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Abstract28

Lung injury is a significant complication associated with cholestasis/cirrhosis. This problem29

significantly increases the risk of cirrhosis-related morbidity and mortality. Hence, finding effective30

therapeutic options in this field has significant clinical value. Severe inflammation and oxidative31

stress are involved in the mechanism of cirrhosis-induced lung injury. Taurine (TAU) is an abundant32

amino acid with substantial anti-inflammatory and antioxidative properties. The current study was33

designed to evaluate the role of TAU in cholestasis-related lung injury. For this purpose, bile duct34

ligated (BDL) rats were treated with TAU (0.5 and 1% w: v in drinking water). Significant increases35

in the broncho-alveolar lavage fluid (BALF) level of inflammatory cells (lymphocytes, neutrophils,36

basophils, monocytes, and eosinophils), increased IgG, and TNF-α were detected in the BDL animals37

(14 and 28 days after the BDL surgery). Alveolar congestion, hemorrhage, and fibrosis were the38

dominant pulmonary histopathological changes in the BDL group. Significant increases in the39

pulmonary tissue biomarkers of oxidative stress, including reactive oxygen species formation, lipid40

peroxidation, increased oxidized glutathione levels, and decreased reduced glutathione, were also41

detected in the BDL rats. Moreover, significant myeloperoxidase activity and nitric oxide levels were42

seen in the lung of BDL rats. It was found that TAU significantly blunted inflammation, alleviated43

oxidative stress, and mitigated lung histopathological changes in BDL animals. These data suggest44

TAU as a potential protective agent against cholestasis/cirrhosis-related lung injury.45

46
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Introduction47

Cholestasis is a serious clinical complication that could progress to severe liver injury, hepatic48

fibrosis, cirrhosis, and liver failure (Bomzon et al. 1997; Erlinger 2014; Krones et al. 2015; Aniort et49

al. 2017). Several diseases, as well as xenobiotics, have been identified to be involved in the50

pathogenesis of cholestasis (Jüngst and Lammert 2013; Levy 2013). Various potentially cytotoxic51

bile constituents, including bile acids, bilirubin, and manganese, accumulate in the liver during52

cholestasis (Bomzon et al. 1997; Erlinger 2014; Krones et al. 2015; Aniort et al. 2017; Heidari et al.53

2018b). Although the liver is the main organ influenced by cholestasis, toxic bile components enter54

the systemic circulation and affect other organs (Ommati et al. 2020b, 2021a; Ghanbarinejad et al.55

2021). The kidney, lung, skeletal muscle, heart, reproductive system, and brain are organs that are56

significantly influenced by cholestasis/cirrhosis (Krowka and Cortese 1985; Orellana et al. 2000;57

Aniort et al. 2017; Ommati et al. 2019, 2020e, 2021a, 2021e, 2021f; Farshad et al. 2020; Heidari et58

al. 2020).59

There is evidence of lung injury in experimental models and human cases of cholestasis/cirrhosis60

(Krowka and Cortese 1985; Enrico et al. 2007; Zecca et al. 2008; Ding et al. 2014; Herraez et al.61

2014; Yu et al. 2014). Cholestasis-induced lung injury could lead to profound hypoxemia in patients62

(Krowka and Cortese 1985). Severe inflammation or intrapulmonary bleeding is also reported in63

cholestasis-induced lung injury (Krowka and Cortese 1985; Enrico et al. 2007; Zecca et al. 2008;64

Ding et al. 2014; Herraez et al. 2014; Yu et al. 2014). Hence, the establishment of effective therapeutic65

interventions is an urgent need. The accumulation of cytotoxic bile acids and bilirubin is the most66

suspected factor responsible for cholestasis-induced lung injury (Zecca et al. 2008; Ommati et al.67

2021a).68

Although the precise mechanism(s) of cholestasis-induced lung injury is far from clear, several69

studies noted the role of oxidative stress in this complication (Aruoma et al. 1988; Cozzi et al. 1995;70

Gürer et al. 2001; Pushpakiran et al. 2004; Acharya and Lau-Cam 2013; Hsieh et al. 2014; Abdel-71

Moneim et al. 2015; Alhumaidha et al. 2015). In this context, severe biomembranes degradation (lipid72

peroxidation) and decreased cellular antioxidant capacity have been reported in the lung tissue in73

experimental models of cholestasis/cirrhosis (Salatti Ferrari et al. 2012; Shikata et al. 2014). The74

accumulation of cytotoxic molecules such as hydrophobic bile acids is the major suspected factor75

involved in the occurrence of oxidative stress in the lung of cholestatic animals (Zecca et al. 2008;76

Ommati et al. 2021a). Significant inflammatory cell infiltration is another problem in the lung of77

cholestatic cases (Schuller-Levis and Park 2003; Marcinkiewicz et al. 2006; Su et al. 2014; Lin et al.78

2015). The accumulation of inflammatory cells is also involved in the pathogenesis of lung injury79
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during cholestasis by releasing potentially cytotoxic cytokines and their contribution to the induction80

of oxidative stress (Shikata et al. 2014; Forrester Steven et al. 2018).81

Taurine (TAU) is the most abundant amino acid in the human body that is not corporate in the protein82

structure (Wright et al. 1986). Many physiological and pharmacological properties have been83

attributed to TAU (Huxtable et al. 1992; Wójcik et al. 2010; Rashid et al. 2013; Islambulchilar et al.84

2015). Most importantly, it has repeatedly been mentioned that TAU could abrogate oxidative stress85

and its related complications in various experimental models (Cozzi et al. 1995; Pushpakiran et al.86

2004; Shimada et al. 2015; Heidari et al. 2019a; Vazin et al. 2020). This amino acid could also87

robustly blunt inflammation and release cytokines in multiple experiments (Cozzi et al. 1995;88

Pushpakiran et al. 2004; Shimada et al. 2015; Heidari et al. 2019a; Vazin et al. 2020). Moreover, the89

positive effects of TAU on pulmonary diseases or xenobiotic-induced lung injury also have been90

studied (Aruoma et al. 1988; Gürer et al. 2001; Acharya and Lau-Cam 2013; Hsieh et al. 2014; Abdel-91

Moneim et al. 2015; Alhumaidha et al. 2015; Yang et al. 2016b; Li et al. 2017; Ramos et al. 2018). It92

has been found that TAU could significantly ameliorate lung pathologies mainly by mitigating93

oxidative stress and its related complications (Santangelo et al. 2003; Guler et al. 2014; Tu et al.94

2018).95

The current experimental study aimed to evaluate the protective role of TAU in a rat model of96

cholestasis-induced lung injury. The effects of this amino acid on several markers, including the97

population of inflammatory cells in broncho-alveolar lavage fluid (BALF), the level of cytokines and98

immunoglobulins, biomarkers of oxidative stress, and lung tissue histopathological alterations, were99

monitored. The data obtained from this study could be translated for human benefit, potentially100

leading to the establishment of clinical interventions against lung injury in patients with101

cholestasis/cirrhosis.102

103

Materials and methods104

105

Chemicals and reagents106

Iodoacetic acid, 4,2-hydroxyethyl,1-piperazine ethane sulfonic acid (HEPES), hexadecyl-trimethyl-107

ammonium bromide (HTAB), reduced glutathione (GSH), N-1-naphthyl ethylenediamine108

dihydrochloride, sodium phosphate dibasic (Na2HPO4), sulphanilamide, dithiothreitol (DTT), fatty109

acid-free bovine serum albumin fraction V, glacial acetic acid, oxidized glutathione (GSSG), 2′,7′-110
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dichlorofluorescein diacetate (DCF-DA), hydrogen peroxide, methanol HPLC grade, coomassie111

brilliant blue, acetonitrile HPLC grade, sodium acetate, and ethylenediaminetetraacetic acid (EDTA)112

were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Trichloroacetic acids, meta-113

phosphoric acid, O-dianisidine hydrochloride, potassium chloride (KCl), sodium chloride (NaCl),114

hydrochloric acid, and hydroxymethyl aminomethane hydrochloride (Tris–HCl) were purchased from115

Merck (Merck KGaA, Darmstadt, Germany). All salts for preparing buffer solutions (analytical116

grade) were prepared from Merck (Merck KGaA®, Darmstadt, Germany). Kits for evaluating serum117

biochemistry were obtained from ParsAzmoon® (Tehran, Iran). Kits for assessing immunoglobulin118

and cytokine in BALF were purchased from Shanghai Jianglai Biology® (China). BALF level of bile119

acids was analyzed by an EnzyFluo™ Bile Acids Assay Kit (BioAssay® Systems, USA).120

121

Animals122

Mature male Sprague–Dawley (SD) rats (n = 42, weighing 250 ± 20 g) were obtained from the123

laboratory animals breeding center of Shiraz University of Medical Sciences, Shiraz, Iran. Animals124

were maintained in a standard environment (12 h photo-schedule, ≈ 40% relative humidity, and125

temperature 24 ± 1 °C) with free access to tap water and a regular rat diet (Behparvar®, Tehran, Iran).126

All procedures using experimental animals were approved by the institutional ethics committee at127

Shiraz University of Medical Sciences, Shiraz, Iran (IR.SUMS.REC.1399.1353). The ARRIVE128

guidelines (animal research: reporting of in vivo experiments) were followed.129

130

Bile duct ligation surgery and treatments131

Animals were randomly allotted into sham-operated and bile duct ligated (BDL) groups. In the BDL132

group, animals were anesthetized (a mixture of 10 mg/kg of xylazine and 80 mg/kg of ketamine, i.p),133

and a midline incision (≈ 2 cm) was made through the linea alba. The common bile duct was identified134

and doubly ligated using a silk suture (no. 04) (Moezi et al. 2013; Heidari et al. 2018d, 2019b;135

Mousavi et al. 2021). The sham operation involved laparotomy and bile duct manipulation without136

ligation (Heidari et al. 2019b). Sham-operated and BDL rats (n = 6/group) were monitored at137

scheduled time intervals (3, 7, 14, and 28 days after surgery). It was found that all markers of lung138

inflammation and fibrosis were significantly increased at day = 28 after BDL surgery (results) when139

biomarkers of lung injury were monitored in cholestatic rats. Therefore, in another round of140

experiments animals were randomly allocated in the following groups: (1) Sham-operated; (2) BDL;141
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(3) BDL + taurine (0.5% w: v in drinking water); (4) BDL + taurine (1% w: v in drinking water). The142

effects of taurine on BDL-linked lung injury were assessed on day 28 after BDL surgery.143

144

Broncho-alveolar lavage fluid (BALF) preparation145

Six animals from each group (sham and BDL) were deeply anesthetized (thiopental, 80 mg/kg, i.p)146

at scheduled time intervals (3, 7, 14, and 28 days after BDL surgery). Animals were placed in a dorsal147

position, and the trachea was exposed and cannulated (20 G catheter). The catheter was stabilized148

with a cotton thread. Then, 1 mL saline–EDTA (2.6 mM EDTA in normal saline; 0.9% w: v NaCl)149

was injected into the lung, and the chest was gently massaged (10 s) (Daubeuf and Frossard 2014).150

The solution was re-aspirated and kept on ice. This procedure was repeated five times per animal (1151

mL each time). Then, the pooled lavage preparations were centrifuged (5 min, 300 g, 4 °C) to pellet152

cells. The supernatant was collected to analyze cytokines, IgG, bilirubin, and bile acids (Okada et al.153

2013; Daubeuf and Frossard 2014). Then, 500 μL KCl (0.6 M) and 1500 μL of ultrapure water were154

added to the cell pellet for erythrocyte lysis (10 s). Samples were homogenized by inverting and155

centrifuged (5 min, 300 g, 4 °C). Finally, the supernatant was discarded, 1 mL of saline–EDTA was156

added to the cell pellet and homogenized by inverting. The cell suspension was kept at 4 °C for further157

analysis (Daubeuf and Frossard 2014).158

159

Serum biochemical measurements and BALF cellular analysis160

Blood samples (5 mL) were obtained from the abdominal aorta, transported to serum preparation161

tubes (Improvacuter®; gel and clot activator-coated tubes; Guangzhou, China), and centrifuged (3000162

g, 15 min, 4 °C). Commercial kits (Pars-Azmoon®, Tehran, Iran) and a Mindray BS-200®163

autoanalyzer (Guangzhou, China) were employed to assess serum gamma-glutamyl transpeptidase164

(γ-GT), total bilirubin, alkaline phosphatase (ALP) alanine aminotransferase (ALT), and aspartate165

aminotransferase (AST). Kits for assessing IgG and cytokine in BALF were purchased from Shanghai166

Jianglai Biology® (China). BALF level of bile acids was analyzed by an EnzyFluo™ Bile Acids167

Assay Kit (BioAssay® Systems, USA). BALF total bilirubin was assessed using a Parsazmoon® kit168

(Tehran, Iran). A Prokan® automatic blood cell counter analyzed the differential inflammatory cell169

count of BALF.170

171

Myeloperoxidase (MPO) activity in the lung tissue172
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The MPO activity in the pulmonary tissue was assessed as an index of inflammatory cell infiltration.173

Briefly, tissue specimens (100 mg) were homogenized in 1 mL of hexadecyl-trimethyl-ammonium174

bromide (HTAB) solution (0.5% w: v; dissolved in 50 mM potassium phosphate buffer; pH = 6. 4175

°C) and centrifuged (3000 g, 20 min at 4 °C). Then, 100 µL of the supernatant was added to 2.9 mL176

of potassium phosphate buffer (50 mM; pH = 6) containing 16.7 mg/100 mL of O-dianisidine177

hydrochloride and 0.0005% v: v of hydrogen peroxide. After incubation (5 min, room temperature),178

the reaction was stopped by adding 100 µL of hydrochloric acid (1.2 M). Finally, the absorbance of179

samples was measured at λ = 400 nm (EPOCH® plate reader, USA) (Liu et al. 1999).180

181

Nitric oxide measurement in lung182

The Griess assay was used to evaluate nitric oxide (NO) production in the lung tissue of BDL and183

sham-operated rats (Yang et al. 2016a). The Griess method determines nitrite as the stable end product184

of NO (Yang et al. 2016a). For this purpose, 300 µL of the lung tissue homogenate (10% in 40 mM185

Tris–HCl buffer) was added to a solution containing 1 mL of distilled water and 120 μl of NaOH (2%186

w: v). Then, 1 mL of distilled water and 20 μL of HCl (7.4% v: v) were added, mixed well, and heated187

(50 °C, 15 min). Afterward, samples were centrifuged (3000 g, 10 min, 4 °C), and 50 μL of188

supernatant was added to a 96-well plate. Then, 50 μl of sulphanilamide and 50 μl of N-1-naphthyl189

ethylene diamine dihydrochloride were added. Finally, the absorbance was measured at λ = 540 nm190

(EPOCH® plate reader, USA). The nitrite concentrations were estimated using a standard curve191

(sodium nitrite as a standard).192

193

Reactive oxygen species in the lung of BDL rats194

Reactive oxygen species (ROS) formation in the lung tissue was assessed using 2′,7′-195

dichlorofluorescein diacetate (DCF-DA) as a fluorescent probe (Heidari et al. 2018a, 2019b; Heidari196

and Niknahad 2019; Abdoli et al. 2021; Ahmadi et al. 2021a). For this purpose, 400 mg of the lung197

tissue was homogenized in 4 mL of ice-cooled Tris–HCl buffer (40 mM, pH = 7.4). Then, 100 µL of198

the resulted tissue homogenate was added to 1 mL of Tris–HCl buffer (40 mM, pH = 7.4) containing199

10 µM of DCF-DA (Heidari et al. 2018c, 2019a) and incubated in the dark (10 min, 37 °C incubator).200

Finally, the fluorescence intensity was assessed at λ excit = 485 nm and λ emiss = 525 nm (FLUOstar201

Omega® multifunctional fluorimeter, Germany) (Ommati et al. 2017; Heidari et al. 2018a; Heidari202

and Niknahad 2019).203
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204

Lung tissue lipid peroxidation205

Lipid peroxidation in the lung of BDL and sham-operated rats was assessed using the thiobarbituric206

acid reactive substances (TBARS) test (Heidari et al. 2017; Heidari and Niknahad 2019; Ommati et207

al. 2020c; Ahmadi et al. 2021b). Briefly, 500 µL of the lung tissue homogenate (10% w: v in 40 mM208

Tris–HCl buffer, pH = 7.4) was treated with 2 mL of TBARS assay reagent (a mixture of 1 mL of209

thiobarbituric acid 0.375% w: v, 1 mL of 50% w: v of trichloroacetic acid, pH = 2; adjusted with HCl)210

(Niknahad et al. 2014; Heidari et al. 2015b, 2016a; Heidari and Niknahad 2019). Samples were211

vortexed well (1 min) and heated (100 °C water bath, 45 min). Afterward, 2 mL of n-butanol was212

added. Samples were mixed and centrifuged (10,000 g, 20 min, 4 °C). Finally, the absorbance of the213

pink-colored supernatant (n-butanol phase) was measured (λ = 532 nm, EPOCH® plate reader, USA)214

(Niknahad et al. 2017a; Heidari et al. 2018d; Heidari and Niknahad 2019; Ommati et al. 2022).215

216

The total antioxidant capacity of the lung tissue217

The pulmonary tissue’s ferric reducing antioxidant power (FRAP) was assessed. For this purpose, a218

working FRAP mixture was freshly prepared by mixing ten parts of 300 mmol/L acetate buffer219

(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 part220

of 20 mmol/L FeCl3. Tissue samples were homogenized in Tris–HCl buffer (40 mM; pH = 7.4; 4 °C),221

containing 5 mM dithiothreitol and 0.2 M sucrose (Heidari et al. 2017; Mousavi et al. 2020; Ommati222

et al. 2020f, 2021g). Then, 1.5 mL FRAP reagent and 200 µL deionized water were added to 50 µL223

tissue homogenate and incubated at 37 °C for 5 min. The intensity of the resultant blue color was224

assessed (λ = 593 nm, EPOCH plate reader, USA) (Heidari et al. 2016c; Ommati et al. 2020f, 2021c,225

2021d).226

227

Reduced and oxidized glutathione in the lung of cholestatic rats228

The reduced (GSH) and oxidized (GSSG) glutathione content in the lung of cholestatic rats was229

assessed based on an HPLC protocol (Meeks and Harrison 1991; Truong et al. 2006; Siavashpour et230

al. 2020). The HPLC apparatus consisted of an amine column (NH2, 25 cm, Bischoff231

chromatography, Leonberg, Germany) and a UV detector (wavelength was set at λ = 252) (Meeks232

and Harrison 1991). Acetate buffer: water; 1:4 v: v as buffer A; methanol: water; 4:1 v: v as buffer B233

were used as mobile phases. The gradient method steadily increased buffer B to 95% in 30 min (1234
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mL/min flow rate) (Meeks and Harrison 1991; Niknahad et al. 2017b). For sample preparation, 1 mL235

of tissue homogenate (10% w: v in 40 mM Tris–HCl buffer, pH = 7.4; 4 °C) was treated with 200 µL236

of TCA (70% w: v). Samples were mixed well and incubated on ice (10 min, 4 °C) in a shaker237

incubator (Mohammadi et al. 2020; Ommati et al. 2020a, 2020d). Afterward, samples were238

centrifuged (17,000 g, 30 min, 4 °C). The supernatant (1000 µL) was collected (in 5 mL tubes), and239

400 µL of the NaOH: NaHCO3 (2 M: 2 M) was added. Then, 100 µL of iodoacetic acid (1.5% w: v240

in HPLC grade water) was added and incubated in the dark (1 h, 4 °C). Afterward, 500 µL of 2, 4-241

dinitrofluorobenzene (1.5% v: v dissolved in HPLC grade ethanol) was added and mixed well.242

Samples were incubated in the dark (25 °C, 24 h, in a shaker incubator). After the incubation period,243

samples were centrifuged (16,000 g, 30 min), filtered, and injected (25 µL) into the mentioned HPLC244

apparatus (Meeks and Harrison 1991; Truong et al. 2006).245

246

Lung tissue histopathology247

Lung tissue samples were fixed in 10% v: v buffered formalin solution. Then, samples were248

embedded in paraffin blocks, and a 5-μm-thick slice of each sample was prepared by a microtome249

and stained with hematoxylin and eosin (H&E). Trichrome-Masson staining was also used for250

detecting lung tissue fibrotic changes. Liver tissue was also histopathologically evaluated (H&E and251

Trichrome stain) to confirm proper BDL induction in the current study. A pathologist blindly252

analyzed tissue slides.253

254

Statistical analysis255

Data are represented as mean ± SD. Data comparison was performed by the one-way analysis of256

variance (ANOVA) with Tukey’s multiple comparison test as the post hoc. Data of lung tissue257

histopathological alterations are represented as median and quartiles for five random pictures in each258

group. The analysis of pulmonary histopathological changes (non-parametric) was performed by the259

Kruskal–Wallis followed by the Dunn’s multiple comparison test. Values of P < 0.05 were considered260

statistically significant.261

262

Results263
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Serum biochemistry assessment revealed a significant increase in the levels of ALT, AST, LDH,264

ALP, γ-GT, bilirubin, and bile acids (Fig. 1). Moreover, significant liver histopathological changes265

and fibrosis were detected in the BDL animals (Fig. 1). These data indicate proper induction of266

cholestasis in the current BDL model.267

BALF levels of total bilirubin and bile acids were also evaluated (Fig. 1). It was found that total268

bilirubin and bile acids levels were significantly increased in the BALF of BDL animals at all time269

intervals assessed in the current study (Fig. 1). The maximum BALF level of bilirubin and bile acids270

was detected 14 and 28 days after the BDL operation (Fig. 1).271

A significant increase in the BALF level of inflammatory cells was detected at different time points272

(3, 7, 14, and 28 days) after BDL operation (Fig. 2). Neutrophils were the most abundant273

inflammatory cells in the BALF of BDL rats (> 10 times than other cells; Fig. 2). The maximum274

increase in BALF level of neutrophils and lymphocytes was detected 28 days after the BDL surgery.275

BALF eosinophil levels were also increased at all time points after the BDL operation (Fig. 2). No276

significant increase in the BALF level of basophil and monocytes was detected in the current study277

(Fig. 2).278

A significant increase in the BALF IgG level was detected in the BDL group (Fig. 2). Besides, the279

BALF level of TNF-α was also significantly increased in cholestatic animals (Fig. 2). The maximum280

levels of TNF-α and IgG were detected after day 7 of the BDL induction (Fig. 2).281

The effects of TAU on cholestasis-induced lung injury were evaluated after 28 days of the BDL282

induction because all biomarkers assessed in the current model were maximumly increased at this283

time point. It was found that TAU (0.5 and 1% in drinking water) significantly decreased284

inflammatory cell infiltration (neutrophils, lymphocytes, and eosinophils) in the lung tissue of BDL285

rats (Fig. 3). On the other hand, BALF levels of IgG and TNF-α were declined considerably in the286

high dose of TAU-treated cholestatic animals (1% w: v in drinking water) (Fig. 3).287

Markers of oxidative stress were also evaluated in the lung tissue of control and BDL rats (Fig. 4).288

Significant elevations in ROS levels, in addition to lipid peroxidation, and increased level of oxidized289

glutathione (GSSG), were detected in cholestatic animals (Fig. 4). Moreover, a significant decrease290

in the lung tissue level of GSH and total antioxidant capacity was evident in BDL rats (Fig. 4). It was291

found that both doses of TAU (0.5 and 1%) significantly abrogated cholestasis-induced oxidative292

stress in the pulmonary tissue of BDL animals (Fig. 4). On the other hand, as an index of nitric acid293

formation, lung tissue nitrate level was increased in cholestatic rats (Fig. 4). Moreover, a significant294

increase in lung myeloperoxidase (MPO) activity was detected in the lung tissue of BDL rats in295
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comparison with the control group (Fig. 4). Moreover, as an index of nitric acid formation, lung tissue296

nitrate level was increased in cholestatic rats (Fig. 4). It was found that TAU (0.5 and 1%)297

significantly decreased lung tissue nitrate levels and MPO activity in the BDL groups (Fig. 4).298

Pulmonary histopathological changes in BDL animals included significant inflammatory cell299

infiltration, alveolar congestion, and hemorrhage (Fig. 5 and Table 1). On the other hand, significant300

pulmonary fibrosis was evident in the cholestatic rats, as revealed by the Trichrome stain (Fig. 6 and301

Table 1). It was found that TAU significantly alleviated cholestasis-related lung histopathological302

alterations and fibrosis in the current study (Figs. 5 and 6 and Table 1).303

304

Discussion305

Pulmonary injury is a serious complication associated with cholestasis/cirrhosis (Krowka and Cortese306

1985; Al‐Hussaini et al. 2010; Horvatits et al. 2017). Unfortunately, there is no specific and307

compelling therapeutic option against this complication. The accumulation of inflammatory cells,308

secretion of cytokines, and occurrence of oxidative stress seem to play an essential role in309

cholestasis/cirrhosis-induced lung injury (Merli et al. 2010). In the current study, significant310

infiltrations of inflammatory cells and MPO activity were detected in the lung tissue of BDL animals.311

Moreover, a substantial increase in BALF levels of TNF-α, IgG, bilirubin, and bile acids was detected312

in BDL rats. BDL operation also caused significant histopathological alterations and increased313

oxidative stress and NO levels in the lung tissue. It was found that TAU (0.5 and 1% w: v in drinking314

water) significantly blunted BDL-related pulmonary damage. The anti-inflammatory and315

antioxidative stress properties of TAU seem to play a crucial role in its effects in the current316

investigation.317

Previous studies on cholestasis have reported increased neutrophils and macrophages in the lung318

tissue in experimental models and human cases (Shikata et al. 2014; Hu et al. 2020). In the current319

study, we found that neutrophils and lymphocytes populations dramatically increased at all times,320

with the maximum level at day 28, after the BDL operation (Fig. 2). Moreover, we found that321

monocytes and eosinophils were significantly increased in the lung 28 days after the BDL surgery322

(Fig. 2). Our data are in line with previous studies indicating the elevation in the pulmonary tissue323

level of inflammatory cells and confirm that the inflammation process plays a vital role in the324

pathogenesis of lung injury during cholestasis.325



12

The connection between oxidative stress and the inflammatory response is the subject of many326

investigations (MacNee 2001; Stamp et al. 2012; Carrera-Quintanar et al. 2020). It has been well-327

established that inflammatory cells are the primary sources of ROS (Forrester Steven et al. 2018).328

Hence, a key source of ROS and oxidative stress could be mediated through the action of these cells.329

Inflammation-induced ROS formation and oxidative stress could be mediated through several330

mechanisms. In this context, several enzymes in the inflammatory cells play a pivotal role in ROS331

formation and oxidative stress. It is well-known that MPO is a mediator for the induction of oxidative332

stress during the inflammation process (Ndrepepa 2019). MPO belongs to the superfamily of333

peroxidase enzymes abundantly expressed in inflammatory cells, including neutrophils and334

monocytes (Ndrepepa 2019). It has long been known that inflammatory cells’ MPO activity plays a335

critical role in ROS formation. Naturally, MPO-mediated ROS formation is essential for defense336

against pathogens (Aratani 2018). On the other hand, pathological elevation in the MPO levels, for337

example, due to severe infiltration of neutrophils into tissues, could entail tremendous ROS338

production and massive tissue injury (Kolli et al. 2009; Aratani 2018; Chen et al. 2020). In the current339

study, we found that the MPO activity in the pulmonary samples of BDL animals was significantly340

elevated (Fig. 4). Hence, a fundamental mechanism linking oxidative stress with inflammation in the341

pulmonary tissue of cholestatic animals could be mediated through the enhanced MPO activity.342

Interestingly, the connection between MPO activity and the amino acid TAU is the subject of several343

investigations (Redmond et al. 1998; Kim and Cha 2014; Marcinkiewicz and Kontny 2014; Kato et344

al. 2015). One of the most exciting investigations in this field has been carried out by Kim et al. (Kim345

and Cha 2014). This study described a putative mechanism for the anti-inflammatory properties of346

TAU (Kim and Cha 2014). Briefly, Kim et al. found that TAU is converted to TAU-chloramine347

(TauCl) by the inflammatory cells' MPO enzyme (Kim and Cha 2014). The formation of TauCL by348

inflammatory cells seems to have an immense effect on the protection of TAU. Kim et al. found that349

TauCl released from neutrophils significantly suppresses the activity of reactive species such as350

superoxide anion (O2• ‾) and nitric oxide (NO) (Kim and Cha 2014). TauCl can also suppress the351

release and activity of cytokines such as TNF-α and IL-β (Kim and Cha 2014). More interestingly, it352

has been found that TauCl could enhance the activity of enzymes such as glutathione reductase,353

peroxidases, thioredoxin, and peroxiredoxins in macrophages as well as neighbor tissues (Kim and354

Cha 2014). These events could protect against cytotoxic oxygen metabolites.355

Inflammatory cells also contain an enzyme named NADPH oxidase. NADPH oxidase could produce356

considerable ROS (Bedard and Krause 2007). Therefore, it could play a vital role in the mechanism357

of ROS formation and oxidative stress observed in the current study. Interestingly, it is known that358
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TAU robustly inhibits NADPH oxidase enzyme (Ekremoğlu et al. 2007; Bhavsar et al. 2009; Li et al.359

2009; Miao et al. 2013). Although not investigated in the present study, an essential mechanism for360

the positive effects of TAU on oxidative stress biomarkers in the current model might be mediated361

through such a mechanism. Cytokines are cytotoxic agents in organs such as the lung (Muroya et al.362

2012). In the current study, a high level of TNF-α and IgG was detected in the BALF 28 days after363

the BDL surgery (Fig. 2). The inhibitory effect of TAU on the secretion of cytokines by the364

inflammatory cells is an interesting feature of this compound and has been repeatedly mentioned in365

various experimental models (Zaki et al. 2011; Liu et al. 2017; Maleki et al. 2020). In this research,366

we found that TAU significantly decreased cytokines in the lung of cholestatic animals. This could367

be a crucial mechanism for the protective properties of TAU in the current model.368

Oxidative stress is a significant mechanism tightly connected with tissue fibrosis (Saad et al. 2017).369

It is well-known that oxidative stress could stimulate tissue fibrosis in many organs (Lv et al. 2018;370

Filippa and Mohamed 2019). As lung tissue contains a considerable oxygen concentration, forming371

free oxygen radicals is more feasible in this organ (Kinnula et al. 2005; Todd et al. 2012; Cheresh et372

al. 2013). On the other hand, the presence of several enzymes such as eosinophil peroxidases, MPO,373

and possibly xanthine oxidase could ease this process (Kinnula et al. 2005; Todd et al. 2012; Cheresh374

et al. 2013). Although lung tissue developed robust antioxidant systems to encompass this problem375

(Kinnula et al. 2005; Todd et al. 2012; Cheresh et al. 2013), several investigations revealed that376

antioxidant defense systems are impaired in the lung during cholestasis/cirrhosis (Ommati et al.377

2021a). Collectively, lung tissue can develop significant tissue fibrosis during cholestasis/cirrhosis.378

Therefore, finding therapeutic strategies against this complication has great clinical value. The current379

study found that TAU significantly abated cholestasis pulmonary fibrosis. The antifibrotic properties380

of TAU in the lung of cholestasis animals could be associated with, at least in part, its role in abating381

oxidative stress biomarkers in this organ. On the other hand, assessing the role of signaling molecules382

and growth factors (e.g., ET-1, PDGF-BB, and TGF-β) involved in the pathogenesis of tissue fibrosis383

and organ injury could give a better insight into the role of antifibrotic properties of pharmacological384

interventions in future studies. Moreover, evaluating some other markers (e.g., arterial blood gas)385

could clear the degree of lung injury in cholestasis/cirrhosis and estimate the impact of therapeutic386

interferences in experimental models.387

The inhibitory role of TAU on NO synthesis is an essential feature of this amino acid (Schaffer and388

Kim 2018; Guizoni et al. 2020). In the current study, we found that NO levels were significantly389

decreased in the lung of TAU-treated BDL rats. NO plays a major role in nitrosative stress (Heinrich390

et al. 2013). NO could react with ROS such as superoxide anion (O2• −) to produce toxic peroxynitrite391
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anion (ONOO•−) (Heinrich et al. 2013). Hence, preventing NO production in the lung of BDL rats392

could be an essential mechanism of the protective effects of TAU in the current model.393

Cytotoxic bile acids are the most likely chemical suspects responsible for lung complications during394

cholestasis (Zecca et al. 2008; Yu et al. 2014). These compounds are strong surfactants that could395

severely damage and denature alveolar structures, leading to harmful events such as lipid peroxidation396

(Chen et al. 2017; Ommati et al. 2021b). In the current model, supraphysiological concentrations of397

bile acids were detected in the lung tissue of cholestatic rats. Fortunately, several studies have398

explored the positive effects of TAU on biomembranes (Shi et al. 1997; You and Chang 1998;399

Pushpakiran et al. 2004; Das et al. 2009; Heidari et al. 2019a). It has been found that TAU400

significantly prevents lipid peroxidation through an unknown mechanism. However, it seems that this401

amino acid stabilizes lipid membranes and prevents phospholipid bilayers oxidation by free radicals402

(You and Chang 1998; Pushpakiran et al. 2004; Das et al. 2009; Heidari et al. 2019a). In the current403

study, this mechanism of TAU seems to ideally prevent alveolar damage in cholestasis as the level of404

lipid peroxidation was significantly lower in the lung of TAU-treated animals. Interestingly, a405

plethora of investigations revealed that TAU could protect the lung against xenobiotics-induced406

injury or several pulmonary disorders in many experimental models (Gordon et al. 1986;407

Gurujeyalakshmi et al. 1998; Schuller-Levis et al. 2003; Li et al. 2017). Interestingly, the positive408

effects of TAU on markers such as pulmonary hypertension have been reported in previous studies,409

including experimental animals and human subjects (Ruiz-Feria and Wideman 2001; Militante and410

Lombardini 2002). All these data mention TAU as a potent protective agent against pulmonary411

disorders.412

The hepatoprotective properties of TAU have been repeatedly mentioned in the previous studies413

(Heidari et al. 2016b, 2018e; Jamshidzadeh et al. 2017). It has been found that this amino acid414

significantly protected hepatocytes against xenobiotics and liver diseases (Heidari et al. 2012, 2013,415

2014, 2015a, 2015c, 2016d; Miyazaki and Matsuzaki 2014; Karamikhah et al. 2016; Nikkhah et al.416

2021). Our research team also mentioned the hepatoprotective effects of TAU in BDL animals417

(Heidari et al. 2016b). TAU significantly decreased serum biomarkers such as ALT, AST, and LDH418

in BDL rats (Heidari et al. 2016b). TAU also mitigated liver histopathological changes in the419

cholestatic animals (Heidari et al. 2016b). Hence, the hepatoprotective effects of TAU might also420

partly contribute to the benefical role of this amino acid against cholestasis-induced lung injury in the421

BDL model of cholestasis/cirrhosis.422

Fortunately, TAU is a very safe amino acid and could be readily used in humans (e.g., > 6 g/day)423

(Militante and Lombardini 2002; Schwarzer et al. 2018). Obviously, further investigations are needed424
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to delineate the mechanisms of action of TAU against cholestasis/cirrhosis-induced pulmonary425

complications and, finally, its application in clinical settings.426
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Tables845

846

Table 1 Pulmonary histopathological changes in bile duct ligated rats847

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

0 = absent; 1 = mild; 2 = moderate; and 3 = severe histopathological changes. Lung tissue848

histopathologic changes were graded based on the same studies in this field (Hamza and El-Shenawy849

2017). Data are represented as median and quartiles for five random pictures per group (28 days after850

bile duct ligation, BDL, surgery). TAU, taurine. The analysis of pulmonary histopathological changes851

was performed by the Kruskal–Wallis followed by the Dunn’s multiple comparison test. #Indicates852

significantly different compared to the control group (P < 0.05). aIndicates significantly different853

from the BDL group (P < 0.05)854

855

https://link.springer.com/article/10.1007/s00210-022-02291-7#ref-CR34


31

Figure legends856

857

Figure 1. Serum biochemistry and broncho-alveolar fluid (BALF) level of bilirubin and bile acids in858

bile duct ligated (BDL) rats. In the current study, liver tissue histopathological alterations also859

confirmed the proper induction of cholestasis (bile duct proliferation: yellow arrow, inflammatory860

cell infiltration: blue arrow; gibrotic lesions: green arrow). Scale bar = 100 µm. Data are represented861

as mean ± SD (n = 6/group). Data sets with different alphabetical superscripts are statistically862

different (P < 0.05)863

864

Figure 2. The level of inflammatory cells, IgG, and TNF-α in the broncho-alveolar lavage fluid865

(BALF) of bile duct ligated (BDL) rats. Data are represented as mean ± SD (n = 6/group). Data sets866

with different alphabetical superscripts are statistically different (P < 0.05)867

868

Figure 3. Effect of taurine (0.5 and 1% w: v in drinking water) on the level of inflammatory cells,869

TNF-α, and IgG in the broncho-alveolar lavage fluid (BALF) of bile duct ligated (BDL) rats (28 days870

after the DBL surgery; BDL 28). Data are shown as mean ± SD (n = 6). Data sets with different871

alphabetical superscripts are significantly different (P < 0.05)872

873

Figure 4. Effects of taurine (TAU) on biomarkers of oxidative stress, myeloperoxidase activity, and874

nitric oxide levels in the lung tissue of bile duct ligated (BDL) rats (28 days after BDL surgery; BDL875

28). Data are represented as mean ± SD (n = 6/group). Data sets with different alphabetical876

superscripts are statistically different (P < 0.05)877

878

Figure 5. Lung histopathological alterations in cholestatic animals (H&E stain; 28 days after BDL879

surgery). Significant inflammatory cell infiltration (yellow arrow) and hemorrhage (green arrow)880

were evident in the pulmonary tissue of BDL rats (28 days after the BDL operation). It was found881

that taurine (TAU) provided significant protective properties against lung inflammation in BDL rats.882

Scores of pulmonary tissue histopathological alterations and their statistical analysis are represented883

in Table 1. Scale bar = 100 µm884
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885

Figure 6. Taurine (TAU) mitigated pulmonary fibrosis (blue arrow in the Trichrome-Masson stain)886

in bile duct ligated (BDL) animals (28 days after BDL surgery). Scores of lung tissue fibrosis and its887

statistical analysis are given in Table 1. Scale bar = 100 µm888
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