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Purpose: Corticosteroid insensitivity has become a major barrier in the treatment of chronic obstructive pulmonary disease (COPD). 
It is known that oxidative stress reduces the expression and activity of histone deacetylase (HDAC)-2 by activating phosphoinositide- 
3-kinase-δ(PI3Kδ)/Akt pathway, which is a common mechanism. The aim of this study was to investigate whether cryptotanshinone 
(CPT) can improve corticosteroid sensitivity and to investigate the molecular mechanisms by which this occurs.
Patients and Methods: Corticosteroid sensitivity in peripheral blood mononuclear cells (PBMCs) collected from COPD patients, or 
in human monocytic U937 monocytic cells exposed to cigarette smoke extract (CSE), was quantified as the dexamethasone 
concentration required to achieve 30% inhibition of tumor necrosis factor-α (TNFα)–induced interleukin 8 (IL-8) production in the 
presence or absence of cryptotanshinone. PI3K/Akt activity (measured as the relative ratio of phosphorylated Akt at Ser-473 to total 
Akt) and HDAC2 expression levels were determined by western blotting. HDAC activity was evaluated by a Fluo-Lys HDAC activity 
assay kit in U937 monocytic cells.
Results: Both PBMCs in patients with COPD and U937 cells exposed to CSE were found to be insensitive to dexamethasone, 
accompanied by increased phosphorylated Akt (pAkt) and decreased HDAC2 protein expression. The pretreatment of cryptotanshi-
none restored their sensitivity to dexamethasone, and simultaneously downregulated the level of phosphorylated Akt and upregulated 
the level of HDAC2 protein. Pretreatment with cryptotanshinone or IC87114 reversed the decrease in HDAC activity in CSE- 
stimulated U937 cells.
Conclusion: Cryptotanshinone restores corticosteroid sensitivity induced by oxidative stress via inhibition of PI3Kδ and is a potential 
treatment for corticosteroid-insensitive diseases such as COPD.
Keywords: corticosteroid insensitivity, chronic obstructive pulmonary disease, phosphoinositide-3-kinase-δ, histone deacetylase 2, 
cryptotanshinone

Introduction
COPD is a worldwide public health problem. Nowadays, COPD has become the third leading cause of death in the world.1 At 
present, there is no effective treatment to prevent the progress of COPD. Long-acting β2 agonist (LABA) and long-acting 
muscarinic antagonist (LAMA) are the main treatment methods for stable COPD at present, which can relieve clinical symptoms, 
but will not significantly affect the potential disease progression.2 Inhalation of toxic gases and particles, including those in 
cigarette smoke, is a major risk factor for COPD. Chronic obstructive pulmonary disease is a chronic inflammatory disease. This 
inflammation is characterized by increased numbers of alveolar macrophages, neutrophils, T lymphocytes (predominantly TC1, 
TH1, and TH17 cells), and innate lymphoid cells recruited from the circulation. These cells secrete a variety of proinflammatory 
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mediators, including cytokines, chemokines, growth factors, and lipid mediators.3 In the respiratory tract, cigarette smoke and 
other irritants may activate alveolar macrophages and airway epithelial cells to release chemokines, and then attract circulating 
leukocytes to the lungs. IL-8 is one of the first chemokines to be studied in depth, and it is also a well-known neutrophil 
inflammatory mediator.4 IL-8 is produced by alveolar macrophages and bronchial epithelial cells.5 Many studies have confirmed 
that IL-8 plays an important role in neutrophilic inflammation in COPD airways.6 Previous studies have confirmed TNF-α- 
induced IL-8 production in PBMCs is a good marker for evaluating corticosteroid sensitivity.7

In clinical practice, inhaled corticosteroid can control asthma well, but for patients with COPD, even inhaled or oral high- 
dose corticosteroid have no obvious benefits.8 Corticosteroid resistance is common in COPD patients. Corticosteroid 
resistance seriously hinders the effective treatment of COPD. There are many molecular mechanisms of corticosteroid 
insensitivity in COPD. In patients with COPD, oxidative stress induced by cigarette smoke and other external toxic stimuli 
leads to PI3Kδ/Akt pathway activation, which reduces the expression and activity of HDAC2, and leads to corticosteroid 
receptor (GR) deacetylation (Lys494 and Lys495). It reduces the ability of corticosteroid to inhibit the expression of 
proinflammatory factors, thus causing corticosteroid insensitivity.9–12 Studies have found that compared with normal non- 
smoking volunteers, the expression level of PI3K and phosphorylated Akt in lung macrophages, peripheral blood monocytes, 
sputum cells and lung tissue samples of COPD patients are significantly increased, while the expression and activity of 
HDAC2 are significantly decreased.13–15 Previous in vitro and in vivo experiments have shown that inhibiting the PI3K/Akt 
pathway can increase the expression and activity of HDAC2, thereby effectively improving corticosteroid sensitivity in 
COPD patients.16–18 Therefore, searching for drugs that can effectively inhibit PI3K/Akt signal pathway may provide a new 
therapeutic idea for improving the corticosteroid sensitivity of COPD patients.

The molecular formula of cryptotanshinone is C19H20O3, the relative molecular weight is 296.35, and the 
structural formula is shown in Figure 1A. Cryptotanshinone is extracted from the root of salvia miltiorrhiza bunge 

Figure 1 Screening of safe concentrations of CSE and cryptotanshinone (CPT). 
Notes: (A) Structure of cryptotanshinone. (B and C) Survival of U937 cells in the presence of different concentrations of CSE or CPT for 24h and 48h. (D) U937 cells were 
pretreated with CPT or CPT and dexamethasone for 4 h. Then stimulated with CSE (0.5%) and TNF-α (10 ng/ml) overnight. IL8 release was determined by ELISA. Results 
shown as means±SEM. **p < 0.01, ***P < 0.001 compared to control (0% CSE in (B); 0μM in (C); 0.5%CSE and 10ng/mL TNF-α in (D)). 
Abbreviations: CSE, Cigarette smoke extract; CPT, cryptotanshinone; Dex, dexamethasone; IL-8, interleukin 8; TNF-α, tumor necrosis factor alpha; ELISA, enzyme-linked 
immunosorbent assay.
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(Danshen) and has numerous pharmacological effects, including anti-cancer, anti-inflammatory, immune regula-
tory, neuroprotective, and anti-fibrosis activities.19 Cryptotanshinone is a natural antibacterial agent, which has 
been proved to be effective against infections caused by a variety of pathogens. It inhibits the release of 
inflammatory factors by regulating intracellular signal transduction, thereby protecting cells and tissues.20 It has 
been previously reported that cryptotanshinone can play an anti-inflammatory role by inhibiting the PI3K/Akt 
pathway in mouse macrophage RAW264.7 cells induced by lipopolysaccharide (LPS).21 The effect of cryptotan-
shinone has also been found to alleviate radiation-induced lung injury in rats, particularly pulmonary fibrosis.22 In 
this study, we investigated if cryptotanshinone could restore corticosteroid sensitivity in COPD and explored the 
potential mechanisms involved in cryptotanshinone-mediated steroid re-sensitization.

Materials and Methods
Details of the corticosteroid sensitivity assays are provided in Supplement Materials.

Materials
U937 cells were purchased from Shanghai Zhong Qiao Xin Zhou Biotechnology (Shanghai, China). 
Cryptotanshinone and IC87114 (PI3K-δ inhibitor) were purchased from MCE (State of New Jersey, USA). 
Dexamethasone was purchased from Shiyao Yinhu Pharmaceutical Co., Ltd (Hubei, China). TNFα was purchased 
from Pepro Tech (State of New Jersey, USA). Human IL-8 ELISA KIT was purchased from Anhui Qiaoyi 
Biotechnology Co., Ltd (Anhui, China). Fluo-Lys HDAC activity assay kit was purchased from Enzo Life 
Sciences (Farmingdale, NY, USA). Antibodies against phospho-Akt and Akt were purchased from Cell 
Signalling (Hitchin, UK). Antibodies against HDAC2 and β-actin were purchased from Abcam (Cambridge, UK).

Study Participants
PBMCs were obtained from 12 patients with COPD and 12 healthy volunteers (HVs). The characteristics of the subjects 
are summarized in Table 1. All participants were recruited from September 2022 to December 2022 at the respiratory 
department and physical examination center at the Affiliated Huai’an Hospital of Xuzhou Medical University. This study 
was conducted in accordance with the tenets of the Declaration of Helsinki, and written informed consent was obtained 
from all participants. This study was conducted under the approval of the Ethics Committee of the Affiliated Huai’an 
Hospital of Xuzhou Medical University (shown in Supplemental Figure 1).

Isolation and Stimulation of PBMCs
PBMCs were separated with ficoll density gradient centrifugation (Beijing Solarbio Science & Technology Co., Ltd., 
Beijing, China) from each COPD patient and healthy volunteer. PBMCs (8×105 cells/well) were stimulated with TNFα 
(1ng/mL), and with dexamethasone (10−11–10−6 M, 1hours) or with or without cryptotanshinone (2μM, 4hours). 

Table 1 Clinical Features of Study Participants

Healthy Volunteers (HVs) Patients with COPD

n 12 12
Age(y) 62.3±2.7 64.67±2.6

Sex(M/F) (7/5) (9/3)

FEV1/FVC(%) 80.7±1.6 56.1±2.9***
FEV1(%predicted) 98.9±2.3 55.7±4.6***

Stage(1/2/3/4) - 1/5/6/0

Smoking(pack-years) - 24.2±1.1***

Notes: Results shown as means ±SEM. ***P < 0.001 (compared with HVs). 
Abbreviations: HVs, Healthy volunteers; FEV1, forced expiratory volume in one second; FVC, 
forced vital capacity.
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Supernatants were removed 18 hours later and analyzed for IL8 by enzyme-linked immunosorbent assay (Anhui Qiaoyi 
Biotechnology Co., Ltd, Anhui, China).

Cigarette Smoke Extract
CSE was prepared as described previously.23 One full-strength Marlboro cigarette with a filter removed (Phillip Morris, 
Richmond, VA) was combusted through a modified 60-ml syringe into 10 ml of RPMI1640 medium. The optical density 
was measured at a wavelength of 320 λ, and the medium was diluted to achieve a value of 0.15 to provide a concentration 
that stimulated the cells without inducing cell death.

qPCR
Total RNA was extracted from U937 cells using Trizol reagent (Invitrogen, USA) according to the manufacturer’s 
instructions. After determining the RNA quality and concentration, complementary DNA (cDNA) was synthesized using 
PrimeScript™RT kit and gDNA Eraser reverse transcription kit (Takara, Japan). qPCR was performed to validate gene 
expression using 2× SYBR Green PCR Master Mix (Sangon Biotech, China) on an Mx3000P QPCR System (Stratagene, 
USA) with the following thermal cycling conditions: 95°C for 3 min, followed by 40 cycles at 95°C for 12s and 62°C for 
40s. The primer pairs used are shown in Table 2.

Western Blot Analysis
Total proteins were extracted from the U937 cells and PBMCs using a protein lysate containing DL-dithiothreitol (DDT) 
and sodium dodecyl sulfate (SDS). Protein samples were separated using 10% SDS-polyacrylamide gel electrophoresis/ 
Western blot (Invitrogen, Paisley, UK). Specific proteins were probed with primary antibodies and suitable horseradish 
peroxidase-conjugated secondary antibodies. The band intensity was measured using a Gel-Pro Analyzer. Band densities 
of phospho-Akt and HDAC2 were normalized to total Akt and β-actin, respectively.

HDAC Activity Assays
U937 cells were seeded at 3×106 cells/ml, pretreated with 2 μM CPT or 1μM IC87114 for 4h before being exposed to 
CSE-infused media for 10 min. Nuclear extracts were prepared as described previously,10 and HDAC activity was 
measured in 10μl samples from nuclear extracts and normalized to protein concentrations.

Statistical Analysis
All data shown are expressed as means ± SEM. Analysis of variance was performed by Kruskal–Wallis analysis and 
when significant, Mann–Whitney U-test using GraphPad Prism (GraphPad Software, San Diego, CA). Wilcoxon 
matched-pairs test and Student’s t-test were also used to determine significance when applicable. P values less than 
0.05 were considered to be significant.

Table 2 The Primer Pairs are Listed as Following

Genes Primer Sequences

Human HDAC2 F: 5’-CTC ATG CAC CTG GTG TCC AGA T-3’
R: 5’-GCT ATC CGC TTG TCT GAT GCT C-3’

Human Akt F: 5’-TGG ACT ACC TGC ACT CGG AGA A-3’

R: 5’-GTG CCG CAA AAG GTC TTC ATG-3’
Human GAPDH F: 5’-GTC TCC TCT GAC TTC AAC AGC G-3’

R: 5’-ACC ACC CTG TTG CTG TAG CCA A-3’

https://doi.org/10.2147/COPD.S405757                                                                                                                                                                                                                               

DovePress                                                                                              

International Journal of Chronic Obstructive Pulmonary Disease 2023:18 800

Xie et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Results
Effects of CSE and CPT on the Growth of U937 Cells
To determine whether exposure of U937 cells to CSE and CPT were cytotoxic, cellular growth assays were performed in 
the concentration range of CSE and CPT. Treatment of U937 cells with a 0.125% or 0.5% CSE solution and 8μM CPT 
did not reduce cell proliferation over a 48h time period. A 2% CSE solution, however, slowed U937 cell growth when 
compared to untreated control samples (Figure 1B and C). A 0.5% concentration of CSE was therefore used in 
subsequent experiments to avoid any cytotoxic effects. No decrease in proliferation and no significant morphological 
changes were observed by microscopy in U937 cells or PBMCs treated with 1μM, 2μM, 4μM, and 8μM CPT. When 
U937 cells were exposed to CSE (0.5%) and TNF-α (10ng/mL), the release of IL-8 was significantly reduced by CPT at 
2μM concentration (Figure 1D).

CPT and IC87114 Restored CSE-Induced Corticosteroid Sensitivity in U937 Cells
After stimulation by CSE, the log (Dex-IC30) and log (Dex-EC50) values were increased from −8.34±0.05 and −8.23 
±0.04 to −7.21±0.11 (p < 0.001) and −7.57±0.12 (p < 0.01), respectively. CSE also decreased the Emax value from 66.5 
±2.0% to 42.2±2.2% (p < 0.01) (Figure 2A and Table 3). This confirms that CSE caused corticosteroid insensitivity as 
previously reported. CPT treatment (2 μM, 4h) prior to treatment with CSE significantly decreased the log (Dex-IC30) 
and log (Dex-EC50) to −7.98±0.03 and −7.97±0.03 (from −7.21±0.11 and −7.57±0.12), (p < 0.001, p < 0.05) respectively, 
and increased the Emax to 60.1±1.0% (from 42.2±2.2%) (p < 0.01), proving that CPT was able to completely reverse 
corticosteroid insensitivity induced by CSE (Figure 2A and Table 3). Similarly, IC87114 (1μM) significantly restored 
corticosteroid sensitivity (Figure 2A and Table 3).

CPT and IC87114 Prevented CSE-Induced Phosphorylation of Akt in U937 Cells
Similar to the results found in previous studies,24 PI3K/Akt activity, measured as the relative ratio of phosphory-
lated Akt at Ser-473 to total Akt, was quickly (10 min) and transiently activated after CSE stimulation (p < 0.01) 
(Figure 2B). Ser-473Akt phosphorylation was increased by CSE (p < 0.001) (Figure 2C). Preincubation with CPT 
(2 μM, 4h) significantly prevented CSE-Induced phosphorylation of Akt (p < 0.05). IC87114 (1 μM, 4h) also 
produced a inhibition of CSE-induced pAkt (p < 0.001) (Figure 2C). Notably, the Akt mRNA levels and total Akt 
protein levels do not change after CSE exposure or pretreatment with CPT or IC87114, but pAkt levels are 
significantly affected (Figure 2C and D).

CPT and IC87114 Increased HDAC2 mRNA, Protein Expression and HDAC Activity 
in U937 Cells
U937 cells exposed to CSE for 18 hours showed a significant reduction in HDAC2 mRNA and protein expression. 
Addition of CPT (2 μM, 4h) or IC87114 (1 μM, 4h) blocked the HDAC2 decrease (Figure 3A and B). After 
exposure to CSE for 10 min, the total HDAC activity of U937 cells was significantly decreased (p < 0.001). 
Pretreatment with CPT (2 μM, 4h) or IC87114 (1 μM, 4h) restored HDAC activity after CSE exposure (p < 0.05; 
Figure 3C).

Corticosteroid Insensitivity in PBMCs from Patients with COPD
The log (Dex-IC30) value in Healthy volunteers was −8.11±0.27, and the log (Dex-IC30) in COPD was significantly 
higher (−7.28±0.07), indicating that the PBMCs from the patients with COPD were 6.76 fold less steroid-sensitive as 
compared with those from the Healthy volunteers (Figure 4A, p < 0.05). Furthermore, the Emax value in patients with 
COPD was also significantly lower than that in the Healthy volunteers (48.7±1.7% vs 61.0±2.2%, respectively; p < 
0.001) (Figure 4B). These results demonstrate that PBMCs from patients with COPD are less corticosteroid sensitive 
than PBMCs from Healthy volunteers. PI3K/Akt activity, which was assessed by Akt phosphorylation, was significantly 
increased in COPD PBMCs compared with Healthy volunteers PBMCs (p < 0.0001) (Figure 5A). HDAC2 protein 
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expression was significantly decreased in COPD PBMCs compared with Healthy volunteers PBMCs (p < 0.0001) 
(Figure 5B).

CPT Treatment Improves Corticosteroid Sensitivity in PBMCs from Patients with 
COPD
Pretreatment of COPD PBMCs with CPT restored dexamethasone anti-inflammatory effects on TNFα-induced IL-8 
production with a significant decrease in log (Dex-IC30) value from −7.28±0.07 to −7.68±0.08 (Figure 6A, ***P <  
0.001). CPT also facilitated dexamethasone anti-inflammatory actions in PBMCs from Healthy volunteers (Figure 6A, 
**P < 0.01). On the other hand, Emax values were not improved by CPT (Figure 6B, *P > 0.05). This clearly showed that 
CPT improved only corticosteroid sensitivity in PBMCs of COPD, not maximal inhibition. Pre-treatment with CPT (2 
μM) decreased PI3K/Akt activity in PBMCs from patients with COPD (Figure 7A, *** P < 0.001), and also increased 
HDAC2 protein expression (Figure 7B, **** P < 0.0001).

Figure 2 Cryptotanshinone is able to reverse corticosteroid insensitivity by PI3Kδ inhibition in U937 cells. 
Notes: (A) U937 cells were pretreated with CPT(2μM) or IC87114 (1μM) for 4h and incubated with CSE (0.5%) for additional 2h. Cells were seeded in the presence of the 
different concentrations of dexamethasone for 1h before overnight stimulation with 10ng/mL TNFα. IL8 expression in supernatant was measured by ELISA. (B) U937 cells 
were treated with CSE (0.5%) at various time points (10 to 60min). Western blotting was used to determine p-Akt and total Akt levels. (C and D) U937 cells were 
pretreated with CPT(2μM) or IC87114 (1μM) for 4 h, and then stimulated with CSE (0.5%) for 10 min. Western blotting was used to determine p-Akt and total Akt levels. 
qPCR was used to determine Akt mRNA levels. Results shown as means±SEM.*P < 0.05, **P < 0.01, ***P < 0.001. 
Abbreviations: NT, not treated with anything; CPT, cryptotanshinone; CSE, cigarette smoke extract; IC87114, a selective PI3K-δ inhibitor; Dex, dexamethasone; IL-8, 
interleukin 8; ns, no significance; p-Akt, phosphorylated Akt; t-Akt, total Akt.
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Discussion
Corticosteroid resistance is common in patients with COPD, and several studies have shown that both resident cells in 
lung (alveolar macrophages) and circulating cells (peripheral-blood mononuclear cells) in patients with COPD are not 
sensitive to corticosteroid.25,26 In this study, we have explored the role of monocytes/macrophages in corticosteroid 
insensitivity using COPD PBMCs, CSE-exposed human U937 monocytic cells and confirmed the effectiveness of 
cryptotanshinone in regaining corticosteroid sensitivity in COPD accompanied by inhibiting PI3K/Akt activity and 
restoring HDAC2 levels in mononuclear cells. This is the first report to show corticosteroid re-sensitizing capability of 
cryptotanshinone in modulating PI3K/Akt activity and HDAC2 in the context of COPD.

Oxidative stress caused by cigarette smoke and environmental pollutants plays an important role in the pathogenesis 
of COPD and the induction of corticosteroid insensitivity.27,28 Cigarette smoking is the main and most common risk 
factor for COPD. Smoking more than 20 packs per year can triple the prevalence of COPD in China.29 Therefore, in 
order to more accurately simulate the process of corticosteroid resistance in COPD patients in vitro, we used CSE instead 
of H2O2

30 as an exogenous oxidative stimulator to stimulate U937 cells.
A major problem in the therapy of COPD is its poor response to corticosteroid. Previous research has shown that 

inflammatory mediators such as IL-8 and TNF-α are released in COPD patients who smoke.31 IL-8 is the first identified 
chemokine to play a role in the recruitment of inflammatory cells in COPD.4 The induction level of IL8 is robust and the 
IL8 production was not often interfered with test agents. It has first been identified as a LPS-stimulated monocyte- 
secreted factor that stimulated neutrophil exocytosis (granule release) and oxidative burst.32 However, LPS was not used 
as a stimulus to induce IL8 production in our study. Because previous studies have confirmed that LPS-induced cytokine 
production is corticosteroid sensitive and the levels of cytokines are very variable, possibly due to different expressions 
of TLR4 in patients.33 It has been found that TNF-α-induced IL8 in PBMCs is better readout than other cytokines and 
stimulation.7,11,24 We therefore established a TNF-α-induced IL8 system to evaluate the effect of drugs on corticosteroid 
sensitivity.

It has been reported that downregulation of HDAC2 activity and expression is the main molecular mechanism causing 
corticosteroid resistance in COPD patients. Oxidative stress activates PI3Kδ, which phosphorylates the Akt, resulting in 
the phosphorylation and inactivation of HDAC2. In addition, oxidative and nitrative stress generate peroxynitrite, which 
nitrates (NO) tyrosine residues (Tyr) on HDAC2 to inhibit its activity. These modifications of HDAC2 result in its 
ubiquitination (Ub), targeting the enzyme for degradation by the proteasome and leading to reduced expression and 
steroid resistance.8 Inhibition of the PI3K/Akt pathway has been shown to restore corticosteroid sensitivity in steroid- 
resistant experimental models and in PBMCs from COPD patients through restoration of the HDAC2 level and 
activity.15,17,34 Mammals have four class I PI3K catalytic subunits, including p110α, p110β, p110γ and p110δ.35 

Activation of PI3Kδ subtype was found to increase pAkt in COPD lung tissues and cells.7 Another study found that 
PI3Kδ(-/-) null mice were protected from cigarette smoke-induced corticosteroid resistance and down-regulation of 

Table 3 Effects of Cryptotanshinone and IC87114 on Corticosteroid Sensitivity in 
U937 Cells

Log (Dex-IC30) Log (Dex-EC50) Emax (%)

NT −8.34±0.05 −8.23±0.04 66.5±2.0

CSE −7.21±0.11*** −7.57±0.12** 42.2±2.2**

CSE+CPT −7.98±0.03### −7.97±0.03# 60.1±1.0##

CSE+IC87114 −8.06±0.01### −8.01±0.04# 62.8±3.2##

Notes: U937 cells were pretreated with CPT(2μM) or IC87114(1μM) for 4h and incubated with CSE (0.5%) 
for additional 2h. Cells were seeded in the presence of the different concentrations of dexamethasone for 1h 
before overnight stimulation with 10ng/mL TNFα. IL8 expression in supernatant was measured by ELISA. 
Results shown as means±SEM. **p<0.01, ***p<0.001 (compared with NT); #p<0.05, ##p<0.01, ###p<0.001 
(compared with CSE). 
Abbreviations: NT, not treated with anything; CSE, cigarette smoke extract; CPT, cryptotanshinone; 
IC87114, a selective PI3K-δ inhibitor; Dex-IC30, dexamethasone concentration inducing 30% inhibition of 
TNFα–induced IL8 production in U937 cells; Dex-EC50, dexamethasone dose inducing inhibition halfway 
between minimal and maximal inhibition; Emax, percentage inhibition at maximal concentration.
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HDAC2 activity.36 IC87114, a selective PI3Kδ inhibitor, has been shown to improve the corticosteroid reactivity of CSE 
exposed U937 cells and smoking-exposed mice by inhibiting the activity of PI3Kδ to up-regulate the activity and 
expression of HDAC2, which is consistent with our findings (Figures 2A, C and 3A–C), cryptotanshinone also has 
a similar effect to that of IC87114. Our results showed that none of the treatments affected Akt gene and protein levels in 
U937 cells, suggesting that the treatments affected the post-translational modification of Akt protein (phosphorylation) 
rather than the expression of Akt mRNA and protein (Figure 2C and D). This is consistent with previous research.17

It has been previously reported that HDAC activity decreased in U937 cells after 15 minutes of H2O2 (200 μM) 
stimulation, while HDAC activity decreased after 2 hours of CSE (100%) stimulation, with no change in HDAC2 protein 
expression during the same period.37 It has also been reported that HDAC2 activity in BEAS-2B cells decreased after 4 
hours of H2O2 (100 μM) stimulation, but HDAC2 expression decreased only at 24 hours or longer, suggesting that a post- 
translational modification of HDAC is involved in attenuating HDAC activity.38 However, in our study, PI3Kδ activity 
and HDAC2 activity decreased 10 min after CSE (0.5%) stimulation of U937 cells (Figure 2B and C), while HDAC2 

Figure 3 Effects of pretreatment with CPT or IC87114 on HDAC2 mRNA, protein, and total HDAC activity after CSE exposure in U937 cells. 
Notes: (A and B) U937 cells were pretreated with CPT(2μM) or IC87114 (1μM) for 4 h, and then stimulated with CSE (0.5%) for 18 h. qPCR was used to determine 
HDAC2 mRNA levels. Western blotting was used to determine HDAC2 protein levels. (C) U937 cells were pretreated with CPT(2μM) or IC87114 (1μM) for 4 h, and then 
stimulated with CSE (0.5%) for 10 min. HDAC activity was measured by a Fluo-Lys HDAC activity assay kit. Results shown as means±SEM. *P < 0.05, **P < 0.01, ***P < 0.001, 
**** P < 0.0001. 
Abbreviations: NT, not treated with anything; CPT, cryptotanshinone; CSE, cigarette smoke extract; IC87114, a selective PI3K-δ inhibitor.
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mRNA and protein expression did not change significantly until 18h after CSE (0.5%) stimulation (Figure 3A and B). 
This indicated that the change of HDAC2 protein expression was lagging behind the change of activity, and that the post- 
translational modification of HDAC2 caused the change of activity first and then the change of expression. At the same 
time, it also indicated that different cell types (U937 cells or BEAS-2B cells), different sources of oxidative stress (CSE 
or H2O2) and different stimulus intensities (100 μM H2O2 or 200 μM H2O2; 0.5%CSE or 100% CSE) would affect the 
time point of significant changes in PI3Kδ activity and HDAC2 activity and protein expression.

Figure 4 Analysis corticosteroid sensitivity of PBMCs from Healthy volunteers and patients with COPD. 
Notes: (A and B) PBMCs were seeded in the presence of various concentrations of dexamethasone for 1 h before overnight stimulation TNFα at 1 ng/ml. IL8 expression in 
supernatant was measured by ELISA. The rate of inhibition of IL8 by dexamethasone was calculated, and corticosteroid sensitivity was measured as the concentration 
inducing 30% inhibition and percent inhibition at maximal concentration, and plotted individually. Results shown as means±SEM. *P < 0.05, ***P < 0.001. 
Abbreviations: Dex-IC30, dexamethasone concentration inducing 30% inhibition of TNFα–induced IL8 production in peripheral blood mononuclear cells; Emax, percentage 
inhibition at maximal concentration; HV, healthy volunteer; PBMCs, peripheral blood mononuclear cells.

Figure 5 Analysis PI3K/Akt pathway activity and HDAC2 protein levels of PBMCs from Healthy volunteers and patients with COPD. 
Notes: (A) Baseline phosphorylated and total Akt expression in PBMCs of healthy volunteers and COPD patients. PI3K/Akt pathway activity was evaluated as the 
relative ratio of phosphorylated Akt at Ser-473 to total Akt. Western blotting was used to determine p-Akt and total Akt levels. (B) Baseline HDAC2 protein levels in 
PBMCs of healthy volunteers and COPD patients. HDAC2 protein levels from the total lysates of PBMCs were detected by western blotting. Results shown as means 
±SEM. **** P < 0.0001. 
Abbreviations: HV, healthy volunteer; HDAC2, Histone deacetylase-2; PBMCs, peripheral blood mononuclear cells.
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Different from previous studies,37 our study found that CPT and IC87114 not only improved the corticosteroid 
sensitivity of CSE-stimulated U937 cells but also significantly increased the Emax value (Figure 2A and Table 3), suggesting 
that the increase in Emax was PI3K-dependent. The reason for our consideration is that there were certain differences in 
experimental conditions between the previous study and our current study, such as inconsistent concentrations of CSE and 
different inhibition degree of PI3Kδ subtype by drugs. LY294002 used in previous study is a non-selective PI3K inhibitor, 
while IC87114 is a selective PI3Kδ inhibitor. However, in PBMCs of patients with COPD, although pretreatment with CPT 
significantly reduced the IC30 value, it did not change the Emax value (Figure 6A and B), indicating that the ability of CPT to 
improve corticosteroid sensitivity in COPD is partial.

Figure 6 Effects of cryptotanshinone on corticosteroid sensitivity of PBMCs in healthy volunteers and COPD patients. 
Notes: (A and B) PBMCs were pretreated with CPT(2μM) for 4 h, followed by dexamethasone (10−11-10−6M) for 1 h before overnight stimulation with 1ng/mL TNFα. IL-8 
production in supernatant was measured by ELISA. The rate of inhibition of IL8 by dexamethasone was calculated, and corticosteroid sensitivity was measured as the 
concentration inducing 30% inhibition and percent inhibition at maximal concentration, and plotted individually. Results shown as means±SEM. **P < 0.01, ***P < 0.001. 
Abbreviations: NT, not treated with anything; CPT, cryptotanshinone; Dex, dexamethasone; Dex-IC30, dexamethasone concentration inducing 30% inhibition of TNFα– 
induced IL8 production in PBMCs; Emax, percentage inhibition at maximal concentration; HV, healthy volunteer; PBMCs, peripheral blood mononuclear cells.

Figure 7 Effects of cryptotanshinone on PI3K/Akt pathway activity and HDAC2 protein levels in PBMCs from healthy volunteers and patients with COPD. 
Notes: (A) PBMCs were incubated with CPT (2μM) for 4 h, and PI3K/Akt pathway activity was calculated. (B) Immunoblot of HDAC2 level in PBMCs after CPT (2μM, 4h) 
treatment. Results shown as means±SEM. ***P < 0.001, ****P < 0.0001. 
Abbreviations: NT, not treated with anything; CPT, cryptotanshinone; HV, healthy volunteer; PBMCs, peripheral blood mononuclear cells.
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Several concerns are noticed in this study. First, we cannot prove whether CPT directly affects HDAC2 or indirectly 
affects HDAC2 by inhibiting PI3K/Akt. To the best of our knowledge, there is no known evidence that PI3K/Akt can 
directly affect HDAC2 expression. However, there may be some signaling molecules that indirectly regulate the effect of 
PI3K/Akt on HDAC2. In monocytes, GSK3β inactivation reduced corticosteroid suppression of proinflammatory responses 
by inhibition of the enzymatic activity of HDAC2.39 Glycyrrhizic acid inhibited inflammatory factors by mediation of the 
PI3K/Akt/GSK3β pathway.40 Thus, GSK3β may provide a link between the PI3K/Akt pathway and HDAC2. However, 
whether other signaling molecules play an important role in the relationship between PI3K/Akt and HDAC2 requires 
further investigation. Second, cryptotanshinone may also be able to improve corticosteroid sensitivity through other targets 
such as MyD88/p38 MAPK/NF-κB, which also needs further investigation.41 Third, although previous studies have 
confirmed that there is no significant difference in the sensitivity of peripheral blood mononuclear cells to corticosteroid 
between smoking volunteers and non-smoking healthy volunteers.7,11 However, we still need to set up a group of smoking 
volunteers to rule out the effect of smoking as a risk factor on corticosteroid sensitivity in healthy people.

Conclusion
In conclusion, our results suggest that cryptotanshinone can reverse corticosteroid insensitivity by inhibiting PI3K 
signaling and restoring HDAC2 activity and expression under oxidative stress. Therefore, cryptotanshinone may be 
a potentially useful treatment for resensitizing corticosteroid in COPD patients.
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