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ABSTRACT 

Bleomycin (BLM) is a chemotherapeutic agent which is associated with Idiopathic pulmonary fibrosis (IPF) due 
to its chronic administration. Hesperidin, a bioflavonoid has been reported to possess antioxidant, anti-inflamma-
tory, wound healing, and antiapoptotic potential. To evaluate the therapeutic potential of hesperidin against BLM-
induced pulmonary fibrosis and decipher its possible mechanism of action. Intraperitoneal administration of BLM 
(6 IU/kg) caused induction of IPF in Sprague-Dawley rats. Rats were treated with hesperidin (25, 50, and 100 
mg/kg, p.o.) for 28 days, followed by estimation of various parameters in bronchoalveolar lavage fluid (BALF) 
and lung. Hesperidin (50 and 100 mg/kg) administration significantly ameliorated (p < 0.05) alterations induced 
by BLM in lung index, percent oxygen saturation, serum ALP and LDH levels, BALF differential cell count, and 
lung function test. Elevated levels of oxido-nitrosative stress, hydroxyproline, and myeloperoxidase levels in 
BALF and lung were significantly decreased by hesperidin on day 14. Hesperidin significantly inhibited BLM-
induced down-regulated lung Nrf2 and HO-1 as well as up-regulated TNF-α, IL-1β, IL-6, collagen-1, TGF-β, and 
Smad-3 mRNA expressions. Western blot analysis showed that alteration in lung NF-κB, IκBα, AMPK, and PP2C-
α protein expressions were ameliorated by hesperidin on day 28. Furthermore, BLM induced histological and 
ultrastructural aberrations in the lung which were attenuated by hesperidin treatment. Hesperidin alleviates BLM-
induced IPF via inhibition of TGF-β1/Smad3/AMPK and IκBα/NF-κB pathways which in turn ameliorate the 
modulation of oxido-inflammatory markers (Nrf2 and HO-1) and pro-inflammatory markers (TNF-α, IL-1β, and 
IL-6) to reduce collagen deposition during pulmonary fibrosis. 
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Abbreviations:  
Adenosine monophosphate-activated protein kinase (AMPK), Alkaline Phosphatase (ALP), Bleomycin (BLM), 
Bronchoalveolar Lavage Fluid (BALF), Enhanced Pause (Penh), Expired Volume (EV), Frequency of breathing 
(f), Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), Glutathione (GSH), Heme oxygenase 1 (HO-1), Hy-
droxyproline (HP), Idiopathic pulmonary fibrosis (IPF), Interleukins (IL’s), Lactate Dehydrogenase (LDH), 
Malondialdehyde (MDA), Mothers against decapentaplegic homolog-3 (Smad-3), Myeloperoxidase (MPO), Nitric 
Oxide (NO), Non-phosphorylated AMPK (PP2C-α), Nuclear factor E2-related factor 2 (Nrf2), Nuclear factor-
Kappa B (NF-κB), Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor-alpha (IκBα), 
Transforming Growth Factor-β (TGF-β), Transmission Electron Microscopy (TEM), Tumor Necrosis Factor-alpha 
(TNF-α). 
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Figure 1: Graphical abstract  

 

 
INTRODUCTION 

Idiopathic Pulmonary fibrosis (IPF) is a 
multifactorial, chronic disease featured by 
progressive formation of a scar in the lung pa-
renchyma. The prognosis and diagnosis of 
IPF are poor with 3-5 years of median sur-
vival rate after its diagnosis, which leads to 
high mortality and morbidity (De Langhe et 
al., 2015). It is expected that almost 5 million 
individuals suffer from IPF, and estimated 
prevalence of IPF is 13-20 per 100,000 people 
worldwide (Raghu, 2017). Lung fibrosis is 
mainly characterized by injury to the epithe-
lial cell (ECs), deposition of excessive colla-
gen and extracellular matrix (elastic fibers, 

proteoglycans, fibronectin and fibrillar colla-
gens) in the alveolar walls, myofibroblast ac-
cumulation and matrix remodeling resulting 
in distorted alveolar structure, lung paren-
chyma remodeling, and progressive alteration 
in lung function (Della Latta et al., 2015). An 
array of factors contributed to induction and 
maintenance of acute lung injuries including 
cigarette smoke, industrial dust, aspiration, 
sepsis, sarcoidosis, pneumonia and recurrent 
exposure to various drugs and chemical 
agents (including antibiotics, chemotherapeu-
tic agents, immunosuppressant) which led to 
pulmonary edema, inflammation, and lung fi-
brosis (Khaefi et al., 2017; Neisi et al., 2018). 
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Accumulated evidence suggested that ele-
vated influx of reactive oxygen species (ROS) 
due to pulmonary insults resulted in the 
release of pro-inflammatory cytokines (such 
as tumor necrosis factor-α (TNF-α) and inter-
leukins (IL’s)) during initial stage (Kandhare 
et al., 2015). These cause apoptosis of alveo-
lar epithelial cell and basement membrane 
denudation leading to increased transition of 
epithelial cells to mesenchyme. Alteration in 
pulmonary architecture, i.e., abnormal pul-
monary remodeling resulted in impaired gas-
eous exchange across lung alveoli (Bargagli 
et al., 2009). Furthermore, transforming 
growth factor-beta (TGF-β), which is a profi-
brotic factor, has been implicated in the 
differentiation of myofibroblast from fibro-
blast (Fernandez and Eickelberg, 2012). Ex-
cess formation of myofibroblast results in el-
evated synthesis and deposition of extracellu-
lar matrix (ECM) proteins, including type I 
collagen and fibronectin into lungs 
(Fernandez and Eickelberg, 2012). TGF-β has 
been reported to stimulate ROS generation via 
Smad 2/3 and mitogen-activated protein ki-
nase (MAPK) signaling activation (Saito et 
al., 2018). TGF-β also plays an indisputable 
role in the inhibition of adenosine monophos-
phate-activated protein kinase (AMPK) activ-
ity to induce epithelial cell injury (Saito et al., 
2018). Thus, novel therapeutic strategies 
should focus on targeted modulation of these 
biomarkers for effective management for IPF. 

The current treatment regimens for the 
management of IPF include various agents 
such as cytokine antagonists, immunosup-
pressant (methotrexate), anti-inflammatory 
agents (corticosteroid), and colchicines which 
mainly focus on suppressing the inflamma-
tory response (Raghu, 2017). Additionally, 
the two recognized medicines for IPF, namely 
pirfenidone and nintedanib, which are potent 
inhibitors of TGF-β and tyrosine-kinase re-
spectively, inhibit collagen production (Yoon 
et al., 2018). However, these treatment regi-
mens are associated with long-term side ef-
fects such as elevated alanine aminotransfer-
ase and aspartate aminotransferase activity, 
abnormalities in skin and gastrointestinal 

functions which limit their efficacy for clini-
cal implication (Raghu et al., 2015). Moreo-
ver, these treatments provide partial relief 
from disease progression in only a fraction of 
patients or delay the failure of pulmonary 
function (Kim et al., 2015). Despite a 
tremendous increase in the growth of the 
pharmaceutical industry, the development of 
safe and effective agents for management of 
IPF remains an imperative challenge. In re-
cent years, moieties from natural origin are 
gaining more importance as an alternative 
medicine for various disease states. Recently, 
isolated moieties from herbal origin such as 
Withaferin A, Trigoneoside Ib, Quercetin, 
Resveratrol, Curcumin, and Berberine have 
been documented to ameliorate pulmonary fi-
brosis (Kilic et al., 2014; Verma et al., 2013). 

Bleomycin, a chemotherapeutic agent of 
glycopeptide group of antibiotics, is used 
clinically for the management of an array of 
human malignancies such as cervical cancer, 
testicular cancer, Hodgkin’s disease, and 
squamous cell carcinomas of the head and 
neck (Liu et al., 2016). However, chronic ad-
ministration of bleomycin (BLM) resulted in 
induction of pulmonary fibrosis. Bleomycin 
hydrolase, bleomycin inactivating enzyme, 
exhibits low levels in the pulmonary area 
making lungs more prone to bleomycin-in-
duced IPF (Jóna et al., 2016). A growing body 
of evidence suggests that BLM has the ability 
to interact with oxygen to form pseudo-
enzyme, which generates free radicals (such 
as superoxide and hydroxide) (Kandhare et 
al., 2015). The elevated levels of free radicals 
cause overproduction of reactive oxygen spe-
cies (ROS) which induce break-down of dou-
ble-strand DNA and thus interrupt the cell cy-
cle resulting in pulmonary toxicity (Chaud-
hary et al., 2006). In rodents also, intratra-
cheal instillation of BLM resulted in elevated 
ROS, oxidative stress, nitric oxide, inflamma-
tory influx (neutrophils and macrophages) 
and cytokines (TNF-α, ILs) production via ac-
tivation of Nuclear factor-Kappa B (NF-κB). 
Activation of these vicious mediators cause 
epithelial cell injury, fibroblast proliferation, 
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parenchymal inflammation, basement mem-
brane damage and collagen deposition 
thereby promoting fibrosis in interstitial and 
intra-alveolar regions of lung (Kilic et al., 
2014; Verma et al., 2013). 

Hesperidin (5,7,3'-trihydroxy-4'-methoxy 
flavanones, hesperitin-7-O-rutinoside) is a bi-
oflavonoid glycoside widely present in citrus 
fruits. Hesperidin has been documented to 
possess a wide range of pharmacological 
properties including antioxidant, antidiabetic, 
anti-inflammatory, wound healing, neuropro-
tective, antihypertensive, antiarthritic, cardio-
protective, hepatoprotective, anticancer and 
antiapoptotic potential (Ding et al., 2018; 
Eghtesadi et al., 2016; Haddadi et al., 2017; 
Maneesai et al., 2018; Salden et al., 2016; 
Shahbazi et al., 2018; Wu et al., 2015; Yu et 
al., 2016). Researchers showed that hesperi-
din significantly attenuated oxidative DNA 
damage in vivo (Yamamoto et al., 2008). It 
has been reported that administration of hes-
peridin in ovalbumin-challenged experi-
mental animals significantly attenuated air-
way hyperresponsiveness via enhanced pause 
(Penh) and inhibition of inflammatory influx 
(Yang et al., 2012). Furthermore, evidence 
suggested that hesperidin inhibit transforming 
growth factor-β TGF-β/Smad3 signaling 
pathway and thus reduce collagen-1 expres-
sion (Wu et al., 2015). Previous researchers 
documented the potential of hesperidin 
against various pulmonary maladies (Ding et 
al., 2018). However, its efficacy against 
BLM-induced pulmonary fibrosis has not yet 
been evaluated. Hence, the present investiga-
tion is aimed to evaluate the potential and pos-
sible mechanism of action of hesperidin 
against BLM-induced pulmonary fibrosis. 
 

MATERIALS AND METHOD 

Animals 
Sprague-Dawley rats (adult male, 180-

220 g) were procured from the National Insti-
tute of Biosciences, Pune (India). The housing 
conditions for rats throughout the experi-
mental protocol were: temparature: 24 ± 1 °C, 
relative humidity: 45-55 %, dark/light cycle: 

12:12 h, food: standard pellet chow, water: 
filtered (ad libitum). A time of 09:00 to 
17:00 h were consider to carry out all the ex-
periments protocol which was approved by 
the Institutional Animal Ethics Committee 
(IAEC, Poona College of Pharmacy). A 
guidelines mentioned by Committee for Con-
trol and Supervision of Experimentation on 
Animals (CPCSEA), Government of India 
were followed to perform all experiments 
 
Chemicals and Kits 

Hesperidin (Sigma Chemical Co., St. 
Louis, MO/USA), BLM (Biochem Pharma-
ceutical Industries Limited, India), Total 
RNA Extraction kit (MP Biomedicals India 
Private Limited, India) and One-step RT-PCR 
kit (MP Biomedicals India Private Limited, 
India), TNF-α, IL’s (IL-1β, and IL-6) ELISA 
kits (enzyme-linked immunosorbent assay, 
Rat specific, Bethyl Laboratories Inc., Mont-
gomery, TX/USA), primary antibodies of 
Thr-172 (phosphorylated AMPK), PP2C-α 
(non-phosphorylated AMPK), p-NF-κB and 
p-IκBα (Abcam, Cambridge, MA/USA). 
 
Induction of lung fibrosis and drug  
treatment 

BLM hydrochloride (6 IU/kg in 0.9 % 
NaCl) was used to induce PF in overnight 
fasted rats according to method report else-
where (Kandhare et al., 2015), then they were 
divided randomly into the various groups 
(n=16) viz., Normal group (treated with dis-
tilled water (DW, 10 mg/kg)), Sham control 
group (received intratracheal saline and 
treated with DW (10 mg/kg)), BLM control 
group (received intratracheal BLM and 
treated with DW (10 mg/kg)), MP treated 
group (received intratracheal BLM and 
treated with methylprednisolone (10 mg/kg)), 
Hesperidin treated group (received 
intratracheal BLM and treated with either hes-
peridin (25 or 50 or 100 mg/kg), per se treated 
group (treated with hesperidin (100 mg/kg)).  

A previous report used to determine the 
treatment doses of hesperidin (25, 50, 100 
mg/kg) (Li et al., 2018; Visnagri et al., 2014) 
and methylprednisolone (10 mg/kg) (Cortijo 
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et al., 2009; Li and Cui, 2002). Rats were 
treated with either vehicle or hesperidin or 
methylprednisolone for 28 days after BLM 
administration. 
 
Lung function and peripheral blood oxygen 
measurements 

The respiratory dynamics were evaluated 
by using Whole-body flow-through plethys-
mography (EMKA Technologies, France) 
whereas in vivo peripheral blood oxygen 
content were determined by a peripheral pulse 
Ox sensor (ChoiceMMed, V1.0CF3, 
MD300CF3, China) according to method de-
scribed elsewhere (Kandhare et al., 2015).  
 
Serum biochemistry  

On day 28, blood was withdrawn by a 
retro-orbital puncture and the levels of serum 
Alanine transaminase (ALT), Aspartate Ami-
notransferase (AST), Alkaline phosphatase 
(ALP) and lactate dehydrogenase (LDH) 
were measured by using reagent assay kits 
(Accurex Biomedical Pvt. Ltd., Mumbai, In-
dia). 
 
BALF (Bronchoalveolar Lavage Fluid) and 
lung biochemical analysis 

BALF total cell counts and levels of total 
protein, SOD, GSH, MDA, NO, hydroxypro-
line (HP), myeloperoxidase (MPO) in BALF 
and lung were estimated according to earlier 
reported methods (Kandhare et al., 2013, 
2012). Part of tissue samples (n=4) were 
stored at -70 °C for Reverse Transcription 
Polymerase Chain Reaction (RT-PCR) analy-
sis and Western blot assay of various markers. 
Lung tissues from each group (n=3) were 
processed for histopathological examination, 
and one tissue from each group was processed 
for Transmission Electron Microscopy 
(TEM) examination. 
 
Reverse transcriptase (RT)-PCR and  
Western blot assay 

The mRNA expressions of TNF-α, IL-1β, 
IL-6, Nrf2, HO-1, TGF-β, Collagen-1, Smad-
3, and β-actin were analyzed in lung tissue us-
ing RT-PCR according to method described 

elsewhere (Kandhare et al., 2014). Whereas, 
protein expressions of Thr-172 (phosphory-
lated AMPK), PP2C-α (non-phosphorylated 
AMPK), p-NF-κB and p-IκBα (nuclear factor 
of kappa light polypeptide gene enhancer in 
B-cells inhibitor-alpha), and GAPDH 
(Glyceraldehyde 3-phosphate dehydrogen-
ase) were estimated in lung tissue according 
to method described elsewhere (Liang et al., 
2019). 

 
Histological and electron microscopic  
analysis 

Histopathological analysis of lung tissue 
was carried out using hematoxylin and eosin 
(H&E) stain (on day 14) and Masson’s tri-
chrome (MT) and Picro-Sirius red (PSR) 
stains (on day 28) as described previously 
(Kandhare et al., 2015). Whereas, on day 28 
the lung ultrastructural studies were per-
formed under a transmission electron micro-
scope (H-7000 Hitachi) according to method 
described previously (Kandhare et al., 2015). 
 
Statistical analysis 

GraphPad Prism 5.0 software (GraphPad, 
San Diego, CA/USA) was used to perform 
data analysis. Data are expressed as mean ± 
standard error mean (SEM) and analyzed by 
using One-Way ANOVA followed by 
Tukey's multiple range post hoc analysis (for 
parametric tests) as well as Kruskal-Wallis 
test for post hoc analysis (non-parametric 
tests). A value of p < 0.05 was considered to 
be statistically significant. 

 
RESULTS 

Body weight and lung index 
In BLM controlled rats, the body weight 

decreased significantly (p < 0.05) and lung in-
dex increased significantly (p < 0.05) when 
compared with normal and sham rats. Admin-
istration of MP (10 mg/kg) significantly (p < 
0.05) attenuated BLM-induced decrease in 
body weight and increase in lung index as 
compared to BLM controlled rats. When 
compared with BLM controlled rats, hesperi-
din (25, 50 and 100 mg/kg) treatment signifi-
cantly (p < 0.05) inhibited alterations in lung 
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index and body weight. However, when com-
pared with hesperidin treatment, MP (10 
mg/kg) treatment more significantly (p < 
0.05) inhibited BLM-induced alterations in 
body weight and lung index (Table 1). 
 
Percent oxygen saturation 

There was no significant difference in the 
percent oxygen saturation in normal, sham, 
and per se treated rats. However, when com-
pared with normal as well as sham rats, there 
was significant decrease (p < 0.05) in percent 
oxygen saturation in BLM controlled rats af-
ter intratracheal instillation of BLM. MP (10 
mg/kg) administration significantly (p < 
0.05) increased percent oxygen saturation 
level as compared to BLM controlled rats. 
Administration of hesperidin (25, 50 and 100 
mg/kg) also significantly increased (p < 0.05) 
the level of percent oxygen saturation as com-
pared to BLM controlled rats. However, inhi-
bition of BLM-induced decrease in percent 
oxygen saturation level was more significant 
(p < 0.05) in MP (10 mg/kg) as compared to 
hesperidin treatment (Table 1). 
 
Serum ALP and serum LDH levels 

The serum ALP and LDH did not differ 
significantly in normal, sham, and per se 
treated rats. However in BLM controlled rats, 
the level of serum ALP and LDH elevated sig-
nificantly (p < 0.05) when compared with 
normal and sham rats. MP (10 mg/kg) admin-
istration significantly attenuated (p < 0.05) 
BLM-induced increase in serum ALP and 
LDH as compared to BLM controlled rats. 
Hesperidin (50 and 100 mg/kg) significantly 
reduced (p < 0.05) BLM-induced increase in 
serum ALP and LDH when compared with 
BLM controlled rats. BLM-induced increase 
in serum ALP and LDH was more signifi-
cantly (p < 0.05) decreased by MP (10 mg/kg) 
as compared to hesperidin treatment (Table 
1).  

 

Lung function test 
When compared with normal and sham rats, 
administration of BLM caused significant al-
terations (p < 0.05) in lung function test in 
BLM controlled rats. However, MP (10 
mg/kg) treatment significantly inhibited (p < 
0.05) lung function test alterations induced by 
BLM when compared with BLM controlled 
rats. Hesperidin (50 and 100 mg/kg) also sig-
nificantly attenuated (p < 0.05) BLM-induced 
alterations in lung function test as compared 
to BLM controlled rats. BLM-induced altera-
tions in PIF and enhanced paused were more 
significantly (p < 0.05) decreased by treat-
ment with hesperidin (100 mg/kg) when com-
pared with MP (10 mg/kg) treatment. There 
was no any significant difference in the lung 
function test between sham, per se and normal 
rats (Table 2). 
 
BALF differential cell count 

There was a significant increase (p < 
0.05) in the BALF total cell count, lympho-
cyte and eosinophil counts whereas neutro-
phil and monocyte count decreased signifi-
cantly (p < 0.05) in BLM controlled rats when 
compared with normal and sham rats. MP (10 
mg/kg) treatment significantly inhibited (p < 
0.05) BLM-induced BALF differential cell 
count alterations as compared to BLM con-
trolled rats. There was significant increase (p 
< 0.05) in BALF neutrophil and monocyte 
counts, and significant decrease (p < 0.05) in 
BALF total cell count, lymphocyte and eosin-
ophil counts in hesperidin (50 and 100 mg/kg) 
treated rats as compared to BLM controlled 
rats. The attenuation of BLM-induced 
increased lymphocytes and eosinophils, 
whereas decreased monocytes counts in 
BALF was more significant (p < 0.05) in MP 
(10 mg/kg) treated rats when compared with 
hesperidin treated rats (Table 3). 
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Table 1: Effect of hesperidin on alterations induced by BLM in body weight, lung index, pulse Ox, Serum ALP and LDH on day 28 

Treatment Body Weight (g) Relative lung weight Pulse Ox  
(% O2 saturation) 

Serum ALP (U/I) Serum LDH (mg %) 

Normal 236.70 ± 3.19 0.005 ± 0.000 95.17 ± 0.31 51.87 ± 2.55 950.90 ± 58.86 
Sham 237.50 ± 3.58 0.007 ± 0.001 94.33 ± 0.71 50.77 ± 5.31 1122.00 ± 60.05 
BLM control 168.00 ± 2.15#,& 0.028 ± 0.001#,& 86.33 ± 0.33#,& 161.80 ± 3.26#,& 2004.00 ± 43.71#,& 
BLM + MP (10) 226.70 ± 4.09*,$ 0.01 ± 0.00*,$ 94.00 ± 0.45*,$ 60.59 ± 4.95*,$ 1024.00 ± 51.94*,$ 
BLM + H (25) 187.10 ± 1.61* 0.023 ± 0.001* 88.67 ± 0.56* 157.00 ± 3.39 1839.00 ± 83.54 
BLM + H (50) 198.70 ± 2.31*,$ 0.015 ± 0.001*,$ 91.33 ± 0.56*,$ 116.40 ± 3.71*,$ 1634.00 ± 56.41*,$ 
BLM + H (100) 222.30 ± 2.26*,$ 0.011 ± 0.001*,$ 92.83 ± 0.31*,$ 81.25 ± 2.81*,$ 1239.00 ± 81.98*,$ 
Per se 239.10 ± 3.10 0.006 ± 0.001 95.33 ± 0.49 52.42 ± 3.56 997.30 ± 70.02 

Data were analyzed by One-Way ANOVA, followed by Tukey's multiple range post-tests. p < 0.05 when compared with: sham group (&), normal group (#), each 
other (MP or hesperidin) group ($), and BLM control group (*). BLM: Bleomycin, MP: Methylprednisolone, H: Hesperidin; ALP: Alkaline Phosphatase and LDH: 
Lactate dehydrogenase. (n=6) 
 
 
 
Table 2: Effect of hesperidin on alterations induced by BLM in lung function test on day 28 

Treatment AUC [PEF (m/s)] AUC [PIF (m/s)] AUC [EV (m)] AUC [TV (m)] AUC [f(bpm)] AUC (Penh) 
Normal 545.40 ± 14.04 335.40 ± 27.30 32.70 ± 0.96 35.24 ± 1.12 5089.00 ± 232.90 31.10 ± 2.23 
Sham 570.80 ± 13.43 352.20 ± 10.62 33.86 ± 1.40 32.40 ± 1.29 5101.00 ± 233.50 34.70 ± 2.05 
BLM control 166.80 ± 11.19#,& 654.80 ± 29.81#,& 17.20 ± 1.19#,& 17.90 ± 1.61#,& 7900.00 ± 376.40#,& 42.73 ± 3.33#,& 
BLM + MP (10) 523.40 ± 10.72*,$ 409.00 ± 22.01*,$ 30.41 ± 0.90*,$ 26.91 ± 1.28*,$ 5178.00 ± 289.90*,$ 35.07 ± 1.75*,$ 
BLM + H (25) 212.40 ± 14.80 628.20 ± 16.76 18.42 ± 1.27 22.26 ± 0.89* 7668.00 ± 297.80 43.28 ± 3.00 
BLM + H (50) 344.70 ± 14.34*,$ 547.90 ± 18.99*,$ 21.07 ± 0.62*,$ 25.06 ± 1.01*,$ 6143.00 ± 232.80*,$ 39.17 ± 2.49*,$ 
BLM + H (100) 472.00 ± 14.88*,$ 387.90 ± 20.93*,$ 26.95 ± 0.93*,$ 25.80 ± 1.45*,$ 5540.00 ± 288.50*,$ 33.48 ± 3.45*,$ 
Per se 569.10 ± 15.46 309.30 ± 17.60 32.57 ± 1.01 31.89 ± 1.21 4855.00 ± 171.60 28.13 ± 3.63 

Data were analyzed by One-Way ANOVA, followed by Tukey's multiple range post-tests. p < 0.05 when compared with: sham group (&), normal group (#), each 
other (MP or hesperidin) group ($), and BLM control group (*). BLM: Bleomycin, MP: Methylprednisolone, H: Hesperidin; PEF: peak expiratory flow, PIF: peak 
inspiratory flow, EV: expired volume, TV: tidal volume, f: frequency of breathing and Penh: enhanced pause. (n=6) 
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Table 3: Effect of hesperidin on alterations induced by BLM in BALF differential cell count on day 14 

Treatment Total cell count (*106/mL) L (%) N (%) M (%) E (%)
Normal 0.33 ± 0.21 7.67 ± 2.54 12.33 ± 0.76 79.50 ± 2.55 0.50 ± 0.22 
Sham 0.33 ± 0.21 8.83 ± 2.43 13.17 ± 0.54 77.83 ± 1.89 0.17 ± 0.17 
BLM control 3.17 ± 0.17#,& 68.00 ± 1.88#,& 3.83 ± 0.60#,& 25.67 ± 1.59#,& 2.50 ± 0.22#,& 
BLM + MP (10) 1.17 ± 0.17*,$ 15.17 ± 2.33*,$ 8.83 ± 0.70*,$ 75.67 ± 1.99*,$ 0.33 ± 0.21*,$ 
BLM + H (25) 3.17 ± 0.17 58.83 ± 2.30 5.00 ± 0.73 33.83 ± 2.09* 2.33 ± 0.21 
BLM + H (50) 2.33 ± 0.21*,$ 34.83 ± 1.70*,$ 8.50 ± 0.34*,$ 54.83 ± 1.78*,$ 1.83 ± 0.17*,$ 
BLM + H (100) 1.17 ± 0.17*,$ 23.00 ± 1.46*,$ 9.50 ± 0.56*,$ 66.00 ± 2.10*,$ 1.50 ± 0.22*,$ 
Per se 0.33 ± 0.21 10.17 ± 2.41 11.00 ± 0.73 78.17 ± 2.95 0.67 ± 0.21 

Data were analyzed by One-Way ANOVA, followed by Tukey's multiple range post-tests. p < 0.05 when compared with: sham group (&), normal group (#), each 
other (MP or hesperidin) group ($), and BLM control group (*). BLM: Bleomycin, MP: Methylprednisolone, H: Hesperidin; L: lymphocytes, N: neutrophils, M: 
monocytes, and E: eosinophils. (n=6) 
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SOD, GSH, MDA, NO and HP levels in 
BALF 

Intratracheal instillation of BLM resulted 
in a significant (p < 0.05) decrease in SOD 
and GSH levels in BALF as well as signifi-
cant increase (p < 0.05) in MDA, NO and HP 
levels in BALF of BLM controlled rats when 
compared with normal and sham rats. 
Whereas, MP (10 mg/kg) administration sig-
nificantly (p < 0.05) decreased the levels of 
MDA, NO, and HP in BALF and significantly 
increased (p < 0.05) BALF SOD and GSH 
levels as compared to BLM controlled rats. 
The BLM-induced decrease in SOD and GSH 
levels increased significantly (p < 0.05) in 
hesperidin (50 and 100 mg/kg) treatment 
whereas the levels of BALF MDA, NO and 
HP decreased significantly (p < 0.05) in hes-
peridin (25, 50 and 100 mg/kg) treatment as 
compared to BLM controlled rats. Hesperidin 
(100 mg/kg) treatment more significantly (p 
< 0.05) elevated BALF SOD and GSH levels 
as compared to MP (10 mg/kg) treatment. 
However, there was no significant difference 
in the BALF SOD, GSH, MDA, NO, and HP 
in normal, sham, and per se treated rats (Table 
4). 
 
SOD, GSH, MDA, NO, HP and MPO in the 
lung 

When compared with sham and normal 
rats, the levels of SOD and GSH significantly 
decreased (p < 0.05) whereas levels of MDA, 
NO, HP and MPO increased significantly (p 
< 0.05) in the lungs of BLM controlled rats 
after intratracheal instillation of BLM. MP 
(10 mg/kg) treatment showed significant (p < 
0.05) inhibition in BLM-induced alterations 
in SOD, GSH, MDA, NO, and HP in the lung 
as compared to BLM controlled rats. How-
ever, it failed to produce any significant re-
duction in elevated MPO levels compared to 
BLM controlled rats. Treatment with hesperi-
din (50 and 100 mg/kg) also significantly in-
creased (p < 0.05) SOD and GSH levels 
whereas significantly decreased (p < 0.05) 
levels of MDA, NO, HP and MPO in the lungs 
as compared to BLM controlled rats. BLM-
induced alterations in SOD, GSH, MDA, NO, 

and HP was more significantly (p < 0.05) at-
tenuated by MP (10 mg/kg) as compared to 
hesperidin treatment (Table 5). 
 
Nrf2, HO-1, TNF-α, IL-1β and IL-6 mRNA 
expression in the lung 

Lung Nrf2 and HO-1 mRNA expressions 
was significantly down-regulated (p < 0.05) 
whereas TNF-α, IL-1β, and IL-6 mRNA ex-
pressions significantly up-regulated (p < 
0.05) in BLM-controlled rats when compared 
with sham and normal rats. When compared 
with BLM controlled rats, treatment with MP 
(10 mg/kg) significantly (p < 0.05) down-reg-
ulated lung TNF-α, IL-1β, and IL-6 mRNA 
expressions whereas it significantly (p < 
0.05) up-regulated lung Nrf2 and HO-1 
mRNA expressions. BLM-induced altera-
tions in lung Nrf2, HO-1, TNF-α, IL-1β, and 
IL-6 mRNA expressions were significantly 
attenuated (p < 0.05) when rats treated with 
hesperidin (50 and 100 mg/kg) as compared 
to BLM controlled rats. The attenuation of 
alteration in mRNA expressions of lung TNF-
α, IL-1β, IL-6, Nrf2 and HO-1 were more 
significant (p < 0.05) in rats treated with MP 
(10 mg/kg) when compared with treatment 
with hesperidin (Figure 2).  

 
Collagen-1, TGF-β and Smad-3 mRNA  
expressions in the lung 

There was no significant difference in the 
lung collagen-1, TGF-β, and Smad-3 mRNA 
expressions in normal, sham, and per se 
treated rats. However, intratracheal instilla-
tion of BLM resulted in significant up-regula-
tion (p < 0.05) in lung collagen-1, TGF-β, and 
Smad-3 mRNA expressions in BLM con-
trolled rats compared to sham and normal rats. 
Whereas, treatment with MP (10 mg/kg) sig-
nificantly (p < 0.05) inhibited BLM-induced 
up-regulated lung collagen-1, TGF-β, and 
Smad-3 mRNA expressions as compared to 
BLM controlled rats. Hesperidin (50 and 100 
mg/kg) treatment also significantly down-
regulated (p < 0.05) mRNA expressions of 
collagen-1, TGF-β and Smad-3 in lungs when 
compared with BLM controlled rats. Admin- 
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Table 4: Effect of hesperidin on alterations induced by BLM in the level of BALF oxido-nitrosative stress and HP on day 14 

Treatment GSH  
(µg/mg of protein) 

SOD  
(U /mg of protein) 

NO  
(µg/ml) 

MDA  
(nM/ mg of protein) 

HP 
(µg/ml) 

Normal 3.41 ± 0.18 1.41 ± 0.04 40.12 ± 2.69 0.95 ± 0.10 0.54 ± 0.03 
Sham 3.56 ± 0.15 1.38 ± 0.05 40.39 ± 2.80 0.93 ± 0.06 0.52 ± 0.03 
BLM control 2.00 ± 0.16#,& 0.58 ± 0.07#,& 112.80 ± 3.09#,& 2.67 ± 0.06#,& 1.68 ± 0.03#,& 
BLM + MP (10) 2.86 ± 0.16*,$ 1.31 ± 0.04*,$ 51.09 ± 2.56*,$ 1.41 ± 0.07*,$ 0.78 ± 0.04*,$ 
BLM + H (25) 2.36 ± 0.09 0.80 ± 0.08 93.03 ± 2.46* 2.23 ± 0.12* 1.37 ± 0.05* 
BLM + H (50) 2.59 ± 0.10*,$ 1.01 ± 0.07*,$ 81.72 ± 2.21*,$ 1.79 ± 0.07*,$ 1.01 ± 0.03*,$ 
BLM + H (100) 2.87 ± 0.19*,$ 1.31 ± 0.09*,$ 62.55 ± 2.92*,$ 1.59 ± 0.07*,$ 0.85 ± 0.03*,$ 
Per se 3.35 ± 0.14 1.60 ± 0.05 40.13 ± 2.50 1.04 ± 0.12 0.61 ± 0.04 

Data were analyzed by One-Way ANOVA, followed by Tukey's multiple range post-tests. p < 0.05 when compared with: sham group (&), normal group (#), each 
other (MP or hesperidin) group ($), and BLM control group (*). BLM: Bleomycin, MP: Methylprednisolone, H: Hesperidin; GSH: glutathione, SOD: superoxide 
dismutase, NO: nitric oxide, MDA: malondialdehyde, and HP: hydroxyproline. (n=6) 
 
 

Table 5: Effect of hesperidin on alterations induced by BLM in the level of lung oxido-nitrosative stress, HP and MPO on day 14 

Treatment GSH  
(µg/mg of protein)

SOD  
(U /mg of protein)

NO  
(µg/ml)

MDA  
(nM/ mg of protein)

HP 
(µg/mg tissue)

MPO (U/gm) 

Normal 4.44 ± 0.28 6.32 ± 0.17 263.1 ± 12.65 1.28 ± 0.11 8.48 ± 0.57 12.77 ± 0.52 
Sham 4.09 ± 0.24 5.38 ± 0.33 253 ± 13.98 1.25 ± 0.13 8.01 ± 0.72 12.97 ± 0.55 
BLM control 1.6 ± 0.27#,& 3.73 ± 0.26#,& 589.3 ± 19.17#,& 5.12 ± 0.06#,& 17.92 ± 0.41#,& 32.99 ± 0.78#,& 
BLM + MP (10) 4.16 ± 0.33*,$ 6.14 ± 0.27*,$ 274.7 ± 17.67*,$ 2.01 ± 0.11*,$ 8.71 ± 0.52*,$ 31.40 ± 0.63 
BLM + H (25) 1.9 ± 0.3 4.15 ± 0.16 581.2 ± 20.15 4.12 ± 0.06* 16.84 ± 0.51 30.94 ± 0.57 
BLM + H (50) 2.34 ± 0.16* 4.85 ± 0.27*,$ 424.3 ± 17.71*,$ 3.4 ± 0.12* 14.53 ± 0.41*,$ 26.53 ± 0.28*,$ 
BLM + H (100) 3.87 ± 0.32*,$ 5.28 ± 0.28*,$ 343.4 ± 11.66*,$ 2.22 ± 0.1*,$ 12.11 ± 0.6*,$ 18.76 ± 0.43*,$ 
Per se 4.31 ± 0.31 5.97 ± 0.29 230 ± 23.27 1.27 ± 0.09 8.47 ± 0.38 13.45 ± 0.57 

Data were analyzed by One-Way ANOVA, followed by Tukey's multiple range post-tests. p < 0.05 when compared with: sham group (&), normal group (#), each 
other (MP or hesperidin) group ($), and BLM control group (*). BLM: Bleomycin, MP: Methylprednisolone, H: Hesperidin; GSH: glutathione, SOD: superoxide 
dismutase, NO: nitric oxide, MDA: malondialdehyde, HP: hydroxyproline and MPO: myeloperoxidase. (n=6) 
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Figure 2: Effect of hesperidin on alterations induced by BLM in lung Nrf2, HO-1, TNF-α, IL-1β and IL-6 mRNA expression of rats (A) on day 14, quantitative 
representation of mRNA expression of Nrf2 (B), HO-1 (C), TNF-α (D), IL-1β (E) and IL-6 (F). Data were analyzed by One-Way ANOVA, followed by Tukey's 
multiple range post-tests. p < 0.05 when compared with: sham group (&), normal group (#), each other (MP or hesperidin) group ($), and BLM control group (*). 
BLM: Bleomycin, MP: Methylprednisolone, HO-1: Heme oxygenase 1, ILs: interleukin, Nrf2: nuclear factor E2-related factor 2, TNF-α: tumor necrosis factor-
alpha. (n=4) 
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istration of MP (10 mg/kg) showed more sig-
nificant inhibition (p < 0.05) in BLM-induced 
up-regulated lung collagen-1, TGF-β, and 
Smad-3 mRNA expressions as compared to 
hesperidin treatment (Figure 3). 

 
NF-κB and IκBα protein expressions in 
lung 

There was significant up-regulation (p < 
0.05) in lung NF-κB and IκBα protein expres-
sions in BLM controlled rats after intratra-
cheal instillation of BLM when compared 
with sham and normal rats. Administration of 
MP (10 mg/kg) significantly inhibited (p < 
0.05) BLM-induced up-regulated lung NF-κB 
and IκBα protein expressions as compared to 
BLM controlled rats. Hesperidin (50 and 100 
mg/kg) treatment also significantly down-
regulated (p < 0.05) lung NF-κB and IκBα 
protein expressions as compared to BLM con-
trolled rats. However, BLM-induced up-regu-
lated lung NF-κB, and IκBα protein expres-
sions were more significantly (p < 0.05) 
down-regulated by MP (10 mg/kg) as com-
pared to hesperidin treatment. There was no 
significant difference in the lung NF-κB and 
IκBα protein expressions in normal, sham, 
and per se treated rats (Figure 4A and B).  
 
AMPK and PP2C-α protein expressions in 
lung 

When compared with sham and normal 
rats, lung AMPK was significantly down-reg-
ulated (p < 0.05) whereas lung PP2C-α pro-
tein expression was significantly up-regulated 
(p < 0.05) after BLM administration in BLM 
controlled rats. Treatment with hesperidin (50 
and 100 mg/kg) significantly attenuated (p < 
0.05) BLM-induced down-regulated (p < 
0.05) lung AMPK and up-regulated (p < 0.05) 
lung PP2C-α protein expressions when com-
pared with BLM controlled rats. However, 
administration of MP (10 mg/kg) did not pro-
duce any significant inhibition in BLM-in-
duced altered lung AMPK and PP2C-α pro-
tein expressions as compared to BLM con-
trolled rats. The lung AMPK and PP2C-α pro-
tein expressions did not differ significantly in 

the normal, sham, and per se treated rats (Fig-
ure 4C and D).  
 
Lung histology 

The normal, sham and per se treated rats 
showed the well-organized histological archi-
tecture of lung tissue without any inflamma-
tory infiltration and interstitial fibrosis (Fig-
ure 5.1A, 5.1B, 5.1G, 5.2A, 5.2B, 5.2G, 5.3A, 
5.3B, and 5.3G). However, there was a 
significant increase (p < 0.05) in inflamma-
tory influx in the peribronchial and perivascu-
lar region, interstitial fibrosis, and Ashcroft 
score in BLM controlled rats as compared to 
normal and sham rats (Figure 5.1C, 5.2C, and 
5.3C). MP (10 mg/kg) significantly inhibited 
(p < 0.05) BLM-induced inflammatory infil-
tration, interstitial fibrosis, and Ashcroft score 
as compared to BLM controlled rats (Figure 
5.1D, 5.2D, and 5.3D). Hesperidin (50 and 
100 mg/kg) treatment also significantly de-
creased (p < 0.05) peribronchial and peri-
vascular inflammatory influx, interstitial fi-
brosis, and Ashcroft score as compared to 
BLM controlled rats (Figure 5.1E, 5.1F, 5.2E, 
5.2F, 5.3E, and 5.3F). However, lung tissue 
from hesperidin (25 mg/kg) treated rats 
showed the presence of inflammatory infiltra-
tion and interstitial fibrosis (Figure 5H, I and 
J). 
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Figure 3: Effect of hesperidin on alterations induced by BLM in lung Collagen-1, TGF-β and Smad-3 mRNA expression of rats (A) on day 28, quantitative 
representation of mRNA expression of Collagen-1 (B), TGF-β (C) and Smad-3 (D). Data were analyzed by One-Way ANOVA, followed by Tukey's multiple 
range post-tests. p < 0.05 when compared with: sham group (&), normal group (#), each other (MP or hesperidin) group ($), and BLM control group (*). BLM: 
Bleomycin, MP: Methylprednisolone, Smad-3: Mothers against decapentaplegic homolog-3, TGF-β: Transforming growth factor-β. (n=4) 
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Figure 4: Effect of hesperi-
din on alterations induced by 
BLM in lung NF-κB (A), IκBα 
(B), AMPK (Thr-172) (C) 
and PP2C-α (D) protein ex-
pression of rats on day 28. 
Data were analyzed by One-
Way ANOVA, followed by 
Tukey's multiple range post-
tests. p < 0.05 when com-
pared with: sham group (&), 
normal group (#), each other 
(MP or hesperidin) group 
($), and BLM control group 
(*). BLM: Bleomycin, NF-κB, 
nuclear factor-kappa B; 
IκBα: nuclear factor of 
kappa light polypeptide 
gene enhancer in B-cells in-
hibitor-alpha; Thr-172: Thre-
onine-172 within the cata-
lytic subunit (alpha) of 
AMPK; PP2C-α: Protein 
phosphatase 2C-Alpha; 
GAPDH: Glyceraldehyde 3-
phosphate dehydrogenase. 
(n=4) 
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Figure 5: Effect of hesperidin on alterations induced by BLM in lung and airway histology of rats. Pho-
tomicrograph of sections of lungs of normal (A), sham control (B), BLM control (C), MP (10 mg/kg) 
treated (D), hesperidin (50 mg/kg) treated (E), hesperidin (100 mg/kg) treated (F) and Perse treated (G) 
rats. Lung H&E staining (1A-1G) on day 14, Lung Picro-Sirius red staining (2A-2G) on day 28 and Lung 
Masson’s trichrome staining (3A-3G) on day 28. Effect of hesperidin on alterations induced by BLM in 
lung airway inflammation score (H), Ashcroft Score (I) and interstitial fibrosis score (J). Data were ana-
lyzed by One-Way ANOVA followed by Tukey's multiple range post-tests whereas data of the peribron-
chial, perivascular inflammatory scores, Ashcroft score, and interstitial fibrosis score were analyzed us-
ing non-parametric one-way ANOVA followed by Kruskal-Wallis test for post hoc analysis p < 0.05 when 
compared with: sham group (&), normal group (#), each other (MP or hesperidin) group ($), and BLM 
control group (*). (n=3) 
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Lung ultrastructural morphology 
Ultrastructural studies of lung sections 

from normal rats showed the presence of a 
normal architecture of type II pneumocyte, 
nuclei, cytoplasm and bronchial epithelial 
cells. It showed normal nucleus of epithelial 
alveoli with the presence of some vacuoliza-
tion and phagocytes (Figure 6A). Lung tissue 
from sham and per se treated rats showed the 
normal architecture of pneumocyte and intes-
tinal septa with presences of few erythrocytes 
(Figure 6B and 6F). BLM-controlled rat 
showed presence of vacuolated type II alveo-
lar cells, abnormal cytoplasm with shrunken 
nucleus and extensive deposition of collagen 
(Figure 6C). It was also evident with balloon-

ing of endothelial, epithelial cells in the capil-
lary lumen with lamellar bodies in its lungs. 
The interstitial septa were thickened and 
showed the presence of pyknosis of the alve-
olar epithelial cell, vesicular cytoplasm, and 
electron dense mitochondria (Figure 6C). 
Lung section from MP (10 mg/kg) adminis-
tered rats showed the presence of normal nu-
clear membrane with mild collagen and cyto-
plasmic vesicular granules in vesicles (Figure 
6D). Lung section of hesperidin (100 mg/kg) 
treated rat showed the presence of few inflam-
matory cells, an enlarged vesicle with cyto-
plasmic vesicular granules, and the normal ar-
chitecture of type II pneumocyte and bron-
chial epithelial cells (Figure 6E). 

 

 
Figure 6: Effect of hesperidin on alterations induced by BLM in lung ultrastructural changes of rats. 
Photomicrographs of lung from representative animals, normal (at 3474 X) (A), sham control (at 11580 
X) (B), BLM control (at 7720 X) (C), methylprednisolone (10 mg/kg) treated (at (11580 X) (D), hesperidin 
(100 mg/kg) treated (at 13510 X) (E), and per Se treated rats (at 11500 X) (F).
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DISCUSSION 

Idiopathic pulmonary fibrosis (IPF) is a 
chronic, progressive interstitial lung disease 
resulting from the accumulation of excessive 
collagen, epithelial cell injury, matrix remod-
eling, and disruption of alveolar architecture 
leading to declining pulmonary function. Ble-
omycin (BLM), which is an effective antineo-
plastic agent, selectively induces pulmonary 
fibrosis. Thus, BLM is a well-established and 
widely used animal model to induce lung fi-
brosis, which resembles with the clinical 
characteristics of human IPF. In the present 
investigation also intratracheal instillation of 
BLM produced inflammatory infiltration in 
Bronchoalveolar lavage fluid (BALF) and 
lung, alteration in gas exchange and pulmo-
nary function, elevated levels of ROS, and ac-
tivation of TGF-B/Smad3 pathway which re-
sulted in pulmonary fibrosis. However, ad-
ministration of hesperidin significantly atten-
uated BLM-induced pulmonary fibrosis via 
inhibition of elevated oxido-nitrosative stress, 
the release of pro-inflammatory cytokines 
(TNF-α, ILs) and IκBα/NF-κB as well as 
modulation of TGF-B/smad3 pathway to re-
duce collagen deposition. 

It has been well documented that animal 
models play a vital role in the evaluation of 
disease progression during BLM-induced PF 
(Kandhare et al., 2015, 2011). Intratracheal 
instillation of BLM in the experimental mu-
rine model is associated with clinical charac-
teristics of IPF, including a reduction in body 
weight and appetite, difficulty in breathing. 
Elevated inflammatory influx after BLM ad-
ministration resulted in the deposition of col-
lagen into the lung epithelial cells (Della Latta 
et al., 2015). It caused an alteration in the in-
tegrity of the alveolar-capillary membrane, 
which in turn affected the efficiency of gas 
exchange across this membrane (Kandhare et 
al., 2015; Liu et al., 2016). Thus, determina-
tion of the oxygenated level of arterial 
hemoglobin is considered as hallmark of 
arterial lung disease (Collins et al., 2015). 
Pulse Ox, i.e., the percentage of hemoglobin 
saturated with oxygen is an important but in-
direct marker for determination of peripheral 

blood oxygen content (Kandhare et al., 2015). 
Previous reports suggested that BLM instilla-
tion led to decrease in the body weight and 
pulse Ox with an increase in the lung weight 
of rats (Kandhare et al., 2015). In the present 
investigation, we have also documented simi-
lar findings after BLM administration, 
whereas treatment with hesperidin signifi-
cantly attenuated these BLM-induced altera-
tions in body weight, lung weight, and Pulse 
Ox. 

Numerous evidence suggested that insult 
to pulmonary tissue induced by various toxi-
cants resulted in an alteration in the respira-
tory patterns (Kandhare et al., 2019; 
Mukherjee et al., 2017). Therefore, lung func-
tion test (LFT) is considered as an important 
diagnostic tool for evaluation of respiratory 
patterns and severity of the pulmonary injury. 
An array of researchers have employed 
whole-body plethysmograph as a non-inva-
sive method for analysis of respiratory pat-
terns which provides an advantage of real-
time analysis compared to biochemical and 
pathologic biomarkers of lung injury 
(Kandhare et al., 2019; Mukherjee et al., 
2017). Amongst the various LFTs, tidal vol-
ume and breathing frequency reflected the 
acute response to toxins, thus earning the title 
of physiologic measures of ventilation. 
Whereas, inspiratory time, expiratory time, 
and enhanced pause evaluate the breath struc-
ture and are known as flow-derived parame-
ters (Jacono et al., 2006). Enhanced pause is 
used to determine the alterations in shape of 
airflow pattern which reflected the changes in 
elasticity and resistivity of lungs in response 
to inhaled toxins (Jóna et al., 2016; Kandhare 
et al., 2015). Furthermore, IPF is also associ-
ated with pulmonary vascular remodeling, 
which results in the development of pulmo-
nary hypertension (Lettieri et al., 2006). Clin-
ically it has also been shown that IPF patients 
exhibit the characteristics of pulmonary hy-
pertension, which significantly worsen the 
survival (Lettieri et al., 2006). Previous inves-
tigators showed that installation of toxicants 
such as BLM, OVA or silica resulted in alter-
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ations in PFT, pulmonary arterial hyperten-
sion and right ventricular hypertrophy in ex-
perimental animals (Bei et al., 2013; Schroll 
et al., 2010). In the present investigation, ad-
ministration of hesperidin significantly atten-
uated BLM-induced alteration in flow-de-
rived parameters, pulmonary arterial hyper-
tension, and right ventricular hypertrophy. 
The outcomes of this study is in accordance 
with results of earlier investigators which sug-
gest that hesperidin attenuated ventricular hy-
pertrophy via modulation of oxidative stress, 
TNF-α and TGF-β1 levels (Yu et al., 2016). 

Heme oxygenase-1 (HO-1) is a stress-
inducible protein that plays a crucial role in 
the protection against oxidative stress and 
regulation of lung inflammation (Mahmoud et 
al., 2017). Researchers documented that 
heme, which is a potent oxidant, converted to 
biliverdin in the presence of HO-1. Thus, it 
serves as an important catalyst in this rate-
limiting step of oxidative insult (Kandhare et 
al., 2015; Lakari et al., 2001). Degradation of 
heme by HO-1 resulted in the formation of 
bile pigments, which possess potent antioxi-
dant, anti-inflammatory, and antiapoptotic 
properties, which in turn ameliorated lung fi-
brosis (Fredenburgh et al., 2007). Further-
more, mice, as well as patients deficient in 
HO-1 enzymatic activity, showed susceptibil-
ity to inflammatory diseases (Dennery, 2014). 
Thus, researchers suggested that HO-1 plays 
an important role in the inhibition of fibrogen-
esis and amelioration of pulmonary fibrosis 
(Otterbein et al., 1999). HO-1 is expressed in 
alveolar macrophages as well as type II pneu-
mocytes, and its expression is induced by pro-
inflammatory cytokines. Clinical and experi-
mental evidence showed that there was a 
down-regulated expression of HO-1 in alveo-
lar macrophages during interstitial lung dis-
ease (Kandhare et al., 2015; Lakari et al., 
2001). In the present investigation, BLM-con-
trol animals exhibited a down-regulated ex-
pression of HO-1, whereas treatment with 
hesperidin significantly ameliorated this 
down-regulation of HO-1 expression. The 
findings of this study corroborates with out-

comes of previous researchers indicated hes-
peridin improved cellular antioxidant levels 
through the modulation of HO-1 expression 
(Chen et al., 2010). 

Earlier studies have documented the sig-
nificant role of pro-inflammatory cytokines 
(such as TNF-α and IL’s) in the pathogenesis 
of BLM-induced pulmonary fibrosis (Bale et 
al., 2018; Kandhare et al., 2015). Cytokines 
have an ability to induce the production of fi-
broblast, synthesis of extracellular matrix, hy-
perplasia of goblet cell, production, and hy-
persecretion of mucus (Bale et al., 2018). 
Macrophage has been suggested as an im-
portant source of these damaging pro-inflam-
matory cytokines (Lakari et al., 2001; Yang et 
al., 2012). Evidences demonstrated that BLM 
stimulates alveolar macrophages to release 
pro-inflammatory cytokines in vitro (Joshi et 
al., 2017). Furthermore, NF-κB, which is a 
transcription factor from Rel protein family, 
regulates the transcription of an array of cyto-
kine genes, including TNF-α and IL’s. The 
IκBα (nuclear factor of kappa light 
polypeptide gene enhancer in B-cells inhibi-
tor-alpha) is an enzyme complex that inhibits 
NF-κB and keeps them in an inactive state in 
the cytoplasm (Li et al., 2017). Pulmonary 
damage due to the instillation of BLM results 
in phosphorylation of IκBα at Ser32/36 end, 
which further translocates NF-κB into the nu-
cleus (Li et al., 2017). This increased activity 
of NF-κB, in turn, mediated the influx of pro-
inflammatory cytokines and thus activated the 
levels of pro-fibrotic markers (such as TGF-
β1) (Chaudhary et al., 2006). Researchers re-
ported that exposure of BLM activates the 
ROS and RNS which further stimulate the ex-
pression of redox-sensitive transcription fac-
tor NF-κB and thus trigger inflammatory re-
sponse via regulation of pro-inflammatory 
signaling (Li et al., 2017). It has also been 
demonstrated that TNF-α induces pulmonary 
inflammation via the induction of apoptosis 
(Kuroki et al., 2003). The results of the 
present investigation are in accordance with 
previous findings where instillation of BLM 
caused ROS influx which in turn phosphory-
lated IκBα and activated NF-κB resulting in 
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the release of pro-inflammatory cytokines 
(TNF-α, IL-1β, and IL-6) and brought out pul-
monary fibrosis. However, hesperidin signifi-
cantly attenuated BLM-induced recruitment 
of ROS into lungs and BALF, thus decreasing 
the expression of TNF-α, IL-β, and IL-6 via 
inhibition of phosphorylation of IκBα and re-
lease of NF-κB. The results of the present 
study are in agreement with previous reports, 
which show that hesperidin ameliorates pul-
monary injury via inhibition of NF-κB activa-
tion and elevated pro-inflammatory cytokine 
(TNF-α, IL-1β, and IL-6) response (Shahbazi 
et al., 2018; Yeh et al., 2007). 

It has been well accepted that BLM-in-
duced IPF associates with biphasic events 
where a “switch” appears between inflamma-
tory and fibrotic phase at around day 14 after 
intratracheal instillation of bleomycin (Bale et 
al., 2018; Kandhare et al., 2015). The early in-
flammatory phase comprises of inflammatory 
influx, release of ROS and pro-inflammatory 
cytokines which are documented at day 14 
whereas fibro-proliferative phase becomes 
significant from day 21 which is reflected by 
increase in collagen deposition in the alveolar 
spaces in response to proliferation and activa-
tion of fibroblasts (Cortijo et al., 2009; 
Tashiro et al., 2017). Transforming growth 
factor β1 (TGF-β1) which is a pro-fibrogenic 
cytokine, plays a vital role in an array of cel-
lular functions including adhesion, migration, 
proliferation, and apoptosis (Willis and 
Borok, 2007). Elevated levels of ROS caused 
up-regulation in TGF-β1 expression, which 
has an ability to induce proliferation of myo-
fibroblasts from fibroblasts, which further 
contributes to the pathogenesis of pulmonary 
fibrosis (Yang et al., 2017). Additionally, 
TGF-β1 also modulates several signaling 
pathways, including activation of Smad, 
TNF-α and IL-1β, inhibition of AMPK activ-
ity, which induces EC injury and extracellular 
matrix production, thus promoting the pro-
gression of pulmonary fibrosis. Researchers 
showed that transcription of collagen mRNA 
significantly increased after the accumulation 
of extracellular matrix via stimulation of 
TGF-β1 (Zhao et al., 2002). Consistent with 

previous investigations, results of the present 
study also showed that BLM administration 
significantly elevated TGF-β mRNA expres-
sion in BLM control rats as compared to nor-
mal and sham rats. This TGF-β mRNA ex-
pression was significantly down-regulated in 
the hesperidin treated rats which may have 
further stimulated cascades of events includ-
ing inhibition of Smad, TNF-α, and IL-1β 
which could be attributed to the pulmonary 
protective potential of hesperidin. A previous 
investigator also showed that hesperidin treat-
ment significantly inhibited TGF-β induced 
non-small cell lung cancer and the result of 
the present study is in accordance with find-
ings of the investigator (Yu et al., 2016). 

Smad3, a member of mothers against 
decapentaplegic homolog 3 has been impli-
cated as a central player in the formation of 
the transcriptional activation complex that in-
duces lung fibrosis (Zhao et al., 2002; Zhao 
and Geverd, 2002). Lung injury induced by 
toxicant such as BLM stimulates of TGF-β re-
sponse, which further activates the type I re-
ceptor. This activation results in phosphoryla-
tion of Smad-2 and Smad-3 along with the 
formation of a heteromeric complex with 
Smad-4 (Gao et al., 2013; Ji et al., 2013). The 
translocation of this complex into the nucleus 
further promotes synthesis of type I collagen. 
During the development of pulmonary fibro-
sis, phosphoinositide-3-kinase–protein kinase 
B (PI3K-Akt) signaling pathway caused acti-
vation of phosphorylation of Smad2 and de-
activation of Smad3 (Zhao and Geverd, 
2002). Numerous evidence suggested that hy-
droxyproline is an indirect measure of type I 
collagen synthesis and its excess deposition in 
the form of extracellular matrix reflected as a 
hallmark of pulmonary fibrosis (Kandhare et 
al., 2015; Zhao and Geverd, 2002). In the pre-
sent study, intratracheal instillation of BLM 
resulted in down-regulated Smad3 mRNA ex-
pression and interestingly, this expression 
was significantly up-regulated by hesperidin 
which might have, in turn, created a negative 
feedback loop that down-regulated TGF-β 
signaling and collagen-I mRNA expression to 
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ameliorate BLM-induced IPF. Previous in-
vestigators also reported the protective effi-
cacy of hesperidin via modulation of TGF-
β1/Smad3 signaling pathways (Mahmoud et 
al., 2017) thus, the results of the present study 
provide a credential to the findings of these 
investigators (Mahmoud et al., 2017). 

Recently a study has proved that adeno-
sine monophosphate-activated protein kinase 
(AMPK) is one of the key elements in the 
pathogenesis of fibrosis in various organs, in-
cluding pulmonary fibrosis (Rangarajan et al., 
2018). Activation of AMPK is associated 
with a decrease in phosphorylation of mTOR 
(mechanistic target of rapamycin) which re-
sult in autophagy and a decrease in levels of 
collagen and ECM (Rangarajan et al., 2018). 
Moreover, inhibition in AMPK activation by 
TGF-β results in mitochondrial dysfunction, 
which up-regulates the formation of mito-
chondrial ROS. Thus, a previous researcher 
has implicated TGF-β inhibition and activa-
tion of AMPK as an alternative therapeutic 
strategy to ameliorate organ fibrosis. Hesper-
idin is documented as a potent activator of 
AMPK (Rizza et al., 2011) and in the present 
investigation also, the administration of hes-
peridin significantly ameliorated BLM-in-
duced silencing of AMPK via inhibition of 
TGF-β levels which might have further 
exerted antioxidant, anti-inflammatory and 
antiapoptotic potential effects. The transmis-
sion electron microscope (TEM) analysis of 
lung tissue from hesperidin treated animals 
also supported this notion where BLM-in-
duced mitochondria damage was augmented 
by hesperidin treatment. 

Intratracheal instillation of BLM induces 
significant aberrations in histologic and cellu-
lar architecture of pulmonary tissue revealed 
by visualizing histological and transmission 
electron microscopic analysis of lung tissue 
from BLM control mice (Kandhare et al., 
2015). These alterations mimic the pathologi-
cal features of clinical IPF which include ex-
cessive deposition of ECM protein such as 
collagen, shrunken mitochondrial cell nu-
cleus, hyperplasia of type II pneumocytes 
(Kalayarasan et al., 2013, 2008; Schuller-

Levis et al., 2009; Sriram et al., 2009). In the 
present investigation administration of hes-
peridin inhibited BLM-induced aberrations of 
lung architecture, which was reflected by a 
decrease in perivascular and peribronchial 
collagen deposition in lung tissue determined 
using Masson trichrome stain and Picro-Sir-
ius red stain. 

Currently, corticosteroids as potent anti-
inflammatory reagents have been widely used 
for the management of pulmonary fibrosis. 
However, their certain side effects and relief 
in the fraction of patient limit their implica-
tions in IPF treatment. Remedies of herbal 
origin are gaining more attention for the treat-
ment of pulmonary fibrosis (Kilic et al., 2014; 
Verma et al., 2013). Moreover, the efficacy 
and safety of hesperidin has been well-estab-
lished clinically in type 2 diabetes and over-
weight individuals (Eghtesadi et al., 2016; 
Salden et al., 2016). Thus, hesperidin may 
provide an alternative therapeutic regiment of 
natural origin for the management of IPF as 
well as an adjuvant to ameliorate the side ef-
fects induced due to BLM during the treat-
ment of various carcinomas. 
 

CONCLUSION 

The results of the present investigation 
demonstrate that hesperidin alleviates 
bleomycin-induced pulmonary fibrosis in a 
biphasic manner. The antifibrotic potential of 
hesperidin is mediated through the inhibition 
of TGF-β1/Smad3/AMPK and IκBα/NF-κB 
pathways which ameliorate the modulation of 
oxido-inflammatory markers (Nrf2 and HO-
1) and pro-inflammatory markers (TNF-α, IL-
1β, and IL-6) to reduce collagen deposition 
during pulmonary fibrosis (Figure 1). 

 
Conflict of interest 

The authors declare no conflict of interest. 
 



EXCLI Journal 2019;18:723-745 – ISSN 1611-2156 
Received: June 27, 2019, accepted: August 26, 2019, published: August 29, 2019 

 

 

743 

REFERENCES 

Bale S, Venkatesh P, Sunkoju M, Godugu C. An adap-
togen: Withaferin A ameliorates in vitro and in vivo 
pulmonary fibrosis by modulating the interplay of fi-
brotic, matricelluar proteins, and cytokines. Front 
Pharmacol. 2018;9:248. 

Bargagli E, Olivieri C, Bennett D, Prasse A, Muller-
Quernheim J, Rottoli P. Oxidative stress in the patho-
genesis of diffuse lung diseases: a review. Respir Med. 
2009;103:1245-56. 

Bei Y, Hua-Huy T, Duong-Quy S, Nguyen VH, Chen 
W, Nicco C, et al. Long-term treatment with fasudil 
improves bleomycin-induced pulmonary fibrosis and 
pulmonary hypertension via inhibition of Smad2/3 
phosphorylation. Pulm Pharmacol Ther. 2013;26:635-
43. 

Chaudhary NI, Schnapp A, Park JE. Pharmacologic 
differentiation of inflammation and fibrosis in the rat 
bleomycin model. Am J Respir Crit Care Med. 2006; 
173:769-76. 

Chen M, Gu H, Ye Y, Lin B, Sun L, Deng W, et al. 
Protective effects of hesperidin against oxidative stress 
of tert-butyl hydroperoxide in human hepatocytes. 
Food Chem Toxicol. 2010;48:2980-7. 

Collins JA, Rudenski A, Gibson J, Howard L, O'Dris-
coll R. Relating oxygen partial pressure, saturation and 
content: the haemoglobin-oxygen dissociation curve. 
Breathe (Sheff). 2015;11:194-201. 

Cortijo J, Iranzo A, Milara X, Mata M, Cerdá‐Nicolás 
M, Ruiz‐Saurí A, et al. Roflumilast, a phosphodiester-
ase 4 inhibitor, alleviates bleomycin‐induced lung in-
jury. Brit J Pharmacol. 2009;156:534-44. 

De Langhe E, Cailotto F, De Vooght V, Aznar-Lopez 
C, Vanoirbeek JA, Luyten FP, et al. Enhanced endog-
enous bone morphogenetic protein signaling protects 
against bleomycin induced pulmonary fibrosis. Respir 
Res. 2015;16:38. 

Della Latta V, Cecchettini A, Del Ry S, Morales MA. 
Bleomycin in the setting of lung fibrosis induction: 
From biological mechanisms to counteractions. Phar-
macol Res. 2015;97:122-30. 

Dennery PA. Heme oxygenase in neonatal lung injury 
and repair. Antioxid Redox Signal. 2014;21:1881-92. 

Ding Z, Sun G, Zhu Z. Hesperidin attenuates influenza 
A virus (H1N1) induced lung injury in rats through its 
anti-inflammatory effect. Antivir Ther. 2018;23:611-
15. 

Eghtesadi S, Mohammadi M, Vafa M, Heidari I, Salehi 
M, Khadem HH, et al. Effects of hesperidin supple-
mentation on glycemic control, lipid profile and in-
flammatory factors in patients with type 2 diabetes: a 
randomized, double-blind and placebo-controlled clin-
ical trial. World Congress on Clinical Trials in Diabe-
tes. Endocr Abstr. 2016;43:OC16. 

Fernandez IE, Eickelberg O. The impact of TGF-beta 
on lung fibrosis: from targeting to biomarkers. Proc 
Am Thorac Soc. 2012;9:111-6. 

Fredenburgh LE, Perrella MA, Mitsialis SA. The role 
of heme oxygenase-1 in pulmonary disease. Am J 
Respir Cell Mol Biol. 2007;36:158-65. 

Gao Y, Lu J, Zhang Y, Chen Y, Gu Z, Jiang X. Bai-
calein attenuates bleomycin-induced pulmonary fibro-
sis in rats through inhibition of miR-21. Pulm Pharma-
col Ther. 2013;26:649-54. 

Haddadi GH, Rezaeyan A, Mosleh-Shirazi MA, Hos-
seinzadeh M, Fardid R, Najafi M, et al. Hesperidin as 
radioprotector against radiation-induced lung damage 
in rat: a histopathological study. J Med Phys. 2017;42: 
25-32. 

Jacono FJ, Peng Y-J, Nethery D, Faress JA, Lee Z, 
Kern JA, et al. Acute lung injury augments hypoxic 
ventilatory response in the absence of systemic hypox-
emia. J Appl Physiol. 2006;101:1795-802. 

Ji Y, Wang T, Wei Z-f, Lu G-x, Jiang S-d, Xia Y-f, et 
al. Paeoniflorin, the main active constituent of Paeonia 
lactiflora roots, attenuates bleomycin-induced pulmo-
nary fibrosis in mice by suppressing the synthesis of 
type I collagen. J Ethnopharmacol. 2013;149:825-32. 

Jóna Á, Miltényi Z, Póliska S, Bálint BL, Illés Á. Ef-
fect of bleomycin hydrolase gene polymorphism on 
late pulmonary complications of treatment for hodgkin 
lymphoma. PloS One. 2016;11:e0157651. 

Joshi S, Singh AR, Wong SS, Zulcic M, Jiang M, Pardo 
A, et al. Rac2 is required for alternative macrophage 
activation and bleomycin induced pulmonary fibrosis; 
a macrophage autonomous phenotype. PloS One. 
2017;12:e0182851. 

Kalayarasan S, Sriram N, Sudhandiran G. Diallyl sul-
fide attenuates bleomycin-induced pulmonary fibrosis: 
Critical role of iNOS, NF-κB, TNF-α and IL-1β. Life 
Sci. 2008;82:1142-53. 

Kalayarasan S, Sriram N, Soumyakrishnan S, 
Sudhandiran G. Diallylsulfide attenuates excessive 
collagen production and apoptosis in a rat model of ble-
omycin induced pulmonary fibrosis through the in-
volvement of protease activated receptor-2. Toxicol 
Appl Pharmacol. 2013;271:184-95. 



EXCLI Journal 2019;18:723-745 – ISSN 1611-2156 
Received: June 27, 2019, accepted: August 26, 2019, published: August 29, 2019 

 

 

744 

Kandhare AD, Raygude KS, Ghosh P, Gosavi TP, Bo-
dhankar SL. Patentability of animal models: India and 
the globe. Int J Pharm Biol Arc. 2011;2:1024-32. 

Kandhare AD, Raygude KS, Ghosh P, Ghule AE, Bo-
dhankar SL. Neuroprotective effect of naringin by 
modulation of endogenous biomarkers in streptozoto-
cin induced painful diabetic neuropathy. Fitoterapia. 
2012;83:650-9. 

Kandhare AD, Bodhankar SL, Singh V, Mohan V, 
Thakurdesai PA. Anti-asthmatic effects of type-A pro-
cyanidine polyphenols from cinnamon bark in ovalbu-
min-induced airway hyperresponsiveness in laboratory 
animals. Biomed Aging Pathol. 2013;3:23-30. 

Kandhare AD, Shivakumar V, Rajmane A, Ghosh P, 
Bodhankar SL. Evaluation of the neuroprotective ef-
fect of chrysin via modulation of endogenous bi-
omarkers in a rat model of spinal cord injury. J Nat 
Med. 2014;68:586-603. 

Kandhare AD, Bodhankar SL, Mohan V, Thakurdesai 
PA. Effect of glycosides based standardized fenugreek 
seed extract in bleomycin-induced pulmonary fibrosis 
in rats: Decisive role of Bax, Nrf2, NF-κB, Muc5ac, 
TNF-α and IL-1β. Chem Biol Interact. 2015;237:151-
65. 

Kandhare AD, Liu Z, Mukherjee AA, Bodhankar SL. 
Therapeutic potential of morin in ovalbumin-induced 
allergic asthma via modulation of SUMF2/IL-13 and 
BLT2/NF-κB signaling pathway. Curr Mol Pharmacol. 
2019;12:122-38. 

Khaefi M, Geravandi S, Hassani G, Yari AR, Soltani 
F, Dobaradaran S, et al. Association of particulate mat-
ter impact on prevalence of chronic obstructive pulmo-
nary disease in Ahvaz, southwest Iran during 2009-
2013. Aerosol Air Qual Res. 2017;7:230-7. 

Kilic T, Parlakpinar H, Polat A, Taslidere E, Vardi N, 
Sarihan E, et al. Protective and therapeutic effect of 
molsidomine on bleomycin-induced lung fibrosis in 
rats. Inflammation. 2014;37:1167-78. 

Kim HJ, Perlman D, Tomic R. Natural history of idio-
pathic pulmonary fibrosis. Respir Med. 2015;109:661-
70. 

Kuroki M, Noguchi Y, Shimono M, Tomono K, Ta-
shiro T, Obata Y, et al. Repression of bleomycin-in-
duced pneumopathy by TNF. J Immunol. 2003;170: 
567-74. 

Lakari E, Pylkas P, Pietarinen-Runtti P, Paakko P, 
Soini Y, Kinnula VL. Expression and regulation of 
hemeoxygenase 1 in healthy human lung and intersti-
tial lung disorders. Hum Pathol. 2001;32:1257-63. 

Lettieri CJ, Nathan SD, Barnett SD, Ahmad S, Shorr 
AF. Prevalence and outcomes of pulmonary arterial hy-
pertension in advanced idiopathic pulmonary fibrosis. 
Chest. 2006;129:746-52. 

Li M, Li Y, Li J, Zhao P, Bai Y, Feng S, et al. Long-
term effects of TCM Yangqing Kangxian formula on 
bleomycin-induced pulmonary fibrosis in rats via reg-
ulating nuclear factor-κB signaling. Evid Based Com-
plement Alternat Med. 2017;2017:2089027. 

Li W, Kandhare AD, Mukherjee AA, Bodhankar SL. 
Hesperidin, a plant flavonoid accelerated the cutaneous 
wound healing in streptozotocin-induced diabetic rats: 
role of TGF-ß/Smads and Ang-1/Tie2 signaling path-
ways. EXCLI J. 2018;17:399-419. 

Li X, Cui S. The mechanisms and effects of panax no-
toginside and methylprednisolone in a rat model of pul-
monary fibrosis. Zhonghua Jie He He Hu Xi Za Zhi. 
2002;25:520-3. 

Liang K, Kandhare AD, Mukherjee-Kandhare AA, Bo-
dhankar SL, Xu D. Morin ameliorates ovalbumin-in-
duced allergic rhinitis via inhibition of STAT6/SOCS1 
and GATA3/T-bet signaling pathway in BALB/c mice. 
J Funct Foods. 2019;55:391-401. 

Liu J, Nie X, Shao Y, Su W, Ma H, Xu X. Bleomycin 
Suppresses the Proliferation and the Mobility of Hu-
man Gastric Cancer Cells Through the Smad Signaling 
Pathway. Cell Physiol Biochem. 2016;40:1401-9. 

Mahmoud AM, Mohammed HM, Khadrawy SM, 
Galaly SR. Hesperidin protects against chemically in-
duced hepatocarcinogenesis via modulation of Nrf2/ 
ARE/HO-1, PPARgamma and TGF-beta1/Smad3 sig-
naling, and amelioration of oxidative stress and inflam-
mation. Chem Biol Interact. 2017; 277:146-58. 

Maneesai P, Bunbupha S, Potue P, Berkban T, Ku-
kongviriyapan U, Kukongviriyapan V, et al. Hesperi-
din prevents nitric oxide deficiency-induced cardiovas-
cular remodeling in rats via suppressing TGF-β1 and 
MMPs protein expression. Nutrients. 2018;10:E1549. 

Mukherjee AA, Kandhare AD, Rojatkar SR, Bodhan-
kar SL. Ameliorative effects of Artemisia pallens in a 
murine model of ovalbumin-induced allergic asthma 
via modulation of biochemical perturbations. Biomed 
Pharmacother. 2017;94:880-9. 

Neisi A, Albooghobeish M, Geravandi S, Adeli Beh-
rooz HR, Mahboubi M, Omidi Khaniabad Y, et al. In-
vestigation of health risk assessment sevoflurane on in-
door air quality in the operation room in Ahvaz city, 
Iran. Toxin Rev. 2018;2018:1-9. 

Otterbein LE, Mantell LL, Choi AM. Carbon monox-
ide provides protection against hyperoxic lung injury. 
Am J Physiol. 1999;276: L688-94. 



EXCLI Journal 2019;18:723-745 – ISSN 1611-2156 
Received: June 27, 2019, accepted: August 26, 2019, published: August 29, 2019 

 

 

745 

Raghu G. Epidemiology, survival, incidence and prev-
alence of idiopathic pulmonary fibrosis in the USA and 
Canada. Eur Respir J. 2017;49:1602384. 

Raghu G, Rochwerg B, Zhang Y, Garcia CA, Azuma 
A, Behr J, et al. An official ATS/ERS/JRS/ALAT clin-
ical practice guideline: Treatment of idiopathic pulmo-
nary fibrosis. An update of the 2011 clinical practice 
guideline. Am J Respir Crit Care Med. 2015;192(2):e3-
19. 

Rangarajan S, Bone NB, Zmijewska AA, Jiang S, Park 
DW, Bernard K, et al. Metformin reverses established 
lung fibrosis in a bleomycin model. Nat Med. 2018;24: 
1121-7. 

Rizza S, Muniyappa R, Iantorno M, Kim J-a, Chen H, 
Pullikotil P, et al. Citrus polyphenol hesperidin stimu-
lates production of nitric oxide in endothelial cells 
while improving endothelial function and reducing in-
flammatory markers in patients with metabolic syn-
drome. J Clin Endocrinol Metab. 2011;96:E782-92. 

Saito A, Horie M, Micke P, Nagase T. The role of TGF-
β signaling in lung cancer associated with idiopathic 
pulmonary fibrosis. Int J Mol Sci. 2018;19(11):E3611. 

Salden BN, Troost FJ, de Groot E, Stevens YR, 
Garces-Rimon M, Possemiers S, et al. Randomized 
clinical trial on the efficacy of hesperidin 2S on vali-
dated cardiovascular biomarkers in healthy overweight 
individuals. Am J Clin Nutr. 2016;104:1523-33. 

Schroll S, Arzt M, Sebah D, Nüchterlein M, Blumberg 
F, Pfeifer M. Improvement of bleomycin-induced pul-
monary hypertension and pulmonary fibrosis by the en-
dothelin receptor antagonist Bosentan. Respir Physiol 
Neurobiol. 2010;170:32-6. 

Schuller-Levis G, Gordon RE, Wang C, Park SY, Park 
E. Protection of bleomycin-induced fibrosis and in-
flammation by taurine. Int Immunopharmacol. 2009;9: 
971-7. 

Shahbazi R, Cheraghpour M, Homayounfar R, Nazari 
M, Nasrollahzadeh J, Davoodi SH. Hesperidin inhibits 
insulin-induced phosphoinositide 3-kinase/Akt activa-
tion in human pre-B cell line NALM-6. J Cancer Res 
Ther. 2018;14:503-8. 

Sriram N, Kalayarasan S, Sudhandiran G. Epigallocat-
echin-3-gallate augments antioxidant activities and in-
hibits inflammation during bleomycin-induced experi-
mental pulmonary fibrosis through Nrf2–Keap1 signal-
ing. Pulm Pharmacol Ther. 2009;22:221-36. 

Tashiro J, Rubio GA, Limper AH, Williams K, Elliot 
SJ, Ninou I, et al. Exploring animal models that resem-
ble idiopathic pulmonary fibrosis. Front Med. 2017;4: 
118. 

Verma R, Kushwah L, Gohel D, Patel M, Marvania T, 
Balakrishnan S. Evaluating the ameliorative potential 
of quercetin against the bleomycin-induced pulmonary 
fibrosis in Wistar rats. Pulm Med. 2013;2013:921724. 

Visnagri, A, Kandhare AD, Chakravarty S, Ghosh P, 
Bodhankar SL. Hesperidin, a flavanoglycone attenu-
ates experimental diabetic neuropathy via modulation 
of cellular and biochemical marker to improve nerve 
functions. Pharm Biol. 2014;52:814-28. 

Willis BC, Borok Z. TGF-beta-induced EMT: mecha-
nisms and implications for fibrotic lung disease. Am J 
Physiol Lung Cell Mol Physiol. 2007;293:L525-34. 

Wu FR, Jiang L, He XL, Zhu PL, Li J. Effect of hes-
peridin on TGF-beta1/Smad signaling pathway in 
HSC. Zhongguo Zhong Yao Za Zhi. 2015;40:2639-43. 

Yamamoto M, Suzuki A, Jokura H, Yamamoto N, 
Hase T. Glucosyl hesperidin prevents endothelial dys-
function and oxidative stress in spontaneously hyper-
tensive rats. Nutrition. 2008;24:470-6. 

Yang W, Li X, Qi S, Li X, Zhou K, Qing S, et al. 
lncRNA H19 is involved in TGF-beta1-induced epithe-
lial to mesenchymal transition in bovine epithelial cells 
through PI3K/AKT signaling pathway. PeerJ. 2017; 
5:e3950. 

Yang YL, Hsu HT, Wang KH, Wang CS, Chen CM, 
Ko WC. Hesperidin-3'-o-methylether is more potent 
than hesperidin in phosphodiesterase inhibition and 
suppression of ovalbumin-induced airway hyperre-
sponsiveness. Evid Based Complement Alternat Med. 
2012;2012:908562. 

Yeh CC, Kao SJ, Lin CC, Wang SD, Liu CJ, Kao ST. 
The immunomodulation of endotoxin-induced acute 
lung injury by hesperidin in vivo and in vitro. Life Sci. 
2007;80:1821-31. 

Yoon HY, Park S, Kim DS, Song JW. Efficacy and 
safety of nintedanib in advanced idiopathic pulmonary 
fibrosis. Respir Res. 2018;19(1):203. 

Yu H-b, Li L, Ren Z-x, Shen J-l, Sudha NB, Raju AB, 
et al. Inhibition of hesperidin on epithelial to mesen-
chymal transition of non-small cell lung cancer cells 
induced by TGF-beta 1. Indian J Pharm Educ Res. 
2016;50:583-90. 

Zhao J, Shi W, Wang YL, Chen H, Bringas P Jr, Datto 
MB, et al. Smad3 deficiency attenuates bleomycin-in-
duced pulmonary fibrosis in mice. Am J Physiol Lung 
Cell Mol Physiol. 2002;282:L585-93. 

Zhao Y, Geverd DA. Regulation of Smad3 expression 
in bleomycin-induced pulmonary fibrosis: a negative 
feedback loop of TGF-beta signaling. Biochem Bio-
phys Res Commun. 2002;294:319-23.


