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Abstract
Acute respiratory distress syndrome (ARDS) is a serious intensive care condition. Despite advances in treatment over the 
previous few decades, ARDS patients still have high fatality rates. Thus, more research is needed to improve the outcomes 
for people with ARDS. Minocycline is an antibiotic with antioxidant, anti-inflammatory, and anti-apoptotic effects. In the 
current investigation, the therapeutic effects of minocycline on oleic acid-induced ARDS were evaluated. Male rats were 
classified into 6 groups, 1. control (normal saline), 2. oleic acid (100 µL, i.v.), 3–5. oleic acid + minocycline (50, 100, 200 mg/
kg, i.p.), and 6. minocycline (200 mg/kg, i.p.) alone. Twenty-four hours after the oleic acid injection, the lung tissue is iso-
lated, weighed, and the middle part of the right lung is immediately placed in the freezer, while the middle part of the left 
lung is placed in formalin and sent to the laboratory for pathology testing. Then, the amounts of malondialdehyde (MDA), 
glutathione (GSH), superoxide dismutase (SOD), catalase (CAT), cytokines (interleukin-1 beta (IL-1β), tumor necrosis 
factor-α (TNF-α)), B-cell lymphoma 2 (Bcl-2), Bcl-2 associated X (Bax), and cleaved caspase-3 were determined in lung 
tissue. Administration of oleic acid increased emphysema, inflammation, vascular congestion, hemorrhage, MDA amount, 
Bax/Bcl-2 ratio, cleaved caspase-3, IL-1β, TNF-α levels, and decreased GSH, SOD, and CAT levels in comparison with the 
control group. The administration of minocycline could significantly reduce pathological and biochemical alterations induced 
by oleic acid. Minocycline has a therapeutic effect on oleic acid-induced ARDS through antioxidant, anti-inflammatory, and 
anti-apoptotic properties.
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TCA   Trichloroacetic acid
TNF-α  Tumor necrosis factor-alpha

Introduction

Acute respiratory distress syndrome (ARDS) is character-
ized by acute hypoxia, respiratory failure, and alveolar dam-
age as a result of a strong pulmonary inflammatory response 
triggered by systemic or local insults that impair the alveo-
lar-capillary structure, resulting in amplified permeability in 
capillaries (Akella et al. 2014; Gonçalves-de-Albuquerque 
et al. 2015). The impairment in gas exchange, the heteroge-
neous collapse of air sacs with a prevalence in the dependent 
regions, and pulmonary inflammatory edema are all ARDS 
symptoms (Borges et al. 2019). The mortality rate of ARDS 
has not been lowered to less than 30% with scientific clini-
cal care. Although research into the pathophysiology and 
therapy of ARDS has continued to advance since 1967, 
ARDS has remained a severe clinical challenge, owing to a 
lack of greater knowledge of the disease pathomechanism. 
The major cell death mechanisms in ARDS are apoptosis 
and necrosis (Pan et al. 2016). Furthermore, oxidative stress 
and inflammatory responses are thought to influence the 
development of ARDS. Cytokines and pro-inflammatory 
mediators in the bronchoalveolar lavage fluid or serum reli-
ably indicate activation of polymorphonuclear leukocytes, 
monocytes, and macrophages in the bronchoalveolar lav-
age fluid or serum (Bhatia and Moochhala 2004; Liu et al. 
2015). There are currently no effective and specific drugs 
for ARDS. As a result, it appears that searching for effective 
therapeutic agents for the treatment of ARDS is necessary.

Animal models of lung injury have been created to imi-
tate human ARDS and find out the underlying mechanisms 
of this disorder. Unluckily, no animal model perfectly rep-
licates human ARDS. Animal studies, on the other hand, 
can provide essential information on the physiopathology 
of lung injury in humans, and in this case, they could serve 
as a probable connection from bench to bedside (Gonçalves-
de-Albuquerque et al. 2015). In line with the early stages of 
ARDS, the oleic acid, an unsaturated fatty acid in animals 
and plants, model generates abnormalities in capillary per-
meability, as well as impairments in pulmonary mechan-
ics and gas exchange (Matute-Bello et al. 2008). Oleic acid 
causes a morphologically heterogeneous lung lesion, similar 
to clinical ARDS, with areas of mild pulmonary damage 
contrasted with areas of severe destruction (Ballard-Croft 
et al. 2012). In the early stages of oleic acid-induced lung 
injury, several alterations occur including morphological 
changes, alveolar epithelial cell necrosis, interstitial/intra-
alveolar edema, severe capillary congestion, and both cell 
types standing out from their basal membranes (Borges et al. 
2019).

Minocycline is a semi-synthetic tetracycline analog that 
has broad-spectrum activity against several spirochetes, 
Plasmodium spp., Chlamydia, Mycoplasma pneumoniae, 
Rickettsia, and Gram-negative and Gram-positive bacteria 
(Garrido‐Mesa et al. 2013, Singh et al. 2020). Since 1972, 
this antibiotic has been used to treat rheumatoid arthritis and 
infections caused by susceptible micro-organisms (Ochsen-
dorf 2010). Several research projects in recent years have 
validated its non-antibiotic characteristics, comprising anti-
cancer, neuroprotective, anti-apoptotic, antioxidant, and 
anti-inflammatory effects (Garrido‐Mesa et al. 2013). It has 
also been reported that the anti-inflammatory and immu-
nomodulatory properties of minocycline may be beneficial 
in the treatment of coronavirus disease 2019 (COVID-19) 
patients, particularly in the case of respiratory problems 
such as ARDS and multiorgan damage (Singh et al. 2020). 
It was observed that minocycline inhibited oxidative stress 
and inflammation in sepsis-induced acute lung injury (Cui 
et al. 2021). Minocycline has been demonstrated to inhibit 
the emission of cytokines such as interleukin-6 (IL-6), IL-2, 
and tumor necrosis factor-alpha (TNF-α), suggesting that it 
may be useful in treating disease-related cytokine release 
syndrome (Seabrook et al. 2006; Szeto et al. 2010, Garrido‐
Mesa et al. 2013). Moreover, it has been reported that mino-
cycline prevented cell death by blocking apoptotic cascades 
and decreasing the amount of caspases-1 and 3 (Garrido‐
Mesa et al. 2013).

Consequently, considering the significant roles of oxi-
dative damage, inflammation, and apoptosis in ARDS and 
the fact that minocycline increases radical scavenging, and 
inhibits inflammation and apoptosis, the present investiga-
tion was designed to examine the ameliorative properties 
of minocycline in oleic acid-induced ARDS in the rat by 
measuring oxidative stress (the amount of malondialdehyde 
(MDA), glutathione (GSH), superoxide dismutase (SOD), 
catalase (CAT)), inflammation (TNF-α and IL-1β amounts), 
and apoptosis (B-cell lymphoma 2 (Bcl-2), Bcl-2 associated 
X (Bax), and cleaved caspase-3) in lung tissue.

Materials and methods

Animals

The Animal Center, School of Pharmacy, Mashhad Univer-
sity of Medical Sciences, Iran, provided the male Wistar rats 
(250–300 g). Animals were chosen at random and housed 
in conventional cages in the animal room at Mashhad Uni-
versity of Medical Sciences, Iran, on a switching 12-h light-
dark cycle at ambient temperature (25 ± 2 °C) and relative 
humidity (50 ± 10%). The animals were fed a normal diet 
and allowed free access to water and food.
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The Ethical Committee Acts of Mashhad University 
of Medical Sciences accepted all evaluations for the care 
and use of experimental animals (IR.MUMS.PHAR-
MACY.REC.1399.066). For a week before the start of the 
experiments, the rats were allowed to adapt to their new 
surroundings.

Chemicals

Oleic acid, tween 20, sodium fluoride, sodium orthovana-
date, β-glycerol phosphate, sodium deoxycholate, phenyl-
methanesulfonyl fluoride (PMSF), and bromophenol blue 
were purchased from Sigma Aldrich. Ethyl alcohol, potas-
sium chloride, phosphoric acid, 2-thiobarbituric acid (TBA), 
n-butanol, 5,5-dithio-bis-2-nitrobenzoic acid (DTNB), 
Tris–HCl, ethylenediaminetetraacetic acid (EDTA), ethylene 
glycol tetraacetic acid (EGTA), 2-mercaptoethanol (2-ME), 
sodium dodecyl sulfate (SDS), glycerol, dry skim milk, 
sodium hydroxide, di-sodium hydrogen phosphate dihydrate, 
sodium phosphate monobasic monohydrate, trichloroacetic 
acid 10% (TCA 10%), sodium citrate 10%, Thiazolyl blue 
tetrazolium bromide (MTT), pyrogallol, dimethyl sulfoxide 
(DMSO), and hydrogen peroxide were bought from Merck, 
Germany. A protease inhibitor cocktail and Pierce enhanced 
chemiluminescence (ECL) Western blotting substrate were 
obtained from Thermo Fisher Scientific. Polyvinylidene 
difluoride (PVDF) was purchased from Bio-Rad. Methanol 
and n-butanol were purchased from the Industrial Chemical 
Complex Company Laboratory and pharmaceutical chemi-
cals by Dr Mojallali, Tehran, Iran.

Study groups

The rats were randomly divided into six groups of six ani-
mals each and subjected to the following treatments:

1. Control: the animals in this group received 100 µL of 
intravenous normal saline and then minocycline solvent 
(normal saline, 300 µL) intraperitoneally.
2. Oleic acid group: the animals in this group received 
100 µL of intravenous oleic acid and minocycline solvent 
(normal saline, 300 µL) intraperitoneally.
3–5. The animals in these groups received 100 µL of 
intravenous oleic acid and minocycline 50, 100, and 
200 mg/kg, intraperitoneally 30 min after the oleic acid 
injection (Cui et al. 2021).
6. The animals in this group received minocycline 
(200 mg/kg, i.p.).

Twenty-four hours after oleic acid injection, the lung tis-
sue was isolated, weighed, and the middle part of the right 
lung was immediately placed in the freezer, and the middle 
part of the left lung was placed in formalin and sent to the 

laboratory for pathology testing. It is also noteworthy to note 
that the histopathological alterations besides GSH and MDA 
levels were the criteria for lung injury.

Immunohistochemistry analysis with hematoxylin 
and eosin (H&E) staining

Lung tissues were isolated and treated with 10% formalin 
shortly after the rats were sacrificed. The specimens were 
then dehydrated and embedded in paraffin wax before being 
cut into 4 mm pieces and stained with H&E. Our team 
planned a grading system to assess pulmonary architecture, 
leukocyte infiltration, and lung edema formation with a sub-
jective scoring on a scale of 1 to 4, with 1 signifying normal 
and 4 indicating the most serious harm.

Determination of lipid peroxidation in the lung 
tissue

The level of MDA, a lipid peroxidation marker, was measured 
in tissue homogenates using a previously reported method 
(Rahbardar et al. 2022). In cold potassium chloride, a 10% 
w/v homogenate of rat lung was made (1.15%). A mixture of 
0.5 mL homogenized lung, 3 mL phosphoric acid 1%, and 
1 mL 0.6% TBA was prepared. For 45 min, the tubes were 
immersed in a boiling water bath (95 °C). A total of 4 mL 
n-butanol was added to the tubes after they had cooled, and 
they were vortexed for 1 min. The tubes were centrifuged for 
20 min at 3000 g. The absorbance of the upper layer was then 
measured at 532 nm wavelengths. The MDA concentration 
was estimated using a standard curve with a concentration 
range of 0–100 nmol/mL (Uchiyama and Mihara 1978).

Determination of GSH level in the lung tissue

Free sulfhydryl groups in lung tissue react with DTNB rea-
gent to generate a yellow color, according to the Moron et al. 
method (Moron et al. 1979). For this, 200 mg of lung tissue 
was combined with 1:1 V/V of TCA (10%) in phosphate 
buffer (pH = 7.4) and centrifuged at 3000 g for 10 min. The 
supernatant was then collected and combined with 0.5 mL 
DTNB and 2.5 mL phosphate buffer (pH = 8). Finally, the 
UV-spectrophotometer (Jenway 6105 UV/Vis, UK) was 
used to measure absorbance at 412 nm. The results were 
expressed in nmol/g tissue (Eisvand et al. 2022).

Determination of SOD level in the lung tissue

The activity of SOD was measured using a colorimetric 
technique. SOD is produced by auto-oxidation of pyro-
gallol and is reliant on MTT to formazan suppression. The 
reaction is suppressed after adding DMSO, which acts as a 
color stabilizer. Briefly, homogenized lung tissue was placed 
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in wells of a microplate containing buffer and MTT, fol-
lowed by the addition of pyrogallol and incubation at room 
temperature (5 min). In a microplate reader, it was read at 
570 nm and 630 nm when DMSO was added. One unit of 
SOD is required to prevent a 50% drop in MTT. The results 
were given in units/g tissue (Bargi et al. 2017).

Determination of CAT level in the lung tissue

The decomposition of hydrogen peroxide was used to assess 
catalase activity, which was measured by a decrease in absorb-
ance at 240 nm. For this, two distinct solutions were pre-
pared: a 30 mM hydrogen peroxide solution as a substrate, 
and a 50 mM phosphate buffer (pH = 7) in a solution blank 
as an alternate substrate. Hydrogen peroxide and lung tis-
sue homogenates were present in sufficient concentrations in 
the sample solutions. Hydrogen peroxide was added, and the 
reduction in absorption was monitored using a spectrophotom-
eter at 240 nm as the reaction progressed (Bargi et al. 2017).

Western blot analysis

The protein extract was subjected to Western blot analysis to 
assess the changes in apoptosis and inflammatory markers. 
Unfrozen lung tissue (100 mg) was homogenized in a lysis 
buffer comprising 50 mM Tris–HCl (pH 7.4), 2 mM EDTA, 
2 mM EGTA, 10 mM sodium fluoride, 1 mM sodium ortho-
vanadate  (2H2O), 10 mM β-glycerophosphate, 0.2% W/V 
sodium deoxycholate and, 1 mM PMSF, and complete pro-
tease inhibitor cocktail (Roche, Mannheim, Germany). On 
the ice, the homogenate was sonicated for 30 s at 10-s inter-
vals. It was centrifuged at 4 °C for 10 min at 10,000 g. The 
supernatants were then separated and the protein content of 
the supernatants was determined using the Bradford tech-
nique (Ghasemzadeh Rahbardar et al. 2020). The samples 
were then boiled after being combined 1:1 with 2XSDS blue 
buffer (5 min). After cooling, the samples were stored in an 
–80 °C freezer until they were analyzed. Samples were elec-
trophoresed on a 12% SDS polyacrylamide gel, transferred 
to PVDF paper, and blocked for 2 h at room temperature in 
5% non-fat milk powder (skimmed milk) in Tris-buffered 
saline tween 20 (TBST). Primary antibodies included rabbit 
polyclonal anti-serum against Bax (Cell Signaling, #2772), 
rabbit monoclonal anti-serum against Bcl-2 (Cell Signal-
ing, #2870), rabbit monoclonal anti-serum against cleaved 
caspase-3 (Cell Signaling, #9664), rabbit polyclonal anti-
serum against TNF-α (Cell Signaling, #3707), rabbit anti-
IL-1β (Abcam #9722), and mouse monoclonal anti-serum 
against β-actin (Cell Signaling, #3700) at 1:1000 dilutions. 
After the PVDF papers were washed three times with TBST 
for 5 min each, the membranes were incubated for 1.5 h at 
room temperature with anti-rabbit IgG labeled with horse-
radish peroxidase (Cell Signaling, #7074) or anti-mouse IgG 

labeled with horseradish peroxidase (Cell Signaling, #7076) 
at 1:3000 dilutions. Increased chemiluminescence revealed 
the peroxidase-coated protein bands. The integrated optical 
densities of the bands were measured using the Alliance 
4.7 Gel doc (UK). Protein band densitometric analysis was 
performed using UV Tec Software (UK). To standardize the 
protein levels, β-actin was employed as a control protein.

Statistical analysis

The quantitative data were presented as a mean ± standard 
deviation (mean ± SD). GraphPad Prism 8.0 (GraphPad 
Prism Software Inc., San Diego, CA, USA) was used to con-
duct the statistical analysis. Tukey’s multiple comparison 
test or the Kruskal–Wallis test followed by Dunn’s multiple 
comparisons were used to analyze the numerous groups in 
a one-way analysis of variance. Statistical significance was 
defined as a P value of less than 0.05. For the behavioral 
assessments, data were reported as medians with interquar-
tile ranges for each group, and statistical analysis was per-
formed using the Kruskal–Wallis nonparametric test and 
Dunn’s multiple comparison.

Results

The effect of minocycline on oleic acid‑induced 
histopathological alterations in lung tissue

The administration of oleic acid caused histopathological 
changes in rats’ lungs, for instance, emphysema (P < 0.01), 
inflammation (P < 0.001), vascular congestion, and hem-
orrhage (P < 0.05) in comparison with the control group. 
Although concurrent treatment with minocycline (50, 
100, and 200  mg/kg) along with oleic acid could not 
decrease emphysema, it significantly reduced inflammation 
(P < 0.001), vascular congestion, and hemorrhage (P < 0.05) 
in comparison with the oleic acid group (Fig. 1). Receiving 
minocycline (200 mg/kg) alone had no significant effect on 
lung tissue versus the control group (Table 1).

The effect of minocycline on the amount of MDA 
and GSH

Lipid peroxidation was demonstrated in the oleic acid (100 
µL) group by an increase in MDA levels in the lung tissue 
(P < 0.05) in comparison with the control group. MDA levels 
were significantly reduced when 50 mg/kg (P < 0.01), 100 mg/
kg (P < 0.01), and 200 (P < 0.05) mg/kg minocycline were 
administered with oleic acid compared to oleic acid. When 
comparing the minocycline (200 mg/kg) alone group to the 
control group, there was no significant change (Fig. 2A).
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GSH levels were considerably lower in the oleic acid 
(100 µL) group compared to the control group (P < 0.001), 
as seen in Fig. 2B. In comparison to the oleic acid group, 

minocycline (50, 100 mg/kg) was able to enhance GSH 
levels (P < 0.001). However, the administration of mino-
cycline 200 mg/kg along with oleic acid could not increase 

Fig. 1  Effect of minocycline on oleic acid-induced histopathologi-
cal alterations in the lung tissue (H&E staining × 200). A Control 
group, B OA (100 mg/kg), C OA + Mino (50 mg/kg), D OA + Mino 

(100 mg/kg), E OA + Mino (200 mg/kg), F Mino (200 mg/kg). OA, 
oleic acid; Mino, minocycline

Table 1  Effect of minocycline 
on oleic acid-induced 
histopathological alterations in 
lung tissue

Data are expressed as median with interquartile range (IQR) (n = 4). Statistical analysis was performed by 
nonparametric Kruskal–Wallis test and Dunn’s posttest. #P < 0.05, ##P < 0.01, and ###P < 0.001 compared 
to the control group, *P < 0.05 and ***P < 0.001 compared to the OA group. OA, oleic acid; Mino, mino-
cycline

Groups Emphysema Inflammation Vascular congestion Hemorrhage

Control 0 (0) 0 (0) 1 (0) 0 (0)
OA (100 mg/kg) 2.5 (2)## 3 (2)### 2.5 (2)# 1 (0)#
OA + Mino (50 mg/kg) 2 (1) 0.5 (0)*** 1 (0)* 0 (0)*
OA + Mino (100 mg/kg) 1 (0) 0 (0)*** 1 (0)* 0 (0)*
OA + Mino (200 mg/kg) 1 (0) 0 (0)*** 1 (0)* 0 (0)*
Mino (200 mg/kg) 1 (0) 0.5 (1) 1 (0) 1 (1)
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the GSH amount compared to the oleic acid group. There 
was no significant difference between the control and 
minocycline (200 mg/kg) alone groups.

The effect of minocycline on the amount of SOD 
and CAT 

The results in Fig. 3A show that oleic acid (100 µL) intra-
venous injection significantly lowered the SOD amount 
when compared to the control group (P < 0.001). Intra-
peritoneal injection of minocycline 50 mg/kg (P < 0.01), 
100 mg/kg (P < 0.001), and 200 mg/kg (P < 0.01) along 
with oleic acid significantly boosted SOD enzyme level as 
compared to the oleic acid group. The results also showed 
that the administration of minocycline (200 mg/kg) alone 
to rats had no significant effect on SOD content in com-
parison with the control group.

The CAT amount in the lung tissues of the oleic acid 
(100 µL) group was considerably lower than the control 
group (P < 0.001), as shown in Fig. 3B. Minocycline (50 
and 100 mg/kg) was found to significantly boost CAT lev-
els when administered with oleic acid in comparison with 
the oleic acid group (P < 0.05). However, concurrent pre-
scription of minocycline 200 mg/kg with oleic acid had 
no significant effect on the CAT amount compared to the 
oleic acid group. In comparison to the control rodents, 
minocycline 200 mg/kg alone did not affect the CAT level.

The effect of minocycline on the amount of IL‑1β 
and TNF‑α

The most efficient dose of minocycline, minocycline 50 mg/kg, 
was determined for Western blot biochemical tests based on the 
results of histopathological and oxidative stress experiments.

Fig. 2  Effect of minocycline on oleic acid-induced A lipid per-
oxidation and B GSH level in lung tissue. The data is provided as a 
mean ± SD (n = 6). An analysis of variance (ANOVA) was used, fol-
lowed by a post hoc analysis. For statistical analysis, Tukey’s test was 

utilized. ###P < 0.001, #P < 0.05 when compared with the control 
group, ***P < 0.001, **P < 0.01, and *P < 0.05 when compared to 
oleic acid group. GSH, glutathione; MDA, malondialdehyde; Mino, 
minocycline; OA, oleic acid

Fig. 3  Effect of minocycline on oleic acid-induced A SOD and 
B CAT levels in lung tissue. The data is provided as a mean ± SD 
(n = 6). An analysis of variance (ANOVA) was used, followed by a 
post hoc analysis. For statistical analysis, Tukey’s test was utilized. 

###P < 0.001 when compared to the control group, ***P < 0.001, 
**P < 0.01, and *P < 0.05 when compared with the oleic acid group. 
CAT, catalase; Mino, minocycline; OA, oleic acid; SOD, superoxide 
dismutase
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When the animals received oleic acid (100 µL), the 
amount of IL-1β increased (P < 0.001) compared to the 
control group. Co-administration of minocycline and oleic 
acid reduced IL-1β levels in comparison to the oleic acid 
group (P < 0.001). Injection of oleic acid (200 mg/kg) alone 
did not affect the IL-1β level when compared to the control 
group (Fig. 4A, B).

In comparison to the control group, the level of TNF-α 
increased (P < 0.001) when the animals were administered 
100 µL of oleic acid. In comparison to the oleic acid group, 
minocycline and oleic acid co-administration lowered 
TNF-α levels (P < 0.01). When compared to the control 
group, injections of oleic acid (200 mg/kg) did not affect 
TNF-α amounts (Fig. 4A, C).

The effect of minocycline on the amount of Bax/
Bcl‑2 ratio and cleaved caspase‑3

The administration of oleic acid (100 µL) resulted in an 
increased Bax/Bcl-2 ratio compared with the animals in 
the control group (P < 0.01). Concurrent administration of 
minocycline and oleic acid reduced the Bax/Bcl-2 ratio in 
comparison with the oleic acid group (P < 0.05). Receiving 
oleic acid (200 mg/kg) alone caused no considerable altera-
tion in the Bax/Bcl-2 ratio vs. the control group (Fig. 5A, B).

When oleic acid (100 µL) was injected into the ani-
mals, the cleaved caspase-3 amount rose (P < 0.001) when 
compared to the control group. In comparison to the oleic 
acid group, concurrent administration of minocycline and 
oleic acid lowered the cleaved caspase-3 level (P < 0.05). 

In comparison to the control group, receiving oleic acid 
(200 mg/kg) alone had no significant effect on the level of 
cleaved caspase-3 (Fig. 5A, C).

Discussion

The purpose of this study was to investigate if minocycline 
could ameliorate ARDS as a result of oleic acid-induced 
elevated oxidative stress, inflammation, and apoptosis. The 
data revealed that intravenous injection of 100 µL oleic 
acid caused significant emphysema, inflammation, vascular 
congestion, and hemorrhage in lung tissue in comparison 
with the control group. It also increased MDA amount and 
decreased GSH, SOD, and CAT levels in lung tissue. More-
over, oleic acid augmented the Bax/Bcl-2 ratio, cleaved 
caspase-3, TNF-α, and IL-1β amounts. On the other hand, 
the administration of minocycline (50, 100, 200 mg/kg) 
intraperitoneally ameliorated inflammation, vascular 
congestion, and hemorrhage in pathological tests. How-
ever, they did not affect oleic acid-induced emphysema. 
Minocycline (50, 100, 200 mg/kg) concurrent administra-
tion along with oleic acid could reduce oxidative stress 
by decreasing MDA and increasing GSH, SOD, and CAT 
levels, too. Moreover, minocycline 50 mg/kg significantly 
lowered Bax/Bcl-2 ratio, cleaved caspase-3, TNF-α, and 
IL-1β levels in lung tissue compared with the oleic acid 
group. It is also noteworthy to mention that administration 
of minocycline 200 mg/kg alone caused no considerable 
changes in the studied parameters in comparison with the 
control group.

Fig. 4  Effect of oleic acid and 
minocycline on the IL-1β and 
TNF-α levels in the lung tissue. 
A Specific bands for IL-1β 
and TNF-α levels have been 
investigated using Western blot. 
B IL-1β level data by densi-
tometric analysis. C TNF-α 
level data by densitometric 
analysis. The data is mean ± SD 
(n = 5). ANOVA and posttest 
Tukey–Kramer were used for 
statistical analysis. ###P < 0.001 
compared with the control 
group, and ***P < 0.001 and 
**P < 0.01 compared with the 
oleic acid group. Mino, minocy-
cline; OA, oleic acid
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The key pathologic characteristics of ARDS include sur-
factant inactivation, protein-rich pulmonary edema, and dis-
ruptions of the alveolar-capillary barrier (Chen et al. 2018). 
As a result, endothelial cell repair or regeneration may have 
an unanticipated therapeutic effect on ARDS. The pathologi-
cal analysis of the current study disclosed that administration 
of oleic acid (100 µL, i.v.) to male rats caused considerable 
emphysema, inflammation, vascular congestion, and hem-
orrhage in lung tissue in comparison with the control rats. 
In line with our findings, a previous investigation reported 
that administration of oleic acid (50 µL, i.v.) to rats resulted 
in intra-alveolar edema, increased presence of macrophages 
in intra-alveolar locations, and a significant rise in neutro-
phil counts in intra-alveolar and interstitial areas, notably 
surrounding the congestive capillaries (Erdem et al. 2017). 
Another study has also stated that receiving oleic acid (by 
continuous infusion of 0.2 mL/kg) caused inflammation, 
edema, hemorrhage, septal necrosis, and collapsed alveoli 
in the lung tissue of large white pigs (Borges et al. 2019). In 
our work, it was observed that co-administration of mino-
cycline (50, 100, 200 mg/kg, i.v.) with oleic acid reduced 
inflammation, vascular congestion, and hemorrhage. The 
results of a study indicated that the administration of mino-
cycline (15 mg/kg, 28 days, i.p.) to mice with methotrexate-
induced pulmonary fibrosis reversed pathological alterations 
in lung tissue (Kalemci et al. 2013).

According to clinical and experimental findings, oxi-
dative stress is implicated in the pathology of acute lung 
injury. Excessive production of reactive oxygen species 
(ROS) under oxidative stress damages cellular membranes 
via lipid peroxidation, which increases vascular permeabil-
ity and leads to serum protein leakage into the alveoli (Li 
et al. 2021). The results of our study indicated that intra-
venous injection of oleic acid amplified MDA levels, and 
reduced GSH, SOD, and CAT amounts in lung tissue. The 
administration of oleic acid (0.1 mL/kg) to mice in Li et al. 
study also increased MDA and decreased SOD amount in 
comparison to the control group (Li et al. 2021). Moreover, 
chemical colorimetry assays of another study revealed that 
oleic acid-induced acute lung injury had increased ROS 
generation and decreased antioxidant capacity in rats (Chen 
et al. 2015). In the current study, concurrent administration 
of minocycline with oleic acid lowered MDA amount and 
augmented GSH, SOD, and CAT levels in lung tissue. In 
line with our findings, the effectiveness of minocycline (3 
and 15 mg/kg, 28 days, i.p.) in mice with methotrexate-
induced lung fibrosis was also illustrated. Minocycline 
could reduce oxidative stress that attenuated MDA levels 
and increased CAT amount in lung tissue (Kalemci et al. 
2013). Furthermore, a recent study reported that oral 
administration of minocycline (10, 20, and 40  mg/kg, 
7 days, p.o.) decreased MDA amount and increased SOD, 

Fig. 5  Effect of oleic acid and 
minocycline on the Bax/Bcl-2 
ratio and cleaved caspase-3 
level in the lung tissue. A Spe-
cific bands for Bax/Bcl2 ratio 
and cleaved caspase-3 level 
have been investigated using 
Western blot. B Bax/Bcl-2 ratio 
data by densitometric analysis. 
C Cleaved caspase-3 level 
data by densitometric analysis. 
The data is mean ± SD (n = 5). 
ANOVA and posttest Tukey–
Kramer were used for statisti-
cal analysis. ###P < 0.001, 
##P < 0.01 compared with the 
control group, and *P < 0.05 
compared with the oleic acid 
group. Mino, minocycline; OA, 
oleic acid
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CAT, and GSH levels in lung tissue of mice exposed to 
hypoxia (Eduviere and Otomewo 2022).

Several investigations have shown that ROS stimulates 
innate immune cell activation and the consequent release 
of inflammatory cytokines for instance IL-6 and TNF-α, 
proposing that ROS, in conjunction with inflammatory 
cytokines, might induce vascular endothelial dysfunction 
and promote the progression of acute lung injury, includ-
ing ARDS (Porter and Hall 2009; Li et al. 2021). In the 
current study, it was observed that administration of oleic 
acid caused an upsurge in the levels of IL-1β and TNF-α in 
lung tissue in comparison with the control group. In agree-
ment with our data, another investigation revealed that the 
administration of oleic acid in an acute lung injury model 
increased IL-6 and IL-8 levels in comparison with the 
healthy large white pigs (Borges et al. 2019). Our obtained 
findings disclosed that administration of minocycline along 
with oleic acid reduced IL-1β and TNF-α amounts in lung 
tissue compared to the rats in the oleic acid group. In line 
with our findings, it was reported that minocycline decreases 
inflammatory and oxidative injury in a septic lung injury 
model induced intestinal perforation by down-regulating the 
expressions of TNF-α, IL-6, IL-1β, and MDA in lung tissues 
of the mice (Cui et al. 2021).

ARDS-induced pulmonary injury, inflammation, and 
oxidative stress are all linked to apoptosis (Mokra et al. 
2016). Caspase-3 has been linked to the start of the “death 
cascade” and is thus an important marker of the cells’ entry 
point into the apoptotic signaling pathway (Borges et al. 
2019). Our results also have shown that receiving oleic 
acid-induced apoptosis in lung tissue by increasing Bax/
Bcl-2 ratio and caspase-3 levels in comparison with the 
control group. In line with our results, it has been reported 
that the anti-apoptotic marker Bcl-2 was reduced by oleic 
acid (0.9 mL/kg, i.v.), but the pro-apoptotic marker Bcl-2 
associated agonist of cell death (Bad) was significantly 
increased (Guo et al. 2011). Another study has also dis-
closed that exposure to oleic acid elevated caspase-3 
amounts in A549 cells (Chen et al. 2015). In our research, 
the administration of minocycline reversed the alterations 
induced by oleic acid in apoptotic and anti-apoptotic fac-
tors. The anti-apoptotic property of minocycline was dis-
closed in a rat model of ischemic renal injury (Kelly et al. 
2004) and also on PC12 cells against cadmium-induced 
neurotoxicity (Shayan et al. 2022) by reducing the amount 
of apoptotic markers.

In general, it can be stated that all three doses of minocy-
cline were effective in reducing the effects of oleic acid in 
inducing ARDS. But lower doses performed better in some 
tests, including CAT, SOD, and GSH levels, although there 
may not be statistically significant differences among doses 
for some tests. The fact that lower doses of drugs are more 
successful can be justified by the fact that some chemicals 

and drugs induce oxidative stress (prooxidant) and apoptosis 
in higher doses.

Limitations of the present study

• Only male rats were employed in our investigation. With 
strong and detectable differences in more than half of the 
genes’ expression patterns between males and females, 
sex differences in preclinical models are becoming more 
and more obvious. Hence, female animal models should 
be used in upcoming research.

• We did not evaluate physiological data such as gas 
exchange because measuring them was difficult due to 
the small size of the animals.

Conclusion

In this study, we investigated the underlying mechanism of 
oleic acid-induced ARDS and examined the potential pro-
tection of minocycline against this disorder. Concluding 
from our observations, oleic acid-induced oxidative stress 
and inflammation ultimately lead to apoptotic cell death. 
However, concurrent administration of oleic acid and mino-
cycline to rats inhibited oxidative stress (by decreasing MDA 
amount and increasing GSH, SOD, and CAT), inflammation 
(by attenuating IL-1β and TNF-α), and apoptosis (through 
lowering Bax/Bcl-2 ratio and cleaved caspase-3 level). 
Therefore, minocycline might be a promising agent in treat-
ing and managing ARDS.
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