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Simple Summary: Inflammatory responses are recorded in many dreadful diseases. As the presently
used mainline anti-inflammatory treatments are proven to have adverse short- and/or long-term
side effects, the search for alternative anti-inflammatory agents that may possess lesser side effects is
on constant demand. This study evaluates IPX-18, a novel arylidene indanone small molecule, due to
its anti-inflammatory activity mediated by NF-κB and Nrf2 signaling. These findings provide new
insights for future research on this molecule for its development as a novel anti-inflammatory agent
to treat several diseases.

Abstract: Background: The adverse effects of anti-inflammatory drugs urges the search for new
anti-inflammatory agents. This study aims at the preclinical analysis of the in-house synthesized
small molecule IPX-18. Human whole blood (HWB), peripheral blood mononuclear cells (PBMCs),
and neutrophils were used. Rat basophil cells (RBL-2H3) were used to assess degranulation. Bind-
ing stability to NF-κB-p50 was predicted using computational docking and molecular dynamic
simulations. Essential signaling proteins were evaluated through flow cytometry. Results: IPX-18
inhibited the release of TNF-α with an IC50 value of 298.8 nM and 96.29 nM in the HWB and PBMCs,
respectively. The compound depicted an IC50 value of 217.6 nM in the HWB and of 103.7 nM in the
PBMCs for IFN-γ inhibition. IL-2 release and IL-8 release were inhibited by IPX-18 in the HWB and
PBMCs. The compound controlled the migration of and the elastase in the activated neutrophils.
The IC50 value for basophil activation through the FcεRI receptor assay was found to be 91.63 nM.
IPX-18 inhibited RBL-2H3-degranulation with an IC50 value of 98.52 nM. The computational docking
analysis predicted that IPX-18 would effectively bind NF-κB-p50. NF-κB-phosphorylation in the acti-
vated RBL-2H3 cells was decreased, and the levels of nuclear factor erythroid 2-related factor 2 (Nrf2)
were increased with IPX-18 treatment. Conclusions: IPX-18 demonstrated efficacy in mediating the
effector cells’ inflammatory responses through NF-κB/Nrf2 signaling.

Keywords: arylidene; akt; NF-κB; Nrf2; RBL-2H3; basophils; mast cells; neutrophils; inflammation

1. Introduction

Inflammation is regarded as a cellular or biochemical response to any endogenous/
exogenous agonists to maintain the body’s homeostasis [1,2]. Inflammatory responses
are recorded in many diseases, including asthma, cancer, chronic inflammatory diseases,
atherosclerosis, diabetes, autoimmune and degenerative diseases, etc., [3]. The adverse
short- and/or long-term side effects of treatment regimens include cardiovascular and
gastrointestinal complications, growth restrictions, insulin resistance, and neurodevelop-
mental disability [4]. Therefore, the search for alternative anti-inflammatory agents that
may possess lesser side effects is on constant demand.
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The nuclear factor kappa light-chain enhancer of activated B cells, or NF-κB, is a
transcription regulator that is activated by various stimuli, including cytokines. Its stim-
ulation with either IL-1β or TNFα activates the IκB kinase (IKK) complex, which then
mediates the phosphorylation, ubiquitination, and degradation of the IκB molecule, which,
in turn, releases NF-κB. NF-κB, when translocated to the nucleus, binds to the κB motifs
in the promoter region to induce the transcription of target genes [5]. On the other hand,
accumulating evidence favors the idea that Nrf2 (nuclear factor erythroid 2-related factor 2)
plays a central role in anti-inflammatory functions. [6]. Studies indicate that Nrf2 negatively
controls the NF-κB signaling pathway through more than one mechanism. Firstly, Nrf2
inhibits oxidative-stress-mediated NF-κB activation by decreasing the intracellular ROS
levels [7]. Secondly, Nrf2 inhibits the proteasomal degradation of IκB-α to prevent the
nuclear translocation of NF-κB [8]. An increase in the Nrf2 levels induces the cellular HO-1
levels and, thereby, phase II enzyme expression, which, in turn, blocks the degradation
of IκB-α [9]. Alongside this, NF-κB decreases free CBP, which is a transcriptional coacti-
vator of Nrf2, by competing with the CH1-KIX domain of CBP while also promoting the
phosphorylation of p65 at Ser276, which, in turn, prevents CBP from binding to Nrf2 [10].
Accumulating evidence also suggests that Nrf2 counteracts the NF-κB-driven inflamma-
tory response by competing with the transcription coactivator cAMP response element
(CREB) binding protein (CBP) [11,12]. Another interesting study described that the Akt
(PKB)-dependent inactivation of GSK3β (Glycogen synthase kinase 3 β) leads to an anti-
inflammatory response by inactivating NF-κB and activating CREB and Nrf2 [13]. While it
is presumed that the Nrf2 and NF-κB signaling pathways conjoin, therefore maintaining
the physiological homeostasis of inflammatory regulation, targeting these signals have
been proven worthy for controlling inflammation.

Recent advances in medicinal chemistry have contributed an array of small bioactive
molecules to treat various diseases. Arylidene indanone is one such class of small molecules
that is identified to have potent bioactivity against several diseases, including tubercu-
losis [14], degenerative diseases [15], hypoglycemia [16], lipidemia [17], and cancer [18].
2-benzylidene-1-indanone derivatives were reported to be anti-inflammatory agents for the
treatment of acute lung injury [19]. On the other hand, it is established that small-molecule
anti-inflammatory drugs have lesser adverse effects with uncompromised efficacy [20].
Therefore, screening such small molecules for anti-inflammatory properties stands to be es-
sential in searching for effective and economical novel anti-inflammatory compounds. The
current study evaluates IPX-18 (Figure 1), one potentially active arylidene small molecule,
due to its anti-inflammatory properties.
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2. Materials and Methods
2.1. Materials

Reagents and chemicals were procured from Sigma–Aldrich (Burlington, MA, USA).
RBL-2H3 cell line was obtained from ATCC (Manassas, VA, USA). ELISA kits were from
eBioscience (San Diego, CA, USA). The Flow CAST® kit was purchased form Buhlmann
Diagnostics Corp (BDC) (Amherst, NH, USA). Migration inserts and 96-well plates were
obtained from Nunc corp., Thermo Fischer Scientific (San Diego, CA, USA). Phospho-NF-κB
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p65 (S529) PE antibodies were from Thermo Scientific (San Diego, CA, USA). Recombinant
PE anti-Nrf2 antibody was from Abcam (Fremont, CA, USA). Annexin V assay reagent was
from Merck Millipore (Temecula, CA, USA).

2.2. Methods
2.2.1. Synthesis of 2-(4-Methyl)benzylidene-4,7-dimethyl Indan-1-one

Schematic of synthesis of the small molecule is provided in Supplementary Figure S1.
Synthesis was initiated through the preparation of Baylis–Hillman adduct of p-tolualdehyde
and t-butyl acrylate. This reaction was carried out on a solid-phase silica gel in presence of
DABCO as catalyst. The reaction mixture was washed with ethyl acetate and was dried.
After removing the solvent, crude product was chromatographed. Following this, the
obtained hydroxy ester was dissolved in p-xylene and was treated with a catalytic amount
of sulphuric acid under reflux. The solvent was removed under reduced pressure, and
the residue was treated with TFAA in ethylene dichloride under reflux. Purification was
carried out through column chromatography.

2.2.2. Ethical Approval

This study was approved by the Research Ethics Committee, Deanship of Scientific
Research, King Khalid University, Abha, Saudi Arabia (Reference No. ECM#2020-0913 (22
June 2020).

2.2.3. Cell Culture

Eagle’s Minimum Essential Medium (supplemented with 10% FBS, 100 U/mL of
penicillin, and 100 U/mL of streptomycin) was used for the growth of RBL-2H3 cells, and
cell culture was maintained following the standard protocols.

2.2.4. Annexin V Assay for Apoptosis/Cell Death

The assay was carried out by using Annexin V detection kit as per the manufacturer’s
instructions. RBL-2H3 cells and PBMCs were treated with 100 nM or 250 nM IPX-18
along with suitable DMSO controls and incubation for 24 h. Cells were then treated with
0.25 µg/mL of Annexin V reagent for 15 min in the dark. After two washes in sterile
PBS, cells were resuspended in kit buffer containing 0.5 µg/mL of propidium iodide. Ten
thousand events were acquired on a Guava easyCyte™ flow cytometer. Data analysis was
carried out with InCyte software (Version 6.0) to differentiate healthy and apoptotic cells
(early and late apoptosis).

2.2.5. Cytokine Assays

Cytokine production was performed using whole blood and PBMCs. Density gradient
centrifugation was used to isolate PBMCs from whole blood as described elsewhere [21].
0.5 × 106 PMBCs/mL and HWB were resuspended in RPMI-8226 full growth media
(1:3.5 dilution) and were seeded in 96-well tissue culture plates following incubation for 1 h
at 37 ◦C with CO2. IPX-18, at the desired concentration, was applied to the wells in triplicate
(n = 8) and was incubated for 30 min. Following this, PBMCs and HWB were induced with
50 ng/mL of phorbol-12-myristate-13-acetate (PMA) and 5 µg/mL of phytohaemagglutinin
(PHA). All plates were incubated for 24 h for cytokine production, they were centrifuged
at 4000 rpm for 10 min, and the supernatant was stored at −80 ◦C until further analysis.
ELISA was performed per manufacturer’s instructions, and IC50 was calculated using
Graphpad Prism (version 6.0).

2.2.6. Isolation of Neutrophils from HWB

Neutrophil isolation from HWB was performed as described by previously established
protocol [22]. Briefly, HWB, added to dextran sulphate, was kept at room temperature
for 60 min. At 4 ◦C, the supernatant was centrifuged at 1150 rpm for 12 min. After
adding 0.6 M KCl, it was again centrifuged at 1300 rpm with HiSep density gradient. Cells
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were collected in ice-cooled HBSS. A 2 × 105 cells/mL density was adjusted for further
neutrophil-based assays.

2.2.7. Neutrophil Migration Inhibition Assay

To a 24-well plate, 249 µL of HBSS was added followed by 1 µL of 10 nM of N-
formylmethionyl-leucyl-phenylalanine (fMLP). The neutrophil cell suspension was added
to inserts and was placed in these wells. A total of 249 µL to 1 µL of DMSO, or several
concentrations of IPX-18, was applied and was allowed to migrate for 1.5 h at 37 ◦C in
a CO2 incubator. Inserts were stained with crystal violet solution and were eluted, and
elution absorption was quantified spectrometrically at 410 nM.

2.2.8. Neutrophil Elastase Assay

This assay was conducted as described elsewhere [23]. A total of 49 µL of neutrophils
(2 × 105 cells/mL) was added to 96-well plate and was treated with 1 µL of IPX-18 at
different concentrations. A total of 200 µL of master mix that contained 10 µM fMLP,
200 µg/mL of CytochalasinB, 1 mM Sodium azide, and 1 mg/mL of L-Methionine was
used to activate neutrophils for 1.5 h at 37 ◦C. After centrifugation at 1000 rpm for 5 min,
90 µL of supernatant was transferred to each well of a new 96-well plate. Following this,
all wells were filled with 10 µL of 10 mM substrate and were incubated for 1 hour at 37 ◦C.
The plate was read for absorbance at 410 nM.

2.2.9. Basophil Activation Assay (BAT assay) in HWB

Flow CAST® assay kit was used as per the manufacturer instructions. Human blood
was incubated with IPX-18 for fifteen minutes and was treated with antihuman-FcεRI. After
this, stimulation buffer and staining reagent were added and incubated in the dark for
another fifteen minutes. Post centrifugation, the cells were suspended with 1 mL of PBS
and were acquired using flow cytometer. The percentage of CD63 cells was analyzed.

2.2.10. Cell Viability Assay

The cell viability was measured using MTT assay [24]. After preincubation for one
hour with IPX-18, RBL-2H3 cells were activated for four hours with DNP-BSA. Furthermore,
100 µL of MTT (1 mg/mL) was added and incubated for 4.5 h. Formazan products were
dissolved in DMSO and were read for absorbance at 560 nm.

2.2.11. TNF-α and Degranulation in RBL-2H3 Cells

In RBL-2H3 cells, IgE-degranulation was analyzed by following the protocol stated pre-
viously by Naal et al. [25]. RBL-2H3 cells were seeded at a concentration of 2 × 105 cells/mL
in 24-well plates. These cells were sensitized with 1 µg/mL of IgE and were incubated
overnight at 37 ◦C. Next day, the medium was aspirated and replaced with PIPES buffer
and was further incubated at 37 ◦C for 15 min. After treating different concentrations of
IPX-18 for one hour, anti-DNP-BSA was added for four hours. Supernatants from one set
of experiments were stored at −80 ◦C and were used for TNF-α estimation through ELISA
as per manufacturer protocol. Fresh supernatants from other set were removed from wells
and were incubated with fluorescence substrate at 37 ◦C for 1 h. Fluorescence intensity was
read at 450 nm (emission) and 360 nm (excitation).

2.2.12. Structure Retrieval and Protein–Ligand Docking

The three-dimensional structure of p50 was retrieved from PDB databank (PDBID:
1SVC). Docking protein was prepared by adding polar hydrogens using Discovery Studio
Visualizer. IPX structure was also prepared using Discovery Studio Visualizer. Docking was
performed using SiBDOCK web server at www.sibiolead.com (accessed on 3 September
2020), which uses autodock vina docking protocol [26,27]. Docking grid box was set to
focus on p50’s DNA-binding region, and box dimension was set to 20. Docked complex
was analyzed using Discovery Studio Visualizer. Version. 19.1.0.18287.

www.sibiolead.com
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2.2.13. Molecular Dynamic Simulation

Simulation was performed using an automated protein–multiligand protocol devel-
oped at SiBioLead www.sibiolead.com (accessed on 3 September 2020) that uses GROMACS
simulation package. Protein–ligand complex was immersed in a triclinic box containing
SPC water molecules and NaCl as counterions. Furthermore, 0.15 M NaCl was added to the
simulation system to maintain physiological conditions. OPLS/AA forcefield was applied
to the simulation system. Before simulation, system was equilibrated for 300 ps using
NVT/NPT protocol. Simulation was carried out using leapfrog integrator in a GPU-based
Linux environment. Simulation trajectories were analyzed using GROMACS in-built results
analyses package.

2.2.14. Flow Cytometry

Essential cellular protein singling was detected through flow cytometry. Initially,
RBL-2H3 cells were sensitized with DNP-IgE, and then they were treated with doses of
IPX-18 for 30 min and were induced with DNP-BSA for 4 h. Furthermore, cells were
stained for 15 min with NF-κB p65 (S529) PE antibody or anti Nrf2 PE antibody in buffer
reagent (Thermo scientific, San Diego, CA, USA). The cells were washed twice to remove
excess stain and were resuspended in HBSS buffer. 5000 events were acquired with Guava
EasyCyte™ flow cytometer, Merk Millipore (Temecula, CA, USA). Positively gated cells
were further read for NF-κB/p65s529 or Nrf2 using InCyte software from Merk Millipore
(Temecula, CA, USA).

2.2.15. Statistical Analysis

The experiments were performed in triplicate, and all data were represented as
mean ± S.D. Graphpad Prism 6.0 (La Jolla, CA, USA) was used for statistical exami-
nations. To compare the differences between the two groups, Student’s t-test was used
for this analysis. ANOVA was used for determining the difference between three or more
variants. Statistical significance was considered to be p < 0.05 (*).

3. Results
3.1. Chemistry of Synthesized Small Molecule

A 1H NMR of the synthesized compound is attached in Supplementary Figure S2.
The product showed IR absorptions at 1642, 1712, and 3414 cm−1, indicating this to be an
α,β-unsaturated hydroxy ester. The compound was t-butyl-3-hydroxy-2-methylene-3-(4-
methyl-phenyl) propanoate. This was confirmed with a PMR spectrum. A multiplet around
7.15–7.35 δ for four protons indicated the phenyl group. A singlet for one proton at 6.23 δ
indicated the lone benzylidene proton, which was allylic, as well as the hydroxy methyl
proton. Each of the two vinylic protons appeared as a singlet at 5.71 and 5.47 δ. A singlet at
2.4 δ indicated the three Ar–CH3 protons, and a singlet for nine protons indicated the t-butyl
group, which appeared at 1.6 δ. The IR spectrum showed absorptions at 1689.5 cm−1 and
1624 cm−1, indicating this to be an aromatic α,β-unsaturated ketone. The PMR spectrum
showed a multiplet around 7.7–7.53 δ for seven protons. These were the six aromatic
protons and the one vinylic proton. A two-proton singlet at 3.75 δ indicated the benzylic
and allylic methylene protons. The Ar–CH3 appeared as a three-proton singlet at 2.67 δ.
Two singlets appeared at 2.37 and 2.32 δ for six Ar–CH3 protons. A signal at 195.74 δ
in the 13C NMR spectrum indicated the α,β-unsaturated carbonyl carbon. The presence
of the Ar–CH3 carbons appeared at 17.7, 18.31, and 21.59 δ. The aromatic carbon atoms
appeared around 129 to 149.16 δ. The m/e value of the compound corresponded to the
molecular weight of 262.5, and the elemental analysis agreed with the molecular formula of
the compound. The following values were calculated: C, 86.92%; H, 6.91%. The following
values were found: C, 86.98%; H, 6.94%. Based on the above data, the compound was
identified to be 2-(4-methyl) benzylidene-4,7-methyl indan-1-one.

www.sibiolead.com
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3.2. Nontoxicity of IPX-18

Prior to testing IPX-18’s anti-inflammatory effects, the nontoxicity of the compound
was assessed through the annexin V assay. For this, IPX-18, at different concentrations, was
incubated with the RBL-2H3 cells and the human primary leucocytic cells (PBMCs) with
untreated controls for 24 h. The compound did not induce any early- or late-phase apoptosis
in these cells when compared to the untreated controls (Supplementary Figure S3).

3.3. IPX-18 Attenuated Proinflammatory Cytokine Responses in Human Whole Blood and
Peripheral Nucleocytes

The HWB and PBMCs were used in the initial screening of IPX-18 for proinflammatory
cytokine inhibitions. The compound inhibited the release of TNF-αwith an IC50 value of
298.8 nM and 96.29 nM in the HWB and PBMCs, respectively (Figure 2a). IPX-18 inhibited
IFN-γwith an IC50 value of 217.6 nM in the HWB and of 103.7 nM in the PBMCs (Figure 2b).
Inhibition of IL-2 and IL-8 in the HWB by IPX-18 was evident with IC50 values of 416.0 nM
and 336.6 nM, respectively (Figure 2c,d). The IC50 values for these cytokines in the PBMCs
were 122.9 nM for IL-2 and 105.2 nM for IL-8 (Figure 2c,d).
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expressed as the mean ± SD from eight donors performed in triplicates, and IC50 values determined
by GraphPad prism software.

3.4. Effect of IPX-18 Treatment on Activated Neutrophils

The results of elastase activity and neutrophil migration confirmed the dose-responsive
efficacy of the compound in inhibiting neutrophil migration (Figure 3a). Similarly, IPX-18
inhibited the elastase exocytosis of the stimulated neutrophils in a dose-responsive way
(Figure 3b).
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statistically significant.

3.5. IPX-18 Effectively Inhibited the Activation of Basophils

The basophils in the HWB were stimulated by crosslinking the IgE binding receptors
and anti-FcεRI monoclonal antibodies. When provoked, the CD63 surface receptors that
were expressed in these cells were analyzed through flow cytometry. CCR3 positive cells
were gated to determine CD63 + ve populations. The results demonstrated a loss in the
CD63 cell population (Figure 4) with IPX-18 treatment. When assessed for dose dependency,
the IC50 value for IPX-18 was found to be 91.63 nM (Figure 4).

Biomedicines 2023, 11, x FOR PEER REVIEW 7 of 14 
 

3.4. Effect of IPX-18 Treatment on Activated Neutrophils 
The results of elastase activity and neutrophil migration confirmed the dose-respon-

sive efficacy of the compound in inhibiting neutrophil migration (Figure 3a). Similarly, 
IPX-18 inhibited the elastase exocytosis of the stimulated neutrophils in a dose-responsive 
way (Figure 3b). 

 
(a) (b) 

Figure 3. IPX-18 inhibited neutrophil (a) migration and (b) elastase exocytosis in a dose-dependent 
way. Results are expressed as mean ± SD from five donors. * p < 0.05 and ** p < 0.001 are considered 
statistically significant.  

3.5. IPX-18 Effectively Inhibited the Activation of Basophils 
The basophils in the HWB were stimulated by crosslinking the IgE binding receptors 

and anti-FcεRI monoclonal antibodies. When provoked, the CD63 surface receptors that 
were expressed in these cells were analyzed through flow cytometry. CCR3 positive cells 
were gated to determine CD63 + ve populations. The results demonstrated a loss in the 
CD63 cell population (Figure 4) with IPX-18 treatment. When assessed for dose depend-
ency, the IC50 value for IPX-18 was found to be 91.63 nM (Figure 4). 

 
Figure 4. Inhibitory effects of different concentrations of IPX-18 on activated basophils. Stimulated 
by anti-FcεR1, a highly specific monoclonal antibody bound to the high-affinity IgE binding recep-
tor and mimicked the bridging of the receptor caused by the allergen binding to two bound immu-
noglobulin E molecules. Representative histograms from basophil activation test (BAT) in HWB 
from five different donors are shown. Basophil activation was evaluated in CD63 expressed positive 
cells gated from CCR 3 positive population. IC50 of IPX-18 from five donors analyzed for CD63 
positive cells with GraphPad Prism (6.0) software. 

Figure 4. Inhibitory effects of different concentrations of IPX-18 on activated basophils. Stimulated by
anti-FcεR1, a highly specific monoclonal antibody bound to the high-affinity IgE binding receptor and
mimicked the bridging of the receptor caused by the allergen binding to two bound immunoglobulin
E molecules. Representative histograms from basophil activation test (BAT) in HWB from five
different donors are shown. Basophil activation was evaluated in CD63 expressed positive cells gated
from CCR 3 positive population. IC50 of IPX-18 from five donors analyzed for CD63 positive cells
with GraphPad Prism (6.0) software.
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3.6. Dose Tolerance of IPX-18 on Normal and Stimulated RBL-2H3 Cells

Prior to analyzing the effects of IPX-18 in the RBL-2H3 cells, an MTT assay was used to
evaluate the viability of the RBL-2H3 cells. The viability of the RBL-2H3 cells was unaltered
with up to 250 nM of IPX-18 (Figure 5a) for 24 h. To check out if the stimulation could bring
out any toxic effect in these cells, different doses of IPX-18 were assessed for cytotoxicity
with 0.025 µg/mL of DNP-BSA (dinitrophenyl human and bovine serum albumin) for 4 h
in 1 µg/mL of the anti-DNP IgE antibody (antidinitrophenyl anti-IgE antibody) pretreated
RBL-2H3 cells. Results indicated no loss of cell viability with up to 250 nM of IPX-18 in the
presence of the stimulator (Figure 5b).
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Figure 5. Cytotoxicity indices for IPX-18 at different concentrations in (a) normal RBL-2H3 cells and
(b) anti-DNP IgE sensitized RBL-2H3 cells with DNP-BSA induction. Cell viability was measured
through MTT assay, and results are expressed as mean ± SD (n = 3). Results are statistically significant
at ** p ≤ 0.01. (c) Dose-dependent cytokine/degranulation inhibitory profile of IPX-18 in anti-DNP
IgE sensitized RBL-2H3 cells stimulated by DNP-BSA. RBL-2H3 cells were sensitized overnight, were
preincubated with different concentrations of IPX-18 for 1 h, and were stimulated with DNP-BSA for
4 h. (c) TNF-αwas measured in the supernatants. Results are expressed as mean ± SD (n = 3), and
statistical significance is at * p ≤ 0.05/ ** p ≤ 0.01. (d) RBL-2H3 cell degranulation in supernatant was
assessed fluorometrically as measure of β-glucuronidase release using 4-methylumbelliferyl-beta-D-
glucuronide substrate. Results are expressed as the mean ± SD, and IC50 values were determined
with GraphPad prism (6.0) software.

3.7. IPX-18 Inhibited TNF-α Release and Degranulation in Anti-DNP/IgE of Sensitized
RBL-2H3 Cells

A reduction in TNF-α release (Figure 5c) in the cell supernatant was evident with
IPX-18 treatment. In order to check the effect of the compound in the degranulation process,
we assessed the release of β-glucuronidase, an essential degranulation enzyme, in the
RBL-2H3 cells after stimulation with DNP-BSA. IPX-18, with an IC50 value of 98.52 nM,
could dose-dependently control RBL-2H3 degranulation (Figure 5d).



Biomedicines 2023, 11, 716 9 of 14

3.8. Protein–Ligand Docking of IPX-18 to p50 Subunit of NFkB

In order to understand the mode of action, we performed the computational modeling
and docking of IPX-18 to the NFkB p50 subunit. For this purpose, we used an experimental
structure of p50 bound to DNA from the PDB databank (PDBID: 1SVC). An analysis of
the retrieved p50-DNA complex suggested that targeting the amino acid residues that
participate in DNA interactions would repress p50 DNA binding. We previously showed
that targeting the DNA-binding region of p50 significantly induced apoptosis [1]; therefore,
in this work, we targeted the same region for our docking studies (Figure 6a). An analysis
of the DNA-binding interface of p50 identified crucial residues and a pocket that could
be targeted with a small molecule (Figure 6b). We performed the protein–ligand docking
of the IPX-18 molecule to the target site in the p50 protein. The results indicated that
IPX-18 fits well in the DNA-binding interface of the p50 protein (Figure 6c). The docking
score (binding energy) of IPX-18 to p50 was predicted to be −6.2 kcal/mol, which was
comparable and better than the standard compound used in our previous work [1]. A
protein–ligand interaction analysis of the p50 bound IPX-18 complex indicated that IPX-18
interacts with the crucial residues involved in DNA binding (Figure 6d).
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Figure 6. Computational docking of IPX-18 to NF-κB-p50. (a) Experimental structure of p50 bound
to DNA from PDB databank (PDBID: 1SVC). (b) Identification of crucial residues and pocket for
binding IPX-18. (c) IPX-18 fit well in the DNA-binding interface of p50 protein. (d) Protein–ligand
interaction analysis of p50 bound IPX-18 complex.

3.9. Molecular Dynamic Simulation Predicted IPX-18 Binding Stability

In order to assess the binding stability of the IPX-18 complex with the p50 subunit of
NFkB, we performed a 100 ns atomistic molecular dynamic simulation of the IPX-18 NFkB-
p50 complex using the GROMACS simulation package. A simulation trajectory analysis at
different timepoints predicted that IPX-18 would bind stably to the predicted binding site of
the p50 subunit. Comparing the 50 ns and 100 ns frames with 0 ns, (i.e., the complex before
the simulation), the IPX-18 molecule rotated from its initial docked position; however,
the residue interactions of IPX-18 remained the same, indicating that IPX-18 attained a
favorable conformation during the simulation (Figure 7a–c). The simulation trajectory
video shows the binding stability of IPX frame by frame (Supplementary Video S1).
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3.10. Efficacy of IPX-18 on Key Signaling Proteins of the Inflammatory Pathway

The phosphorylation of NF-κB in the stimulated RBL-2H3 cells was estimated through
flow cytometry. DNP-BSA stimulated the RBL-2H3 cells and induced the phosphorylation
of NF-κB at 4 h postinduction (Figure 8a). Preincubation with IPX-18 for 30 min before the
stimulation reduced the phosphorylation of NF-κB (Figure 8a). Similarly, the expression
levels of the nuclear Nrf2 proteins were upregulated by IPX-18 (Figure 8b) with the DNP-
BSA stimulation of the RBL-2H3 cells sensitized previously with IgE.
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Figure 8. IPX-18 inhibited (a) p-NF κB [p65] and upregulated (b) Nrf2 in RBL-2H3 cells. RBL-
2H3 cells were presensitized overnight with 1 µg/mL of anti-DNP IgE and were incubated with
different concentrations of IPX-18 for 30 min followed by induction with 0.025 µg/mL of DNP-BSA
for 4 h. Percentage of positive P-NFkB and Nrf2 cells was determined through flow cytometry.
Representative graphs are presented. Numerical values in histograms are from three individual
experiments. Statistical significance is at * p < 0.05.
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4. Discussion

Chronic inflammation leads to severe conditions that may end up with complex mani-
festations [28]. Though there are several anti-inflammatory drugs available in the market,
their long-term administration may cause several unfavorable side effects, including organ
toxicities, ulcerations, and bleeding [28]. Therefore, the search for novel anti-inflammatory
compounds is on demand. This research focuses on the preclinical evaluation of a novel
arylidene indanone moiety as a potential agent against inflammatory responses. Cytokines
constitute the prime physiological defense against any stimuli during the innate and
adaptive inflammatory responses [29]. It is reported that inflammation is a complex phe-
nomenon that involves the interplay between neutrophils, basophils, mast cells, etc., which
is commonly orchestrated via cytokines [30]. Therefore, any agent that can bring down the
levels of the cytokines in the activated whole blood or PBMCs can be regarded as having
control over the inflammatory process. TNF-α is responsible for increasing the number
of effector cells at the inflammation site [31], while IFN-γ and IL-2 are proven to drive
monocytes, macrophages, and lymphocytes during autoimmune-related inflammation [32].
On the other hand, IL-8 invades the neutrophils and macrophages at the inflammatory site
and further drives the process [33]. The efficacy of IPX-18 in deteriorating these cytokine
levels could thereby be related to the molecule’s anti-inflammatory potency.

During acute inflammation, polymorphonuclear neutrophils constitute the first line
of defense [34]. As observed in the neutrophil migration assay, the influx of the activated
neutrophils was attenuated by IPX-18. Research indicates that TNF-α is a chief proinflam-
matory cytokine which plays a role in leukocyte rolling and adhesion [35]. Furthermore,
studies have shown that the inhibition of NF-κB by impeding p50 nuclear translocation via
interleukin-10 exerts anti-inflammatory effects [36]. The present study observed neutrophil
attenuation and the migration inhibition of TNF-α by IPX-18. Neutrophil elastase is an
essential factor for the progression of many types of inflammation and is well liked with
respect to neutrophil migration and activation [2]. The dose-dependent elastase inhibition
of IPX-18 observed in this study could be attributed to the attenuation of both the com-
pound and the neutrophil infiltration functions. Similarly, basophil activation is yet another
important mechanism in inflammatory responses [37]. The lysosomal membrane protein
CD63 was well expressed on the activated basophil surface [38], which accounted a direct
measure of the activated basophils using flow cytometry [39]. In order to discriminate
the CD63 positive basophils from the other cell types, such as eosinophils, T cells, and
neutrophils, CCR3 was used as a gate marker in the flow cytometry assay [40]. Conse-
quently, the CCR3 + CD63 positive population accounted a direct measure for the activated
basophils expressing the high-affinity IgE receptor FcεRI [40,41]. Therefore, several IgE
mediated inflammatory responses were diagnosed using the FcεRI-BAT assay [42]. The
observations in the present study stand well with reports indicating the efficacy of IPX-18
in inhibiting basophils’ activation.

Mainstream allergy diseases are mediated by immunoglobulin E (IgE)-dependent
reactions [43]. These allergic inflammations are provoked in dual phases, the initial
induction phase followed by the effector phase [44]. During the initial phase, IgE couples
with the surface FcεRI-IgE receptors of mast cells and basophils [44]. During the second
phase, the adjacent IgEs of different presensitized basophils/mast cells are crosslinked
by the allergen to release proinflammatory cytokines [44]. At the end of the effector
phase, secondary cells such as the neutrophils are recruited and are activated by the
effector substances released by the activated mast cells and basophils [45]. Together,
basophil stimulation and mast cell stimulation in addition to the downstream activation
of neutrophils are centrally driven by IgE orchestrated mechanisms. Hence, this study
evaluated the efficacy of IPX-18 in activated rat basophils (RBL-2H3 cells) on IgE mediated
stimuli. The observations indicated the nontoxicity of IPX-18 in the normal RBL-2H3
cells and activated RBL-2H3 cells, thereby indicating its therapeutic safety. Additionally,
the compound also dose-dependently inhibited TNF-α release and degranulation in the
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activated RBL-2H3 cells, proving the anti-inflammatory efficacy of IPX-18 in IgE driven
inflammatory manifestations.

NF-κB is a multifunctional protein located downstream of Akt and is considered an
ideal proinflammatory marker [46]. Studies show that NF-κB is activated by heterodimer
formation between p50 and p65 [47]. Therefore, the p50 subunit of NF-κB could be targeted
to impede complex formation, thereby deactivating NF-κB activation. Our computational
analysis predicted that IPX-18 would effectively bind NF-κB-p50. The in vitro results
of this study agreed with the computational prediction, where the inhibition of NF-κB
phosphorylation was evident with IPX-18 treatment. It has been previously shown that
NF-kB/p65 antagonizes Nrf2-ARE signaling [47]. Nrf2 activity is critical for the body’s
defense against oxidants, carcinogens, and inflammatory insults, and the overexpression
of p65 suppresses Nrf2 levels/activity. Furthermore, it is reported that Nrf2 signaling
reversely affects the regulation of the inflammatory responses arbitrated by NF-κB [47].
Thus, inhibiting p65 activity upregulates the Nrf2 levels. The observations of the present
study stand well with the literature, where IPX-18 induced the elevation of the Nrf2 levels
by translocating it into the activated RBL-2H3 cells’ nuclei. Therefore, it can be postulated
that the efficacy of IPX-18 could be driven by the NF-κB pathway, causing the upregulation
of Nrf2 proteins.

5. Conclusions

In summary, IPX-18 demonstrated excellent efficacy in controlling various mediators of
the inflammatory responses through the dephosphorylation of NF-κB and the upregulation
of Nrf2 proteins. These findings provide new insights for future research on the molecule
for its development into a novel anti-inflammatory agent to treat several diseases.

Supplementary Materials: https://www.mdpi.com/article/10.3390/biomedicines11030716/s1,
Figure S1: Schematic synthesis of IPX-18, Figure S2: 1H NMR of IPX-18, Figure S3: Representa-
tive graphs of the Annexin V assay in RBL-2H3 cells and PBMCs when treated with IPX-18 for
24 h. Results indicate no evidence of increment in the early or late apoptotic population in both
cell types when treated with 100 nM or 250 nM IPX-18, Video S1: Simulation trajectory video
shows the binding stability of IPX frame-by-frame.

Author Contributions: R.M.G.—experimentation, data aquation, analysis of results, statistical analy-
sis, manuscript drafting, and preparation of initial draft. A.S.—experimentation, analysis of results,
statistical analysis, manuscript drafting, and preparation of initial draft. H.K.—funding, data aqua-
tion, analysis, preparation of initial draft, experimentation, conceptualization, validation, data curing,
supervision, manuscript drafting, and communication. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors extend their appreciation to the Deanship of Scientific Research at King Khalid
University, Abha, Saudi Arabia, for funding this work through grant number RGP.1/191/43.

Institutional Review Board Statement: This study was approved by the Research Ethics Commit-
tee, Deanship of Scientific Research, King Khalid University, Abha, Saudia Arabia (Reference No.
ECM#2020-0913 (22 June 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data were used in this manuscript. The data that supports the
findings of this study are available from the corresponding author upon reasonable request.

Acknowledgments: Authors express their gratitude to SMARTBIO LABS; Chennai-78, Tamil Nadu,
India; and SiBIOLEAD, Little Rock, Arkansas, USA, for the help rendered in this study. The authors
express their gratitude to Radha Krishnan Suresh, Department of Chemistry, Presidency College,
Tamil Nadu, India, for kindly providing IPX-18 to be analyzed in this study.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/biomedicines11030716/s1


Biomedicines 2023, 11, 716 13 of 14

References
1. Scrivo, R.; Vasile, M.; Bartosiewicz, I.; Valesini, G. Inflammation as “common soil” of the multifactorial diseases. Autoimmun. Rev.

2011, 10, 369–374. [CrossRef] [PubMed]
2. Tsai, Y.-F.; Yu, H.-P.; Chang, W.-Y.; Liu, F.-C.; Huang, Z.-C.; Hwang, T.-L. Sirtinol Inhibits Neutrophil Elastase Activity and

Attenuates Lipopolysaccharide-Mediated Acute Lung Injury in Mice. Sci. Rep. 2015, 5, 8347. [CrossRef] [PubMed]
3. Cornette, L. Fetal and neonatal inflammatory response and adverse outcome. Semin. Fetal Neonatal Med. 2004, 9, 459–470.

[CrossRef] [PubMed]
4. Doyle, L.W.; Cheong, J.L.; Ehrenkranz, R.A.; Halliday, H.L. Early (<8 days) systemic postnatal corticosteroids for prevention of

bronchopulmonary dysplasia in preterm infants. Cochrane Database Syst. Rev. 2017, 2017, CD001146.
5. Hinz, M.; Scheidereit, C. The IκB kinase complex in NF-κB regulation and beyond. EMBO Rep. 2014, 15, 46–61. [CrossRef]
6. Saha, S.; Buttari, B.; Panieri, E.; Profumo, E.; Saso, L. An Overview of Nrf2 Signaling Pathway and Its Role in Inflammation.

Molecules 2020, 25, 5474. [CrossRef]
7. Soares, M.P.; Seldon, M.P.; Gregoire, I.P.; Vassilevskaia, T.; Berberat, P.O.; Yu, J.; Tsui, T.-Y.; Bach, F.H. Heme Oxygenase-1

Modulates the Expression of Adhesion Molecules Associated with Endothelial Cell Activation. J. Immunol. 2004, 172, 3553–3563.
[CrossRef]

8. Yerra, V.G.; Negi, G.; Sharma, S.S.; Kumar, A. Potential therapeutic effects of the simultaneous targeting of the Nrf2 and NF-κB
pathways in diabetic neuropathy. Redox Biol. 2013, 1, 394–397. [CrossRef]

9. Chen, L.-G.; Zhang, Y.-Q.; Wu, Z.-Z.; Hsieh, C.-W.; Chu, C.-S.; Wung, B.-S. Peanut arachidin-1 enhances Nrf2-mediated protective
mechanisms against TNF-α-induced ICAM-1 expression and NF-κB activation in endothelial cells. Int. J. Mol. Med. 2018, 41,
541–547. [CrossRef]

10. Liu, G.-H.; Qu, J.; Shen, X. NF-κB/p65 antagonizes Nrf2-ARE pathway by depriving CBP from Nrf2 and facilitating recruitment
of HDAC3 to MafK. Biochim. Biophys. Acta 2008, 1783, 713–727. [CrossRef]

11. Brigelius-Flohé, R.; Flohé, L. Basic principles and emerging concepts in the redox control of transcription factors. Antioxid. Redox
Signal. 2011, 15, 2335–2381. [CrossRef]

12. Bellezza, I.; Mierla, A.L.; Minelli, A. Nrf2 and NF-κB and their concerted modulation in cancer pathogenesis and progression.
Cancers 2010, 2, 483–497. [CrossRef]

13. Beurel, E.; Michalek, S.M.; Jope, R.S. Innate and adaptive immune responses regulated by glycogen synthase kinase-3 (GSK3).
Trends Immunol. 2010, 31, 24–31. [CrossRef]

14. Karrouchi, K.; Radi, S.; Ramli, Y.; Taoufik, J.; Mabkhot, Y.N.; Al-Aizari, F.A.; Ansar, M. Synthesis and Pharmacological Activities
of Pyrazole Derivatives: A Review. Molecules 2018, 23, 134. [CrossRef]

15. Abdelrazek, F.M.; Metz, P.; Kataeva, O.; Jäger, A.; El-Mahrouky, S.F. Synthesis and molluscicidal activity of new chromene and
pyrano [2,3-c]pyrazole derivatives. Arch. Pharm. 2007, 340, 543–548. [CrossRef]

16. Ottanà, R.; Maccari, R.; Ciurleo, R.; Vigorita, M.G.; Panico, A.M.; Cardile, V.; Garufi, F.; Ronsisvalle, S. Synthesis and in vitro
evaluation of 5-arylidene-3-hydroxyalkyl-2-phenylimino-4-thiazolidinones with antidegenerative activity on human chondrocyte
cultures. Bioorg. Med. Chem. 2007, 15, 7618–7625. [CrossRef]

17. da Costa Leite, L.F.; Veras Mourão, R.H.; Alves de Lima, M.d.C.; Galdino, S.L.; Hernandes, M.Z.; Rocha Neves, F.d.A.; Vidal, S.;
Barbe, J.; da Rocha Pitta, I. Synthesis, biological evaluation and molecular modeling studies of arylidene-thiazolidinediones with
potential hypoglycemic and hypolipidemic activities. Eur. J. Med. Chem. 2007, 42, 1263–1271. [CrossRef]

18. Xiao, S.; Zhang, W.; Chen, H.; Fang, B.; Qiu, Y.; Chen, X.; Chen, L.; Shu, S.; Zhang, Y.; Zhao, Y.; et al. Design, synthesis, and
structure–activity relationships of 2-benzylidene-1-indanone derivatives as anti-inflammatory agents for treatment of acute lung
injury. Drug Des. Dev. Ther. 2018, 12, 887–899. [CrossRef]

19. Juthani, V.V.; Clearfield, E.; Chuck, R.S. Non-steroidal anti-inflammatory drugs versus corticosteroids for controlling inflammation
after uncomplicated cataract surgery. Cochrane Database Syst. Rev. 2017, 2017, CD010516. [CrossRef]

20. Corkum, C.P.; Ings, D.P.; Burgess, C.; Karwowska, S.; Kroll, W.; Michalak, T.I. Immune cell subsets and their gene expression
profiles from human PBMC isolated by Vacutainer Cell Preparation Tube (CPT™) and standard density gradient. BMC Immunol.
2015, 16, 48. [CrossRef]

21. Maqbool, M.; Vidyadaran, S.; George, E.; Ramasamy, R. Optimisation of laboratory procedures for isolating human peripheral
blood derived neutrophils. Med. J. Malays. 2011, 66, 296–299.

22. Craciun, I.; Fenner, A.M.; Kerns, R.J. N-Arylacyl O-sulfonated aminoglycosides as novel inhibitors of human neutrophil elastase,
cathepsin G and proteinase 3. Glycobiology 2016, 26, 701–709. [CrossRef] [PubMed]

23. Dera, A.; Rajagopalan, P. Thymoquinone attenuates phosphorylation of AKT to inhibit kidney cancer cell proliferation. J. Food
Biochem. 2019, 43, e12793. [CrossRef] [PubMed]

24. Naal, R.M.Z.; Tabb, J.; Holowka, D.; Baird, B. In situ measurement of degranulation as a biosensor based on RBL-2H3 mast cells.
Biosens. Bioelectron. 2004, 20, 791–796. [CrossRef]

25. Al Shahrani, M.; Abohassan, M.; Alshahrani, M.Y.; Hakami, A.R.; Rajagopalan, P. High-throughput virtual screening and
preclinical analysis identifies CB-1, a novel potent dual B-Raf/c-Raf inhibitor, effective against wild and mutant variants of B-Raf
expression in colorectal carcinoma. J. Comput.-Aided Mol. Des. 2021, 35, 1165–1176. [CrossRef]

http://doi.org/10.1016/j.autrev.2010.12.006
http://www.ncbi.nlm.nih.gov/pubmed/21195808
http://doi.org/10.1038/srep08347
http://www.ncbi.nlm.nih.gov/pubmed/25666548
http://doi.org/10.1016/j.siny.2004.08.004
http://www.ncbi.nlm.nih.gov/pubmed/15691784
http://doi.org/10.1002/embr.201337983
http://doi.org/10.3390/molecules25225474
http://doi.org/10.4049/jimmunol.172.6.3553
http://doi.org/10.1016/j.redox.2013.07.005
http://doi.org/10.3892/ijmm.2017.3238
http://doi.org/10.1016/j.bbamcr.2008.01.002
http://doi.org/10.1089/ars.2010.3534
http://doi.org/10.3390/cancers2020483
http://doi.org/10.1016/j.it.2009.09.007
http://doi.org/10.3390/molecules23010134
http://doi.org/10.1002/ardp.200700157
http://doi.org/10.1016/j.bmc.2007.09.001
http://doi.org/10.1016/j.ejmech.2007.02.015
http://doi.org/10.2147/DDDT.S160314
http://doi.org/10.1002/14651858.CD010516.pub2
http://doi.org/10.1186/s12865-015-0113-0
http://doi.org/10.1093/glycob/cww011
http://www.ncbi.nlm.nih.gov/pubmed/26850997
http://doi.org/10.1111/jfbc.12793
http://www.ncbi.nlm.nih.gov/pubmed/31353586
http://doi.org/10.1016/j.bios.2004.03.017
http://doi.org/10.1007/s10822-021-00426-1


Biomedicines 2023, 11, 716 14 of 14

26. Kamli, H.; Zaman, G.S.; Shaikh, A.; Mobarki, A.A.; Rajagopalan, P. A Combined Chemical, Computational, and In Vitro Approach
Identifies SBL-105 as Novel DHODH Inhibitor in Acute Myeloid Leukemia Cells. Oncol. Res. Featur. Preclin. Clin. Cancer Ther.
2022, 28, 899–911. [CrossRef]

27. Ahmad, I.; Irfan, S.; Ali Beg, M.M.; Kamli, H.; Ali, S.P.; Begum, N.; Alshahrani, M.Y.; Rajagopalan, P. The SMAC mimetic AT-101
exhibits anti-tumor and anti-metastasis activity in lung adenocarcinoma cells by the IAPs/caspase-dependent apoptosis and
p65-NFκ B cross-talk. Iran. J. Basic Med. Sci. 2021, 24, 969–977.

28. Rajakariar, R.; Yaqoob, M.M.; Gilroy, D.W. COX-2 in inflammation and resolution. Mol. Interv. 2006, 6, 199–207. [CrossRef]
29. Bozinovski, S.; Jones, J.E.; Vlahos, R.; Hamilton, J.A.; Anderson, G.P. Granulocyte/macrophage-colony-stimulating factor (GM-

CSF) regulates lung innate immunity to lipopolysaccharide through Akt/Erk activation of NFκB and AP-1 in vivo. J. Biol. Chem.
2002, 277, 42808–42814. [CrossRef]

30. Stafford, J.L.; Neumann, N.F.; Belosevic, M. Macrophage-Mediated Innate Host Defense Against Protozoan Parasites. Crit. Rev.
Microbiol. 2002, 28, 187–248. [CrossRef]

31. Kayhan, S.; Guzel, A.; Duran, L.; Tutuncu, S.; Guzel, A.; Gunaydın, M.; Salis, O.; Okuyucu, A.; Selcuk, M.Y. Effects of leflunomide
on inflamation and fibrosis in bleomycine induced pulmonary fibrosis in wistar albino rats. J. Thorac. Dis. 2013, 5, 641–649.
[CrossRef]

32. Sedgwick, J.B.; Menon, I.; Gern, J.E.; Busse, W.W. Effects of inflammatory cytokines on the permeability of human lung
microvascular endothelial cell monolayers and differential eosinophil transmigration. J. Allergy Clin. Immunol. 2002, 110, 752–756.
[CrossRef]

33. Gabay, C. Interleukin-6 and chronic inflammation. Arthritis Res. Ther. 2006, 8, S3. [CrossRef]
34. Doherty, D.E.; Downey, G.P.; Worthen, G.S.; Haslett, C.; Henson, P.M. Monocyte retention and migration in pulmonary inflamma-

tion. Requirement for neutrophils. Lab. Investig. J. Tech. Methods Pathol. 1988, 59, 200–213.
35. Oliveira, S.H.; Canetti, C.; Ribeiro, R.A.; Cunha, F.Q. Neutrophil Migration Induced by IL-1β Depends upon LTB4 Released by

Macrophages and upon TNF-α and IL-1β Released by Mast Cells. Inflammation 2008, 31, 36–46. [CrossRef]
36. Driessler, F.; Venstrom, K.; Sabat, R.; Asadullah, K.; Schottelius, A.J. Molecular mechanisms of interleukin-10-mediated inhibition

of NF-κB activity: A role for p50. Clin. Exp. Immunol. 2004, 135, 64–73. [CrossRef]
37. Siracusa, M.C.; Kim, B.S.; Spergel, J.M.; Artis, D. Basophils and allergic inflammation. J. Allergy Clin. Immunol. 2013, 132, 789–801.

[CrossRef]
38. Knol, E.F.; Mul, F.P.; Jansen, H.; Calafat, J.; Roos, D. Monitoring human basophil activation via CD63 monoclonal antibody 435. J.

Allergy Clin. Immunol. 1991, 88, 328–338. [CrossRef]
39. Wedi, B.; Kapp, A. Cellular in-vitro assays. Applicability in daily routine. Der Hautarzt Z. Fur Dermatol. Vener-Ologie Und

Verwandte Geb. 2010, 61, 954–960. [CrossRef]
40. Hausmann, O.V.; Gentinetta, T.; Fux, M.; Ducrest, S.; Pichler, W.J.; Dahinden, C.A. Robust expression of CCR3 as a single basophil

selection marker in flow cytometry. Allergy 2011, 66, 85–91. [CrossRef]
41. Sturm, G.J.; Kranzelbinder, B.; Sturm, E.M.; Heinemann, A.; Groselj-Strele, A.; Aberer, W. The basophil activation test in the

diagnosis of allergy: Technical issues and critical factors. Allergy 2009, 64, 1319–1326. [CrossRef] [PubMed]
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