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Abstract. Budesonide (Bud), one of the most widely used lung 
medicines, is currently used as a repurposing medicine for 
immunoglobulin A nephropathy (IgAN) treatment. The progres‑
sion of IgAN is related to inflammation involving macrophages 
and podocytes. The present study aimed to explore the effects 
of Bud on classically activated (M1)/alternatively activated 
(M2) macrophage polarization and podocyte injury under 
lipopolysaccharide (LPS)‑induced inflammatory stress in vitro. 
Anti‑inflammatory bioinformation of Bud was identified based 
on the Gene Expression Omnibus database. RAW264.7 cells 
were treated with normal medium, LPS, curcumin (Cur, posi‑
tive control), or Bud 5, 10, or 20 µM. The expression levels 
of inducible nitric oxide synthase (iNOS), TNF‑α, mannose 
receptor (CD206) and arginase (Arg)‑1 were quantified by 
western blotting. The collected supernatants from macrophages 
were termed (Nor)MS, (LPS)MS, (Cur)MS and (Bud)MS. The 
TNF‑α, IL‑1β and nitric oxide (NO) levels in the supernatants 
were evaluated by ELISA and Griess assay. The podocytes 
were cultured in different supernatants and their survival rates 
were assessed by bromodeoxyuridine assay. TNF signaling is 
an important pathway by which Bud exerts anti‑inflammatory 
activities. Compared with the LPS group, 5, 10 and 20 µM Bud 
significantly increased Arg‑1 and decreased iNOS expression 
(Six: P<0.05) and 20 µM Bud significantly increased Arg‑1 
and CD206 and decreased iNOS and TNF‑α expression (Four: 
P<0.05). Cur significantly decreased iNOS and TNF‑α expres‑
sion (Two: P<0.05). Compared with LPS, 5, 10 and 20 µM 

Bud and Cur significantly decreased TNF‑α, IL‑1β and NO 
levels (All: P<0.05). The podocyte survival rates of (Bud)MS 
and (Cur)MS were significantly higher than those of (LPS)MS 
(Four: P<0.05). The protective effect of Bud on podocyte injury 
is related to its modulation of M1/M2 polarization.

Introduction

For the first 40  years of the 20th century, when asthma 
occurred, the treatments were given by injection or oral 
administration of the adrenergic agonist epinephrine and 
the phosphodiesterase inhibitor theophylline  (1). In 1930, 
epinephrine became available as an aerosol. To date, repur‑
posing drugs as inhaled therapies in asthma has made progress 
in drug delivery to the action site. More importantly, inhaled 
therapies permit the prophylactic treatment of asthma. As a 
nonhalogenated corticosteroid, budesonide (Bud) was devel‑
oped in the early 1970s and was available as an inhaled steroid 
by 1982 (1). It is now one of the most widely used inhaled 
medicines in lung diseases such as asthma and chronic 
obstructive pulmonary disease (COPD) worldwide (2).

As a repurposing drug, Bud showed its efficacy again in a 
recent double‑blind, random, placebo‑controlled phase 2b trial 
in patients with immunoglobulin A nephropathy (IgAN) (3). 
IgAN is the commonest type of glomerulonephritis in Asia 
and the western world (4). The mainstay of therapy is therefore 
optimized supportive care, i.e., measures that lower blood 
pressure, reduce proteinuria and help to decrease nonspecific 
insults to the kidneys (4). Glomerular podocyte injury is a 
key factor associated with proteinuria in IgAN (5). Clinical 
research shows that Bud is effective in the treatment of patients 
with IgAN at high risk of progression in terms of reducing 
proteinuria and preserving renal function over 24 months of 
therapy (6). However, whether Bud can reduce proteinuria by 
protecting podocytes in vitro and in vivo remains unclear.

Complex factors are involved in the development and 
progression of IgAN. Autoimmunity and inflammation are 
considered to be the basic mechanisms; however, the exact 
pathogenesis remains to be elucidated (7). To explore a possible 
protective effect of Bud on podocyte injury under inflamma‑
tory stress (8), the Gene Expression Omnibus (GEO) was used 
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in the present study to identify the induced anti‑inflammatory 
genes in humans involved in transcription and signaling 
following inhalation of Bud (9). Differentially expressed genes 
(DEGs) were identified between the volunteers who inhaled 
Bud or placebo randomly (9). The results showed that, based 
on downregulated DEGs, the TNF signaling pathway served 
an important role when Bud exerted anti‑inflammatory effects 
(The results are shown in Table I).

The authors' previous in vitro study suggests that increased 
TNF‑α protein expression in polarized macrophages is 
related to podocyte injury  (10). With lipopolysaccharide 
(LPS)‑induced RAW264.7 macrophages, the effects of Bud on 
the protein expression of two markers of classically activated 
macrophages (M1), inducible nitric oxide synthase (iNOS) 
and TNF‑α and two markers of alternatively activated macro‑
phages (M2), mannose receptor (CD206) and arginase (Arg)‑1, 
were identified (10) and the effects of Bud on LPS‑induced 
podocyte injury by modulating M1/M2 polarization were 
further explored in the present study (Fig. 1).

Materials and methods

Microarray material and microarray data. GEO (http://www.
ncbi.nlm.nih.gov/geo/) is an international public repository 
that archives and freely distributes high‑throughput gene 
expression and other functional genomics datasets (11). A gene 
expression dataset, namely, GSE83233 (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE83233) ‘An inhaled dose 
of budesonide induces genes involved in transcription and 
signaling in human airways’, was downloaded from GEO 
[GPL15207 platforms, (PrimeView) Affymetrix Human Gene 
Expression Array]. In the study (9), healthy male, nonsmoker, 
nonallergic volunteers (age 18‑50 years) with normal lung 
function were recruited into this prospective, double‑blind, 
placebo‑controlled, randomized, two‑period crossover study 
involving an initial screening visit, followed by two interven‑
tion visits. Participants were screened at visit one to fulfil the 
study eligibility criteria. At visit two, volunteers were random‑
ized to receive inhaled Bud (1,600 µg) or placebo, both via 
Turbuhaler. Then, at two to three weeks later, at visit three, 
participants received either Bud or placebo, as appropriate, to 
complete both study arms. At 6 h after placebo or Bud inhala‑
tion, bronchial biopsies were obtained via bronchoscopy (9). 
The study protocol and consent form were approved by the 
Conjoint Health Research Ethics Board at the University of 
Calgary and Alberta Health Services and the ethical approval 
number was 23241.

Identification of DEGs. The DEGs in the Bud and placebo 
specimens were selected from GEO2R (http://www.ncbi.nlm.
nih.gov/geo/geo2r), which is a platform for examining DEGs 
across experimental conditions by comparing multiple datasets 
in GEO series. The genes with multiple probes were aver‑
aged and the probes that lacked gene symbols were removed. 
The DEGs with a |logFC (fold change)| >0 and P<0.01 were 
screened out and represented statistical significance.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) enrichment analysis of DEGs. 
The database for annotation, visualization and integrated 

discovery (DAVID), which can be freely accessed (http://david.
ncifcrf.gov), is a web‑based online bioinformatics resource that 
aims to provide tools for the functional interpretation of large 
lists of genes and proteins (12). In addition, GO, a significant 
bioinformatics tool, enables the annotation of genes according 
to biological processes (13). The KEGG is a knowledge‑based 
platform for the systematic analysis of gene functions, linking 
genomic information with higher‑order functional informa‑
tion (14,15). The DAVID online database was used to study 
the functions of DEGs. P<0.05 was considered to indicate a 
statistically significant difference. ImageGP (http://www.
ehbio.com/ImageGP/) was used to draw enrichment plots for 
GO and KEGG.

Cell source and culture. A mouse macrophage RAW264.7 
cell line was purchased from Procell Life Science & 
Technology Co., Ltd. According to the instructions, the cells 
were maintained in RPMI‑1640 medium (Beijing Solarbio 
Science & Technology Co., Ltd.) supplemented with 10% 
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, 
Inc.), 100 U/ml penicillin and 100 µg/ml streptomycin (Shanxi 
MiniBio Technology Co., Ltd.) in a 5% CO2 incubator at 37˚C. 
The medium was replaced the next day.

A conditionally immortalized mouse MPC‑5 podocyte 
cell line was purchased from Fuheng Biology Company and 
cultured in RPMI‑1640 medium supplemented with 10% 
FBS and recombinant IFN‑γ (cat.  no.  G1021; APeXBIO 
Technology LLC) at  33˚C. Podocytes were reseeded and 
cultured in RPMI‑1640 medium with 10 mg/ml type‑I collagen 
(BD Biosciences) at 37˚C without IFN‑γ for 7‑15 days before 
testing.

Cytotoxicity of Bud and LPS on RAW264.7 and MPC‑5 cells. 
RAW264.7 cells and MPC‑5 cells were seeded into 96‑well 
plates separately at a density of 1x106 cells/ml and cultured 
in 10% FBS RPMI‑1640 medium for 24 h at 37˚C. Following 
another 24 h treatment with Bud (cat. no. 200721527; Chiatai 
Tianqing Pharmaceutical Group Co., Ltd.) at  5, 10, 20, 
40 and 80 µM (16,17), LPS at 0.02, 0.10, 0.50, 2.50 and 12.5 µg/ml 
at 37˚C (18‑20). The supernatants were removed and each well was 
washed with PBS before the addition of 10% FBS RPMI‑1640 
medium and 10 µl CCK‑8 reagent (Shanxi MiniBio Technology 
Co., Ltd.). Cell viability was determined by measuring the 
absorbance at 450 nm using a microporous plate reader (Model 
550; Bio‑Rad Laboratories, Inc.) after an incubation period of 
2 h at 37˚C. The average optical density was determined by 
examining six wells per group.

Establishment of LPS‑induced M1 polarization. Based on 
the cytotoxicity results of LPS on RAW264.7 cells. LPS 
(0.10 µg/ml) was used to induce macrophage polarization 
to the M1 subtype for 24 h at 37˚C. The nitric oxide (NO) 
level was tested with the Griess assay (21). Nitrite, a stable 
end‑product of NO metabolism, was measured using the Griess 
reaction. Culture media of the RAW 264.7 cells (100 µl) was 
mixed with an equal volume of Griess reagent (Yantai Science 
& Biotechnology Co. Ltd.), followed by spectrophotometric 
measurement at 540 nm. Nitrite concentrations in the culture 
media were determined by comparison with a sodium nitrite 
standard curve. All experiments were repeated three times.
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Effects of Bud on iNOS, TNF‑α, Arg‑1 and CD206 protein 
expression in M1 macrophages. The protein expression levels 
of iNOS, TNF‑α, Arg‑1 and CD206 at different concentrations 
of Bud (5, 10, 20 µM) in 0.10 µg/ml LPS‑cultured macro‑
phages were tested by western blotting. RPMI‑1640 was used 
as the normal control, LPS was used as the model control and 
10 µM curcumin (cat. no. C7090; Beijing Solarbio Science & 
Technology Co., Ltd.; purity: 95.0%) was used as the positive 
control (22). The treated cells (1x106 cells/ml) were removed 
from the culture media and lysed with RIPA lysis buffer from 
Beijing Solarbio Science & Technology Co., Ltd. for 30 min. 
The protein concentrations were determined using a BCA 
Protein Assay kit from Beijing Solarbio Science & Technology 
Co., Ltd. Samples containing 50 µg of protein were resolved 
by 10% SDS‑PAGE electrophoresis and transferred to 
polyvinylidene fluoride membranes (MilliporeSigma) in a 
buffer tank with platinum wire electrodes. After immersing 
the membranes into 5% nonfat dried milk (diluted in 0.1% 
(v/v) Tween‑20 PBS) for 2 h at room temperature to block 
nonspecific binding, the membranes were incubated over‑
night with a primary antibody against iNOS at a 1:2,000 
dilution (cat.  no.  18985‑1‑AP; ProteinTech Group,  Inc.), a 

primary antibody against TNF‑α (cat. no. bs‑2081R; Bioss) 
at a 1:1,000 dilution, a primary antibody against CD206 
(cat. no. bs‑21473R; Bioss) at a 1:1,000 dilution and a primary 
antibody against Arg‑1 (cat.  no.  16001‑1‑AP; ProteinTech 
Group, Inc.) at a 1:5,000 dilution at 4˚C. The membranes were 
then washed three times (10 min each) and incubated with the 
corresponding secondary IgG conjugated to HRP antibody 
(cat. no. SA00001‑2; ProteinTech Group, Inc.) at room temper‑
ature for 1 h. The results were finally analyzed by the Quantity 
One analysis system (Bio‑Rad Laboratories, Inc.). GAPDH at 
a dilution of 1:5,000 (cat. no. 10494‑1‑AP; ProteinTech Group, 
Inc.) was used as the internal loading control.

Effects of Bud on TNF‑α, IL‑1β and NO levels in M1 
macrophages. RAW264.7 cells (1x106 cells/ml) were treated 
with 0.10 µg/ml LPS for 2 h and then treated with Bud (5, 10, 
20 µM) in LPS‑cultured macrophages for another 22 h at 37˚C. 
RPMI‑1640 was designated the normal control for all the 
above‑tested groups and the curcumin group was designated the 
positive control (22). Cell supernatants were then harvested and 
centrifuged at 1,500 x g for 10 min at 4˚C. TNF‑α levels were 
determined using an ELISA kit (cat. no. MM‑0132M1; Jiangsu 
Meimian Industrial Co., Ltd.). IL‑1β levels were tested with an 
ELISA kit (cat. no. MM‑0040M1; Jiangsu Meimian Industrial 
Co., Ltd.). The absorbance was measured using a microplate 
reader. Each sample underwent repeated testing four times.

The NO levels of the normal control, curcumin control 
and Bud at 5, 10 and 20 µM were also tested with the Griess 
assay (21). All experiments were repeated three times.

Collection of the supernatant from macrophages  (23). 
RAW264.7 cells were seeded into six‑well plates and cultured 
in normal control, LPS model and curcumin positive, Bud 
5, 10, 20 µM at 37˚C, respectively. The supernatants were 
collected 24 h later, centrifuged at 1,500 x g for 15 min at 4˚C 
and labeled as (Nor)MS, (LPS)MS, (Cur)MS, (Bud5)MS, 
(Bud10)MS and (Bud20)MS. The collected supernatants were 
centrifuged for the second time at 1,500 x g for 10 min at 4˚C, 
filtered with a 0.22 µm sterile membrane and stored at ‑80˚C 
for further use.

Table I. The 10 KEGG pathways based on downregulated DEGs.

Term	 Description	 Count in gene set	 Gene ratio	 P‑value

hsa04668	 TNF signaling pathway	 10	 3.257	 1.966x10‑4

hsa05146	 Amoebiasis	 9	 2.932	 9.259x10‑4

hsa04670	 Leukocyte transendothelial migrationa	 9	 2.932	 1.573x10‑3

hsa00280	 Valine, leucine and isoleucine degradation	 5	 1.629	 1.222x10‑2

hsa04068	 FoxO signaling pathwaya	 8	 2.606	 1.429x10‑2

hsa05222	 Small cell lung cancer	 6	 1.954	 2.330x10‑2

hsa05169	 Epstein‑Barr virus infection	 7	 2.280	 2.949x10‑2

hsa04152	 AMPK signaling pathway	 7	 2.280	 3.053x10‑2

hsa05200	 Pathways in cancer	 14	 4.560	 3.785x10‑2

hsa05160	 Hepatitis C	 7	 2.280	 4.228x10‑2

The 10 significant KEGG pathways were ranked according to their P‑value. aThese two are also shown in Table II. KEGG, Kyoto Encyclopedia 
of Genes and Genomes; DEGs, differentially expressed genes.

Figure 1. Protective effect of Bud on LPS‑induced podocyte injury mediated 
via macrophage M1/M2 polarization. Bud, budesonide; GCR, glucocorticoid 
receptors; GREs, glucocorticoid response elements; NO, nitric oxide; LPS, 
lipopolysaccharide; M1, classically activated macrophages; M2, alternatively 
activated macrophages.
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Determination of LPS‑induced podocyte injury  (24). 
Podocytes (5x105 cells/ml) were cultured with normal medium, 
0.1 µg/ml LPS, 10 µM curcumin, 5 µM Bud, 10 µM Bud, or 
20 µM Bud and (Nor)MS, (LPS)MS, (Cur)MS, (Bud5)MS, 
(Bud10)MS, or (Bud20)MS for 22 h at 37˚C. Podocytes were 
then seeded into 96‑well plates. The cells were subsequently 
treated with bromodeoxyuridine (BrdU) reagent during the 
final 2 h of incubation. The BrdU cell proliferation assay kit 
(cat. no. 2750; MilliporeSigma) was performed according to 
the manufacturer's protocol. The survival rate of the normal 
group was 100% and the survival rate of cells in the other 
groups was compared with that of the normal group. The mean 
was obtained by examining six wells per group.

Statistical analysis. SPSS 19.0 software (IBM Corp.) was 
used for statistical analysis. All the data were expressed 
as the mean ± standard deviation (SD) of the mean. A two 
independent sample unpaired Student's t‑test was used to 
analyze differences between two groups. One‑way analysis of 
variance with Bonferroni's posttest was used when more than 
two groups were present. P<0.05 was considered to indicate a 
statistically significant difference.

Results

DEGs results. After standardization of the microarray data, all 
DEGs between the Bud group and placebo group in GSE83233 
were identified, as shown in Fig. 2. The dataset consisted of a 
total of 832 significant DEGs [|logFC (fold change)| >0 and 
P<0.01], of which 311 DEGs were downregulated and 521 were 
upregulated.

GO and KEGG results. Functional and pathway enrichment 
analyses were conducted on DEGs for further analyses of 
biological classification. Based on total DEGs, the numbers 
of significant cell component (CC), molecular function (MF), 
biological process (BP) and KEGG pathways were 22, 34, 142 
and 37, respectively (P<0.05). The top 20 CC, MF, BP and 
KEGG terms are shown separately in Fig. 3. The results indi‑
cated that the main CC terms included the nucleus, cytoplasm 
and plasma membrane. The MF terms were mainly related to 
protein binding, transcription factor activity, sequence‑specific 
DNA binding, etc. The main BP terms included positive/nega‑
tive regulation of transcription from RNA polymerase  II 
promoter and positive/negative regulation of transcription, 
DNA‑templated and inflammatory response. KEGG results 
showed that a number of pathways were involved in the inflam‑
matory response, such as the forkhead box subgroup O (FoxO) 
signaling pathway and the TNF signaling pathway.

Based on upregulated DEGs, there were 18 significant 
KEGG items (P<0.05) among the 31 items in Table II. The 
FoxO signaling pathway had the lowest P‑value and the second 
highest gene ratio in KEGG. Based on downregulated DEGs, 
further KEGG study showed that there was a total of 16 items 
in which the 10 had significant differences (P<0.05) in Table I. 
The TNF signaling pathway had the lowest P‑value and the 
second highest gene ratio.

Cytotoxicity results of Bud and LPS. Fig.  4A shows that 
Bud inhibited the growth of RAW 264.7 cells in the range 

of 40‑80 µM (cell viability at 40 µM: 90.5±4.5 and 80 µM: 
83.8±8.0%) and had significant differences compared with 
0 µM Bud (100.3±4.0%; P=0.009 and P=0.006). Fig. 4A also 
shows that the viability of MPC‑5 cells treated with 80 µM 
Bud was (86.3±7.5)%, which was significantly different from 
that of cells treated with 0 µM Bud (101.4±9.7%; P=0.005). 
The above results suggested that Bud at 5, 10 and 20 µM could 
be used to test its effects on macrophage polarization and 
podocyte injury.

Fig. 4B shows that LPS inhibited the growth of RAW 264.7 
cells at 2.50 µg/ml and 12.5 µg/ml (cell viability: 91.1±4.0 and 
85.1±7.2%) and had a significant difference compared with 
0 µg/ml LPS (P=0.010 and P=0.008). According to the above 
results, LPS at 0.02, 0.10 and 0.50 µg/ml could be used on 
RAW 264.7 cells to induce M1 polarization.

The cell survival rates of MPC‑5 cells treated with 
different concentrations of LPS are shown in Fig. 4B. The 
results showed that compared with 0 µg/ml LPS, LPS had 
significant cytotoxicity on MPC‑5 cells at 0.10, 0.50 µg/ml, 
2.50 and 12.5 µg/ml (four: P<0.01). In this case, 0.10, 0.50, 
2.50 and 12.5 µg/ml LPS could be used on MPC‑5 cells to 
establish a podocyte injury model.

Establishment of LPS‑induced M1 polarization. Compared 
with NO production in 0  µg/ml LPS (normal control; 
3.3±0.3 µM), NO production significantly increased after 
macrophages were cultured with 0.10 µg/ml LPS for 24 h 
(77.6±1.5 µM; P<0.001).

When Bud was added to RAW264.7 cells and cultured 
for 24 h separately, the results showed that 5, 10 and 20 µM 
Bud had no significant effects on NO production compared 
with the normal control (4.0±0.1, 4.5±0.6, 4.0±0.2 µM; three: 
P=NS). Additionally, compared with the normal control, 
curcumin did not increase NO production significantly 
(4.3±0.2 µM; P=NS).

Figure 2. All DEGs between the budesonide group and placebo group in the 
human airway. A significant DEG was selected with a |logFC (fold change)| 
>0 and P<0.01 among the mRNA expression profiling set GSE83233. DEG, 
differentially expressed gene.
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Effects of Bud on iNOS, TNF‑α, Arg‑1 and CD206 protein 
expression in M1 macrophages. Fig. 5A and B shows the 

CD206, Arg‑1, TNF‑α and iNOS protein bands of the normal, 
LPS model, curcumin and Bud at three different concentrations.

Table II. The 18 KEGG pathways based on upregulated DEGs.

Term	 Description	 Count in gene set	 Gene ratio	 P‑value

hsa04068	 FoxO signaling pathwaya	 16	 3.101	 1.948x10‑5

hsa04960	 Aldosterone‑regulated sodium reabsorption	 8	 1.550	 1.888x10‑4

hsa04060	 Cytokine‑cytokine receptor interaction	 19	 3.682	 6.581x10‑4

hsa04722	 Neurotrophin signaling pathway	 11	 2.132	 4.605x10‑3

hsa04062	 Chemokine signaling pathway	 14	 2.713	 6.059x10‑3

hsa05100	 Bacterial invasion of epithelial cells	 8	 1.550	 1.145x10‑2

hsa00760	 Nicotinate and nicotinamide metabolism	 5	 0.969	 1.251x10‑2

hsa04710	 Circadian rhythm	 5	 0.969	 1.578x10‑2

hsa05202	 Transcriptional misregulation in cancer	 12	 2.326	 1.677x10‑2

hsa04064	 NF‑kappa B signaling pathway	 8	 1.550	 1.997x10‑2

hsa04662	 B cell receptor signaling pathway	 7	 1.357	 2.156x10‑2

hsa04670	 Leukocyte transendothelial migrationa	 9	 1.744	 2.916x10‑2

hsa04910	 Insulin signaling pathway	 10	 1.938	 3.079x10‑2

hsa04923	 Regulation of lipolysis in adipocytes	 6	 1.163	 3.150x10‑2

hsa04015	 Rap1 signaling pathway	 13	 2.519	 3.476x10‑2

hsa04630	 Jak‑STAT signaling pathway	 10	 1.938	 4.038x10‑2

hsa04360	 Axon guidance	 9	 1.744	 4.809x10‑2

hsa04666	 Fc gamma R‑mediated phagocytosis	 7	 1.357	 4.971x10‑2

The 18 significant KEGG pathways were ranked according to their P‑value. aThese 2 items are also shown in Table  I. KEGG, Kyoto 
Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes.

Figure 3. GO and KEGG analysis. The top 20 items in (A) CC, (B) MF and (C) BP. (D) The top 20 items in KEGG are all ranked according to their P‑value. 
Based on total DEGs, the total numbers of significant CC, MF, BP and KEGG pathway were 22, 34, 142 and 37, respectively (P<0.05). GO, Gene Ontology; 
KEGG, Kyoto Encyclopedia of Genes and Genomes; CC, cell component; MF, molecular function; BP, biological processes.
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Compared with the normal control, LPS significantly 
increased TNF‑α and iNOS protein expression (P=0.025; 
P=0.025) while decreasing Arg‑1 and CD206 protein expres‑
sion (CD206: P<0.001). As the positive control, curcumin 
significantly decreased TNF‑α and iNOS protein expression 
compared with the LPS model (P=0.004; P=0.013). The above 
results are shown in Fig. 5.

The results also showed the effects of 5, 10 and 20 µM 
Bud on CD206, Arg‑1, TNF‑α and iNOS protein expression, 
as shown in Fig. 5C‑F. Compared with the LPS model, 5 µM 
Bud significantly increased Arg‑1 and CD206 expression 
(P<0.001; P=0.002) and decreased iNOS expression (P=0.021) 
and 10  µM Bud significantly increased Arg‑1 expression 
(P=0.030) and decreased TNF‑α and iNOS expression 
(P=0.024; P=0.002). Among the three concentrations, Bud 
at 20 µM not only showed a significant effect on the above four 
protein expression levels when compared with the LPS model 
(CD206: P<0.001, Arg‑1: P<0.001, TNF‑α: P<0.001 and iNOS: 
P=0.004) but also showed significantly improved effects on 
CD206, TNF‑α and iNOS than the other two concentrations 
(all: P<0.05).

Effects of Bud on TNF‑α, IL‑1β and NO levels in M1 
macrophages. The 0.10 µg/ml LPS significantly stimulated 
TNF‑α levels (677.5±23.5  pg/ml vs. 530.8±27.0  pg/ml; 
P=0.003), IL‑1β levels (188.8±14.6 pg/ml vs. 89.4±6.7 pg/ml; 
P<0.001) and NO production (77.6±1.5 µM vs. 3.3±0.3 µM; 
P<0.001) compared with the normal group. When compared 
with the LPS group, the positive curcumin significantly 
decreased the TNF‑α level to (627.2±23.3 pg/ml; P=0.039), 
significantly decreased the IL‑1β level to (122.6±6.0 pg/ml; 
P=0.006) and significantly decreased NO production to 
(51.2±1.0 µM; P<0.001).

Compared with the LPS group, Bud at 5, 10 and 20 µM all 
showed significant decreasing effects on IL‑1β levels and NO 
production (six: P<0.05). The decreasing effects of Bud on NO 
production occurred in a significant dose‑dependent manner 
(40.8±1.2 µM NO production at 5 µM vs. 35.4±0.7 µM NO 
production at 10 µM vs. 8.8±0.3 µM NO production at 20 µM; 
three: P<0.05). Additionally, compared with the LPS group, 

Bud at 10 and 20 µM showed significant effects on decreasing 
TNF‑α levels (P=0.026; P<0.001).

Bud at 20 µM showed a significantly improved decreasing 
effect on NO production and TNF‑α levels than curcumin 
(P<0.001 and P=0.001), but Bud at 20 µM and curcumin did 
not show a significant difference in decreasing IL‑1β levels 
(P=NS). All of the above results are shown in Fig. 6.

The results of Bud on LPS‑induced podocyte injury. Fig. 7 
shows that the MPC‑5 cell survival rates between normal 
control and LPS model were significantly different (P<0.001). 
Compared with LPS, (LPS)MS further decreased the cell 
survival rate significantly (54.6±5.2% vs. 66.1±7.5%; P=0.001).

Additionally, compared with LPS, curcumin significantly 
increased the cell survival rate (84.1±5.0%; P=0.003), but Bud 
at 5, 10 and 20 µM did not show any significant influence on 
the cell survival rate under LPS stress (three: P=NS).

Compared with (LPS)MS, (Cur)MS (80.6±4.9%; 
P=0.001) and (Bud5)MS (66.0±5.0%; P=0.027), (Bud10)MS 
(74.0±4.5%; P=0.002), (Bud20)MS (79.8±5.8%; P=0.001) all 
showed significantly increased effects on cell survival rates. 
The increasing effect on the cell survival rate of (Bud20)MS 
was significantly improved compared with that of (Bud10)MS 
and (Bud5)MS (P=0.046; P=0.004), but there was no signifi‑
cant difference compared with that of (Cur)MS (P=NS).

Discussion

Glucocorticoids, including Bud, exert their activities by two 
main mechanisms of action: the classic genomic effects with 
a time lag of 4‑24 h (25) and secondary nongenomic effects 
with a rapid action (25,26). The genomic effects develop in 
the cytoplasm and Bud binds to a specific receptor, forming a 
complex that enters the nucleus. This complex binds to specific 
glucocorticoid response elements in genes and increases the 
expression of anti‑inflammatory proteins (25).

Based on the above pharmacological activities in Fig. 1, the 
bioinformation results in Fig. 3 could be understood easily: 
The highly regulated gene ratios in the nucleus, cytoplasm, 
plasma membrane and nucleoplasm in CC and the main 

Figure 4. Cytotoxicity of Bud and LPS on RAW264.7 macrophage cells and MPC‑5 podocyte cells. (A) Bud. (B) LPS. Values are expressed as the mean ± SD 
(n=6). *P<0.05, vs. Bud0 in RAW264.7 cells. #P<0.05, vs. Bud0 in MPC‑5 cells. ^P<0.05, vs. LPS0 in RAW264.7 cells. &P<0.05, vs. LPS0 in MPC‑5 cells. 
Bud, budesonide; LPS, lipopolysaccharide; Bud0, Bud 0 µM; Bud5, Bud 5 µM; Bud10, Bud 10 µM; Bud20, Bud 20 µM; Bud40, Bud 40 µM; Bud80, Bud 
80 µM; LPS0, lipopolysaccharide 0 µg/ml; LPS0.02, lipopolysaccharide 0.02 µg/ml; LPS0.10, lipopolysaccharide 0.10 µg/ml; LPS0.50, lipopolysaccharide 
0.50 µg/ml; LPS2.50, lipopolysaccharide 2.50 µg/ml; LPS12.5, lipopolysaccharide 12.5 µg/ml.
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regulated MFs include protein binding, transcription factor 
activity, sequence‑specific DNA binding, protein homodimer‑
ization activity and receptor activity.

In vitro research shows that transcriptomic changes in 
response to glucocorticoid exposure are similar in airway 
smooth muscle derived from donors with fatal asthma and 
donors without asthma, with enriched ontological pathways 
that included cytokine‑ and chemokine‑related categories (27). 
A clinical study shows that an inhaled dose of Bud induced 
genes involved in transcription to enhance anti‑ and proin‑
flammatory effector genes (9). With GSE83233 information, 
the present study confirmed the relationships among the posi‑
tive/negative regulation of transcription from RNA/DNA and 
the inflammatory response in BP results.

As an anti‑inflammatory agent, Bud participates in a 
number of inflammatory pathways, such as NF‑κB signaling 
in cigarette smoke‑induced airway inflammation rats  (28), 

FoxO and PI3K‑Akt signaling in primary human bronchial 
epithelial cells and the TNF signaling pathway (29). All these 
inflammatory signals are shown in Fig. 3D. The present study 
indicates that the TNF signaling pathway is important for the 
anti‑inflammatory effects of Bud.

Clinically, montelukast sodium plus inhaled Bud has effi‑
cacy in pediatric asthma (30), in children with cough variant 
asthma (31) and in elderly patients with asthma (32). All these 
efficacies are related to the effects of Bud on decreasing 
TNF‑α levels (30‑32). Animal research shows that Bud mark‑
edly attenuates pathological injury in mice with acute lung 
injury (ALI) and reduced TNF‑α and IL‑1β levels in the 
bronchoalveolar lavage fluid (BALF) and serum of mice with 
ALI. Additionally, Bud obviously reduced the numbers of 
macrophages in the BALF of mice with ALI (33).

Macrophages are the most abundant immune cells in the 
lung (~70% of all immune cells) and they serve important 

Figure 5. Effects of Bud on CD206, Arg‑1, TNF‑α and iNOS protein expression in LPS‑induced RAW264.7 cells. (A) CD206, Arg‑1 and TNF‑α protein 
expression. (B) iNOS protein expression. The results of CD206, Arg‑1, TNF‑α and iNOS are represented in (C), (D), (E) and (F), respectively. All results were 
expressed as a ratio with respect to the control and represented as the mean ± SD (n=3). #P<0.05, LPS vs. normal. *P<0.05, Cur and Bud vs. LPS. ^P<0.05, Bud 
vs. normal. Bud, budesonide; CD206, mannose receptor; Arg‑1, arginase‑1; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; Bud5, Bud 5 µM; 
Bud10, Bud 10 µM; Bud20, Bud 20 µM; Cur, curcumin.

https://www.spandidos-publications.com/10.3892/etm.2022.11526
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roles in environmental allergen‑induced airway inflammation 
in asthma. Activated macrophages commonly exist in two 
distinct subtypes: the protective roles of M2 macrophages and 
pathogenic roles of M1 macrophages have been discussed in a 
number of lung diseases, including asthma and COPD (34,35). 
Macrophage polarization to the M1 subtype is an important 
specifying feature of inflammation, which is involved in the 
progression of pulmonary inflammation and secretion of 
TNF‑α (36).

To date, some research on airway inf lammation, 
M1/M2 macrophage polarization and secretion of TNF‑α 
have been reported in asthmatic and COPD animal models 
and in vitro (37‑39). Some in vitro M1/M2 research is also 
performed in human primary monocyte‑derived macro‑
phages (40) and RAW264.7 cells (35,41). According to the 
current in vivo and in vitro M1/M2 research in lung diseases, 
iNOS (36) and TNF‑α (36,39,40) are important indicators 
of the M1 subtype and Arg‑1 (36) and CD206 (35,36) are 
indicators of the M2 subtype.

The present study confirmed that the increased 
anti‑inflammatory protein expression of Bud in LPS‑induced 
macrophages was related to its regulatory effects on M1/M2 
polarization. To the best of the authors' knowledge, the present 
study is the first to explore the effects of Bud on Arg‑1 and 
CD206 protein expression. Bud further decreased TNF‑α, 
IL‑1β and NO levels via M1/M2 polarization.

As aforementioned, podocyte injury is a key factor 
associated with proteinuria in IgAN (5), in which inflamma‑
tion‑induced podocyte injury serves an important role (42). To 
establish an in vitro podocyte injury model, the specific LPS 
concentration able to induce podocyte injury was determined 
with a CCK‑8 assay before sampling and testing. According to 
studies, podocyte injury can be induced by LPS at concentra‑
tions ranging from 0.1 to 10 µg/ml and the survival rate of 
MPC‑5 ranges from 25 to 50% (18‑20). As a positive control 
in the present study, curcumin showed significant protection 
against 0.1 µg/ml LPS‑induced podocyte injury.

Curcumin has been reported to directly protect against 
podocyte injury in vitro and in vivo. The podocyte‑protective 
effect of curcumin and its effects on the NF‑κB pathway has 
been confirmed in a doxorubicin‑induced conditionally immor‑
talized mouse podocyte cell line (43). In another in vitro model, 
curcumin reverses angiotensin II‑induced podocyte injury in 
a dose‑dependent manner (44). Curcumin inhibits podocyte 
cell apoptosis and accelerates cell autophagy in diabetic 
nephropathy by regulating Beclin1/UVRAG/Bcl2 (45). Unlike 
curcumin, Bud had no direct protective effect on podocyte 
injury induced by LPS according to the BrdU assay.

The CCK‑8 assay has been used to determine the 
proliferation of podocyte cells, including the MPC‑5 cell 
line (46) and human podocytes (47). BrdU is a nucleoside analog 
of thymidine and its incorporation into DNA during replication 

Figure 6. Effects of Bud on TNF‑α and IL‑1β levels and nitric oxide production in RAW 264.7 cells. (A) TNF‑α level. (B) IL‑1β level and (C) Nitric oxide 
production. Values of TNF‑α and IL‑1β are expressed as the mean ± SD (n=4). Values of nitric oxide production were expressed as the mean ± SD in triplicates. 
*P<0.05, vs. normal. #P<0.05, vs. LPS. LPS, lipopolysaccharide; Bud, budesonide; Bud5, Bud 5 µM; Bud10, Bud 10 µM; Bud20, Bud 20 µM; Cur, curcumin.
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within S‑phase of the cell cycle is used to quantify cell prolifera‑
tion (48). In rats administered BrdU to detect cellular proliferation 
in kidney injury, immunohistochemical analysis indicates that 
the number of BrdU‑positive cells is increased following kidney 
injury (49). In the study of NG2‑lineage cells transdifferentia‑
tion following podocyte depletion, the BrdU assay has also used 
to detect cell proliferation (50). The GO functional enrichment 
analysis in the present study showed that positive/negative regu‑
lation of transcription of DNA‑templated were highly enriched 
in BP. Nucleus and nucleoplasm were highly enriched in CC and 
sequence‑specific DNA binding was highly enriched in MF.

A recent identification of the miRNA‑mRNA network 
and immune‑related gene signatures in IgAN by integrated 
bioinformatics analysis shows that infiltrating immune 
cells may serve significant roles in IgAN pathogenesis and 
that the numbers of activated macrophages increase in 
IgAN (51). It is reported that renal NOD‑like receptor, pyrin 
domain‑containing 3 (NLRP3) inflammasome expression 
is significantly increased in IgAN patients compared with 
normal control tissues (52). Dys‑glycosylated IgA1 isolated 
from IgAN patient serum can induce NLRP3 expression in 
podocytes and initiate the interaction between podocytes and 
macrophage differentiation (52).

A series of cell experiments in the coculture of macro‑
phages and podocytes (23) or isolated culture (53) examine 
their interaction. The present study showed that (LPS)MS, the 
isolated culture of LPS‑treated macrophages, induced podo‑
cyte injury. Additionally, podocyte injury was more severe in 
(LPS)MS than in LPS.

A mechanistic study demonstrated that Tim‑3 aggravates 
podocyte injury by promoting macrophage activation via the 

TNF‑α pathway (54). Apart from TNF‑α, a number of inflam‑
matory factors, including IL‑1β (55) and NO (53), take part in 
the inflammatory process and contribute to podocyte injury 
via macrophage polarization. The present study confirmed 
that Bud and curcumin indirectly protected against podocyte 
injury by modulating M1/M2 polarization via a reduction 
in TNF‑α, NO and IL‑1β levels. Since a number of gene 
expression changes occur in human airways following Bud 
inhalation, the above effects observed in vitro may be relevant 
to IgAN treatment of Bud (29).

Based on the foregoing, there may be a connection between 
the protection of Bud in podocyte injury and the regulation 
of Bud on macrophage polarization via the decreased TNF‑α, 
NO and IL‑1β levels.

As an inf lammatory cytokine, TNF‑α triggers the 
expression of not only inflammatory molecules but also 
cell adhesion molecules, including vascular cell adhe‑
sion molecule‑1 (VCAM‑1)  (56). VCAM‑1 helps regulate 
inflammation‑associated vascular adhesion and the transen‑
dothelial migration of leukocytes, such as macrophages and 
T cells (56). Chronic epithelial immune activation leads to 
structural changes in the airways. These structural changes 
are driven by cell‑autonomous JNK signaling and the activity 
of its downstream‑acting transcription factor FoxO  (57). 
This may explain the simultaneous leukocyte transendo‑
thelial migration and FoxO signaling pathway presented in 
Tables I and II.

Long‑term use of glucocorticoids in patients will increase 
the risk of bone fractures (58). The FoxO signaling pathway 
might be associated with the adverse effects of osteopo‑
rosis  (59,60). The FoxO family (FoxOs), including FoxO1, 

Figure 7. Cell survival rates of LPS‑treated and macrophage supernatant‑treated podocytes treated with Bud. Values are expressed as the mean ± SD of 
the mean (n=6). *P<0.05, vs. LPS. #P<0.05, vs. LPS(MS). LPS, lipopolysaccharide; Bud, budesonide; Nor, normal control; (Nor)MS, supernatants from 
normal‑cultured macrophages; (LPS)MS, supernatants from LPS‑cultured macrophages; Cur, curcumin, positive control; (Cur)MS, supernatants from Cur 
10 µM and LPS‑cultured macrophages; Bud5, Bud 5 µM; (Bud5)MS, supernatants from Bud 5 µM and LPS‑cultured macrophages; Bud10, Bud 10 µM; 
(Bud10)MS, supernatants from Bud 10 µM and LPS‑cultured macrophages; Bud20, Bud 20 µM; (Bud20)MS, supernatants from Bud 20 µM and LPS‑cultured 
macrophages.

https://www.spandidos-publications.com/10.3892/etm.2022.11526
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FoxO3 and FoxO4, serve important roles in a number of 
diseases, such as osteoporosis and osteoarthritis. Research 
supports the contention that FoxOs contribute to the delete‑
rious effects of reactive oxygen species on the skeleton (59). 
Inhibiting the transcription of FoxO activated by oxidative 
stress through antioxidative stress and positively regulating the 
Wnt signaling pathway can improve the osteogenic differentia‑
tion and bone formation of bone tissue (60). It might be useful 
to further explore the influence of Bud on FoxOs: which one 
takes part in anti‑inflammatory action and which one causes 
side effects.

Bud has been one of the most widely used lung medicines 
worldwide for a number of years (2). Other than being used 
to treat the indications it was originally approved for in 
clinics, Bud has provided possibilities for IgAN treatment in 
recent years (61). IgAN is the most common type of glomeru‑
lonephritis in the world  (62). IgAN patients will develop 
proteinuria, which will continue to worsen. Podocyte injury 
under inflammatory stress is a key factor associated with 
proteinuria in IgAN patients (5). Based on a microarray dataset 
GSE83233, the TNF‑α pathway was identified as an important 
signal when Bud exerts its anti‑inflammatory effects. With 
an in vitro LPS‑induced podocyte injury model, the present 
study showed that the protective effect of Bud on podocyte 
injury under inflammatory stress was related to its modulation 
of macrophage polarization. An in vivo study of Bud on renal 
injury of IgAN should be conducted in future research.
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