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A B S T R A C T

Aims: Allergic airway disease manifestation is induced by lysophosphatidylcholine (LPC) through CD1d-restricted
Natural killer T (NKT) cells. Choline chloride (ChCl) and LPC both have the “choline”moiety in their structure and
this may interplay the effect in allergic airway disease pathway.
Main methods: To test the hypothesis, mice were sensitized with cockroach extract (CE); challenged with CE or
exposed to LPC and were given ChCl 1hr later.
Key findings: A significant increase in Airway hyperresponsiveness (AHR), total and differential cell count, Th2
cytokines, 8-isoprostanes level in bronchoalveolar lavage fluid (BALF) and inflammation score based on lung
histology were observed on challenge with CE or exposure to LPC (p < 0.05) indicating LPC induced airway
disease manifestation in mice. These parameters were reduced significantly after administering mice with ChCl (p
< 0.05). The inflammatory parameters were significantly increased in LPC exposed mice, not sensitized with CE,
which were significantly decreased when mice were administered with ChCl demonstrating its role in the inhi-
bition of LPC induced allergic airway disease manifestation. Docking of CD1d with LPC and ChCl indicated the
competitive inhibition of LPC induced effect by ChCl. This was validated in vivo in the form of decreased CD1d-
restricted NKT cells in BALF and lung of the immunized mice on ChCl administration. There was no effect of ChCl
administration on CD1d expression in BALF and lung cells.
Significance: This study shows that ChCl attenuates the allergic response by inhibiting the LPC induced- NKT cell
mediated AHR, inflammation and oxidative stress by competitive inhibition to LPC in binding to CD1d.
1. Introduction

Choline plays an important role in normal physiology of the body like
mobilization of fats in liver; synthesis of acetylcholine; formation of
phosphatidylcholine (PC) by de novo pathway (Blusztajn, 1998; Pelech
and Vance, 1984). It is present in food in free form or as phosphatidyl-
choline in egg yolk, animal fat and various vegetables (Zeisel, 2000). It
helps in maintaining the structural integrity of the cell membranes and
involves in cholinergic neurotransmission, methyl group metabolism,
lipid and cholesterol transportation and metabolism, and
trans-membrane signalling. Cells show apoptosis in choline deficient
medium (Yen et al., 1999). Choline deficiency also leads to increased
oxidative stress causing oxidative and mitochondrial damage in liver and
plasma (Ossani et al., 2007; Yoshida et al., 2006). Choline has shown
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anti-inflammatory effects in animal model of arthritis (Ganley et al.,
1958). It also shows the antinociceptive effects against inflammatory
pain (Wang et al., 2005). Mehta et al. showed choline chloride's role in
reduction of inflammation and oxidative stress in mice model of allergic
airway disease (Mehta et al., 2007),(Mehta et al., 2009). Choline has the
therapeutic potential in asthma management (Mehta et al., 2010).
Although, the mechanism underlying the modulating effect of choline is
yet not clear.

Allergy is known as a hypersensitive response of the immune system.
Allergen challenge induces phospholipase A2 secretion by various airway
cells including mast cells, alveolar macrophages and neutrophils (Chilton
et al., 1996; Touqui et al., 1994; Triggiani et al., 2009; Degousee et al.,
2002; Giannattasio et al., 2009).

Lung mast cells store secretory phospholipase A2 (sPLA2) in its
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granules. Cross-linking of IgE on allergen challenge induces degranula-
tion of mast cells releasing sPLA2 in the extracellular fluid in the early
phase of allergic reaction (Pniewska and Pawliczak, 2013; Triggiani
et al., 2009). sPLA2 hydrolyses the phospholipids of the cell membrane at
the sn-2 position of the ester bond resulting in LPC and free fatty acid or
arachidonic acid (Ghesquiere et al., 2005). Increased LPC level is
observed in various pathophysiology conditions like cardiovascular
complications in diabetes, atherosclerosis, ischemia (Shi et al., 1999a,
1999b), endometriosis (Murphy et al., 1998), psoriasis (Ryborg et al.,
1995), hyperlipidemia (Zhang et al., 2006), renal failure during hemo-
dialysis (Sasagawa et al., 1998); rheumatoid arthritis (Fuchs et al., 2005),
asthma and rhinitis (Mehta et al., 1990). It is reported to involve in acute
lung injury due to damage of alveolar type I cellular membranes (Nie-
woehner et al., 1987). It acts as a natural adjuvant and involves in hu-
moral and cellular immune responses (Perrin-Cocon et al., 2006).

LPC level increases in the plasma and BALF of asthma and rhinitis
patients (Agrawal and Nath, 1978; Chilton et al., 1996; Mehta et al.,
1990; Wadehra et al., 1987).The role of LPC has been seen in desensiti-
zation of β-adrenergic receptor by Ca2þ sensitization in tracheal smooth
muscle cells (Kume et al., 2001). It involves in eosinophils infiltration
and bronchoconstriction (Nishiyama et al., 2004; Nobata et al., 2005). A
study by Yoder et al. also showed increased level of LPC in the lung lining
fluid of asthmatics (Yoder et al., 2014).

LPC is reported critical for allergic manifestation. It increases airway
hyperresponsiveness (AHR), Th2 type cytokines, airway inflammation
and oxidative stress. It does so via CD1d-restricted LY49CþTCRβþ natural
killer T (NKT) cells (Bansal et al., 2016). CD1d is major histocompati-
bility complex (MHC) class-I like molecule present on the surface of
antigen presenting cells (APCs) and involves in lipid presentation (Olei-
nika et al., 2018). Blocking of Cd1d by monoclonal antibody does not
allow the allergen or LPC induced allergic manifestation (Bansal et al.,
2016).

Lysophosphatidylcholine and choline both have the similar “choline”
moiety in structures. Therefore, we hypothesised that choline chloride
might be competing with LPC in binding to CD1d; thereby inhibiting the
LPC mediated response.

2. Material and methods

The immunization protocol was approved by the animal ethics com-
mittee of CSIR-Institute of Genomics and Integrative Biology. The ex-
periments were done following the guidelines of committee for the
purpose of control and supervision of experiments on animals (CPCSEA),
Govt. of India. The experiments were repeated and data presented here
belongs to one of the two independent experiments with similar results.

2.1. Preparation of Cockroach extract (CE)

Cockroach extract was prepared from whole body cockroaches by the
method described earlier (Thangam, V et al., 2007). Briefly, male and
female cockroaches were taken and freeze dried using a freeze dryer
(Martin Christ Freeze Dryers, Germany) and ground to fine powder. The
powder was defatted with 4–5 changes of diethyl ether at 4 �C. It was
dissolved in 125 mM ammonium bicarbonate (NH4HCO3) buffer of pH
8.0, containing EDTA (5 mM) and phenylmethylsulfonyl fluoride (PMSF)
(1 mM). It was stirred continuously at 4 �C for 8 h, centrifuged at 6700�g
at 4 �C for 1 h, collected the supernatant, dialyzed using distilled water
and lyophilized and stored at �20 �C. Protein content of the cockroach
extracts was determined by BCA Protein assay kit (Sigma Aldrich). CE
was dissolved in phosphate buffer saline (PBS) as per the requirement of
the immunization protocol.

2.2. Mice

Female BALB/c mice (4–6 weeks), weighing up to around 20 g were
obtained from the National Institute of Nutrition, Hyderabad, India. They
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were acclimatized for 1 week under standard laboratory conditions, i.e.
25 �C temperature and 60–70% humidity on a 12 h light/dark schedule
with access to water and standard diet.

2.3. Immunization and treatment

The groups of mice were sensitized with CE (10μg/100 μl PBS) on day
0, 7th & 14th intraperitoneally (i.p.) whereas a control group was
sensitized with PBS (Fig. 1: protocol 1). They were challenged with CE
(10 μg/10 μl PBS) or exposed to LPC (1-Palmitoyl-sn-glycero-3-phos-
phocholine) (Sigma Aldrich) (4.82 μg/10 μl 5%DMSO) intranasally (i.n.)
on days 25th, 26th and 27th except the PBS control group, which was
challenged with PBS. Mice were treated 1 h after the CE challenge or LPC
exposure with choline chloride (ChCl) (Sigma Aldrich) (1 mg/kg) or PBS
(i.n). In another experiment (Fig. 1: protocol 2) mice were exposed to LPC
(i.n.) on day 0, 7th & 14th and 25th, 26th and 27th and treated 1 h after
the LPC exposure on days 25th, 26th and 27th with ChCl (1 mg/kg) or
PBS (i.n.). On day 28th, AHR was recorded and mice were sacrificed to
collect BALF and lungs. Doses of LPC and ChCl were devised according to
the literature (Bansal et al., 2016; Mehta et al., 2007).

2.4. Assessment of AHR

AHRwasmeasured on day 28th using different doses of methacholine
(2, 4, 8, 12, 16 and 20, 25 and 30 mg) after anaesthetising the mice with
xylazine (10 mg/kg) and sodium thiopentone (100 mg/kg) i.p. as per the
method described earlier (Bansal et al., 2016).

2.5. Collection of BALF and lungs

Lungs were lavaged three times with 0.5 ml chilled PBS. The bron-
choalveolar lavage fluids (BALF) were centrifuged at 400�g for 10 min at
4 �C and supernatants were stored at�80 �C (Saw and Arora, 2016). Cell
pellets were resuspended in PBS and used for Total leukocyte count (TLC)
and differential leukocyte count (DLC) evaluation. They were also uti-
lised for analysis of CD1dþ cells and LY49/cþ TCRβþ NKT cells in BALF.
Similarly, lungs were collected and processed for histology as described
earlier (Bansal et al., 2016) as well as for analysis of CD1dþ cells and
LY49/cþ TCRβþ NKT cells.

2.6. Measurement of 8-isoprostanes

BALF samples were assayed for the measurement of 8-isoprostanes’
levels using enzyme immunoassay kits (Cayman Chemical Co., MI, USA)
following the manufacturer's instructions. The detection limit for this
assay was 0.8 pg/ml.

2.7. Determination of cytokines by ELISA

Interleukin (IL)-4 and IL-5 levels were determined in BALF by ELISA,
using paired antibodies according to the manufacturer's proposal (BD
Pharmingen) as described earlier (Bansal et al., 2016). The detection
limit for IL-4 and IL-5 assay was 4.0 pg/ml.

2.8. Histopathology

Lungs were fixed in neutral buffered formalin (10%), embedded in
paraffin and 4 μm thick sections were cut using microtome. They were
stained with haematoxylin–eosin (H&E) and assessed for inflammation
score as described elsewhere (Bansal et al., 2014).

2.9. Docking experiment

To understand the binding mechanism of both the molecules, i.e. LPC
and ChCl with CD1d, docking studies were performed. CD1d structure
was downloaded from the PDB database, whose structure was resolved at



Fig. 1. Schematic presentation of immunization protocol. Protocol 1. Mice were sensitized on days: 0, 7, &14 intraperitoneally (i.p.) with cockroach extract (CE).
They were either challenged with CE or exposed to lysophosphatidylcholine (LPC) intranasally (i.n.) on days 25, 26, & 27. 1hr after each challenge or LPC exposure
mice were administered i.n. with choline chloride (ChCl). Protocol 2. Mice were exposed to LPC i.n. on days: 0, 7, 14, 25, 26, & 27. They were administered i.n. with
ChCl 1hr after LPC exposure on days: 25, 26, & 27.
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2.8 Å and co-crystallized with internal ligand phosphatidylcholine
(Giabbai et al., 2005). Prior to docking study, all water molecules and
other ligands were removed and hydrogen and missing atoms were
added to the CD1d. Alternative amino acid conformations were also
removed. Finally structure was minimized for 1000 steps with steepest
descent algorithm (Garg et al., 2010). 3D structure of both the ligands
was downloaded from the PubChem Data base, while the minimization
was performed using Open Babel software (O'boyle et al., 2011). All the
docking analyses were performed using Autodock Vina using the best
suitable parameters acquired from the various earlier studies published
elsewhere (Trott and Olson, 2010). Exhaustiveness and number of
models are very critical parameter for docking. In our case we have used
values 50 and 20 for exhaustiveness and number of models, respectively
(Chang et al., 2010; Seeliger and De Groot, 2010). Docking results were
analyzed and images were generated using pyMol software.

2.10. Flow cytometry to examine NKT and CD1dþ cell population

Lung of each mouse was homogenized and passed through cell
strainer of 100μ size to get single cell suspension; centrifuged at 290�g,
for 10 min at 4 �C to get the pellet. RBCs were lysed using RBC lysis
buffer. BALF cells and lung cells were surface stained for LY49 C/I and
TCR-β using PE-labelled anti LY49C/I (clone 14B11) and APC- labelled
anti TCR-β(clone H57-597) antibodies (ebioscience, Inc., USA). For CD1d
staining, Alexa Fluor ® 488-labelled anti-CD1d (clone1B1) (ebioscience,
Inc., USA) antibody was used. The cells were acquired using BD Accuri™
C6 flow cytometer (BD Biosciences) and analyzed using BD Accuri™ C6
software. Dual positive LY49C/IþTCR-βþcells were acquired as NKT
cells.

2.11. Statistical analysis

Data were analyzed using Student t-test to examine the differences
between control and challenged groups as well as between challenged
and treated groups. Differences were considered significant at p < 0.05.
Data are presented as mean � SEM for each group.

3. Results

3.1. AHR, airway inflammation and Th2 type cytokines in CE immunized
mice is reduced by ChCl

To mimic the natural allergen exposure mice were exposed to cock-
roach extract and AHR was recorded. At the dose of 30 mg/ml meth-
acholine, there was 1.5 folds increase in AHR as compared to PBS control
mice (p < 0.05) (Fig. 2A). A significant airway inflammation was
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observed in CE immunized mice as compared to PBS control mice as
demonstrated by TLC, eosinophils and neutrophils (Fig. 2B), lung his-
tology and inflammation score (Fig. 2C). Th2 type cytokines- IL-4 (p <

0.05) (Fig. 2D) and IL-5 (p < 0.05) (Fig. 2E) were significantly increased
in CE immunized mice as compared to PBS control mice. ChCl treatment
reduced all these parameters significantly.

3.2. AHR, airway inflammation, and Th2 type cytokines in CE sensitized
and LPC exposed mice is reduced by ChCl

To study the effect of ChCl on LPC exposed mice, mice were exposed
to LPC directly after CE sensitization. LPC exposure significantly
increased AHR (p < 0.05) (Fig. 3A), TLC (p < 0.05), eosinophils (p <

0.05) and neutrophils (p < 0.05) (Fig. 3B) as compared to PBS control
mice. It increased lung inflammation as demonstrated by lung histology
and inflammation score (p < 0.05) (Fig. 3C). It also increased IL-4 (p <

0.05) (Fig. 3D) and IL-5 (p < 0.05) (Fig. 3E) as compared to PBS control
mice. Treatment with ChCl, 1hr after LPC exposure significantly
decreased these parameters as in the case of CE immunized mice
demonstrating the ChCl effect in inhibiting the LPC induced airway
disease parameters.

3.3. AHR, airway inflammation, and Th2 type cytokines in LPC exposed
mice, without CE sensitization is reduced by ChCl

To further demonstrate the ChCl inhibiting effect on LPC induced
airway disease manifestation, mice were exposed only to exogenous LPC
without CE sensitization. It was found that AHR (p< 0.05) (Fig. 4A), TLC
(p< 0.05), eosinophils and neutrophils in BALF (p< 0.05) (Fig. 4B), lung
inflammation (p < 0.05) (Fig. 4C), IL-4 (Fig. 4D) and IL-5(p < 0.05)
(Fig. 4E) were significantly increased in LPC exposed mice, not sensitized
with CE, in similar proportion to CE sensitized, LPC exposed mice. These
parameters were significantly decreased by ChCl treatment as compared
to LPC exposed mice (p < 0.05).

3.4. ChCl treatment reduces oxidative stress in CE immunized/CE
sensitized LPC exposed/LPC exposed, not sensitized with CE mice

CE immunized mice showed a significant increase in oxidative stress
marker, 8-isoprostane conc. in BALF (p < 0.05) as compared to PBS
control mice (Fig. 5A). There was also a significant increase in 8-isopros-
tanes in BALF of CE sensitized LPC exposed mice (Fig. 5A) as well as LPC
exposed mice, not sensitized with CE (p < 0.05) as compared to PBS
control mice (Fig. 5B). There was ~2 fold increase in 8-isoprostanes level
in CE challenged or LPC exposed mice as compared to PBS control mice.
ChCl treatment reduced the 8-isoprostanes level in BALF of CE



Fig. 2. AHR, TLC, DLC, lung inflammation and
Th2 type cytokines in CE immunized mice is
reduced by ChCl. A Airway hyperresponsiveness
(AHR) and B) total cell count and eosinophil and
neutrophil cell count in bronchoalveolar lavage fluid
(BALF). C) Lung sections stained with H&E (Power:
40X). Inflammation score was calculated on the basis
of cell infiltration in and thickening of airways. D) IL-
4 and E) IL-5 in BALF. Concentrations were expressed
in pg/ml. Here, PBS- PBS control mice; CE-CE-PBS-
Cockroach extract immunized, PBS treated; CE-CE-
ChCl- Cockroach extract immunized, choline chloride
treated. Data presented here are the means � SEM of
values from 4 mice per group. *, p < 0.05 versus PBS;
#, p < 0.05 versus CE-CE-PBS.
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immunized, CE sensitized-LPC exposed mice, and LPC exposed-not
sensitized with CE mice significantly (p < 0.05).
3.5. Docking shows that both LPC and ChCl have an affinity for binding to
CD1d

Docking Result shows that choline and LPC binds within the binding
pocket of CD1d with the �3.0 and �7.7 kcal/mol binding energy
respectively. This difference in binding energy of both the compounds
mainly occurs due the difference in their size. In comparison to LPC, ChCl
binds deep inside into the hydrophobic pocket due its small size. Phos-
phate moiety of LPC forms two hydrogen bonds with the residue Thr 156,
while in the case of choline, hydroxyl group contributes two H-bonds
with Gly 14 and Ser 28 residues (Fig. 6). Both the compounds form two
hydrogen bonds with the CD1d but over all contribution of different
4

intermolecular interactions provide extra stability to the LPC.
3.6. ChCl treatment does not reduce the CD1dþ cells in BALF and lung

LPC exposed mice does not show any significant change in CD1dþ

cells in BALF, but a significant increase is observed in CD1dþ cells in lung
of CE sensitized LPC exposed mice as compared to PBS control mice (p <

0.05). However, there is no effect of ChCl administration in LPC exposed
mice, on the number of CD1dþ cells in BALF or lung of the mice (Fig. 7).
3.7. LPC exposure increases, while ChCl administration decreases the NKT
cells in BALF and lung

A significant increase is observed in LY49/cþ TCR-βþ NKT cells in
BALF (p < 0.05) of CE sensitized LPC exposed mice as compared to PBS



Fig. 3. AHR, TLC, DLC, lung inflammation and
Th2 type cytokines in LPC exposed mice is reduced
by ChCl. A) Airway hyperresponsiveness (AHR) and
B) total cell count and eosinophil and neutrophil cell
count in bronchoalveolar lavage fluid (BALF). C) Lung
sections stained with H&E (Power: 40X). Inflamma-
tion score was calculated on the basis of cell infiltra-
tion in and thickening of airways. D) IL-4 and E) IL-5
in BALF. Concentrations were expressed in pg/ml.
Here, PBS- PBS control mice; CE-LPC-PBS- Cockroach
extract sensitized, lysophosphatidylcholine exposed,
PBS treated; CE-LPC-ChCl- Cockroach extract sensi-
tized, lysophosphatidylcholine exposed, choline chlo-
ride treated. Data presented here are the means �
SEM of values from 4 mice per group. *, p < 0.05
versus PBS; #, p < 0.05 versus CE-LPC-PBS.
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control mice. Their number considerably reduces on administration of
ChCl (p < 0.05). Similarly, LY49/cþ TCR-βþ NKT cells increase in lung of
CE sensitized LPC exposed mice significantly as compared to PBS control
mice e (p < 0.05), which shows significant decrease on ChCl adminis-
tration (p < 0.05) (Fig. 7).

4. Discussion

Asthma is a chronic inflammatory disease. It is accompanied with
AHR, lung inflammation, Th2 type cytokines and oxidative stress.
Many therapies are available for the management of asthma, but
corticosteroids is the mainstay therapy and some asthmatics don't
respond to these or develop adverse side-effects (Williams et al.,
5

2003). Choline chloride is a potential anti-inflammatory agent and
may have an advantage to be used in asthma patients (Ganley et al.,
1958; Mehta et al., 2007). In a three month clinical study, Gaur et al.
used choline for the management of asthma. It proved as an effective
prophylactic drug in asthma (Gaur et al., 1997). Another placebo
controlled study of 4 months using two doses of choline (1.5 and 3
g/day) for asthma was carried out in which choline treatment showed
significant improvement in symptom score, reduction in drug use and
airway conductance (Gupta and Gaur, 1997). In another study, choline
chloride given by oral route to patients (15–45 years) of asthma with
or without rhinitis patients reduced airway inflammation, AHR,
symptoms and drug use and systemic inflammatory markers as well as
oxidative stress effectively than pharmacotherapy alone treatment in



Fig. 4. AHR, airway inflammation and Th2 type cytokines are decreased by ChCl in CE unsensitized, LPC exposed mice. A) Airway hyperresponsiveness (AHR)
B) TLC, Eosinophil and Neutrophil cell count in bronchoalveolar lavage fluid (BALF). C) Lung sections stained with H&E (Power: 40X). Inflammation score was
calculated on the basis of cell infiltration in and thickening of airways. D) IL-4 and E) IL-5 in BALF. Here, vehicle-vehicle control mice; LPC-PBS- Cockroach extract
unsensitized, lysophosphatidylcholine exposed, PBS treated; LPC-ChCl- Cockroach extract unsensitized, lysophosphatidylcholine exposed, choline chloride treated.
Data here are the means � SEM of values from 4 mice per group. *, p < 0.05 versus Vehicle; #, p < 0.05 versus LPC-PBS.
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asthmatics (Mehta et al., 2010). But, what is the mechanism of its
action is not known till date.

Bansal et al. demonstrated that LPC increases AHR, airway inflam-
mation, Th2 type cytokines secretion, and oxidative stress via CD1d-
restricted NKT cells (Bansal et al., 2016). In the present study, the ef-
fect of ChCl on LPC-induced allergic manifestation is studied in a mice
model. CE challenge increases AHR, lung inflammation (as demonstrated
by cell infiltration in the airways and lung-histology), Th2 type cytokines,
and oxidative stress significantly. Similarly, LPC exposure increases these
parameters significantly. ChCl treatment in CE immunized or LPC
exposed mice decreases the parameters to the level of PBS control mice.
CE challenge increases LPC in BALF. LPC increases AHR, airway
inflammation and Th2 type cytokines, and oxidative stress (Bansal et al.,
2016). CE challenged or LPC exposed mice when given ChCl has shown a
decrease in the parameters to the level of PBS control mice in the present
study.
6

To further confirm the role of ChCl in the inhibition of the LPC-
induced immune response, mice are exposed to LPC without CE sensiti-
zation. AHR, airway inflammation, Th2 type cytokines and levels of 8-
isoprostanes increase significantly on LPC exposure. ChCl decreases the
parameters significantly indicating its ability to inhibit the LPC-induced
allergic manifestation. This may be due to LPC and ChCl having identical
“choline” moiety in the structure.

To confirm that we approached in silico docking studies. Docking data
suggests that the long fatty acid chain LPC enters into the deep binding
cleft and the major contribution of ligand-CD1d complex stability is
driven by the hydrophobic interactions. Due to the smaller size of choline
the contribution of H-bond and weak interaction is very low and hence it
shows less binding energy in comparison to LPC, hence resulting in low
affinity towards CD1d. It can be speculated that when both the molecules
would be present in a similar concentration, due to the competitive
binding, LPC shows a superior binding over choline, while a 4–6 times



Fig. 5. Oxidative stress decreases by ChCl in CE
immunized or CE sensitized, LPC exposed mice or
CE unsensitized LPC exposed mice. 8-isoprostanes
in bronchoalveolar lavage fluid (BALF). A) Here,
PBS- PBS control mice; CE-CE-PBS- cockroach extract
immunized, PBS treated; CE-CE-ChCl-cockroach
extract immunized, choline chloride treated; CE-LPC-
PBS- cockroach extract sensitized, lysophosphati-
dylcholine exposed, PBS treated; CE-LPC-ChCl- -
cockroach extract sensitized, lysophosphatidylcholine
exposed, chloride treated. *, p < 0.05 versus PBS; #,
p < 0.05 versus CE-CE-PBS; $, p < 0.05 versus CE-
LPC-PBS.B) Here, vehicle-vehicle control mice; LPC-
PBS- cockroach extract unsensitized, lysophosphati-
dylcholine exposed, PBS treated; LPC-ChCl-cockroach
extract unsensitized, lysophosphatidylcholine
exposed, choline chloride treated. Data presented in
A) and B) are the means � SEM of values from 4 mice
per group.*, p < 0.05 versus vehicle; #, p < 0.05
versus LPC-PBS.

Fig. 6. A) Represents the ball and stick model of docked conformations of LPC and ChCl. Phosphate moiety of LPC (orange stick model) forms two hydrogen bonds
with Thr 156 (left side). Hydroxyl group of choline also formed two hydrogen bonds with Glu14 & Ser28 residues. B) Represents the interaction of both the ligands
within the binding pocket. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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higher concentration of choline may replace LPC from the CD1d binding
side. In the present experiment, the used concentration of ChCl is 4–5
times higher than that of LPC, which is in corroboration of the observed
results in the case of ChCl administration in LPC exposed or CE
7

immunized mice. The doses used for LPC and ChCl in this experiment are
derived from the literature (Bansal et al., 2016; Mehta et al., 2007; Mehta
et al., 2009), which further consolidates the speculation without any
hypothesis driven biasness.



Fig. 7. ChCl treatment does not reduce the CD1dþ

cells but decreases the NKT cells in BALF and lung of
mice.
A) CD1d þ cells in bronchoalveolar lavage fluid
(BALF) and lung B) NKT cells in bronchoalveolar
lavage fluid (BALF) and lung. Both are expressed here
as % CD1d þ or % NKT cells i.e., proportion of CD1d
þ or NKT cells out of total BALF or lung cells. Here,
vehicle-vehicle control mice; LPC-PBS- cockroach
extract unsensitized, lysophosphatidylcholine
exposed, PBS treated; LPC-ChCl-cockroach extract
unsensitized, lysophosphatidylcholine exposed,
choline chloride treated. Data here are the means �
SEM of values from 4 mice per group. *, p < 0.05
versus Vehicle; #, p < 0.05 versus LPC-PBS.

P. Bansal et al. Current Research in Pharmacology and Drug Discovery 3 (2022) 100109
LPC induces NKT cell activation or proliferation by binding to CD1d
(Bansal et al., 2016). In the present study, we have found that LPC expo-
sure increases NKT cells in the BALF and lung of the mice. NKT cells in
BALF and lung, decreases on ChCl administration. It can be speculated that
ChCl gives a competitive hindrance to LPC in binding to CD1d and does not
allow NKT cells to get activate and proliferate and thus inhibits the allergic
manifestation resulting in decreased AHR, lung inflammation, Th2 type
cytokines and oxidative stress. Lombardi et al. has shown in mouse model
that dipalmitoyl-phosphatidyletahnolamine polyethylene glycol acted as
an antagonist to α-galactoceramide and prevented allergen-induced AHR
by competing in binding to CD1d (Lombardi et al., 2010).

It has been observed that LPC level is increased in the plasma and
bronchoalveolar lavage fluid of asthma and rhinitis patients (Chilton
et al., 1996; Mehta et al., 1990; Wadehra et al., 1987; Yoder, Zhuge,
Yuan, Holian, Kuo, van, Thomas, and Lum, 2014; Agrawal and Nath,
1978). Gaur et al. has suggested that therapeutic potential of ChCl in
asthma patients may be due to its role in lowering of LPC (Gaur et al.,
1997). Still no data is reported to confirm this for ChCl effect. In asth-
matics, beta-2 adrenergic receptors are present in normal or increased
numbers but get uncoupled in severe asthmatics causing their hypores-
ponsiveness probably by inflammatory mediators (Bai, 1992). LPC in-
volves in desensitization of β-adrenergic receptors (Kume et al., 2001)
and in broncho-constriction (Nobata et al., 2005). One of the explana-
tions for ChCl therapeutic effect may be given by that it acts on or binds
with beta-2 adrenergic receptor in such a way that does not allow LPC to
bind and its desensitization. Although LPC effects are multiple, in recent
study it has been reported that LPC is critical for allergic manifestation
via CD1d-restricted NKT cells (Bansal et al., 2016). Studies showed a
strong affinity between LPC and CD1d (Lopez-Sagaseta et al., 2012). That
is the reason we did the docking studies for CD1d-ChCl to confirm
whether ChCl could replace LPC at the given concentration. As shown by
its structure (Fig. 6), ChCl is smaller than LPC. Because of its smaller size,
it binds deep inside into the hydrophobic pocket of CD1d. If ChCl is in
4–5 times concentration of LPC, then probably, ChCl occupies the pockets
of CD1d in such a way that LPC would not be able to bind and hence
would not allow NKT activation and hence no allergic manifestation.

One more possibility for how the ChCl might be acting in vivo may be
that ChCl has an effect on CD1d expression, and that is how it may affect
activation of NKT cells in vivo and further downstream effects. To inquire
thatwe checkedCD1d expression throughflowcytometry in BALF and lung
of the LPCexposedmiceaswell as inChCladministeredmice.Wefind inour
study that there is no significant change inBALF cells inCD1dexpression on
either LPC exposure or ChCl administration. In lung, although there was a
significant increase in CD1d expression on LPC exposure, but ChCl
administration did not cause any significant decrease in that, ruling out the
involvement of any such effect through CD1d expression.

The study demonstrates that use of ChCl decreases AHR, inflamma-
tion, Th2 type cytokines and oxidative stress in allergic airway disease by
competitively inhibiting the action of LPC. This outcome is yet to be
established in allergic airway disease patients where it might probably
help in better understanding and managing the disease. The present
8

study might be helpful not only in allergic airway diseases like asthma
but also other diseases where LPC plays a critical role (Shi, Yoshinari,
Iino, Wakisaka, Iwase, and Fujishima, 1999a; Shi, Yoshinari, Wakisaka,
Iwase, and Fujishima, 1999b; Murphy et al., 1998; Ryborg et al., 1995;
Zhang et al., 2006; Sasagawa et al., 1998). There are reports in which,
LPC has been seen linked with atherosclerosis, acute and chronic
inflammation; systemic lupus erythematosus, cardiovascular disease,
diabetes and diabetic kidney disease (Schmitz and Ruebsaamen, 2010;
Grossmayer et al., 2017; Koenen, 2019; Liu et al., 2020; Yoshioka et al.,
2022). As the present study, clearly demonstrated the potential of choline
chloride in inhibiting the LPC induced response. It might be promising in
managing these diseases.

5. Conclusion

Choline chloride attenuates the allergic response by inhibiting the
LPC induced NKT cells activation, proliferation and so AHR, inflamma-
tion and oxidative stress by providing competitive inhibition to LPC in
binding to CD1d.
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