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A B S T R A C T   

Yinhuapinggan granule (YHPG) is a traditional Chinese medicine prescription with rich clinical 
experience for the treatment of colds and coughs. The aim of this study is to investigate the 
protective effect of YHPG on multidrug-resistant (MDR) Acinetobacter baumannii (A. baumannii) 
infection in vivo and its potential anti-inflammatory mechanism. BALB/c mice were intranasally 
inoculated with MDR A. baumannii strain to establish the pneumonia infection model, and 
received intraperitoneally cyclophosphamide to form immunosuppression before attack. YHPG 
(6, 12 and 18 g/kg) was administered by gavage once a day for 3 consecutive days after infection. 
The protective effect of YHPG was evaluated by lung index, spleen index, thymus index, patho-
logical changes of lung tissue and inflammatory factors (IL-1β, IL-6 and TNF-α) in serum. The 
expression of key targets of NF-κB/NLRP3 signaling pathway in vivo was analyzed by immuno-
histochemistry, immunofluorescence, reverse transcription quantitative PCR (RT-qPCR) and 
Western blot. The results showed that YHPG improved the lung index and its inhibition rate, 
immune organ indexes and lung pathological changes in infected mice, and significantly reduced 
IL-1β, IL-6 and TNF-α levels in serum. In addition, YHPG significantly down-regulated the mRNA 
and protein expression of NF-κB p65, NLRP3, ASC, Caspase-1, TNF-α, IL-6 and IL-1β in mice lung 
tissue. The results of the current study demonstrated that YHPG has significant protective effects 
on mice infected with MDR A.baumannii, which may be related to the regulation of inflammatory 
factors and NF-κB/NLRP3 signaling pathway, indicating that YHPG has a wide range of clinical 
application value and provides a theoretical basis for its treatment of MDR A.baumannii infection.   

1. Introduction 

As a gram-negative bacillus, Acinetobacter baumannii has caused serious nosocomial infections and has been identified as a critical 
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research and development pathogen by the World Health Organization [1]. A.baumannii is easy to cause extensive bacterial infections 
in hospitals, especially pneumonia, bacteremia and meningitis. In particular, with the increasing detection rate of multidrug-resistant 
(MDR) and extensively drug-resistant (XDR) A.baumannii in recent years, it brings great challenges to global clinical treatment [2]. A 
recent study published in The Lancet found that 260,000 deaths worldwide in 2019 caused by resistant A.baumannii [3]. Especially 
carbapenem-resistant (CR) A.baumannii, during the COVID-19 pandemic, co-infection with SARS-CoV-2 is common and has become a 
new medical health crisis [4,5]. 

At present, the treatment of A.baumannii infection is very limited, and all known antibiotics have corresponding resistance [6]. 
More seriously, although tigecycline and polymyxin are the last lines of defense for the treatment of CR A. baumannii, there are 
increasing numbers reports on their related drug resistance in recent years [7,8], and the side effects of the latter on the kidney cannot 
be ignored [9]. In addition, new treatment methods such as vaccination, iron chelation therapy and phage therapy have unstable 
clinical efficacy on drug-resistant A. baumannii, and the safety problems need to be further found [10–12]. Therefore, it is urgent to 
develop new effective drug while A. baumannii continues to acquire resistance to currently available antibiotics. 

The inflammatory response caused by bacteria is the pathogenesis of lower respiratory tract infection, and severe bacterial 
pneumonia can lead to lung abscess and sepsis, even respiratory failure and shock [13]. A large number of studies have reported that 
the NF-κB/NLRP3 signaling pathway is involved in the inflammatory response of lung diseases, regulating the activation of inflam-
masomes and controlling the release of pro-inflammatory factors [14,15]. Therefore, screening effective chemicals to regulate the 
above signaling pathways may be a considerable therapeutic strategy for the treatment of pneumonia caused by MDR A.baumannii. 

Compared with the single use of chemical drugs, traditional Chinese medicine (TCM) shows its unexpected drug effect [16]. In 
response to antibiotic resistance and infectious diseases, TCM has unique advantages of “multi-component, multi-target and multi--
effect”. Yinhuapinggan granule (YHPG) is composed of Lonicerae Japonicae Flos, Ephedra Herba, Puerariae Lobatae Radix, Polygoni 
Cuspidati Rhizoma, Armeniacae Semen Amarum and Glycyrrhizae Radix, which has the effects of heat-clearing and detoxifying, 
dispersing lung and resolving exterior syndrome. The prescription has obtained the certificate of new drugs of TCM from the National 
Medical Products Administration (TCM certificate: Z20120004) and production approval (No.2013B00150). But so far, the role and 
mechanism of YHPG against drug-resistant bacterial infection in vivo is not clear. In this study, we evaluated the protective effect of 
YHPG and explored the possible role of NF-κB/NLRP3 inflammatory signaling pathway in the BALB/c mice model of MDR A. 
baumannii. 

2. Materials and methods 

2.1. Reagents 

YHPG granules (Product batch number: 200201035) were provided from Shaanxi Dongke Pharmaceutical Co., Ltd. (Shaanxi, 
China), certified by Professor Shengwu Huang, College of Pharmaceutical Science, Zhejiang Chinese Medicine University (Hangzhou, 
China). According to the quality standards of Chinese Pharmacopoeia (2020 edition), they were ensured that the crude decoction 
pieces of this batch of tablets met the quality requirements. As reported the previous methods of preparation and quality control of 
YHPG by our research group, six effective components were detected by high performance liquid chromatography (HPLC) at 254 nm, 
including chlorogenic acid 13.86 mg/g, amygdalin 22.82 mg/g, polydatin 8.25 mg/g, puerarin 22.93 mg/g, glycyrrhizic acid 4.63 mg/ 
g and emodin 1.32 mg/g (Supplementary Fig. 1). 

Tumor necrosis factor alpha (ELISA) kits for IL-1β, IL-6 and TNF-α were obtained from Meibiao Biotechnology (Jiangsu, China). 
Primary antibodies against IL-1β (ab254360), MPO (ab208670) and GAPDH (ab181602) were purchased from Abcam (Cambridge, 
MA, USA); Primary antibody against Caspase-1 p20 (SC-398715) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA); Primary antibodies against ASC (CST 15101), NF-κβ p65 (CST 8242), p–NF–κβ p65 (CST 3033) and pro-Caspase-1 (CST 24232) 
were purchased from Cell Signaling Technology (Danvers, MA, USA); Primary antibody against NLRP3 (NBP2-12446) was purchased 
from Novus (Littleton, CO, USA). Cyclophosphamide (CY) was purchased from aladdin (Shanghai, China). 

2.2. Bacteria 

The MDR A.baumannii (Supplementary Table 1) used in this study was initially isolated from clinical specimens from the 
Department of Laboratory Medicine in Hangzhou First People’s Hospital, identified by matrix-assisted laser desorption ionization-time 
of flight mass spectrometry (MALDI-TOF-MS). Antimicrobial susceptibilities of the strain were determined by VITEK-2 Compact 
analyzer (Biomérieux, France) and the results were interpreted in accordance with the Clinical and Laboratory Standard Institutes 
(CLSI, 2020) guideline. After whole genome sequencing, the MDR A.baumannii strain was inoculated on a blood agar plate and cultured 
at 37 ◦C for 24 h. The bacterial suspension was prepared by an electronic turbidimetry using a sterile 0.45 % sodium chloride solution, 
and then the concentration was adjusted to 2 × 108 CFU/mL. 

2.3. Animals 

Male specific-pathogen free BALB/c mice (Six-week-old) weighing 22 ± 2 g were provided by Experimental Animal Center, 
Huazhong University of Science and Technology (Wuhan, China). All mice were housed in individually ventilated cages in negative 
pressure barrier environment, free access to food and water under conditions with the temperature at 24 ± 2 ◦C, the relative humidity 
of 57 ± 3 %, and a 12 h light/darkness cycle. In addition, the animal experiments in this study were protected according to the relevant 
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regulations of the Experimental Animal Center in Huazhong University of Science and Technology, and approved by the Ethics 
Committee (NO. S2901). 

2.4. Preparation of infection model and YHPG treatment 

The mice were randomly divided into five groups: control group, model group, YHPG low-dose group (6 g/kg), YHPG middle-dose 
group (12 g/kg) and YHPG high-dose group (18 g/kg). Before infection with A.baumannii, all mice were intraperitoneally injected with 
100 mg/kg and 150 mg/kg CY on the first and fourth days to form an immunosuppressive state. After that, the mice were placed in a 
sealed isolation box, and the multi-channel small animal anesthesia ventilator was started. After mild anesthesia with isoflurane, the 
mice in the model group and the administration group were infected with 2 × 108 CFU/mL bacterial suspension by nasal drip (50 μL), 
and the remaining mice were given an equal amount of physiological saline by nasal drip. After infection, the mice in the treatment 
group were intragastrically administered with YHPG (0.01 mL/g) of corresponding concentration once a day for 5 consecutive days. 
Mice in control group and model group were given the same amount of physiological saline at the same time. In our experiment, the 
dose of YHPG (6, 12 and 18 g/kg) administered to mice was equivalent to the clinical adult dose (once, twice and three times) 
calculated according to the body surface area of animals. Finally, all mice were sacrificed on the sixth day after infection. 

2.5. ELISA 

The mice were fixed and the eyeballs were removed to collect blood. When the blood ran out, the mice were sacrificed by dislo-
cation. The blood samples were centrifuged at 3000×g at 4 ◦C for 15 min, used to determine the serum inflammatory cytokine levels 
(TNF-α, IL-6 and IL-1β) according to ELISA kit from manufacturer’s instructions. Finally, the absorbance was detected at 450 nm using 
a microplate reader. 

2.6. Determination of organ index 

The lung, thymus and spleen were removed from the chest cavity and abdominal cavity respectively by surgery. These tissues were 
washed with physiological saline and dried with filter paper, and finally weighed. Inhibition radio of lung index and organ index were 
calculated according to the following formula: 

Inhibition ratio of lung index=(A - B)/ A  

A:average lung index of bacterial infection control group  

B:average lung index of experimental control group  

Organ index=Organ weight/Body weight×100%  

2.7. Histopathological evaluation 

The lung tissues of mice in different groups were taken, rinsed with physiological saline and fixed in 4 % paraformaldehyde solution 
for 48 h, dehydrated with ethanol, embedded in paraffin, and then cut into 4-μm slices. After hematoxylin impregnating and eosin 
staining, the pathological changes of lung tissues were observed under a BX60 optical microscope (Olympus, Japan). 

Table 1 
Sequences of primers for RT-qPCR analysis.  

Gene Primer sequence (5’→3′) Size (bp) 

IL-1β GGCAGGCAGTATCACTCATTGTG 
GCTCATGTCCTCATCCTGGAAG 

89 

IL-6 TCTACTCGGCAAACCTAGTGCGTTA 
TTCTGACCACAGTGAGGAATGTCCA 

70 

TNF-α GACCCTCACACTCAGATCATCTTCT 
GCTACGACGTGGGCTACAG 

63 

NF-κB p65 TCAATGGCTACACAGGACCA 
TCGCTTCTTCACACACTGGA 

185 

NLRP3 GCAGGCATCGGGAAAACC 
CTCTCGGCAGTGGATAAAGAACAAA 

108 

Caspase-1 GGGACCTATGTGATCATGTCTCT 
CTGCCAGGTAGCAGTCTTCA 

90 

ASC GGTCACAGAAGTGGACGGAGTG 
CATCTTGTCTTGGCTGGTGGTCT 

103 

GADPH GAAGGTCGGTGTGAACGGATTTG 
CATGTAGACCATGTAGTTGAGGTCA 

127  
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2.8. RT-qPCR analysis 

Total RNA was extracted from lung tissue of mice using TRIzol® Reagent Plus RNA Purification Kit (Thermo Fisher, Waltham, 
USA). Then the total RNA was reverse transcribed to cDNA using SuperScriptTMIII First-Strand Synthesis SuperMix (Thermo Fisher, 
Waltham, USA). RT-qPCR was performed using Power SYBR® Green PCR Master Mix (Applied Biosystems, Waltham, USA). The 
experimental reaction conditions follow these steps: 95 ◦C for 1 min, follow by 40 cycles of 95 ◦C for 15 s, 63 ◦C for 25 s. The primers 
(Table 1) for the amplification were designed and synthesized by Shanghai Sangon Bioengineering Co., Ltd. The experimental 
detection and analysis were used for a CFX384 real-time PCR detection system (Bio-Rad, USA). GAPDH was used as the reference gene 
to quantify the relative expression of the target gene according to the 2− ΔΔCt method. 

2.9. Immunohistochemistry analysis 

As mentioned above, the 4-μm slices after paraffin embedding and cutting were dewaxed in xylene, ethanol gradient hydration, 
antigen retrieval under high temperature and high pressure, and 3 % hydrogen peroxide aqueous blocking endogenous peroxidase. 
Subsequently, the lung sections were incubated with primary antibodies against MPO (1:800) and NF-κB p65 (1:400) respectively at 
room temperature for 60 min, and then incubated with horseradish-peroxidase (HRP) conjugated secondary antibody (EnVision Two- 
Step kit, Beijing, China) at room temperature for 30 min. After hematoxylin counterstaining, it was developed with diaminobenzidine 
(DAB), dehydrated with ethanol, transparentized with xylene, and finally observed under the optical microscope. The positive staining 
was represented by brown-yellow products and evaluated by Immunoreactivity Score. 

2.10. Immunofluorescence staining 

After dewaxing, the pretreated lung tissue sections were incubated with NLRP3 primary antibody (1: 50) at 37 ◦C for 60 min. Then 
the sections were incubated with FITC-conjugated secondary antibody for 30 min, counterstained with 0.1 % 4’,6-diamidino-2-phe-
nylindole (DAPI) and finally sealed with glycerol. The fluorescence images were observed and photographed using an Axio Observer 
A1 fluorescence microscope (ZEISS, Germany) and the fluorescence intensity was analyzed using Image J software. 

2.11. Western blot assay 

RIPA Buffer (Thermo Fisher, Waltham, USA) was used to extract the total protein of lung tissue samples, and then the total protein 
was quantified by the bicinchoninic acid (BCA) quantitative kit (Beyotime, Beijing, China). 60 μg of total protein sampels were added 
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for denaturation and separation, and transferred to poly-
vinylidene difluoride (PVDF) membranes by electrophoresis. The membranes were blocked with 5 % BSA at room temperature for 60 
min. After being washed, they were incubated with the corresponding primary antibodies: ASC (1:1000), NLRP3 (1:500), NF-κB p65 
(1:1000), p–NF–κB p65 (1:1000), pro-Caspase-1 (1:1000), Caspase-1 p20 (1:200), IL-1β (1:500) or GADPH (1:10000) at 4 ◦C overnight. 
Afterwards, the membranes were incubated with HRP-conjugated secondary antibodies at room temperature for 90 min. By enhanced 
chemiluminescence reagent (ECL) exposure and visualization, the band gray was calibrated by Image J software. GAPDH was used as 
an internal reference for quantitative analysis of the target band to detect the relative expression of the protein. 

2.12. Statistical analysis 

The experimental data were analyzed and plotted by SPSS 20.0 software and GraphPad Prism 8.0 software, and the statistical 
significance between groups was analyzed by one-way analysis of variance (ANOVA). The results were expressed as mean ± standard 
deviation (Mean ± SD), when P value < 0.05 for the difference was statistically significant. 

Fig. 1. The change of organ indexes in MDR A.baumannii infected mice treated with YHPG. (A) Lung index; (B) Spleed index; (C) Thymus index. 
Mean ± SD (n = 6). ##P < 0.01 vs control group; **P < 0.01 vs model group. 
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3. Results 

3.1. YHPG improves organ indexes in mice with MDR A.baumannii 

In this experiment, we established a bacterial pneumonia model in mice induced by intranasal drip of MDR A.baumannii. Lung 
index and its inhibition ratio were calculated to evaluate pulmonary edema, and immune organ indiexes were used to evaluate immune 
function. As shown in Fig. 1 and Table 2, the lung index of the infected model group was significantly higher than that of the control 
group after MDR A.baumannii infection (P < 0.01). Lung index was decreased and inhibition rate of lung index was increased after 
treatment with different doses of YHPG that there was significant difference between 12 and 18 g/kg. In addition, the spleen index and 
thymus index of YHPG (12 and 18 g/kg) were significantly higher than those of the model group (P < 0.01), while YHPG (6 g/kg) had 
no significant effect on all the above organ indexes (P > 0.05). Therefore, the results suggest that YHPG (12 and 18 g/kg) can improve 
pulmonary edema and regulate immune organ indexes to inhibit pneumonia caused by MDR A.baumannii. 

3.2. YHPG alleviated lung injury induced by MDR A.baumannii 

The pathological images of lung tissue in mice were observed by an optical microscope. As shown in Fig. 2, after infection with MDR 
A.baumannii, the changes showed the alveolar was not only structural destroyed and blurred, but also irregularly enlarged and 
thickened in wall, as well as inflammatory cell infiltration in the pulmonary interstitial and alveolar. Compared with the model group, 
each group after YHPG treatment can improve lung tissue injury to varying degrees, the degree of injury was significantly reduced, and 
the range of lesions was significantly reduced. The above revealed that YHPG could improve the pathological conditions such as 
alveolar wall thickening and alveolar injury. 

Table 2 
The inhibition rate of lung index in MDR A.baumannii infected mice treated with YHPG.  

Group Dose (g/kg) Inhibition rate of lung index (%) 

Control – – 
Model – – 
YHPG 6 5.39 
YHPG 12 14.16 
YHPG 18 31.90  

Fig. 2. Effects of YHPG on pulmonary pathological alterations induced by MDR A.baumannii. (A–E) Pathological photos of each group under 
microscope (magnification 100 × ). 

Fig. 3. The levels of inflammatory cytokines of (A) IL-1β, (B) IL-6 and (C) TNF-α in serum. Mean ± SD (n = 6), ##P < 0.01 vs control group; *P <
0.05, **P < 0.01 vs model group. 
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3.3. YHPG regulates the levels of IL-6, IL-1β and TNF-α in serum of mice infected with MDR A.baumannii 

The regulatory effect of YHPG on cytokine secretion was evaluated. As shown in Fig. 3, compared with the control group, the levels 
of IL-1β, IL-6 and TNF-α in the serum of the model group were significantly increased (P < 0.01). After administration of 12 and 18 g/ 
kg YHPG, the levels of TNF-α and IL-6 were significantly lower than those in the model group (P < 0.01). Administration of 6, 12 and 
18 g/kg YHPG significantly reduced the level of IL-1β in comparison with the model group (P < 0.01, P < 0.05). 

Fig. 4. Effects of YHPG on the mRNA expression of (A) NF-κB p65, (B) TNF-α, (C) IL-6, (D) NLRP3, (E) ASC, (F) Caspase-1 and (G) IL-1β in lung 
tissue of mice infected with MDR A.baumannii. Mean ± SD (n = 6). ##P < 0.01 vs control group; *P < 0.05, **P < 0.01 vs model group. 

Fig. 5. Effects of YHPG on the protein expression of MPO and NF-κB p65 in MDR A.baumannii infected mice. (A) Immunostaining microscopy of 
MPO and NF-κB p65 in lung tissue of mice (magnification 200 × ). (B, C) Immunohistochemical analysis of MPO and NF-κB p65 in lung tissue of 
mice infected with MDR A.baumannii. Mean ± SD (n = 6). ##P < 0.01 vs control group; *P < 0.05, **P < 0.01 vs model group. 
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3.4. YHPG regulated the mRNA expression of inflammation-related genes in lung tissue of mice infected with MDR A.baumannii 

In order to evaluate the effect of YHPG on various inflammatory pathways caused by bacterial infection, the expression of key 
target genes in NF-κB/NLRP3 signaling pathway was detected. As shown in Fig. 4, the mRNA expression of NF-κB p65, NLRP3, ASC, 
Caspase-1, IL-1β, IL-6 and TNF-α in lung tissue after infection was significantly elevated in comparison with the control group. In 
addition, compared with the model group, YHPG (6, 12 and 18 g/kg) could significantly reduce the mRNA expression of NLRP3 and IL- 
6 (P < 0.01, P < 0.05), and YHPG (12 and 18 g/kg) significantly reduced the mRNA expression of NF-κB p65, ASC, Caspase-1, IL-1β and 
TNF-α (P < 0.01). These results confirmed that YHPG regulated the mRNA expression of NF-κB p65, NLRP3, ASC, Caspase-1, IL-1β, IL-6 
and TNF-α, which are key targets of inflammatory signaling pathway of lung tissue in mice infected with MDR A.baumannii. 

Fig. 6. (A) Representative images of NLRP3 immunofluorescence staining after MDR A.baumannii infection. (B) Quantitative analysis of NLRP3 
fluorescence intensity (Bar = 50 μm). Mean ± SD (n = 3). ##P < 0.01 vs control group; *P < 0.05, **P < 0.01 vs model group. 

Fig. 7. Effects of YHPG on protein expression of key targets of NF-κB/NLRP3 pathway in lung tissue of mice infected with MDR A.baumannii. (A) 
Representative images of Western blot showing the NF-κB/NLRP3 pathway-related proteins. (B–F) Semi-quantitative analysis of NF-κB/NLRP3 
pathway-related protein expression. Mean ± SD (n = 3). ##P < 0.01 vs control group; *P < 0.05, **P < 0.01 vs model group. 
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3.5. Effects of YHPG on MPO and NF-κB p65 expression in lung tissue of mice infected with MDR A.baumannii by immunohistochemistry 

In order to further explore the pathological changes of lung inflammation in each group, MPO and NF-κB p65 in lung tissue were 
determined by immunohistochemistry to determine whether YHPG regulated the expression of these proteins. MPO is mainly 
expressed in the cytoplasm of neutrophils infiltrated in the lung, while NF-κB p65 is diffusely expressed in the cytoplasm of airway 
epithelial cells, tissue phagocytes, vascular endothelial cells and inflammatory cells. As shown in Fig. 5, the number of MPO positive 
cells and the expression of NF-κB p65 protein in the model group were significantly higher than those in the control group (P < 0.01). 
Compared with the model group, YHPG (6, 12 and 18 g/kg) treatment groups significantly decreased the number of MPO positive cells 
(P < 0.01, P < 0.05), and YHPG (12 and 18 g/kg) treatment groups significantly down-regulated the protein expression of NF-κB p65 
(P < 0.01). 

3.6. Effect of YHPG on NLRP3 expression in lung tissue of mice infected with MDR A.baumannii by immunofluorescence 

The NLRP3 inflammasome triggers an inflammatory response during bacterial pneumonia. In order to clarify whether the possible 
anti-inflammatory mechanism of YHPG is related to NLRP3, we detected the protein expression of NLRP3 in lung tissue by immu-
nofluorescence. As shown in Fig. 6, compared with the control group, the expression of NLRP3 in the lung tissue of mice infected with 
MDR A.baumannii increased significantly (P < 0.01). The protein expression of NLRP3 in YHPG (6, 12 and 18 g/kg) treatment groups 
were significantly lower than that in model group (P < 0.01, P < 0.05). The above observations suggest that YHPG may inhibit the 
activation of NLRP3 inflammasome after MDR A.baumannii infection. 

3.7. Effects of YHPG on protein expression of key targets of NF-κB/NLRP3 pathway in lung tissue of mice infected with MDR A.baumannii 

It is well known that NF-κB plays an important role in the response to inflammatory stress and NLRP3 activation. Based on the 
above experimental results, we speculated that YHPG might be involved in the regulation of target proteins related to NF-κB/NLRP3 
signaling pathway. The protein expression levels of p–NF–κB p65, NF-κB p65, NLRP3, ASC, IL-1β, pro-Caspase-1 and Caspase-1 p20 
were further explored by Western blot analysis. As shown in Fig. 7, compared with the control group, the levels of p–NF–κB p65, 
NLRP3, ASC, IL-1β and Caspase-1 p20 in the lung tissue of the model group were significantly increased (P < 0.01). Compared with the 
model group, YHPG (12 and 18 g/kg) treatment groups decreased significantly the protein expression of p–NF–κB p65, ASC and IL-1β 
(P < 0.01), and YHPG (6, 12 and 18 g/kg) treatment groups reduced significantly the protein expression of NLRP3 and Caspase-1 p20 
(P < 0.01, P < 0.05). It can be seen that YHPG can reduce the phosphorylation of p65, restrained the nuclear translocation of NF-κB, 
inhibit the activation of inflammasomes, and thereby down-regulating the production of proinflammatory cytokines, ultimately 
alleviating the inflammatory response. Overall, the results suggest that YHPG may be involved in regulating the activation of the NF- 
κB/NLRP3 pathway to exert a protective effect. 

4. Discussion 

A.baumannii had become one of the important pathogens of hospital-associated infection, especially hospital-acquired pneumonia 
(HAP) and ventilator-associated pneumonia (VAP) [17]. Although HAP caused by A.baumannii was a common clinical phenomenon, 
the mortality of VAP and community-acquired pneumonia (CAP) caused by it was from 35 % to 64 % [18,19]. It is reported that the 
resistance of non-fermenting Gram-negative bacteria such as A.baumannii to commonly used antibiotics has remained at a high level 
year by year [20]. With the widespread use of antibiotics, the emergence of multidrug-resistant and even pan-resistant A.baumannii 
have made the form of clinical treatment more severe, which has been recognized as one of the major threats of this century [21]. In 
addition, the range of antibiotics available is very limited, which makes effective antibiotics gradually fall into an invalid dilemma. 

Chinese herbal medicine is an indispensable core of the development system of traditional Chinese medicine. Because of its 
affordable price, small side effects and multi-target treatment, it has unique advantages in the prevention and treatment of infectious 
diseases and has been widely recognized in China and other Asian countries [22,23]. YHPG is a good prescription developed by 
Professor Haitong Wan based on the TCM pathogenesis and years of clinical experience in the treatment of pneumonia. Our previous 
study found that YHPG has antiviral and antibacterial effects [24–26], which lays a foundation for further in vivo research. Therefore, 
in this experiment, we verified the therapeutic effect of YHPG on MDR A.baumannii induced pneumonia in mice and further explored 
its possible mechanism of regulating inflammatory response. 

In this study, the pneumonia model in mice induced by MDR A.baumannii presented typical pathophysiological changes [27]. The 
pathological results showed thickening of the alveolar wall and exudation of inflammatory cells in infected mice. The degree of change 
in lung index is one of the common used indicators to characterize lung tissue injury, and the ratio of spleen and thymus to body weight 
can initially reflect the immune function of the body [28]. After YHPG (12 and 18 g/kg) treatment, the lung index of mice decreased, 
the spleen index and thymus index increased, and the above lesions were reversed, suggesting that YHPG may exert the immune 
function of immune organs, enhance the body’s immunity against MDR A.baumannii, and then reduce lung injury. 

It is well known that inflammation is the body’s self-defense response to bacterial invasion, but excessive inflammatory response is 
the main factor causing lung injury [29]. Complex cytokines mediate cytokine storms and induce inflammatory responses [30]. After 
the infection of MDR A.baumannii, pro-inflammatory cytokines such as IL-1β, IL-6 and TNF-α were produced and released, and neu-
trophils were recruited to accumulate and infiltrate in the pulmonary interstitial and alveolar space, rapidly engulfing and eliminating 
MDR A.baumannii [31,32]. MPO activity is an indicator of neutrophil infiltration of inflammatory and damaged tissues [33]. It was 
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found that YHPG dose-dependently reduced the production of IL-1β, IL-6, TNF-α and MPO induced by MDR A.baumannii, controlled the 
excessive inflammation, maintained the stability of the internal environment of the lungs, and thus protected the body. 

NLRP3 inflammasome plays an important role in humans and rodents against pathogens such as invasive bacteria and in the 
activation and maturation of IL-1β [34]. Among them, NLRP3 inflammasome is a protein complex composed of three protein subunits: 
receptor protein NLRP3, effector protein pro-Caspase-1 and adaptor protein ASC [35]. The activation of inflammasome is mediated by 
two key signals. First, bacterial stimulation causes the release of NF-κB dimers, and activated p65 nuclear transport binds DNA, which 
is a key role of NF-κB signaling, and then further induces the expression of NLRP3, Caspase-1 and IL-1β [36]. The second signal can be 
activated by a series of stimuli, including pathogenic microorganisms and bacterial toxins, leading to inflammasome assembly and 
Caspase-1 activation [37]. NLRP3 protein is activated and oligomerized, recruited and bound to ASC, some of which cleave 
pro-Caspase-1 into its active isomer Caspase-1, and then the activated Caspase-1 processes and releases mature IL-1β and IL-18, 
secreting these inflammatory cytokines into the extracellular space and amplifying an inflammatory response [38,39]. In this 
study, we used RT-qPCR, immunohistochemistry, immunofluorescence and Western blot to explore the above potential mechanisms of 
YHPG’s protective effect on pneumonia caused by MDR A.baumannii infection. The results showed that YHPG (12 and 18 g/kg) 
significantly reduced the expression of p–NF–κB p65, NLRP3, ASC, Caspase-1 p20 and IL-1β induced by MDR A.baumanni, indicating 
that YHPG could inhibit the activation of inflammasome by regulating the NF-κB/NLRP3 signaling pathway, thereby inhibiting the 
expression of pro-inflammatory factors such as IL-1β, IL-6 and TNF-α and alleviating the lung inflammation induced by MDR A. 
baumannii. 

In general, our study has confirmed that MDR A.baumanni can activate the NF-κB/NLRP3 pathway, promote the up-regulation of a 
series of pro-inflammatory cytokines, and then produce and aggravate lung injury. YHPG can reduce pulmonary edema, increase 
immune organ function, regulate cytokine production, and improve the pathological process of pneumonia caused by MDR A.bau-
manni. The possible mechanism of YHPG protecting pneumonia caused by MDR A.baumanni is to down-regulate the secretion of IL-1β, 
TNF-α and IL-6 by inhibiting the NF-κB/NLRP3 pathway (Fig. 8). 

Collectively, the results showed that YHPG had a protective effect on bacterial pneumonia induced by MDR A.baumannii in mice. 
The antibacterial effect of YHPG may be related to the inhibition of NF-κB/NLRP3 signaling pathway. Our study reveals that YHPG 
may be a candidate drug for the treatment of bacterial pneumonia. However, the present study has its limitations. One limitation is that 
although we found that YHPG can reduce inflammation in lung injury of mice infected with MDR A.baumannii, whether it affects the 
drug resistance mechanism of A.baumannii still needs further exploration and research. Another limitation is that we need to do more 
experiments (such as subjects of different ages or physiological states) to explore whether YHPG can completely alleviate the symp-
toms and inflammatory indicators of mice infected with MDR A.baumannii. 
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