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Lung injuries are attributed due to exposure to Drugs or chemicals. One of the important challenging sit-
uations for the clinicians is to manage treatments of different diseases with acute lung injury (ALI). The
objective of this study was to investigate the possible protective mechanisms and action of a novel
Phosphodiesterase-4 inhibitor ‘‘Apremilast” (AP) in lipopolysaccharide (LPS)-induced lung injury. Blood
sample from each animals were collected in a vacuum blood collection tube. The rat lungs were isolated
for oxidative stress assessment, western blot analysis and their mRNA expressions using RT-PCR.
Exposure of LPS in rats causes significant increase in oxidative stress, activates the pro-inflammatory
cytokines release like tissue necrotic factor-alpha (TNF-a), interleukin-1b (IL-1b) and interleukin-6 (IL-
6), modulated gene expression, protein expression and histopathological changes which were reversed
by administration of AP. Finding of the research enlighten the protective role of AP against LPS-
induced ALI.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Damage to lungs parenchyma and alveolar septa results in
merging of two or more alveolar cells which decrease gaseous
exchange that is considered as pulmonary or alveolar toxicity,
which may be short periods or everlasting (Johnson and
Matthay, 2010). Reversible damage refers as acute lung injury
(ALI)/toxicity (Satkirin et al., 2007; Khalsa et al., 2007). Conse-
quently acute inflammation/parenchymal lung disease causes
disruption of the endothelial and epithelial barrier in the lung,
which is characterized by dyspnoea to a rapid terminal failure
of the respiration. Irreversible or long lasting or permanent dam-
age to the lungs is called as chronic or late pulmonary toxicity.

Themembraneof the alveolar capillary is comprised ofmicrovas-
cular endothelium, interstitiumandalveolar epithelium.ALI consid-
ered as a foundation of acute respiratory distress syndrome (ARDS)
manifested by severe form of hypoxemia, swelling and decreased
neutrophils (Lee et al., 2001; Lee and Downey 2001). ARDS is gener-
ated by high grade sepsis, strain, shock, hyperacidosis, inspiration of
harmful gas, etc. (Avecillas et al., 2006). The pathological mecha-
nisms of ALI presents apoptotic derangements and unregulated
release of granulocytes, the maladies associated with cytokines
and oxidative free radicals/anti-oxidant mechanisms (Rubenfeld
et al., 2005). Clinical presentation of ALI imposes as problem that
cause high mortality rates of 30–50 % (Ware and Matthay, 2000),
and effective measures are still lacking to manage it. Therefore, it
becomes necessary to explore the mechanism of ALI development
and to search for new efficacious drugs options for its treatment.

Lipopolysaccharides (LPS) are metabolic end products of the
Gram-negative bacterial as a main component of outer cell wall
(membrane) which are able to induce infections, tissue injuries
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and/or inflammation, as well as biochemical changes in the form of
inflammation. It is biologically active having potential to stimu-
lates an innate immune response and agonizes the Toll-like recep-
tor 4 (TLR4) mediated action (Park and Lee, 2013). Activated TLR4
leads to further activation of the nuclear factor-kappa b (NF-kb)
and mitogen-activated protein kinases (MAPK) signaling pathway
(Park and Lee, 2013; Jesse et al., 1999; Chow et al., 1999).

In NF-kB signaling pathways, IKK activate NF-kB by phosphory-
lating the IKKa or IKKb in an IKKc-dependent manner which is trig-
gered by release and interaction of inflammatory mediators
(cytokines), endo/exo toxins, and proteins serving as receptors of
the antigens (Li et al., 1999; Chen and Greene 2004; Liang et al.,
2014; Lai et al., 2017; Liu et al., 2019; Cheng et al., 2021). Studies
reported in knock-outmice that, in the developing liver (embryonic
stage) high rate of embryonic mortality in IKKb-deficient mice is
mediated by extensive liver apoptosis because of defective TNF or
IL signaling to NF-jB (Liu, 2019 #476; Lai, 2017 #455). IKK’s role
in conventional NF-jB signaling is still unclear; however, more
recent research has discovered that IKK modulates gene expression
through modifying histone and p65 phosphorylation status (Chen
and Greene, 2004).

It was reported in the literature that exposure of LPS to mam-
malian cell/tissue can causes release of inflammation triggering
cytokines which results in further activation of inflammatory cas-
cades including cytokines; tumor necrosis factor-a (TNF-a),
interneukine-1b (IL-1b), ROS, iNOS and cyclooxygenase �2 (CO-
2) (Kharitonov and Sjöbring 2007). Recently, increasing evidences
suggested that activation of numerous inflammatory responses
by LPS results in prolonged obstructive respiratory diseases/COPD,
diabetes, neurodegenerative diseases and osteoporosis etc. (Lee
et al., 2011; Wang et al., 2007; Campbell 2004).

A well-known intracellular messenger cyclic adenosine
monophosphate (cAMP) is abundantly present in inflammatory
cells and is responsible for regulating inflammatory responses.
Among the super family of Phosphodiesterase (PDE) enzymes,
the four-gene PDE4 family is claimed to be responsible for the
degradation of cAMP in the inflammatory cells, vascular endothe-
lial cell linings, and cells of the outermost layer of the skin. Cur-
rently, it is believed that Phosphodiesterase type-4 (PDE-4)
enzymes is playing a central role in all kinds of cAMP mediated cell
signaling. (Page and Spina, 2011; Houslay et al., 2005). PDE-4 inhi-
bitors are emerged as a new class of drugs having broad spectrum
anti-inflammatory influences (in both in-vitro and in-vivo) against
asthma, pulmonary granulocytosis, diseases of bones and joints
(osteoporosis and arthritis), inflammatory diseases of large intes-
tine, sclerosis, and other conditions (Houslay et al., 2005;
Keshavarzian et al., 2007). Apremilast is an orally available
selective inhibitor of the PDE-4 enzyme and inhibits spontaneous
production of TNF-a. (Conti and Beavo, 2007; Gobejishvili et al.,
2008). It is a small-molecular novel compound available orally
taken by mouth and approved by FDA for psoriatic arthritis (March
2014) and plaque psoriasis (September 2014) (Otezla SmPC, 2020).
Apremilast inhibits PDE-4 which inturn elevates intracellular
levels of cAMP and thus prevents generations of several pro-
inflammatory mediators such as TNF-a, IL-2, IFN-c, leukotrienes
and nitric oxide synthase (Page and Spina, 2011; Keshavarzian
et al., 2007; Conti and Beavo 2007; SmPC 2020). The contemporary
research protocol was an attempt to determine the protective
role of apremilast and involvement of protein kinase B (PKB),
also known as Akt, is the collective name of a set of three
serine/threonine-specific protein kinases and extracellular-
signal-regulated kinase (ERK) pathways against LPS-induced Lung
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grievance through modulation of oxidative stress and expressions
of mediators of inflammation.

2. Methods

2.1. Chemicals and reagents

The drug Apremilast procured from Beging Mesochem Ltd.,
(Beiging, China) and LPS from Sigma Aldrich (St Louis, USA). ELISA
kits from EMD Millipore (Massachusetts, USA). The primer for the
mRNA gene expression, PCR Master Mix, High-capacity cDNA
reverse transcription kits and SYBR� Green were of Applied Biosys-
tems (Paisley, UK). Reagent TRIzol� was of Life Technologies
(Grand Island, USA). RIPA lysis buffer were purchased from Ther-
mos Scientific (Rockford, USA). Reagent Bradford for protein quan-
tification, Sigma Aldrich (, USA). Primary and secondary antibody
for western blot analysis Santa Cruz (USA). Immobilon�-FL PVDF
transfer membrane and Chemiluminescent HRP Substrate for Wes-
tern blot detection kits were delivered by Merck Millipore Ltd
(Oakville, Canada) and Millipore Corporation, (Billerica, USA)
respectively. For histopathological staining Hematoxylin and Eosin
were of Sigma Aldrich (St Louis, USA). All other chemicals of ana-
lytical purity were purchased from commercial suppliers and used
in experimental protocol.

2.2. Animals

Albino Wistar rats (male) of 8–10 weeks (200 ± 20 g) were pro-
cured from Experimental animal care center, College of Pharmacy,
King Saud University, Riyadh, KSA and were maintained at stan-
dard laboratory condition of light and darkness cycle (12/12 h), rel-
ative humidity (45–55%), temperature (23 ± 2� C), standard pallet
diet and water ad-libitum. All procedure were carried out as per
the approved protocol and according to the standard guideline of
institutional ethical committee, King Saud University and was in
compliance with ARRIVE guidelines.

2.3. Experimental scheme

Thirty (30) healthy rats were carefully chosen and allocated to
five (5) groups (n = 6): Group 1 was Normal control (NC) group
and received 50 mL of 1% carboxymethyl cellulose (CMC) only,
intranasally (i.n.) daily, under ketamine anesthesia for seven days.
Second group served as toxic group and was administered LPS
(20 mg/rats i.n.) with normal saline (50 mL) to induce lung injury
on day 7. 3rd 4th groups were treatment group, exposed to LPS
same as in group 2 plus apremilast (10 & 20 mg/kg/day, p.o.) by
oral gavage respectively for 7 days. Dose of apremilast was selec-
tion on the basis of previous studies conducted (Imam et al.,
2019; Imam et al., 2018). Group 5 served as standard group and
receives dexamethasone 5 mg/kg/day, i.p., for seven days.

At the end of experimental procedures blood sample were col-
lected 24 h after last dose from retro-orbital plexuses and later
using ketamine and sacrificed by decapitation method. The rats
lung were incised and cleaned blood stains with ice cold phosphate
buffer and then divided in to several pieces for oxidative stress
marker analysis, mRNA expression, Protein expression and right
lobe for histopathological examination under light microscope.
These tissue samples were kept at �70 �C until analysis except
histopathological sample which were stored at room temperature.
The blood sample collected from rats were centrifuge at 3000g for
10 min to separate serum for biochemical analysis.



Table 1
Rat primers sequence used for RT-PCR reactions.

Gene Forward primer Reverse Primer

TNF-a ATTGACAGACGGCGAAGA ATTTGGAGGAGCGAACTAAG
GST GCTTTACTGTGCAAGGGAGACA GGAAGGAGGATTCAAGTCAGGA
Akt 1 TGGACTACCTGCACTCGGAGAA GTGCCGCAAAAGGTCTTCATGG
ERK GCTGACCCTGAGCACGACCA CTGGTTCATCTGTCGGATCA
p53 ACAGCGTGGTGGTACCGTAT GGAGCTGTTGCACATGTACT
b-actin CCAGATCATGTTTGAGACCTTCAA GTGGTACGACCAGAGGCATACA
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3. Biochemical analysis

3.1. Malondialdehyde (MDA)

Tissue MDA levels concludes lipid peroxidation, which finally
advises about the tissue/cellular stress, due to formation of reac-
tive free radical facilitated response. Increased MDA levels in tissue
are referred to as higher lipid peroxidation and increased tissue/-
cellular damage (Imam et al., 2016). MDA were assayed as per
the modified methods of (Impellizzeri et al., 2011). In a reaction
mixture 2 ml of sample or blank were taken followed by addition
of l ml of acetic acid and thiobarbituric acid (TBA) each, respec-
tively. The reaction mix was then heated (for 1 h at 90 �C) followed
by cooling under running water, later centrifuged for 10 min at
8000g. The supernatant was separated and absorbance recorded
at 650 nm against a blank by a UV spectrophotometer. The results
of the assay were presented as Nano-moles of MDA per mg of
protein.

3.2. Tissue glutathione (GSH) intensities

The levels of GSH was measured by using modified method of
Jolly and Colleague’s (Jollow et al., 1974). Took 2 ml homogenates
in a test tube, then added 2.5 ml of 0.02 M Ethylenediamine tetra-
acetic acid (EDTA) followed by 4 ml of distilled water and 1 ml of
50% Trichloroacetic acid (TCA) solution. The resulting mixture was
shaken intermittently for 15 min followed by centrifugation at
3000g for 10 min. Fresh 2 ml of supernatant were taken in another
tube and mixed by shaking with 4 ml of 0.4 M tris buffer (pH-8.9)
and 0.1 ml DTNB solution. The reading was measured by measur-
ing optical density using UV-spectrophotometer (Shiamszu, UV-
1601, Japan) at 412 nmwithin 5 min after of adding DTNB solution.
The results are presented micromoles of GSH per mg of protein.

3.3. Glutathione reductase (GR) potential

Modified Calberg and Mannervik’s method was followed using a
microplate reader to determine the glutathione reductase activity
(Carlberg and Mannervik 1985). For the conversion from oxidized
form of glutathione (GSSG) to reduced form, the GR enzymes use
NADPH as an electron donor (GSH). The amount of NADPH oxi-
dized per minute was recorded spectrophotometer at 25 �C and
340 nm represents an enzymatic activity. The GR activity was rep-
resented by nmol of NADPH oxidized/min/mg of protein using a
molar extinct coefficient of 6.22 � 103 per mole per cm.

3.4. Elisa assay for interleukins (IL-1b, IL-6) and TNF-a (Kit, 2019)

The levels of serum TNF-a and (IL-1b, IL-6) were quantified
using ELISA kits and a 96-well strip plate pre-coated with an incar-
cerated antibody. The kits were specific for the detection and accu-
rate quantifications of inflammatory markers (IL-1b, IL-6 and TNF-
a) in serum. All the kit reagent were first brought to room temper-
ature and sample were prepared freshly as per the manufacture
instructions.

Added Matrix-C and Assay buffer–A to the wells containing
standard dilution and samples respectively. Post incubation of
2 h plate content were rejected and washed, then added detection
antibody, the plate was vacuum-packed and incubated in a shaking
incubator at normal room temperature for 1 h. Waste discarded,
plate washed and added solution Avidin-HRP-A to each well. The
plate vacuum sealed again and incubated on shaker for 30 min.
Waste rejected, plate washed and added with substrate (solution
F) to each well and incubated in dark for 10 min. Wells turned blue
3416
with an intensity relative to concentration. After addition of stop
solution to each wells color of the solution changed to yellow.
Measure the absorbance at 450 nm within 30 min.

3.5. RNA extraction and cDNA synthesis

Ice cold reagents and chilled plate form were used for all the
extraction procedures. Reagent Trizol was used to isolate entire
cellular RNA from pulmonary homogenates (Invitrogen, California,
USA) according to standard procedures instructed by the manufac-
turer and quantified by recording the absorbance at wavelength of
260 nm. The quality and purity of the RNA was measured by the
260/280 ratio (>2.0) were used for the extraction. For cDNA syn-
thesis, 1.25 mg of total (extracted) RNA of each sample added to a
blend containing reverse transcription buffer (2.0 mL of 10X), dNTP
mix. {0.8 mL (100 mM) of 25X}, random primers (reverse transcrip-
tase) {2.0 mL of 10X}, reverse transcriptase (multi-scribe) (1.0 mL),
and the water free from nuclease (3.2 mL). Finally obtained reaction
mixture set aside for 10 mins at room temperature, later on heated
for 2 Hrs (37 �C) followed by 85 �C for 5 min and then cooled at 4 �C
(Imam et al., 2015).

3.6. Quantitative mRNA expressions via RT-PCR

Quantification of particular gene mRNA expressions was done
by RT-PCR using synthesized cDNA from above methods though
PCR amplification done by optical 96-well reaction plate (ABI Prism
7500 System, Applied Bio-system, USA). The whole reaction mix
was roughly 25 mL that comprised of (0.1 mL of 10 mM) of forward
primer and reverse primer each, Master Mix (SYBR green) 12.5 mL,
Water (Nuclease free) 11.5 mL and cDNA (1.25 mL). The primers
(forward and reverse) were purchased from Integrated DNA tech-
nologies, (USA) and were selected from PubMed and other data
base which are listed in Table 1. The alteration in mRNA expres-
sions were recorded as fold of change in the expressions of target
mRNA between controls and treatment groups of animals and
were correlated by the level of B-actin. Data of the individual gene
expressions determined by comparative gene expression (i.e. DD
CT) method (user bulletin number 2, Applied Bio-system). Pre-
cisely data are expressed as the fold of variation in mRNA expres-
sions normalized to an endogenous reference gene (B-actin) and
comparative to calibrator (Imam et al., 2019).

3.7. Western blot analysis

Lung tissue sample was homogenized with lysis buffer having
protease enzyme inhibitor cocktail for extraction of protein and
bicinchoninic acid protein assay method was used for the quanti-
tative analysis of protein sample for running western blot analysis
as described previously (Lowry et al., 1951; Barakat et al., 2001; Al-
Harbi et al., 2020). Concisely, 25–50 mg samples from each group
were loaded in the well of 10% SDS-polyacrylamide gel elec-
trophoresis (PAGE) and separated by electrophoresis followed by
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transfer of blot from the gel to PVDF/nitrocellulose membrane
(Bio-Rad, USA) by electrophoresis. After transfer membrane was
kept immersed in blocking solution at 4 �C with rocking followed
by incubation overnight with primary antibodies against NF-kB-
p65, and IkB-a (Santa Cruz, USA). The membrane having blot then
washed with TBST 3–5 time followed by incubation with sec-
ondary peroxidase-conjugated antibodies at room temperature
with rocking. Immobilon Western Chemiluminescent HRP sub-
strate were used for the visualization of bands using enhanced
Chemiluminescence method and the band was quantified relative
to housekeeping protein standard (B-actin) bands using the Ima-
geJ� image processing program (National Institute of Health,
Bethesda, USA).

3.8. Histopathological evaluation

Lung tissue were excised and fixed in 10% formal saline (forma-
lin) solution, decalcified with ethylene diamine tetra-acetic acid
using 5% formic acid as base, fixed in paraffin and sectioned (3–
4 lm). Staining of the cut section were done with 1% hematoxylin
for 3 min, rinsed with distilled water then treated with 1% eosin in
90% alcohol for 1 min. Finally slides were dried for histology micro-
scopically. Necrotic Alveolar cells, angiogenesis, and phagocytosis
were assessed.

3.9. Statistical analysis

All data expressed as mean ± Standard error of Mean (n = 6).
One-way ANOVA followed by the Newman-Keuls Multiple com-
parison test were used for statistical analysis. p < 0.05 stated as sig-
nificant statistically, *p < 0.05 designated to show comparison
between treatment and normal control groups; #p < 0.05 denotes
comparison between treatment to LPS group. Graph Pad PRISM
(version 6.0; GraphPad software, La Jolla, CA, USA) used for statis-
tical analysis.
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Fig. 1. MDA.
4. Results

Lipopolysaccharides (component of Gram-negative bacteria cell
wall) can be able to induce infections, tissue injuries as well as bio-
chemical changes in the form of inflammatory response. It was
reported in the literature that exposure of LPS to mammalian
cell/tissue can causes pro-inflammatory cytokines release which
may results in subsequent activation of other inflammatory cas-
cade which includes tumor necrosis factor-a (TNF-a) interlukin-
1b (IL-1b), ROS, iNOS, and cyclooxygenase-2 (CO-2) (Tsukamoto
et al., 2018). Recently, increasing evidences suggested that activa-
tion of numerous inflammatory responses by LPS results in chronic
obstructive pulmonary diseases (COPD), diabetes, neurodegenera-
tive diseases, and osteoporosis (Gomes et al., 2017). Therefore, this
study was designed to demonstrate the possible protective role of
AP against LPS-induced acute lung injury.

4.1. Effect of AP and LPS on oxidative stress in lung tissue (MDA, GSH
&GR)

Reactive oxygen free radicals are byproducts of ordinary cellu-
lar metabolic recations. Oxidative free radicals are produced in
response of various conditions including NSAIDs drugs, ischemia
reperfusion injury, chronic infection and inflammatory disorders
such as acute lung injury (de Lima et al., 2013). Thus, we thought
that AP may play a protective role in LPS-induced lung injury by
inhibiting ROS formation. Therefore, we measured the possible
protective role of AP on oxidative stress parameters investigated
as an index reflecting oxidative damage which were summarized
3417
in Figs. 1–3. The evidence of oxidative stress induced by LPS was
indicated by inclined MDA levels with declined GSH levels and
GR enzyme activity relative to control group. AP treatment signif-
icantly (p < 0.05) diminished MDA levels with improved GSH levels
and GR activity relative to LPS administered group. Inclined GSH
levels and GR activity was found to be superior in DEX treated
group than AP, but decrease in MDA was found to be superior in
AP treated groups. Above result showed that AP and DEX both have
antioxidant properties and may protect lung from LPS-induced
acute lung injury. Therefore, AP and DEX both decreases oxidative
stress mediated damage to the lung tissue and may protect lung
from LPS-mediated lung injury. LPS also stimulated pro-
inflammatory cytokines release from the airways of the pulmonary
epithelial cells and alveolar macrophages, therefore employed as a
model for ALI (Figs. 1–3).

4.2. Effect of AP and LPS on changes in inflammatory markers

Cellular responses either in the cytosol or nucleoplasm due to
oxidative stress may also leads to activation of inflammatory cas-
cades which may contribute to pharmacological intervention. A
sign of airway inflammation were noted, therefore, we evaluated
response of AP in attenuation of pro-inflammatory markers in
serum. First the serum were separated from whole blood obtained
from each animals and process the sample to confirm that LPS-
induces acute lung inflammation presented in Figs. 4–6. Adminis-
tration of LPS resulted in an activation of release of IL-1b, IL-6
and TNF-a contributing to infiltration of neutrophils, lymphocyte,
macrophages and eosinophils as detected in the histopathological
examination. The animal groups treated with AP and DEX showed
attenuation in IL-1b, IL-6 and TNF-a pro-inflammatory markers
significantly. TNF-a were more improved with DEX as compared
to both dose of AP whereas IL-1b was less improved than AP. As
mentioned above our results showing that AP exhibited suppres-
sive role in the release of inflammatory cytokines, demonstrating
that AP improved LPS-induced lung inflammation by inhibiting
pro-inflammatory mediator’s release. Of note, our histopathologi-
cal results showed that, AP treatment significantly reversed LPS-
induced infiltration of neutrophils, lymphocyte, macrophages and
eosinophils in the lungs in a dose dependent manner whereas,
IL-1b and TNF-a. IL-1b specially confirmed inflammation triggering
mediator in many acute and chronic illnesses. The high level of IL-
1b in serum accompanied by native surge of the pro-inflammatory
IL-6 and TNF-a and an enthusiastic acute tissue immune response
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with sign of tissue grievance. Additionally, an increased level of
pro-inflammatory markers indicating lung inflammation which
were attenuated by AP treatment (Figs. 4–6).
4.3. Effects of AP and LPS on changes in mRNA expression of TNF-a,
GST, AKT 1, & ERK

Administration of LPS induces damaged to the lung tissue leads
to alteration in oxidative stress parameters and causes release of
inflammatory mediators as mentioned above which involves
TNF-a/NF-kB signalling pathways. There must be some correlations
between signalling involved in theses cascade at molecular level or
gene level with the above inflammatory changes. Therefore, we
attempted to investigate mRNA gene expression through RT-PCR
to explore how AP attenuated acute lung injury induced by LPS.
In this study. In the present study we found that administration
of LPS results an increased in TNF-a and GST expression as com-
pared to control. Treatment with AP attenuated TNF-a and GST
mRNA expression induced by LPS. Akt and ERK pathway act syner-
gistically, upon stimulation promote mTOR signalling and evi-
denced that the Akt1 and ERK signalling converge on TSC2 AKt
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phosphorylated residues on TSC-2 distinct from those phosphory-
lated by ERK (Winter et al., 2011). Thus they reported that, activa-
tion of ERK and/or Akt may perhaps active mTORC1 through both
TSC-2 dependent and independent mechanism. In our study mRNA
expression of ERK was upregulated and Akt1 was downregulated
in a dose dependent manner. In the DEX treated groups ERK was
upregulated and Akt1 was downregulated. We did not measured
downstream effector for both genes. Therefore, there is need of fur-
ther investigation to confirm our findings. Treatment with apremi-
last downregulated ERK and TNF-a mRNA expression whereas
upregulated AKT1 mRNA expression significantly in a dose
depended manner. Dexamethasone taken as a standard also
showed similar effect (Figs. 7–10).

4.4. Effects of AP and LPS on changes in protein expression of NF-jB
p65 and IkB-a

LPS administration causes lung tissue damage, which leads to
changes in protein expression which found to be involved in
inflammatory changes through the TNF-a/NF-kB signaling path-
ways, as previously stated. Therefore, we attempted to investigate
protein expression through western analysis to explore how AP
attenuated LPS-induced acute lung injury. In the present study
we found that administration of LPS results an increased in NF-
kB p65 protein expression whereas decrease in IkB-a protein
expression as compared to control. Treatment with AP attenuated
LPS-induced activation of NF-kB p65 in a dose dependent manner
and improved IkB-a levels. DEX also showed similar pattern in
both NF-kB p65 and IkB-a protein expression (Figs. 11 and 12).

4.5. Histopathology

Administration of LPS induces damaged to the lung tissue evi-
dent by structural as well histological changes in the lung tissue.
In order to see if AP had any effects on airway inflammation against
LPS-induced lung injury. Therefore, in order to confirm, we did H&E
staining for histopathological investigations. In our study, we find
that administration of LPS showed acute inflammatory changes,
including Neutrophils, lymphocytes, and macrophages with
plasma cells, thickened septa by inflammation, alveolus, alveolar
septae (Thickened, inflammation, fibrosis), and pulmonary vessels
having inflammatory cells as compared to control (Fig. 13B-D).
Lymphoid follicles with the germinal center, histiocytes, and
macrophages were also seen as compared to control. Due to severe
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Fig. 11. NF-jB p65.

Fig. 12. IjB-a.
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inflammation mainly due to macrophages, the normal lung histol-
ogy can no longer be appreciated. These changes were normalized
with pretreatment with AP as well as with DEX. Alveolar septae
were normal, no sign of inflammation, no sign of fibrosis was seen
in AP as well as DEX treated group. Bronchiole and pulmonary ves-
sels were also seen normal in groups pre-treated with AP as well as
DEX (Fig. 13E,F and G). It was found that the inflammatory
response was significantly reduced after AP administration. There-
fore, according to the above findings, it is said that AP protect
against LPS-induced acute lung injury (Fig. 13).
5. Discussion

LPS (a component of bacterial cell wall) induced Acute lung
injury (ALI) reported to cause mortalities in patients due to respi-
ratory failure. This toxin may cause either direct or indirect injury
which either causes unstable reduction and oxidation states that
lead to DNA damage or protein and lipid oxidative damages
(Park et al., 2018). Scientific research findings also suggest that
LPS can trigger intense inflammatory signals and cause pulmonary
injuries which is evidenced by leukocyte infiltrations. The severity
of pneumonia is accelerated via sacculated neutrophils, hyper
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oxidative states and pro-inflammatory cascade of reactions such
as abnormally high levels of inflammatory cytokines TNF-a, inter-
leukins especially IL-6 ad IL-1b which exaggerate inflammation,
that may cause alveolar damage further (Boje, 2004; Takeuchi
et al., 2006). The present research was designed to find some
potential agents which can alleviate the above-mentioned path-
ways and can prevent lung injuries induced by triggering factors.

Scientific reports have already confirmed that reactive oxygen
molecules associated injuries lead to numerous pathological states
such as hyperglycemia, cardiac injury, hepatic and nephritic injury
which finally play crucially in lung failure. The reactive oxidative
free moieties such as superoxide ((O2A), hydroxyl ions (OHA)
and Hydrogen peroxide (H2O2) transduce signals which disrupts
intercellular processes and cause tissue injuries (Valavanidis
et al., 2015; Valavanidis et al., 2013). The protective mechanism
involved in such situations believed to be the antioxidant enzyme
signaling against hyper oxidative stress (Chang et al., 2018). Reac-
tive free oxygen species are deleterious to all organisms in every
condition if left unchecked. When antioxidant defense is not
enough and oxidative radicals exceeds then a cell is said to be in
‘‘oxidative stress”. The oxidative states developed in environmen-
tal stresses can be harmful to the cells as oxidative free radicals
can cause lipid peroxidation, oxidize the proteins, and can damage
the nucleic material, retards enzymatic activities, and can induce
apoptotic pathways, all these cellular changes can lead to cellular
death ultimately (Srivastava S, and Dubey, 2011; Meriga et al.,
2004).

Peroxidation of lipids usually goes on constantly in every indi-
vidual, although lipid per oxidation is harmful in normal condi-
tions too, but the homeostatic biological mechanisms maintain
homeostasis. Severe states of oxidative stress and insufficient
antioxidant defense cause lipid peroxidation and aldehydic prod-
ucts such as free fatty acids and MDA are generated and these
chemicals are generally referred as thibarbituric acid reacting sub-
stances (Nakai et al., 2000). Reactive oxygen free radicals affects
gene signaling and disturbs almost all normal physiologic behavior
of the cells including gene expressions, protein transcription, and
cell death (Brandes and Kreuzer 2005). Since plasma membrane
primarily constituted of phospholipids, unchecked lipid peroxida-
tion causes cellular injuries and ultimately the cell death via direct
damage to the nucleic material or deceptive protein synthesis.
Researchers have already reported that depleted GSH levels and
increased oxidative free radicals generation are the primary cause
of unwanted and unchecked lipid peroxidation (Konukoğlu et al.,
1998; Inoue 2011). Reduced GSH considered primary signaling
event in cell death pathways. Hence depleted GSH levels indicates
oxidative stress and considered as marker of weakened antioxidant
defense or hyper oxidative stress states.

GSH is present abundantly in mammalian cells and is potent
antioxidant defense maintains tightly the reduction and oxidation
status of the cell (Aquilano et al., 2014). The peptide link between
glutamate and cysteine, C-terminal glycine and cysteinyl moiety
protects GSH from hydrolytic reactions of Intracellular peptidases
and cleavage of GSH by cysteine moiety liberate reactive thiol
group (SH group), which are responsible for biological functions
of GSH (oxidation–reduction and nucleophilic reaction) (Haddad
and Harb 2005). GSH oxidizes itself to GSSG and reduces oxidative
radicals (Wu et al., 2004) and act as antioxidant defense
(Zidenberg-Cherr et al., 1991). Following the above-mentioned sci-
entific claims, we estimated MDA, reduced GSH and GR activity in
pulmonary cells as a marker of oxidative stress. Results of our
experimental research are also in agreement to earlier findings,
the animals exposed to LPS showed statistically significant incre-
ment in MDA levels whereas the levels of GSH and GR activity
was observed significantly low. While the pulmonary tissue analy-
sis of AP treated animals restored these altered levels MDA, GSH



Fig. 13. LPS= Lipopolysaccharides: AP= Apremilast: DEX= Dexamethasone: IkB-a = Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha.
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and GR. Hence it can be inferred that the elevated levels of MDA
were due to over production of reactive free radicals and the
reduced levels of GSH and GR could have been due to free radical
neutralization as GSH activated by GR. Results of our experimental
protocol highlights antioxidant properties of AP that prevent LPS-
induced acute lung injury.

Free radical initiated cellular and intranuclear events induce
inflammatory cascade of reactions which requires pharmacological
interventions. Elevated levels of TNF-a interleukins (IL-2, IL6, and
IL8) and few other cytokines are common to heterogeneous Lung
injuries. (Soromou et al., 2012). LPS found to stimulate the produc-
tion and release of pro inflammatory cytokines from bronchial
epithelial cells and pulmonary macrophages and serve a model of
ALI. Cytokines importantly TNF-a and IL-6 contribute significantly
in initial reactions inflammation and pathogenicity of ALI
(Soromou et al., 2012; Giebelen et al., 2007). Importantly elevated
TNF-a, IL-6 and IL-1b considered as primary mediators of inflam-
mation which finally triggers diverse inflammatory responses.
(Soromou et al., 2012; Giebelen et al., 2007; Jin et al., 2013). LPS
have been reported to increase (TNF-a, IL-6 and IL-1b) the primary
pro-inflammatory cellular chemokine in lung tissues. Scientist
have already reported that pharmacological entities which inhibit
mRNA expressions for TNF-a protected from ALI. In experimental
models (Wolthuis et al., 2009). Findings of our experimental proto-
col also confirmed the earlier works and administration of AP sig-
nificantly reduced the elevated levels of TNF-a, IL-6 and IL-1b in
lung tissues and which is believed to play confirmatory roles in
lung protection which were elevated on LPS exposure.

For further clarification of protective mechanism of action of AP
the mRNA expressions of TNF-a, GST, AKt1 and ERK in lung tissues
were assessed using RT-PCR analytic technique. Therefore, AP was
further examined whether it could attenuate these biomarkers in
lung tissues which were induced by LPS.

Glutathione S-Transfereases are the phase-II biotransformation
isozymes of eukaryotic and prokaryotic cells which catalyzes the
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conjugation reaction of xenobiotics substrates with Reduced GSH
for detoxification purposes. The mRNA expression of GST and pro
inflammatory marker TNF-a, AKT-I elevated significantly although
ERK were significantly down regulated after LPS exposures (Csiszar
et al., 2008; Yu et al., 2013). Treatment with AP significantly atten-
uated the altered levels of mRNA expressions as compared to LPS
administered rats. The findings clearly implicate that AP can pro-
tect from LPS induced ALI in mice by modulating the mRNA expres-
sions of these biomarkers. Since the discovery of ERKs in
mammalian cells, research on MAPK signaling accelerated very
rapidly (Conese and Assael, 2001; Sun et al., 2017; Huang et al.,
2017). Hence now it is supposed that down regulation of these
pro inflammatory biological molecules and oxidative radicals are
the important target in the management of ALI.

MAPKs are abundantly found in mammals and diverse series of
signals such as mechanical stress, inflammation, growth factors etc
can stimulate them. MAPKs are elements of important enzymatic
cascade of reactions that play key role in diverse extracellular stim-
uli and believed to regulate cellular processes. MAPK signals are
transduced via three different forms of kinases. Mitogen activated
protein cause phosphorylation of MAPKKK, phosphorylated
MAPKKK cause phosphorylation of MAPKK and then finally MAPKK
phosphorylates to MAPK which translocates into nucleus
(Cargnello and Roux, 2011; Plotnikov et al., 2019).

Till date almost eight subfamilies of MAPKs have been reported
and of these subfamilies composes numerous pathways (Janus /ki-
nase pathway, ERK 1/2 pathway and p38 pathway) (Fecher et al.,
2008). The intracellular responses of different MAPK signals is dif-
ferent ERK pathway mainly involved in cell survival and growth
and sometimes assist in cellular differentiations in special situa-
tions (Sun et al., 2017; Conese and Assael 2001; Huang et al., 2017).

Scientists claimed on the basis of their research findings that
ERK and AKT signaling pathways synergize mTORC1 signaling
and TSC2 (Yin et al., 2008; Kerkelä et al., 2011), researchers have
also reported that AKT and ERK triggors mTORC1 pathways via
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TSC2 dependent and independent mechanisms. (Zhang et al., 2003;
Brown et al., 2016; Roberts and Der 2007; Kerkelä et al., 2011).
Findings of our experimental protocol pinpointed that administra-
tion of AP the expressions of ERK mRNA was unregulated while
mRNA expressions for Akt1 down regulated, although the findings
further need to be attested knowing the effects on both genes.
Treatment with AP down regulated the ERK signaling and TNF-a
mRNA expressions whereas elevated the AKT1 mRNA expressions
in dose dependent manners. The results were found as dexametha-
sone treated animals which was designated as standard treatment.

The ERK1/2 and MAPK Pathway; ERK1/2 are the first cloned
and characterized human MAPKs. ERK1/2 are important players
in cell growth, differentiation, and survival signaling, oftenly
stimulated by mitogenic factors. As ERK 1/2 are the critical reg-
ulators of cellular growth and survival, the ERK1/2 MAPKs
attracted researcher’s interest to develop ERK inhibitors in can-
cer chemotherapy. (Roberts and Der, 2007). Scientists have
reported that ERK1/2 sometimes are also stimulated by cell pro-
liferating signals such as brain-derived neurotrophic factor
(BDNF) and platelet-derived growth factor (PDGF), proinflamma-
tory cytokines IL-1b (Ruhul Amin et al., 2003), pathogen-
associated molecular patterns (PAMPs) and danger-associated
molecular patterns (DAMPs). Hence, undoubtedly, ERK1/2 and
MAPK pathway usually operate in cancerous states and several
other pathologies.

Phosphoprylation and intern activation of ERK1/2 occurs at
Thr185 and Tyr187 and MAPKK1 and MAPKK2, respectively cat-
alyze this reaction. Phosphorylated ERK1/2 translate into the
nucleus and phosphorylate and regulate transcription of various
other factors that ultimately alter gene expressions.

Cytokine expressions primarily controlled at transcriptional
levels. NF-jB binds with DNA and brings about mRNA expressions
and transcribed numerous inflammatory cytokines, and its activa-
tion confirmed in ALI (Schwartz et al., 1996; Le Tulzo et al., 1997;
Moine et al., 1997). NF-jB remains segregated in cytoplasm in the
recessive state associating with IjB. When stimulated, IjB phos-
phorylates and separates from NF-jB, the free NF-jB enters inside
the nucleus and binds to DNA and brings about the desired genetic
changes. Scientific evidences suggest NF-jB over expression in ALI
and controlled by IjB expressions which ultimately dependent on
xanthine oxidase resulted oxidants (Schwartz et al., 1996; Le Tulzo
et al., 1997; Moine et al., 1997).

Furthermore, inflammation is considered a key pathological
process which give rise to plenty of diseases, controlled by NF-jB
signaling pathway (Hoesel and Schmid, 2013; Valavanidis et al.,
2013). Further to asses and confirm the mechanics of AP on ALI
in LPS associated lung injury in mice, we analyzed the intracellular
traces of NF-jB, p65, IkB-a. Further to note, NF-jB is a well-known
and established transcriptional factor which checks the expres-
sions of TNF-a and Interleukins (IL-1B and IL-6) (Imam et al.,
2015). Western blot analysis in present research protocol carried
out to confirm the NF-jB p65 activation. Findings conclude that
administration of LPS to experimental animals significantly ele-
vated the intracellular levels of NF-jB p65. Treatment with AP-
(10 & 20 mg/kg) resulted significant suppression in the expressions
of NF-jB p65 when results compared with LPS exposed animals
(Fig. 6a). Findings clearly point out that AP possess anti-
inflammatory actions and attenuate the expressions inflammatory
cytokines by checking NF-jB pathways. The focus of our research
protocol was to examine inhibitory effect of AP on NF-jB activa-
tion via quantification of p-IjB-a. The experimental outcomes
exhibited that prophylactic administration of AP significantly
declined LPS-mediated IjBa phosphorylation and intranuclear
admission of NF-jB p65 in rat’s lung tissues. Results inferred that
the inflammatory cascade of reaction play pivotal role rather than
oxidative stress in LPS related pulmonary toxicities in rodents, AP
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being anti-inflammatory in nature resist pulmonary injuries via
NF-jB pathway mediated down regulation of TNF-a.

Histological examinations; Histological examination reports of
alveolar tissue confirms lung degeneration, broken parenchyma
and protoplasmic vacuoles in LPS group. hypochromatic cells clus-
ters, pyknotic nuclei and infiltrate of immune cells were observed
on everywhere in lung tissues. Earlier reports documented almost
same histological remarks in LPS related lung injuries. (Inoue 2011;
Soromou et al., 2012; Valavanidis et al., 2013). The morphological
and structural changes induced by LPS exposure in lung tissue
were promisingly reversed by AP treatment. Lung parenchymal
structural changes found restored in the animal treated with AP.

Therefore, the overall outcomes of this study clearly implicates
that LPS induced ALI in experimental animals via up regulation of
NF-jB levels in experimental animals. Over expression of NF-jB
was confirmed by estimating the intracellular TNF-a, IL-6, and
IL-1b levels. Results demonstrated that AP administration pre-
vented LPS-stimulated activation of NF-jB p65 and intranuclear
translocation of NF-jB p65 in rodent’s lung tissues.

6. Conclusion

In conclusion, inference can be made that the inflammatory
reactions play critical roles rather than oxidative free radicals stim-
ulated oxidative stress in LPS leaded acute pulmonary injuries in
rodents, and NF-jB p65 influences AKT and ERK signaling system.
Therefore, the anti-inflammatory drug entity ‘‘AP” prevent these
injuries via scrutinizing AKT and ERK signaling pathway.
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