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Abstract
Objective Penicillin-resistant Streptococcus pneumoniae (PRSP), for which novel treatment medicines are required, 
has expanded extensively due to the overuse of antibiotics. This study aimed to detect the optimal ratio of the 
combination of the main components based on Yinhuapinggan granules (YHPG) to generate novel treatment 
concepts for PRSP-induced lung injury.

Methods Three representative main components: chlorogenic acid (C), amygdalin (A), and puerarin (P) were 
selected, and the optimal combination of these three components was determined by an orthogonal experiment. 
Investigations were conducted on the potential mechanisms underlying the protective effect of this optimized 
combination against PRSP-induced lung epithelial cell damage. Meanwhile, the bacteriostatic effect was further 
explored through the optimized combination of these natural products combined with penicillin G (PG).

Results The optimized combination CAP (C: 16 µg/mL, A: 24 µg/mL, P: 24 µg/mL) screened by the orthogonal 
experimental design reduced cell damage in a model of human lung epithelial cells infected by PRSP, and the 
combination of CAP and PG had a synergistic effect. At the cellular level, CAP attenuated lung epithelial cell injury by 
modulating the TLRs/MyD88 inflammatory pathway. At the bacterial level, CAP modulated the virulence and drug 
resistance of PRSP, resulting in enhanced bacterial inhibition by the combination of CAP and PG.

Conclusion Taken together, our results suggest that CAP can modulate or synergize with PG to modulate the TLRs/
MyD88 pathway and attenuate PRSP-induced lung injury, and can be used as a potential drug for treating PRSP 
infection.
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Introduction
Streptococcus pneumoniae (SP) is a major worldwide 
pathogen producing pneumonia, sepsis, and meningitis 
[1]. SP pneumonia is the primary cause of lower respira-
tory tract infections globally, causing over a million fatali-
ties each year [2]. β-lactam antibiotics, represented by 
PG, are the first-line treatment for SP disease [3]. How-
ever, the effectiveness of PG therapy is being called into 
question because of the worrying increase and spread 
of antimicrobial resistance among SP isolates as a result 
of antibiotic abuse [4]. The World Health Organization 
(WHO) has included PRSP among the drug-resistant 
bacteria for which there is an urgent need for new anti-
biotics [5]. Therefore, there is a need to find new drug 
candidates or potential therapies to combat pneumonia 
caused by PRSP [6].

To seek alternative solutions to the problem of drug-
resistant bacteria, researchers have made many attempts, 
such as anti-infective compounds that can directly target 
pathogen-specific virulence factors [7], artificial nano-
materials that can be targeted to break the physiologi-
cal response within the pathogenic bacteria [8], or novel 
antibiotics with low clinical side effects [9]. In contrast, 
traditional Chinese medicine components, especially 
botanical components, have the advantages of high 
safety, environmental sustainability, and diversified anti-
bacterial mechanisms, and can circumvent the substan-
tial investment and time required to develop novel drugs 
[10]. Compounding of botanical drugs has antibacterial 
and antiviral potential [11], and herbal components often 
demonstrate the advantages of being less prone to resis-
tance to pharmaceuticals in the management of bacterial 
pneumonia [12]. For instance, Ma-xing-shi-gan-tang [13] 
can diminish the virulence of the bacterium in an infec-
tion study involving SP, while Xuanfei Baidu Decoction 
[14] has beneficial impacts on lipopolysaccharide (LPS)-
induced acute pulmonary damage.

YHPG consists of Puerariae lobatae radix, Lonicerae 
japonicae flos, Polygoni cuspidati rhizoma et radix, Ephe-
drae herba, Armeniacae semen amarum, and Glycyrrhi-
zae radix et rhizoma in a mass ratio of 4:4:4:2:2:1 [15]. 
The formulation has good efficacy in relieving cough, 
promoting lung relief and removing heat and toxins 
[16]. During our prior study, we discovered that YHPG 
was able to reduce the inflammatory response [15] of the 
lungs induced by influenza virus and lessen lung damage 
[17] from multidrug-resistant Acinetobacter baumannii.

Toll-like receptors (TLRs) are key pattern recognition 
receptors (PRRs) in the human body during the pro-
cess of undergoing microbial infections and are often 
considered suitable targets for the regulation of innate 

immunity [18]. The sustained activation of the TLRs sig-
naling pathway leads to the aberrant activity of transcrip-
tion factors such as NF-κB and IRF [19], which triggers 
a burst of cytokine (e.g., IL-6, TNF-α, IFN) release. The 
inflammatory process in the alveolar tissues of patients 
with severe infectious pneumonia results from the “cyto-
kine storm”. Therefore, inhibition of overexpressed TLRs 
seems to be a solution to counteract the cytokine storm 
[20]. Previous studies have shown that YHPG attenu-
ates the inflammatory response in influenza virus (IFV)-
infected mice by down-regulating TLR4 [21] and reduces 
the expression of TLR7 in Madin Darby canine kidney 
(MDCK) cells in the viral-infected MDCK model [12].

However, Chinese compounding of botanical drugs 
often contains complex components, and the exact 
mechanism of its efficacy is unclear [22]. Therefore, we 
selected the three main components of YHPG, C, A, and 
P, in this study and optimized the ratios of these three 
components through an orthogonal design to determine 
the optimal combination of them for PRSP inhibition. 
In addition, many evidences show that the antibacterial 
impact of using both herbal components and antibiot-
ics together is enhanced [23], outperforming the usage 
of either component alone. For example, it was shown 
[24] that Glabrol, a natural flavonoid component from 
plants, showed synergistic antibacterial activity with 
colistin by promoting membrane disruption in Gram-
negative bacteria. In another study [10], Baicalein can 
reverse the resistance of MRSA to ciprofloxacin by inhib-
iting the Nora efflux pump in vitro, thus realizing syn-
ergistic antibacterial activity with ciprofloxacin. Based 
on this concept, we used the optimized combination of 
YHPG natural products alone or in combination with PG 
at the same time to investigate the protective effects and 
its possible mechanisms based upon the PRSP-induced 
human pulmonary epithelial cell model.

In this study (Fig.  1), for the characteristics of tra-
ditional Chinese medicine compound YHPG with 
broad spectrum but dispersed efficacy [12, 15, 17, 21], 
we focused on the synergistic treatment of targeting 
drug-resistant bacterial characteristics and immune 
microenvironment modulation through the optimized 
combination, CAP, to fill the gaps of natural medicines in 
synergizing the antimicrobial mechanism with the mech-
anism of attenuating cell damage.

Materials and methods
Bacterial isolates and cells
The SP strains utilized in this investigation were isolated 
from the Clinical Laboratory, Hangzhou First People’s 
Hospital. The bacteria were incubated at 37℃ in 5% CO2 
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with shaking at 200 RPM. A549 cells were chosen for the 
investigation since they are a common in vitro model for 
evaluating lung injury [25]. A549 cells were passaged in 
F-12 K medium (Boster, Wuhan, China) containing 10% 
fetal bovine serum (FBS, GIBCO, Brazil) and 100 U/mL 
penicillin-streptomycin solution (Beyotime, Shanghai, 
China) at 37℃ and 5% CO2. The cell line was kept in our 
laboratory. All isolates and cells were stored at -80℃.

Reagents
Chlorogenic acid (C, ≥ 98%, Lot No. AF21012553), 
amygdalin (A, ≥ 98%, Lot No. AF20070652), and puera-
rin (P, ≥ 98%, Lot No. AF20023001) were obtained from 
Chengdu Alfa Biotechnology Co., Ltd. (Chengdu, China). 
Penicillin G potassium salt and vancomycin were pur-
chased from Shanghai Aladdin Biochemical Technology 
Co., Ltd. (Shanghai, China).

The enzyme-linked immunosorbent assay (ELISA) kits 
for tumor necrosis factor-alpha (TNF-α), interleukin-6 
(IL-6), and interleukin-1 beta (IL-1β) were purchased 
from Jiangsu Meibiao Biotechnology Co., Ltd. (Yancheng, 
China). Lactate dehydrogenase (LDH) Assay Kit and 
Annexin V-fluorescein isothiocyanate (FITC) Apoptosis 

Kit were provided by Beyotime Biotechnology Co., Ltd. 
(Shanghai, China).

Antibiotic susceptibility test (AST)
PG, C, A, and P were dissolved in MH broth and filtered 
using 0.22  μm membrane filters. The drug solutions 
were separately diluted in multiplicity in 96-well plates 
using MH broth. The overnight cultured suspension was 
inoculated into 96-well plates containing antimicrobial 
drugs and MH broth so that the culture was diluted to 
106 colony forming units (CFUs)/mL and incubated as 
described above. The inhibition of SP strains by PG, C, A, 
and P was detected by the broth microdilution method 
according to the standards recommended by the Clinical 
and Laboratory Standards Institute (CLSI).

Determination of maximal atoxic concentration (TC0)
A549 cells were added to 96-well plates (2 × 103 cells/
well) with varying amounts of C, A, and P, while a con-
trol group without drugs was established. The final vol-
ume of each well reached 100 µL. Following a 24-hour 
culture at 37 °C and 5% CO2, the effects of drugs on the 

Fig. 1 The experimental flowchart of this study, including the corresponding main experimental methods and experimental results
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proliferation of A549 cells were measured using the Cell 
Counting Kit-8 (CCK-8, Beyotime, Shanghai, China).

Orthogonal experimental design
The orthogonal experiment was conducted to determine 
the optimal ratios of the three main components (C, A, 
and P) of the botanical formulation YHPG. All three 
components were set into three doses at low, medium, 
and high levels, and the specific dose settings (Table  1) 
and group settings (Table  2) were as follows. The cul-
ture was diluted to around 106 CFUs/mL by adding SP 
suspensions in the logarithmic growth phase to medium 
containing the combinations of these three natural medi-
cines. In contrast to the experimental group, the control 
group did not receive any pharmacological additions. The 
OD600 was measured after each group was cultured to 
the logarithmic growth stage, from which the inhibition 
rate of each experimental group relative to the control 
group was calculated.

PRSP infection
A549 cells were inoculated in cell culture plates with sin-
gle wells containing F-12 K medium supplemented with 
10% FBS and 2% penicillin-streptomycin. After the cell 
fusion reached 90%, the cells were given three phosphate-
buffered saline (PBS) washes before being added to each 
well with F-12 K and FBS free of antibiotics. At the same 
time, PRSP was added to each well to infect the cells with 
varying multiplicity of infection (MOI).

The infection of different MOIs was analyzed by micro-
scopic observation (cells in 96-well plates) and LDH assay 
(cells in 6-well plates) after 12  h, from which the best 
MOI for bacterial infection of A549 cells was selected.
The subsequent models of PRSP infection of A549 cells 
were performed according to this operation and in 6-well 
plates, unless otherwise specified.

Bacterial virulence factors or TCS-related targets testing
The capsule of PRSP was measured by the FITC-dextran 
method. 10 µL of PRSP suspension in the logarithmic 
growth phase was aspirated and 2 µL of FITC-dextran 
FITC-dextran (10  mg/mL, MedChemExpress, NJ, USA) 
was added. The mixture was dripped onto a slide and 
sealed tightly with a cover slip and placed on a confocal 
laser scanning microscope (CLSM) for observation with 
a 63× objective.

PRSP autolysin activity was assayed by the autolysis 
induction assay. A portion of PRSP bacterial suspen-
sions at mid-logarithmic growth was taken, centrifuged 
(12,000 rpm, 5 min), and resuspended in PBS with 0.5% 
Triton X-100 (Aladdin, Shanghai, China). PBS alone 
without Triton X-100 was also used as a control (PBS 
group). Following that, these suspensions were incubated 
at 37 °C. A reduction in OD600 with time was defined as 
PRSP lysis. The results were expressed as a percentage, 
which was computed by dividing the observed OD600 by 
the original OD600.

PRSP WalRK TCS-related targets were detected by RT-
qPCR. For each group, 5 mL of logarithmic growth phase 
bacterial cultures were taken, and the bacterial fluids 
were centrifuged and cleaned twice with PBS, then resus-
pended using the TRIzol reagent, and the extraction of 
the total RNA was initiated. The corresponding cDNAs 
were subsequently prepared according to the Reverse 
Transcription Kit (Biosharp, Hefei, China), and the final 
amplification was performed using Universal SYBR qPCR 
Master Mix (Biosharp, Hefei, China). The relative expres-
sion of target genes (WalR, WalK, StkP, PcsB, PspA, LytB) 
was normalized using 16SrDNA as the internal reference 
gene and characterized by the 2-ΔΔCt method.

Real time cellular analysis (RTCA)
A549 cells were seeded (1 × 104 cells/well) with F-12  K 
media (containing serum) in 16-well E-plates (xCEL-
Ligence, ACEA biosciences, San Diego, CA). Cell line 
behavior was recorded in real time using RTCA S16 
Instrument (ACEA Biosciences Inc., San Diego, CA) for 
a continuous period of 48 h, during which time the cell 
index (CI) was monitored at a frequency of every 5 min. 
24  h after inoculation, PRSP was added in accordance 
with the ideal MOI, and pharmacological treatments 
were carried out concurrently in the experimental group.

Cell damage detection
PRSP and A549 cells were co-cultured according to the 
optimal MOI. Drugs were introduced concurrently with 
the addition of the PRSP bacterial suspension. After 12 h 
of treatment, the protective effect of each group of drugs 
on A549 cells was assessed by LDH level. Another por-
tion of cells was taken and after being treated in the same 
way, they were stained using Hoechst 33,342/PI Double 

Table 1 Three-factor and three-level of orthogonal experiment
Factor Level C(µg/mL) A(µg/mL) P(µg/mL)
1 4 24 24
2 8 48 48
3 16 96 96

Table 2 Arrangement of orthogonal experiment
Group C A P
A 1 1 1
B 1 2 2
C 1 3 3
D 2 1 2
E 2 2 3
F 2 3 1
G 3 1 3
H 3 2 1
I 3 3 2
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Stain Kit (Solarbio, Beijing, China) and observed with a 
fluorescence inverted microscope.

Flow cytometry
After 12 h of treatment with PRSP and drugs, A549 cells 
were harvested using 0.25% trypsin solution, and the 
supernatant was collected. After being exposed to fluo-
rescent probes, the cells were examined.

Apoptosis was detected using the apoptosis detection 
kit. 2 × 105 cells from each group were taken into centri-
fuge tubes and resuspended with 200 µL of binding buf-
fer. Following the addition of 5 µL of Annexin V-FITC 
and 10 µL of propidium iodide (PI) staining solution, the 
mixture was incubated for 15 min at room temperature 
and away from light.

Intracellular reactive oxygen species (ROS) levels 
were detected using the ROS Assay Kit (Biosharp, Hefei, 
China). After centrifuging 1 × 105 cells from each collec-
tion, the cells were resuspended in serum-free F-12  K 
medium containing 2′,7′-Dichlorodihydrofluorescein 
Diacetate (HDCF-DA) probe. Then, the cells were incu-
bated at 37 ℃ in a cell culture incubator for 30 min.

Adherence and invasion assay
The cell-surface hydrophobicity (CSH) of PRSP was 
detected by the microbial adhesion to hydrocarbon 
(MATH) method. 2 mL of SP bacterial suspension (about 
108 CFUs/mL) in logarithmic growth phase was co-cul-
tured with 2 mL of drug solution for 24 h (group setup as 
above), and 0.8 mL of n-hexadecane (Yuanye, Shanghai, 
China) was added as the organic phase. After shaking for 

60 s and standing for 15 min, 3.0 mL of the lower aque-
ous phase solution was quickly aspirated using a ster-
ile syringe needle, and the absorbance was measured at 
600  nm. 0.8 mL of PBS (instead of n-hexadecane) was 
added to the control group accordingly. The CSH of PRSP 
was calculated according to the following formula:

 
CSH(%) =OD600(control) − OD600(experiment)

OD600(control)
× 100%

Adhesion assay. A549 cells received treatment with PRSP 
and drugs for 12 h. The PRSP that did not adhere to the 
surface of the A549 cells was removed by rinsing them 
with PBS buffer. The cells were lysed for 10  min after 
400 µL of 0.5% Triton X-100 and 100 µL of 0.25% trypsin 
solution were added to each well. The cell lysate was col-
lected and diluted with PBS. 100 µL of diluent was taken 
and was coated and separated upon culture plates. The 
colonies of each group were counted following a 16-hour 
incubation period.

Similar to the adhesion assay, the invasion assay 
involved incubating cells in F-12  K media contain-
ing 10  µg/mL vancomycin for two hours prior to lysis 
in order to eliminate PRSPs that failed to invade A549 
cells. In addition, the invasion of A549 cells by PRSP 
was observed using CLSM, and the nuclei of A549 cells 
were labeled with 4’,6-Diamidino-2-Phenylindole (DAPI), 
as visualized by bright-field and DAPI fluorescence 
channels.

Detection of inflammation-related indicators
Following a 12-hour co-cultivation of A549 cells with 
PRSP, the supernatants from each group were separated, 
and the presence of TNF-α, IL-6, and IL-8 was detected 
by ELISA, respectively. The remaining cell samples were 
washed with PBS buffer, and then the total RNA of the 
cells was extracted using Trizol reagent. After the cor-
responding cDNA was prepared, PCR amplification was 
initiated. GAPDH was used as an internal reference gene 
and the relative expression of each group of target genes 
(Bax, Bcl-2, Caspase-3, TLR2, TLR4, MyD88) was char-
acterized by the 2-ΔΔCt method (See Table 3).

Statistical analyses
Every experimental value was reported as means ± stan-
dard deviation (SD), and group differences were evalu-
ated using one-way analysis of variance (ANOVA). P 
values less than 0.05 were regarded as significant, and P 
values less than 0.01 as highly significant.

Table 3 Primers used in this study
Gene Forward (5’-3’) Reverse (5’-3’)
WalR TGCTGATGGCCGTAAAT CCAGGTAAAGATGGCTTAGAGG
WalK GATCTTGCCATGCCCCATC GAGAACGCCGTGAGTTTGTG
StkP GTTGGGCTCAGTTCAT-

TACTTGTCA
CAATAACGGACGGCAGGGGT

PcsB CAAGCATTGACTACGAAA-
CAGGC

TGTTGGACGAACTTTTGCAC-
GGA

PspA CAAAATCCCAATCTTCCCACA CCGTATAAAAGGGCTTCAA
LytB GCAGGGAAAGTAGTAGAGC-

GTT
AAGCCATCCTTAATCCAGACAT

16SrDNA ACTCCTACGGGAGGCAG-
CAGT

TATTACCGCGGCTGCTGGC

Bax ACCAAGGTGCCGGAACTGAT AAGATGGTCACGGTCCAACC
Bcl-2 AGGATAACGGAGGCTGGGTA TTTTATTTCGCCGGCTCCAC
Cas-
pase-3

TGGTTTGAGCCTGAGCAGAG TGGCAGCATCATCCACACAT

TLR2 TCCTGCTAAGAGACTCCTCT-
GT

TGGGGAGTGCCCCAAATACT

TLR4 TTCATCATCCAGATTTTC-
CAGC

TGTTTCCACAGCCTTTCACCT

MyD88 AAGGTGCCATGGTCTTAG-
GTG

GGCAGCTAAATGCCTCAACA

GAPDH TCGGAGTCAACGGATTTGGT TTCCCGTTCTCAGCCTTGAC
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Results
Optimized combination screened by orthogonal 
experimental design
The resistance characteristics of SP strains were ana-
lyzed by AST. The resistance of each strain was similar 
(Fig.  2A), and we selected SP1 as the strain used in the 
subsequent experiments due to its higher level of resis-
tance to PG (all PRSPs in the subsequent experiments 
were substituted for SP1).

As shown by the results of the orthogonal analysis of 
the inhibition experiments (Table 4), it can be seen that 
the major and minor factors of the active ingredients 
of YHPG affecting the growth of PRSP were as follows: 
chlorogenic acid (C) > amygdalin (A) > puerarin (P), and 
the optimal combination was: A3B1C1, i.e., high-level 
C (16  µg/mL), low-level A (24  µg/mL), and low-level P 
(24  µg/mL) had the most apparent tendency to inhibit 
the growth of PRSP. And the results of the corresponding 
ANOVA (Table 5) likewise indicated a similar trend. The 
optimal combination is referred to as CAP (C: 16 µg/mL, 
A: 24 µg/mL, P: 24 µg/mL).

Table 4 Analysis of orthogonal design in the bacteriostatic 
experiment
Group Chlorogen-

ic acid
Agdalin Prarin Anti-

bacte-
rial 
rate(%)

1 1 1 1 1.07
2 1 2 2 -1.17
3 1 3 3 0.83
4 2 1 2 3.00
5 2 2 3 -2.27
6 2 3 1 1.67
7 3 1 3 3.07
8 3 2 1 3.43
9 3 3 2 3.83
K in level 1 0.24 2.38 2.06
K in level 2 0.80 0.00 1.89
K in level 3 3.44 2.11 0.54
R 3.20 2.38 1.51

Fig. 2 Effects of drugs on SP and A549 cells. (A) The MICs of PG on SP1, SP2, and SP3 were determined by AST to be 1024, 512, and 256 µg/mL, respec-
tively. (B) The TC0 of C, A, and P on A549 cells were detected by CCK-8 assay to be 50, 520, and 320 µM, respectively. All values are presented as mean ± SD 
(n = 3). **p < 0.01 vs. control
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For the ensuing trials, the experimental groups’ dos-
age regimens were established as follows: PG group 
(PG:16  µg/mL), CAP group (C:16  µg/mL, A:24  µg/mL, 
P:24 µg/mL), and CAP + PG group (C:16 µg/mL, A:24 µg/
mL, P:24 µg/mL; PG:16 µg/mL).

Effects of CAP on PRSP virulence factors
The PRSP capsules were observed by CLSM, and autoly-
sin activity was detected by autolysis induction assay. 
The effects of CAP or PG intervention did not substan-
tially modify the PRSP capsule when compared with the 
untreated control (Fig.  3A). The results of the autoly-
sis induction assay (Fig.  3B) showed that Triton X-100 
induced the autolysis of PRSP compared to the PBS con-
trol, whereas all dosing groups slowed down the degree 

of autolysis, with the CAP + PG group having a better-
slowing effect than the PG group.

Effects of CAP on PRSP-induced cell damage
Observing the morphology of A549 cells at MOI of 
200:1, 100:1, 50:1, and 30:1 by an inverted microscope, 
we found that about 50% of A549 cells were damaged at 
MOI of 100:1 (Fig. 4A). In the literature, 40-60% is usu-
ally taken as the range of moderate cell death rate [26], 
which reflects the pathogenicity of microorganisms and 
retains enough surviving cells to improve the reproduc-
ibility of experiments. The LDH assay findings showed a 
similar tendency, therefore, the subsequent experiments 
were performed with MOI of 100:1 conducted. To ver-
ify the inhibitory effect of CAP on A549 cell injury, we 
observed the degree of cell injury with Hoechst/PI stain-
ing and LDH levels. The results (Fig.  4B) showed that 
CAP reduced the mortality of PRSP-infected A549 cells 
and had a synergistic effect with PG.

Dynamic monitoring of A549 cells by RTCA revealed 
(Fig. 5) that the intervention of either CAP or PG reduced 
the death of A549 cells at several time points, 6 h, 12 h, 
18 h, and 24 h after PRSP infection of the cells, and the 
combination of CAP and PG once again showed syner-
gistic effects.

Table 5 Variance analysis of orthogonal design in the 
bacteriostatic experiment

Sum of squares df Mean square F Significance
C 17.54 2 8.77 4.38 0.189
A 10.18 2 5.09 2.54 0.282
P 4.12 2 2.06 1.03 0.493
Error 4.00 2 2.00
Sum 35.84 8

Fig. 3 CAP had no significant effect on PRSP capsules but reduced PRSP autolysis activity. (A) Capsules were treated with FITC-dextran and observed 
using CLSM. (B) Autolysis was induced using Triton X-100 and autolysis activity was evaluated by the amount of change in OD600. All values are expressed 
as mean ± SD (n = 3). ##p < 0.01 vs. PBS group; **p < 0.01 vs. control
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Effects of CAP on PRSP-induced apoptosis
According to the flow cytometry data (Fig. 6A, B), PRSP 
induction resulted in a significantly higher rate of apop-
tosis in A549 cells when compared to the control group. 
However, CAP reversed this trend to some extent, and 
the combination of CAP and PG may produce more 

desirable outcomes than either treatment alone. Fur-
thermore, the mRNA expression levels of Bax, Bcl-2, 
and Caspase-3 genes related to apoptosis/anti-apoptosis 
were detected by RT-PCR (Fig. 6C). The PRSP group had 
significantly higher levels of Bax and Caspase-3 than 
the control group, and correspondingly lower levels of 

Fig. 5 CAP promotes the growth status of PRSP-infected A549 cells. Growth of A549 cells was monitored by RTCA. The protective effects of the drugs 
were also analyzed at specific time points (30 h, 36 h, 42 h, 48 h). The values in the bar graph are expressed as mean ± SD (n = 2). ##p < 0.01 vs. control; 
*p < 0.05, **p < 0.01 vs. model

 

Fig. 4 100:1 was the optimal MOI; CAP attenuated PRSP-induced A549 cell damage. (A) Effects of various MOIs on A549 cells, cytotoxicity was assessed by 
microscopic observation (cells in 96-well plates) and LDH assay (cells in 6-well plates), respectively. (B) Effects of drugs on A549 cells after PRSP infection 
as measured by Hoechst 33,342/PI double staining and LDH assay. All values are expressed as mean ± SD (n = 3). ##p < 0.01 vs. control; **p < 0.01 vs. model
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Bcl-2. In contrast, the PRSP group had higher levels of 
Bcl-2 and lower levels of Bax and Caspase-3 after the 
CAP interference. In a similar vein, the CAP + PG group 
outperformed the CAP group in terms of ameliorative 
effect.

Effects of CAP on PRSP-induced ROS level
To verify whether CAP modulates ROS levels in A549 
cells after PRSP infection, we assessed ROS levels 
employing flow cytometry. The addition of PRSP pro-
duced a significant elevation of ROS levels in A549 cells, 
as Fig.  7 illustrates; whereas, the intervention of CAP 
decreased the ROS levels, indicating CAP’s antioxidant 
activity.

Effects of CAP on PRSP adhesion/invasion rates
The CSH of PRSP after pharmacological intervention was 
detected by the MATH assay, and the results (Fig.  8A) 
showed that CAP or its combination with PG decreased 
the CSH of PRSP, indicating that CAP may lessen PRSP 
adhesion to A549 cells by lowering PRSP’s CSH. To fur-
ther investigate, we analyzed the impact of CAP upon 
PRSP adhesion/invasion towards A549 cells by CFU 
counting method. The adhesion/invasion rate was lower 
in all dosage groups as compared to the model group, as 
evidenced in Fig. 8. Additionally, CAP and PG worked in 
concert to produce a synergistic effect.

Fig. 7 CAP reduced PRSP-induced ROS levels in A549 cells. ROS levels were detected by flow cytometry. All values in the bar graphs are expressed as 
mean ± SD (n = 3). ##p < 0.01 vs. control; **p < 0.01 vs. model

 

Fig. 6 CAP attenuates PRSP-induced apoptosis in A549 cells. (A-B) The apoptosis levels were detected by flow cytometry. (C) Relative mRNA expression 
of Bax, Bcl-2, and Caspase-3 was analyzed by RT-qPCR. All values in the bar graphs are expressed as mean ± SD (n = 3). ##p < 0.01 vs. control; **p < 0.01 vs. 
model
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Fig. 8 CAP reduced the adhesion and invasion rates of PRSP on A549 cells. (A) The adhesion ability of PRSP was assessed by adhesion assay, MATH assay 
and RT-qPCR. (B) the invasion status of PRSP was shown by invasion assay and CLSM observation. All values are expressed as mean ± SD (n = 3). *p < 0.05, 
**p < 0.01 vs. model or control
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Effects of CAP on PRSP-induced inflammatory cytokine 
secretion
The effect of CAP on PRSP-induced inflammatory cyto-
kine secretion was analyzed by ELISA. Apparently, CAP 
decreased the release of pro-inflammatory factors TNF-
α, IL-6, and IL-8 induced by PRSP (Fig.  9A). This indi-
cates that CAP lessens the inflammatory response of 
A549 cells when they are infected by PRSP. Due to the 
anti-inflammatory effect of CAP, to further explore its 
signaling mechanism, this study used RT-PCR to identify 
TLR pathway-related genes. The model group had higher 
levels of each target’s expression than the control group 
(Fig. 9B). TLR-2, TLR-4, and MyD88 expression declined 
substantially following CAP administration. These 

findings suggested that CAP suppressed inflammation by 
inhibiting the expression of TLRs/MyD88.

Discussion
SP is one of the major bacterial pathogens in humans 
[27] and often causes community-acquired pneumo-
nia, resulting in high morbidity worldwide. In devel-
oped countries, mortality from SP pneumonia can reach 
11–40% [28]. When treating SP infections, PG remains 
the recommended antibiotic [29]. However, antibi-
otic therapy alone is facing major challenges due to the 
increasing resistance of isolates [30]. For thousands of 
years, respiratory infectious disorders have been treated 
using traditional Chinese medicine [31], which has 

Fig. 9 CAP attenuates inflammatory cytokine secretion and down-regulates the expression of TLRs/MyD88-related targets in A549 cells, and also tends 
to down-regulate PRSP WalRK TCS-related targets. (A) TNF-α, IL-6, and IL-8 levels were analyzed by ELISA; (B) mRNA expression levels of TLR2, TLR4, and 
MyD88 in A549 cells & walR, walK, stkP, pcsB, and lytB in PRSP were analyzed by RT-qPCR. All values are expressed as mean ± SD (n = 3). #p < 0.05, ##p < 0.01 
vs. control; *p < 0.05, **p < 0.01 vs. model
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shown promising therapeutic results in actual clinical 
settings. Studies [32–34] have indicated that the naturally 
occurring compounds C, A, and P possess anti-inflam-
matory and antioxidant characteristics. We screened an 
optimized combination of these three main components 
of YHPG, CAP (C: 16 µg/mL, A: 24 µg/mL, and P: 24 µg/
mL), by an orthogonally designed experiment. The pres-
ent investigation revealed the protective effect of the 
optimized combination CAP on PRSP-infected A549 
cells and the inhibitory effect on PRSP.

When SP is transmitted through the respiratory tract, 
its capacity to cause infections in the lower respiratory 
tract is necessary for the development of pneumonia 
[35], and the bacterial surface changes as a first step [36] 
in adapting to the pulmonary environment. The primary 
cause of SP’s pathogenicity is the capsule [37]. As the 
outermost layer of the SP, it protects the bacteria during 
the invasion into the host cell [38]. Antimicrobial pep-
tides produced by the respiratory epithelium of the host 
destroy germs on contact. According to recent data, the 
autolysin of SP counteracts the killing effect of antimicro-
bial peptides by using its cell wall hydrolase activity [39] 
to dislodge the capsules [40]. Considering that the cap-
sules of SP belong to a structure with a variable poros-
ity, we observed PRSP under CLSM after incubation with 
FITC-dextran with reference to the method of Gates MA 
et al. [41]. The CLSM observation’s findings (Fig.  3A) 
showed that CAP did not have a significant effect on 
the generation of PRSP capsules. However, results of the 
autolysis induction assay (Fig. 3B) showed that the inter-
vention of CAP caused a decrease in the autolysin activ-
ity of PRSP, suggesting that PRSP has a reduced ability to 
withstand environmental stresses.

The adhesion and invasion of epithelial cells is the sec-
ond phase in SP’s adaptation to the lung environment 
[35]. SP exposes more proteins and forms tighter interac-
tions with host cells as they adapt to the lung environ-
ment [42]. After SP adheres to lung epithelial cells, it 
will invade the cells at the appropriate time, albeit less 
efficiently than invasive bacterial pathogens such as Sal-
monella and Shigella [43]. In our experiments (Fig. 8A), 
the bacterial CSH measured by the MATH method 
decreased after incubation of PRSP with CAP, while 
PCR results showed that CAP resulted in the down-reg-
ulation of the adhesion-associated protein, PspA, at the 
transcriptional level, indicating that PRSP’s capacity to 
adhere to the surface of A549 cells was diminished. The 
results of the adhesion assay (Fig.  8A) verified this. We 
hypothesized that CAP may have reduced the CSH of the 
bacterium by regulating the expression of certain adhe-
sion proteins of PRSP, thereby reducing the adhesion rate 
of PRSP to A549 cells. As for the invasion, the observa-
tion of CLSM and the invasion assay (Fig.  8B) showed 
that CAP decreased the invasion rate of PRSP on A549 

cells. Studies [40] showed that the detachment of cap-
sules mediated by the autolytic activity of SP promoted 
the tight adhesion of SP to host cells and increased the 
invasion rate of SP on epithelial cells. The decrease in the 
autolytic activity of PRSP induced by the CAP interven-
tion mentioned above may indirectly lead to a lower rate 
of PRSP adhesion/invasion to A549 cells. The decrease 
in PRSP infestation rate, according to Pizarro-Cerdá et 
al. [44], also implies a decrease in the effective external 
expression of its virulence.

Following host cell death, host molecules are usually 
released extracellularly [45], including lactate dehydro-
genase (LDH). It is noteworthy that incubation of PspA 
with host LDH during SP-induced lung inflammation 
can lead to enhanced virulence of SP and that LDH’s 
enzymatic activity is necessary to increase pneumococ-
cal virulence [46]. Our results (Fig. 4B) showed that CAP 
reduced PRSP-induced LDH release from A549 cells. 
This suggests that in the PRSP-induced A549 cell model, 
CAP not only reduces A549 cytotoxicity but also impairs 
the overall virulence of PRSP.

SP triggers an inflammatory response in the lungs dur-
ing the colonization process of continuous adaptation to 
the pulmonary environment. Severe inflammation is one 
of the main characteristics of SP illness, and factors such 
as peptidoglycan, teichoic acid, and pneumolysin (Ply) 
are able to work together to trigger inflammation through 
multiple inflammatory cascade responses [47]. Epithelial 
cells recognize pathogens through PRRs including TLRs 
for the purpose of signaling to the organism the initia-
tion of the removal of microbial components [48]. For 
example, TLR2 recognizes cell wall components and 
TLR4 recognizes Ply [49]. Recognizing these pathogen-
associated molecular patterns (PAMPs), TLRs bind to 
the junction molecules, thereby initiating downstream 
NF-κB signaling [50]. NF-κB signaling induced by SP 
infection can serve as the first signal for the induction of 
NLRP3, while Ply can provide the material basis for the 
activation of the second signal for the assembly of NLRP3 
inflammasome [51]. The ensuing activation of caspase-1 
induces the maturation and release of IL-1β and IL-18, 
which can exacerbate inflammation and tissue damage 
[52]. It has been demonstrated that the lung epithelium 
may detect entire bacteria in vitro [53] and subsequently 
release pro-inflammatory cytokines to accelerate the 
development of pneumonia, such as IL-8 and IL-6 [54]. 
Our earlier studies [12, 21] showed that YHPG attenu-
ated the inflammatory response by down-regulating the 
expression of TLR4 and TLR7 and decreasing the lev-
els of pro-inflammatory factors, such as IL-5 and IL-6, 
in a viral infection model. And according to our study, 
CAP, the optimized combination of the main compo-
nents from YHPG, reduced the TNF-α, IL-8, and IL-6 
levels in the supernatant during PRSP infection of A549 
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cells (Fig. 9A) and down-regulated the TLR2, TLR4, and 
MyD88 expression levels (Fig.  9B), these results further 
showed the anti-inflammatory function of CAP.

In addition to SP-specific components such as peptido-
glycan and Ply, H2O2 produced by SP is one of the deter-
minants of the level of inflammation in the lungs [55]. 
H2O2 accumulates due to the lack of the H2O2-degrad-
ing enzyme catalase [56], and ROS has also been impli-
cated as a virulence factor in SP. In alveolar epithelial 
cells exposed to pneumococcal infection, ROS has been 
demonstrated [57] to cause DNA damage and apoptosis. 
Applying the flow cytometry investigation (Fig.  7), we 
noticed that CAP decreased the proportion of ROS + cells 
and apoptotic cells, which reflects the antioxidant effect 
of CAP.

The parameter CI obtained by RTCA is a multi-dimen-
sional index, which can reflect the characteristics of the 
quantity, morphology, and size of wall-affixed cells in real 
time and comprehensively, and make up for the defects 
of the end-point assay that is not accurate and compre-
hensive. Notably, in the present study, the RTCA data 
revealed that during the first 5 h of incubation of PRSP 
with A549 cells, the CI increased significantly, even form-
ing a sharp “single peak” with respect to the comparison 
group, which is comparable to that of the A. baumannii-
induced human respiratory epithelial cell model [58] in 
an earlier investigation; after reaching the “peak”, the CI 
of the model and experimental groups decreased rapidly; 
following that, these groups’ CIs shrank more slowly. We 
hypothesized that during the early stage of co-culture of 
PRSP and A549 cells (i.e., the early stage of infection), 
PRSP continuously adapted to the new environment (e.g., 
changes in PRSP capsules and autolysin, etc.) and repro-
ducted through binary fission, while A549 cells acceler-
ated their proliferation in response to corresponding 
stimuli; whereas, when the number of PRSP continu-
ously converged to the threshold, the adhesion/invasion 
ability of PRSP to lung epithelial cells was continuously 
enhanced, and CI then decreased rapidly; after that, the 
change of CI also leveled off, indicating that PRSP and 
epithelial cells entered the co-existence stage (late stage 
of infection). In the four time points we examined (Fig. 5), 
either CAP or PG intervention tended to increase CI, and 
the synergistic effect of these two resulted in the best 
improvement in the CAP + PG group. In Fig. 5, 36 h (i.e., 
after 12 h of co-culture of PRSP and A549 cells) is exactly 
in the middle of the co-existence phase of PRSP and A549 
cells, which best reflects the effect of drug intervention. 
And the detection points in our study were all after 12 h 
of co-culture of PRSP with A549 cells, so it can be said 
that the results of RTCA, not only continuously showed 
the changes of the bacteria-host cell interactions over a 
period of time, but also gave direct positive support to 

the reliability of the selection of detection time points for 
our experimental design.

Studies have shown that, unlike the use of antibiotics 
alone, the combination of herbal components and anti-
biotics may reduce bacterial resistance to antibiotics 
[59]. In order to treat SP-induced pneumonia, continu-
ous infusion of PG to maintain its blood concentration 
at 16–20  µg/mL is generally considered as the optimal 
“high-dose” regimen [60]. Therefore, the PG concen-
tration was set at 16  µg/mL in this study, and we com-
bined the optimized orthogonal combination with PG. 
The overall superiority of the combination of antibiotics 
and herbal components over the usage of each compo-
nent alone was demonstrated by the findings of our trial. 
The synergistic effect of CAP and PG may have mul-
tiple implications in clinical practice. Firstly, compared 
with PG alone, CAP can intervene at multiple targets to 
intervene in bacterial metabolism targets and regulate 
human immune targets, taking into account the etiology 
of the disease and the restoration of the body’s function, 
and promoting the prognosis of PRSP pneumonia. Sec-
ond, the combination of CAP can reduce the side effects 
of PG, reduce the dosage can reduce the toxicity of PG 
[61], especially for children, the elderly, and other sensi-
tive populations. Finally, the use of CAP can improve the 
efficacy of PG, prolong the service life of PG, and reduce 
the need to be forced to escalate the use of the last-line 
antibiotics [62].

We attempted to further investigate the possible rea-
sons for the enhanced bacterial inhibition of herbal 
components in combination with antibiotics. TCS regu-
lates bacterial oxidative stress, virulence expression, cell 
wall homeostasis, and energy metabolism [63]. It is the 
most widely employed mechanism by bacteria to detect 
and respond to changes in their surroundings [64]. Prior 
research indicates that upregulation of WalKR TCS can 
cause increased vancomycin resistance and lead to the 
development of vancomycin-intermediate Staphylococ-
cus aureus (VISA) clinical isolates [65].

PG blocks peptidoglycan biosynthesis by competitively 
inhibiting the binding of lipid II, the cell wall precursor 
molecule with a β-lactam structure, to penicillin-binding 
proteins (PBPs). Blocked lipid II utilization leads to cell 
wall disruption as well as high levels of lipid II. The ser-
ine/threonine protein kinase StkP recognizes β-lactam 
structures [66] and activates WalK [67] through direct 
protein-protein interactions. Subsequently, WalR 
upregulates the expression of enzymes PcsB, LytB, etc. 
(Fig. 10), required for cell wall remodeling to repair the 
cell wall [68, 69] and restore cell wall homeostasis. Inter-
estingly, the virulence factor PspA [42] is also regulated 
by WalR, while LytB is one of the SP autolysins. When 
SP is sensitive to PG, the repairing ability of SP to the cell 
wall is weaker than the breaking ability of PG to the cell 
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wall, and SP growth is inhibited; while when SP is resis-
tant to PG, the repairing ability of SP to the cell wall is 
stronger than the breaking ability of PG to the cell wall, 
and the inhibitory effect of PG will be further limited. 
Our results (Fig. 9B) showed that PcsB was significantly 
down-regulated under CAP + PG treatment, and there 
was also a trend of down-regulation of WalR, WalK, LytB, 
etc. The down-regulation of PcsB suggests that PRSP has 
a reduced ability to renew or repair the cell wall [70]. We 
hypothesized that CAP may have weakened PRSP’s abil-
ity to repair the cell wall by down-regulating WalR/PcsB 
signaling, resulting in a certain degree of reduced toler-
ance of PRSP to PG. In other words, the inhibition of 
the reduced expression of WalRK TCS-related targets by 
CAP may have reduced the ability of PRSP to maintain 
cell wall homeostasis, thereby increasing the sensitivity of 
PRSP to PG to some extent.

This study combines traditional Chinese medicine with 
modern biological techniques to show the dual potential 
of CAP in reducing bacterial virulence and host inflam-
mation, as with its synergistic effect with PG. How-
ever, this study still has some limitations. For example, 
although GA can inhibit PRSP-induced inflammatory 
responses, it has not been further investigated at the 
dimensions of NF-κB, MAPKs, and NLRP3. In addition, 
this study focused on in vitro cellular models, and future 
pharmacokinetic and in vivo validation of CAP is needed.

Conclusion
In summary, we found that the optimized combination 
of CAP had protective effects on PRSP-infected A549 
cells. On the one hand, the protective effect of CAP was 
through inhibiting the virulence of PRSP; on the other 
hand, CAP attenuated the inflammatory response by 
inhibiting the TLRs/MyD88 pathway and the release of 
pro-inflammatory cytokines, which attenuated cellular 
damage. In addition, the synergistic effect of CAP with 
PG may be due to the fact that CAP reduced the drug 
resistance of PRSP by inhibiting WalRK TCS. These find-
ings are consistent with the multi-target and multi-path-
way characteristics of herbal components and offer fresh 
concepts and approaches for the clinical management of 
diseases caused by PRSP infection.
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