connected to 
a transducer (EMMS, Hants, UK)30,31 24 h after the last 
OVA challenge. Pulmonary airway resistance (RL) to inhaled 
acetylcholine chloride (ACh, Sigma, USA) was recorded for 
3 min at each level as the concentration gradually increased 
(4, 8, 16, 32, 64, 128, and 256 mg/mL). RL was expressed as 
percentage change from baseline RL (measured following 
nebulized PBS). The ACh concentration needed to elevate 
RL by 100% from baseline was calculated (PC100). The -log 
PC100 was taken as an indication of airway hyper- 
responsiveness.30,31

Bronchoalveolar Lavage Collection and 
Measurements
After RL was recorded, the trachea was exposed and three 
aliquots of 0.6 mL sterilized saline were instilled through 
a PE-60 tube (0.72-mm inner diameter, 1.22-mm outer dia
meter). Return volume was recorded and the recovery rate 
was above 70%. The BALF was centrifuged at 1000 × g for 
10 min at 4°C. The supernatant was stored at −80°C for 
further assay. The total cells in the pellet were resuspended 
in 1 mL of PBS solution and enumerated by counting with 
a hemocytometer. Differential cell counts were performed on 
cytospin slides with Wright–Giemsa stain by counting 200 
cells under 400 times magnification from two independent, 
blinded investigators. Cells were identified by standard 

morphology and differentiated into neutrophils, eosinophils, 
lymphocytes, and macrophages.

ELISA
Serum 25(OH)D levels were analyzed by ELISA follow
ing the manufacturer’s instructions (R&D Systems China 
Co. Ltd., Shanghai, China). All the cytokines, including 
IL-4, IL-5, and IL-10 in supernatants of BALF were mea
sured by commercial kits (R&D Systems China Co. Ltd., 
Shanghai, China), according to the manufacturer’s 
protocol.

Histological Analysis, 
Immunohistochemical Analysis, and 
Double Immunofluorescence Staining
After the mice were sacrificed, the lobes of left lungs were 
removed and fixed with 10% formaldehyde and embedded 
in paraffin. Tissues were cut into 4-μm sections and placed 
onto Fisher PLUS slides. After deparaffinization and rehy
dration, the sections were stained with hematoxylin-eosin 
(H&E) and observed under a microscope by two indepen
dent observers in a blinded manner using a reproducible 
scoring system.30 Each tissue section was scored with 
a value from 0 to 3 to document the pulmonary inflamma
tion based on the percentage of the area containing cellular 
inflammation by two criteria: peribronchial inflammation 
and perivascular inflammation. A value of 0 was given 
when no inflammation was detectable, a value of 1 indi
cated occasional cuffing with inflammatory cells and less 
than one-third bronchi or vessels surrounded by thin layer, 
a value of 2 indicated more than one-third of the bronchi 
or vessels were surrounded by thin layer (one to five cells) 
or less than one-third surrounded by thick layer (more than 
five cells) of inflammatory cells, and a value of 3 indicated 
more than one-third of the bronchi or vessels were sur
rounded by a thick layer or more than two-thirds were 
surrounded by thin layer of inflammatory cells. The 
inflammation score was defined as the mean of scores of 
each area for two to three tissue sections per mouse.

All the primary and secondary antibodies used for 
immunohistochemical examinations were obtained from 
Servicebio (Wuhan, China). The primary antibodies 
included anti-LC3 protein antibody (GB13431) with 1/ 
150 dilution and anti-Beclin-1 antibody (GB11228) with 
1/1500 dilution. For each section stained, 10 high-power 
fields (400×) were randomly selected for analysis. 
Immunoreactivity of LC3 and Beclin-1 in lung tissue 
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was quantified by histochemistry score (H-score),32,33 

which incorporates both the intensity of the specific stain
ing and the percentage of positive cells. The relative 
intensity of specific staining was defined as not present 
(0), weak but detectable above control level (1+), distinct 
(2+), and very strong (3+). The final score was the sum of 
the relative intensity of specific staining multiplied by the 
percentage of positive cells. The H-score analysis was 
carried out independently by two experienced pathologists 
who were blinded to the final clinical diagnosis of all 
cases studied. A third pathologist reviewed the score 
when there was an inconsistency between the two 
pathologists.

LC3 and Beclin-1 expression was also examined by 
double immunofluorescence staining of LC3 and Beclin-1 
(GB13431 and GB11228, respectively, rabbit, Servicebio, 
Wuhan, China) on slides of lung tissues. Slides were 
incubated overnight with primary LC3 (1:1000) and 
Beclin-1 (1:2000) antibodies, followed by incubation 
with the FITC-515-555 (green) and CY3-590 (red) sec
ondary antibodies (GB23303, GB21303, respectively, 
Servicebio, Wuhan, China) for 1 hr. The sections were 
then mounted with Vectashield (G1012, Servicebio, 
Wuhan, China) containing DAPI (blue). Cells were 
imaged and counted using Eclipse fluorescent microscopy 
(NIKON ECLIPSE C1, Japan). For each experiment, the 
percentage of LC3- and Beclin-1-positive cells of 100 cells 
were counted in 10 different randomly selected areas of 
each section of the lung. The merged signals of LC3 and 
Beclin-1 in the immunofluorescence images were labeled 
and the percentage of co-expression cells was also 
examined.

Isolation and Stimulation of Alveolar 
Macrophages (AMs)
The trachea of OVA sensitized/challenged mice with suffi
cient dietary vitamin D were surgically exposed and BALF 
collected with prewarmed (37°C) calcium- and magne
sium-free Dulbecco’s PBS containing 0.5 mM EDTA 
three times in succession. The above steps were repeated 
in several mice and lung fluid pooled into a 50-mL conical 
centrifuge tube and centrifuged 10 min at 400 × g at 4°C. 
The precipitated cells were suspended in RPMI 1640 sup
plemented with penicillin (100 units/mL), streptomycin 
(100 mg/mL), and 5% fetal bovine serum to prepare 
a cell suspension at a concentration of 2 × 106/mL. 
Then, 250 μL (5 × 105 cells) was added to each well of 

a 24-well plate and incubated at 37°C in a humidified 
atmosphere of 5% CO2 for 2 h to promote adhesion to 
the cell walls. After washing the plates with RPMI 1640 
three times, the adherent cells, mostly alveolar macro
phages, were gently scraped with a curette and then fresh 
RPMI 1640 containing 10% FBS was added. The cultures 
were further incubated with or without different concen
trations of 1,25(OH)2D3

34 (Calbiochem, San Diego, CA, 
USA) for 12 hr or 24 hr.

RNA Isolation, Reverse Transcription, 
and RT-qPCR
Total RNA was isolated from lung tissue and AMs using 
the TRIzol® Reagent (Invitrogen, Calif. US) and reverse- 
transcribed to cDNA using PrimeScriptTM RT Master Mix 
(TaKaRa, Japan). Real-time quantitative PCR (RT-qPCR) 
was performed with a TB Green Premix Ex TaqTM II 
(TaKaRa, Japan). Transcript levels were determined by 
the Applied Biosystems ViiA™ 7 System (Applied 
Biosystems, CA, USA) (See thermal cycling program 
and primer sequences of qPCR in Appendix 2.)

Western Blot Analysis
The following antibodies were used: LC3B (1:2000; 14600- 
1-ap; rabbit; Proteintech group, Wuhan, China), Beclin-1 
(1:2000; GB112053; rabbit; Servicebio, Wuhan, China), 
ATG5 (1:2000; ab108327; rabbit; Abcam, MA, USA); and 
NF-κB p65 (1:2000; ab32536; rabbit; Abcam, MA, USA). 
Nuclear and cytoplasmic protein fractions were obtained 
from lung tissues by the addition of radioimmune precipita
tion assay (RIPA) lysates (Servicebio, China). The frozen 
mouse-lung tissue (20–100 mg) was homogenized using ice- 
cold cytoplasmic extraction reagents A and B with the 
addition of PMSF containing protease and phosphatase inhi
bitor (Servicebio, Wuhan, China) and centrifuged at 16,000 
× g at 4°C for 5 min. Lung lysate was prepared separately 
for each mouse. The supernatant was transferred (cytoplas
mic extraction) to a clean tube and kept at −80°C until used. 
The cell pellet was suspended and vortexed for 15 s every 10 
min for 60 min on ice-cold nuclear extraction reagent 
(NER). The sample was centrifuged at 16,000 ×g for 10 
min and supernatant (nuclear extraction) was immediately 
transferred into a clean pre-chilled tube at −80°C. For ana
lysis of protein expression, the protein concentration was 
determined by a BCA Protein Assay Kit (Servicebio, 
China), and 50 μg samples were loaded onto 12% SDS- 
PAGE. The proteins were transferred to a PVDF membrane 
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(Millipore, USA). The membranes were then blocked with 
5% BSA in Tris-buffered saline (TBS) solution (20 mM Tris 
and 500 mM NaCl, pH 7.5) for 2 h at room temperature and 
probed with primary antibody for overnight incubation at 
4°C with gentle rocking. After five to six washes (10 min 
each) with washing buffer (0.05% Tween 20 in PBS), the 
membrane was incubated with HRP-conjugated secondary 
antibodies (1:2000) (GB12001; rabbit; Servicebio, Wuhan, 
China) for 2 hr at room temperature. The membrane was 
washed three times and the immunoreactive bands were 
visualized using ECL chemiluminescence detection reagents 
(Millipore, USA).

Statistical Analysis
The results are expressed as mean ± SEM, unless other
wise specified. The Kolmogorov–Smirnov test with 
Dallal-Wilkinson-Lilie for p value was used to test if 
the values came from a Gaussian distribution. The 
Kruskal–Wallis one-way analysis of variance (ANOVA) 
with Bonferroni’s post-hoc test (for equal variance) or 
Dunnett’s T3 post-hoc test (for unequal variance) was 
used to evaluate the differences of variances between 
multiple groups. To determine the percentage of positive 
cells, results were compared using the Mann–Whitney 
U-test. For Spearman correlation analysis and statistical 
charting, SPSS 21.0 (SPSS Inc. Chicago, IL, USA) and 
GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, 
CA) were used. The significance level was considered to 
be p ≤ 0.05.

Results
Dietary Vitamin D Supplementation 
Increased Circulating 25(OH)D Levels
Serum 25(OH)D levels were <20 or ≥40 ng/mL in off
spring fed a vitamin D-deficient or supplemented diet, 
respectively (Figure 1A). The concentration of 25(OH)D 
in the three groups with different diets did not change in 
8-week-old and 12-week-old mice (p > 0.05, Figure 1A). 
After OVA sensitization/challenge, the serum levels of 25 
(OH)D in the three groups were all decreased in compar
ison to their corresponding control group, and its level in 
the LVD+OVA group was lower than in the NVD+OVA 
and HVD+OVA groups (p < 0.05, Figure 1B).

OVA Sensitized/Challenged Mice 
Exhibited Airway Hyperresponsiveness
There were no significant differences in the RL level at 
baseline following buffered PBS nebulization among six 
groups (p > 0.05, Figure 2A). Mice in the LVD control 
group exhibited a leftward shift of the concentration respon
siveness curve of RL compared with the NVD and HVD 
control groups, while there were no significant differences in 
the percentage change from baseline RL at different concen
trations (p > 0.05, Figure 2A). After OVA sensitization/ 
challenge, animals in the three different diet groups all 
exhibited a leftward shift in the concentration responsive
ness curve of RL, suggesting an increased airway respon
siveness compared with their control mice on the same diets 
(p < 0.05, Figure 2A). Vitamin D-deficient OVA-mediated 

Figure 1 Serum 25(OH)D levels as measured by ELISA. (A) Circulating serum levels of 25(OH)D in 8-week old and 12-week old offspring born with vitamin D deficiency 
(LVD), vitamin D sufficiency (NVD), or vitamin D-supplemented (HVD). (B) At the age of 12 weeks, serum levels of 25(OH)D in OVA sensitized/challenged groups and 
corresponding control groups were measured. Data are shown as means (±SEM) for 7 to 9 animals in each group (* p < 0.05, ** p < 0.01, and *** p < 0.001).
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Figure 2 Effects of different vitamin D diets on RL, inflammatory cells, histological changes, and cytokines in bronchoalveolar lavage fluid (BALF). (A) Mean percentage 
increase in RL to inhaled ACh as the concentration gradually increased (4, 8, 16, 32, 64, 128 and 256 mg/mL). (B) Mean-log PC 100 of the six groups is shown in Panel B. (C) 
The number of total cells in BALF. (D) Macrophages, eosinophils, neutrophils and lymphocytes in BALF. (E) H&E-stained lung histology (a typical eosinophil is indicated by 
a black arrow, a typical neutrophil by a blue arrow, and a typical macrophage by a red arrow). (F) Airway inflammatory scores are shown in Panel F. The inflammatory score 
was calculated by the cuffing with inflammatory cells that surround bronchi or vessels as mentioned above. (G) The levels of IL-4, IL-5, and IL-10 in the BALF of each group 
were measured via ELISA. Data are shown as mean ± SEM of seven to nine animals in each group. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared to the negative control 
group shown in different colors. 
Abbreviations: NVD, vitamin D-sufficient group; LVD, vitamin D-deficient group; HVD, vitamin D supplemented group; NVD+OVA, OVA-sensitized/challenged mice in 
vitamin D-sufficient group; LVD+OVA, OVA-sensitized/challenged mice in vitamin D-deficient group; HVD+OVA, OVA-sensitized/challenged mice in vitamin 
D-supplemented group.
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mice showed stronger airway responsiveness and signifi
cantly increased RL at 8 mg/mL, 16 mg/mL, 64 mg/mL, 
128 mg/mL, and 256 mg/mL concentrations of ACh com
pared to all three control groups (p < 0.05, Figure 2A). The - 
log PC100 declined dramatically after OVA sensitization/ 
challenge in the LVD and NVD groups, and their levels in 
these two groups were lower than in the HVD+OVA group 
or all the three control groups, indicating AHR in these two 
groups (p < 0.05, Figure 2B). The -log PC100 was lower in 
the LVD+OVA group than in the NVD+OVA group, but 
there was no significant difference (p > 0.05, Figure 2B).

The Effects of Different Vitamin D Diets 
on Airway Inflammation in OVA 
Sensitized/Challenged Mice
The total cell count, as well as numbers of macrophages, 
eosinophils, and neutrophils in BALF samples of OVA 
sensitized/challenged mice, was universally higher than 
those from corresponding controls (p < 0.05, Figure 2C 
and D). Among all three OVA-mediated groups, mice fed 
the LVD diet exhibited the highest value of total cell 
counts and four differential cells in BALF and they were 
higher than those in NVD and HVD groups (p < 0.05, 
Figure 2C and D). After OVA sensitization and challenge, 
the HVD group exhibited fewer total cells, eosinophils, 
and lymphocytes compared to the NVD and LVD groups 
(p < 0.05, Figure 2C and D).

Histologically, before OVA sensitization and challenge, 
the airways of mice in the NVD group exhibited normal 
parenchyma around the respiratory epithelium. The LVD 
mice exhibited more airway inflammation than the other two 
control groups (p < 0.05, Figure 2E and F). After OVA 
sensitization/challenge, there were more inflammatory cells 
and peribronchial or perivascular inflammation in the lungs of 
all three different diet groups than in the corresponding con
trol group, and the inflammation in the HVD+OVA group was 
less than in the LVD+OVA group (p < 0.05, Figure 2E and F).

The Effects of OVA Sensitization/ 
Challenge on Cytokines in BALF in 
Different Vitamin D Diet Groups
A significant increase was found in the levels of Th2-related 
cytokines, IL-4, and IL-5 (p < 0.05, Figure 2G) in the BALF of 
all OVA-sensitized and challenged groups compared to the 
corresponding control group. LVD mice had a higher level of 
IL-5 and lower level of IL-10 in the BALF compared to NVD 
and LVD groups (p < 0.05, Figure 2G). After OVA 

sensitization and challenge, levels of IL-5 and IL-4 were 
more pronounced in vitamin D-deficient mice, while the 
level of IL-10 was decreased (p < 0.05, Figure 2G). 
A significant increase in IL-10 in BALF was demonstrated 
in the vitamin D-supplemented OVA-mediated mice com
pared to the other two OVA-mediated groups (p < 0.05, 
Figure 2G).

Immunohistochemical Analysis and 
Double Immunofluorescence Staining of 
LC3 and Beclin-1
The autophagy marker LC3 and Beclin-1 were detected by 
immunohistochemical analysis in the lung tissue. LC3 and 
Beclin-1 immunoreactivity was detected primarily in the cyto
plasm of alveolar epithelial cells, macrophages, and the epithe
lial cells at the apical region of the airway in the mouse lung 
(Figure 3A and B). The H-score of LC3 and Beclin-1 was 
calculated. Accordingly, OVA sensitization and challenge 
could increase LC3 and Beclin-1 expression in the LVD and 
NVD groups, whereas in the vitamin D-deficiency group, the 
expression of LC3 and Beclin-1 was further increased (p < 
0.05, Figure 3C and D). LC3 and Beclin-1 expression in LVD 
+OVA group was higher compared with the HVD+OVA 
group (p < 0.05, Figure 3C and D).

In immunofluorescence analysis, the percentage of LC3 
and Beclin-1-positive cells in the LVD+OVA and NVD+OVA 
groups was higher than in their corresponding control groups, 
whereas the expression of LC3 and Beclin-1 in LVD+OVA 
group was further increased (p < 0.05, Figure 3E-G). LC3 and 
Beclin-1 expression in the LVD+OVA group was higher com
pared with the HVD+OVA group (p < 0.05, Figure 3F and G). 
The merged signals of LC3 and Beclin-1 in the immunofluor
escence images were yellow and detected primarily in the 
cytoplasm of alveolar epithelial cells (Figure 3E). The percen
tage of co-expression positive cells was higher in the LVD 
+OVA group compared with the HVD+OVA and NVD+OVA 
groups (p < 0.05, Figure 3H). Collectively, these results 
demonstrated that vitamin D deficiency produces autophagy- 
related signals.

Expression of LC3B, Beclin-1, ATG5, NF- 
κB p65, and LL37 mRNA in the Lung Tissue 
of OVA-Sensitized and Challenged Mice
The mRNA of LC3B, the most studied autophagy family 
protein, was examined. LVD mice had a higher level of 
LC3B and NF-κB p65 mRNA in the lung compared to 
HVD mice (p < 0.05, Figure 4A and D). The level of 
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Figure 3 Expression of LC3 and Beclin-1 protein in the lung tissue of OVA-sensitized and challenged mice by IH and IF. (A) Lung tissues were subjected to immunohistochemical 
analysis with LC3 and Beclin-1 antibody. LC3 and Beclin-1 immunohistochemical images (A, B) and H-score (C, D) are shown (immunoreactivity was detected primarily in the 
cytoplasm of alveolar epithelial cells which indicated by a black arrow, macrophages by a red arrow, and the epithelial cells at the apical region of the airway by a blue arrow). (E) Lung 
tissues were subjected to immunofluorescence analysis with LC3 and Beclin-1 antibody. LC3 and Beclin-1 immunofluorescence image (E) and quantification of fluorescence intensity 
(F–H) are shown. The merged signals of LC3 and Beclin-1 in the immunofluorescence images are marked with yellow and a typical merged signal is indicated by a white arrow. The 
percentage of co-expression cells was calculated. H-score and the percentage of LC3 and Beclin-1 immunofluorescence expression were quantified and analyzed by ANOVA and the 
Tukey post-hoc test. Results are expressed as mean ± SD of seven to nine animals in each group (*p < 0.05, **p < 0.01, and ***p < 0.001).
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Figure 4 Expression of LC3B, Beclin-1, ATG5, NF-κB p65, and LL37 in the lung tissue of OVA-sensitized/challenged mice. (A–E) Total cellular RNA was extracted from the 
lung tissue and then analyzed by real-time PCR. Data are shown as mean ± SEM for seven to nine animals in each group. (F, L) Lung tissue lysates from different vitamin 
D diet groups of mice (n = 6) were subjected to immunoblot analysis with LC3B, Beclin-1, ATG5, NF-κB p65, and ACTIN antibodies. (G–I, K, L) The intensity of the 
indicated antibody’s bands from three independent experiments were quantified (*p < 0.05, **p < 0.01, and ***p < 0.001).
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LC3B mRNA in the LVD group was higher than in the 
NVD group, and that of NVD group was also higher than 
in the HVD group (p < 0.05, Figure 4A). After OVA 
sensitization and challenge, the expressions of LC3B, 
Beclin-1, ATG5, and NF-κB p65 mRNA in the LVD and 
NVD groups were all increased compared with their cor
responding control group (p < 0.05, Figure 4A-D), while 
their expressions were higher in the HVD+OVA group 
than in the HVD group but differences were not significant 
(p > 0.05, Figure 4A-D). An increased expression of LC3B 
and NF-κB p65 mRNA was also observed in the LVD 
+OVA group compared to the NVD+OVA and HVD 
+OVA groups (p < 0.05, Figure 4A and D), and their 
expressions were also higher in the NVD+OVA group 
than in the HVD+OVA group (p < 0.05, Figure 4A and 
D). The expression of Beclin-1 and ATG5 mRNA was 
lower in HVD+OVA mice compared to LVD+OVA mice 
(p < 0.05, Figure 4B and C). LL37 mRNA in the NVD 
+OVA group and the LVD+OVA group was higher than in 
the HVD+OVA group (p < 0.05, Figure 4E), but there was 
no difference in all OVA-mediated groups compared to the 
corresponding group (p > 0.05, Figure 4E).

1,25(OH)2D3 Regulates the Expression of 
LC3B, Beclin-1, ATG5, and NF-κB p65 
Protein in the Lung Tissue of OVA- 
Sensitized/Challenged Mice
In addition, the expressions of autophagy-related proteins, 
including LC3B, Beclin-1, and ATG5, and NF-κB p65 were 
investigated by Western blot analysis. LC3B is the most 
studied family protein, and exists in two forms, LC3-I and 
LC3-II. When autophagy is induced, a cytosolic form of LC3 
(LC3-I) is converted to LC3-II for incorporation into mem
brane of autophagosomes. Therefore, LC3-II is a marker of 
autophagy. As expected, OVA sensitization and challenge 
could increase the level of LC3 II and ATG5 expression in 
LVD and NVD groups (p < 0.05, Figure 4F-K), while its 
expression had no significant change in the HVD and HVD 
+OVA groups (p > 0.05, Figure 4F-K). In addition, vitamin 
D deficiency dramatically upregulated LC3 II and ATG5 
levels after OVA sensitization and challenge and these levels 
were higher than in the HVD+OVA group (p < 0.05, 
Figure 4F-K). After OVA sensitization and challenge, the 
level of Beclin-1 increased in the LVD and NVD groups 
(p < 0.05, Figure 4F and I), but there was no difference in 
all the three OVA-mediated groups (p > 0.05, Figure 4I). 
Collectively, these data suggest that autophagy proteins in the 

lung tissue were changed under differences in vitamin 
D status, especially after OVA sensitization and challenge. 
The level of NF-κB p65 expression in the LVD+OVA and 
NVD+OVA groups was increased compared with the corre
sponding group (p < 0.05, Figure 4J and L), while its expres
sion was not greatly changed in the HVD and HVD+OVA 
groups (p > 0.05, Figure 4J and L). In addition, vitamin 
D deficiency dramatically upregulated the NF-κB p65 level 
after OVA sensitization and challenge, and its level was 
higher than that in the HVD+OVA and NVD+OVA groups 
(p < 0.05, Figure 4J and L).

In OVA-Sensitized/Challenged Mice, the 
Level of LC3B mRNA Was Correlated 
with Inflammatory Markers in BALF
Through correlation analysis in OVA-sensitized/chal
lenged mice, LC3B mRNA showed a positive correlation 
with the number of total cells, eosinophils, and neutrophils 
in BALF (p < 0.05, Figure 5A and B). The LC3B mRNA 
level was also positively correlated with the IL-4 level (p < 
0.05, Figure 5C). In addition, the expression of LC3B 
mRNA was negatively correlated with IL-10, which has 
a protective role in airway inflammation (p < 0.05, 
Figure 5D).

1,25(OH)2D3 Regulates the Expression of 
LC3B, Beclin-1, ATG5, NF-κB p65 and 
LL37 mRNA in Macrophages in a Time- 
and Dose-Dependent Manner
To validate the role of 1,25(OH)2D3 in autophagy, AMs 
were collected from BALF in OVA-sensitized/challenged 
mice with sufficient levels of vitamin D in the diet and 
treated either with vehicle or 1,25(OH)2D3 (0.2, 2, 20, and 
200 nM). The expression of LC3B, Beclin-1, ATG5, NF- 
κB p65, and LL37 mRNA were measured in cultured 
alveolar macrophages in the presence of different concen
trations of 1,25(OH)2D3. As the concentration of 
1,25(OH)2D3 increased, the expression of LC3B, ATG5, 
and NF-κB p65 mRNA decreased, while that of LL37 
mRNA increased (p < 0.05, Figure 6A, C-E). These results 
confirm that vitamin D might suppress the expression of 
autophagy-related factors such as LC3B and ATG5 and at 
the same time reduce NF-κB p65 expression but increase 
LL37 expression. In addition, the expression of LC3B, 
ATG5, and NF-κB p65 mRNA decreased, while the con
centration of 1,25(OH)2D3 increased in 12-h and 24-h co- 
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culture (p < 0.05, Figure 6A, C and D). The expression of 
Beclin-1 mRNA decreased with 1,25(OH)2D3 in dose of 
0.2, 20 and 200 nM in 12-h co-culture (p < 0.05, 
Figure 6B), while it tended to increase as the concentration 
of 1,25(OH)2D3 increased in 24h co-culture, but there was 
no statistical significance (p > 0.05, Figure 6B).

Discussion
Vitamin D deficiency is common in patients with asthma.3 

A reason for the relationship between vitamin D deficiency 
and high incidence of asthma is that low 25(OH)D levels 
might be a cause of the disease.4,5 In a recent study,3 reduced 
molar ratios of 25(OH)D3 to vitamin D3 suggested that vita
min D metabolism is dysregulated in asthma patients. In our 
study, we found that the serum levels of 25(OH)D in all the 
three dietary treatment groups decreased after OVA 

sensitization and challenge. Thus, lower levels of 25(OH)D 
in OVA-mediated mice in our study may represent as 
a consequence of this condition, and further studies need to 
be conducted to determine the reasons. We also found the level 
of 25(OH)D in vitamin D-deficient OVA-mediated mice was 
extremely lower than in vitamin D-sufficient or supplemented 
OVA-mediated ones, suggesting that vitamin D deficiency 
might represent a reversible risk factor for allergic airway 
inflammation. In this article, we mainly focused on exploring 
the influence of different vitamin D concentrations on airway 
inflammation and its regulation of autophagy as a possible 
mechanism.

It has been reported that vitamin D affects the inflam
matory pathways and cells (types, numbers, or functions) 
involved in the progression of allergic asthma.24,35,36 Our 
results are in agreement with the discoveries of Agrawal 

Figure 5 In OVA-sensitized/challenged mice, the level of LC3B mRNA was correlated with inflammatory markers in bronchoalveolar lavage fluid (BALF). The correlation 
was analyzed by Spearman correlation. (A, B) Correlation analysis between LC3B mRNA in lung tissue and BAL total cell number or eosinophils. (C, D) Correlation analysis 
between LC3B mRNA and levels of cytokines in BALF (p < 0.05).
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et al7 that vitamin D deficiency may contribute to a higher 
total cell number and BALF eosinophilia in an asthmatic 
murine model. In our study, the total cell number and 

eosinophil number in the BALF was significantly reduced 
in the vitamin D-supplemented OVA-mediated mice com
pared to that in the vitamin D-deficient and D-sufficient 

Figure 6 1,25(OH)2D3 suppressed LC3B, Beclin-1, ATG5, and NF-κB p65, and increased LL37 mRNA expression in macrophages collected from BAL in OVA-sensitized 
/challenged mice with sufficient dietary vitamin D. (A–E) LC3B, Beclin-1, ATG5, NF-κB p65, and LL37 mRNA expression in macrophages with 1,25(OH)2D3 in various doses 
(0.2, 2, 20, and 200 nM) or time course (12 or 24 h) were detected by rt-PCR normalized to GAPDH. Data are representative of at least three independent experiments 
(*p < 0.05, **p < 0.01, and ***p < 0.001; #p < 0.05, ##p < 0.01, and ###p < 0.001).
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OVA-mediated ones. In addition, Brehm et al37 discovered 
that vitamin D levels were inversely related to peripheral 
blood eosinophil count in asthmatic children. These results 
suggested that vitamin D deficiency might be involved in 
the pathogenesis of asthma by modulating crucial pro
cesses in airway inflammation.

A few observational studies suggested that lower 25 
(OH)D levels were associated with worse lung function 
and substantially more severe asthma symptoms.38–40 

However, Kang et al41 studied 96 children with asthma 
and found that vitamin D levels were not associated with 
FEV1 (forced expiratory volume in one second), FVC 
(forced vital capacity), and FEV1/FVC levels (p > 0.05). 
In animal experiments, Fischer et al42 found that vitamin 
D-supplementation alleviated AHR and airway inflamma
tion in BALF in an asthma model of HRA-sensitized and 
HRA-challenged mice. In our study, animals in the three 
different diet groups all exhibited a leftward shift of the 
concentration responsiveness curve of RL after OVA sen
sitization and challenge, suggesting an increased airway 
responsiveness compared with the control mice. Vitamin 
D-deficient allergic mice showed stronger airway respon
siveness and significantly increased RL, and -log PC100 in 
this group declined dramatically, indicating AHR in this 
group. The -log PC100 in vitamin D-sufficient or - 
deficient OVA-mediated groups was lower than in the 
vitamin D-supplemented OVA-mediated group, suggesting 
vitamin D supplementation may improve airway resis
tance. Liu et al's43 latest meta-analysis of vitamin D and 
lung function in patients with asthma showed that high 
blood vitamin D levels may be positively correlated with 
lung function. The -log PC100 in the HVD+OVA 
decreased than HVD group, but there was no significant 
difference. This could be caused by the reduced airway 
inflammation in the vitamin D-supplemented asthmatic 
group, suggesting vitamin D supplementation may help 
to decrease airway hyper-responsiveness.

In our study, vitamin D deficiency was associated with 
an exaggerated response to OVA antigen and was asso
ciated with more severe airway inflammation in histologi
cal comparisons with the vitamin D-sufficient group. 
Gorman et al8 also reported that vitamin D deficiency 
markedly enhanced the capacity of airway cells to prolif
erate and secrete cytokines in response to OVA sensitiza
tion and challenge, indicating that the ability of airways to 
respond to allergens was influenced by vitamin 
D deficiency. However, we emphasized that a high vitamin 
D level may help to alleviate airway inflammation and 

reduce the hallmarks of asthma rather than completely 
reverse the pathogenetic process of asthma. In another 
study, Wittke et al44 reported that oral supplementation of 
1,25(OH)2D3 failed to modify lung inflammation in vita
min D3-deficient mice. The experimental protocols of 
Wittke et al44 were markedly different than ours, including 
the strain of mice and type of vitamin D used for the 
supplementation, as well as the treatment of vitamin 
D diets. Such differences in experimental conditions, 
strains of mice, and spatial and temporal contexts might 
explain the discrepant results.

Suppressing the levels of Th2 cytokines (IL-4, IL-5) 
has been shown to be a possible therapeutic option to 
alleviate airway inflammation.45,46 In the current study, 
sensitization with OVA antigen in vitamin D-deficient 
mice induced a substantial rise in IL-4 and IL-5 in 
BALF. We also discovered that vitamin 
D supplementation, to some extent, could reverse the 
levels of these cytokines in mice who had undergone 
OVA sensitization and challenge. However, the influence 
of vitamin D on the release and activity of IL-4 is still 
controversial. Some studies showed an increase in IL-4 
level after vitamin D treatment,47,48 while some reports 
demonstrated that in human cord blood T cells, vitamin 
D suppressed IL-4 production and expression of IL-13 
induced by IL-4.45 In a murine model of asthma, the 
administration of 1,25-dihydroxyvitamin D was shown to 
inhibit the IL-4 level in BALF, suppress T-cell migration, 
and restrain the inflammatory response.46 We observed no 
statistically significant alteration of IL-4 level in BALF 
from mice with supplemented vitamin D compared to that 
in the vitamin D-sufficient group after OVA sensitization 
and challenge. The underlying reason for the discrepancy 
between our results and others is not clear, but it could be 
related to the timing, dose, and administration of vitamin 
D supplementation. Additional studies are needed to 
further clarify this issue.

Vitamin D promotes the stimulation of CD4+CD25+ 
regulatory T cells (Tregs) by dendritic cells.49 IL-10 is one 
of the crucial factors for Treg induction,50 resulting in 
significant decreases in the levels of proinflammatory 
cytokines that contribute to the pathogenesis of airway 
inflammation, which means it plays a protective and reg
ulatory role in the process of inflammation. Our results 
showed that OVA sensitization and challenge may cause 
reduction in IL-10 levels, and the reduction of IL-10 was 
more pronounced in vitamin D-deficient mice. Conversely, 
vitamin D supplementation resulted in a significant 
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increase in IL-10 levels, suggesting that vitamin D might 
help to alleviate airway inflammation through elevating 
the level of IL-10.

Vitamin D has an inhibitory effect on NF-κB 
activation.20–22,51 Our data showed vitamin 
D supplementation reduced the expression of NF-κB p65 
mRNA and thus resulted in decreased secretion of pro- 
inflammatory cytokines in vivo as in a previous study.51 

We now observed increased expression of NF-κB p65 
mRNA and protein in the lung tissue of OVA-sensitized 
and -challenged mice in all vitamin D groups. The expres
sion of NF-κB p65 mRNA and protein was higher in 
vitamin D-deficient OVA-mediated mice compared to vita
min D-sufficient or -supplemented OVA-mediated ones. In 
vitro, the expression of NF-κB p65 mRNA decreased, 
while the concentration of 1,25(OH)2D3 increased. LL37, 
as an antimicrobial peptide, its mRNA level was also 
increased after OVA sensitization and challenge, but the 
difference was not significant. The LL37 mRNA level in 
the vitamin D-supplemented OVA-mediated group was 
lower than in the vitamin D-sufficient or -deficient OVA- 
mediated group, while in vitro, the LL37 mRNA level was 
increased as the concentration of 1,25(OH)2D3 increased; 
the inconsistency between in vivo and in vitro experiments 
may be due only to analyses of mRNA levels of LL37, 
which are less important than the measures of its protein 
levels. Additional studies are needed to verify these 
findings.

The elevated mRNA and protein expression of LC3B, 
Beclin-1, and ATG5 observed in vitamin D-sufficient or - 
deficient groups after OVA sensitization and challenge 
demonstrated that autophagy is involved in allergic airway 
inflammation. LC3 is one of the indicators of autophago
some formation and was shown to be significantly elevated 
in an OVA-induced mice model.26 Genetic variants of the 
autophagy gene ATG5 were related to acceleration of air
way remodeling and impairment of lung function in child
hood asthma.28 It has also been reported that ATG5 
knockdown could attenuate AHR and airway 
inflammation.26 Beclin-1 expression was significantly 
higher in asthmatic epithelium and ciliated cells, suggest
ing a potential role of ciliophagy in asthma.52 Ban et al26 

also demonstrated increased autophagy levels, including 
LC3 and Beclin-1, in the peripheral blood cells, peripheral 
blood eosinophils, and sputum granulocytes in patients 
with severe asthma compared with patients with mild 
asthma patients and healthy controls.

In our study, we also found that vitamin D deficiency was 
related to the highest expression of LC3, Beclin-1, and ATG5 
in vivo in OVA-mediated mice. The vitamin D-supplemented 
OVA-mediated group had significantly reduced expression of 
LC3 and ATG5 in lung tissue compared with the vitamin 
D-sufficient or -deficient OVA-mediated groups, which 
further emphasizes the participation of autophagy proteins 
in allergic airway inflammation as serum vitamin 
D concentration varies. In vitro, the increased expression of 
LC3B and ATG5 mRNA was modified by 1,25(OH)2D3 in 
dose- and time-dependent manner, which further emphasizes 
the modulation of 1,25(OH)2D3 in autophagy in allergic 
inflammation. However, the expression of Beclin-1 protein 
in all three OVA-mediated groups showed no significant 
difference, and the level of Beclin-1 mRNA had no signifi
cant change as 1,25(OH)2D3 concentration increased at 24-h 
co-culture; this may be because Beclin-1 and LC3 are active 
in different phases of autophagy. Beclin-1 is involved in the 
very early stage of autophagosome formation (nucleation 
phase) and is regarded as an essential component for the 
initiation of autophagy, ATG5 and LC3 are involved in 
later phases, when autophagy is induced by various stresses 
for incorporation into the membrane of autophagosomes. 
Thus, the modulation of autophagy by vitamin D may mainly 
be focused on the LC3 phase.

We discovered that LC3B mRNA showed a positive 
correlation with total cell number, eosinophil number, and 
IL-4 in BALF and a negative correlation with IL-10 in 
BALF in OVA-induced airway inflammation. As men
tioned above, IL-10 plays a protective role in airway 
inflammation. Therefore, these results may suggest that 
in allergic airway inflammation, autophagy may be corre
lated with the degree of inflammation. McAlinden et al52 

found that an autophagy inhibitor could reduce airway 
inflammation in HDM-induced asthmatic mice, which is 
in accord with our results that vitamin D might function as 
an inhibitor to regulate autophagy and suppress airway 
inflammation. However, the mechanisms that anti- 
inflammatory effect of vitamin D may be through the 
suppression of autophagy need to be further studied.

Conclusion
In conclusion, OVA sensitization and challenge induced dra
matically allergic airway inflammation and higher RL in vita
min D-deficient mice as compared with vitamin D-sufficient 
or - supplemented groups. The expression of ATGs, including 
LC3B, Beclin-1, and ATG5, and NF-κB p65 in lung tissue in 
the vitamin D-deficient asthmatic group was increased 
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compared with the vitamin D-supplemented OVA sensitized/ 
challenged group. In vitro, 1,25(OH)2D3 also regulates the 
expression of LC3B, Beclin-1, ATG5, and NF-κB mRNA in 
AMs in a time- and dose-dependent manner. Thus, vitamin 
D deficiency may increase airway inflammation and enhance 
the expression of autophagy proteins. Supplementation of 
vitamin D could alleviate airway inflammation and reduce 
the expression of autophagy proteins. The study of vitamin 
D and autophagy in allergic airway inflammation is still at an 
initial stage. We will continue to investigate whether vitamin 
D supplementation would help alleviate allergic airway 
inflammation in patients and its possible role in regulating 
autophagy proteins and cell autophagy.
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