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Baicalin alleviates chronic obstructive 
pulmonary disease through regulation 
of HSP72-mediated JNK pathway
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Abstract 

Background: Chronic obstructive pulmonary disease (COPD) is characterized by airway obstruction and progres-
sive lung inflammation. As the primary ingredient of a traditional Chinese medical herb, Baicalin has been previously 
shown to possess anti-inflammatory abilities. Thus, the current study aimed to elucidate the mechanism by which 
baicalin alleviates COPD.

Methods: Baicalin was adopted to treat cigarette smoke in extract-exposed MLE-12 cells after which cell viability 
and apoptosis were determined. The production of tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), IL-8 were 
determined by enzyme-linked immunoassay. A COPD mouse model was constructed via exposure to cigarette smoke 
and lipopolysaccharide, baicalin treatment. Lung function and inflammatory cell infiltration were determined and the 
production of Muc5AC, TNF-α, IL-6, IL-8 in the bronchoalveolar lavage fluid (BALF) was assayed by ELISA. The effect of 
HSP72 and JNK on COPD following treatment with baicalin was assessed both in vivo and in vitro by conducting loss- 
and gain- function experiments.

Results: Baicalin improved lung function evidenced by reduction in inflammatory cell infiltration and Muc5AC, TNF-
α, IL-6 and IL-8 levels observed in BALF in mice. Baicalin was further observed to elevate cell viability while inhibited 
apoptosis and TNF-α, IL-6 and IL-8 levels in MLE-12 cells. Baicalin treatment increased HSP72 expression, while its 
depletion reversed the effect of baicalin on COPD. HSP72 inhibited the activation of JNK, while JNK activation was 
found to inhibit the effect of baicalin on COPD.

Conclusions: Baicalin upregulated the expression of HSP72, resulting in the inhibition of JNK signaling activation, 
which ultimately alleviates COPD.

Keywords: Baicalin, Chronic obstructive pulmonary disease, Inflammation, Heat shock protein 72, c-Jun N-terminal 
kinase signaling

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Background
Chronic obstructive pulmonary disease (COPD) remains 
a troubling public health issue worldwide, characterized 
by airway obstruction and progressive lung inflammation 

secondary to the influx of proinflammatory cells (Labaki 
and Rosenberg 2020), accompanied by an increased pro-
duction of proinflammatory factors including various 
inflammatory interleukins (ILs), tumor necrosis factor 
alpha (TNF-α) and matrix metallopeptidase 9 (MMP9) 
(Barnes 2016). COPD poses a significant threat to global 
public health owing to its high prevalence and mortality 
on a global scale (Disease et  al. 2016). Cigarette smoke 
(CS) has been widely documented as the chief risk fac-
tor involved in the development of COPD (Scanlon et al. 
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2000). Studies have indicated that CS contains  1014-1016 
free radicals, including reactive oxygen species and reac-
tive nitrogen species per puff, which ultimately inflicts 
cellular damage within the lungs secondary to the dis-
ruption of the oxidant-antioxidant balance (Pryor et  al. 
1983). Herbal-based therapies have become increasingly 
popular therapeutic approaches due to their effectiveness 
and favorable side effect profiles (Lee et al. 2014). Baica-
lin is the main effective ingredient found in a traditional 
Chinese medical herb, Scutellaria baicalensis Georgi. 
Previous studies have highlighted the function of Baica-
lin as an anti-inflammatory (Yang et  al. 2013), antioxi-
dant (Zhou et al. 2012), and antibacterial (Wu et al. 2008) 
molecule. Due to its potential ability to improve lung 
function, Baicalin has been speculated to be a potential 
treatment option for COPD (Wang et al. 2018).

Interestingly, baicalin was also reported to upregulate 
the expression of heat shock protein 72 (HSP72) and 
decreased inflammatory response (Yang et al. 2016). As a 
member of the HSP family, HSP72 is a molecular chaper-
one (Mayer and Bukau 2005) that has been shown to play 
a crucial role in the process of intracellular inflamma-
tion and apoptotic signaling pathway (Yenari et al. 2005). 
HSP72 exerts its anti-apoptotic effects via inhibition of 
caspases as well as inhibition of the extrinsic apoptosis 
pathway (Powers et  al. 2009). Overexpression of HSP72 
reportedly inhibits the production of lipopolysaccharide 
(LPS)-induced inflammatory cytokines resulting in a 
decrease in inflammatory injury in murine immune cells 
(Muralidharan et  al. 2014). Moreover, COPD patients 
have been observed exhibit both upregulated activity 
and phosphorylation of c-Jun N-terminal kinase (JNK) 
(Eurlings et  al. 2017); knockdown of HSP72 has been 
reported to elevate the activity and phosphorylation of 
JNK (Kitano et al. 2019), which may represent a potential 
mechanism by which HSP72 protects against inflamma-
tory injury in the lung. However, the exact mechanism by 
which baicalin exerts its protective role against COPD is 
yet to be elucidated. Hence, the current study aimed to 
investigate the role of baicalin on inflammation in COPD 
mouse model via evaluation of the effects exerted by bai-
calin on the expression of HSP72 and JNK signaling path-
way in an attempt to ascertain the potential associated 
mechanisms.

Materials and methods
Baicalin
Baicalin (Synonym: 5, 6-Dihydroxy-7-O-β-D-glucopyranosyl-
2-penyl-4  H-1-benzopyran-4-one,  C21H18O11, CAS: 21967-
41-9) was purchased from Solarbio (Beijing, China). The 
purity of the baicalin was confirmed to be greater than 
98% based on the findings of a high performance liquid 
chromatograph.

Mouse models of the CS exposure and LPS‑induced airway 
inflammation
Model establishment was performed based on a previ-
ously reported method (Shin et  al. 2017). A total of 80 
C57BL/6 specific-pathogen-free male mice (SPF; 6–8 
weeks old and 18–25  g) were obtained from SJA Labo-
ratory Animal Co., Ltd. (Hunan, China). Mice were 
randomly divided into ten groups (8 mice/group), and 
housed in a SPF grade animal facility with free access to 
water and food. CS was produced using 3R4F research 
cigarette (Kentucky reference cigarette; Center for 
Tobacco Reference Products, University of Kentucky, 
USA). The mice were exposed to CS in an exposure 
chamber for 1 h each day over a period of 7 days (Shin 
et  al. 2017). LPS (10  µg/mouse) (Sigma, St. Louis, MO, 
USA) was administered to animals via nasal instilla-
tion on the 4th day of anesthesia. Baicalin, a flavonoid 
extracted and isolated from the roots of Scutellaria bai-
calensis, has been reported to exert significant biologi-
cal activity and provide protection against respiratory 
inflammation elicited by CS both in vivo and in vitro, 
which is generally treated by gavage (Li et al. 2012; Wang 
et al. 2018; Lixuan et al. 2010). Thus, baicalin was deliv-
ered into the animals at doses of 25  mg/kg, 50  mg/kg 
or 100  mg/kg by intragastric administration in 0.3 mL 
volume 1  h for 7 d before CS exposure (Li et  al. 2012). 
Oral administration of CCT251236 (MCE, HY-101,026, 
20  mg/kg) or intraperitoneal injection of Anisomycin 
(MCE, HY-18,982, 0.1 mg/kg) was also performed.

Evaluation of lung function
The mice were anesthetized by means intraperitoneal 
injection of 2% pentobarbital (40  µg/g). The mice were 
subsequently placed in a computer-connected forced 
pulmonary manoeuvre system (Buxco, NY, USA) with 
an average breathing frequency of 150 breaths/min 
enforced on the mice. The functional residual capacity 
(FRC) was detected by compelling the mice to breath 
against a closed valve. A standard pressure of + 30  cm 
 H2O was inflated to the lungs to measure the total lung 
capacity (TLC), with the pressure slowly decreased 
to that of -30  cm  H2O. The forced vital capacity (FVC) 
and forced expiratory volume within 1 s were measured 
simultaneously.

Pulmonary histopathology
The left lung of the mice was collected and washed with 
saline in order to clean the blood surrounding the lung. 
The lungs were fixed in 4% paraformaldehyde (Leag-
ene, Beijing, China) for 24  h, embedded in paraffin and 
stained with hematoxylin and eosin (H&E) (Beyotime, 
Shanghai, China). Histopathological assessment of the 
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bronchus and the parenchyma was performed in a blind 
manner. The severity of inflammation was scored on a 
scale of 0–3 according to the following: 0 = no inflamma-
tory response; 1 = mild inflammation with foci of inflam-
matory cells in bronchial or vascular wall and in alveolar 
septa; 2 = moderate inflammation with patchy inflamma-
tion or localized inflammation in the walls of the bronchi 
or blood vessels and alveolar septa, with involvement of 
less than one-third of the total cross-sectional area of the 
lung; 3 = severe inflammation with evidence of diffuse 
inflammatory cell infiltration in the walls of the bronchi 
or blood vessels and alveoli septa with involvement of 
one-third to two-third of the lung area.

The change of air space size was assessed using a pre-
viously reported method of determining the mean linear 
intercepts (MLI) (Sato et al. 2006). The number of alveo-
lar septum was calculated in ten randomly selected fields 
in each section. The destructive index (DI) was calculated 
to evaluate the destruction of the alveolar wall (Saetta 
et al. 1985). Ten randomly selected fields in each section 
were evaluated in order to determine the DI.

Immunohistochemistry
Paraffin-embedded lobe tissue sections were collected 
from the left lung, de-waxed, dehydrated using alco-
hol of gradient concentrations. The sections were sub-
sequently immersed in 3%  H2O2 for 20 min and rinsed 
using distilled water for 2 min and 0.1  M phosphate 
buffer saline (PBS) for an additional 3 min followed by 
antigen retrieval in a water bath. The tissue sections were 
then blocked with normal goat serum (C-0005, Shang-
hai Haoran Biotech Co., Ltd., Shanghai, China) at room 
temperature for 20 min, probed with primary antibody to 
HSP72 (ab2787, 1:100, Mouse, Abcam Inc., Cambridge, 
MA, USA), phosphorylated (p)-JNK (4668, 1:50, Rab-
bit, CST, Danvers, MA, USA) at 4 ℃ overnight and re-
probed with secondary antibody of goat anti-rabbit or 
goat anti-mouse immunoglobulin G (IgG) (Boster Co., 
Ltd., Wuhan, Hubei, China) at 37 ℃ for 20 min. The sec-
tions were then incubated with horseradish peroxidase 
(HRP)-conjugated streptavidin-ovalbumin working solu-
tion (0343-10000U, Imunbio Co., Ltd., Beijing, China) 
at 37℃ for 20 min, developed using 3,3′-diaminobenzi-
dine (ST033, Whiga Co., Ltd., Guangzhou, Guangdong, 
China), counterstained with hematoxylin (PT001, Bogoo 
Biotech Co., Ltd., Shanghai, China) for 1 min, immersed 
in 1% ammonia to facilitate color change to blue, dehy-
drated by alcohol, cleared by xylene, and mounted with 
neutral resin, followed by microscopic observation.

Enzyme‑linked immunoassay (ELISA)
After anesthesia, a tracheostomy was performed in 
the mice as previously based on a previously reported 

method (Shin et  al. 2017). Briefly, bronchoalveolar lav-
age fluid (BALF) was collected and the cells were resus-
pended in PBS. The suspended cells were spread onto 
glass microscope slides, air-dried and then stained with 
Diff-Quik® reagen (IMEB Inc, San Marcos, CA, USA). 
The amount of Muc5AC, TNF-α, IL-8 and IL-6 in the 
BALF were subsequently determined using ELISA kits 
(R & D System, CA, USA) based on the manufacturer’s 
instructions. Absorbance values were measured at 450 
nm using a microplate reader (BioRad, CA, USA).

Preparation of aqueous cigarette smoke extract (CSE)
In order to reproduce the effect of cigarette smoke on 
cells, aqueous CSE was prepared by inflammation of an 
unfiltered cigarette on a peristaltic pump. The smoke was 
bubbled into 10 mL of medium within 5  min, followed 
by pH adjusting to 7.4. The medium was subsequently 
filtered using a 0.22 μm syringe filter for the removal of 
bacteria and large particles. The concentration of CSE in 
the medium was defined as 10% and the prepared CSE 
was used within 30 min.

Cell treatment and grouping
Mouse lung type II epithelial cells (MLE-12, American 
Type Culture Collection, Manassas, VA) were cultured 
in HITES medium (50:50; Dulbecco Modified Eagle 
Medium: Ham’s F-12; Gibco, Carlsbad, CA, USA) sup-
plemented with 2% fetal bovine serum (Gibco), 2 mM 
L-glutamine (Thermo Fisher, Austin, Texas, USA), 10 
mM 4-(2-hydroxyerhyl)piperazine-1-erhanesulfonic acid 
(Thermo), 1:100 insulin/transferrin/selenium supplement 
(Invitrogen, Carlsbad, CA, USA) and antibiotics/antimy-
cotics (Gibco).

The cells were cultured in HITES medium containing 
at varying concentrations (5, 10, 20 µmol/L) of baicalin 
for 24 h, followed by stimulation with CSE (5%) for 2 h.

The small interfering RNAs (siRNAs) (si-negative 
control [NC], and si-HSP72) were procured from from 
Ruibio Biotech Co., Ltd., (Beijing, China), with the 
overexpression vectors (oe-NC, and oe-HSP72) con-
structed by TsingKe Biotech Co., Ltd., (Beijing, China). 
The vectors were transfected into MLE-12 cells using 
lipofectamine 3000 (Invitrogen, USA) when the cells 
reached 70% confluency. In addition, Anisomycin (4 µM, 
JNK activator) and SP600125 (JNK inhifbitor, 10 µM, 
ab120065, Abcam) were introduced for cell treatment 
(Chen et al. 2020).

Cells in vitro were assigned into the following groups 
of experiments: (1) control, CSE, CSE + si-NC, CSE + si-
HSP72; (2) control, CSE, CSE + baicalin,CSE + bai-
calin + si-HSP72; (3) control, CSE, CSE + SP600125, 
CSE + SP600125 + si-HSP72; (4) CSE, CSE + Aniso-
mycin, CSE + baicalin, CSE + baicalin + Anisomycin, 
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CSE + baicalin + Anisomycin + oe-HSP72, and their 
corresponding NCs. In vitro experiments conducted are 
depicted in Fig. 1a.

For in  vivo study, mice were classified into the fol-
lowing groups of experiments: (1) CS + LPS + bai-
calin (25  mg/kg), CS + LPS + baicalin (50  mg/kg), 
CS + LPS + baicalin (100 mg/kg); (2) control, CS + LPS, 
CS + LPS + baicalin, CS + LPS + baicalin + CCT251236; 
(3) CS + LPS, CS + LPS + Anisomycin, CS + LPS + bai-
calin, CS + LPS + baicalin + Anisomycin. The in  vivo 
experiments conducted are illustrated in Fig. 1a.

Cell counting kit‑8 (CCK‑8) assay
MLE-12 cells were seeded into a 96-well plate with 5000 
cells per well. Cell viability was assessed via CCK-8 
(Dojinbo Molecular Technologies, Japan). Briefly, after 
undergoing cell stimulation and incubation for 1  h at 
37℃ in humidified 95% air and 5%  CO2, the CCK-8 solu-
tion was added to the culture medium. Absorbance val-
ues were measured at 450 nm using a microplate reader 
(Bio-Rad, Hercules, CA, USA).

a

c d

e

b

Fig. 1 Baicalin alleviates COPD and upregulates the expression of HSP72. COPD was induced by exposing the mice to CS and LPS. a Flow-process 
diagrams of in vivo and in vitro experiments. b Inflammatory cell infiltration in the lung was analyzed by H&E staining (×200) and the severity of 
inflammation was scored. c The expression of HSP72 in MLE-12 cells after baicalin treatment for 24 h, *p < 0.05 compared to mice treated with 0 
µmol baicalin. d The expression of HSP72 normalized to GAPDH was analyzed using immunoblotting after MLE-12 cells were treated with baicalin 
for 24 h and stimulated by CSE for 2 h. e Cell apoptosis of MLE-12 cells were determined using flow cytometry. *p < 0.05, **p < 0.01, ***p < 0.0001 
compared to normal mice, #p < 0.05, ##p < 0.01, ###p < 0.001 compared to mice treated with CSE. All experiments were repeated three times 
independently and the data were represented as mean ± standard deviation. One-way ANOVA followed by Tukey’s test was used for multiple group 
comparison
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Flow cytometry
Cell apoptosis analysis was performed using propidium 
(PI) and fluorescein isothiocyanate (FITC)-conjugated 
Annexin V staining. Briefly, cells were fixed with 70% 
ethanol and stained with PI/FITC-Annexin V in the pres-
ence of 50 mg/mL RNase A (Sigma), after which incuba-
tion for 1 h at room temperature under dark conditions. 
Flow cytometry was performed using a FAC scan (Beck-
man Coulter, Brea, CA, USA). The data obtained was 
analyzed using FlowJo software (Tree Star, USA).

Reverse transcription quantitative polymerase chain 
reaction (RT‑qPCR)
The total RNA of the cells was extracted by Trizol Rea-
gent (Invitrogen) while complementary DNA (cDNA) 
was synthesized using Revert Aid first strand cDNA 
synthesis kit (Fermentas, Life Sciences, Canada) from 
1 µg of total RNA. RT-qPCR was performed on an ABI 
PRISM® 7900HT system (Takara, Japan) using SYBR Pre-
mix EXTaq TMII reagent. Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was employed as the endoge-
nous reference, with the relative expression level of genes 
determined using the  2− ΔΔCt method. The primers used 
in this experiment are illustrated in  Additional file  1: 
Table S1.

Immunoblotting
Protein samples were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and transferred 
to polyvinylidene fluoride membranes (Immobilon P, 
Millipore, Billerica, USA). The membrane was blocked 
with 5% skimmed milk in Tris-buffered saline supple-
mented with 0.1% Tween-20 for 1 h at room temperature. 
The primary antibodies were then subject to incuba-
tion with the membrane overnight at 4 ℃, followed by 
three washes of the membrane using Tris-buffered saline 
Tween (TBST). The HRP-conjugated secondary antibod-
ies were then incubated with the membrane for 1  h at 
37 ℃. The antibodies used in this study included mouse 
anti-HSP72 (1:1000, ab2787, Abcam), rabbit anti-JNK 
(1:1000, 9252, CST), rabbit anti-p-JNK (1:1000, 4668, 
CST); anti-rabbit IgG HRP (1:10,000, AS014, Abclonal, 
Wuhan, Hubei, China) and anti-mouse IgG HRP 
(1:10,000, AS003, Abclonal). The membrane was subse-
quently developed with enhanced chemiluminescence 
reagent (Thermo Fisher) and photographed with Chemi-
Doc XRS Plus luminescent image analyzer (Bio-Rad). The 
band intensity was quantified by Image-Pro Plus 6.0 soft-
ware and then normalized to GAPDH.

Statistical analysis
All data were analyzed using SPSS 21.0 software (SPSS, 
Inc., Chicago, IL, USA). Data were expressed as the 

mean ± standard deviation (mean ± SD) based on three 
independent tests. Unpaired student’s t-test was applied 
to analyze data displaying normal distribution and equal 
variance between two groups, while a one-way ANOVA 
followed by Turkey’s multiple comparisons test were 
used for analyses between multiple groups. p < 0.05 was 
considered to be indicative of statistical significance.

Results
Baicalin increases the expression of HSP72 in lung tissues
We initially established airway inflammation mouse mod-
els by exposing the mice to CS and LPS (Fig. 1a), with the 
mice subsequently treated with baicalin. After the lung 
function index FEV 0.1/FRC (%), FRC (mL), VC (mL) 
and TLC (mL) had been determined, the results revealed 
that CS and LPS triggered obstructive pulmonary ventila-
tion dysfunction in the mice (Additional file 2: Fig. S1A). 
As expected, the H&E staining results (Fig. 1b) revealed 
evidence of inflammatory cell infiltration in the airway 
and lung parenchyma baicalin in the mice following CS 
and LPS induction, while baicalin treatment was found 
to alleviate the dysfunction induced by CS and LPS in 
mice. More specifically, baicalin treatment (50  mg/kg 
and 100 mg/kg) brought about a distinct reduction in the 
inflammatory cell infiltration induced by CS and LPS. 
Additionally, baicalin (50 mg/kg and 100 mg/kg) proved 
to also be effective in diminishing MLI and DI in CS- 
and LPS-exposed mice (Additional file  2: Fig. S1B, C). 
These results highlighted the successful establishment of 
the airway inflammation mouse model and that baicalin 
treatment could effectively alleviate the manifestations of 
COPD.

We subsequently set out to determine the expression 
of HSP72 in mouse lung tissues with the application of 
immunoblotting. The expression of HSP72 elevated in 
CS- and LPS-exposed mice compared to control mice 
(Additional file  2: Fig. S1D). Besides, the expression of 
HSP72 was also markedly elevated in baicalin-treated 
mice (Additional file  2: Fig. S1D). Next, to confirm the 
effect of baicalin, an in vitro cell model was induced by 
means of stimulating MLE-12 cells using CSE at differ-
ent concentrations over a period of 2 h, with the appro-
priate concentration of CSE selected for subsequent 
experiments. Our data revealed that CSE (5%) resulted 
in approximately 50% cell survival rate (Additional file 2: 
Fig. S1E). The MLE-12 cells were treated with different 
doses of baicalin (5, 10, 20 µmol/L) for 24 h, with upregu-
lated HSP72 expression observed followed by baicalin 
treatment (Fig. 1c). We subsequently treated the MLE-12 
cells with baicalin for 24 h and CSE stimulation for 2 h. 
The results obtained indicated that both CSE and baicalin 
elevated the expression of HSP72 relative to that of the 
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cells without any treatment (Fig. 1d) while CSE was found 
to induce cell apoptosis whereas baicalin inhibited apop-
tosis (Fig. 1e). Taken together, these results indicated that 
baicalin could alleviate COPD by means of upregulating 
HSP72.

Knockdown of HSP72 exacerbates CS‑induced injury 
on MLE‑12 cells
Next, to further elucidate the role of HSP72 in COPD, we 
knocked down HSP72 in MLE-12 cells via siRNA. Immu-
noblotting illustrated that all three si-HSP72 sequences 
markedly decreased the expression of HSP72 with si-
HSP72-2 providing indication of the most efficient one 
(Fig. 2a). Thus, si-HSP72-2 was used in subsequent stud-
ies. CSE (5%) markedly upregulated the expression of 
HSP72 in MLE-12 cells relative to that of the untreated 
cells, while the expression of HSP72 was downregulated 
in cells upon HSP72 knockdown (Fig. 2b). CSE stimula-
tion also decreased cell viability and increased apopto-
sis compared to unstimulated cells, and knockdown of 
HSP72 resulted in further inhibition of cell viability and 
enhanced apoptosis of CSE-stimulated cells (Fig.  2c, d). 
ELISA was then used to determine the levels of IL-6, IL-8 
and TNF-α in the culture medium. The results showed 
that the levels of IL-6, IL-8 and TNF-α were upregu-
lated in CSE-stimulated cells compared to untreated cells 
(Fig. 2e). On the other hand, knockdown of HSP72 fur-
ther increased the expression of IL-6, IL-8 and TNF-α in 
CSE-challenged MLE-12 cells. Thus, HSP72 knockdown 

enhanced apoptosis and inflammatory factor release 
induced by CSE.

Baicalin alleviates COPD in an HSP72 dependent manner
To study the underlying mechanism of baicalin on the 
development of COPD, we treated CSE-exposed MLE-12 
cells with baicalin and detected the expression of HSP72 
with the use of immunoblotting. The results revealed 
that the expression of HSP72 was markedly upregulated 
by baicalin and CSE-treated cells compared to untreated 
cells (Fig.  3a). CCK-8 and flow cytometry results indi-
cated that CSE decreased cell viability while enhancing 
cell apoptosis and this effect was reversed by baicalin 
treatment in MLE-12 cells. Silencing of HSP72 inhibited 
the promotion effect of baicalin on cell viability, while 
inhibiting the effect of baicalin on cell apoptosis (Fig. 3b, 
c). Moreover, baicalin was further observed to decrease 
the expression of IL-6, IL-8, and TNF-α upregulated by 
CSE in untreated cells, but HSP72 knockdown reversed 
the inhibitory role of baicalin on IL-6, IL-8 and TNF-α in 
cells (Fig. 3d).

Next, to ascertain the effect of baicalin on COPD is 
dependent on HSP72 in  vivo, we administrated HSP72 
inhibitor CCT251236 (20  mg/kg) to inhibit the expres-
sion of HSP72 in mice and tested the effect of baicalin 
on COPD. CS and LPS which led to an upregulation of 
HSP72 in lung tissues of mice and baicalin treatment fur-
ther increased HSP72 expression yet oral administration 
of CCT251236 significantly inhibited HSP72 expression 

ba c

d e

Fig. 2 Knockdown of HSP72 exacerbates CS-induced injury on MLE-12 cells. a Relative protein expression of HSP72 following treatment of HSP72 
siRNA normalized to GAPDH was evaluated by immunoblotting; *p < 0.05, **p < 0.01, ***p < 0.001 compared to cells transfected with si-NC. b 
MLE-12 cells was transfected with si-HSP72 and stimulated with 5% CSE, and the expression of HSP72 normalized to GAPDH was detected by 
immunoblotting. CSE was exposed to control and HSP72 knocked down cells. c Cell viability was tested with CCK-8 assay. d Cell apoptosis was 
tested with flow cytometry. e The release of IL-6, IL-8, and TNF-α was detected by ELISA, *p < 0.05, **p < 0.01, ***p < 0.001 compared to untreated 
cells, #p < 0.05, ##p < 0.01, ###p < 0.001 compared to cells treated with CSE. All experiments were repeated for three times independently and the data 
were represented as mean ± standard deviation. One-way ANOVA followed by Tukey’s test was used for multiple group comparison
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in mouse lung tissues according to immunohistochem-
istry results (Fig.  4a). Furthermore, our data revealed 
that CS and LPS induced lung dysfunction while baicalin 
improved this dysfunction in the normal mice. Moreo-
ver, in the CCT251236-administrated mice, the efficacy 
of baicalin was markedly reduced which was accompa-
nied by aggravated lung dysfunction (Additional file  3: 
Fig. S2A). H&E staining illustrated inflammatory cell 
infiltration in the lung after lung injury, whereas inflam-
matory cell infiltration was reduced by baicalin (50 mg/
kg) treatment in normal mice. Compared to vehicle con-
trol-administrated mice, the CCT251236 administration 
increased inflammatory cell infiltration in lung in mice 
treated with CS + LPS + baicalin (Fig.  4b). In addition, 
baicalin (50 mg/kg) was found to effectively diminish the 
MLI and DI of CS and LPS-exposed mice, but the effect 
was inhibited by CCT251236 treatment (Additional 
file  3: Fig. S2B, C). The amount of white blood cells as 
well as Muc5AC, IL-6, IL-8, and TNF-α in the BALF all 
exhibited increases post lung injury. Baicalin effectively 
lowered the amount of the cells and inflammatory fac-
tors in the BALF of CS and LPS-exposed mice, but the 
effect was reversed by CCT251235 treatment (Fig. 4c-e). 
Thus, we concluded that baicalin could alleviate COPD in 
a HSP72 dependent manner.

HSP72 inhibits the JNK pathway which exacerbates COPD
Subsequently, to elucidate the regulatory role of baica-
lin on the HSP72-dependent JNK signaling pathway in 
COPD, we first knocked down HSP72 in MLE-12 cells, 
the results of which showed that silencing of HSP72 
increased phosphorylation of JNK (Fig. 5a). A JNK inhib-
itor (SP600125) was subsequently applied to downregu-
late JNK in MLE-12 cells. As per the immunoblotting 
results, SP600125 led to a significant reduction in the 
extent of JNK phosphorylation (Fig.  5b). The immuno-
blotting results revealed that CSE markedly increased 
JNK phosphorylation in untreated cells, while CSE failed 
to increase JNK phosphorylation in cells treated with 
SP600125 (Fig.  5c). CCK-8 and flow cytometry results 
showed that CSE decreased cell viability and enhanced 
apoptosis in untreated cells, whereas knock down of JNK 
recovered the effect of CSE on cell viability and apoptosis 
(Fig.  5d, e). As depicted in Fig.  5f, ELISA demonstrated 

that release of IL-6, IL-8 and TNF-α induced by CSE 
was also decreased following the knockdown of JNK in 
MLE-12 cells. When si-HSP72 and SP600125 were co-
delivered into CSE-treated cells, CCK-8, flow cytom-
etry and ELISA results demonstrated that the cells had 
decreased cell viability along with a concomitant increase 
in the rate of apoptosis as well as IL-6, IL-8, and TNF-α 
expression when compared to the CSE-treated cells 
treated with SP600125 (Fig. 5g-i). Collectively, these find-
ings indicated that the silencing of JNK reduced apopto-
sis and inflammatory factors induced by CSE, which was 
reversed following knockdown of HSP72.

The inhibition of the JNK pathway of baicalin is dependent 
on HSP72
Next, to verify whether baicalin could improve COPD by 
regulating the JNK signaling pathway, we treated MLE-
12 cells stimulated by CSE with baicalin and/or si-HSP72 
and analyzed the phosphorylation of JNK with the appli-
cation of immunoblotting. The data obtained indicated 
that baicalin triggered a marked reduction in the phos-
phorylation of JNK, while si-HSP72 further decreased 
the inhibitory effect of baicalin on the phosphorylation 
of JNK (Fig.  6a). Additionally, the effect of baicalin was 
evaluated in cells treated with JNK activator (Anisomy-
cin). The extent of JNK phosphorylation was significantly 
upregulated by Anisomycin, as confirmed by immunob-
lotting (Fig.  6b). We adopted baicalin and/or Anisomy-
cin to treat CSE-stimulated cell, and immunoblotting 
results found Anisomycin led to a distinct increase in 
the phosphorylation of JNK (Fig.  6c). Moreover, activa-
tion of JNK also reduced cell viability, which was accom-
panied by an increase in apoptosis as well as the release 
of IL-6, IL-8 and TNF-α induced by CSE. Baicalin inhib-
ited apoptosis and the release of inflammatory factors in 
CSE-stimulated cells. However, when compared to the 
CSE-stimulated cells treated with baicalin, CSE-stimu-
lated cells treated with Anisomycin exhibited a decrease 
in cell viability as well as an increase in apoptosis as well 
as the release of inflammatory factors (Fig.  6d-f ). We 
subsequently obtained data verifying these results in the 
mouse airway injury model. JNK agonist Anisomycin 
(0.1 mg/kg, intraperitoneal injection) markedly increased 
the phosphorylation of JNK in mice (Additional file  4: 

Fig. 3 Knockdown of HSP72 retards the effect of baicalin on the treatment of COPD. Cells were treated with CSE, CSE + baicalin, 
CSE + baicalin + si-NC, or CSE + baicalin + si-HSP72. Mice were treated with CS + LPS, CS + LPS + baicalin, or CS + LPS + baicalin + CCT251236. a 
The expression of HSP72 normalized to GAPDH was detected by immunoblotting in cells; *p < 0.05, **p < 0.01, ***p < 0.001 compared to untreated 
cells; #p < 0.05, ##p < 0.01, ###p < 0.001 compared to cells treated with CSE + baicalin + si-NC. b The viability of the above cells was determined by 
CCK-8; *p < 0.05, **p < 0.01, ***p < 0.001 compared to untreated cells; #p < 0.05, ##p < 0.01, ###p < 0.001 compared to cells treated with CSE; &p < 0.05, 
&&p < 0.01, &&& p < 0.001 compared to cells treated with CSE + baicalin + si-NC. c Flow cytometry was used to analyze apoptosis of the cells. d Release 
of inflammatory factors IL-6, IL-8 and TNF-α was measured by ELISA

(See figure on next page.)
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Fig. 4 The HSP72 inhibitor CCT251236 inhibited the therapeutic effect of baicalin on COPD in vivo. a HSP72 expression in the lung tissues of mice 
was tested by immunohistochemistry (×400). b Lung injury was visualized by H&E staining (×400) and lung injury was scored. c The white blood 
cells in the BALF were measured by ELISA. d Muc5AC expression in the BALF was determined. e Expression of IL-6, IL-8, TNF-α in the BALF was 
measured by ELISA. Compared with the control group, *p < 0.05, **p < 0.01, ***p < 0.001; compared with the CS + LPS group, #p < 0.05, ##p < 0.01, 
###p < 0.001; compared with the CS + LPS + baicalin + vehicle group, &p < 0.05, &&p < 0.01, &&& p < 0.001. All experiments were repeated for three times 
independently and the data were represented as mean ± standard deviation. One-way ANOVA followed by Tukey’s test was used for multiple group 
comparison
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Fig. 5 HSP72 inhibits COPD through the inhibition of the JNK signaling pathway. a MLE-12 cells were transfected with si-HSP72 and the expression 
of HSP72 and JNK phosphorylation normalized to GAPDH was analyzed by immunoblotting; *p < 0.05, **p < 0.01, ***p < 0.001 compared to cells 
transfected with si-NC. b The extent of JNK phosphorylation normalized to GAPDH after SP600125 treatment was analyzed by immunoblotting; 
*p < 0.05, **p < 0.01, ***p < 0.001 compared to cells treated with DMSO. MLE-12 cells were treated with SP600125 and stimulated with CSE. c The 
phosphorylation of JNK normalized to GAPDH was analyzed by immunoblotting. d Cell viability was detected by CCK-8 assay. e Cell apoptosis 
was detected by flow cytometry. f Release of IL-6, IL-8, and TNF-α was analyzed by ELISA. *p < 0.05, **p < 0.01, ***p < 0.001 compared to untreated 
cells; #p < 0.05, ##p < 0.01, ###p < 0.001 compared to cells treated with CSE. MLE-12 cells were co-treated with si-HSP72 and SP600125. g Cell viability 
was detected by CCK-8 assay. h Cell apoptosis was detected by flow cytometry. i Release of IL-6, IL-8, and TNF-α was analyzed by ELISA. *p < 0.05, 
**p < 0.01,***p < 0.001 compared to CSE + SP600125. All experiments were repeated for three times independently and the data were represented 
as mean ± standard deviation. One-way ANOVA followed by Tukey’s test was used for multiple group comparison
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Fig. 6 Baicalin blocks the JNK signaling pathway and alleviates COPD in a HSP72 dependent manner. a MLE-12 cells were transfected with si-HSP72 
or control vector and stimulated with CSE. The cells treated with baicalin and the phosphorylation of JNK normalized to GAPDH was analyzed by 
immunoblotting; *p < 0.05, **p < 0.01, ***p < 0.001 compared to untreated cells; #p < 0.05, ##p < 0.01, ###p < 0.001 compared to cells treated with CSE; 
&p < 0.05, ##p < 0.01, ###p < 0.001 compared to cells treated with CSE + baicalin. b The extent of JNK phosphorylation after Anisomycin treatment 
normalized to GAPDH was tested by immunoblotting. *p < 0.05, **p < 0.01, ***p < 0.001 compared to cells treated with vehicle. c The phosphorylation 
of JNK normalized to GAPDH was analyzed by immunoblotting. d Cell viability was analyzed by CCK-8. e Cell apoptosis was analyzed by flow 
cytometry. f Release of IL-6, IL-8 and TNF-α was analyzed ELISA. *p < 0.05, **p < 0.01, ***p < 0.001 compared to cells treated with CSE; #p < 0.05, ##p < 0.01, 
###p < 0.001 compared to cells treated with CSE + baicalin. g Relative protein expression of HSP72 normalized to GAPDH after treatment of HSP72 
overexpression vector was determined by immunoblotting. *p < 0.05, **p < 0.01, ***p < 0.001 compared to cells transfected with oe-NC. h Cells 
were co-transfected with both Anisomycin and oe-HSP72 and stimulated with CSE. The expression of HSP72 and extent of JNK phosphorylation 
normalized to GAPDH was analyzed by immunoblotting. i Cell viability of both JNK-activated and HSP72-overexpressed cells after treatment with 
baicalin was analyzed by CCK-8 assay. j Cell apoptosis of both JNK-activated and HSP72-overexpressed cells after treatment with baicalin was 
analyzed by flow cytometry. k Release of IL-6, IL-8 and TNF-α of both JNK-activated and HSP72-overexpressed cells after treatment with baicalin was 
analyzed ELISA. *p < 0.05, **p < 0.01, ***p < 0.001 compared to cells treated with CSE + baicalin + Anisomycin. All experiments were repeated for three 
times independently and the data were represented as mean ± standard deviation. One-way ANOVA followed by Tukey’s test was used for multiple 
group comparison
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Fig. S3A). Increased JNK activity aggravated CS and 
LPS-induced airway injury, lung dysfunction, inflam-
matory cell infiltration in the lung and the expression of 
Muc5AC, IL-6, IL-8, and TNF-α  (Additional file 4: Fig. 
S3B-G).

The increase in the activity and phosphorylation of JNK 
resulted in the inhibition of the baicalin effect on COPD. 
In order to ascertain whether HSP72 was required for the 
regulation of JNK and the subsequent COPD by baica-
lin, we constructed oe-HSP72 vector and its transfection 
efficiency was verified by immunoblotting (Fig. 6g). The 
phosphorylation of JNK was found to be decreased in the 
cells overexpressing HSP72 (Fig. 6h). Moreover, the CSE-
stimulated cells treated with baicalin and activated JNK 
and overexpressed HSP72 displayed increased cell viabil-
ity (Fig.  6I), decreased apoptosis (Fig.  6j) and IL-6, IL-8 
and TNF-α release (Fig.  6k). Taken together, the afore-
mentioned results demonstrated that baicalin increased 
the expression of HSP72, which led to a blockade in JNK 
signaling pathway, ultimately alleviating COPD.

Discussion
COPD has been well documented to be triggered by a set 
of pathophysiological mechanisms that result in exces-
sive mucus secretion and limited airflow. Smoking has 
been strongly implicated as the chief risk factor associ-
ated with the development of COPD (Hattab et al. 2016). 
A previous study investigating rat models demonstrated 
that baicalin could exert inhibitory effects on inflamma-
tion, highlighting its protective role against ischemia-
reperfusion injury induced by LPS in intestinal epithelial 
cells and intercellular tight junctions (Chen et al. 2015). 
During the current study, our results revealed that 

baicalin upregulated the expression of HSP72, which 
resulted in the inhibition of the phosphorylation of JNK. 
This mechanism decreased the production of pro-inflam-
matory factors and apoptosis, thus serving as a defense 
method against COPD (Fig. 7).

Initially, CS exposure was observed to trigger a notable 
increase in inflammatory cell counts, resulting in con-
tinuous airway remodeling. Previous literature has indi-
cated that CS exposure inflicts direct damage to airway 
epithelium in addition to activating macrophages and 
lymphocytes, generating pro-inflammatory cytokines, 
thus aggravating COPD (Nakamura et al. 2015). Moreo-
ver, the production of the proinflammatory cytokines 
has been linked with exacerbation of the inflammatory 
response that occurs during COPD development (Ge 
et al. 2016). In our subsequent experiment, our findings 
demonstrated that treatment with baicalin alleviated the 
degree of inflammation in addition to diminishing the 
release of TNF-α, IL-6 and IL-8, thus attenuating COPD. 
A previous study reported that baicalin could dimin-
ish levels of pro-inflammatory mediators, TNF-α, IL-6 
and IL-1β, in acute lung injury, functioning as a poten-
tial therapeutic candidate, which was largely consistent 
with the observations of our study (Meng et  al. 2019; 
Peng et  al. 2019). Baicalin has been previously reported 
to exhibit no significant toxicity at doses between 20 and 
200  mg/kg (Xue et  al. 2010), thus three dosages of bai-
calin (25, 50 and 100 mg/kg) were administrated to treat 
CS-exposure mice in our study. Consistently, baicalin has 
been reported to attenuate CS-induced inflammation 
in COPD rat model via the inhibition of IL-6, IL-8 and 
TNF-α productions (Lixuan et  al. 2010). Inflammatory 
scores, MLI and DI have all been positively linked with 
severe lung injury and the improvement of lung func-
tion decreases MLI and DI (Jiang et al. 2020). Our in vivo 
experiments data illustrated that baicalin was capable of 
diminishing inflammatory scores, MLI, and DI in CS-
exposure mice.

Moreover, additional data obtained highlighted the 
anti-inflammatory effect of baicalin in COPD occurs 
via the upregulation of HSP72, which further decreased 
TNF-α, IL-6 and IL-8 levels, and apoptosis, while 
increasing cell viability. Yang et al. concluded that bai-
calin could upregulate the expression of HSP72 which 
led to a decrease in the inflammatory response in cow 
mammary epithelial cells (Yang et  al. 2016). Further-
more, treatment with baicalin, at different concentra-
tions, was found to elevate the expression of HSP72 
in primary cultured bovine sertoli cells under expo-
sure to heat stress (Guo et  al. 2015). The cytoprotec-
tive role of HSP72 has been well documented both as 

CSECSE
baicalin

JNK
P

JNK
P

HSP72

Apoptosis
inflammation

Apoptosis
inflammation

COPD

Fig. 7                 Graphic mechanism. Aqueous CSE stimulation 
promotes the activation of the JNK pathway thereby promoting the 
development of COPD, while baicalin can up-regulate the expression 
of HSP72, which in turn inhibits the activity of the JNK pathway and 
impedes the development of COPD
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an anti-inflammatory as well as an anti-apoptotic mol-
ecule (Giffard et  al. 2008). The upregulation of HSP72 
has been reported to not only inhibits the NF-κB path-
way by stabilizing IκB-NF-κB complex in microglial cell 
line (Sheppard et al. 2014) but also diminishes the pro-
duction of proinflammatory cytokines in rat inflamma-
tory models (Dokladny et  al. 2010). HSP72 expression 
has been shown to exhibit increased levels in colla-
gen-induced arthritis mouse model and recombinant 
HSP72 which markedly inhibits the expression of IL-6, 
TNF-α and NF-κB, highlighting its protective role in 
arthritis (Luo et al. 2011).

Furthermore, silencing of HSP72 was shown to 
increase JNK activity while silencing of JNK decreased 
TNF-α, IL-6 and IL-8 levels, and apoptosis, while ele-
vating cell viability. Reports have suggested that the 
knockout of HSP72, a natural inhibitor of JNK leads 
to an increase in JNK activity (Park et al. 2001; Kitano 
et al. 2019) while patients with severe COPD have been 
noted to exhibit upregulated levels of JNK in their adi-
pose tissues (Tkacova et al. 2011). Consistently, patients 
with COPD displayed increased numbers of positive 
cells for phosphorylated JNK in epithelial cells (Eurl-
ings et al. 2017). The inhibition or depletion of JNK has 
been reported to significantly weaken TNF-α-induced 
lung epithelial cell inflammatory responses (Yu et  al. 
2010). The overexpression of JNK induces cell migration 
and invasion, and morphologic changes in human can-
cer cells (Wang et al. 2010). The expression of HSP72 is 
directly regulated by baicalin in our study, implicating 
JNK as a downstream target for baicalin in treatment of 
COPD.

Conclusion
The central findings of the current study present evidence 
documenting the anti-inflammatory effects of baicalin on 
CS-induced inflammatory models in both mice as well as 
in MLE-12 cells. Our data lends support to the hypoth-
esis that baicalin plays a crucial role in regulating HSP72, 
resulting in the attenuation of CS-induced inflammation. 
The downstream target molecules of baicalin, including 
HSP72 and JNK, represent a promising novel target for 
drug development for COPD therapy. However, further 
studies are required in order to elucidate the role of bai-
calin in a clinical setting as well as its role in other poten-
tial signaling pathways.

Abbreviations
JNK: C-Jun N-terminal kinase; COPD: Chronic obstructive pulmonary disease; 
ELISA: Enzyme-linked immunoassay; BALF: Bronchoalveolar lavage fluid; CS: 
Cigarette smoke; HSP72: Heat shock protein 72; LPS: Lipopolysaccharide; 
FRC: Functional residual capacity; FVC: Forced vital capacity; MLI: Mean 
linear intercepts; DI: Destructive index; PBS: Phosphate buffer saline; IgG: 

Immunoglobulin G; CSE: Cigarette smoke extract; CCK-8: Cell counting kit-8; 
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s10020- 021- 00309-z.

Additional file 1: Table S1. Sequence of the primers for RT-qPCR
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FVC ratio, FRC, Vital capacity (VC), and TLClevel. B, Calculation of MLI value. 
C, Calculation of DI value. D, Western blotanalysis of HSP72 expression 
inmouse lung tissues. *p < 0.05, **p < 0.01, ***p< 0.001 compared to 
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CCK-8 was used todetect MLE-12 cell survival after 2 h of stimulation with 
differentconcentrations of CSE (0%, 2.5%, 5%, 7.5%, and 10%). *p < 0.05, **p 
< 0.01, ***p< 0.001 compared to cells treated with 0% CSE.
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Calculation of DI value.*p < 0.05, **p< 0.01, ***p < 0.001 compared to 
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Additional file 4: Fig S3. Baicalin alleviates COPD by inhibiting JNKsignal-
ing pathway in a HSP72-dependent manner. A, Immunohistochemistry 
wasemployed to measure the expression of p-JNK in lung tissues of mice 
treatedwith JNK activator (400 ×). B, Determination of mouse pulmonary 
function basedon FEV0.1/FVC ratio, FRC, Vital capacity (VC), and TLC level. 
C, H&E staining was used to observe inflammatory cells in lungtissues 
(400 ×). D, Scoring of the severity of inflammation. E, Counting oftotal 
leukocyte number in BALF. F, ELISA was used to detect the expression 
ofMuc5AC in BALF. G, ELISA was used to determine the expression of 
inflammatoryfactors IL-6, IL-8, and TNF-α in BALF.*p < 0.05, **p< 0.01, ***p 
< 0.001 compared to cells treated with CS+ LPS. #p < 0.05, ##p < 0.01, ###p< 
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