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Abstract
Lung injury is a significant complication associated with cholestasis/cirrhosis. This problem significantly increases the risk 
of cirrhosis-related morbidity and mortality. Hence, finding effective therapeutic options in this field has significant clinical 
value. Severe inflammation and oxidative stress are involved in the mechanism of cirrhosis-induced lung injury. Taurine 
(TAU) is an abundant amino acid with substantial anti-inflammatory and antioxidative properties. The current study was 
designed to evaluate the role of TAU in cholestasis-related lung injury. For this purpose, bile duct ligated (BDL) rats were 
treated with TAU (0.5 and 1% w: v in drinking water). Significant increases in the broncho-alveolar lavage fluid (BALF) level 
of inflammatory cells (lymphocytes, neutrophils, basophils, monocytes, and eosinophils), increased IgG, and TNF-α were 
detected in the BDL animals (14 and 28 days after the BDL surgery). Alveolar congestion, hemorrhage, and fibrosis were the 
dominant pulmonary histopathological changes in the BDL group. Significant increases in the pulmonary tissue biomarkers 
of oxidative stress, including reactive oxygen species formation, lipid peroxidation, increased oxidized glutathione levels, 
and decreased reduced glutathione, were also detected in the BDL rats. Moreover, significant myeloperoxidase activity and 
nitric oxide levels were seen in the lung of BDL rats. It was found that TAU significantly blunted inflammation, alleviated 
oxidative stress, and mitigated lung histopathological changes in BDL animals. These data suggest TAU as a potential pro-
tective agent against cholestasis/cirrhosis-related lung injury.
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Introduction 

Cholestasis is a serious clinical complication that could 
progress to severe liver injury, hepatic fibrosis, cirrhosis, 
and liver failure (Bomzon et al. 1997; Erlinger 2014; Kro-
nes et al. 2015; Aniort et al. 2017). Several diseases, as 
well as xenobiotics, have been identified to be involved 
in the pathogenesis of cholestasis (Jüngst and Lammert 
2013; Levy 2013). Various potentially cytotoxic bile con-
stituents, including bile acids, bilirubin, and manganese, 
accumulate in the liver during cholestasis (Bomzon et al. 
1997; Erlinger 2014; Krones et al. 2015; Aniort et  al. 
2017; Heidari et  al. 2018b). Although the liver is the 
main organ influenced by cholestasis, toxic bile compo-
nents enter the systemic circulation and affect other organs 
(Ommati et al. 2020b, 2021a; Ghanbarinejad et al. 2021). 
The kidney, lung, skeletal muscle, heart, reproductive sys-
tem, and brain are organs that are significantly influenced 
by cholestasis/cirrhosis (Krowka and Cortese 1985; Orel-
lana et al. 2000; Aniort et al. 2017; Ommati et al. 2019, 
2020e, 2021a, 2021e, 2021f; Farshad et al. 2020; Heidari 
et al. 2020).

There is evidence of lung injury in experimental mod-
els and human cases of cholestasis/cirrhosis (Krowka 
and Cortese 1985; Enrico et al. 2007; Zecca et al. 2008; 
Ding et al. 2014; Herraez et al. 2014; Yu et al. 2014). 
Cholestasis-induced lung injury could lead to profound 
hypoxemia in patients (Krowka and Cortese 1985). Severe 
inflammation or intrapulmonary bleeding is also reported 
in cholestasis-induced lung injury (Krowka and Cortese 
1985; Enrico et al. 2007; Zecca et al. 2008; Ding et al. 
2014; Herraez et al. 2014; Yu et al. 2014). Hence, the 
establishment of effective therapeutic interventions is an 
urgent need. The accumulation of cytotoxic bile acids and 
bilirubin is the most suspected factor responsible for chol-
estasis-induced lung injury (Zecca et al. 2008; Ommati 
et al. 2021a).

Although the precise mechanism(s) of cholestasis-
induced lung injury is far from clear, several studies noted 
the role of oxidative stress in this complication (Aruoma 
et al. 1988; Cozzi et al. 1995; Gürer et al. 2001; Pushpa-
kiran et al. 2004; Acharya and Lau-Cam 2013; Hsieh et al. 
2014; Abdel-Moneim et al. 2015; Alhumaidha et al. 2015). 
In this context, severe biomembranes degradation (lipid 
peroxidation) and decreased cellular antioxidant capac-
ity have been reported in the lung tissue in experimen-
tal models of cholestasis/cirrhosis (Salatti Ferrari et al. 
2012; Shikata et al. 2014). The accumulation of cytotoxic 
molecules such as hydrophobic bile acids is the major 
suspected factor involved in the occurrence of oxida-
tive stress in the lung of cholestatic animals (Zecca et al. 
2008; Ommati et al. 2021a). Significant inflammatory cell 

infiltration is another problem in the lung of cholestatic 
cases (Schuller-Levis and Park 2003; Marcinkiewicz et al. 
2006; Su et al. 2014; Lin et al. 2015). The accumulation 
of inflammatory cells is also involved in the pathogenesis 
of lung injury during cholestasis by releasing potentially 
cytotoxic cytokines and their contribution to the induction 
of oxidative stress (Shikata et al. 2014; Forrester Steven 
et al. 2018).

Taurine (TAU) is the most abundant amino acid in the 
human body that is not corporate in the protein structure 
(Wright et al. 1986). Many physiological and pharmacologi-
cal properties have been attributed to TAU (Huxtable et al. 
1992; Wójcik et al. 2010; Rashid et al. 2013; Islambulchi-
lar et al. 2015). Most importantly, it has repeatedly been 
mentioned that TAU could abrogate oxidative stress and its 
related complications in various experimental models (Cozzi 
et al. 1995; Pushpakiran et al. 2004; Shimada et al. 2015; 
Heidari et al. 2019a; Vazin et al. 2020). This amino acid 
could also robustly blunt inflammation and release cytokines 
in multiple experiments (Cozzi et al. 1995; Pushpakiran 
et al. 2004; Shimada et al. 2015; Heidari et al. 2019a; Vazin 
et al. 2020). Moreover, the positive effects of TAU on pul-
monary diseases or xenobiotic-induced lung injury also have 
been studied (Aruoma et al. 1988; Gürer et al. 2001; Acha-
rya and Lau-Cam 2013; Hsieh et al. 2014; Abdel-Moneim 
et al. 2015; Alhumaidha et al. 2015; Yang et al. 2016b; Li 
et al. 2017; Ramos et al. 2018). It has been found that TAU 
could significantly ameliorate lung pathologies mainly by 
mitigating oxidative stress and its related complications 
(Santangelo et al. 2003; Guler et al. 2014; Tu et al. 2018).

The current experimental study aimed to evaluate the pro-
tective role of TAU in a rat model of cholestasis-induced 
lung injury. The effects of this amino acid on several mark-
ers, including the population of inflammatory cells in bron-
cho-alveolar lavage fluid (BALF), the level of cytokines and 
immunoglobulins, biomarkers of oxidative stress, and lung 
tissue histopathological alterations, were monitored. The 
data obtained from this study could be translated for human 
benefit, potentially leading to the establishment of clinical 
interventions against lung injury in patients with cholestasis/
cirrhosis.

Materials and methods

Chemicals and reagents

Iodoacetic acid, 4,2-hydroxyethyl,1-piperazine ethane sul-
fonic acid (HEPES), hexadecyl-trimethyl-ammonium bro-
mide (HTAB), reduced glutathione (GSH), N-1-naphthyl 
ethylenediamine dihydrochloride, sodium phosphate diba-
sic  (Na2HPO4), sulphanilamide, dithiothreitol (DTT), fatty 

1558 Naunyn-Schmiedeberg's Archives of Pharmacology (2022) 395:1557–1572



1 3

acid-free bovine serum albumin fraction V, glacial acetic 
acid, oxidized glutathione (GSSG), 2′,7′-dichlorofluorescein 
diacetate (DCF-DA), hydrogen peroxide, methanol HPLC 
grade, coomassie brilliant blue, acetonitrile HPLC grade, 
sodium acetate, and ethylenediaminetetraacetic acid (EDTA) 
were purchased from Sigma Chemical Co. (St. Louis, MO, 
USA). Trichloroacetic acids, meta-phosphoric acid, O-dian-
isidine hydrochloride, potassium chloride (KCl), sodium 
chloride (NaCl), hydrochloric acid, and hydroxymethyl ami-
nomethane hydrochloride (Tris–HCl) were purchased from 
Merck (Merck KGaA, Darmstadt, Germany). All salts for 
preparing buffer solutions (analytical grade) were prepared 
from Merck (Merck KGaA®, Darmstadt, Germany). Kits 
for evaluating serum biochemistry were obtained from Par-
sAzmoon® (Tehran, Iran). Kits for assessing immunoglobu-
lin and cytokine in BALF were purchased from Shanghai 
Jianglai Biology® (China). BALF level of bile acids was 
analyzed by an EnzyFluo™ Bile Acids Assay Kit (BioAs-
say® Systems, USA).

Animals

Mature male Sprague–Dawley (SD) rats (n = 42, weigh-
ing 250 ± 20 g) were obtained from the laboratory animals 
breeding center of Shiraz University of Medical Sciences, 
Shiraz, Iran. Animals were maintained in a standard envi-
ronment (12 h photo-schedule, ≈ 40% relative humidity, 
and temperature 24 ± 1 °C) with free access to tap water 
and a regular rat diet (Behparvar®, Tehran, Iran). All pro-
cedures using experimental animals were approved by the 
institutional ethics committee at Shiraz University of Medi-
cal Sciences, Shiraz, Iran (IR.SUMS.REC.1399.1353). The 
ARRIVE guidelines (animal research: reporting of in vivo 
experiments) were followed.

Bile duct ligation surgery and treatments

Animals were randomly allotted into sham-operated and 
bile duct ligated (BDL) groups. In the BDL group, ani-
mals were anesthetized (a mixture of 10 mg/kg of xylazine 
and 80 mg/kg of ketamine, i.p), and a midline incision (≈ 
2 cm) was made through the linea alba. The common bile 
duct was identified and doubly ligated using a silk suture 
(no. 04) (Moezi et al. 2013; Heidari et al. 2018d, 2019b; 
Mousavi et al. 2021). The sham operation involved laparot-
omy and bile duct manipulation without ligation (Heidari 
et al. 2019b). Sham-operated and BDL rats (n = 6/group) 
were monitored at scheduled time intervals (3, 7, 14, and 
28 days after surgery). It was found that all markers of 
lung inflammation and fibrosis were significantly increased 
at day = 28 after BDL surgery (results) when biomarkers of 
lung injury were monitored in cholestatic rats. Therefore, 
in another round of experiments animals were randomly 

allocated in the following groups: (1) Sham-operated; (2) 
BDL; (3) BDL + taurine (0.5% w: v in drinking water); (4) 
BDL + taurine (1% w: v in drinking water). The effects of 
taurine on BDL-linked lung injury were assessed on day 
28 after BDL surgery.

Broncho‑alveolar lavage fluid (BALF) preparation

Six animals from each group (sham and BDL) were deeply 
anesthetized (thiopental, 80 mg/kg, i.p) at scheduled time 
intervals (3, 7, 14, and 28 days after BDL surgery). Ani-
mals were placed in a dorsal position, and the trachea was 
exposed and cannulated (20 G catheter). The catheter was 
stabilized with a cotton thread. Then, 1 mL saline–EDTA 
(2.6 mM EDTA in normal saline; 0.9% w: v NaCl) was 
injected into the lung, and the chest was gently massaged 
(10 s) (Daubeuf and Frossard 2014). The solution was re-
aspirated and kept on ice. This procedure was repeated 
five times per animal (1 mL each time). Then, the pooled 
lavage preparations were centrifuged (5 min, 300 g, 4 °C) 
to pellet cells. The supernatant was collected to analyze 
cytokines, IgG, bilirubin, and bile acids (Okada et  al. 
2013; Daubeuf and Frossard 2014). Then, 500 μL KCl 
(0.6 M) and 1500 μL of ultrapure water were added to 
the cell pellet for erythrocyte lysis (10 s). Samples were 
homogenized by inverting and centrifuged (5 min, 300 g, 
4 °C). Finally, the supernatant was discarded, 1 mL of 
saline–EDTA was added to the cell pellet and homoge-
nized by inverting. The cell suspension was kept at 4 °C 
for further analysis (Daubeuf and Frossard 2014).

Serum biochemical measurements and BALF cellular 
analysis

Blood samples (5 mL) were obtained from the abdominal 
aorta, transported to serum preparation tubes (Improva-
cuter®; gel and clot activator-coated tubes; Guangzhou, 
China), and centrifuged (3000 g, 15 min, 4 °C). Com-
mercial kits (Pars-Azmoon®, Tehran, Iran) and a Min-
dray BS-200® autoanalyzer (Guangzhou, China) were 
employed to assess serum gamma-glutamyl transpeptidase 
(γ-GT), total bilirubin, alkaline phosphatase (ALP) alanine 
aminotransferase (ALT), and aspartate aminotransferase 
(AST). Kits for assessing IgG and cytokine in BALF were 
purchased from Shanghai Jianglai Biology® (China). 
BALF level of bile acids was analyzed by an EnzyFluo™ 
Bile Acids Assay Kit (BioAssay® Systems, USA). BALF 
total bilirubin was assessed using a Parsazmoon® kit (Teh-
ran, Iran). A Prokan® automatic blood cell counter ana-
lyzed the differential inflammatory cell count of BALF.
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Myeloperoxidase (MPO) activity in the lung tissue

The MPO activity in the pulmonary tissue was assessed 
as an index of inflammatory cell infiltration. Briefly, tis-
sue specimens (100 mg) were homogenized in 1 mL of 
hexadecyl-trimethyl-ammonium bromide (HTAB) solu-
tion (0.5% w: v; dissolved in 50 mM potassium phosphate 
buffer; pH = 6. 4 °C) and centrifuged (3000 g, 20 min 
at 4 °C). Then, 100 µL of the supernatant was added to 
2.9 mL of potassium phosphate buffer (50 mM; pH = 6) 
containing 16.7 mg/100 mL of O-dianisidine hydrochlo-
ride and 0.0005% v: v of hydrogen peroxide. After incuba-
tion (5 min, room temperature), the reaction was stopped 
by adding 100 µL of hydrochloric acid (1.2 M). Finally, 
the absorbance of samples was measured at λ = 400 nm 
(EPOCH® plate reader, USA) (Liu et al. 1999).

Nitric oxide measurement in lung

The Griess assay was used to evaluate nitric oxide (NO) 
production in the lung tissue of BDL and sham-operated 
rats (Yang et al. 2016a). The Griess method determines 
nitrite as the stable end product of NO (Yang et al. 2016a). 
For this purpose, 300 µL of the lung tissue homogenate 
(10% in 40 mM Tris–HCl buffer) was added to a solution 
containing 1 mL of distilled water and 120 μl of NaOH 
(2% w: v). Then, 1 mL of distilled water and 20 μL of HCl 
(7.4% v: v) were added, mixed well, and heated (50 °C, 
15 min). Afterward, samples were centrifuged (3000 g, 
10 min, 4 °C), and 50 μL of supernatant was added to a 
96-well plate. Then, 50 μl of sulphanilamide and 50 μl 
of N-1-naphthyl ethylene diamine dihydrochloride were 
added. Finally, the absorbance was measured at λ = 540 nm 
(EPOCH® plate reader, USA). The nitrite concentrations 
were estimated using a standard curve (sodium nitrite as 
a standard).

Reactive oxygen species in the lung of BDL rats

Reactive oxygen species (ROS) formation in the lung tis-
sue was assessed using 2′,7′-dichlorofluorescein diacetate 
(DCF-DA) as a fluorescent probe (Heidari et al. 2018a, 
2019b; Heidari and Niknahad 2019; Abdoli et al. 2021; 
Ahmadi et al. 2021a). For this purpose, 400 mg of the lung 
tissue was homogenized in 4 mL of ice-cooled Tris–HCl 
buffer (40 mM, pH = 7.4). Then, 100 µL of the resulted 
tissue homogenate was added to 1 mL of Tris–HCl buffer 
(40 mM, pH = 7.4) containing 10 µM of DCF-DA (Heidari 
et al. 2018c, 2019a) and incubated in the dark (10 min, 37 °C 
incubator). Finally, the fluorescence intensity was assessed 
at λ excit = 485 nm and λ emiss = 525 nm (FLUOstar Omega® 

multifunctional fluorimeter, Germany) (Ommati et al. 2017; 
Heidari et al. 2018a; Heidari and Niknahad 2019).

Lung tissue lipid peroxidation

Lipid peroxidation in the lung of BDL and sham-operated 
rats was assessed using the thiobarbituric acid reactive 
substances (TBARS) test (Heidari et al. 2017; Heidari and 
Niknahad 2019; Ommati et al. 2020c; Ahmadi et al. 2021b). 
Briefly, 500 µL of the lung tissue homogenate (10% w: v in 
40 mM Tris–HCl buffer, pH = 7.4) was treated with 2 mL of 
TBARS assay reagent (a mixture of 1 mL of thiobarbituric 
acid 0.375% w: v, 1 mL of 50% w: v of trichloroacetic acid, 
pH = 2; adjusted with HCl) (Niknahad et al. 2014; Heidari 
et al. 2015b, 2016a; Heidari and Niknahad 2019). Samples 
were vortexed well (1 min) and heated (100 °C water bath, 
45 min). Afterward, 2 mL of n-butanol was added. Sam-
ples were mixed and centrifuged (10,000 g, 20 min, 4 °C). 
Finally, the absorbance of the pink-colored supernatant 
(n-butanol phase) was measured (λ = 532 nm, EPOCH® 
plate reader, USA) (Niknahad et al. 2017a; Heidari et al. 
2018d; Heidari and Niknahad 2019; Ommati et al. 2022).

The total antioxidant capacity of the lung tissue

The pulmonary tissue’s ferric reducing antioxidant 
power (FRAP) was assessed. For this purpose, a working 
FRAP mixture was freshly prepared by mixing ten parts 
of 300 mmol/L acetate buffer (pH = 3.6) with 1 part of 
10 mmol/L of 2, 4, 6-tripyridyl-s-triazine in 40 mmol/L HCl, 
and with 1 part of 20 mmol/L  FeCl3. Tissue samples were 
homogenized in Tris–HCl buffer (40 mM; pH = 7.4; 4 °C), 
containing 5 mM dithiothreitol and 0.2 M sucrose (Hei-
dari et al. 2017; Mousavi et al. 2020; Ommati et al. 2020f, 
2021g). Then, 1.5 mL FRAP reagent and 200 µL deionized 
water were added to 50 µL tissue homogenate and incubated 
at 37 °C for 5 min. The intensity of the resultant blue color 
was assessed (λ = 593 nm, EPOCH plate reader, USA) (Hei-
dari et al. 2016c; Ommati et al. 2020f, 2021c, 2021d).

Reduced and oxidized glutathione in the lung 
of cholestatic rats

The reduced (GSH) and oxidized (GSSG) glutathione 
content in the lung of cholestatic rats was assessed based 
on an HPLC protocol (Meeks and Harrison 1991; Truong 
et al. 2006; Siavashpour et al. 2020). The HPLC appara-
tus consisted of an amine column  (NH2, 25 cm, Bischoff 
chromatography, Leonberg, Germany) and a UV detector 
(wavelength was set at λ = 252) (Meeks and Harrison 1991). 
Acetate buffer: water; 1:4 v: v as buffer A; methanol: water; 
4:1 v: v as buffer B were used as mobile phases. The gradient 
method steadily increased buffer B to 95% in 30 min (1 mL/
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min flow rate) (Meeks and Harrison 1991; Niknahad et al. 
2017b). For sample preparation, 1 mL of tissue homogen-
ate (10% w: v in 40 mM Tris–HCl buffer, pH = 7.4; 4 °C) 
was treated with 200 µL of TCA (70% w: v). Samples were 
mixed well and incubated on ice (10 min, 4 °C) in a shaker 
incubator (Mohammadi et al. 2020; Ommati et al. 2020a, 
2020d). Afterward, samples were centrifuged (17,000 g, 
30 min, 4 °C). The supernatant (1000 µL) was collected (in 
5 mL tubes), and 400 µL of the NaOH:  NaHCO3 (2 M: 2 M) 
was added. Then, 100 µL of iodoacetic acid (1.5% w: v in 
HPLC grade water) was added and incubated in the dark 
(1 h, 4 °C). Afterward, 500 µL of 2, 4-dinitrofluorobenzene 
(1.5% v: v dissolved in HPLC grade ethanol) was added 
and mixed well. Samples were incubated in the dark (25 °C, 
24 h, in a shaker incubator). After the incubation period, 
samples were centrifuged (16,000 g, 30 min), filtered, and 
injected (25 µL) into the mentioned HPLC apparatus (Meeks 
and Harrison 1991; Truong et al. 2006).

Lung tissue histopathology

Lung tissue samples were fixed in 10% v: v buffered for-
malin solution. Then, samples were embedded in paraffin 
blocks, and a 5-μm-thick slice of each sample was pre-
pared by a microtome and stained with hematoxylin and 
eosin (H&E). Trichrome-Masson staining was also used for 
detecting lung tissue fibrotic changes. Liver tissue was also 
histopathologically evaluated (H&E and Trichrome stain) 
to confirm proper BDL induction in the current study. A 
pathologist blindly analyzed tissue slides.

Statistical analysis

Data are represented as mean ± SD. Data comparison was 
performed by the one-way analysis of variance (ANOVA) 
with Tukey’s multiple comparison test as the post hoc. Data 
of lung tissue histopathological alterations are represented as 
median and quartiles for five random pictures in each group. 
The analysis of pulmonary histopathological changes (non-
parametric) was performed by the Kruskal–Wallis followed 
by the Dunn’s multiple comparison test. Values of P < 0.05 
were considered statistically significant.

Results

Serum biochemistry assessment revealed a significant 
increase in the levels of ALT, AST, LDH, ALP, γ-GT, bili-
rubin, and bile acids (Fig. 1). Moreover, significant liver 
histopathological changes and fibrosis were detected in the 
BDL animals (Fig. 1). These data indicate proper induction 
of cholestasis in the current BDL model.

BALF levels of total bilirubin and bile acids were also 
evaluated (Fig. 1). It was found that total bilirubin and bile 
acids levels were significantly increased in the BALF of 
BDL animals at all time intervals assessed in the current 
study (Fig. 1). The maximum BALF level of bilirubin and 
bile acids was detected 14 and 28 days after the BDL opera-
tion (Fig. 1).

A significant increase in the BALF level of inflamma-
tory cells was detected at different time points (3, 7, 14, 
and 28 days) after BDL operation (Fig. 2). Neutrophils were 
the most abundant inflammatory cells in the BALF of BDL 
rats (> 10 times than other cells; Fig. 2). The maximum 
increase in BALF level of neutrophils and lymphocytes was 
detected 28 days after the BDL surgery. BALF eosinophil 
levels were also increased at all time points after the BDL 
operation (Fig. 2). No significant increase in the BALF level 
of basophil and monocytes was detected in the current study 
(Fig. 2).

A significant increase in the BALF IgG level was detected 
in the BDL group (Fig. 2). Besides, the BALF level of 
TNF-α was also significantly increased in cholestatic ani-
mals (Fig. 2). The maximum levels of TNF-α and IgG were 
detected after day 7 of the BDL induction (Fig. 2).

The effects of TAU on cholestasis-induced lung injury 
were evaluated after 28 days of the BDL induction because 
all biomarkers assessed in the current model were maxi-
mumly increased at this time point. It was found that TAU 
(0.5 and 1% in drinking water) significantly decreased 
inflammatory cell infiltration (neutrophils, lymphocytes, and 
eosinophils) in the lung tissue of BDL rats (Fig. 3). On the 
other hand, BALF levels of IgG and TNF-α were declined 
considerably in the high dose of TAU-treated cholestatic 
animals (1% w: v in drinking water) (Fig. 3).

Markers of oxidative stress were also evaluated in the 
lung tissue of control and BDL rats (Fig. 4). Significant 
elevations in ROS levels, in addition to lipid peroxidation, 
and increased level of oxidized glutathione (GSSG), were 
detected in cholestatic animals (Fig. 4). Moreover, a sig-
nificant decrease in the lung tissue level of GSH and total 
antioxidant capacity was evident in BDL rats (Fig. 4). It was 
found that both doses of TAU (0.5 and 1%) significantly 
abrogated cholestasis-induced oxidative stress in the pul-
monary tissue of BDL animals (Fig. 4). On the other hand, 
as an index of nitric acid formation, lung tissue nitrate level 
was increased in cholestatic rats (Fig. 4). Moreover, a signifi-
cant increase in lung myeloperoxidase (MPO) activity was 
detected in the lung tissue of BDL rats in comparison with 
the control group (Fig. 4). Moreover, as an index of nitric 
acid formation, lung tissue nitrate level was increased in 
cholestatic rats (Fig. 4). It was found that TAU (0.5 and 1%) 
significantly decreased lung tissue nitrate levels and MPO 
activity in the BDL groups (Fig. 4).
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Pulmonary histopathological changes in BDL animals 
included significant inflammatory cell infiltration, alveolar 
congestion, and hemorrhage (Fig. 5 and Table 1). On the 
other hand, significant pulmonary fibrosis was evident in 
the cholestatic rats, as revealed by the Trichrome stain 
(Fig. 6 and Table 1). It was found that TAU significantly 
alleviated cholestasis-related lung histopathological altera-
tions and fibrosis in the current study (Figs. 5 and 6 and 
Table 1).

Discussion

Pulmonary injury is a serious complication associated 
with cholestasis/cirrhosis (Krowka and Cortese 1985; Al‐
Hussaini et al. 2010; Horvatits et al. 2017). Unfortunately, 
there is no specific and compelling therapeutic option 
against this complication. The accumulation of inflammatory 
cells, secretion of cytokines, and occurrence of oxidative 
stress seem to play an essential role in cholestasis/
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Fig. 3  Effect of taurine (0.5 and 
1% w: v in drinking water) on 
the level of inflammatory cells, 
TNF-α, and IgG in the broncho-
alveolar lavage fluid (BALF) 
of bile duct ligated (BDL) rats 
(28 days after the DBL surgery; 
BDL 28). Data are shown as 
mean ± SD (n = 6). Data sets 
with different alphabetical 
superscripts are significantly 
different (P < 0.05)
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cirrhosis-induced lung injury (Merli et al. 2010). In the 
current study, significant infiltrations of inflammatory cells 
and MPO activity were detected in the lung tissue of BDL 
animals. Moreover, a substantial increase in BALF levels of 
TNF-α, IgG, bilirubin, and bile acids was detected in BDL 
rats. BDL operation also caused significant histopathological 
alterations and increased oxidative stress and NO levels 
in the lung tissue. It was found that TAU (0.5 and 1% w: 
v in drinking water) significantly blunted BDL-related 
pulmonary damage. The anti-inflammatory and antioxidative 
stress properties of TAU seem to play a crucial role in its 
effects in the current investigation.

Previous studies on cholestasis have reported increased 
neutrophils and macrophages in the lung tissue in experi-
mental models and human cases (Shikata et al. 2014; Hu 
et al. 2020). In the current study, we found that neutrophils 
and lymphocytes populations dramatically increased at all 
times, with the maximum level at day 28, after the BDL 
operation (Fig. 2). Moreover, we found that monocytes and 
eosinophils were significantly increased in the lung 28 days 
after the BDL surgery (Fig. 2). Our data are in line with 
previous studies indicating the elevation in the pulmonary 
tissue level of inflammatory cells and confirm that the 

inflammation process plays a vital role in the pathogenesis 
of lung injury during cholestasis.

The connection between oxidative stress and the inflam-
matory response is the subject of many investigations (Mac-
Nee 2001; Stamp et al. 2012; Carrera-Quintanar et al. 2020). 
It has been well-established that inflammatory cells are the 
primary sources of ROS (Forrester Steven et al. 2018). 
Hence, a key source of ROS and oxidative stress could be 
mediated through the action of these cells. Inflammation-
induced ROS formation and oxidative stress could be medi-
ated through several mechanisms. In this context, several 
enzymes in the inflammatory cells play a pivotal role in ROS 
formation and oxidative stress. It is well-known that MPO 
is a mediator for the induction of oxidative stress during the 
inflammation process (Ndrepepa 2019). MPO belongs to the 
superfamily of peroxidase enzymes abundantly expressed 
in inflammatory cells, including neutrophils and monocytes 
(Ndrepepa 2019). It has long been known that inflamma-
tory cells’ MPO activity plays a critical role in ROS forma-
tion. Naturally, MPO-mediated ROS formation is essential 
for defense against pathogens (Aratani 2018). On the other 
hand, pathological elevation in the MPO levels, for example, 
due to severe infiltration of neutrophils into tissues, could 
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Fig. 4  Effects of taurine (TAU) on biomarkers of oxidative stress, 
myeloperoxidase activity, and nitric oxide levels in the lung tissue of 
bile duct ligated (BDL) rats (28  days after BDL surgery; BDL 28). 

Data are represented as mean ± SD (n = 6/group). Data sets with dif-
ferent alphabetical superscripts are statistically different (P < 0.05)
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entail tremendous ROS production and massive tissue injury 
(Kolli et al. 2009; Aratani 2018; Chen et al. 2020). In the 
current study, we found that the MPO activity in the pul-
monary samples of BDL animals was significantly elevated 
(Fig. 4). Hence, a fundamental mechanism linking oxida-
tive stress with inflammation in the pulmonary tissue of 
cholestatic animals could be mediated through the enhanced 
MPO activity. Interestingly, the connection between MPO 
activity and the amino acid TAU is the subject of several 
investigations (Redmond et al. 1998; Kim and Cha 2014; 

Marcinkiewicz and Kontny 2014; Kato et al. 2015). One of 
the most exciting investigations in this field has been carried 
out by Kim et al. (Kim and Cha 2014). This study described 
a putative mechanism for the anti-inflammatory properties 
of TAU (Kim and Cha 2014). Briefly, Kim et al. found that 
TAU is converted to TAU-chloramine (TauCl) by the inflam-
matory cells' MPO enzyme (Kim and Cha 2014). The for-
mation of TauCL by inflammatory cells seems to have an 
immense effect on the protection of TAU. Kim et al. found 
that TauCl released from neutrophils significantly suppresses 
the activity of reactive species such as superoxide anion  (O2

• 
‾) and nitric oxide (NO) (Kim and Cha 2014). TauCl can 
also suppress the release and activity of cytokines such as 
TNF-α and IL-β (Kim and Cha 2014). More interestingly, 
it has been found that TauCl could enhance the activity of 
enzymes such as glutathione reductase, peroxidases, thiore-
doxin, and peroxiredoxins in macrophages as well as neigh-
bor tissues (Kim and Cha 2014). These events could protect 
against cytotoxic oxygen metabolites.

Inflammatory cells also contain an enzyme named 
NADPH oxidase. NADPH oxidase could produce consider-
able ROS (Bedard and Krause 2007). Therefore, it could 
play a vital role in the mechanism of ROS formation and oxi-
dative stress observed in the current study. Interestingly, it is 
known that TAU robustly inhibits NADPH oxidase enzyme 
(Ekremoğlu et al. 2007; Bhavsar et al. 2009; Li et al. 2009; 
Miao et al. 2013). Although not investigated in the present 

Fig. 5  Lung histopathologi-
cal alterations in cholestatic 
animals (H&E stain; 28 days 
after BDL surgery). Significant 
inflammatory cell infiltration 
(yellow arrow) and hemorrhage 
(green arrow) were evident 
in the pulmonary tissue of 
BDL rats (28 days after the 
BDL operation). It was found 
that taurine (TAU) provided 
significant protective properties 
against lung inflammation in 
BDL rats. Scores of pulmonary 
tissue histopathological altera-
tions and their statistical analy-
sis are represented in Table 1. 
Scale bar = 100 µm

Table 1  Pulmonary histopathological changes in bile duct ligated rats

0 = absent; 1 = mild; 2 = moderate; and 3 = severe histopathological 
changes. Lung tissue histopathologic changes were graded based on 
the same studies in this field (Hamza and El-Shenawy 2017). Data 
are represented as median and quartiles for five random pictures per 
group (28 days after bile duct ligation, BDL, surgery). TAU, taurine. 
The analysis of pulmonary histopathological changes was performed 
by the Kruskal–Wallis followed by the Dunn’s multiple comparison 
test. #Indicates significantly different compared to the control group 
(P < 0.05). aIndicates significantly different from the BDL group 
(P < 0.05)

Treatments Inflammation Hemorrhage Fibrosis

Control 0 (0, 0) 0 (0, 0) 0 (0, 0)
BDL 3 (2, 3) # 2 (1, 2) # 1 (1, 1) #

BDL + TAU 0.5% 2 (1, 1) a 1 (0,1) a 0 (0, 1) a

BDL + TAU 1% 1 (0, 1) a 0 (0, 0) a 0 (0, 0) a
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study, an essential mechanism for the positive effects of 
TAU on oxidative stress biomarkers in the current model 
might be mediated through such a mechanism. Cytokines 
are cytotoxic agents in organs such as the lung (Muroya et al. 
2012). In the current study, a high level of TNF-α and IgG 
was detected in the BALF 28 days after the BDL surgery 
(Fig. 2). The inhibitory effect of TAU on the secretion of 
cytokines by the inflammatory cells is an interesting feature 
of this compound and has been repeatedly mentioned in vari-
ous experimental models (Zaki et al. 2011; Liu et al. 2017; 
Maleki et al. 2020). In this research, we found that TAU 
significantly decreased cytokines in the lung of cholestatic 
animals. This could be a crucial mechanism for the protec-
tive properties of TAU in the current model.

Oxidative stress is a significant mechanism tightly con-
nected with tissue fibrosis (Saad et al. 2017). It is well-
known that oxidative stress could stimulate tissue fibrosis 
in many organs (Lv et al. 2018; Filippa and Mohamed 2019). 
As lung tissue contains a considerable oxygen concentra-
tion, forming free oxygen radicals is more feasible in this 
organ (Kinnula et al. 2005; Todd et al. 2012; Cheresh et al. 
2013). On the other hand, the presence of several enzymes 
such as eosinophil peroxidases, MPO, and possibly xanthine 

oxidase could ease this process (Kinnula et al. 2005; Todd 
et al. 2012; Cheresh et al. 2013). Although lung tissue devel-
oped robust antioxidant systems to encompass this problem 
(Kinnula et al. 2005; Todd et al. 2012; Cheresh et al. 2013), 
several investigations revealed that antioxidant defense sys-
tems are impaired in the lung during cholestasis/cirrhosis 
(Ommati et al. 2021a). Collectively, lung tissue can develop 
significant tissue fibrosis during cholestasis/cirrhosis. There-
fore, finding therapeutic strategies against this complication 
has great clinical value. The current study found that TAU 
significantly abated cholestasis pulmonary fibrosis. The 
antifibrotic properties of TAU in the lung of cholestasis ani-
mals could be associated with, at least in part, its role in 
abating oxidative stress biomarkers in this organ. On the 
other hand, assessing the role of signaling molecules and 
growth factors (e.g., ET-1, PDGF-BB, and TGF-β) involved 
in the pathogenesis of tissue fibrosis and organ injury could 
give a better insight into the role of antifibrotic properties 
of pharmacological interventions in future studies. Moreo-
ver, evaluating some other markers (e.g., arterial blood gas) 
could clear the degree of lung injury in cholestasis/cirrho-
sis and estimate the impact of therapeutic interferences in 
experimental models.

Fig. 6  Taurine (TAU) mitigated pulmonary fibrosis (blue arrow in the Trichrome-Masson stain) in bile duct ligated (BDL) animals (28 days after 
BDL surgery). Scores of lung tissue fibrosis and its statistical analysis are given in Table 1. Scale bar = 100 µm

1566 Naunyn-Schmiedeberg's Archives of Pharmacology (2022) 395:1557–1572



1 3

The inhibitory role of TAU on NO synthesis is an essen-
tial feature of this amino acid (Schaffer and Kim 2018; 
Guizoni et al. 2020). In the current study, we found that 
NO levels were significantly decreased in the lung of TAU-
treated BDL rats. NO plays a major role in nitrosative stress 
(Heinrich et al. 2013). NO could react with ROS such as 
superoxide anion  (O2

• −) to produce toxic peroxynitrite 
anion  (ONOO•−) (Heinrich et al. 2013). Hence, preventing 
NO production in the lung of BDL rats could be an essential 
mechanism of the protective effects of TAU in the current 
model.

Cytotoxic bile acids are the most likely chemical suspects 
responsible for lung complications during cholestasis (Zecca 
et al. 2008; Yu et al. 2014). These compounds are strong 
surfactants that could severely damage and denature alveolar 
structures, leading to harmful events such as lipid peroxida-
tion (Chen et al. 2017; Ommati et al. 2021b). In the current 
model, supraphysiological concentrations of bile acids were 
detected in the lung tissue of cholestatic rats. Fortunately, 
several studies have explored the positive effects of TAU on 
biomembranes (Shi et al. 1997; You and Chang 1998; Push-
pakiran et al. 2004; Das et al. 2009; Heidari et al. 2019a). It 
has been found that TAU significantly prevents lipid peroxi-
dation through an unknown mechanism. However, it seems 
that this amino acid stabilizes lipid membranes and prevents 
phospholipid bilayers oxidation by free radicals (You and 
Chang 1998; Pushpakiran et al. 2004; Das et al. 2009; Hei-
dari et al. 2019a). In the current study, this mechanism of 
TAU seems to ideally prevent alveolar damage in cholestasis 
as the level of lipid peroxidation was significantly lower in 
the lung of TAU-treated animals. Interestingly, a plethora 
of investigations revealed that TAU could protect the lung 
against xenobiotics-induced injury or several pulmonary dis-
orders in many experimental models (Gordon et al. 1986; 
Gurujeyalakshmi et al. 1998; Schuller-Levis et al. 2003; Li 
et al. 2017). Interestingly, the positive effects of TAU on 
markers such as pulmonary hypertension have been reported 
in previous studies, including experimental animals and 
human subjects (Ruiz-Feria and Wideman 2001; Militante 
and Lombardini 2002). All these data mention TAU as a 
potent protective agent against pulmonary disorders.

The hepatoprotective properties of TAU have been repeat-
edly mentioned in the previous studies (Heidari et al. 2016b, 
2018e; Jamshidzadeh et al. 2017). It has been found that 
this amino acid significantly protected hepatocytes against 
xenobiotics and liver diseases (Heidari et al. 2012, 2013, 
2014, 2015a, 2015c, 2016d; Miyazaki and Matsuzaki 2014; 
Karamikhah et al. 2016; Nikkhah et al. 2021). Our research 
team also mentioned the hepatoprotective effects of TAU 
in BDL animals (Heidari et al. 2016b). TAU significantly 
decreased serum biomarkers such as ALT, AST, and LDH 
in BDL rats (Heidari et al. 2016b). TAU also mitigated liver 
histopathological changes in the cholestatic animals (Heidari 

et al. 2016b). Hence, the hepatoprotective effects of TAU 
might also partly contribute to the benefical role of this 
amino acid against cholestasis-induced lung injury in the 
BDL model of cholestasis/cirrhosis.

Fortunately, TAU is a very safe amino acid and could 
be readily used in humans (e.g., > 6 g/day) (Militante and 
Lombardini 2002; Schwarzer et al. 2018). Obviously, further 
investigations are needed to delineate the mechanisms of 
action of TAU against cholestasis/cirrhosis-induced pulmo-
nary complications and, finally, its application in clinical 
settings.
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