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Abstract
Background: The bronchial infection by Mycobacterium tuberculosis (Mtb) is increasing 
in prevalence and severity worldwide. Despite appropriate tuberculosis treatment, most 
patients still develop bronchial stenosis, which often leads to disability. Polyphyllin II (PP2) 
is a steroidal saponin extracted from Rhizoma Paridis. In this study, we aimed to explore the 
effect of PP2 on the advancement of Mtb-induced bronchial infection. 
Method: The effects of PP2 on cell viability were measured by using MTT and lactate dehy-
drogenase (LDH) kit. The mRNA and protein levels of tumor necrosis factor (TNF)-α, inter-
leukin (IL)-1β, and IL-8 were elucidated by RT-qPCR and ELISA, respectively. The expression 
of NLR family pyrin domain containing 3 (NLRP3) related inflammasome (NLRP3, IL-1β, and 
cleaved-caspase-1) and the activated degree of protein kinase B (AKT)/nuclear factor-kappa B 
(NF-kB; p-AKT and p-NF-κB) were detected by Western blotting. 
Results: PP2 at 0, 1, 5, and 10 μM had little cytotoxicity on 16HBE cells. PP2 inhibited Mtb-
induced cell proliferation and decreased LDH levels. We further found that PP2 could suppress 
Mtb-induced inflammatory responses and activation of NLPR3 inflammasome. Additionally, 
the role of PP2 in Mtb is associated with the AKT/NF-kB signaling pathway. 
Conclusion: PP2 inhibited Mtb infection in bronchial epithelial cells, by inhibiting Mtb-induced 
inflammatory reactions and activation of NLPR3 inflammasome. These effects may be exerted 
by suppressing the AKT/NF-kB pathway, which will provide a prospective treatment.

© 2024 Codon Publications. Published by Codon Publications.
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Introduction

Mycobacterium tuberculosis (Mtb) is an intracellular bac-
terium that causes leukopenia, tissue necrosis, and organ 
failure upon infection.1 Additionally, tracheobronchial 
tuberculosis, caused by Mtb, poses a significant challenge 
to worldwide health.2,3 Therefore, it is crucial to study the 
underlying process of Mtb infection in the tracheobron-
chial tree. Studies have revealed that Mtb could reduce 
the flow rate of bronchial mucus, decrease and even inhibit 
respiratory cilia swinging, and cause epithelial cell injury.4 
Nevertheless, the precise mechanism of its infection is 
unclear.

Polyphyllin II (PP2) is a major saponin compound found 
in Rhizoma Paridis, which is extracted from the herb using 
methanol.5 PP2 is believed to have inhibitory effects on 
various types of cancer.6 For instance, PP2 could induce 
autophagy-mediated cell apoptosis in multiple myeloma 
cells by regulating the PI3K/AKT/mTOR signaling pathway.6 
In lung cancer, PP2 inhibits cell proliferation and mobility 
by promoting apoptosis and suppressing epithelial–mesen-
chymal transition (EMT)-related pathways.7 PP2 can also 
induce ferroptosis in human liver cancer cells.8 

Polyphyllin families have also been found to regulate 
excessive cell inflammatory responses. PP2 can participate 
in the amelioration of LPS-induced cellular inflammatory 
responses by downregulating IκB kinase, IκB, and p65/
NF-κB pathway-associated molecules.9 PP1 improves colla-
gen-induced arthritis by inhibiting inflammatory responses 
in macrophages via the NF-κB pathway.10 Inhibition of 
MAPK and NF-κB pathways by PP7 elicits anti-inflammatory 
responses.11

Current research has revealed that Mtb infection acti-
vates the NLRP3 inflammasome in cells, promoting the 
release of inflammatory factors.12 However, there are 
limited reports on the role of PP2 in tuberculosis, and its 
mechanism remains unclear.

Here, we found that PP2 inhibits the activation of 
NLRP3 inflammasomes and inflammatory responses in bron-
chial epithelial cells induced by Mtb by suppressing the 
AKT/NF-κB pathway, thus protecting bronchial epithelial 
cells from damage.

Method

Mtb infection and cell culture

The Mtb H37Rv strain was purchased from the American 
Type Culture Collection (ATCC, 25618D-2). 16HBE cells 
(#32011203, Melbourne, Australia, Sigma-Aldrich) were 
infected with Mtb at a multiplicity of infection (MOI) of 
10:1 at 37°C in 5% CO2 for 24 h, and cells were then washed 
in PBS four times to remove the extracellular bacilli. 

MTT assay

16HBE cells (2 x 104/well, 96-well plates) were cultured in 
RPMI-1640 with 100 μL of 10% FBS (Gibco, 10099141). MTT 
Assay Kit (MTT, Abcam, Cambridge, UK) was used according 
to the manufacturer’s instructions to assess cell viability, 

and microplate reader (Bio-Rad, Hercules, CA, USA) to 
evaluate cell absorbance at 450 nm.

Lactate dehydrogenase measurement

Cell death was assessed using the LDH Kit (#ab102526, 
Abcam). 16HBE (2 × 104) cells were cultured in 96-well 
plates. After 24 h of PP2 treatment, the chromogenic 
reagent supplied in the kit was added, and luminescent 
signals were quantified using a microplate spectrophotom-
eter. The relative LDH release was determined using the 
following formula: LDH relative release (%) = (absorbance 
of the treated sample − absorbance of the sample’s con-
trol well) / (absorbance of the maximum enzyme activity 
of cells − absorbance of the sample’s control well) × 100.

RT-qPCR

Total RNA from 16HBE cells was extracted using TRIzol 
reagent, and its concentration was determined using 
a spectrophotometer (Thermo Fisher Scientific, Inc., 
MA, USA). Subsequently, it was reverse-transcribed 
using Transcriptor cDNA Synth Kit (Roche, USA). TNF-α 
primer: Forward: 5’-GAGCACTGAAAGCATGATCC-3’; 
Reverse: 5′-AAAGTGCAGCAGGCAGAAGA-3′; IL-1β primer: 
Forward: 5’-CACCTCTCAAGCAGAGCACAG-3’; Reverse: 
5’-GGGTTCCATGGTGAAGTCAAC-3’; IL-8 primer: 
Forward: 5’-GAGAGTGATTGAGAGTGGACCAC-3’; Reverse: 
5’-CACAACCCTCTGCACCCAGTTT-3’.

ELISA assays

Cells were centrifuged at 1500 g for 10 min at −4°C, and 
the supernatant was stored at −80°C. The levels of TNF-α, 
IL-1β, and IL-8 were determined using the commercial ELISA 
Ready-SET-Go kit (BD Biosciences, San Jose, CA, USA). 
These levels were measured by electrochemiluminescence 
immunoassays with the Roche Elecsys 1010 analyzer (Roche 
Diagnostics; Mannheim, Germany). The concentration of 
standards provided by the reagent kit and the detected 
optical density values were used to plot a standard curve.

Western blot

Cells were lysed with RIPA buffer (Beyotime, Shanghai, 
China), centrifuged for 10 min at 13,000 g to remove pro-
tein debris, and the protein concentration was quantified 
by the bicinchoninic acid kit (BCA; Beyotime, Shanghai, 
China). Equal amounts of proteins were divided by elec-
trophoresis based on molecular weight. Subsequently, the 
protein strips were transferred to PVDF membranes using 
blocking technique by 5% non-fat dry milk for 1 h at room 
temperature. After washing with TBST, the membranes 
were incubated with the corresponding primary antibod-
ies at 4°C overnight, treated with secondary antibodies 
at 37°C for 1 h, and the protein bands were identified by 
ECL detection technique (GE Healthcare, Piscataway, NJ, 
USA). Abcam applied specific primary antibodies NLRP3 



18	 Cheng G et al.

viability (Figure 1A) and LDH activity (Figure 1B) via CCK-8 
and LDH kit, respectively. The dose-dependent cytotoxic-
ity of PP2 was evident on 16HBE cells. A substantial reduc-
tion of cell viability and increased LDH were observed at 
groups with 20 and 40 μM PP2 treatment (Figures 1A and 
1B). Therefore, PP2 within the range of 0–10 μM were 
selected for subsequent studies. Furthermore, we analyzed 
the impact of PP2 on Mtb-infected 16HBE cells; a model 
was established by treating the 16HBE cells infected with 
Mtb with PP2. MTT assay showed that 16HBE cells exposed 
to Mtb alone had decreased cell viability (Figure 1C) and 
increased LDH level (Figure 1D), which demonstrated 
Mtb-impaired cell ability. However, Mtb-infected 16HBE 
cells treated with PP2 were significantly increased com-
pared to Mtb group (Figure 1C) and decreased LDH level 
(Figure 1D) depending on increasing the PP2 concentration. 
Together, these findings revealed that PP2 could alleviate 
the impaired effects of Mtb on 16HBE cells and improve 
cell viability.

Polyphyllin II inhibits Mtb infection-induced 
inflammatory responses in 16HBE cells

Using RT-qPCR (Figure 2A) and ELISA (Figure 2B) assays, 
we investigated the impact of PP2 on Mtb-related inflam-
mation. These assays detected the mRNA and protein 
levels of proinflammatory factors (TNF-α, IL-1β, and IL-8), 

(#ab263899, 1:1000), IL-1β (#ab241807, 1:1000), cleaved-
caspase-1 (#ab207802, 1:1000), p-AKT (#ab38449, 1:1000), 
AKT (#ab8805, 1:1000), p-NF-κB (#ab239882, 1:1000), NF-κB 
(#ab288751, 1:1000), and β-actin (#ab8226, 1:1000). Anti-
mouse (#4410, 1:10000) and anti-rabbit (#4414, 1:10000) 
peroxidase-conjugated secondary antibodies was acquired 
from Cell Signaling Technologies.

Statistical analysis 

The data were statistically analyzed with SPSS 22.0 (IBM, 
Armonk, NY, USA). Differences between independent 
groups were examined by Student’s t-test. The differences 
between multiple groups were analyzed using ANOVA. The 
results of each experiment were presented as mean ± stan-
dard deviation (SD), and P < 0.05 was considered statisti-
cally significant.

Results

Polyphyllin II promotes the survival  
of Mtb-infected 16HBE cells

Initially, bronchial epithelial cells 16HBE were incubated 
and exposed to different concentrations of PP2 (0, 2.5, 
5, 10, 20, and 40 μM) for 24 h before estimating the cell 
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Figure 1  Polyphyllin II promotes the survival of Mtb-infected 16HBE cells. (A) MTT assay measured cell viability in 16HBE treated 
with different concentrations of PP2 (0, 2.5, 5, 10, 20, and 40 μM). (B) LDH kit detected LDH levels in different concentrations of 
PP2 (0, 2.5, 5, 10, 20, and 40 μM) treated 16HBE cells. (C) MTT assay measured cell viability in Mtb infection 16HBE cells treated 
with PP2 (0, 2.5, 5, and 10 μM). (D) LDH level was examined in Mtb infection 16HBE cells treated with PP2 (0, 2.5, 5, and 10 μM). 
The data are expressed as the mean ± SD. **p < 0.01, ***p < 0.001 vs 16HBE control group. #P < 0.5, ##P < 0.01, ###P < 0.001 vs 
Mtb-infected group.
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Figure 2  Polyphyllin II inhibits Mtb infection-induced inflammatory responses in 16HBE cells. (A) The mRNA expression of TNF-α, 
IL-1β, and IL-8 were examined by RT-qPCR. (B) The protein expression of TNF-α, IL-1β, and IL-8 were examined by ELISA. The data 
are expressed as the mean ± SD. ***P < 0.001 vs control. #P < 0.5, ##P < 0.01, ###P < 0.001 vs Mtb-infected group.

revealing that Mtb-infected cells produced more inflamma-
tory cytokines, containing TNF-α, IL-1β, and IL-8. However, 
cotreated PP2 and Mtb-treated cells had the reverse effect 
(Figures 2A and 2B). These data indicated that PP2 could 
inhibit Mtb infection-induced inflammatory responses in 
16HBE cells.

Polyphyllin II inhibits NLPR3 inflammasome 
activation in Mtb-infected 16HBE cells

NLRP3 inflammasome is involved in innate immune 
response, while its abnormal activation is often associated 
with various inflammatory diseases, including tubercu-
lar disease. As expected, western blot assay showed that 
Mtb infection can induce increased NLRP3 and cleaved-
caspase-1 of 16HBE cells (Figure 3). Moreover, PP2 has 
been confirmed to significantly inhibit Mtb-induced NLRP3 
inflammasome protein expression in a concentration-
dependent manner. (Figure 3). In addition, IL-1β derived 
from inflammasome activation in Mtb-infected 16HBE was 
inhibited by PP2 (Figure 3). In summary, PP2 inhibited Mtb 
infection-induced activation of the NLRP3 inflammasome.

Polyphyllin II inhibits the AKT/NF-κB pathway

Phosphorylation of AKT/NF-kB is a crucial factor for cell 
inflammatory responses. To examine the signaling pathway 
involved in PP2-inhibited Mtb-induced inflammation, west-
ern blot was used, which measured the phosphorylation 
protein expression of AKT and NF-kB. Similar total protein 
amounts of AKT and NF-kB in all groups were observed. 

By contrast, compared with the control group, the protein 
levels of p-AKT and p-NF-kB were significantly increased in 
Mtb-infected cells (Figure 4). However, the levels of p-AKT 
and p-NF-kB were significantly decreased in the cotreated 
PP2 and Mtb group, compared to Mtb-treated cells 
(Figure 4). Furthermore, AKT inhibitor MK-2206 and NF-kB 
inhibitor BAY-11-7082 were used to treat Mtb-infected cells 
(Figure 5). As expected, MK-2206 or BAY-11-7082-treated 
cells exhibited lower cell survival and reduced LDH, TNF-α, 
IL-1β, and IL-8 levels, as well as decreased apoptosis (lower 
NLRP3 and cleaved-caspase-1) (Figure 5). These results 
indicated that PP2 can suppress AKT/NF-kB signaling in 
Mtb-infected 16HBE cells.

Discussion

Despite the development of chemotherapy and vaccine 
programs, tuberculosis (TB) is still a serious threat to the 
public health.13 The destruction of bronchial wall compo-
nents during Mtb infection leads to airflow obstruction, 
chronic inflammation, bronchiectasis, and pneumonia. 
Furthermore, as a chronic infectious disease, Mtb infection 
can result in prolonged, non-resolving lung inflammation, 
possibly even causing metabolic, neuroendocrine, and car-
diovascular issues.14 This Mtb-induced damage is an urgent 
issue to be resolved. However, the uses of anti-TB drugs are 
limited and have drug resistance, causing different degrees 
of toxic side effects. These challenges have the urge to 
find a novel therapeutic strategy. 

Rhizoma Paridis, a prevalent traditional Chinese medi-
cine, is known for its ability to alleviate heat, detoxify the 
body, and reduce swelling.5 Its primary chemical constituents, 
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Figure 3  Polyphyllin II inhibits NLPR3 inflammasome activation in Mtb-infected 16HBE cells. Western blot evaluated the 
expression of NLRP3, IL-1β, proIL-1β, cleaved-caspase-1, and pro-caspase-1 in 16HBE cells. The data are expressed as the mean ± 
SD. ***P < 0.001 vs control. #P < 0.5, ##P < 0.01, ###P < 0.001 vs Mtb-infected group.
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Figure 4  Polyphyllin II inhibits the AKT/ NF-κB pathway. Western blot evaluated the protein levels of p-AKT, AKT, p-NF-κB, and 
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Figure 5  Polyphyllin II inhibits the AKT/ NF-κB pathway. (A) MTT assay measured cell viability in 16HBE cells. (B) LDH kit 
detected LDH levels in 16HBE cells. (C) The protein expression of TNF-α, IL-1β, and IL-8 were examined by ELISA. (D) Western 
blot evaluated the expression of NLRP3, IL-1β, proIL-1β, cleaved-caspase-1, and pro-caspase-1 in 16HBE cells. Cells were treated 
with control, Mtb, Mtb and MK-2206, and Mtb and BAT-11-7082. ***P < 0.001 vs control. #P < 0.5, ##P < 0.01, ###P < 0.001 vs Mtb-
infected group.
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known as PP2, play a fundamental role in its therapeutic 
effects.15 In recent years, PP2 has been primarily utilized 
in cancer treatment due to its antitumor properties.16,17 
Moreover, PP2 has been demonstrated to have various bio-
logical properties, particularly its significant enhancement of 
cell viability and its anti-inflammatory benefits. Here, we dis-
covered that bronchial epithelial cells 16HBE exposed to Mtb 

alone have reduced cell viability and increased LDH level, 
while cotreated with PP2 significantly reversed these results 
in a PP2 concentration-dependent way. 

The NLRP3 inflammasome consists of two primary 
parts: the NLRP3 receptor and caspase 1. Its activation 
involves two main phases: priming and activation. In the 
priming phase, the NF-κB-mediated activation of the 
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data collection, analyzed and interpreted the data, prepared 
the manuscript for publication, and reviewed the manuscript 
draft. All authors have read and approved the manuscript.
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signaling pathway causes high expression of pro-IL-1β and 
NLRP3. During activation, a series of signals, including 
different reactive oxygen species, promotes NLRP3 acti-
vation, leading to caspase 1 and pro-IL-1β cleavage, which 
ultimately lead to the assembly and activation of the 
inflammasome. Similarly, our findings suggested that PP2 
could inhibit Mtb-induced proinflammatory production and 
NLPR3 inflammasome activation in 16HBE cells in a concen-
tration-dependent manner. 

Phosphorylation of AKT/NF-kB is involved in NLRP3 acti-
vation of inflammatory responses.18–20 Further to investigate 
the mechanism of the effect of PP2 on Mtb-infected cells, we 
used western blot to measure the phosphorylation levels of 
AKT and NF-kB. Results indicated that PP2 might exert anti-in-
flammatory effects through down-regulation of the AKT/ 
NF-κB signaling pathway. There are some limitations in this 
study. We only performed cell experiments to identify the 
protective effects of PP2 on Mtb-infected bronchial epithelial 
cell. In further study, it will be verified on animal Mtb models.

In conclusion, the results indicated that PP2 enhances the 
survival of bronchial epithelial cells infected with Mtb, and 
these protective effects are achieved by suppressing the AKT/
NF-κB pathway, leading to the inhibition of inflammatory fac-
tor release and NLRP3 inflammasome activation. Additionally, 
as a systemic chronic progressive disease, Mtb infection 
requires some physical therapy strategies, including exercise 
training, behavior management, and patient education.21
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