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Vitamin D3 promotes autophagy in THP-1 cells
infected with Mycobacterium tuberculosis
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Abstract. Tuberculosis (TB) is a major disease that causes
mortality worldwide. The lethality of this disease is a result
of the contagious bacteria Mycobacterium tuberculosis
(M.tb). Infection can inhibit phagosomal maturation, with
M.tb mainly attacking macrophages and inhibiting autophagy
and apoptosis. Vitamin D has been used to treat tuberculosis,
whereby the active metabolite, 1,25-dihydroxyvitamin D, may
enhance the immune response to M.tb. Moreover, macrophages
infected with M.tb have a high demand for Ca**. However, the
mechanisms by which vitamin D3 protects against and treats
TB remain unclear. In the present study, MTT assay showed
that vitamin D3 decreased the viability of THP-1 cells in a
dose- and time-dependent manner. Autophagy-related factors
in THP-1 cells infected with M.rb were analyzed by western
blotting and RT-qPCR and the results demonstrated that
vitamin D3 significantly increased the expression level of
p62, LC3II/LC3I, Beclin-1, ATG-5 and AMPK in THP-1 cells
following M.tb infection. The Ca** concentration assay demon-
strated that vitamin D3 may promoted cellular autophagy by
inhibiting the concentration of Ca**. Furthermore, the effect of
vitamin D3 on M.b infection was also assessed using Balb/c
mice; pulmonary injury was assessed by H&E staining of the
lungs tissue. The results demonstrated that vitamin D3 mark-
edly attenuated cellular damage caused by M.zb infection. In
conclusion, the present study indicated that vitamin D3 may
activate cell autophagy signals by inhibiting the concentra-
tion of Ca?*. These data may improve understanding of the
effect of vitamin D3 on M.tb infection and help determine the
underlying mechanism of vitamin D3 to alleviate and treat the
inflammatory response caused by TB.
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Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis
(M.tb) remains the principal killer among global infectious
diseases (1). According to a WHO report 2018, it is estimated
that 10 million persons had incident TB, and 1.5 million
TB-related mortalities occurred (2). M.tb is unique among
bacterial pathogens as it can survive in the body for several
years. Therefore, finding effective therapeutic strategies to
manage this infectious disease is important (3). M.tb weakens
host immune function and therefore enables its long-term
coexistence with the host (4). M.tb virulence factors exhibit
numerous modes of action, including preventing the formation
and acidification of phagolysosomes, inhibiting the formation
of autophagosomes, resisting oxidative stress and inhibiting
cell autophagy (5). Moreover, Ca** is a crucial secondary
messenger in cells that regulates cell cycle progression, prolif-
eration and autophagy (6). Its role in cell proliferation and
autophagy implies that increased or weakened Ca** signals
may result in cell death (7).

A previous study demonstrated that vitamin D3 induces
autophagy in numerous types of cancer cells, such as lung
cancer and prostate cancer (8), which suggests that the induc-
tion of autophagy may be a mechanism whereby vitamin D3
exerts an anti-cancer effect (9). Another study reported that
vitamin D3 can regulate the immune response to M.tb, which
indicated that vitamin D3 serves a vital role in TB treat-
ment (10). Furthermore, vitamin D3 serves an extensive role
in Ca* homeostasis (11). Intracellular Ca** is also an essential
secondary messengers in the regulation of autophagy (12).
However, the role of vitamin D3 in regulating cell autophagy
and immunity is still poorly understood.

Macrophages are a vital component of the immune system
and serve numerous roles in the immune response, such as
phagocytosis, bactericidal and in the secretion of inflamma-
tory factors (interleukin IL-1{, tumor necrosis factor a and
IL-6) (13). The THP-1 human leukemia monocyte cell line has
been widely used as a model to study the immune response of
monocytes (14). In the present study, the effect of vitamin D3
on THP-1 cells infected by M.tb was explored, including its
function in the modulation of intracellular Ca** and the induc-
tion of autophagy. THP-1 cells were incubated with M.tb and
the autophagic process and Ca’* concentration of the host cells
following vitamin D3 treatment were investigated. Animal
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experiments were used to further verify the role of vitamin D3
in promoting autophagy after M.rb infection.

Materials and methods

Animals. A total of 16 male Balb/c mice (age, 6-8 weeks;
weight, 20+5 g) were obtained from the Jackson Laboratory.
All animal experiments and experimental protocols were
approved by the Ethics Committee of Ningxia University
(Yinchuan, China; approval no. 2020-013). The mice were
maintained in a pathogen-free facility at a constant tempera-
ture (24+1°C) and 50-55% humidity with a 12-h light/dark
cycle and were allowed to eat and drink ad libitum. M.tb
purchased from Chinese Center for Disease Control and
Prevention was grown in Middlebrook 7H9 broth (BD
Diagnostic; Becton, Dickinson and Company) supplemented
with 10% OADC and 0.05% Tween-80 at 37°C in a tissue
incubator with an atmosphere of 5% CO,. After one week
of acclimatization, the mice were randomly divided into the
following four treatment groups (n=4 mice/group): i) Control
group (50 ul 0.9% normal saline administered intranasally);
1) M.tb group [50 ul M.tb (50 pug/ml) administered intrana-
sally]; iii) vitamin D3 group [50 ul vitamin D3 (Beyotime
Institute of Biotechnology; 5 pmol/ml) administered intra-
nasally]; and iv) vitamin D3 + M.tb group [50 pl vitamin
D3 (5 pmol/ml) and 50 pl M.tb (50 pg/ml) administered
intranasally]. Intranasal administration was performed
under 1.5-2% isoflurane anesthesia with 50 pl of the saline,
M .tb and vitamin D3 (Beyotime, China) instilled into one
nostril. Treatment was repeated once a day for seven days
in each treatment group. The animals were placed into the
induction box (1.5-2% isoflurane). Once the animals were
completely anesthetized (3-5 min; animals did not attempt
resume prone position), anesthesia was maintained using
0.5-1.0% isoflurane.

Histological examination. Mice were sacrificed by cervical
dislocation at indicated time points (7 days after M.tb and
vitamin D3 treatment). Subsequently, the lungs were extracted
from the mice, washed once with PBS and fixed in 4% para-
formaldehyde for 24 h at room temperature. the fixed tissue
was embedded in paraffin and sliced into 4-um-thick sections
using a microtome. Samples were then stained with H&E for
10 min at room temperature and images captured with a light
microscope (magnification, x100).

Cell culture. The monocytic THP-1 cell line (ATCC) was
cultured in RPMI 1640 medium (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 10% FBS (Thermo
Fisher Scientific, Inc.) in a 5% CO, incubator at 37°C. Before
incubation, the cells were seeded into a 6-well plate at a cell
density of 2x10° cell/well and treated with 100 ng/ml phorbol
12-myristate 13-acetate (PMA) at 37°C for 24 h to transform
into adherent macrophages. A vision-based automatic cell
counter was used to determine the total number of cells.

Assessment of cell viability. The MTT assay (Thermo Fisher
Scientific, Inc.) was used to assess cell viability. THP-1 cells
were seeded into a 96-well plate at a density of 5x10° cells/well
and treated with 100 ng/ml phorbol 12-myristate 13-acetate

(PMA) at 37°C for 24 h to transform into adherent macro-
phages. Subsequently, the resulting THP-1 cells was treated
with different concentrations of vitamin D3 (0, 5, 20, 50
and 100 pgmol/ml) at 37°C for 24 h or treated with vitamin
D3 (5 pmol/ml) at 37°C for 0, 6, 12, 24 and 36 h. Following
incubation, 20 ul MTT solution was added to each well,
according to the manufacturer's instructions. The plate was
then transferred to an incubator for another 4 h at 37°C;
DMSO solution (100 ul) was subsequently added to each
well to dissolve the purple formazan. Finally, the absorbance
(560 nm) was measured using a microplate reader (Bio-Rad
Laboratories, Inc.).

Ca’* concentration assay. THP-1 cells were seeded at a density
of 5x10° cells/well in 96-well plates and treated with 100 ng/ml
PMA at 37°C for 24 h to transform into adherent macrophages.
Then the cells of different treatment groups were incubated
with M.tb (MOI:35) and vitamin D3 (5, 10 and 20 gmol/ml)
at 37°C for 24 h. Cytosolic Ca*" concentration was quantified
using Fluo-4 acetoxymethyl (AM; Thermo Fisher Scientific,
Inc.). In brief, Fluo-4 AM was diluted in PBS and the cells
were incubated at a final concentration of 1 yM for 30 min
at 37°C to ensure that Fluo-4 AM was fully converted into
Fluo-4 intracellularly. Cells were then washed three times with
PBS solution, and the fluorescence intensity was assessed by
acquiring emissions at 494 nm using flow cytometry. (Thermo
Fisher Scientific, Inc.). FlowJo version 10 software (FlowJo,
LLC) was used for flow analysis. The result was compared
with the control group.

Western blotting. M-PER Mammalian Protein extraction
reagent (Thermo Fisher Scientific, Inc.) was used to extract
total protein from cells in the different treatment groups.
A BCA kit was used to determine protein concentration.
Total protein (10 ug per lane) was mixed with 6X loading
buffer and separated using SDS-PAGE on a 10% gel; sepa-
rated proteins were subsequently transferred to a PVDF
membrane. After blocking with Superblock Blocking
Buffer (Thermo Fisher Scientific, Inc.) at 37°C for 1 h, the
membrane was incubated with the following primary anti-
bodies: anti-LC3 (cat. no. 14600-1-AP; 1:1,000; ProteinTech
Group, Inc.), anti-sequestosome-1 (p62, cat. no. 18420-1-AP;
1:1,000; ProteinTech Group, Inc.), anti-Beclin-1 (cat.
no. 11306-1-AP; 1:1,000; ProteinTech Group, Inc.),
anti-autophagy-related 5 (ATG-5, cat. no. 66744-1-Ig;
1:1,000; ProteinTech Group, Inc.) and anti-AKT (cat.
no. 60203-2-Ig; 1:1,000; ProteinTech Group, Inc.) overnight
at 4°C. The PVDF membranes were washed five times with
TBS containing 0.02% Tween-20 (1,000 ml TBS and 2 ml
Tween-20). Following the primary incubation membranes
were incubated with secondary antibodies [HRP-conjugated
Affinipure Goat Anti-Mouse IgG(H+L), cat. no. SA0O0001-1;
1:10,000; ProteinTech Group, Inc. and HRP-conjugated
Affinipure Goat Anti-Rabbit [gG(H+L), cat. no. SA00001-2;
1:10,000; ProteinTech Group, Inc.] at room temperature for
1 h. ECL chemiluminescence kit (Thermo Fisher Scientific,
Inc.) was used to visualize protein bands. f-actin was used
as an internal control. The intensity of protein bands was
analyzed using ImagelJ (version 146; National Institutes of
Health).
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Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted using the RNA Extraction Kit (Takara
Biotechnology Co., Ltd.), and cDNA was synthesized using a
High-Capacity cDNA Archive kit (Takara Biotechnology Co.,
Ltd.). The following temperature protocol was used for reverse
transcription: 37°C for 15 min and 85°C for 5 sec. Subsequently,
the acquired cDNA was subjected to qPCR using an ABI 7500
Fast Real-Time PCR System (Applied Biosystems; Thermo
Fisher Scientific, Inc.) and a SYBR-Green PCR Kit (Takara
Biotechnology Co. Ltd.). The following thermocycling
conditions were used for qPCR: 95°C for 30 sec, followed by
40 cycles of 95°C for 5 sec and 65°C for 30 sec. The primers
were synthesized by the Shanghai Sango Biotechnology Co.,
Ltd., and primer sequences are presented in Table I. Relative
expression levels was analyzed using the 2“4 method and
normalized to [3-actin as an internal control (15).

Immunofluorescence staining. THP-1 cells were seeded at
a density of 1x10° cells/well into 6-well plates and treated
with 100 ng/ml PMA at 37°C for 24 h to transform into
adherent macrophages. Then the cells of different treatment
groups were incubated with M.tb (MOI:35) and vitamin D3
(5 umol/ml) at 37°C for 24 h. After being processed according
to different treatment groups, the cells were washed three
times at 37°C with PBS or Hanks' balanced salt solution to
remove the culture medium. Subsequently, 1 ml Fluo-4 AM
(1 uM) fluorescent probe (Thermo Fisher Scientific, Inc.) was
added to the cells and incubated for 40 min in the dark at 37°C.
The NucBlue™ Fixed Cell ReadyProbes™ Reagent (DAPI;
5 uM; Invitrogen; Thermo Fisher Scientific) was used to stain
the nucleus. Finally, a confocal laser scanning microscope was
used to detect the fluorescence of Fluo-4 to verify changes in
intracellular Ca** concentration.

Statistical analysis. All experiments were repeated at least
three times. All data were analyzed using the SPSS 13.0
software (SPSS, Inc.). Unpaired Student's t-tests were used to
compare differences between two groups, whereas one-way
ANOVA followed by Tukey's post hoc test was used to compare
differences between more than two groups. Data are presented
as the mean =+ standard deviation. P<0.05 was considered to
indicate a statistically significant difference.

Results

Vitamin D3 decreases the viability of THP-1 cells in a
dose- and time-dependent manner. To investigate the effects
of vitamin D3 on THP-1 cell viability, the THP-1 cells were
either treated with different concentrations of vitamin D3
(0, 5,20, 50 or 100 gmol/ml) for 24 h (Fig. 1A) or treated with
vitamin D3 (5 gmol/ml) for 0, 6, 12, 24 and 36 h (Fig. 1B).
The results demonstrated that the viability of THP-1 cells
was significantly decreased by vitamin D3 in a dose- and
time-dependent manner compared with the respective control
group; as vitamin D3 was dissolved in DMSO, cells treated
with a culture medium of 0.03% DMSO were used as the
control. It was demonstrated that when the vitamin D3 concen-
tration reached 5 pmol/ml, cellular viability was statistically
different from the control group; therefore, this concentration
was chosen for subsequent experiments.

Table I. Sequences of primers used for reverse transcription-
quantitative PCR.

Gene Primer sequence (5'—3'")

AMPK F: TTGAAACCTGAAAATGTCCTGCT
R: GGTGAGCCACAACTTGTTCTT

LC3 F: AACATGAGCGAGTTGGTCAAG
R: GCTCGTAGATGTCCGCGAT

[B-actin F: GCCAACCGCGAGAAGATGA

R: CCATCACGATGCCAGTGGTA

AMPK, AMP-activated protein kinase; F, forward; R, reverse.

Effect of vitamin D3 on Ca’* concentration in THP-1 cells
infected with M.tb. Impaired Ca** homeostasis can lead
to cellular dysfunction and autophagy (16). Whether Ca?*
homeostasis of THP-1 cells infected by M.zb is altered under
vitamin D3 treatment, and whether vitamin D3 could induce
autophagy by inhibiting Ca®* concentration was therefore
investigated. To examine the Ca** homeostasis of THP-1
cells infected with M.zb following vitamin D3 treatment, the
intracellular Ca®* concentration was quantified using Fluo-4
AM-treated THP-1 cells. Compared with the control group,
M.1b infection for 24 h induced an ~26% increase in Ca**
concentration (Fig. 2A). Compared with the M.tb group,
it was demonstrated that the vitamin D3 + M.tb (5, 10 and
20 pymol/ml) groups had a significant inhibitory effect on
Ca® concentration. Immunofluorescence assay results also
demonstrated that vitamin D3 treatment markedly attenu-
ated Ca** concentration compared with the control and M.tb
groups (Fig. 2B). Compared with the vitamin D3 group,
the Ca** concentration in the vitamin D3 + M.tb group was
markedly enhanced. These results suggested that vitamin
D3 treatment inhibited Ca** concentration in THP-1 cells
infected by the M.zb.

Effect of vitamin D3 on autophagy-related factors in THP-1
cells. Vitamin D3 exhibited a significant inhibitory effect on
the cellular viability of THP-1, aforementioned. However,
whether vitamin D3 induced autophagy in THP-1 had not
been explored. To determine whether vitamin D3 regulated
autophagy in THP-1 cells, the protein expression levels of
autophagy-associated proteins, p62, LC3, Beclin-1, ATG-5 and
AKT, were analyzed by western blotting (Fig. 3). Compared
to the M.tb group, treatment with vitamin D3 significantly
increased the protein expression levels of p62, LC3II/LC3I,
Beclin-1 and ATG-5 under M.tb infection (Fig. 3B-E). However,
treatment with vitamin D3 significantly suppressed the protein
expression levels of AKT under M.tb infection compared with
the control (Fig. 3F). Moreover, the increase in LC3 and AMP
activated protein kinase (AMPK) mRNA expression levels
in the vitamin D3 and vitamin D3 + M.tb groups was higher
compared with the M.7b group (Fig. 3G and H). Western blot-
ting and RT-qPCR analyses indicated that vitamin D3 may
stimulate autophagy in THP-1 cells. Taken together, these
results suggested that vitamin D3 may inhibit M.tb infection
by increasing autophagy in THP-1 cells.
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Figure 1. Effect of vitamin D3 on THP-1 cell viability. (A) THP-1 cells were treated with different concentrations of vitamin D3 (0, 5, 20, 50 and 100 gmol/ml)
for 24 h. (B) THP-1 cells were treated with vitamin D3 (5 gmol/ml) for various lengths of time (0, 6, 12, 24 and 36 h). The MTT assay was used to assess
cellular viability. A microplate reader recorded the optical density change at 560 nm. Data are presented as the mean + standard deviation of three independent
experiments. "P<0.05, “P<0.01 vs. control or 0 h; “P<0.05, *P<0.01, “*P<0.001vs. DMSO.
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M.tb, Mycobacterium tuberculosis.

Vitamin D3 attenuates lung damage following M.tb infection.
After the Balb/c mice were treated intranasally with vitamin
D3 and/or M.tb, pathological sections were produced and H&E
staining was performed. Pulmonary tissue sections from the
control group (Fig. 4A) exhibited clear alveolar structure without
edema, congestion or inflammatory cell infiltrates in the inter-
stitial fluid. However, pulmonary tissues from the M.tb group
(Fig. 4B) were damaged and inflammatory cell infiltrates and
pathological changes were present. In the vitamin D3 (Fig. 4C)
and vitamin D3 + M.tb groups (Fig. 4D), nasal administration
was repeated for 7 days. Compared with the M.tb group, the
degree of alveolar wall damage and infiltrating inflammatory
cells in the vitamin D3 + M.tb group markedly decreased. These
results suggested that vitamin D3 could reduce lung damage
following M.tb infection by promoting cell autophagy.

Discussion

TB, caused by the bacterial pathogen M.tb, remains one of the
deadliest infectious diseases, and the number of deaths and

infections has continued to surge in the past 200 years (17).
The latest WHO report estimates about 1.6 million global
deaths annually from TB (18). Vitamin D3 induces anti-myco-
bacterial activity in mononuclear phagocytes (19) and an early
study demonstrated that vitamin D3 is a potent antiprolifera-
tive agent in different tissues and cells, including the epithelial
tissue, the vascular wall, the kidney, cancer cells and immune
cells (20). Therefore, studying the autophagic mechanism of
THP-1 cells infected with M.tb and induced by vitamin D3
will not only help understand the pathological mechanism of
TB but also aid in discovering novel therapeutics for TB.
Previous study have indicated that THP-1 cells can
be differentiated into mature macrophage-like cells using
PMA (21). THP-1 cells resemble primary monocytes and
macrophages in their morphological and functional properties
and are a suitable, safe and reliable model to study macrophage
functions and responses (22). THP-1 is an immortalized cell
line with a high growth rate. Compared with PBMC-derived
monocytes, THP-1 cells better facilitate reproducibility of
findings. Furthermore, it has been reported that the THP-1



EXPERIMENTAL AND THERAPEUTIC MEDICINE 23: 240, 2022

A B .
[}
>
?
% o
a2
M.tb - + - + 29
Vitamin D3 - - + + © §-
g [0}
PE2 . - — — 5
S &
LC3-II = °
) €
practin [ N §
ACT o D -
Becin-1 .
ATG-5 W — G e D
B-actin N W - — 3 025
-2
te 0.20
o5 8
N § 0.15
28 oo
© O
T £ 005
e
S 0.00
o 5
z
o
(&)
F k) G 0
o 25 . o 15
o} ?
¢ 20 ## o c
¥ O —_ O9 10
<215 - 2"
28 B
- =
5810 5% o0s
@ c 05 T <
1] =z
o o
2 0.0 0.0
= 5 = o Q9 E 5
= a ] =
s = = 3 5
(&) g 2 o
S £
IS
8
S

5
C_,
& o 15
Q3
- c
20
#H ='g10 s #*
o
< 3 05
= C
89
2 2 0.0
s 2 £ = 5 8 g 8
b = s € = e s
= + 3Q = +
€ ™ o € [52)
8 a 8 a
S £ S £
€ €
S S
S S
[2]
o 15
3
© 2 HH
. O 49 =
* < 3
[ *
= Qo
T & 05
[}
2 s
2 0.0
2 g =2 e T 2 8 =2
b p s € s = S
£ T S £ T
€ o) (&) 1S 3]
S o s a)
S £ S c
€ €
s S
S H S
172
o 20
3
2
£< 15 it
## 29
T mg-'_o skek
sokok = a
"(a‘><
_0)05
®< .
o=
€ oo
8 g =8 3 8 K =8
s s € s - S
£ Iy S £ ¥
€ o) O € 32}
8 la} 8 a
S £ S £
€ €
g s
> S

Figure 3. Effect of M.tb and vitamin D3 on THP-1 cell autophagy. (A) Following vitamin D3 and/or M.tb treatment for 24 h, the protein expression levels
of autophagy markers, including p62, LC3II/LC3I, Beclin-1, ATG-5 and AKT in THP-1 cells were analyzed by western blotting. (B) p62, (C) LC3II/LC3I,
(D) Beclin-1, (E) ATG-5 and (F) AKT protein semi-quantitative expression levels. 3-actin was used as a loading control. The mRNA expression levels of
(G) LC3 and (H) AMPK were standardized using the 222 method. Data are presented as the mean =+ standard deviation of three independent experiments.
"P<0.05, “P<0.01, ""P<0.001 vs. control; and “P<0.05, #P<0.01, *#P<0.001 vs. M.th. ATG-5, autophagy-related 5; M.tb, Mycobacterium tuberculosis; p62,

sequestosome-1.

cell line is more sensitive to cellular Ca®* signals. Therefore,
human monocyte THP-1 cells were used in the present study
to simulate vitamin D3-induced macrophage autophagy and to
investigate the effective clearance of cells infected with M.tb
by autophagy. In the present study, THP-1 cells were incu-
bated with M.t for 24 h and the other treatment groups were
treated with vitamin D3 or vitamin D3 + M.tb for 24 h. The
results demonstrated that incubation with M.zb significantly
decreased the protein expression levels of the autophagic
proteins, p62, LC3II/LC3I, Beclin-1 and ATG-5. Compared
with the M.tb group, the expression levels of p62, LC3II/LC3I,
Beclin-1 and ATG-5 in the vitamin D3 + M.tb groups were
significantly increased. Furthermore, the mRNA expression
levels of LC3 and AMPK were also significantly increased in
the vitamin D3 + M.tb group. Compared with the M.tb group,
the autophagy-related protein, AKT, which is considered to be
a negative regulator of autophagy, was reduced in the vitamin

D3 + M.tb groups. These results are consistent with another
result of the present study, which demonstrated that vitamin
D3 had a significant inhibitory effect on the Ca®* concentra-
tion (23), which may have induced autophagy and explains
the high efficiency of vitamin D3 in inhibiting the growth of
cancer cells (24).

Autophagy serves a vital role in cell survival under certain
stress conditions by scavenging proteins and damaged organ-
elles to maintain cellular homeostasis and integrity (25). For
example, the p62 protein is located at the autophagosome
formation site and can bind to the autophagosomal localiza-
tion protein LC3 and the family of ubiquitin-like proteins (26).
ATGS, as autophagy proteins, is critical for autophagy at the
stage of autophagosome formation (27). Moreover, Beclin-1 is
amammalian autophagic protein involved in diverse biological
processes, including tumor suppression and cell death (28).
AKT is also known as protein kinase B, and it is an oncogenic
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Figure 4. Vitamin D3 attenuates lung damage following M.tb infection. In Balb/c mice infected with M.tb, the morphological changes were observed in
H&E-stained pulmonary tissues. Representative photomicrographs illustrated characteristic lesions in 8-week-old Balb/c mice. Lavaged pulmonary tissues
were fixed with 4% paraformaldehyde solution and were then treated conventionally for pathological sectioning and staining with H&E. (A) Control group.
(B) M.tb group. (C) Vitamin D3 group. (D) Vitamin D3 + M.zb group (arrows indicate amage to pulmonary tissues, inflammatory cell infiltration and patho-

logical changes). Scale bar, 50 uM. M.tb, Mycobacterium tuberculosis.

protein that regulates cell survival, proliferation, growth and
autophagy. As a negative regulator of autophagy and apoptosis,
the AKT/mTOR signaling pathway serves an important role
in regulating autophagy (29). AKT inhibitors directly inhibit
the activity of AKT and therefore can attenuate cancer prolif-
eration (30). LC3 and AMPK are essential cytokines involved
in the regulation of autophagy (31). The data obtained in the
present study demonstrated that vitamin D3 treatment resulted
in a significant upregulation of p62, LC3II/LC3I, Beclin-1
and ATG-5 and a significant decrease in the AKT protein
expression level. These results supported the hypothesis that
vitamin D3 increases autophagy of THP-1 cells infected by
M.tb. Therefore, vitamin D3 may stimulate innate immune
antibacterial activity of THP-1 cells by enhancing mechanisms
associated with autophagy.

A previous study has reported that reductions in the
concentration of Ca** are associated with the triggering of
autophagy (32). Furthermore, vitamin D3 alters Ca** homeo-
stasis in cells (33). However, the effects of vitamin D3 in
THP-1 cells following M.tb infection and its association with
intracellular Ca** homeostasis, is still unknown. Therefore, in
the present study the Ca** concentration in the cells treated
with vitamin D3 was tracked by the cytoplasmic Ca** specific
indicator Furo-4 AM. The results demonstrated that vitamin
D3 significantly reduced Ca*" concentration and significantly
enhanced the expression levels of autophagy-associated
proteins in THP-1 cells infected by M.tb compared with the
M.tb group. These results therefore suggested that cytosolic
Ca?* may be crucial for vitamin D3-induced autophagy.

M. 1h is a typical parasitic bacterium that can evade the anti-
microbial effect of macrophages through various mechanisms
and survive in host immune cells, such as macrophages (34). A
previous study reported that in M.zb-infected mice, the rupture

of foam cells due to exacerbated infection and/or inflam-
mation and the release of their contents likely sustains the
disease pathology and generation of caseum, which leads to
progressive destruction of lung tissues (35). Kimmey ef al (36)
demonstrated that M.tb can evade autophagic responses in the
mouse model. Induction of autophagy promotes maturation
and acidification of M.tb phagosomes and their conversion
into mycobactericidal organelles. The present study aimed
to determine whether vitamin D3 could reduce lung damage
following M.tb infection by promoting cell autophagy.
Furthermore, various autophagy-related protein expression
levels were analyzed to investigate this potential autophagic
mechanism. The results of the present study suggested that
incubation with M.rb significantly decreased autophagy-related
protein expression levels, whereas vitamin D3 significantly
promoted the activation of p62, LC3II/LC3I, Beclin-1 and
ATG-5, and inhibited AKT protein expression levels, when
induced by M.tb infection. Based on the above conclusions,
it was speculated that vitamin D3 may promote phagosomal
formation and autolysosomal maturation by significantly
inhibiting the concentration of Ca®* and likely enhancing the
signal transduction in the host cell to promote the fusion of
phagosomes and lysosomes. It is therefore possible that the
autophagy signaling pathways of macrophages may have been
activated to promote autophagy.

In conclusion, the present study demonstrated that the
molecular mechanism of vitamin D3 promoted autophagy
in THP-1 cells infected by M.tb. However, the precise
mechanism by which vitamin D3 promotes the expression of
autophagy-related proteins needs further research and it may
also be necessary to repeat the experiments in a different type
of macrophage cell line to further test the hypothesis. To the
best of our knowledge, the present study is the first to report
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that vitamin D3 significantly reversed pulmonary injury of
M .tb-infected mice, possibly via the autophagic pathway,
thereby improving autophagic dysfunction. The results
indicated that the mechanism of action of vitamin D3 may
involve the attenuation of autophagic flux dysfunction through
inhibition of the Ca** signaling pathway.
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