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Purpose: Cytokine storm secondary lung injury (CSSLI) is the leading death cause in COVID-19 virus infection, and CD39- 
dominated purinergic brake drives NLRP3 inflammasome activation and pyroptosis, which plays a crucial role in the pathogenesis of 
CSSLI. Though electroacupuncture (EA) can alleviate lung injury caused by a variety of inducers, its effect on CSSLI and the 
underlying mechanism needs further investigation.
Methods: We established a widely recognized CSSLI mice model with CpG1826 (CpG), a TLR-9 agonist agent. Luminex liquid chip 
was employed to detect serum levels of 12 cytokines/chemokines to evaluate cytokine storm formation. H+E staining and transmission 
electron microscope were applied to examine pulmonary pathological injury and alveolar macrophage structure, respectively. IL-1β, 
IL-18, IL-1α, and HMGB-1 in BAL fluid were determined by ELISA kits. mRNA and protein levels of lung CD39 and NLRP3 were 
assessed by qRT-PCR and Western blotting. An in vitro model was also established by incubating PMA-differentiated THP-1 cells 
with serum samples obtained from relevant group of mice.
Results: Repeated CpG induced CSSLI together with the elevation of 11 cytokines/chemokines including GM-CSF, IL-16, IL-1α, 
MCP-1, IL-2, IL-10, CCL3, IL-1β, TNF-α, IL-6, and IL-17A, though not IFN-γ, which was reduced by EA pretreatment to a different 
extent. EA also alleviated lung injury and recovered lung macrophage structure. Moreover, CpG enhanced IL-1β and IL-18 level in 
BAL fluid, promoted NLRP3, while suppressing CD39 expression in lung, all of which were reversed by EA pretreatment. Of note, 
EA failed to further decrease BAL fluid IL-1β, IL-18, IL-1α, and HMGB-1 levels when A438079, a selective inhibitor of P2X7, was 
administered. However, both CD39 and NLRP3 are dispensable for EA decreasing multi-cytokine secretion in serum-incubated and 
CpG-stimulated THP-1 cells. Taken together, EA alleviated CSSLI in CpG-challenged mice by regulating the CD39-NLRP3 pathway 
in a P2X7-dependent way.
Conclusion: EA demonstrated potential to be applied in COVID-19 treatment.
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Introduction
The term “cytokine storm” was first described in 1993, and the unexpected outbreak of COVID-19 worldwide made it 
a heated research hotspot in the recent three years.1 Excessive production of cytokines like interleukin, chemokines, and 
interferons is believed to be a hallmark of COVID-19, which aggravates pulmonary dysfunction and failure.2,3 Indeed, 
cytokines get involved in diverse pro-inflammatory reactions via enhancing pathogen detection and the homeostasis of 
immune cells, macrophages in particular.4 Cytokine storm secondary lung injury (CSSLI) is characterized by abnormal 
immune activation resulting from excessive macrophage activation, and it has been one of the leading death causes of 
COVID-19 infection.5 Though the combination use of antibiotics and (or) monoclonal antibody demonstrates a certain 
ameliorative effect, the high financial burden and unavoidable adverse reaction superposition make it an urgent need to 
reveal the underlying pathogenesis of CSSLI and explore novel, accessible, and cost-effective alternative therapeutic 
means.
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Pyroptosis occurring in pulmonary macrophages plays a crucial role in acute lung injury, and this process can be 
principally triggered by inflammasome activation.6 Inflammasomes are intracellular platforms containing cytosolic 
pattern recognition receptors, among which nucleotide-binding oligomerization domain-like receptor pyrin domain 
containing 3 (NLRP3) is the most in-depth studied and clinically implicated one.7,8 Purinergic CD39 functions as 
hydrolyzing ATP, the accumulation of which mediates NLRP3 activation and further controls the maturation of IL-1β and 
IL-18.9 Therefore, modulating the CD39-NLRP3 pathway may be beneficial in CSSLI.

With a small electric current passing between a pair of acupuncture needles, electroacupuncture (EA) is a form of 
acupuncture, which is a widely recognized traditional Chinese medicine documented in ancient medical books like The 
Yellow Emperor’s Classic of Internal Medicine.10 In recent years, the anti-inflammatory effect of EA has been announced 
in China and abroad. For example, Torres-Rosas et al reported that EA suppressed inflammatory response in septic mice 
via acting like a selective dopamine agonist.11 More precisely, low-intensity EA at hindlimb regions (Zusanli, ST36) 
could drive the vagal-adrenal axis to further potentiate anti-inflammatory effects that depend on NPY+ adrenal 
chromaffin cells.12 However, whether and how EA alleviates CSSLI remains unclear.

In the present study, we conducted repeated TLR-9 stimulation by its ligand cytosine guanine dinucleotide [CpG]- 
oligodeoxynucleotide 1826 to establish a mouse model of macrophage activation syndrome to mimic CSSLI, and 
hypothesized that low-intensity EA at ST36 could alleviate CSSLI by modulating the CD39-NLRP3 pathway.

Materials and Methods
Animals and Experimental Design
A total of 48 male C57BL/6 mice aged 6–8 weeks were purchased from Sichuan Academy of Medical Sciences 
(Chengdu, China) and adaptively fed for one week before scheduled to experiments. All experimental protocols were 
under the guidance of the recommendations of the Ministry of Science and Technology of China’s Guidance for the Care 
and Use of Laboratory Animals, and were approved by the Animal Care and Use Committee of Chengdu University of 
Traditional Chinese Medicine (license number: SYXK [Chuan] 2014–124; ethical approval number: 2020–21). All mice 
were housed and provided free access to food and water at a temperature of 23–25 °C as well as a humidity of 45–55%, 
and were maintained on a 12/12 h light/dark cycle.

Mice were randomly divided into four groups labeled as Control, CpG only, CpG+EA, and CpG+Sham. Mice in the 
CpG group received repeated CpG injections, those in CpG+EA group were treated with 5 doses of CpG (50 μg) over the 
course of 10 days followed by EA treatment as previously reported with minor modification.13,14 Mice in CpG+Sham 
group only received acupuncture needles without any electrical stimulation. Mice in CpG+Sham group were also 
challenged with repeated CpG while only received acupuncture needles without any electrical stimulation.

Electroacupuncture Pretreatment
EA intervention in present study refers to previous studies with minor modification.11,12,15 In brief, pretreatment with EA 
was performed at Zusanli (ST36) acupoint 0.5 h before each CpG administration by applying EA instruments (No. SDZ- 
IIB, Suzhou Medical Appliances). Briefly, animals from all groups were anesthetized by inhaled isoflurane (0.5–1.5%) 
via a precision vaporizer and then laced on a heating pad in order to maintain body temperature. The location of 
acupuncture points is determined referring to ‘the Atlas of Acupuncture Points in Animals’ formulated by the 
Experimental Acupuncture Branch of the Chinese Acupuncture and Moxibustion Society. Specifically, ST36 is located 
in the posterolateral knee joint, about 2 mm below the small head of the fibula. Disposable needles (size 0.25×13 mm) 
were applied for acupuncture, and the depth of acupuncture is about 2–3 mm to the muscle layer. EA was performed with 
a continuous-mode stimulation for another 15 min, with an electrical current of 3.0 mA, and a frequency of 10 Hz by 
using a stimulator at the hindlimb ST36 acupoint. The auxiliary needle is located on the mouse at the junction of the right 
side of the tail and the fur, and it was fixed and electrified slightly beneath the skin. Moreover, mice in the control group 
not only were anesthetized as well, but also received the repeated injection of the solvent of CpG. All mice were 
sacrificed 12 h after the last CpG administration as shown in Figure 1. Samples of serum, BAL fluid, as well as lung 
tissue were collected.
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Luminex Liquid Chip Assay
As previously defined,16 serum samples from each group were scheduled to high-sensitivity Luminex liquid chip assay 
for the detection of GM-CSF, IL-16, IL-1α, MCP-1, IFN-γ, IL-2, IL-10, CCL3, IL-1β, TNF-α, IL-6, and IL-17A (RnD, 
LXSAMSM-07), following the standard operation procedure and manufacturer’s instructions.

Hematoxylin-Eosin (H+E) Staining of Lung Tissue
Following the sacrifice of all mice on day 10, the right upper lung tissues were excised and then fixed with 4% 
paraformaldehyde for 48 h. After that, samples were embedded in paraffin before cutting into 5-μm sections, which were 
further stained with hematoxylin and eosin for observation with Panoramic section scanner (PANNORAMIC150, 
3DHISTECH, Hungary). The degree of lung injury was assessed by evaluating interstitial/alveolar edema, hemorrhage, 
alveolar septal thickening, and infiltration of inflammatory cells as previously described.17

Lung Wet (W)/Dry (D) Ratio Measurement
Mice right upper lung was also examined to detect lung W/D ratio. In brief, tissues were firstly weighed to gain the data 
of wet weight, after which tissues were dried in an oven at temperature of 60 °C for another 1 week to obtain dry weight 
data. W/D ratio was calculated by dividing those data of the wet weight by the dry wet.

Detection of IL-1β and IL-18 Level in BAL Fluid
BAL fluid was collected following the method reported previously with minor modification.18 Levels of IL-1β and IL-18 
in BAL fluid were examined by using ELISA kits following the manufacturer's protocol (Multi-Science, China).

Transmission Electron Microscopy (TEM)
Fresh lung tissues were removed and washed with PBS, and immediately placed in TEM fixative prepared in advance, in 
which they were cut into 1 mm3 pieces. After that, slices were transferred to EP tubes containing glutaraldehyde for 24 h, 
and were then washed with 0.1M PB (pH 7.4) 3 times. During this process, lung tissue was maintained away from light 
and was fixed with 1% OsO4 in PB for 2 h at room temperature. Following the removal of OsO4, lung tissue was rinsed 
for a total of three times with PB and was then dehydrated at room temperature. All embedded samples with resin were 
moved to a 65 °C oven for polymerization over 48 hours. The copper mesh was observed and photographed under 
a transmission electron microscope.

Western Blotting
Lung tissues were washed with PBS on ice and lysed with RIPA buffer containing PMSF. The separated protein samples 
were then transferred onto a polyvinylidene difluoride (PVDF) immobilon-P membrane utilizing a transblot apparatus. 
After 1.5 h at room temperature in TBST containing 5% BSA, membranes were incubated overnight at 4 °C with CD39, 
NLRP3, and GAPDH primary antibodies. The membranes were washed and then incubated for another 2 h at room 
temperature with secondary antibodies. The multicolor prestained protein ladder was supplied by Shanghai Epizyme 

Figure 1 Mice were administered with 5 doses of CpG (50 μg) over the course of 10 days; EA pretreatment at a frequency of 3 mA/10 Hz was performed at Zusanli (ST36) 
acupoint 0.5 h before each CpG administration.
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Biomedical Technology Co., Ltd (Catalogue number WJ103). The signal was detected by enhanced chemiluminescence 
which was then quantified using Image J software.

Quantitative Real-Time PCR
Following treatment, total RNA was isolated by using a rapid RNA extraction kit referring to the manufacturer’s 
directions and was then reverse-transcribed using the PrimeScriptTM RT Reagent Kit (Takara Bio, Shiga, Japan). 
Equal amounts of cDNA were subjected to quantitative real-time PCR with the fluorescent dye SYBR Green 
I (Beyotime Biotechnology, Shanghai, China). The primer pairs for NLRP3, CD39, and β-actin were as follows:

NLRP3-F, 5′-TCACAACTCGCCCAAGGAGGA A-3′, NLRP3-R, 5′-AAGAGACCACGGCAGAAGCTAG-3′, 
CD39-F, 5′-CTGATTCCTGGGAGCACAT-3′, CD39-R, 5′-GACATAGGTGGAGTGGGAGAG-3′, and β-actin-F, 5′- 
CATGAAGTGTGACGTGGACATC-3′, β-actin-R, 5′-CAGGAGGAGCAATGATCTTGATC-3′.

The 2 −ΔΔCt method was employed to determine the relative fold changes, and the average ΔCT values were 
normalized to that of β-actin; all samples were evaluated in triplicate.

Establishment of in-vitro CpG-Induced THP-1 Cell Model
Human monocytes THP-1 were purchased from Procell Life Science & Technology (Wuhan, China) and cultured in 
RPMI-1640 medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. THP-1 monocytes 
were differentiated by PMA (100 nM, 24 h). A certain amount of serum was collected following EA treatment and was 
added to PMA-differentiated THP-1 cells at a ratio of 10% 12 h prior to CpG (1 μg/mL) stimulation for another 24 
h. During this process, A438079 (30 μM), POM-1 (10 μM), and MCC950 (10 μM) were also added at the same time 
point as serum, respectively. After that, cell culture supernatant was scheduled for ELISA detection.

Data Analysis and Statistics
All statistical analyses were performed using the GraphPad Prism 8 software. Multiple comparisons were performed by 
one-way ANOVA followed by Bonferroni post-hoc analyses or one-way analysis of variance followed by Tukey’s 
multiple comparison test. The results of at least three independent experiments are expressed as the mean±SEM, and the 
significance of differences is indicated as (*) P <0.05 and (**) P <0.01.

Results
EA Pretreatment Calms CpG-Elicited Cytokine Storm in Mice
Serum levels of multiple cytokines were assessed by conducting Luminex. As presented in Figure 2, CpG challenge led to 
overproduction of GM-CSF, IL-16, IL-1α, MCP-1, IL-2, IL-10, CCL3, IL-1β, TNF-α, IL-6, and IL-17A (Figure 2A–D and F–L), 
but not IFN-γ (Figure 2E, *P <0.05, n=6). Compared with CpG group, mice that received EA pretreatment prior to CpG had 
a significant reduction in IL-16, IL-1α, MCP-1, IL-2, IL-10, IL-1β, and IL-6 (**P <0.01, n=6), as well as GM-CSF, CCL3, TNF- 
α, and IL-17A (*P <0.05, n=6). However, Sham EA pretreatment also displayed an inhibitory effect on secretion of IL-16, IL-1α, 
MCP-1, IL-2, IL-10, CCL3, IL-1β, TNF-α, IL-6, and IL-17A to different extent, only weaker than EA pretreatment. These results 
suggested pretreatment with EA calms cytokine storm mediated by CpG in mice.

EA Pretreatment Alleviated CpG-Induced Lung Edema and Alleviated Lung Injury
As shown in Figure 3A, H+E staining demonstrated that CpG induced moderate thickening of alveolar wall, mild dilation 
of alveolar accompanied by neutrophil infiltration, as well as necrosis of a large number of bronchial epithelial cells and 
increased mucus secretion, all of which were averted by pretreatment with EA. Meanwhile, the pathological score of lung 
injury in CpG+EA group was significantly decreased compared with that in CpG group (**P <0.01, n=6, Figure 3B). 
Consistent with H+E staining results, stimulation with CpG caused pulmonary edema with elevated W/D ratio which was 
potently reduced following EA pretreatment (**P <0.01, n=6), as shown in Figure 3C, suggesting EA was effective to 
suppress lung edema and prevent the progress of lung injury induced by CpG.
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EA Pretreatment Recovered Pulmonary Macrophage Structure
As presented in Figure 4, mitochondrial swelling, elevated counts of lysosomes, as well as discontinuous cell membrane 
were observed in the pulmonary macrophages of the CpG group compared with the control group. However, EA 
treatment prior to CpG challenge restored the morphology and structures of macrophages, attenuating the degree of 
mitochondrial swelling and autophagy. These results showed that CpG induced pathological alteration in pulmonary 
macrophages, while EA pretreatment effectively restrained the destruction of pulmonary macrophage structure, which 
suggested that EA was able to prevent the development of programmed cell death induced by CpG.

EA Pretreatment Decreased IL-1β and IL-18 Release in Lung
TEM results indicated that EA treatment prior to CpG challenge interfered with the progress of programmed cell death in 
pulmonary macrophages. To ascertain the specific involved programmed cell death, ELISA kits were used to detect IL-1β 
and IL-18 concentration in BAL fluid, both of which were key indicators of pyroptotic cell death. As shown in 
Figure 5A–D, repeated stimulation of CpG resulted in the release of IL-1β and IL-18 in lung, while EA pretreatment 
but not Sham EA considerably downregulated IL-1β and IL-18 levels in BAL fluid (**P <0.01, n=6), which suggested 
that EA pretreatment could diminish IL-1β and IL-18 release into the serum and BAL fluid to further reduce the 
pyroptotic cell death of pulmonary macrophages.

Figure 2 EA pretreatment calms CpG-elicited cytokine storm in mice. Serum levels of (A) GM-CSF, (B) IL-16, (C) IL-1α, (D) MCP-1, (E) IFN-γ, (F) IL-2, (G) IL-10, (H) 
CCL3, (I) IL-1β, (J) TNF-α, (K) IL-6 and (L) IL-17A were examined by Luminex liquid clip. *P < 0.05 and **P < 0.01 compared to the CpG group (n=6). Data are analyzed 
using one-way ANOVA followed by Bonferroni post-hoc analyses and are representative of three independent experiments.
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EA Pretreatment Inhibited NLRP3 Expression and Enhanced Upstream CD39
NLRP3 inflammasome assembly is one of the key processes that triggers downstream pyroptosis, and purinergic 
modulator CD39 gets involved in NLRP3 inflammasome regulation. As presented in Figure 6A, mice receiving repeated 

Figure 3 EA pretreatment reversed CpG-induced lung edema and alleviated lung injury. (A) H+E staining assessing lung injury induced by CpG. (B) Pathological score of 
lung injury. (C) The W/D ratio of the lung. **P < 0.01 compared to the CpG group (n=6). Data are analyzed by using one-way analysis of variance followed by Tukey’s 
multiple comparison test and are representative of three independent experiments.

Figure 4 EA pretreatment recovered pulmonary macrophage structure and meanwhile attenuated the degree of mitochondrial swelling and autophagy (marked with yellow 
arrows). Comparisons between means were carried out using one-way analysis of variance followed by Tukey’s multiple comparison test.
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CpG injection demonstrated suppressed lung CD39 protein expression. However, both EA pretreatment and Sham EA 
significantly promoted CD39 protein level (**P <0.01, n=3). In contrast, the enhanced NLRP3 protein expression 
induced by CpG was potently reduced by EA pretreatment (**P <0.01, n=3) while slightly reduced by Sham EA 
(*P <0.05, n=3), shown in Figure 6B. To further examine whether EA could regulate mRNA level of NLRP3 and CD39, 
qRT-PCR was employed, and, consistent with the alterations at protein level, EA promoted CD39 mRNA expression 
while restraining NLRP3 mRNA expression (Figure 6C and D). These results suggested that EA prevented CpG-induced 
pulmonary macrophage pyroptosis via modulating the CD39-NLRP3 pathway.

The Ameliorative Effect of EA Pretreatment on CSSLI Was P2X7-Dependent
The dysfunction of CD39 results in accumulation of ATP, which binds to P2X7 to further trigger NLRP3 inflamma-
some activation. To examine the role played by CD39 in the process of EA improving CSSLI, mice were administered 
with A438079, the selective antagonist of P2X7 before EA pretreatment and CpG challenge. As shown in Figure 7, 
blockage of P2X7 by A438079, as well as EA pretreatment both demonstrated suppressive effect on IL-1β (Figure 7A 
and 7E), IL-18 (Figure 7B and 7F), IL-1α (Figure 7C and (7G), and HMGB-1 (Figure 7D and 7H) contents in BAL 
fluid and cell culture supernatant. However, with combination application of A438079 and EA (or EA serum), EA 
failed to further reduce IL-1β, IL-18, IL-1α, and HMGB-1, which suggested that the ameliorative effect of EA on 
CSSLI through decreasing lung IL-1β, IL-18, IL-1α, and HMGB-1 level was P2X7-dependent (**P <0.01, 
*P <0.05, n=3).

Figure 5 EA pretreatment decreased (A) IL-1β, (B) IL-18, (C) IL-1α and (D) HMGB-1 levels in BAL fluid. *P < 0.05 and **P < 0.01 compared to the CpG group (n=6). Data 
are analyzed using one-way ANOVA followed by Bonferroni post-hoc analyses and are representative of three independent experiments.
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CD39 and NLRP3 are Dispensable for EA Serum Pretreatment Decreasing 
Multi-Cytokine Secretion
Similarly, we then evaluated the role played by CD39 and NLRP3 in EA serum pretreatment decreasing multi-cytokine 
secretion. As shown in Figure 8A–D, blockage of CD39 by POM-1 caused overproduction of IL-1β, IL-18, IL-1α, and 
HMGB-1, which were all reversed by EA serum pretreatment (*P <0.05, n=3). In contrast, inhibition of NLRP3 by 
MCC950 intervention alone significantly reduced the level of the above 4 cytokines. However, different from A438079 
which failed to further decrease cytokines level with EA serum supplement, the combination of MCC950 with EA serum 
pretreatment demonstrated superimposed inhibitory effect, suggesting both CD39 and NLRP3 are dispensable for EA 
serum pretreatment decreasing multi-cytokine secretion (Figure 8E–H, *P <0.05, n=3).

Discussion
Accumulative evidence emerging in recent years shows the repeated stimulation of CpG, a well-known TLR-9 agonist, as 
a reliable method to establish a mice model of macrophage activation syndrome, which involves the formation of 
cytokine storm.19,20 In the present study we conducted experiments to assess the effect of EA on cytokine storm 
secondary lung injury. In fact, repeated CpG stimulation induced cytokine storm formation in mice, which is systemic 
inflammation. After that, elevated cytokine levels in circulation further mediated multi-organ injury including lung 
damage. (1) Liu et al announced 3-mA EA pretreatment at ST36 attenuated vagal efferent-independent ongoing systemic 
inflammation triggered by LPS, another widely recognized inducer of cytokine storm, via driving spinal-sympathetic 
axis,12 suggesting EA at ST36 could calm cytokine storm in the early stage and further prevent the progress of lung 
injury. (2) Besides, a range of research released in recent years indicated that EA at ST36 was capable of rescuing lung 
injury. For example, EA at ST36 recovered lung function and alleviated both lung and systemic inflammatory response in 
a mouse model of COPD by regulating dopamine D2 pathway.21 Preconditioning EA at ST36 could also promote ACE2 
expression to improve lung injury in LPS-induced septic rats.22 Taken together, pretreatment EA at ST36 (3 mA) 
modulated the spinal-sympathetic axis to attenuate vagal efferent-independent ongoing systemic inflammation (cytokine 
storm) and prevented the development of secondary lung injury.

Figure 6 EA pretreatment enhanced (A) CD39 protein expression, and inhibited (B) downstream NLRP3, via promoting CD39 mRNA expression (C), while decreasing 
NLRP3 mRNA expression (D), respectively. *P < 0.05 and **P < 0.01 compared to the CpG group (n=3). Data are representative of three independent experiments.
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By detecting multi-cytokines, a total of five doses of CpG during a 10-day period drove the mass secretion of GM- 
CSF, IL-16, IL-1α, MCP-1, IL-2, IL-10, CCL3, IL-1β, TNF-α, IL-6, and IL-17A as expected, and EA treatment prior to 
CpG stimulation calmed cytokine storm by decreasing all the above 9 cytokines to different extents. Clinical practice 
indicates that circulatory cytokine storm-facilitated acute respiratory distress syndrome is the leading death cause of 
COVID-19 infection. Thus, we then evaluated the acute lung injury in CpG-induced mice. Following CpG administra-
tion, a range of alterations were observed; those alterations included lung edema, moderate thickening of alveolar wall, 
mild dilation of alveolar accompanied by neutrophil infiltration, as well as necrosis of a large number of bronchial 
epithelial cells and increased mucus secretion. Similar with the research of Huang’s group in which EA attenuated 
pulmonary histopathological injury, protein infiltration, and lung water content in rats after cardiopulmonary bypass,23 

EA pretreatment was observed to alleviate CpG-induced lung edema and alleviated lung injury in our study.
Previous study has shown that ultrastructure damage can be observed in cytokine storm secondary lung injury as 

reported in an LPS-challenged murine model,24 which is also widely regarded as an animal model of cytokine storm.25–27 

However, it is still unknown whether repeated CpG administration is capable of inducing similar alterations at 
ultrastructure level as LPS stimulation. In this study, we assessed ultrastructure of lung tissue following CpG treatment 
by employing TEM, and found that unexpected mitochondrial swelling, boosted lysosome counts, together with 

Figure 7 Blockage of P2X7 with A438079 decreased (A and E) IL-1β, (B and F) IL-18, (C and G) IL-1α, and (D and H) HMGB-1 level in BAL fluid or culture supernatant, 
while combination use with EA failed to further reduce the amounts of all the above 4 cytokines. **P < 0.01 and *P < 0.05 compared to the CpG group. #no significance 
(n=3). Data are analyzed using one-way ANOVA followed by Bonferroni post-hoc analyses.
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discontinuous cell membrane occurred in alveolar macrophages in response to repeated CpG challenge. However, EA 
pretreatment played a protective role to reverse ultrastructure change. Indeed, discontinuous cell membrane of alveolar 
macrophages suggested the involvement of certain programmed cell death during the process of CpG-induced CSSLI. 
Thus, it will be of interest to further determine the precise type of programmed cell death which occurred in this model, 
and, on the other hand, it will be meaningful to reveal the exact molecular mechanism of EA pretreatment.

The typically mentioned types of programmed cell death include pyroptosis, apoptosis, autophagy, necrosis, ferrop-
tosis, and cuproptosis, etc, among which pyroptosis is the most relevant one with inflammatory response.28–30 CD39 is 
constitutively expressed by various cells of the immune system, and the representative ones include mature B cells, 
monocytes/macrophages as well as in subsets of CD4, NK cells, and CD8 lymphocytes. Besides, CD39 is also present on 
epidermal dendritic cells, in which it protects the host from skin inflammatory injury.31 NLRP3 is mainly distributed in 
cytoplasm and membrane of immune cells like macrophages and monocytes, and it participates in a variety of host 
immune and inflammatory responses.32 Mechanically, reduced CD39 allows the accumulation of ATP which triggers the 
activation of NLRP3 inflammasome and the following enzymatic autoactivation of caspase-1, after which caspase-1 
cleaves pro-IL-1β and pro-IL-18 into their activated form. GSDMD, the representative indicator of pyroptosis, which is 
also a substrate of caspase-1, and its escaped N-terminal fragment, subsequently localizes and oligomerizes within the 
plasma membrane to form a pore, providing an exit for bioactive IL-1β and IL-18.33 Pyroptotic cell death of pulmonary 
macrophages is one of the key pathological mechanisms of LPS- and cardiopulmonary bypass (CPB)-induced acute lung 

Figure 8 Blockage of CD39 with POM-1 and of NLRP3 with MCC950, respectively, enhanced and reduced the release of (A and E) IL-1β, (B and F) IL-18, (C and G) IL-1α, 
and (D and H) HMGB-1 in CpG-stimulated THP-1 cells. However, the effect of EA serum was not blocked after POM-1 and MCC950 incubation. *P < 0.05 compared to the 
CpG group (n=3). Data are analyzed using one-way ANOVA followed by Bonferroni post-hoc analyses.
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injury,6,34 both of which could be alleviated by EA administration.35 Therefore, we evaluate the effect of EA pretreatment 
on the release of IL-1β and IL-18 in lung tissue of CpG-challenged mice. As expected, we observed the inhibitory effect 
of EA on IL-1β and IL-18 in BAL fluid. Since IL-1β and IL-18 are the direct downstream modulators of pyroptosis, our 
results indicated that administration of EA displays a certain ameliorative effect via preventing pyroptotic death of lung 
cells in not only LPS- and CPB-induced, but also repeated CpG-induced acute lung injury, which provides extra support 
for the clinical application of EA in the fight against pyroptosis-involved acute respiratory distress syndrome. 
Nevertheless, the underlying mechanism of how EA suppressed IL-1β and IL-18 secretion in lung in CpG-challenged 
mice remains unclear. To address this issue, we detected the mRNA and protein expression of NLRP3 and its upstream 
regulator CD39 to verify the inhibitory effect of EA on NLRP3 inflammasome activation. In the present study, we 
confirmed EA restrained pyroptosis occurring in alveolar macrophages by interfering with NLRP3 inflammasome 
activation, at least partly through enhancing CD39 expression while suppressing NLRP3 expression.

The dysfunction of CD39 results in accumulation of ATP, which binds to P2X7 to further trigger NLRP3 
inflammasome activation. To ascertain the role played by P2X7 in the process of EA ameliorating CSSLI, P2X7’s 
selective antagonist, A438079, was applied before EA or EA serum pretreatment and CpG challenge. Unfortunately, 
EA failed to further reduce IL-1β, IL-18, IL-1α, and HMGB-1, both in vivo and in vitro, on the basis of A43807’s 
suppression, suggesting the ameliorative effect of EA on CSSLI through diminishing lung IL-1β, IL-18, IL-1α, and 
HMGB-1 was P2X7-dependent. Given the fact that multiple molecules and pathways could be modulated by EA 
pretreatment and the suppressive effect of EA on CpG-mediated NLRP3 inflammasome activation was only one aspect 
of its protective role, future investigation concerning the other route of EA rescuing CpG-caused lung injury is still 
desperately needed.

It is worth mentioning that pretreatment of EA and Sham EA both showed certain effect among almost all the 
assessed factors in our study, with more potent effect observed in the EA group than in the Sham EA group. It is 
actually not uncommon that no statistically significant difference is found between real EA and sham EA in many 
cases of clinical practice.36,37 Concerning the basic research, we searched the database again and found that in some 
cases of EA investigations the sham group also received acupuncture treatment at the same acupoints without electrical 
current, and meanwhile Sham EA demonstrated similar effect with EA (but much weaker) like the findings observed in 
our present study. For example, in an animal model of pT-ION-induced nociceptive abnormalities, EA significantly 
promoted orofacial response threshold while Sham EA showed slight enhancing effect. EA obviously decreased 
duration of wiping while Sham EA slightly reduced it;38 Yen et al reported that in the mice medial prefrontal cortex 
(mPFC), EA and Sham EA significantly and slightly downregulated p-ERK and p-JNK level, respectively, and in the 
mice periaqueductal gray, EA and Sham EA significantly and slightly enhanced TRPV1 and pPKA level, 
respectively.39

According to Xu et al's research published in the top journal, the BMJ,40 some improper settings have been used on 
sham acupuncture groups during the last decade, such as selecting adjacent points of the same ganglion segment as 
stimulation points in the sham group, or using invasive acupuncture needles. These will have the consequence that the 
intervention of the sham acupuncture group also exerts a certain intensity of acupuncture effect, making it difficult to 
compare the specificity of the curative effect of the meridian points. A study analyzed the current situation of sham 
acupuncture control settings in animal experiments, and announced that there is no golden standard yet.41 In fact, the 
main methods are application of non-acupoints or acupoints without electrical current. Thus, how to standardize a non- 
acupoint selecting method and to set an acupuncture standard operation procedure are urgent issues in future 
investigations.

To sum up (Figure 9), EA pretreatment calms cytokine storm induced by repeat stimulation of CpG in mice, and it 
ameliorates CSSLI by restraining pyroptosis which occurs in alveolar macrophages via reducing diverse cytokine release 
through enhancing CD39 expression while inhibiting NLRP3 expression. The suppressive effect is P2X7-dependent but 
CD39- and NLRP3-independent. Therefore, EA pretreatment can be an alternative clinical therapeutic scenario in the 
fight against CSSLI like sepsis-induced acute lung injury.
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Figure 9 The principal molecular mechanism of how EA pretreatment ameliorates CSSLI. The red star mark represents the verified direct targets of EA.
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