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Modulation of COX-2 and NADPH oxidase-4 by
Alpha-lipoic acid ameliorates busulfan-induced
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Abstract
purpose: Busulfan is an antineoplastic drug that produces pulmonary �brosis. This study aimed to
explore the potential protective effect of α-lipoic acid on busulfan-induced pulmonary �brosis in rats.

Methods: Twenty-four adult male rats were divided into four groups: control, α-lipoic acid (ALA), busulfan,
and busulfan plus α-lipoic acid. Lung index ratio, serum level of proin�ammatory cytokine were assessed.
The activities of antioxidant enzymes and lipid peroxidation products were estimated in the lung tissues
in addition to histopathological analyses. The deposition of the collagen in the lung tissues was
evaluated by Sirius red staining. The expressions of α-smooth muscle actin (α-SMA), TNF-α, and Caspase
3 were determined immunohistochemically. The pulmonary expression of COX-2 and NOX-4 mRNA were
assessed using qRT-PCR.

Results: administration of ALA signi�cantly ameliorated BUS-induced pulmonary �brosis, besides the
upregulation of antioxidants, and downregulation of pro-in�ammatory cytokines. Also, it reduced
collagen deposition associated with a decreased expression of α-SMA, TNF-α, and Caspase 3 in the lung
tissues. Moreover, ALA signi�cantly upregulated the expression of COX-2 concomitant with the
downregulation of elevated NOX-4.

Conclusion: ALA attenuates the lung cytotoxicity of busulfan through its anti-in�ammatory, anti-
apoptotic, and anti�brotic effects that may be mediated by upregulation of COX-2 and downregulation of
NOX-4. 

Background
Pulmonary �brosis is the commonest worldwide interstitial lung disease affecting more than �ve million
individuals with an average survival time of about three years. Apart from inhaling mineral dust/asbestos
and cigarette smoking, pulmonary �brosis can be developed as an adverse toxic effect of anti-neoplastic
drugs such as bleomycin and busulfan (Leger et al. 2017).

Busulfan (BUS) is an alkylating agent used for the treatment of neoplastic and autoimmune diseases
(OLINER et al. 1961). As an alkylating agent, it works by sticking to one of the cancer cell’s DNA strands
and inhibits cell division (Iwamoto et al. 2004; Dun et al. 2012). Busulfan caused undesirable effects on
the different body organs such as the liver, skin, bladder, nervous system, and gonads. Besides, it was
associated with pulmonary toxicity that includes acute lung injury, chronic interstitial �brosis, and
alveolar hemorrhage (Iwamoto et al. 2004; Dun et al. 2012).

Alpha-lipoic acid (ALA, thioctic acid) is an organosulfur component present in plants, animals, and
humans (Szeląg et al. 2012; Moura et al. 2015). Naturally, ALA is located in the mitochondria, where it
acts as a cofactor for some enzymatic complexes involved in the Krebs cycle. Also, ALA acts as an
antioxidant and also able to increases and repairs the intrinsic antioxidant systems and supports their
production (Han et al. 1997; Shay et al. 2009; Gorąca et al. 2011).
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This study aims to examine the potential effect of ALA on a rat model of pulmonary �brosis induced by
intraperitoneal (i.p.) administration of busulfan and to evaluate its antioxidant, anti-in�ammatory, anti-
apoptotic and anti�brotic effects. Moreover, the possible intracellular pathway of ALA was also examined
concerning COX-2 activation and NOX-4 suppression.

Methods
Experimental design:

A total of 24 adult albino male rats (200-240 g weight) were obtained from Medical Experimental
Research Center (MERC), Mansoura Faculty of Medicine, Egypt. Rats were acclimatized for one week
before initiation of the experiment, where the room temperature was controlled at 24 ± 5 and 45 to 55%
humidity with a regular 12:12 h light-dark cycle. All animals were given water and food ad libitum. The
protocol of this experimental study followed the Guide for the Care and Use of Laboratory Animals
(Institute for Laboratory Animal Research, National Research Council, Washington, DC and National
Academy Press, no. 85-23, revised 1996). Our Local Committee of Animal Care and Used approved this
protocol (Code number: R.20.08.993).

After acclimatization, the rats randomly divided into 4 groups, each contains 6 rats: the normal control
group, received phosphate buffer solution (PBS), ALA group, normal rats intraperitoneally injected once
daily with α-lipoic acid (20 mg/kg/day for 6 weeks) (Liu et al. 2007), BUS induced lung injury group, the
rats were received two doses of BUS by (i.p.) injection with 14 days interval. Each dose was 15 mg/kg
dissolved in 0.5 mL PBS (Aboul Fotouh et al. 2018), BUS+ ALA group, α-lipoic acid was given on top of
busulfan in the same previous doses (20 mg/kg/day for 6 weeks). Both BUS and ALA were purchased
from Sigma Aldrich Chemical Co. (St. Louis, MO, USA).

After six weeks from the beginning of the experiment, all rats were weighed then deeply anesthetized with
thiopental sodium. Blood samples were collected directly from the heart, for subsequent biochemical
analysis. Animals were weighted then the lung was removed and weighed to determine the lung index
which was determined by dividing lung weight (g) by body weight (g) and multiplying by 100. One of the
lung lobes was preserved in formaldehyde solution for histopathological and immunohistochemical
examinations. The other one was weighed and divided into two halves, one half was stored at −20 °C for
detection of enzyme activities and level of PGE2 while the other half was preserved in RNAlater
Stabilization Solution (ThermoFisher Scienti�c) at 4°C overnight before being stored at −80°C until
isolation of total RNA and subsequent real-time RT-PCR.

Measurement of TNF-𝛼, IL-1𝛽, IL-6, and IL-10 serum levels:

Serum levels of TNF-𝛼, IL-1𝛽, IL-6, and IL-10 cytokines were determined using an enzyme‐linked
immunosorbent assay kit (Bioscience Co., USA) according to the manufacturer's instructions. The
absorbance was read at 450nm using a plate reader.
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Activities of enzymatic antioxidants:

Superoxide dismutase (SOD) activity was assessed in homogenized lung tissues by a commercially
available standard enzymatic kit (Cayman Chemical Company, USA). The absorbance was read at 440–
460 nm. Glutathione peroxidase (GPx) activity was measured in lung tissues by using a commercially
available kit (Cayman Chemical, USA) and the absorbance was read once every minute at 340 nm.

Estimation of lipid peroxidation product:

Lipid peroxidation was determined in the form of malondialdehyde (MDA) by the method of Ohkawa et
al. (Ohkawa et al. 1979). MDA was assessed in the rats’ lung tissues with ELISA kits (R&D system),
according to the manufacturer’s protocols. The absorbance was measured at 532 nm.

Measurement of PGE2 levels in lung tissues:

The levels of PGE2 were measured in the lung tissues by a competitive enzyme immunoassay kit
(Abcam, ab133021, Cambridge, UK) following the manufacturer’s protocol. The absorbance of PEG2 was
measured at 405 nm with a microplate reader.

Measurement of hydroxyproline in the lung tissues:

Hydroxyproline content of the lung tissue assay was performed using a commercially available ELISA kit
(Hangzhou Eastbiopharm Co., Ltd., China). The absorbance was read at 450nm using a plate reader.

Histopathological techniques:

Lung was dissected and �xed in 10% (neutral) formalin, cleansed through running water, dehydrated
gradually by increasing concentrations of alcohol, cleared by xylene, and then embedded in para�n
blocks. Sections were cut at 3-5 um. and stained with hematoxylin-eosin (H&E) as described by Bancroft
and Christopher (Bancroft, J.D.; Christopher 2019). Lung sections were examined microscopically and
photomicrographed.

Immunohistochemical staining:

Immunohistochemistry was done on 3-4μm thick sections which were mounted on charged slides and
then analysis was done through the immunoperoxidase method. Concisely, depara�nization of the
sections was performed, then they were treated with H2O2 (0.3 %)/methanol for 10 minutes at room
temperature to block endogenous peroxidase activity. Antigen retrieval was achieved by heating sections
in 10 mM citrate buffer for 10 min at 95-100C (PH 6) then allowed to cool at room temperature for 1 hour.
Sections were left with the primary antibodies for Caspase3 as a marker for apoptotic activity, TNF-α as a
marker for in�ammation and macrophage activity, and Alpha smooth muscle actin (α-SMA) as a
�brogenic marker (Servicebio; Cat. No. GB11532 (rabbit polyclonal antibody), Santa Cruz; sc-52746
(mouse monoclonal antibody) and Thermoscienti�c; MS-113-RQ (mouse monoclonal antibody),
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respectively) overnight at 4ºC (1:800, 1:50 and 1:800 dilutions, respectively). Then, sections were
incubated in Diaminobenzidine (DAB) reagent to demonstrate peroxidase activity. The sections were left
in PBS at 4ºC overnight. Incubation of the slides with universal mouse/rabbit polydetector plus (BSB
0257, Bio SB) for half an hour was done then washed by PBS to identify the primary antibody binding.
Finally, DAB was added for 4 min then the sections were counterstained with hematoxylin. For the
negative control, we replaced the primary antibody with PBS. The sections were then washed, dehydrated,
and examined by a light microscope. Dark brown areas in the cytoplasm or nucleus demonstrate positive
staining and the background is blue (Ramos-Vara and Miller 2014).

Quanti�cation of mRNA by real-time reverse transcription-PCR (qRT-PCR):

Lung tissue samples were preserved in RNA later (500 ul were used for each 50 mg tissue sample)
(Qiagen, Germany), incubated overnight at 2–8°C then removed from the reagent and transferred to -80°C
for storage until processing. On the processing, lung tissue samples were homogenized by �ve strokes of
liquid nitrogen. Total cellular RNA was extracted using the QIAzol reagent (Qiagen, Germany), according
to the manufacturer’s speci�cations. The RNA yield was checked by Thermo Scienti�c NanoDrop 2000
(USA) for the concentration using the absorbance at 260 nm, and for the purity using 260/280 and
260/230 ratios. Reverse transcription of 1ug of RNA was done using SensiFAST™ cDNA Synthesis Kit
(Bioline, UK) using the following program (10 minutes at 25°C for primer annealing, 15 minutes at 42°C
for reverse transcription, and 85°C for 5 minutes for inactivation) on Applied Biosystems 2720 Thermal
Cycler. cDNA templates were ampli�ed using a real-time PCR instrument (Pikoreal 96, ThermoScienti�c).
The ampli�cation reaction contained a 20 𝜇l total volume mixture [10 𝜇l of HERA SYBR green PCR
Master Mix (Willowfort, UK), 2 𝜇l of cDNA template, 2 µl (10 pmol) gene primer and 6 𝜇l of nuclease-free
water], and by using the following program: 95°C for 2 min, 40 cycles of 95°C for 10 s, 60°C for 30 s. The
sequences of the used primer pairs are supplied in Table (1), Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as a housekeeping gene. The primer sets were checked for speci�city using the
Primer-BLAST program [https://www.ncbi.nlm.nih.gov/tools/primer-blast/]. The speci�city of the PCR
products was also evaluated by the melting curve analysis. Primer sets were synthesized by Vivantis
(Vivantis Technologies, Malaysia). Relative gene expression levels were represented as ΔCt = Ct target
gene– Ct housekeeping gene; fold change of gene expression was calculated according to the 2−ΔΔCT

method (Livak and Schmittgen 2001). PCR products were run on 3% agarose gels and visualized on a UV
transilluminator (OWI Scienti�c, France). Then, the gels were photographed using Bio-Rad gel

Table (1): The sequence of rat primers used in the qRT-PCR analysis:
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Gene Sequence Product
size

Cyclo-oxygenase 2 (COX-2) Forward primer:

GGAGCAACCGATGTGGAATTG

Reverse primer:

GCCGGTATCTGCCTTCATGT

104 bp

NADPH oxidase 4 (NOX-4) Forward primer:

TGTTGGGCCTAGGATTGTGT

Reverse primer:

CTTCTGTGATCCGCGAAGGT

119 bp

Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)

Forward primer:

TGCCACTCAGAAGACTGTGG

Reverse primer:

GGATGCAGGGATGATGTTCT

85 bp

 

Statistical analysis:

Data were analyzed using the SPSS program (version 21). First, the normality of data was tested using
the Shapiro test. Descriptive data (means ± SDM) were calculated for each dependent variable. Overall,
group differences analyzed using a one-way ANOVA followed by post-hoc Tuckey’s HSD test. P ≤ 0.05
was used as the decision rule for signi�cance testing.

Results
Effect of ALA on the body weight and lung indicesin BUS-induced lung �brosis rat model:

BUS administration induces a signi�cantly lower body weight associated with a signi�cantly higher lung
index in comparison to those of normal ones (p < 0.01, p < 0.01, respectively). However, the lower body
weight in the BUS group was signi�cantly increased by the administration of ALA treatment (P< 0.01).
Also, both normal and �brotic rats who received ALA exhibited a signi�cantly higher body weight when
compared to that of other groups (P< 0.01), �gure (1).

Effects of ALA on the in�ammatory markers in BUS-induced lung �brosis rat model:

BUS induced a signi�cantly higher serum levels of TNF-α (p < 0.001), IL-1β (p < 0.01), IL-6 (p< 0.001) and
IL-10 (p < 0.001) in comparison to those of the normal rats. However, ALA treatment signi�cantly
mitigated the elevated levels of TNF-α (p < 0.001), IL-1β (p < 0.01), IL-6 level (p<0.001) and IL-10 level (p <
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0.001) in comparison to those of BUS group. Moreover, normal rats who received ALA exhibited a lower
level of these cytokines relative to those of control one, �gure (2).

Effects of ALA on the antioxidant enzymes and oxidative stress markers in the lung tissues of BUS-
induced lung �brosis rat model:

A signi�cantly higher MDA level was noticed in the lung tissues of the BUS group compared to those of
the normal group (p< 0.001). Moreover, signi�cantly lower activities of GPx and SOD enzyme were
observed in BUS-induced lung �brotic rats in comparison to those of the control ones (p < 0.01). On
contrary, treatment of the �brotic rats with ALA produced a signi�cantly higher level of MDA (p < 0.001)
and restored both GPx and SOD enzyme activities (p < 0.01) in comparison to those of the BUS group,
�gure (3).

Effect of ALA on the level of PGE2 in BUS-induced lung �brosis:

BUS induced a signi�cantly higher level of PGE2 in the lung tissues relative to that of normal ones (p <
0.001). However, the treatment of the �brotic rats with ALA exhibited a signi�cant elevation in the level of
PGE2 compared to the BUS group (p < 0.001), �gure (4).

Effect of ALA on hydroxyproline and collagen deposition in the lung tissue of BUS-induced lung �brosis
rat model:

Administration of BUS induced signi�cantly more hydroxyproline content in the lung tissues relative to its
level in the normal group (p < 0.05). On the other hand, the treatment of the �brotic rats with ALA
produced signi�cantly less hydroxyproline in ALA treated rats relative to the untreated BUS group (p <
0.05). Moreover, supplementation of normal rats with ALA induced a signi�cant decrease in the
hydroxyproline content relative to the control group (P< 0.004), �gure (5).

Histopathological evaluation:

In H&E-stained sections, the lung of the rats received normal saline or ALA alone revealed normally
organized architecture with thin interalveolar septa Figure (6A, B). While, the lung tissues of the untreated
BUS group revealed the disorganization of lung architecture, cellular in�ltration in the interalveolar septa
associated with the presence of intraluminal cellular debris in pulmonary bronchiole, Figure (6C). Rats
treated with ALA showed almost normal architecture of pulmonary tissues associated with an obvious
reduction in cellular in�ltration, Figure (6D). The percentage area stained with Sirius red in the BUS group
showed a signi�cant increase (p < 0.05) compared to the control group, Figure (7C). On the other hand,
the percentage area stained with Sirius red in the BUS+ALA group was markedly reduced relative to the
untreated BUS group (p < 0.05) Figure (7D).

Effect of ALA on the immunohistochemical expression of α-SMA in BUS-induced lung �brosis:
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A signi�cantly higher expression of α-SMA was noted in the untreated BUS rats’ lungs in comparison to
that of the normal rats (p < 0.001). On the other hand, the �brotic rats who received ALA showed a lower
expression of α-SMA in comparison to that of the non-treated BUS rats (p < 0.001). Supplementation of
normal rats with ALA exhibited a lower expression of α-SMA immunoreactive cells relative to that of the
control group. Figure (8)

Effect of ALA on the immunohistochemical expression of TNF-α in BUS-induced lung �brosis:

A signi�cantly higher expression of TNF-α was recorded in the untreated BUS rats’ lungs in comparison to
that of the normal rats (p < 0.01). Meanwhile, the �brotic rats who received ALA showed a markedly lower
expression of TNF-α in comparison to that of the non-treated BUS rats (p < 0.01). Moreover, the
administration of ALA to the normal non-�brotic rats showed a markedly lower expression of TNF-α
relative to that of the control result. Figure (9)

Effect of ALA on the immunohistochemical expression of Caspase-3 in BUS-induced lung �brosis:

The results revealed signi�cantly more Caspase-3 immunoreactive cells in the BUS group than that of the
normal ones (p < 0.05). In contrast, relative to the BUS group, the ALA-treated �brotic groups showed a
lower number of Caspase-3 immunoreactive cells (p < 0.05). While ALA in normal non-�brotic rats did not
show any signi�cant change in Caspase-3 expression relative to that of the control ones, Figure (10).

Effect of ALA on the expression of COX-2 in BUS-induced lung �brosis:

The results showed signi�cantly less COX-2 expression at the mRNA level in the non-treated BUS group
relative to that of the control ones (p < 0.004). In contrast, when the comparison was made to the BUS
group, the ALA-treated �brotic groups showed markedly more COX-2 expression (p < 0.05). While ALA in
normal non-�brotic rats didn’t show any signi�cant change in COX-2 expression as compared to that of
the control one. Figure (11)

Effect of ALA on the expression of NOX-4 in BUS-induced lung �brosis:

The results presented in Figure (12) showed a signi�cantly higher expression of NOX-4 mRNA in the
untreated BUS rats’ lungs relative to the normal results (p < 0.001). On the other hand, the �brotic rats
who received ALA supplementation showed markedly lower expression of NOX-4 mRNA relative to that of
the non-treated BUS rats (p< 0.001). Furthermore, the administration of ALA to the normal non-�brotic rats
showed non-signi�cant changes in the expression of this gene relative to that of the control result.

Discussion
In the current work, we investigated the potential protective effect of ALA against pulmonary injury
induced by BUS in rats. Our data revealed a signi�cant decrease in the rats’ body weights with a marked
increase in the lung index in the BUS group. The increase in the weight of the lung indicates the
occurrence of pulmonary �brosis which may be explained by transferring the alkyl group(s) which present
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in BUS to different body cells to induce lung injury in the form of �brosis (Ahar et al. 2014). On the other
hand, the administration of ALA to the �brotic rats exhibited a signi�cant elevation in the bodyweight with
a marked decline in the lung index. These �ndings indicating that the ALA administration conferred
signi�cant protection against BUS-induced lung injury.

The obtained data from the serum analysis revealed a signi�cant elevation in the levels of TNF-𝛼 and IL-
1𝛽 and IL-6 in the BUS group. Chitra et al., 2013 reported that increased proin�ammatory cytokines
during the in�ammatory response could be responsible for the formation of the �broblasts and the
release of pro�brogenic cytokine (TGF-β) and subsequent deposition of collagen. On contrary, the
administration of ALA signi�cantly reduced the elevated levels of these proin�ammatory cytokines in
BUS administrated rats. These results indicate the bene�cial effect of ALA against BUS-induced lung
�brosis that may be mediated by the reduction of proin�ammatory cytokine production. ALA treatment
attenuates the upregulation of cytokines and displays powerful anti-in�ammatory effects.

IL-10 levels have been reported to be markedly increased in multiple experimental models of pulmonary
in�ammation and �brosis (Park et al. 2011; Kim et al. 2016). Consistent with these previous studies, our
results revealed a signi�cant elevation in the serum level of IL-10 of BUS administered rats. Doughty et
al., 1998 explained this increase in the level of IL-10 to be a compensatory anti-in�ammatory response
and to be proportionate with the already released pro-in�ammatory cytokines. On the other hand, the ALA
administration signi�cantly reduced the serum level of IL-10. The down-regulation of IL-10 may be an
additional pathway involved in its bene�cial anti-in�ammatory effects. It is associated with a decrease in
the level of pro-in�ammatory cytokines.

Daniil et al. (Daniil et al. 2008) demonstrated that oxidative stress plays a chief role in pulmonary �brosis.
The generation of reactive oxygen species (ROS) and reactive nitrogen species has been reported to be
implicated in the pathogenesis of �brosis (Fubini and Hubbard 2003; Bargagli et al. 2009). Moreover, the
markers of oxidative stress have been identi�ed in the patients’ lung suffering from pulmonary �brosis
and also in animal models of lung �brosis (Chitra et al. 2013). In the present study, the administration of
BUS signi�cantly compromised oxidants/antioxidants hemostasis as manifested by a signi�cant
elevation of MDA content in the lung tissues concomitant with a reduction in the activities of GPx and
SOD. Meanwhile, treatment of �brotic rats with ALA restores the cellular redox activity, these results
indicate the ability of ALA to maintain oxidant-antioxidant balance.

In context to all aforementioned alterations, the histopathological changes manifested by disorganization
of the lung architecture increased cellular in�ltration, and the presence of intraluminal cellular debris in
the pulmonary bronchiole was observed following BUS administration. These �ndings were following the
study of Ida et al. (Ida et al. 2016). These histological alterations were markedly corrected upon the ALA
administration. Overall, our results indicate that ALA could be bene�cial against BUS-induced lung
�brosis. This was supported by the �nding conducted by Azmoonfar et.al. (Azmoonfar et al. 2019) who
reported that ALA was able to mitigate �brosis and pneumonitis markers in mice lung tissues following
lung irradiation.
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Excessive collagen deposition is a vital phenomenon in pulmonary �brosis. As previously known, anti-
neoplastic drugs such as busulfan induce the production of free radicals, upregulating the synthesis of
collagen in the lungs. Furthermore, the administration of BUS encourages cytokine dysregulation and the
development of in�ammation that activate the �broblasts leading to an imbalance between collagen
deposition and reabsorption (Kinnula and Myllärniemi 2008). In agreement with these previous data, the
present study, revealed an obvious increase in the hydroxyproline content in the BUS group while it was
decreased markedly in the �brotic rats treated with ALA. Both normal groups (control and ALA) show
normal collagen distribution in both pulmonary interstitium and bronchiolar wall, whereas in the BUS
group the lung section shows excessive collagen deposition in the pulmonary interstitium and
surrounding alveolar wall. On the other hand, the lung section of �brotic rats treated with ALA revealed
less marked interstitial collagen deposition. This effect of ALA could be explained by possible
mechanisms such as inhibiting lung in�ammatory cell accumulation and thus reducing ROS production,
removal of the free radicals from the lung tissues, detoxifying free radicals generated by BUS, and
eventually inhibition of �broblast activation and proliferation.

The mechanisms of pulmonary �brosis are still unclear. Several researchers found that apoptosis may
contribute to the deposition of collagen and the progression of pulmonary �brosis through modulation of
immune response and paracrine signaling (Wang et al. 2000, 2006; Barbas-Filho et al. 2001). The
previous study showed that direct administration of apoptotic cells to the rats’ lungs induced pulmonary
in�ammation and �brosis indicating a direct relationship between apoptosis and the detected lung
pathologies (Wang et al. 2006). In agreement with these previous studies, our results demonstrated that
the expression of apoptotic cells, Capase3 immunoreactive cells, in the lung of the BUS group was
signi�cantly higher than the control ones and this �nding indicating the involvement of Caspase-
dependent apoptotic signaling pathways in the BUS-induced lung injury. On the other hand, we noticed a
signi�cant decrease in the expression of Caspase-3 immunoreactive cells in ALA-treated rats which may
suggest its powerful anti-apoptotic effect.

Furthermore, our �ndings illustrate a remarkable increase in the number of α-SMA -positive cells in the
areas of active �brosis, which become prominent with increased collagen deposition in the BUS group.
TGF-β1 is considered the most powerful pro�brogenic cytokine (Bancroft, J.D.; Christopher 2019). TGF-β1
can encourage the secretion of collagens from the pulmonary �broblasts and/or induce transformation
of �broblasts to myo�broblasts that express α-SMA; both are critical steps in the initiation and
progression of pulmonary �brosis (Horowitz et al. 2007; Tseng et al. 2013). And this could be explained in
our results, as there was a remarkable increase in the serum level of pro-in�ammatory cytokines that
responsible for the formation of the �broblasts and the release of TGF-β. Meanwhile, �brotic rats treated
with ALA exhibited a marked decrease in the number of α-SMA -immunoreactive cells associated with a
decline in collagen deposition and hydroxyproline content in the lung tissue. It was concomitant with a
signi�cant decrease in the serum level of pro-in�ammatory cytokines. All these results indicating the anti-
�brotic effect of ALA against BUS-induced pulmonary �brosis which may be related to its anti-
in�ammatory, antioxidant, and anti-apoptotic effects.
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Many pieces of evidence suggest that PGE2 may play a role in limiting �brotic responses in the lung and
this pathway may be attenuated in patients with pulmonary �brosis. Previous reports observed that
patients with idiopathic pulmonary �brosis exhibited a marked decrease in the expression of COX-2 and
subsequently reduced PGE2 production in bronchoalveolar �uid and �broblasts (Wilborn et al. 1995;
Vancheri et al. 2000; Bozyk and Moore 2011). Moreover, Maher et al. (Maher et al. 2010) demonstrated a
decline in the expression of both COX-2 and PGE2 in the �broblasts from patients suffering from
pulmonary �brosis. they suggested that these low levels of COX-2 and PGE2 promote survival of
�broblast and prevent its apoptosis in the �brotic lung. Moreover, Ex-vivo studies have shown that PGE2
can decrease proliferation, activation, and collagen synthesis from pulmonary �broblasts (McAnulty et al.
1997; Kohyama et al. 2001; Kolodsick et al. 2003; Lovgren et al. 2006; Huang et al. 2010). Besides,
several early studies using mice lacking COX-2 suggested that COX-2-derived prostaglandins could limit
some aspects of the histological changes and collagen production in the bleomycin and vanadium
pentoxide models of lung �brosis (Keerthisingam et al. 2001; Bonner et al. 2002). A decreased expression
of COX-2 which was associated with a marked decrease in the level of PGE2 in the non-treated BUS group
was observed in this study. T + he administration of ALA signi�cantly increased COX-2 mRNA levels in the
�brotic lung and subsequently increased the level of PGE2 in the lung tissue. These results proposed that
the protective effects of ALA against BUS-induced lung damage may be mediated by restoring the normal
level of COX-2 and PGE2.

Among seven isoforms of NADPH oxidases (NOXes), NOX-4 has been found to modulates the TGF-
β/SMAD-signaling through intracellular production of ROS (Jiang et al. 2014). It has been recently shown
that NOX-4 is expressed in the pulmonary arterial adventitial �broblasts and contributes to the ROS
generation under hypoxic conditions. It subsequently stimulates proliferation, activation, and inhibiting
apoptosis of �broblasts (Hecker et al. 2009). Furthermore, NOX-4 is involved in the differentiation of
human cardiac �broblasts into myo�broblasts through TGF-β1 (Amara et al. 2010). In agreement with
these previous �ndings, the current work demonstrated a marked elevation in the expression of NOX-4
mRNA in the BUS rats’ lung tissue. However, the administration of ALA mitigates this increase in the
levels of NOX-4 which is associated with attenuating lung �brosis and decreases the expression of α-
SMA. This �nding is suggesting that the anti-�brotic effect of ALA is mainly mediated through inhibition
of myo�broblast differentiation. Accordingly, we proposed that the regulation of NOX-4 expression by
ALA can be a promising anti-�brotic modality for �brotic lung disorders induced by BUS therapy. This
conclusion is supported by decrease collagen deposition in lung tissue (hydroxyproline and Sirius red
stain) with the decline in the number of α-SMA immunoreactive cells in the BUS group treated with ALA.

Conclusions
According to our results, ALA may be considered as a potential inhibitor of BUS-induced pulmonary
�brosis through its antioxidant, anti-in�ammatory, antiapoptotic and anti�brotic effects as determined by
biochemical and semiquantitative morphological indices of lung injury. Also, it exerts a powerful
improvement in the deposition of collagen via the upregulation of COX-2 expression in lung tissue with an
increase in the level of PGE2 and downregulation of NOX-4 mRNA expression. Thus, ALA may have
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promise in the prevention of BUS-induced lung damage. However, further studies are needed to explore
the mechanism of the valuable effect of ALA in the management of pulmonary �brosis.
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Figure 1

Effects of ALA on the �nal body weight and lung index in all experimental groups. The test used: One-way
ANOVA followed by posthoc Tukey’s test. Data are expressed as mean ± SD, # represents signi�cance
compared to the control group; * represents signi�cance compared with the BUS group.



Page 18/27

Figure 2

Effects of ALA on the serum levels of proin�ammatory cytokines in all experimental groups. The test
used: One-way ANOVA followed by posthoc Tukey’s test. Data are expressed as mean ± SD, # represents
signi�cance compared to the control group; * represents signi�cance compared with the BUS group.
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Figure 3

Effects of ALA on the oxidant state in the lung tissues of all experimental groups. The test used: One-way
ANOVA followed by posthoc Tukey’s test. Data are expressed as mean ± SD, # represents signi�cance
compared to the control group; * represents signi�cance compared with the BUS group; © represents
signi�cance compared to the ALA group.
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Figure 4

Effect of ALA on the level of PGE2 in the lung tissues of different groups. The test used: One-way ANOVA
followed by posthoc Tukey’s test. Data are expressed as mean ± SD, # represents signi�cance compared
to the control group; * represents signi�cance compared with the BUS group.

Figure 5

Effect of ALA on the hydroxyproline content in the lung tissues of all experimental groups. The test used:
One-way ANOVA followed by posthoc Tukey’s test. Data are expressed as mean ± SD, # represents
signi�cance compared with the control group; * represents signi�cance compared with the BUS group.
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Figure 6

Photomicrographs of H and E stained lung sections of different groups. lung sections of the control
group and ALA group (A & B respectively) show normal lung architecture. The lung section of BUS group
(C) shows a disorganized architecture of the lung, increased cellular in�ltration (white asterisks), and
pulmonary bronchiole contains intraluminal cellular debris (arrows). The lung section of the BUS + ALA
group (D) shows more or less organized lung architecture and mild cellular in�ltration (black asterisk)
(H&E stain x 400)
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Figure 7

a) Photomicrographs of Sirus red-stained lung sections of different groups: lung sections of the control
group and ALA group (A & B respectively) show normal collagen distribution in both pulmonary
interstitium and the bronchiolar wall (white arrows). The lung section of BUS group (C) shows excessive
collagen deposition in the pulmonary interstitium (black asterisk) and the surrounding alveolar wall
(black arrows). The lung section of the BUS + ALA group (D) shows less marked interstitial collagen
deposition (arrowheads) (Sirus red stain x 400). b) The percentage area of �brosis in all experimental
groups. The test used: One-way ANOVA followed by posthoc Tukey’s test. Data are expressed as mean ±
SD, # represents signi�cance compared to the control group; * represents signi�cance compared to the
BUS group.
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Figure 8

: a) Photomicrographs of α-smooth muscle actin (α-SMA) immuno-stained lung sections of different
groups: lung sections of the control group and ALA group (A & B respectively) show normally immuno-
positive reaction around blood vessels ( white arrowheads). The lung section of BUS group (C) shows
markedly increased immuno-positive reaction in the pulmonary interstitium (asterisk). The lung section of
the BUS + ALA group (D) shows mild immuno-positive reaction ( black arrowheads) (α-SMA immune stain
x 400). b) The percentage area of α-SMA in all experimental groups. The test used: One-way ANOVA
followed by posthoc Tukey’s test. Data are expressed as mean ± SD, # represents signi�cance compared
with the control group; * represents signi�cance compared with the BUS group.
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Figure 9

Photomicrographs of Tumor necrosis factor-α (TNF-α) immuno-stained lung sections of different groups:
lung sections of the control group and ALA group (A & B respectively) show a negative immune reaction.
The lung section of BUS group (C) shows markedly increased immuno-positive reaction in the pulmonary
interstitium (asterisk) and mononuclear cells (white arrowheads). The lung section of BUS +ALA group IV
(D) shows the mild immuno-positive reaction in the pulmonary interstitium ( black arrowheads) (TNF-α
immune stain x 400). b) The percentage area of TNF-α in all experimental groups. The test used: One-way
ANOVA followed by posthoc Tukey’s test. Data are expressed as mean ± SD, # represents signi�cance
compared with the control group; * represents signi�cance compared with the BUS group.
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Figure 10

a) Photomicrographs of caspase 3 immuno-stained lung sections of different groups: lung sections of
the control group and ALA group (A & B respectively) show a negative immune reaction. The lung section
of BUS group (C) shows markedly increased immuno-positive reaction in the pulmonary interstitium
(asterisks) and mononuclear cells (white arrowheads). The lung section of the BUS + ALA group (D)
shows the mild immuno-positive reaction in mononuclear cells ( black arrowhead) (caspase 3 immune
stain x 400). b) The percentage area of caspase 3 in all experimental groups. The test used: One-way
ANOVA followed by posthoc Tukey’s test. Data are expressed as mean ± SD, # represents signi�cance
compared with the control group; * represents signi�cance compared with the BUS group; © represents
signi�cance compared with the ALA group.
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Figure 11

Effect of ALA on the pulmonary mRNA expression of COX-2 in different groups. The test used: One-way
ANOVA followed by posthoc Tukey’s test. Data are expressed as mean ± SD, * represents signi�cance
compared with the control group; # represents signi�cance compared with the BUS group

Figure 12

Effect of ALA on the pulmonary mRNA expression of NOX-4 all experimental groups. The test used: One-
way ANOVA followed by posthoc Tukey’s test. Data are expressed as mean ± SD, * represents signi�cance
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compared with the control group; # represents signi�cance compared with the BUS group
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