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Abstract
Introduction: Phospholipases are enzymes that occur in 
many types of human cells, including mast cells, and play an 
important role in the molecular background of asthma 
pathogenesis, and the development of inflammation NF-κB 
activities that affect numerous biological processes has been 
reported in many inflammatory diseases including asthma. 
Vitamin D is a widely studied factor that affects many dis-
eases, including asthma. The aim of this study is to assess the 
influence of 1,25-(OH)2D3 on regulation of chosen phospho-
lipase-A2 (PLA2) expression-selected inflammation media-
tors. Methods: LUVA mast cells were stimulated with 
1,25(OH)2D3, and inhibitors of NF-κB p65 and ubiquitination. 
Expression analysis of phospholipases (PLA2G5, PLA2G10, 
PLA2G12, PLA2G15, PLA2G4A, PLA2G4B, PLA2G4C, PLAA, 
NF-κB p65, and UBC) was done utilizing real-time PCR and 
Western blot. Eicosanoid (LTC4, LXA4, 15[S]-HETE, and PGE2) 
levels and sPLA2 were also measured. Results: We found that 
1,25(OH)2D3 decreased the expression of PLA2G5, PLA2G15, 
PLA2G5, UBC, and NF-κB p65 but increased expression of 
PLAA and PLA2G4C (p < 0.05). Moreover, the expression of 

PLA2G5 and PLA2G15 decreased after inhibition of NF-κB 
p65 and UBC. Increased levels of released LXA4 and 15(S)-
HETE, decreased levels of LTC4, and sPLA2s enzymatic activ-
ity in response to 1,25(OH)2D3 were also observed. Addition-
ally, NF-κB p65 inhibition led to an increase in the LXA4 con-
centration. Conclusion: Future investigations will be needed 
to further clarify the role of 1,25(OH)2D3 in the context of 
asthma and the inflammatory process; however, these re-
sults confirm a variety of effects which can be caused by this 
vitamin. 1,25(OH)2D3-mediated action may result in the de-
velopment of new therapeutic strategies for asthma treat-
ment. © 2019 S. Karger AG, Basel

Introduction

It has been reported that over 900 genes are regulated 
by vitamin D [1]. The biologically active form of vita- 
min D (1,25-dihydroxyvitamin D3 – 1,25[OH]2D3), also 
known as calcitriol [2], and its signaling predominantly 
occurs through binding of 1,25(OH)2D3 to the vitamin D 
receptor (VDR), formation of a heterodimer with reti-
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noid X receptor, and subsequent regulation of gene ex-
pression by binding of this heterodimer to genomic se-
quences known as vitamin D response elements (VDRE) 
[2, 3].

Several in vitro and in vivo studies using animal mod-
els have highlighted vitamin D as a potent modulator of 
the inflammatory response seen in allergic airway inflam-
mation [4–8]. Vitamin D affects structural cells in the air-
ways and innate/adaptive immune system cells and guides 
transcription of proinflammatory cytokines [9]. Vitamin 
D deficiency also results in in increased expression of the 
nuclear factor κ-B (NF-κB) subunits which correspond 
with increased proinflammatory cytokines [6, 9].

Vitamin D has also been shown to have significant  
immunomodulatory effects by interacting with multiple 
immune cells involved in asthma, including mast cells, 
CD4+ T cells of both the TH1 and the TH2 phenotype, 
monocytes, macrophages and regulatory T cells (Tregs) 
[10–16].

A growing body of literature confirms an association 
between serum vitamin D levels and respiratory infec-
tions attributed to immunomodulatory properties of vi-
tamin D [17, 18]. This interaction is important to asth-
matics, as respiratory infections may influence the fre-
quency, severity, and duration of asthmatic symptoms 
and exacerbations [2].

In allergic diseases, mast cells – the main effector 
cells of immune responses – are activated [11]. Inhibi-
tory effects of calcitrol (concentration of 100 nM), de-
pendent on expression and activation of VDR, were ob-
served in mast cells. Calcitriol also inhibits the release 
of histamine from mast cells [19]. This type of cells is of 
particular interest in airway studies, as they have been 
shown to be increased in the airways of asthmatic pa-
tients compared with healthy controls [20]. Baroni et al. 
[11] demonstrated that 1,25(OH)2D3 contributes to 
regulation of the development and function of mast 
cells. According to their study, 1,25(OH)2D3 promotes 
apoptosis and inhibits maturation of mouse bone mar-
row-derived mast cell precursors. Moreover, a dose-de-
pendent inhibition of mast cell differentiation was 
caused by 1,25(OH)2D3 at various stages of mast cell 
development [11].

Mast cells are one of the source of phospholipases in 
asthma and allergic diseases, apart from monocytes, neu-
trophils, eosinophil, basophils, lymphocytes, macro-
phages, bronchial smooth muscle cells, epithelial cells, 
and endothelial cells [21]. The mechanism of PLA2 action 
in asthma includes the release of AA, production of ly
pophospholipids, degradation of surfactant, the release  

of cytokins and the influence on inflammatory and im-
mune cells such as leukocytes, dendritic cells, and T cells 
[22, 23].

Phospholipases are enzymes that occur in many types 
of human cells, including mast cells, and play an impor-
tant role in the molecular background of asthma patho-
genesis. These enzymes contribute to the release of ara-
chidonic acid – a substrate of lipid proinflammatory me-
diators such as prostanoids. Therefore, phospholipases 
play a crucial role in the development of inflammation 
[24]. In our previous study we demonstrated the influ-
ence of cPLA2α overexpression and activation on GM-
CSF expression in human lung cells [25]. Moreover, we 
have previously shown that microsatellite fragments (T)n 
and (CA)n in the promoter region of the cPLA2α gene 
(PLA2G4A), though highly polymorphic, are significant-
ly shorter in patients with severe asthma than in healthy 
subjects [26]. We also evaluated the influence of these mi-
crosatellite PLA2G4A promoter fragments on cPLA2α 
mRNA and protein expression and subsequent eico-
sanoid generation [27] and analyzed the influence of al-
lergens and LPS on cPLA2α expression and sPLA2X secre-
tion in PBMC of asthmatics [28]. Critical evidence for the 
role of cPLA2 in asthma and other inflammatory diseases 
has appeared previously in the literature, showing that 
cPLA2 knockout mice (cPLA2

−/− mice) recover faster 
from allergen-induced bronchoconstriction and have no 
airway hyperresponsiveness [29]. Additionally, a lack of 
cPLA2 results in failure to generate leukotrienes, prosta-
glandins, and PAF [30, 31]. cPLA2 is essential for both the 
immediate and the delayed phases of eicosanoid genera-
tion in mast cells [30].

Studies have reported that active vitamin D 
(1,25[OH]2D3) inhibits proinflammatory cytokine ex-
pression, promotes anti-inflammatory cytokine pro-
duction, and regulates immune cell activity. These ef-
fects are believed to occur partly via inhibition of the 
NF-κB pathway, a transcription factor with a critical 
role in inflammatory and immune responses, as well as 
in the pathophysiology of several chronic diseases such 
as asthma [32–34]. Previous works have suggested that 
1,25(OH)2D3 directly modulates NF-κB activity. Among 
various transcription factors, NF-κB is the master switch 
for proinflammatory genes and transactivates arachi-
donic acid pathway enzymes when activated. Different 
NF-κB dimers bind to a specific DNA sequence in gene 
promoters to regulate the transcription of a wide range 
of genes, including those involved in immune and in-
flammatory responses [35]. Szeto et al. [35] found that 
cells lacking the VDR have reduced IκBα levels and a 
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lack of VDR-p65 and therefore exhibit increased NF-κB 
activity. Their data suggest that VDR is directly involved 
in suppression of NF-κB activation, which may par- 
tially explain the VDR-mediated anti-inflammatory 
1,25(OH)2D3 mechanism. Given the crucial role of the 
NF-κB in inflammatory response, and the therapeutic 
potential of vitamin D in the treatment of inflammatory 
diseases, understanding the relationship and interac-
tion between vitamin D, VDR, and the NF-κB pathway 
has broad implications [35]. Moreover, activation of 
NF-κB requires ubiquitination – a highly conserved and 
versatile modification that can regulate cell signaling 
through both proteasome-dependent and proteasome-
independent mechanisms [36]. The exact molecular 
mechanism underlying 1,25(OH)2D3 regulation of NF-
κB remains to be defined; however, it has been reported 
that 1,25(OH)2D3 arrests p65 nuclear translocation, 
blocks NF-κB DNA binding, increases IκBα levels, or 
stabilizes IκBα protein [34, 37–39].

The efforts to establish the role of vitamin D in asthma 
pathogenesis have resulted in many studies identifying a 
link between vitamin D deficiency and an overall worse 
outcome of lung function and symptoms in patients with 
asthma, yet the role of vitamin D in asthma, especially its 
pathogenesis, is not yet clear. Therefore, the aim of the 
study was to analyze the pathways involving the influence 
of 1,25(OH)2D3 on phospholipases and inflammatory 
mediators in the context of NF-κB and UBC in LUVA 
mast cells.

Materials and Methods

Cell Culture
The LUVA cell line was obtained as a generous gift of Prof. J.W. 

Steinke (University of Virginia, Charlottesville, VA, USA). LUVA 
cells were cultured in StemPro-34 serum-free medium with nutri-
ent supplement, 2 mmol/L L-glutamine, 50 IU/mL Pen/Strep 
(Gibco, Life Technologies, Carlsbad, CA, USA) with or without 
1,25(OH)2D3 (Sigma-Aldrich, St. Louis, MO, USA), inhibitor of 
NF-κB p65 – Hel (Abcam, Cambridge, MA, USA), and inhibitor 
of ubiquitination – PYR-41 (Sigma-Aldrich) in a humidified incu-
bator (37  ° C, 5% CO2). Stock solutions of 1,25(OH)2D3, Hel, and 
PYR-41 were prepared in ethanol and dimethyl sulfoxide, respec-
tively. The final concentrations of the tested 1,25(OH)2D3, Hel, 
and PYR-41 were obtained by the addition of culture medium. 
LUVA cells were used between the third and ninth passages.

LUVA cells were incubated for 4 h in the presence of 
1,25(OH)2D3 (1 and 100 nM).

Reverse Transcription Polymerase Chain Reaction
Total RNA was isolated from LUVA cells utilizing a Total 

RNA Mini Kit (A&A Biotechnology, Gdynia, Poland). The 
quantity of the isolated RNA was measured with a BioDrop  

DUO spectrophotometer (BioDrop, Cambridge, UK). Total 
RNA (1 μg) was reverse-transcribed to synthesis of cDNA using 
a high-capacity cDNA kit (Applied Biosystems, Foster City, CA, 
USA), according to the manufacturer’s protocols. cDNA was 
subjected to RT-PCR using assays designed for the selected genes 
(Hs00173472_m1 for PLA2G5, Hs00358567_m1 for PLA2G10, 
Hs00261432_m1 for PLA2G12, Hs00952741_m1 for PLA2G15, 
Hs00233352_m1 for PLA2G4A, Hs00979952_m1 for PLA2G4B, 
Hs01003743_m1 for PLA2G4C, Hs00972148_m1 for PLAA, 
Hs01042014_m1 for NF-κB p65, and Hs00824723_m1 for UBC), 
and β-actin (ACTB) (Hs99999903_m1) as a qPCR reference 
(Life Technologies). Each sample was analyzed in duplicate us-
ing a TaqMan 7900 analyzer (Life Technologies). The expression 
levels of target genes were normalized to ACTB (β-actin). The 
RT-PCR data was analyzed using the comparative Ct (ΔΔCt) val-
ue method for relative quantification. The fold change of mRNA 
expression for each gene was calculated as follows: relative quan-
tity (RQ) = (2−ΔΔCt).

Immunoblotting
The total protein was extracted from LUVA cells using an 

RIPA lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% sodium 
deoxycholate, 0.1% SDS, and 2 mM EDTA) supplemented with 
protease inhibitor cocktail (Sigma-Aldrich) according to the man-
ufacturer’s protocol. Protein concentrations in isolated samples 
were determined by Direct Detect (Merck Millipore, Darmstadt, 
Germany) and analyzed by immunoblotting. Twenty micrograms 
of total isolated protein per sample was separated by electropho-
resis in denaturing polyacrylamide 4–20% NuPage gel (Invitro-
gen, Carlsbad, CA, USA) at 140 V and 110 mA, for 60 min, and 
transferred to a nitrocellulose membrane using the eBlot Transfer 
Protein System (Genscript, Piscataway, NJ, USA). The blocked 
membranes (5% nonfat milk in Tris-buffered saline [TBST] buffer 
containing 0.1% Tween 20) were incubated with mouse primary 
anti-PLA2G5 (sc-18828), anti-PLA2G15 (sc-376078), anti-
PLAA(sc-390454), anti-NF-κB p65 (sc-8008) antibodies (Santa 
Cruz Biotechnology, Dallas, TX, USA) and primary rabbit anti-
PLA2G4C (Sigma-Aldrich), anti-UBC (Gene Tex, Irvine, CA, 
USA), anti-ACTB (Cell Signaling, Danvers, MA, USA) overnight 
at 4  ° C. The blots were washed 3 times in TBST buffer for 15 min 
and incubated with anti-mouse secondary antibodies or anti-rab-
bit secondary antibodies conjugated with alkaline phosphatase 
(Sigma-Aldrich) for 4 h at 4  ° C. After washing in TBST buffer, the 
bands were visualized with BCIP/NBT alkaline phosphatase sub-
strate (Merck Millipore). Image J 1.34s software (Wayne Rasband, 
National Institutes of Health, Bethesda, MD, USA) was used for 
densitometric analysis of protein levels. ACTB was used as a refer-
ence protein standard.

Enzymatic Activity of the cPLA2s and sPLA2s Assays
The enzymatic activity of cPLA2s was measured in lysed LUVA 

cells, whereas the enzymatic activity of sPLA2s was measured in 
LUVA cell culture supernatants using a commercial cPLA2 assay 
kit and an sPLA2 assay kit (Cayman, Ann Arbor, MI, USA), respec-
tively.

Eicosanoid Measurement
LTC4, LXA4, 15(S)-HETE, and PGE2 levels in LUVA cell cul-

ture supernatants were measured using commercial enzyme-
linked immunosorbent assay (ELISA) kits (PGE2 [R&D Systems, 
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Minneapolis, MN, USA], 15[S]-HETE, LTC4 [Cayman], and 
LXA4, [EIAab, Wuhan, China]) according to the manufacturer’s 
protocols.

Statistical Analysis
All of the experiments were repeated 3–5 times with similar 

results. Statistical analysis was conducted using GraphPad Prism 
6.0 (San Diego, CA, USA). An unpaired Student’s t test or the 
Mann-Whitney U test was used to assess differences between 2 
groups after testing the normality. Differences between 3 or more 
groups were determined by ANOVA with Bonferroni’s correction. 
Data are presented as means ± SEM. p < 0.05 was considered sta-
tistically significant.

Results

1,25(OH)2D3 Decreases PLA2G5 and PLA2G15 
Expression via Inhibition of NF-κB p65 and UBC but 
Increases PLA2G4C and PLAA Expression in LUVA 
Cells
RT-PCR results demonstrated that 1,25(OH)2D3 sig-

nificantly decreased PLA2G5 (ethanol control [Eth]: 0.86 
± 0.03 vs. 100 nM 1,25[OH]2D3 [100 nM D3]: 0.39 ± 0.08; 
p < 0.001), PLA2G15 (Eth: 1.05 ± 0.1 vs. 100 nM D3: 0.55 
± 0.18; p < 0.05), UBC (Eth: 1.3 ± 0.1 vs. 100 nM D3: 0.54 
± 0.1; p < 0.01), and NF-κB p65 (Eth: 1.41 ± 0.24 vs. 100 
nM D3: 0.38 ± 0.09; p < 0.01) mRNA levels but increased 
PLA2G4C (Eth: 0.91 ± 0.09 vs. 100 nM D3: 1.41 ± 0.17;  
p < 0.05) and PLAA (Eth: 1.03 ± 0.09 vs. 100 nM D3: 1.58 
± 0.14; p < 0.05) mRNA levels (Fig. 1a). 

No significant changes in the expression of PLA2G10, 
PLA2G12, PLA2G4A, or PLA2G4B mRNA levels were 
observed, and thus these results were not verified by 
Western blot analysis and those genes were not studied 
furtherly. 

Western blot analysis showed that 1 and 100 nM 
1,25(OH)2D3 significantly decreased PLA2G5 (control 
[C]: 1.29 ± 0.13 vs. 1 nM D3: 0.75 ± 0.05; p < 0.01; Eth: 1.85 
± 0.18 vs. 100 nM D3: 0.68 ± 0.04; p < 0.001), PLA2G15 
(C: 1.33 ± 0.13 vs. 1 nM D3: 0.74 ± 0.03; p < 0.01; Eth: 1.28 
± 0.05 vs. 100 nM D3: 0.66 ± 0.07; p < 0.001), UBC (C: 1.42 
± 0.08 vs. 1 nM D3: 0.8 ± 0.05; p < 0.001; Eth: 1.52 ± 0.12 
vs. 100 nM D3: 0.69 ± 0.04; p < 0.001), and NF-κB p65 (C: 
1.36 ± 0.05 vs. 1 nM D3: 0.85 ± 0.03; p < 0.001; Eth: 1.44 
± 0.16 vs. 100 nM D3: 0.71 ± 0.03; p < 0.01) but increased 
PLA2G4C (Eth: 1.46 ± 0.01 vs. 100 nM D3: 2.27 ± 0.16;  
p < 0.01) and PLAA (C: 0.77 ± 0.02 vs. 1 nM D3: 1.44 ± 
0.12; p < 0.001; Eth: 0.93 ± 0.06 vs. 100 nM D3: 2.27 ± 0.12; 
p < 0.001) protein expression (Fig. 1b).

Taking these results into consideration, we hypothe-
sized that 1,25(OH)2D3-dependent inhibition of UBC 

and NF-κB p65 might lead to downregulation of PLA2G5 
and PLA2G15. To further confirm the involvement of 
UBC and NF-κB p65 in 1,25(OH)2D3-dependent down-
regulation of PLA2G5 and PLA2G15 in LUVA cells, we 
utilized the NF-κB p65 inhibitor – helenalin (Hel) and/or 
ubiquitination inhibitor – PYR-41 with or without treat-
ment with 1,25(OH)2D3. LUVA cells were incubated with 
Hel (0.1 and 1 µM) and/or PYR-41 (5 and 10 µM) for 1 h 
to inhibit NF-κB p65 and UBC following 1,25(OH)2D3 
was added for 4 h. RT-PCR and Western blot analyses 
were employed to detect the changes in PLA2G5 and 
PLA2G15 mRNA and protein expression after inhibition 
of NF-κB p65 and UBC, respectively.

RT-PCR results showed a significantly decreased 
mRNA expression of PLA2G5 in response to 1 µM Hel 
alone (0.61 ± 0.04; p < 0.05), 1 µM Hel with 10 µM PYR-
41 (0.36 ± 0.05; p < 0.01), 0.1 µM Hel with 10 µM PYR-41 
(0.48 ± 0.08; p < 0.05), 1 µM Hel with 5 µM PYR-41 (0.70 
± 0.11; p < 0.05), and PLA2G15 in response to 10 µM 
PYR-41 alone (0.60 ± 0.04; p < 0.05) and 10 µM PYR-41 
with 1 nM 1,25(OH)2D3 (0.68 ±0.03; p < 0.01) (Fig. 2a, c).

Western blot analysis demonstrated a significantly de-
creased PLA2G5 protein expression in response to not 
only 1 µM Hel alone (0.53 ± 0.01 vs. C: 1.64 ± 0.06; p < 
0.001), 0.1 µM Hel alone (0.76 ± 0.03 vs. C: 1.64 ± 0.06;  
p < 0.01), 10 µM PYR-41 alone (0.46 ± 0.02 vs. C: 1.64 ± 
0.06; p < 0.001), 5 µM PYR-41 alone (0.52 ± 0.03 vs. C: 
1.64 ± 0.06; p < 0.01) but also inhibitors combined with 
1,25(OH)2D3 as well as with inhibitors together.

The protein expression of PLA2G15 also significantly 
decreased in response to 0.1 µM Hel alone (1.19 ± 0.05 vs. 
C: 2.30 ± 0.08; p < 0.01) or with 1 nM 1,25(OH)2D3 (1.24 
± 0.06 vs. C: 2.30 ± 0.08; p < 0.001), 1 µM Hel with 1 nM 
1,25(OH)2D3 (1.24 ± 0.07 vs. C: 2.30 ± 0.08; p < 0.05), 5 
µM PYR-41 alone (1.45 ± 0.07 vs. C: 2.30 ± 0.08; p < 0.05) 
or with 1 nM 1,25(OH)2D3 (1.22 ± 0.06 vs. C: 2.30 ± 0.08; 
p < 0.01), 10 µM PYR-41 with 1 nM 1,25(OH)2D3 (1.17 ± 
0.04 vs. C: 2.30 ± 0.08; p < 0.01), and applied inhibitors 
together (Fig. 2b, d).

RT-PCR results suggest that 1,25(OH)2D3 decreases 
the expression of PLA2G5 via inhibition of NF-κB p65 
and decreases the expression of PLA2G15 via inhibition 
of UBC. Western blot analysis indicated that 1,25(OH)2D3 
decreases the expression of both PLA2G5 and PLA2G15 
via inhibition of NF-κB p65 and inhibition of UBC. 
1,25(OH)2D3 had no effect on PLA2G5 or PLA2G15 
mRNA or protein after inhibition of NF-κB p65 and 
UBC. These results suggest that 1,25(OH)2D3 decreases 
PLA2G5 and PLA2G15 expression via inhibition of NF-
κB p65 and UBC.
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1,25(OH)2D3 Decreases the Enzymatic Activity of 
sPLA2s, nut Not cPLA2s without the Inhibition of UBC 
and NF-κB p65 in LUVA Cells
We examined the effect of 1,25(OH)2D3 on the overall 

enzymatic activity of cPLA2s in lysed LUVA cells and sP-
LA2s in LUVA cell culture supernatants. LUVA cells were 
incubated for 4 h in the presence of 1,25(OH)2D3 (1 and 
nM), and the enzymatic activity of cPLA2s and sPLA2s 
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Fig. 1. 1,25(OH)2D3 decreased PLA2G5, PLA2G15, UBC, and NF-κB p65 expression but increased PLA2G4C and 
PLAA expression in LUVA mast cells. LUVA cells were incubated with 1 and 100 nM 1,25(OH)2D3 for 4 h, and 
subsequently PLA2G5, PLA2G15, UBC, NF-κB p65, PLA2G4C, and PLAA mRNA levels were determined by RT-
PCR (a). PLA2G5, PLA2G15, UBC, and NF-κB p65 protein levels were determined by Western blot (b). Nontreat-
ed cells were used as a control for 1 nM 1,25(OH)2D3, whereas ethanol-treated cells were used as a control for 100 
nM 1,25(OH)2D3. The results of RT-PCR were expressed as a relative expression in relation to ACTB. The fold 
change of mRNA expression for each gene was calculated as RQ = (2−ΔΔCt). The data are presented as RQ mean ± 
SEM. * p < 0.05; ** p < 0.01; *** p < 0.001. The results of immunoblotting are expressed as a percentage of optical 
density (OD) over the background ratio of target protein expression to ACTB. Data are presented as OD means ± 
SEM. * p < 0.05; ** p < 0.01; *** p < 0.001 as compared to controls. (Figure continued on next page.)
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was determined in lysed cells and cell culture super
natants, respectively. Enzymatic activity evaluation re-
vealed that 100 nM 1,25(OH)2D3 significantly decreased 
the overall enzymatic activity of sPLA2s (Eth: 0.54 ± 0.02 
vs. 100 nM D3: 0.25 μmol/min/mL ± 0.02; p < 0.001) in 
cell culture supernatants but had no effect on the overall 

enzymatic activity of cPLA2s in lysed LUVA cells  
(Fig. 3a, c).

Additionally, we determined the effect of inhibition of 
NF-κB p65 and the UBC on the overall enzymatic activ-
ity of cPLA2s and sPLA2s. LUVA cells were incubated 
with Hel (0.1 and 1 µM) and/or PYR-41 (5 µM; 10 µM) 
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for 1 h to inhibit NF-κB p65 and UBC, and then 
1,25(OH)2D3 was added for 4 h, respectively. The overall 
enzymatic activity of cPLA2s in lysed LUVA cells and sP-
LA2s in LUVA cell culture supernatants was determined. 
Inhibition of ubiquitination by 10 µM PYR-41 with 100 
nM 1,25(OH)2D3 significantly decreased the overall en-
zymatic activity of sPLA2s (Eth: 0.54 ± 0.02 vs. 100 nM D3: 
0.25 μmol/min/mL ± 0.02; p < 0.001).

Moreover, a significantly increased overall enzymatic 
activity of sPLA2s was observed in LUVA cell culture su-

pernatants in response to 1 µM Hel with 10 µM PYR-41 
versus 0.1 µM Hel with 5 µM PYR-41 (0.32 ± 0.03 vs. 0.25 
μmol/min/mL ± 0.03; p < 0.001) (Fig. 3d). No significant 
changes in the enzymatic activity of cPLA2s were observed 
in lysed LUVA cells after LUVA cells treatment with Hel 
and/or PYR-41 with or without 1,25(OH)2D3 (Fig.  3b). 
These results suggest that inhibition of ubiquitination has 
no effect on the overall enzymatic activity of sPLA2s be-
cause 100 nM 1,25(OH)2D3 alone significantly decreased 
the overall enzymatic activity of sPLA2s (Fig. 3d).
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Fig. 2. 1,25(OH)2D3 decreased PLA2G5 and PLA2G15 expression 
via inhibition of NF-κB p65 and UBC in LUVA mast cells. LUVA 
cells were incubated with inhibition of NF-κB p65 – 0.1 µM; 1 µM 
helenalin (Hel) and/or inhibitor of ubiquitination – 5 µM; 10 µM 
PYR-41with or without 1 nM; 100 nM 1,25(OH)2D3, and PLA2G5, 
and PLA2G15 mRNA levels were determined by RT-PCR. 
PLA2G5 expression decreased after inhibition of NF-κB p65 and 
PLA2G15 expression decreased after inhibition of UBC (a, c). 
PLA2G5 and PLA2G15 protein levels decreased after inhibition 
of NF-κB p65 and UBC. Protein levels were determined by West-
ern blot (b, d). Nontreated cells were used as a control for 1 nM 
1,25(OH)2D3, whereas ethanol-treated cells were used as a control 
for 100 nM 1,25(OH)2D3. The results of RT-PCR were expressed 
as a relative expression in relation to ACTB. The fold change in 

mRNA expression for each gene was calculated as RQ = (2−ΔΔCt). 
Data are presented as RQ means ± SEM. * p < 0.05; ** p < 0.01; 
*** p < 0.001. The results of immunoblotting were expressed as a 
percentage of optical density (OD) over the background ratio of 
target protein expression to ACTB. Data are presented as OD 
means ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001 vs. control.  
# p < 0.05; ## p < 0.01; ### p < 0.001 vs. ethanol control. ^ p < 0.05; 
^^ p < 0.01; ^^^ p < 0.001 vs. Hel (1 µM). ∼ p < 0.05; ∼∼ p < 0.01; 
∼∼∼∼ p < 0.001 vs. Hel (1 µM) + 1,25(OH)2D3 (1 nM). $ p < 0.05; 
$$ p < 0.01; $$$ p < 0.001 vs. PYR-41 (10 µM). & p < 0.05; && p < 0.01; 
&&&  p < 0.001 vs. PYR-41 (10 µM) + 1,25(OH)2D3 (100 nM).  
@  p < 0.05; @@  p < 0.01; @@@  p < 0.001 vs. PYR-41 (10 µM) + 
1,25(OH)2D3 (1 nM). + p < 0.05; ++ p < 0.01; +++ p < 0.001 vs. Hel 
(1 µM) + PYR-41 (10 µM).
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1,25(OH)2D3 Increases LXA4 and 15(S)-HETE Levels 
but Decreases the LTC4 Level and Has No Effect on 
PGE2 Levels in LUVA Cells
We also evaluated the effect of 1,25(OH)2D3 on the 

levels of selected eicosanoids, i.e., LTC4, LXA4, 15(S)-
HETE, and PGE2, in LUVA cells. LUVA cells were incu-
bated for 4 h in the presence of 1,25(OH)2D3 (1 and nM), 
and the levels of LTC4, LXA4, 15(S)-HETE, and PGE2 
were determined in cell culture supernatants, respec
tively.

The results of ELISA tests demonstrated that only 100 
nM 1,25(OH)2D3 significantly decreased LTC4 levels 
(Eth: 1,657 pg/mL ± 129.87 vs. 100 nM D3: 1,234.5 pg/mL 
± 82.41; p < 0.05) but increased LXA4 (Eth: 164.15 pg/mL 
± 61.84 vs. 100 nM D3: 377.38 pg/mL ± 23.19; p < 0.05) 
(Fig. 4a, c). Moreover, 1,25(OH)2D3 increased the 15(S)-
HETE level in a dose-dependent manner (C: 1,825 pg/mL 
± 59.39 vs. 1 nM D3: 2,997.5 pg/mL ± 285.39; p < 0.01; Eth: 
2,235 pg/mL ± 346.84 vs. 100 nM D3: 4,132.5 pg/mL ± 
199.55; p < 0.01) (Fig. 4e) but had no effect on the PGE2 
level (Fig. 4g).

Additionally, we determined the effect of inhibition of 
NF-κB p65 and inhibition of UBC on the levels of the se-
lected eicosanoids. LUVA cells were incubated with Hel 
(0.1 and 1 µM) and/or PYR-41 (5 µM; 10 µM) for 1 h to 
inhibit NF-κB p65 and UBC followed by 1,25(OH)2D3 
exposure for 4 h, respectively.

Inhibition of NF-κB p65 by 1 µM Hel alone signifi-
cantly increased the LXA4 level (455.41 ± 50.5 vs. 157.88 
pg/mL ± 16.86; p < 0.05) (Fig. 4d). Moreover, 15(S)-HETE 
levels were significantly increased in LUVA cell culture 
supernatants in response to 10 µM PYR-41 with 1 nM 
1,25(OH)2D3 (2,402 ± 83.16 vs. C: 1,850 pg/mL ± 51.06; 
p < 0.05) but decreased in response to 5 µM PYR-41 with 
0.1 µM Hel (1,554 pg/mL ± 127.89) vs. 10 µM PYR-41 
with 0.1 µM Hel (2,518 pg/mL ± 118.77; p < 0.05) and 10 
µM PYR-41 with 1 µM Hel (2,652 pg/mL ± 106.64; p < 
0.05) (Fig. 4f). Thus, NF-κB p65 inhibition increased the 
level of LXA4 levels (Fig. 4d).

Inhibition of UBC has no effect on the level of pro-
duced 15(S)-HETE because 1 nM 1,25(OH)2D3 also sig-
nificant increased the 15(S)-HETE level (Fig. 4f). No sig-
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Fig. 3. 1,25(OH)2D3 decreased the overall enzymatic activity of sP-
LA2s but not cPLA2s without influence of inhibition of UBC and 
NF-κB p65 in LUVA cells. LUVA cells were incubated with 1 and 
100 nM 1,25(OH)2D3 for 4 h, and the overall enzymatic activity of 
cPLA2s in lysed LUVA cells and overall enzymatic activity of sP-
LA2s in cell-culture supernatants were determined. 1,25(OH)2D3 
decreased the overall enzymatic activity of sPLA2s but had no effect 
on the overall enzymatic activity of cPLA2s (a, c). Inhibition of NF-
κB p65 and or UBC had no effect on the enzymatic activity of  
cPLA2s in lysed LUVA cells and sPLA2s in LUVA cell culture su-

pernatants (b, d). LUVA cells were incubated with inhibitor of 
NF-κB p65 – 0.1 µM; 1 µM Hel and/or inhibitor of ubiquitination –  
5 µM; 10 µM PYR-41 with or without 1 nM; 100 nM 1,25(OH)2D3, 
and the overall enzymatic activity of cPLA2s in lysed LUVA cells 
and the overall enzymatic activity of sPLA2s in cell culture super-
natants were determined. Nontreated cells were used as a control 
for 1 nM 1,25(OH)2D3, whereas ethanol-treated cells were used  
as a control for 100 nM 1,25(OH)2D3. Data are presented as means 
± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001.
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nificant changes in the LTC4 and PGE2 levels were ob-
served after LUVA cell treatment with Hel and/or PYR-41 
with or without 1,25(OH)2D3 compared to the controls. 
(Fig. 3b, h). These results suggest that inhibition of ubiq-
uitination and NF-κB p65 have no influence on PGE2, 
LTC4, and 15(S)-HETE levels (Fig. 3b, f, h).

Discussion

Vitamin D deficiency is associated with increased air-
way hyperresponsiveness, lower pulmonary functions, 
worse asthma control, and possibly steroid resistance; 
therefore, it has been suggested that there might be a 
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Fig. 4. 1,25(OH)2D3 increased the LXA4 and 15(S)-HETE levels 
but decreased the level of produced LTC4 and had no effect on the 
PGE2 level in LUVA cells. LUVA cells were incubated with 1 and 
100 nM 1,25(OH)2D3 for 4 h, and LTC4, LXA4, 15(S)-HETE and 
PGE2 levels were determined in cell culture supernatants. Non-
treated cells were used as a control for 1 nM 1,25(OH)2D3, whereas 
ethanol-treated cells were used as a control for 100 nM 1,25(OH)2D3. 
1,25(OH)2D3 decreased the levels of produced LTC4 and increased 
LXA4 and 15(S)-HETE levels but had no effect on the level of 

PGE2 in LUVA cells (a, c, e, g). Incubation of LUVA cells was with 
inhibitor of NF-κB p65 – 0.1 µM; 1 µM Hel and/or inhibitor of ubiq-
uitination – 5 µM; 10 µM PYR-41with or without 1 nM; 100 nM 
1,25(OH)2D3 showed that inhibition of NF-κB p65 decreases the 
LXA4 level but has no effect on LTC4, 15(S)-HETE, or PGE2 levels 
in LUVA cells (b, d, f, h). Nontreated cells were used as a control 
for 1 nM 1,25(OH)2D3, whereas ethanol-treated cells were used as 
a control for 100 nM 1,25(OH)2D3. Data are presented as means ± 
SEM. * p < 0.05; ** p < 0.01; *** p < 0.001.
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cause-effect relationship of vitamin D deficiency and the 
increased incidence of asthma [10]. 1,25(OH)2D3 has 
been shown to regulate the NF-κB signaling pathway via 
binding to VDR and thereby specifically modulate the bi-
ological functions of various cell types [40].

In our study, contrary to those results, we demonstrate 
that 1,25(OH)2D3 significantly decreased NF-κB and 
UBC on mRNA protein levels in human mast cells.

These results are in agreement with previous studies 
[37, 40–43]. NF-κB is a key player in regulating many 
pathways in asthma and other inflammatory diseases and 
may provide a theoretical basis for the clinical treatment 
of asthma with 1,25-(OH)2D3. 1,25(OH)2D3 suppression 
of NF-κB activation has a great biological and pathologi-
cal relevance. As an example, vitamin D levels are associ-
ated with lung function and steroid responses in adult 
asthma and can modulate T helper type 2-driven asth-
matic responses [44]. Moreover, Xystrakis et al. [45] 
showed that adding vitamin D to cell cultures increased 
glucocorticoid-induced secretion of IL-10 by Tregs, with 
similar effects ex vivo in patients with steroid-resistant 
asthma. Studies of adults and children demonstrated that 
a low vitamin D level is associated with a decreased in vi-
tro steroid response, increased steroid use, and impaired 
lung function [46, 47]. Several clinical and observational 
studies have suggested a synergistic effect of vitamin D 
and corticosteroids in asthma outcomes [46, 48, 49]. The 
reults of Litonjua [50] strengthen the notion that vitamin 
D enhances corticosteroid action and potentially reverses 
steroid resistance, a crucial topic for asthmatic patients.

Activation of NF-κB involves at least 3 types of ubiq-
uitin chains. They contribute to induction of phosphory-
lation and activation of IKK, resulting in phosphorylation 
of the inhibitor of NF-κB (IκB) for subsequent K48-linked 
polyubiquitylation and degradation, a critical event in re-
leasing active NF-κB for gene regulation [51]. Therefore, 
ubiquitination of NF-κB and ubiquitin expression seem 
to be an important point for regulation of the pathways 
regulated by NF-κB. In our study, UBC expression was 
decreased by vitamin D; moreover, inhibition of ubiqui-
tin C caused a decrease in PLA2G5 and PLA2G15 expres-
sion. These results show an important role of ubiquitin 
expression that determines the regulatory function NF-
κB and influences many mechanisms. They seem to be 
particularly interesting as phospholipases are involved in 
the pathogenesis of asthma. The proposed mechanism of 
action of phospholipases A2 in inflammatory diseases in-
cludes the liberation of arachidonic acid, generation of 
lysophospholipids, interaction between enzymes belong-
ing to the A2 superfamily, surfactant degradation, release 

of cytokines, and the impact on immunological and in-
flammatory cells (dendritic cells, T cells, and leukocytes) 
[52, 53]. On the other hand, in the current study we dem-
onstrated an increase in PLA2G4C expression in LUVA 
mast cells after 1,25(OH)2D3 treatment. These results 
might show that the regulation of different phospholi-
pases can be differentiated within one group. In our stud-
ies, inhibition of NF-κB did not affect the expression of 
the PLA2G4 gene. It is known, however, that PLA2G4C 
expression is induced by TNF-α [54] and that this phos-
pholipase elevates the spontaneous release of AA [55]. 
Together, this may indicate that the potency of proin-
flammatory action is different among phospholipases, 
but further studies are necessary to study this phenome-
non.

Although the relative contributions of cPLA2 and 
sPLA2 differ between cells and tissues, it is generally ac-
cepted that both types take part and often act synergisti-
cally in producing proinflammatory lipid mediators. In-
hibition of PLA2 activity has been considered a promising 
therapeutic strategy in the treatment of inflammatory/al-
lergic diseases, as this can suppress the production of sev-
eral classes of pathogenic lipid mediators (prostaglan-
dins, leukotrienes, platelet activation factor, and lyso-
phospholipids) [56].

Interestingly, phospholipase A2 does not merely take 
part in the general lipid metabolism; it also has important 
roles in signal transduction. According to Sylvia et al. 
[57], phospholipase C has been shown to modulate signal 
transduction through production of DAG and inositol-
1,4,5-trisphosphate (IP3), resulting in rapid Ca2+ flux 
[58]. After exposure to 1,25(OH)2D3, arachidonic acid 
release and Ca2+ influx occurred in chondrocytes in their 
study, suggesting that phospholipase A2 and phospholi-
pase C may mediate the effect of 1,25(OH)2D3 on protein 
kinase C (PKC) [57]. That means that our results are only 
a link in the chain, and the effect of 1,25(OH)2D3 on 
phospholipases observed has downstream effects, too. 
Moreover, activation of PKC in turn mediates the signal 
transduction pathway which plays a critical role in lym-
phocyte infiltration and the onset of airway hypersensi-
tivity, airway remodeling, and asthma pathophysiology.

Several in vitro and in vivo studies support the role of 
sPLA2s as proinflammatory mediators [59–62]. This is 
due to the fact that sPLA2s induce a multiplicity of cellu-
lar responses because of their enzymatic activity and ca-
pacity to activate proinflammatory cells by nonenzymat-
ic mechanisms. sPLA2s are known to act within the cell as 
well as following secretion in the extracellular environ-
ment, thereby contributing to the mobilization of arachi-
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donic acid which is converted into eicosanoids (e.g., pros-
taglandins, thromboxanes, and leukotrienes) [63]. In our 
study 1,25(OH)2D3 decreased the level of sPLA2s enzy-
matic activity. These results indicate that 1,25(OH)2D3 
may regulate both enzymatic and signal transduction ac-
tivities of PLA2s. Elevated secreted phospholipase A2 con-
tribute in the airways to the pathogenesis of asthma and 
allergic disease. The enzyme is expressed in epithelial 
cells, macrophages, and eosinophils in the airways, but it 
is also elevated in the airway fluid of asthmatics and it is 
linked to a many asthma features [23, 64–66]. Studies sug-
gests that sPLA2 can be a key checkpoint which leads to 
the overproduction of eicosanoids in asthma and can be 
upregulated by allergen or exercise challenge, as they 
demonstrated total sPLA2 activity is elevated in asthmat-
ic airways and that allergen challenge in both the upper 
and the lower airways leads to an increase in sPLA2 activ-
ity accompanied by AA release and eicosanoids biosyn-
thesis [64, 67, 68]. Therefore the results observed in our 
study, showing that 1,25(OH)2D3 decreased the sPLA2s 
enzymatic activity, seem to show a promising direction 
for future therapies of asthma and inflammatory diseases.

There are studies indicating that PLA2 plays an impor-
tant role in 1α,25(OH)2D3-activated membrane-mediat-
ed signaling [69–71]. Phospholipases A2 activation is 
stimulated by PLA2 activating protein (PLAA) [72]. 
PLAA is a signaling molecule that regulates eicosanoid 
production and participates in inflammatory responses. 
Doroudi et al. [69] showed that silencing Plaa significant-
ly reduced CaMKII and PLA2 activity in response to 
1α,25(OH)2D3 treatment [72]. CaMKII in turn, when 
oxidized, promotes asthma through the activation of 
mast cells [73]. In our study, PLAA expression was in-
creased by 1α,25(OH)2D3 in human mast cells. These re-
sults might be interesting in the context of the study of 
Zhang et al. [74], as it demonstrated that overexpression 
of the plaa gene promotes the production of PGE2, en-
hanced activation of NF-κB and cPLA2, and increased ex-
pression of COX-2, induced by TNF-α. Given that induc-
tion of PLA2 and COX-2 results in increased production 
of PGE2, these results are contrary to those of our study, 
as we observed increased but also decreased expression of 
various phospholipases analyzed after 1α,25(OH)2D3 
stimulation. Moreover, we evaluated PGE2 but no signif-
icant results were noticed. We speculate that this was due 
to differences in cell lines but also the presence of 
1α,25(OH)2D3 stimulation which might indicate that 
PLAA can act through different pathways. Induction of 
PLAA can modulate inflammatory responses, as has been 
previously shown by Bomalaski et al. [75], and treatment 

of human neutrophils with PLAA polypeptide increases 
neutrophil degranulation and the production of lysosom-
al enzymes and superoxide anions.

As has been demonstrated, PLAA plays a role in pro-
tein ubiquitination and sorting and degradation through 
its association with VCP [76]. It regulates NF-κB-
mediated inflammatory responses and in particular in-
ducible IL-6. It is probable that PLAA could modulate 
NF-κB activity through ubiquitin signaling [74, 77]. 
These interesting examples show that vitamin D, as the 
inducer of PLAA expression, also takes part in proinflam-
matory and oxidative related pathways.

Arachidonic acid released by tcytosolic form of phos-
pholipase A2 – cPLA2 – in response to cell activation is 
subsequently metabolized by COX or lipoxygenases to 
prostaglandins or hydroxyeicosatetraenoic acids (HETE), 
respectively. Further metabolism of HETE leads to gen-
eration of leukotrienes and/ or lipoxins (LX) [78].

15-HETE, a metabolic product of arachidonic acid cat-
alyzed by 15-lipoxygenase (15-LO). Increased amounts of 
15-HETE have been found in bronchoalveolar lavage flu-
id and sputum from asthmatic patients compared to con-
trol subjects [79]. Furthermore, 15-HETE levels showed 
a significant correlation with lung function [80]. In the 
present study, 15-(S)-HETE was reduced in mast cells by 
1,25(OH)2D3. In turn, LTC4 was induced in these cells, 
which is in agreement with the previous study [11]. We 
speculate that these results might be connected to NF-κB 
– it is known that arachidonic acid metabolic products of 
5-lipoxygenase and 12-lipoxygenase are also regulated by 
NF-κB [81]. In addition, in myotube and human adher-
ent monocytes, 15-LO/15-HETE signaling was observed 
to induce the activation of NF-κB [82, 83]. Thus, the re-
lationship between 15-LO/15-HETE and NF-κB seems to 
be complicated [81].

Somjen et al. [84] demonstrated that expression of the 
lipoxygenases is modulated by vitamin D metabolites and 
analogs. The expression of these enzymes results in the 
secretion of 15 HETE in bone cells. Moreover, the gen-
eration of 15-HETE, which is driven by vitamin D me-
tabolites and analogs, is linked to vitamin D dependence 
in these cells. It is interesting that 12- and 15-HETE in-
creased local oxidative stress in that study [84]. Neverthe-
less, as 15-HETE levels are higher in asthma [85], our  
results confirm the anti-inflammatory nature of 
1,25(OH)2D3, showing that further studies are needed to 
explore this issue.

Similar data were obtained in our studies concerning 
LXA4. LX, including LXA4, have been approved for their 
potent anti-inflammatory and immunomodulatory prop-

D
ow

nl
oa

de
d 

by
: C

. A
le

ss
an

dr
i -

 8
72

18
94

.3
8.

93
.1

60
 -

 1
/1

3/
20

20
 7

:4
6:

51
 A

M



The Effects of 1,25(OH)2D3 on PLA2 in 
Mast Cells

67Int Arch Allergy Immunol 2020;181:56–70
DOI: 10.1159/000503628

erties. In addition, the level of LX is decreased in a lot of 
chronic inflammatory disorders, such as cystic fibrosis, 
asthma, colonitis, rheumatoid arthritis, etc., and exoge-
nous addition of LX could markedly improve pathoge-
netic conditions [86–88], suggesting that insufficient LX 
is an important mediator for these chronic diseases [89].

Furthermore, accumulating evidence indicates that 
LX might be involved in regulation of the immune re-
sponse [90–92]. Loss of control of the immune response 
is the primary cause of inflammatory diseases; especially 
the infiltrative cells in chronic inflammatory focus were 
mainly macrophages and lymphocytes [89, 93].

In the present study 1,25(OH)2D3 increased LXA4 in 
mast cells, and the same effect was observed after NF-κB 
inhibition. As the previous study demonstrated that 
LXA4 inhibits NF-κB [89, 94–96], these data suggest that 
there might be a feedback in this action. The anti-inflam-
matory effects of LXA4 may be dependent on suppression 
of NF-κB activation, as NF-κB activation is the rate-con-
trolling step for inflammatory processes [95].

Conclusion

Despite the increased knowledge gained from research, 
vitamin D insufficiency and deficiency are still prevalent 
in many developed countries. A large body of literature 
suggests that vitamin D acts on cells of the innate and 
adaptive immune systems as well as structural cells in the 
airways, with its deficiency promoting inflammation and 
its supplementation alleviating these effects. Vitamin D 
levels are associated with lung function and steroid re-
sponses in adult asthma and can modulate T helper type 
2-driven asthmatic responses. Allergic asthma exhibits a 
crucial interplay of innate and adaptive immune func-
tions, where NF-κB is considered as the master regulator 
of both innate and adaptive immune responses. During 
the pathogenesis of asthma, NF-κB may act at different 
levels of airway remodeling, such as regulation of ASMC 
proliferation and their expression of inflammatory cyto-
kines. The exact molecular mechanism underlying 
1,25(OH)2D3 regulation of NF-κB, remains to be defined; 
nevertheless, its regulation may be a powerful tool, at least 
as a complement, of classical therapy. Asthma has become 
one of the most prevalent diseases worldwide, constitut-
ing a major public health concern. Among nutritional hy-
potheses, vitamin D status is of particular interest regard-
ing the controversial beneficial effects in nonskeletal dis-
orders such as asthma but also cardiovascular disease, 
cancer, schizophrenia, and multiple sclerosis [97–100].

Evidence suggests there may be a cause-effect relation-
ship with vitamin D deficiency and the increased inci-
dence of asthma because vitamin D deficiency is associ-
ated with increased airway hyperresponsiveness, lower 
pulmonary functions, worse asthma control, and possibly 
steroid resistance [47, 101, 102].

The effect of vitamin D supplementation on patients 
with bronchial asthma is still controversial, as the litera-
ture shows different results, e.g., that vitamin D supple-
mentation was efficacious in the prevention of asthma 
exacerbation [103] while another study [104] reported in-
consistent results.

Nevertheless, a meta-analysis from 14 studies elucidat-
ed that vitamin D supplementation played a role in reduc-
ing the rate of asthma exacerbation, particularly in pa-
tients with a vitamin D insufficiency [105]. This confirms 
the novelty and importance of the topic and the need for 
further analyses.

In conclusion, in this study we demonstrated the dif-
ferential effects of 1,25(OH)2D3 on chosen phospholipas-
es A2 and PLAA as well as NF-κB. This study suggests that 
vitamin D has no one-way effect and its activity in the 
pathways of inflammatory processes can be unexpected. 
There is a need to further investigate the exact action of 
this compound. However, our research suggests that 
there is a potential for use it in the treatment of asthma 
and inflammatory diseases.
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