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A B S T R A C T   

Chronic obstructive pulmonary disease (COPD) is a respiratory inflammatory disease. Psoralen 
(PSO) is the main pharmacological component identified from Bu-Shen-Fang-Chuan formula 
which has been traditionally used in treatment of COPD, yet its efficacy in COPD inflammation 
were unreported. In this study, we aimed to elucidate the anti-inflammatory potential of PSO in 
COPD and unravel the underlying mechanisms, focusing on T lymphocyte recruitment and the 
modulation of chemokines, namely monokine induced by interferon-gamma (CXCL9), interferon 
inducible protein 10 (CXCL10), and interferon inducible T-Cell alpha chemoattractant (CXCL11). 
In vitro, RAW264.7 was stimulated by interferon (IFN)-γ + cigarette smoke extract (CSE) and 
were treated with PSO (2.5, 5, 10 μM), then the levels of chemokines and the activation of Janus 
kinase (JAK)/Signal transducer and activator of transcription 1 (STAT1) pathway were analyzed 
by real time PCR and western blot. In vivo, a murine model was established by intraperitoneal 
injection of CSE on day 1, 8, 15, and 22, then treated with PSO (10 mg/kg). Our experiments in 
vitro illustrated that PSO reduced the levels of CXCL9, CXCL10, and CXCL11, and decreased the 
protein phosphorylation levels of JAK2 and STAT1. Additionally, PSO effectively improved in-
flammatory infiltration and decreased the proportion of CD8+ T cells in CSE-exposed mice. 
Furthermore, PSO reduced the levels of CXCL9, CXCL10, and CXCL11 in bronchoalveolar lavage 
fluid (BALF) and lung tissue, and decreased the protein phosphorylation levels of JAK2 and 
STAT1. In conclusion, our results revealed the therapeutic potential of PSO for COPD inflam-
mation, possibly mediated through the regulation of CD8+ T cell recruitment and chemokines via 
the JAK2/STAT1 signaling pathway.  
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1. Introduction 

Chronic obstructive pulmonary disease (COPD) is a common condition characterized by chronic airway inflammation and 
persistent airflow restriction [1]. Cigarette smoke inhalation is one of the leading causes of COPD, and the inflammation induced by 
cigarette smoke have been the most studied currently [2]. Studies have shown that T lymphocytes (especially CD8+ T cells) are 
involved in cigarette smoke-induced inflammation of the lung tissue [3–5], which is closely related to lung tissue damage and pro-
gressive decline in lung function [6,7]. 

Fig. 1. PSO downregulated CXCL9/CXCL10/CXCL11 by inhibiting activation of the JAK2/STAT1 pathway in vitro. (A) The molecular structure of 
PSO. (B) Effect of PSO on cell viability. (C) Effect of CSE on cell viability. (D–F) Expression of CXCL9/CXCL10/CXCL11 mRNA. (G–K) Expression and 
quantification of band intensities of the JAK/STAT1 pathway proteins. Data are expressed as mean ± SD (n = 3). ##p < 0.01, ####p < 0.0001 vs. 
control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. CSE + IFN-γ group. 
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The migration of T lymphocytes to the inflammatory site in response to inflammatory signals is dependent on chemokines. In 
patients with COPD, activated T lymphocytes (especially CD8+ T cells) express chemokine receptors, such as C-X-C motif chemokine 
receptor 3 (CXCR3), which mainly attracts ligand monokine induced by interferon-gamma (CXCL9), interferon inducible protein 10 
(CXCL10), and interferon inducible T-Cell alpha chemoattractant (CXCL11) to migrate to the inflammatory site [8–10]. Moreover, 
CXCL10 is a biomarker for acute exacerbations of COPD patients [11]. The Janus kinase (JAK)/Signal transducer and activator of 
transcription (STAT) pathway is a classical signaling pathway involved in the regulation of cytokines and chemokines during in-
flammatory processes [12]. A study found that activation of the JAK/STAT1 pathway in patients with COPD was significantly 
increased [13]. In summary, the JAK/STAT1 pathway and CXCL10/CXCR3 chemotaxis may be potential therapeutic targets for COPD 
treatment. 

Traditional Chinese Medicine (TCM) has long been employed in the treatment of COPD due to its considerable clinical efficacy. Our 
previous study showed that the Bu-Shen-Fang-Chuan formula can effectively inhibit T lymphocyte recruitment in a COPD rat model 
through suppressing CXCL9/CXCL10/CXCL11-CXCR3 axis and that psoralen (PSO) is the main ingredient of this formula [14,15]. PSO 
is a principal bioactive component of Cullen corylifolium (L) Medik and has been demonstrated to benefit for the treatment of osteo-
porosis, tumors, and inflammation [16]. Du et al. have reported that PSO exerts therapeutic effects against idiopathic pulmonary 
fibrosis (IPF) in a bleomycin (BLM)-induced murine model for the first time [17]. Surprisingly, the efficacy of PSO in vivo and in vitro, 
especially in COPD inflammation, has yet remained unaddressed. Therefore, we aimed to investigate the effect and underlying 
mechanisms of PSO in a murine model of COPD, and found that PSO was able to markedly attenuate inflammation. Our study provides 
a novel insight into the regulation of PSO on COPD, and identify potential therapeutic targets for PSO treatment of COPD. 

2. Materials and methods 

2.1. Materials and reagents 

The 3R4F cigarettes were obtained from the Kentucky Tobacco Research Council (KY, USA). PSO (HPLC ≥98 %, the molecular 
structure was shown in Fig. 1A) was purchased from Shanghai Winherb Medical Technology Co., Ltd., (Shanghai, China). RAW264.7 
were obtained from ATCC (TIB-71, USA). RPMI-1640 medium was purchased from KeyGEN Biotech Co., Ltd., (Jiangsu, China). Fetal 
bovine serum was obtained from Sigma-Aldrich (MO,USA). MTT cell proliferation and cytotoxicity assay kit was obtained from 
Beyotime Biotechnology Co., Ltd., (Shanghai, China). Recombinant murine interferon (IFN)-γ was supplied by PeproTech (NJ, USA). 
Mouse IFN-γ, CXCL9, and CXCL10 enzyme-linked immunosorbent assay (ELISA) kits were purchased from Lianke Biotech Co., Ltd., 
(Hangzhou, China) and mouse CXCL11 ELISA kit was purchased from Raybiotech (GA, USA). Primary antibodies against CD4, CD8, 
JAK2, JAK2 (phospho Y1007/1008), and STAT1 (phospho S727) were purchased from Abcam (Kambridge, UK); JAK1 (phospho- 
Tyr1034/1035) was purchased from Signalway Antibody LLC (MD, USA); JAK1, STAT1, and Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) were purchased from Proteintech (Wuhan, China). 

2.2. Preparation of CSE and PSO 

The CSE used for animal experiments was prepared by collecting a 3R4F cigarette smoke in 2 mL phosphate-buffered saline (PBS) 
with a peristaltic pump, and for cell experiments was in 10 mL serum-free RPMI-1640 medium, then followed by filtration with a 0.22 
μm sterilization filter, which was defined as 100 % CSE [18]. 

PSO for animal experiments was fully dissolved in dimethyl sulfoxide (DMSO) and diluted in 0.5 % sodium carboxymethyl cellulose 
(CMC-Na) [19], and for cell experiments was dissolved in DMSO, which the concentration of DMSO in the working solution was not 
exceed 0.1 %. 

2.3. Cell viability assay 

RAW264.7 were cultured in RPMI-1640 medium containing 10 % (v/v) fetal bovine serum in Thermo Scientific™ Heracell™ 150i 
(ThermoFisher, USA) with a humidified atmosphere of 5 % CO2 at 37 ◦C. When the cells are covered with 80 % of the bottom area, the 
cell subculture and related experimental operations are performed. 

To detect the effect of CSE on cell viability: RAW264.7 (1.0 × 105/mL) were seeded in 96-well plates at 100 μL/well. After 24 h, 0 
%, 1.25 %, 2.5 %, 5 %, 10 %, and 20 % CSE was added to intervene for 3 h, 6 h, 12 h, and 24 h respectively. MTT (the concentration of 
working solution: 0.5 mg/mL) was added at 10 μL/well for 3 h, then the medium was discarded and 100 μL/well DMSO was added and 
placed on a shaker for 15 min. Optical density (OD) was measured at 490 nm. Cell viability (%) = (ODsample - ODblank)/(ODcontrol - 
ODblank) × 100 %. 

To detect the effect of PSO on cell viability: RAW264.7 (1.0 × 105/mL) were seeded in 96-well plates at 100 μL/well. After 24 h, 
cells were treated with different concentrations of PSO (0, 2, 4, 6, 8, 10 μM) for 24 h. The remaining operations were the same as 
before. 

2.4. Cell model and treatments 

RAW264.7 (1.0 × 105/mL) were seeded in 6-well plates at a density of 2 mL/well. After 24 h, RAW264.7 were pre-treated with 100 
μL/well CSE (final concentration of 5 %) or not for 3 h, then the medium was aspirated, and the cells were washed with PBS. The cells 
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were then treated with IFN-γ (10 ng/mL) and different concentrations of PSO (2.5, 5, 10 μM) or not for 24 h, and the cells were 
harvested for subsequent detections. 

2.5. Animal model and treatment 

5-week-old male C57BL/6Ncrl mice (18–20 g) were purchased from Vital River Laboratory Animal Technology Co., Ltd., (Beijing, 
China) and housed in a specific pathogen free (SPF) room with proper humidity (40 %) and temperature (25 ± 2 ◦C), a 12 h light/dark 
cycle, and free access to distilled water and food. All animal procedures were approved by the Animal Experimentation Ethics 
Committee of Fudan University (permit number: 2021JS Huashan Hospital-487). 

The mice were randomly divided into three groups (n = 10 per group): control, CSE, and CSE + PSO (10 mg/kg). The COPD 
inflammation mouse model was established by intraperitoneal injection of 0.3 mL CSE on days 1, 8, 15, and 22, and mice in the control 
group were intraperitoneally injected with 0.3 mL PBS [20]. After the mold was finished, mice in the CSE + PSO group were intra-
gastrically administered with PSO (10 mg/kg, 0.2 mL/d), and the control and CSE groups were treated with 0.5 % CMC-Na containing 
DMSO (<0.1 %) in the same volume from day 29 to day 35. All the mice were sacrificed on day 36. The operation process was shown in 
Fig. 2A. 

Fig. 2. PSO attenuated pulmonary inflammation in CSE-induced mice. (A) Protocol for experimental models had 2 phrases: four times CSE exposed 
on day 1, 8, 15 and 22 to establish the mold; PSO (10 mg/kg) administration from day 29 to day 35. (B) Total leukocytes, monocytes, lymphocytes, 
and neutrophils in BALF (105/mL). (C) Representative microphotographs of lung tissue stained with HE (magnification, × 200; scale bar, 100 μm). 
(D) Inflammation score. (E) MLI. Data are expressed as mean ± SD (n = 3–4). #p < 0.05, ##p < 0.01 vs. control group; *p < 0.05, **p < 0.01 vs. 
CSE group. 
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2.6. Measurement of inflammatory cells in bronchoalveolar lavage fluid (BALF) 

The right bronchus of mouse was clipped, and the left lung was lavaged with 0.3 mL pre-cooled PBS three times. After the BALF was 
centrifuged at 1500 rpm at 4 ◦C for 10 min, the supernatant was collected and stored at − 80 ◦C, and the cell pellet was resuspended in 
100 μL pre-cooled PBS for inflammatory cell counting with a Mindray automatic cell counter (BC-5000 Vet; Shenzhen, China). 

2.7. HE staining 

After BALF was obtained, the right lung was excised and the most complete lobe was fixed with 4 % paraformaldehyde solution for 
48 h, embedded in paraffin wax, and cut into 4–6 μm slice for HE staining. Images were obtained using a digital pathological sliced 
scanner (KF-PRO-120; Zhejiang, China), and the morphological structure and inflammatory infiltration of the lung tissues were 
evaluated using the inflammation score and mean linear intercept (MLI). 5 random fields were selected in each slice for statistical 
analysis. The 0–3 grades described by Triantaphyllopoulos et al. was used for the inflammation score [21], which 0 score represents no 
injury, 1 score represent modest injury, 2 score represent intermediate injury, 3 score represent severe injury. MLI measurements were 
performed according to the method described by Choe et al. [22]. 

2.8. Immunohistochemical (IHC) analysis 

The embedded lung tissue was sliced, dewaxed, rehydrated, and subjected to IHC. Afterwards, the slides were incubated with 
primary antibodies (against CD8 and CD4) at 4 ◦C overnight, followed by incubation with secondary antibodies from a suitable species 
source for 1 h at room temperature. After washing with PBS three times, diaminobenzidine was added and the degree of coloration was 
controlled using a light microscope. Images were obtained using a digital pathological sliced scanner (KF-PRO-120; Zhejiang, China). 
For each group, 6 tissue sections were selected and 5 random fields were examined for each section. CD4+ and CD8+ T cells in the lung 
tissues were evaluated using Image Pro Plus software (version6.0; Media Cybernetics, USA). 

2.9. Real-time PCR analysis 

RNA was extracted using a total RNA extraction kit (Jianshi Biotech, Beijing, China) and cDNA was synthesized using Takara Prime 
Script™ RT Master Mix (Perfect Real Time) (Beijing, China). The reverse transcription conditions were 37 ◦C for 15 min; 85 ◦C for 5 s; 
and held at 4 ◦C. The real-time PCR reaction system included ABclonal Genious 2X SYBR Green Fast qPCR Mix (Low ROX Premixed) 
(Wuhan, China), cDNA, and primers (the sequences of the primers are shown in Table 1,which are from the GenBank and validated by 
NCBI). Afterwards, the reaction plate was placed in a real-time PCR instrument (Quant Studio 6 Flex, ThermoFisher, USA), and the 
cycling conditions were as follows: pre-denaturation at 95 ◦C for 3 min, followed by 40 cycles of denaturation at 95 ◦C for 5 s and 
annealing at 60 ◦C for 30 s. GAPDH was chosen as an internal reference, and the expression of target genes was calculated using the 
comparative CT method (2− ΔΔCt). 

2.10. ELISA 

The concentrations of IFN-γ, CXCL9, CXCL10, and CXCL11 in BALF and lung tissue were detected using ELISA kits for mouse IFN-γ, 
CXCL9, CXCL10, and CXCL11, according to the manufacturer’s protocols. 

2.11. Western blot analysis 

Total protein from the lung tissue of mice and cells was extracted using RIPA reagent containing a protease/phosphatase inhibitor. 
After the protein concentration was detected by the BCA method, the protein was separated by 8 % sodium dodecyl sulfate- 
polyacrylamide gelelectrophoresis (SDS-PAGE) and transferred to 0.45 μm polyvinylidene fluoride (PVDF) membranes. The mem-
branes were then blocked with 5 % skim milk for 1 h at room temperature, followed by incubation with diluted primary antibodies at 
4 ◦C overnight. After washing three times with Tris buffered saline containing 0.1 % Tween 20 (TBST), the membrane was incubated 
with the appropriate secondary antibody for 1 h on a shaker. After washing three times with TBST, the membranes were visualized 
using an enhanced chemiluminescence kit (Tanon, Shanghai, China), and images were obtained. 

Table 1 
The sequences of primers (mouse).  

Name Forward Reverse 

CXCL9 GGAGTTCGAGGAACCCTAGTG GGGATTTGTAGTGGATCGTGC 
CXCL10 CCAAGTGCTGCCGTCATTTTC GGCTCGCAGGGATGATTTCAA 
CXCL11 GGCTTCCTTATGTTCAAACAGGG GCCGTTACTCGGGTAAATTACA 
GAPDH TGACCTCAACTACATGGTCTACA CTTCCCATTCTCGGCCTTG  
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2.12. Statistical analysis 

The data involved in this study are presented as mean ± standard deviation (M ± SD) and were analyzed using GraphPad Prism 
8.0.2 software (GraphPad Software, CA, USA). Differences among groups were evaluated using one-way analysis of variance (ANOVA) 
followed by Bonferroni’s multiple comparison tests. Statistical significance was set at p < 0.05. 

3. Results 

3.1. PSO downregulated CXCL9/CXCL10/CXCL11 in vitro by inhibiting activation of the JAK2/STAT1 pathway 

Based on the results of MTT assay (Fig. 1B and C), we pre-treated RAW264.7 with 5 % CSE or not for 3 h, followed by IFN-γ (10 ng/ 
mL) and PSO (2.5, 5, 10 μM) or not co-cultured for 24 h, and then harvested cells for measurements of the mRNA levels of CXCL9/ 
CXCL10/CXCL11 by real-time PCR. As demonstrated in Fig. 1D–F, the mRNA expression of CXCL9/CXCL10/CXCL11 in the CSE + IFN- 
γ group were significantly increased compared with those in the control group (all p < 0.0001), and PSO intervention downregulated 
the above indicators, illustrating that PSO was capable of downregulating the mRNA expression of CXCL9/CXCL10/CXCL11 in 
response to CSE + IFN-γ. 

IFN-γ, combined with its receptor, activates the JAK/STAT1 pathway, which mediates the secretion of downstream cytokines and 
chemokines [23]. To investigate whether PSO inhibited production of CXCL9/CXCL10/CXCL11 is related to the JAK/STAT1 pathway, 
western blot was used to detect JAK1, JAK2, and STAT1 proteins. As shown in Fig. 1G–K, the protein phosphorylation levels of JAK2 

Fig. 3. PSO reduced CD8+ T cell infiltration and chemokine CXCL9/CXCL10/CXCL11 levels in CSE-induced mice. (A) Representative micropho-
tographs of lung tissue in mice with CD4+ and CD8+ T cell specific staining (magnification, × 200; scale bar, 100 μm). (B) CD4+ T cell percentages 
(%). (C) CD8+ T cell percentages (%). (D–K) Levels of IFN-γ, CXCL9, CXCL10, and CXCL11 in BALF and in the lung tissue. Data are expressed as 
mean ± SD (n = 3–6). #p < 0.05, ##p < 0.01, ###p < 0.001 vs. control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. CSE group. 
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and STAT1 in CSE + IFN-γ-stimulated RAW264.7 were remarkably increased, and PSO (10 μM) evidently decreased these levels 
(35.58 % and 23.67 %). Thus, PSO resulted in the decline of CXCL9/CXCL10/CXCL11 in CSE + IFN-γ-stimulated RAW264.7 partially 
may depend on the inhibition of the JAK2/STAT1 pathway. 

3.2. PSO attenuated pulmonary inflammation induced by CSE in mice 

The effects of PSO on CSE-induced pulmonary inflammation in mice were evaluated by detecting inflammatory cells in BALF and 
pathological staining with HE. As shown in Fig. 2B, PSO administration reduced the numbers of total leukocytes (42.99 %), monocytes 
(53.03 %), lymphocytes (66.67 %), and neutrophils (46.43 %). HE staining (Fig. 2C) showed that inflammatory infiltration was 
increased and the alveolar cavity was enlarged in the lung tissue of the CSE group compared with the control group, which were 
confirmed by the inflammation score (Fig. 2D) and MLI (Fig. 2E), and which in the PSO group were evidently improved. In summary, 
administration of PSO effectively attenuated pulmonary inflammation in CSE-induced mice. 

3.3. PSO alleviated CD8+ T cell infiltration and chemokine CXCL9/CXCL10/CXCL11 levels in CSE-induced mice 

Lymphocyte infiltration is a major feature of COPD. To understand the effect of PSO on CSE-induced lymphocyte infiltration, IHC 
staining was performed. CD8+ T cell proportion in the lung tissue of the CSE group (Fig. 3A–C) were significantly increased compared 
with the control group (p < 0.001), and treatment with PSO decreased this proportion (0.94 % vs. 0.44 %). At the same time, PSO 
administration markedly reduced CD4+ T cell infiltration compared with the CSE group (p < 0.01); however, there was no significant 
difference between the control group and CSE group (Fig. 3A and B). Therefore, PSO alleviated CSE-induced CD8+ T cell infiltration in 
the lung tissue of CSE-induced mice. 

Lymphocyte chemotaxis requires induction of specific chemokines. we detected the protein levels of IFN-γ, CXCL9, CXCL10, and 
CXCL11 in BALF and lung tissue. As shown in Fig. 3D–K, PSO treatment obviously downregulated the levels of IFN-γ (49.62 % and 
48.57 %), CXCL9 (33.77 % and 42.13 %), and CXCL10 (29.17 % and 36.73 %) in both BALF and lung tissue. However, in comparison 
with the control group, the level of CXCL11 protein in the CSE group was increased in BALF but not in lung tissue; PSO decreased the 
levels of CXCL11 (58.59 % and 28.35 %) in both BALF and lung tissue. 

Fig. 4. PSO inhibited the activation of JAK2/STAT1 pathway in CSE-induced mice. (A) Proteins expression of the JAK/STAT1 pathway. (B–D) 
Quantification of band intensities of the JAK/STAT1 pathway proteins. Data are expressed as mean ± SD (n = 3). #p < 0.05, ##p < 0.01 vs. control 
group; *p < 0.05vs. CSE group. 
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3.4. PSO reduced activation of the JAK2/STAT1 pathway in CSE-induced mice 

To investigate whether the JAK/STAT1 pathway is involved in decreasing the secretion of chemokine CXCL9/CXCL10/CXCL11 
after PSO intervention, we detected the activation of this pathway by western blot. The results demonstrated (Fig. 4A–D) that the 
phosphorylation levels of JAK2 and STAT1 protein in the CSE group were significantly higher than those in the control group (p < 0.01, 
p < 0.05), and all decreased after PSO administration (24.56 % and 20.00 %). Compared with the control group, there was no sig-
nificant difference in the increase in JAK1 protein phosphorylation in the CSE group, and PSO intervention did not change this 
outcome. Therefore, PSO was capable of reducing activation of the JAK2/STAT1 pathway in CSE-induced mice. 

4. Discussion 

The anti-inflammatory effects of PSO have been supported, especially in autoimmune diseases such as rheumatoid arthritis [16]. 
PSO is one of the main ingredients of the Bu-Shen-Fang-Chuan formula (used for clinical COPD treatment) [14,15], however, its 
specific role and underlying mechanisms in COPD management have yet to be elucidated. Chemokine CXCL9/CXCL10/CXCL11, which 
mediates the chemotaxis of CD8+ T cell, is secreted by epithelial cells, neutrophils, and macrophages et al. [24–26]. In this study, the 
cell model was established by IFN-γ + CSE-stimulated RAW264.7 [27], the results illustrated that PSO markedly reduced 
CXCL9/CXCL10/CXCL11 levels in IFN-γ + CSE-stimulated RAW264.7, and this might be depended on the inhibitory effect on 
JAK2/STAT1 pathway. However, the JAK/STAT pathway has a negative feedback regulatory mechanism [28,29], therefore, whether 
PSO works by directly inhibiting the phosphorylation of JAK2 and STAT1 or by indirectly regulating the suppressor of cytokine 
signaling (SOCS) of the JAK2/STAT1 pathway requires further study. 

Fig. 5. Migration of CD8+ T cells induced by CXCL9/CXCL10/CXCL11 leads to lung tissue damage and inflammation. PSO attenuates CD8+ T cell 
recruitment induced by CSE by suppressing the levels of CXCL9/CXCL10/CXCL11 via the JAK2/STAT1 pathway. 
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This study further clarifies the therapeutic effects and mechanisms of PSO on the pulmonary inflammation in COPD. We con-
structed a murine model of COPD inflammation induced via intraperitoneal injection of CSE. Consistent with previous studies [30], 
intraperitoneal injection of CSE led to an inflammatory response, mainly manifested in an obvious increase in the number of in-
flammatory cells in BALF (including total leukocytes, monocytes, lymphocytes, and neutrophils), and HE staining showed increased 
infiltration of inflammatory cells in lung tissue and enhanced alveolar destruction. After PSO intervention, the above situation 
significantly improved, indicating that PSO inhibited pulmonary inflammation in COPD. CD8+ T cells mediate inflammatory injury of 
lung tissue [31], and studies have shown that reducing T lymphocyte infiltration reduces alveolar structural damage in a long-term 
cigarette smoke exposure mouse model [32]. Therefore, alleviating T lymphocyte infiltration is important for the prevention and 
treatment of COPD. Our IHC results showed that PSO effectively reduced the infiltration of CD8+ T cells in the lung tissue of 
CSE-induced inflammatory mice, indicating that PSO has the effect of reducing CD8+ T cell infiltration. 

CXCL10/CXCR3 chemotaxis is important for mediating CD8+ T cell migration. Our model of CSE-induced inflammation was 
consistent with clinical studies and showed elevated CXCL9/CXCL10/CXCL11 levels [10], and PSO reduced the levels of these che-
mokines, indicating that PSO inhibited CD8+ T cell infiltration by downregulating CXCL9/CXCL10/CXCL11 levels. In addition, PSO 
reduced IFN-γ levels in mouse BALF and lung tissue in this study. IFN-γ is an important inflammatory factor in response to exogenous 
stimuli (viruses, etc.) and the activation of Th1 type immune responses [33]. IFN-γ binds to its receptors to initiate downstream 
signaling by activating the JAK/STAT1 pathway [34,35]. The JAK/STAT pathway is closely related to the production of chemokines 
and cytokines, plays an important role in regulating the immune system, and is an important target for the prevention and treatment of 
inflammatory and autoimmune diseases [36,37]. This experiment showed that PSO inhibited the phosphorylation of JAK2/STAT1 
proteins, indicating that PSO inhibited CXCL9/CXCL10/CXCL11 levels, which may depend on the regulation of JAK2/STAT1 pathway 
activation induced by CSE. In summary, this study showed that CD8+ T cell migration induced by CXCL9/CXCL10/CXCL11 leads to 
lung tissue damage and inflammation, and PSO might attenuates CD8+ T cell recruitment induced by CSE by suppressing the levels of 
CXCL9/CXCL10/CXCL11 via the JAK2/STAT1 pathway. 

However, the infiltration of CD8+ T cells in lung tissue might not only related to chemotaxis enhancement but also to dysregulation 
of T cell proliferation and apoptosis. Studies have showed that the progression of COPD includes an autoimmune component, and the 
dysregulation of T cell proliferation and apoptosis that is antigen dependent is sufficient to cause lung pathology and inflammation 
[38]. Therefore, further research is needed to explore the role of PSO on proliferation and apoptosis of T lymphocytes in CSE-induced 
mouse model to bolster the mechanistic explanation. In addition, in the pathological state of chronic inflammation in COPD, mono-
cytes and T lymphocytes further promotes disease progression by cooperating migration towards CXCR3 ligands [39], and which 
secretion is related with monocytes’ response to IFN-γ [40]. Therefore, the interaction between inflammatory cells needs to be further 
clarified to gain a more comprehensive and in-depth understanding of the anti-inflammatory mechanism of PSO in COPD. 

5. Conclusions 

In summary, the present study indicated (Fig. 5) that PSO improves inflammation and alleviates CD8+ T cell recruitment in CSE- 
induced mice, probably through attenuating chemokines via the JAK2/STAT1 pathway, which provides theoretical evidence for PSO 
in the treatment of CSE-induced airway inflammation. 
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