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Pseudomonas aeruginosa (PA), a Gram-negative bacterium, has a high detection rate in hospital-acquired infections. Recently, the
frequent appearance of multidrug-resistant (MDR) PA strain with high morbidity and mortality rates has aggravated the difficulty
in treating infectious diseases. Due to its multiple resistance mechanisms, the commonly used antibiotics have gradually become
less effective. Qiguiyin decoction (QGYD) is a clinically experienced prescription of Chinese herbal medicine, and its combined
application with antibiotics has been confirmed to be effective in the clinical treatment of MDR PA infection, which could be a
promising strategy for the treatment of drug-resistant bacterial infections. However, the mechanism of QGYD restoring
antibiotics susceptibility to MDR PA remains unclear. In the present study, we investigated the effects of QGYD and
levofloxacin (LEV) singly or in combination on MDR PA-induced pneumonia rat models. Further analysis was carried out in
the serum differential expression profiles of inflammatory cytokines by cytokine antibody array. Besides, the lung
TLR4/MyD88/NF-κB signaling pathway was detected by RT-qPCR. Our results showed that based on the treatment of MDR
PA-infected rat model with LEV, the combination of QGYD improved the general state and immune organ index.
Furthermore, it moderately increased the expressions of proinflammatory cytokines including IL-1β, IL-6, and TNF-α in the
early stage of infection and decreased their release rapidly in the later stage, while regulated the same phase change of anti-
inflammatory cytokine IL-10. In addition, the adhesion molecule ICAM-1 was significantly downregulated after QGYD
combined with LEV treatment. Moreover, the mRNA expressions of TLR4, MyD88, NF-κB, and ICAM-1 were significantly
downregulated. These results indicated that the mechanism of QGYD restoring LEV susceptibility to MDR PA was related to
its regulation of inflammatory cytokines and the TLR4/MyD88/NF-κB signaling pathway, which provides theoretical support
for the clinical application of QGYD combined with LEV therapy to MDR PA infection.

1. Introduction

Pseudomonas aeruginosa (PA) is one of the most common
Gram-negative bacteria that cause hospital-acquired infec-
tions, with strong pathogenicity and increasing clinical isola-
tion rate [1]. Levofloxacin (LEV) used to be an effective

antibiotic against PA infection [2]. However, with its exten-
sive clinical application, PA has been increasingly resistant
to LEV [3–6]. Neither increasing doses, the combination of
multiple antibiotics, nor continuous replacement of antibi-
otics can effectively control drug-resistant PA infection.
Recently, multidrug-resistant (MDR) PA strain has appeared
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frequently with high infection and mortality rates, which
poses a great challenge to clinical anti-infection treatment.
Therefore, it is particularly urgent to find a more effective
therapeutic strategy.

It is recognized that inflammatory immune response
plays an important role in the occurrence and development
of PA infection [7, 8]. Furthermore, the regulation of inflam-
matory cytokines has been proved to play a central role in
initiating a proper inflammatory response against bacterial
infections [9]. Thus, the dynamic change of different inflam-
matory cytokines may be responsible for the development of
PA infection. Moreover, increasing evidence has shown that
the TLR4/MyD88/NF-κB signaling pathway is associated
with inflammatory immune response by regulating the
expression of various inflammatory cytokines such as
interleukin-6 (IL-6), interleukin-1 beta (IL-1β), and tumor
necrosis factor alpha (TNF-α) [10, 11]. In addition, it is
reported that the TLR4/MyD88/NF-κB signaling pathway
is involved in the inflammatory immune response of various
diseases [12, 13], and it has been confirmed that many
chemicals can exert therapeutic effects by regulating this
signaling pathway [14–16]. Therefore, regulating the
TLR4/MyD88/NF-κB signaling pathway could be a promis-
ing strategy for the prevention and treatment against PA
infection.

In the treatment of anti-infection, traditional Chinese
medicine has its unique advantages. Studies [17–20] have
shown that traditional Chinese medicine can not only
inhibit and kill bacteria but also regulate the body immunity
and delay or reverse bacterial resistance in treating infectious
diseases. Qiguiyin decoction (QGYD) is composed of
Astragalus mongholicus Bunge, Angelica sinensis (Oliv.)
Diels, Lonicera japonica Thunb., Reynoutria japonicaHoutt.,
and Artemisia annua L. It is an effective Chinese herbal
compound summarized based on years of clinical experience
in antidrug-resistant bacteria infection [21]. More impor-
tantly, it has been confirmed that QGYD can synergize with
antibiotics to inhibit bacteria and improve clinical efficacy
[22]. Besides, the previous studies [23–28] have shown that
QGYD could delay and reverse the resistance of PA to anti-
biotics, regulate the inflammation and immune disorder
caused by PA infection, and enhance the clinical efficacy of
anti-PA infection. However, the mechanism of QGYD
restoring LEV susceptibility to MDR PA infection remains
unclear.

In the current study, we investigated the efficacy of QGYD
and LEV combination therapy onMDR PA-induced pneumo-
nia in rats. Additionally, the mechanism of QGYD restoring
LEV susceptibility was explored through the regulation of
inflammatory cytokines and the TLR4/MyD88/NF-κB signal-
ing pathway.

2. Materials and Methods

2.1. Reagents and Chemicals. The main reagents and chemi-
cals used in this experiment are as follows: DNA Marker
3000 plus and 6× DNA Loading Buffer were from Beijing
Biodee Biotechnology Ltd. (Beijing, China). GoldView Type
I nucleic acid stain and 5× TBE were from Beijing Biotopped

Co., Ltd. (Beijing, China). RNase Free Water was from Bei-
jing Solarbio Science Technology Co., Ltd. (Beijing, China).
Cytokine Antibody Chip Kit was from RayBiotech, Inc.
(Atlanta, USA). Tissue Total RNA Mini Kit was from Magen
Co., Ltd. (Guangzhou, China). PrimeScript™ RT Master Mix
and TB Green Premix Ex Taq™ II were from Takara Bio-
medical Technology Co., Ltd. (Beijing, China). Levofloxacin
tablets (Batch No: BS015A1) were purchased from Daiichi
Sankyo Pharmaceutical Co., Ltd. (Beijing, China).

2.2. Animals and Bacterial Suspension. Forty male SD rats
(180-220 g) were purchased from SPF Biotechnology Co.,
Ltd. (Permit No: SCXK (Jing) 2016-0002, Beijing, China)
and housed under a normal 12 h dark/light cycles with the
temperature controlled at 20-26°C and the relative humidity
at 40-70%. All the rats were adaptively fed with a standard
diet and water for 3 days before the experiments. This study
was carried out following the recommendations of the Guide
for Care and Use of Laboratory Animals and Animal
Experimental Committee of Beijing University of Chinese
Medicine. The protocol was approved by the Animal
Experimental Committee of Beijing University of Chinese
Medicine.

MDR PA clinical strain (No.1805020) was provided by
the Department of Clinical Laboratory of Dongzhimen Hos-
pital, affiliated to Beijing University of Chinese Medicine.
The MDR PA strain was inoculated on the solid medium
of nutrient agar and plate cultured at 37°C for 24h. The next
day, the MDR PA suspension was adjusted to a concentra-
tion of 3 × 108 CFU/mL by a turbidimetric method with
sterile saline.

2.3. Preparation of QGYD. QGYD extract was provided by
School of Chinese Materia Medica, Beijing University of
Chinese Medicine. QGYD was composed of five traditional
Chinese medicines which were purchased from Beijing
Heyanling Pharmaceutical Development Co., Ltd. (Beijing,
China), including Astragalus mongholicus Bunge (Huangqi),
Angelica sinensis (Oliv.) Diels (Danggui), Lonicera japonica
Thunb. (Jinyinhua), Reynoutria japonica Houtt. (Huzhang),
and Artemisia annua L. (Qinghao), with the mixed propor-
tion of the respective compound being 12 : 2 : 3 : 2 : 3. The
preparation process of QGYD extract was extracted three
times with 12, 10, and 10 folds (v/w) distilled water, 1 h for
each time. The extracted solutions were combined and con-
centrated to 1.0 g/mL (calculated according to the content of
crude drugs) with the concentration of alcohol precipitation
60%. Then, the supernatant was collected and dried in a vac-
uum at 60°C, and QGYD extract was obtained (yield:
26.35%). The HPLC fingerprint results from three different
samples of QGYD extract (S1, S2, and S3) were listed in
Supplementary Figure 1 of the Supplementary Materials. In
this study, the QGYD extract was dissolved in distilled
water and prepared for intragastrical administration.

2.4. Animal Model and Experimental Treatments. The rats
were randomly divided into five groups (eight rats per
group), including the Control group, Model group, LEV
group, QGYD group, and Qiguiyin decoction combined
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with levofloxacin (QGYD-LEV) group. Then, the MDR PA-
induced pneumonia rat model was established by tracheal
intubation using a venous trocar as endotracheal tube after
anesthetized. A volume of 0.2mL MDR PA suspension was
slowly injected into the rat lung through the tracheal intuba-
tion, while an equal volume of sterile saline was injected in
the same way to the Control group. After modeling, the
Control group was fed separately from the MDR PA-
infected groups. In this study, the rat dosage was 6.25 times
that for a 60 kg adult (equivalent dose). An hour after
modeling, the rats were administered with QGYD extract
(3.0 g/kg/d) in QGYD group and with LEV
(0.03125 g/kg/d) in LEV group twice a day for 5 days by
gavage. The QGYD-LEV group rats were given with QGYD
extract and LEV at the aforementioned doses, whereas the
Control group and model group were given the same
amount of distilled water.

The general states including respiratory rate and mental
state of the rats were observed daily after modeling, and the
body weight was recorded in 5 days. The blood of rats in
each group was collected from the eyelids at 3 h, 8 h, 24 h,
and 72 h after model establishment, and from the abdominal
aorta at 1 h after the last gavage on the 5th day, in addition,
the lung, spleen, and thymus samples were collected at the
same time. All the collected blood was subsequently placed
at 4°C for 3-4 h and centrifuged at 3500 rpm for 10min;
then, the serum was collected and stored at –80°C for further
analysis. The left lung was separated and quickly transferred
to -80°C until RT-qPCR detection, while the upper lobe of
the right lung was separated for the calculation of lung wet
weight to dry weight ratio (W/D). Additionally, the spleen
(or thymus) index was calculated by dividing the spleen
(or thymus) weight (mg) by the body weight (g).

2.5. Determination of Serum Inflammatory Cytokines. The
Cytokine Antibody Chip Kit was used to simultaneously
detect 10 common inflammatory cytokines including IL-
1β, IL-6, TNF-α, IFN-γ, IL-10, ICAM-1, TIMP-1, MCP-1,
Leptin, and L-selectin in rat serum at different time points.
The main processes were as followed: (1) complete drying
of the slide chip, (2) preparation of cytokine standards, (3)
blocking and incubation, (4) cleaning, (5) incubation and
washing of the test antibody mixture, (6) Cy3-streptavidin
incubation and cleaning, and (7) fluorescence detection.
The RayBiotech QAR-CYT-2 data processing software was
used to analyze the changes of the above inflammatory cyto-
kine expressions in the development of the MDR PA-
infected pneumonia.

2.6. Determination of the mRNA Expressions in the
TLR4/MyD88/NF-κB Signaling Pathway. The total RNA of
rat lung tissue was extracted using the Tissue Total RNA
Mini Kit following the protocol. The collected RNA was
reverse transcribed according to the PrimeScript™ RT Mas-
ter Mix reverse transcription system and its procedure. The
mRNA expressions of TLR4, MyD88, NF-κB, and ICAM-1
were detected by real-time PCR instrument (Cat. No:
CFX96; Bio-Rad, USA). RT-qPCR conditions were initial
denaturation for 30 seconds at 95°C, 40 cycles of amplifica-

tion with denaturation at 95°C for 5 seconds, annealing at
60°C for 30 seconds. After 40 cycles, extension at 95°C for
10 seconds was done. The relative RNA expression was cal-
culated by using the formula of 2-ΔΔCt (β-actin for the inter-
nal reference). The primers were synthesized by Invitrogen
Trading Co., Ltd. (Shanghai, China), and the primer
sequences are exhibited in Table 1.

2.7. Statistical Analysis. SPSS 17.0 was used for statistical
analysis and GraphPad prism 7.0 for drawing. The measure-
ment data was presented as mean ± standard deviation. The
statistical significance was evaluated using one-way ANOVA
combined with the LSD multiple adjustment test.

3. Results

3.1. QGYD-LEV Improved the General State and Immune
Organ Index of MDR PA-Infected Rats. In this study, we
established a MDR PA-induced pneumonia model in SD
rats by tracheal intubation. Our results showed that com-
pared with the Control group, the rats in the model group
had a poor state, which showed a slower response to the sur-
rounding stimuli, various degrees of chills, more respiratory
frequency and respiratory murmur, fewer diets, and body
weight loss, as shown in Table 2. Moreover, the lung W/D
(P < 0:01) and SI (P < 0:05) of the Model group were signif-
icantly higher, which indicated the occurrence of pulmonary
edema and body immune response, as shown in Figures 1
and 2. In addition, the HE staining of lung tissue in the
MDR PA-induced rat pneumonia model at different time
points (1 d, 2 d, 3 d, and 5d) was shown in Supplementary
Figure 1. These results suggested that the development of
pneumonia caused by MDR PA infection was accompanied
with the activation of inflammatory immune response in
rats.

LEV and QGYD singly or in combination were given for
intervention during the experiment. The results showed that
compared with the Model group, the drug intervention
could improve the general state of MDR PA-infected rats
and significantly inhibit the body weight loss and the
increase of lung W/D (P < 0:01) and SI (P < 0:05) caused
by MDR PA infection; in addition, the improving effect of
QGYD-LEV was superior to that of LEV or QGY alone, as
shown in Table 2 and Figures 1 and 2. TI also showed a sim-
ilar trend, that is, the order from high to low was the Model
group, LEV group, QGYD group, the Control group, and
QGYD-LEV group; however, the differences among the five
groups were not significant (P > 0:05), as shown in Figure 2.
These results verified the efficacy of QGYD and LEV combi-
nation therapy on MDR PA-induced pneumonia.

3.2. Effects of QGYD-LEV on Inflammatory Cytokines in Rat
Serum. Since inflammatory cytokines contribute to the
occurrence and development of body inflammatory immune
response [29, 30], we conducted the analyses by cytokine
antibody array to find the inflammatory cytokines differen-
tially expressed after QGYD-LEV treatment. As shown in
Figure 3, the treatment of QGYD-LEV could significantly
downregulate the increased expressions of IL-1β, IL-6,
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TNF-α, IL-10, ICAM-1, and TIMP-1 caused by MDR PA
infection (P < 0:05).

Based on this, we then further studied the changes of the
above six cytokines at different time points after modeling.
As shown in Figure 4, we observed higher inflammatory
cytokine expressions in the Model group than the Control
group at most time points (P < 0:05). These results demon-
strated that MDR PA infection could lead to significant

dynamic changes in IL-1β, IL-6, TNF-α, IL-10, and ICAM-
1 expressions and break their original balance.

Compared with the Model group, the expressions of IL-
1β, IL-6, TNF-α, and IL-10 significantly decreased from 3–
8h after the LEV intervention (P < 0:01). Moreover, the
cytokine expressions of IL-1β, IL-6, TNF-α, and IL-10 were
higher at 8–24 h and lower at 5 d after the QGYD interven-
tion (QGYD and QGYD-LEV) in comparison to the LEV
group (P < 0:05), while the ICAM-1 expression was consis-
tently lower (P < 0:05). In addition, we observed a higher
anti-inflammatory cytokine IL-10 level at 3-24h and lower
level at 72 h-5 d in the QGYD group and QGYD-LEV group
than the Model group (P < 0:01); however, the differences at
3-24h between the Model group and QGYD-LEV group
were not significant. These results suggested the efficacy of
QGYD was related to its regulation of the inflammatory
cytokine imbalance caused by MDR PA infection.

3.3. Inhibitory Effect of QGYD-LEV on the
TLR4/MyD88/NF-κB Signaling Pathway in MDR PA-
Infected Rats. To further evaluate the effect of QGYD on
inflammatory immune response, the mRNA expressions of
the key genes of the TLR4/MyD88/NF-κB signaling pathway
and ICAM-1 of the downstream in lung tissue were assayed
by RT-qPCR. As shown in Figure 5, our results showed that
compared with the Control group, the expressions of TLR4,

Table 1: Sequences of primers used in the RT-qPCR analysis.

Genes Orientation Primer sequence (5′-3′)

TLR4
Forward 5′-GGCATCATCTTCATTGTCCTTG-3′
Reverse 5′-AGCATTGTCCTCCCACTCG-3′

MyD88
Forward 5′-CAACCAGCAGAAACAGGAGTCT-3′
Reverse 5′-ATTGGGGCAGTAGCAGATGAAG-3′

NF-κB
Forward 5′-GCAAACCTGGGAATACTTCATGTGACTAAG-3′
Reverse 5′-ATAGGCAAGGTCAGAATGCACCAGAAGTCC-3′

ICAM-1
Forward 5′-ACCAGACCCTGGAGATGGAGA-3′
Reverse 5′-ACCGTGGGCTTCACACTTCA-3′

β-Actin
Forward 5′-GCCATGTACGTAGCCATCCA-3′
Reverse 5′-GAACCGCTCATTGCCGATAG-3′

Table 2: Effects of QGYD and LEV on rat body weight in 5 days (N = 8, per group).

Group
Body weight (g)

1 d 2 d 3 d 4 d 5 d

Control 242:3 ± 5:6 235:4 ± 6:9 242:0 ± 7:2 248:4 ± 6:9 254:4 ± 8:1
Model 243:1 ± 11:4 219:9 ± 10:0∗∗ 211:0 ± 10:0∗∗ 215:8 ± 9:5∗∗ 218:9 ± 9:1∗∗

LEV 243:9 ± 6:9 223:4 ± 5:1∗∗ 220:7 ± 4:4∗∗# 229:5 ± 4:9∗∗## 234:4 ± 3:5∗∗##

QGYD 242:7 ± 8:6 222:3 ± 7:0∗∗ 226:1 ± 7:5∗∗## 234:7 ± 9:0∗∗## 241:5 ± 8:3∗∗##

QGYD-LEV 243:0 ± 7:4 225:1 ± 7:1∗∗ 230:6 ± 7:9∗∗##△ 240:5 ± 7:1∗##△△ 248:7 ± 8:1##△△

Note: ∗P < 0:05, versus the Control group; ∗∗P < 0:01, versus the Control group; #P < 0:05, versus the Model group; ##P < 0:01, versus the Model group; △

P < 0:05, versus the LEV group; △△P < 0:01, versus the LEV group.
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Figure 1: Effects of QGYD and LEV on lung wet weight to dry
weight ratio (W/D) of MDR PA-infected rats. Bars represent
mean ± SD (N = 8, per group). ∗∗P < 0:01, versus the Control
group; ##P < 0:01, versus the Model group; △P < 0:05, versus the
LEV group; △△P < 0:01, versus the LEV group.
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MyD88, NF-κB, and ICAM-1 of the Model group were
significantly higher (P < 0:01), indicating that the
TLR4/MyD88/NF-κB signaling pathway was activated dur-
ing the development of MDR PA-induced pneumonia in
rats. QGYD intervention (especially QGYD-LEV) could sig-
nificantly downregulate the increase of TLR4, MyD88, NF-
κB, and ICAM-1 mRNA expressions caused by MDR PA
infection (P < 0:05), revealing that QGYD-LEV treatment
could inhibit the TLR4/MyD88/NF-κB signaling pathway
in MDR PA-infected rats.

4. Discussion

A monitoring report from China Antimicrobial Resistance
Surveillance System showed that the susceptibility of PA to
almost all antibiotics had declined and the resistance rate
to commonly used antibacterial drugs remained at a high
level [31], which has made the clinical treatment of PA
infection facing severe challenges. LEV was once an effective
antibiotic against PA. However, with its widespread use, PA
has developed new drug resistance mechanisms and even
multidrug resistance mechanisms in a single strain, which
renders even the most effective drugs ineffective [32, 33].

Traditional Chinese medicine has unique advantages in
treating infectious diseases. Syndrome differentiation treat-
ment guided by the theory of traditional Chinese medicine
can combine bacteriostasis and sterilization with the body
protection and the immune regulation, thereby reducing
the damage caused by drug-resistant PA infection. In clinical
treatment of anti-infection, the effects of many traditional
Chinese medicines and their compounds combined with
antibiotics have been gradually recognized [34, 35]. QGYD
is a clinical efficacious prescription of Professor Qingquan
Liu from Beijing Chinese Medicine Hospital, the formation
of which is based on the understanding of traditional
Chinese medicine core pathogenesis of drug-resistant PA

infection combined with years of practical experience. In this
study, we verified the efficacy of QGYD-LEV therapy on a
rat model of MDR PA-induced pneumonia and discussed
its mechanism from a view of the regulation of inflammatory
immune response.

The results of this study showed that based on LEV in
the treatment of MDR PA-infected rats, the combination
with QGYD could improve the general states and increase
the body weight. The results of lung W/D and immune
organ indexes indicated that QGYD-LEV therapy could
effectively regulate and control the deterioration of MDR
PA infection. Lung W/D is one of the most common indica-
tors to characterize lung tissue injury by reflecting lung
water content and the severity of pulmonary edema, and
its rise represents increased pulmonary capillary permeabil-
ity and worse pulmonary edema [36]. Lung W/D of the
infected rats significantly decreased after QGYD-LEV treat-
ment, which was superior to LEV alone in alleviating pulmo-
nary edema. The functions of spleen and thymus are
associated with body immunity [37, 38]. SI and TI, as pre-
liminary observation indexes to characterize body immune
function, can be used to evaluate the effects of drugs on
immune organs and also can indirectly reflect the quantity
of lymphocytes in immune organs [39]. QGYD-LEV therapy
improved the increase of SI and TI caused by MDR PA
infection and the decline caused by LEV, which suggested
that QGYD could be an immunomodulator to the body’s
inflammatory immune response.

Based on the above-mentioned results, cytokine antibody
array and RT-qPCR were applied to further explore the mech-
anism of QGYD restoring LEV susceptibility to MDR PA by
investigating the impact of QGYD on inflammatory cytokines
and the TLR4/MyD88/NF-κB signaling pathway.

Inflammatory cytokines play a crucial role in the body’s
immune regulatory network, mediating inflammation, regu-
lating immune response, and participating in tissue repair
[40–42]. In this study, we found six inflammatory cytokines
differentially expressed in MDR PA-infected rats after
QGYD-LEV treatment, including proinflammatory cyto-
kines IL-1β, IL-6, TNF-α, anti-inflammatory cytokine IL-
10, adhesion molecule ICAM-1, and chemokine TIMP-1.
In addition, MDR PA infection led to significant dynamic
changes of the above cytokines except TIMP-1 at 3-72 h.

Proinflammatory and anti-inflammatory cytokines
maintain a dynamic balance under normal conditions while
infections can cause the imbalance, which may be key to the
pathogenesis of inflammatory diseases. The results of the
cytokine antibody array showed that the proinflammatory
cytokines IL-1β, IL-6, and TNF-α in rat serum were signifi-
cantly increased in the early stage of MDR PA infection, and
the intervention of LEV could reduce the release of these
three proinflammatory cytokines. Compared with LEV
alone in the treatment, the intervention of QGYD alone or
combined could increase the release of these proinflamma-
tory cytokines to some extent in the early stage of infection
and rapidly decrease their release in the later stage. These
proinflammatory cytokines can induce the production of
adhesion molecules, such as ICAM-1, which are involved
in the occurrence of tissue injury and the regulation of
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Figure 2: Effects of QGYD and LEV on spleen index (SI) and
thymus index (TI) of MDR PA-infected rats. Bars represent mean
± SD (N = 8, per group). ∗P < 0:05, versus the Control group; #P
< 0:05, versus the Model group; ##P < 0:01, versus the Model
group; △P < 0:05, versus the LEV group.
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Figure 3: Effects of QGYD-LEV treatment for 5 days on serum inflammatory cytokines of MDR PA-infected rats. Bars representmean ± SD
(N = 8, per group). ∗P < 0:05, versus the Control group; ∗∗P < 0:01, versus the Control group; #P < 0:05, versus the Model group; ##P < 0:01,
versus the Model group.
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inflammatory immune response [43, 44]. In this study, the
adhesion molecule ICAM-1 was significantly downregulated
after QGYD-LEV treatment, while LEV treatment had no
significant effect on ICAM-1. Inflammation is a defensive
response that the body produces when it fights against path-
ogenic bacteria. Moderate inflammation is beneficial and
protective to the body, while excessive and insufficient
inflammation is both harmful [45]. Precisely, excessive
inflammation can cause tissue damage and organ dysfunc-
tion, while insufficient inflammation is not conducive to
the body’s elimination of infectious agents, toxins released
by bacteria, and damaged tissues. Compared with the exces-
sive inflammation in the Model group and the insufficient
inflammation in the LEV group, QGYD and QGYD-LEV
treatment maintained the inflammation at a moderate level
in the early stage of MDR PA infection, which could ensure
the body function normally on the elimination of pathogenic

bacteria and toxins, control the inflammation, and avoid
cascade waterfall effects and serious self-injury. Moreover,
the release of proinflammatory cytokines rapidly reduced
in the later stage after QGYD and QGYD-LEV treatment,
which could prevent the body regulatory from being imbal-
anced that caused by the prolonged inflammation.

In the process of pneumonia induced by MDR PA infec-
tion, the anti-inflammatory cytokine IL-10 in the Model
group increased from the early stage and continued to
increase until it reached a peak in the later stage, which was
consistent with the report that the expression of IL-10 was
later than proinflammatory cytokines in the mice challenged
by LPS [46]. The expression of IL-10 was significantly inhib-
ited in the LEV group, compared with that in the Model
group. QGYD and QGYD-LEV treatment could promote
the release of IL-10 and make the peak appear earlier. Fur-
thermore, the release of IL-10 in the QGYD group and
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QGYD-LEV group decreased rapidly in the later stage of
infection. The growth and decline of both proinflammatory
and anti-inflammatory cytokines determine the develop-
ment, transformation, and prognosis of inflammation [47].
In order to avoid harmful effects of the inflammation after
it produces a beneficial effect in the early stage, the body
compensatively releases anti-inflammatory cytokines to pro-
tect normal tissues from inflammatory damage. It has been
confirmed that excessive or insufficient release of IL-10 is
associated with poor prognosis [48, 49]. Overexpression of
IL-10 can inhibit the release of the proinflammatory cyto-
kines, obstruct the elimination of bacteria and toxins, and
thus lead to an immunosuppressive effect, while the underex-
pression can cause persistent and excessive proinflammatory
response and thus induce systemic inflammatory response
syndrome [50]. In this study, compared with the overexpres-
sion of IL-10 in the Model group and the underexpression in
the LEV group, QGYD-LEV treatment significantly
increased the release of IL-10 in the early stage of infection
to control the proinflammatory response at a moderate level.
Moreover, it rapidly reduced the expression of IL-10 in the
later stage with the decline of IL-1β, IL-6, TNF-α, and IFN-
γ, to prevent the continuously excessive release of IL-10 from
causing severe immune suppression and uncontrollable
infection. These could benefit the body from controlling the
inflammation and maintaining the stability of internal envi-
ronment during MDR PA infection.

The TLR4/MyD88/NF-κB signaling pathway can regu-
late the expressions of various inflammatory cytokines, initi-
ate natural and acquired immunity against pathogens, and
participate in pathological processes such as inflammatory
cell chemotaxis and cell adhesion [51]. It was reported that
the TLR4/MyD88/NF-κB signaling pathway was involved
in the inflammatory immune response of multiple diseases

[52–55]. Therefore, it has become increasingly important
to regulate the TLR4/MyD88/NF-κB signaling pathway in
the prevention and treatment of inflammatory and
immune-related diseases. The results of RT-qPCR revealed
that MDR PA infection could activate this signaling pathway
in rats and significantly upregulate the mRNA expressions of
TLR4, MyD88, NF-κB, and ICAM-1. Moreover, compared
with LEV alone, QGYD-LEV therapy could significantly
reduce and even normalize the mRNA expressions of the
key genes of the TLR4/MyD88/NF-κB signaling pathway.
However, further studies are needed to explore the effect of
QGYD and LEV onMDR PA-infected rats at the protein level.
In addition, some transcription factors and their inhibitors of
this signaling pathway can also play an important role in the
body’s inflammatory immune response [56–61]. Therefore,
the anti-MDR PA mechanism of QGYD-LEV therapy needs
to be verified in more interference experiments.

5. Conclusions

In conclusion, QGYD-LEV treatment could promote the
recovery of MDR PA-infected rats from a disorder of
inflammatory immune response to equilibrium by regulat-
ing inflammatory cytokines and the mRNA expressions of
the TLR4/MyD88/NF-κB signaling pathway, which provides
evidence for its clinical application to MDR PA infection.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding authors upon request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Authors’ Contributions

Guochao Chen and Wanqiao Zhang contributed equally to
this work.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (No. 81873127). We thank all of our
colleagues and institutions for their participation in this
study.

Supplementary Materials

Supplementary Figure 1 HPLC fingerprint of three different
samples of QGYD extract. (Supplementary Materials)

References

[1] H. Wang and M. J. Chen, “Changes of antimicrobial resistance
among nonfermenting gram-negative bacilli isolated from
intensive care units from 1994 to 2001 in China,” National
Medical Journal of China, no. 5, pp. 36–41, 2003.

TLR4 MyD88 ICAM-1
0

1

2

3

4

Re
la

tiv
e m

RN
A

 ex
pr

es
sio

n

Control group

Model group

LEV group

# #
#

#
## ##

##

##

##

##

NF-𝜅B

⁎⁎ ⁎⁎
⁎⁎

⁎⁎

QGYD group

QGYD-LEV roup

Figure 5: The mRNA expressions of TLR4, MyD88, NF-κB, and
ICAM-1 in rat lung tissue were detected by RT-qPCR. Bars
represent mean ± SD (N = 8, per group). ∗∗P < 0:01, versus the
Control group; #P < 0:05, versus the Model group; ##P < 0:01,
versus the Model group; △P < 0:05, versus the LEV group; △△P <
0:01, versus the LEV group.

8 BioMed Research International

https://downloads.hindawi.com/journals/bmri/2022/5066434.f1.pdf


[2] J. Y. Yuan and F. Yang, “The US guidelines for the manage-
ment of hospital-acquired pneumonia in 2005,” Chinese Jour-
nal of Infection and Chemotherapy, no. 6, pp. 420–423, 2006.

[3] A.-P. Magiorakos, A. Srinivasan, R. B. Carey et al., “Multidrug-
resistant, extensively drug-resistant and pandrug-resistant
bacteria: an international expert proposal for interim standard
definitions for acquired resistance,” Clinical Microbiology and
Infection, vol. 18, no. 3, pp. 268–281, 2012.

[4] M. A. Pfaller, R. K. Flamm, L. R. Duncan, R. E. Mendes, R. N.
Jones, and H. S. Sader, “Antimicrobial activity of tigecycline
and cefoperazone/sulbactam tested against 18,386 Gram-
negative organisms from Europe and the Asia-Pacific region
(2013-2014),” Diagnostic Microbiology and Infectious Disease,
vol. 88, no. 2, pp. 177–183, 2017.

[5] Y. Li, Y. Lv, B. Zheng et al., “Antimicrobial susceptibility of
Gram-negative organisms: results from China antimicrobial
resistance surveillance trial program, 2017-2018,” The Chinese
Journal of Clinical Pharmacology, vol. 35, no. 19, pp. 2508–
2528, 2019.

[6] Y. Li, Y. Lv, B. Zheng et al., “Antimicrobial susceptibility of
Gram-negative organisms: results from China antimicrobial
resistance surveillance trial program, 2015-2016,” The Chinese
Journal of Clinical Pharmacology, vol. 33, no. 23, pp. 2521–
2542, 2017.

[7] M. H.Wu, A. P. Peng, M. X. Sun et al., “TREM-1 amplifies cor-
neal inflammation after Pseudomonas aeruginosa infection by
modulating toll-like receptor signaling and Th1/Th2-type
immune responses,” Infection and Immunity, vol. 79, no. 7,
pp. 2709–2716, 2011.

[8] X. F. Li, S. S. He, R. P. Li et al., “Pseudomonas aeruginosa infec-
tion augments inflammation through miR-301b repression of
c-Myb-mediated immune activation and infiltration,” Nature
Microbiology, vol. 1, no. 10, 2016.

[9] H. B. Tran, S. C. Chen, H. C. Chaung, and T. C. Cheng,
“Molecular cloning of IL-6, IL-10, IL-11, IFN-ɤ and modula-
tion of pro- and anti-inflammatory cytokines in cobia (Rachy-
centron canadum) after _Photobacterium damselae_ subsp.
piscicida infection,” Comparative Biochemistry and Physiology
Part B: Biochemistry and Molecular Biology, vol. 230, pp. 10–
18, 2019.

[10] F. Chen, X. G. Zhu, Z. Q. Sun, and Y. Ma, “Astilbin inhibits
high glucose-induced inflammation and extracellular matrix
accumulation by suppressing the TLR4/MyD88/NF-κB path-
way in rat glomerular mesangial cells,” Frontiers in Pharmacol-
ogy, vol. 9, 2018.

[11] Q. Su, X. Lv, Y. Sun, Z. Ye, B. Kong, and Z. Qin, “Role of
TLR4/MyD88/NF-κB signaling pathway in coronary micro-
embolization- induced myocardial injury prevented and
treated with nicorandil,” Biomedicine & Pharmacotherapy,
vol. 106, pp. 776–784, 2018.

[12] G. Liu, Y. Lu, L. L. Shi et al., “TLR4-MyD88 signaling pathway
is responsible for acute lung inflammation induced by
reclaimed water,” Journal of Hazardous Materials, vol. 396,
p. 122586, 2020.

[13] M. Liu, W. Xu, M. Su, and P. Fan, “REC8 suppresses tumor
angiogenesis by inhibition of NF-κB-mediated vascular endo-
thelial growth factor expression in gastric cancer cells,” Biolog-
ical Research, vol. 53, no. 1, 2020.

[14] Q. Jiang, M. Yi, Q. Q. Guo et al., “Protective effects of polydatin
on lipopolysaccharide-induced acute lung injury through
TLR4-MyD88-NF-κB pathway,” International Immunophar-
macology, vol. 29, no. 2, pp. 370–376, 2015.

[15] G. R. Xu, C. Zhang, H. X. Yang et al., “Modified citrus pectin
ameliorates myocardial fibrosis and inflammation via sup-
pressing galectin-3 and TLR4/MyD88/NF-κB signaling path-
way,” Biomedicine & Pharmacotherapy, vol. 126, p. 110071,
2020.

[16] J. Y. Zhao, W. Bi, J. W. Zhang et al., “USP8 protects against
lipopolysaccharide-induced cognitive and motor deficits by
modulating microglia phenotypes through TLR4/MyD88/NF-
κB signaling pathway in mice,” Brain Behavior and Immunity,
vol. 88, pp. 582–596, 2020.

[17] Z. Z.Wei, “Discussion on anti-infective mechanism of Chinese
herbal medicine,” Sichuan Journal of Traditional Chinese Med-
icine, no. 4, pp. 19-20, 1991.

[18] Z. Song, H. K. Johansen, V. Faber et al., “Effects of subcutane-
ous injection with different doses of ginseng on the rat model
of chronic Pseudomonas aeruginosa pneumonia,” Chinese
Journal of Integrated Traditional and Western Medicine,
no. 9, pp. 546–549, 1998.

[19] X. H. Guo, R. H. Guo, and Z. J. Song, “Effects of Sophora fla-
vescens on rat model of chronic Pseudomonas aeruginosa bio-
film pneumonia,” China Journal of Chinese Materia Medica,
vol. 35, no. 3, pp. 352–355, 2010.

[20] X. Guo, R. Guo, Z. Song, and P. Huang, “Effects of Matrine on
immune protection in a rat model of chronic Pseudomonas
aeruginosa biofilm pneumonia,” Chinese Journal of Experi-
mental Traditional Medical Formulae, vol. 16, no. 8, pp. 185–
188, 2010.

[21] Y. Fu, L. Kong, S. Jiang, N. Guo, and Q. Jiang, “Discussion on
academic thought of professor Liu Qingquan on the treatment
of drug-resistant bacteria infection,” Journal of Emergency in
Traditional Chinese Medicine, vol. 29, no. 1, 2020.

[22] Q. Liu, H. Sun, J. Gao, and L. Kong, “Discussion on TCM path-
ogenesis of drug-resistant bacteria infection and observation of
clinical effect of traditional Chinese medicine,” Chinese Medi-
cine Modern Distance Education of China, vol. 8, no. 17,
pp. 213-214, 2010.

[23] J. Gao, Q. Q. Liu, J. Z. Tian, J. Shi, Z. Qiu, and J. Wu, “Effect of
Qiguiyin formula on the imipenem-resisting Pseudomonas
aeruginosa,” Journal of Traditional Chinese Medicine, vol. 53,
no. 16, pp. 1408–1411, 2012.

[24] L. B. Kong, Q. Q. Liu, J. Wu, J. Gao, and A. D. Peng, “Study on
the bacteriostasis of multidrug resistant pseudomonas aerugi-
nosa by Fuzhen Touxie decoction in vitro,” Global Traditional
Chinese Medicine, vol. 5, no. 2, pp. 81–84, 2012.

[25] L. Kong, Q. Liu, L. Wang, Y. Fu, and J. Gao, “Effect of Qiguiyin
formula on the lymphocyte proliferation in rats with
multidrug-resistant pseudomonas aeruginosa infection,” Jour-
nal of Traditional Chinese Medicine, vol. 54, no. 18, 2013.

[26] L. B. Kong, Q. Q. Liu, Q. Yang, J. Gao, and Y. F. Fu, “Study on
the effect of Qiguiyin decoction and antibiotics inhibiting
multi-drug resistant pseudomonas aeruginosa in vitro,”World
Chinese Medicine, vol. 9, no. 3, 2014.

[27] L. Kong, Y. Guo, Y. Fu et al., “The impact of Qiguiyin decoc-
tion on IL-1β in serum of multi-drug resistant pseudomonas
aeruginosa infected rats,” World Chinese Medicine, vol. 11,
no. 10, pp. 1966–1969, 2016.

[28] H. Gu, W. J. He, and Q. Ma, “Mechanism analysis of the com-
bination of Qiguiyin formula and Imamipenem and levofloxa-
cin antibiotics on Pseudomonas aeruginosa based on target
network,” China Journal of Traditional Chinese Medicine and
Pharmacy, vol. 34, no. 10, pp. 4561–4565, 2019.

9BioMed Research International



[29] S. Elbahnaswy and G. E. Elshopakey, “Differential gene expres-
sion and immune response of Nile tilapia (Oreochromis niloti-
cus) challenged intraperitoneally with Photobacterium
damselae and Aeromonas hydrophila demonstrating immuno-
suppression,” Aquaculture, vol. 526, article 735364, 2020.

[30] M. Sendler, C. van den Brandt, J. Glaubitz et al., “NLRP3
Inflammasome regulates development of systemic inflamma-
tory response and compensatory anti-inflammatory response
syndromes in mice with acute pancreatitis,” Gastroenterology,
vol. 158, no. 1, pp. 253–269.e14, 2020.

[31] Committee of Experts on Rational Drug Use, National Health
and Family Planning Commission of the P.R.China, and
China Antimicrobial Resistance Surveillance System, “China
Antimicrobial Resistance Surveillance System Report 2015,”
China Licensed Pharmacist, vol. 13, no. 3, pp. 3–8, 2016.

[32] J. P. Horcajada, M. Montero, A. Oliver et al., “Epidemiology
and treatment of multidrug-resistant and extensively drug-
resistant Pseudomonas aeruginosa infections,” Clinical Micro-
biology Reviews, vol. 32, no. 4, p. 52, 2019.

[33] M. S. Mulani, E. E. Kamble, S. N. Kumkar, M. S. Tawre, and
K. R. Pardesi, “Emerging strategies to combat ESKAPE patho-
gens in the era of antimicrobial resistance: a review,” Frontiers
in Microbiology, vol. 10, p. 24, 2019.

[34] J. R. Yang, “Clinical observation on treatment of 66 cases of
acute severe pneumonia with Chinese medicine and antibi-
otics,” Journal of Emergency in Traditional Chinese Medicine,
vol. 21, no. 6, p. 970, 2012.

[35] M. W. Yang, “TCM assisted Tigecycline combined with cefo-
perazone sulbactam in treatment of severe pneumonia with
G-bacteria infection in ICU,” Chinese Archives of Traditional
Chinese Medicine, vol. 34, no. 10, pp. 2504–2506, 2016.

[36] N. C. Staub, R. W. Hyde, and E. Crandall, “NHLBI workshop
summary. Workshop on techniques to evaluate lung
alveolar-microvascular injury,” The American Review of Respi-
ratory Disease, vol. 141, 4, Part 1, 1990.

[37] S. C. Eisenbarth, “Dendritic cell subsets in T cell programming:
location dictates function,” Nature Reviews Immunology,
vol. 19, no. 2, pp. 89–103, 2019.

[38] M. K. Zuberbuehler, M. E. Parker, J. D. Wheaton et al., “The
transcription factor c-Maf is essential for the commitment of
IL-17-producing γδ T cells,” Nature Immunology, vol. 20,
no. 1, pp. 73–85, 2019.

[39] M. Li and H. Q. Guan, “Effect of alleric contct dermatitis Mice
‘indexes of spleen, thymus, IFN-γ and IL-4s’ change caused by
Shu Feng Yin,” Journal of Practical Traditional Chinese Inter-
nal Medicine, vol. 25, no. 1, pp. 24-25, 2011.

[40] N. Wang, H. W. Liang, and K. Zen, “Molecular mechanisms
that influence the macrophage M1-M2 polarization balance,”
Frontiers in Immunology, vol. 5, p. 9, 2014.

[41] I. P. Karve, J. M. Taylor, and P. J. Crack, “The contribution
of astrocytes and microglia to traumatic brain injury,” Brit-
ish Journal of Pharmacology, vol. 173, no. 4, pp. 692–702,
2016.

[42] X. Y. Zhou, L. J. Zhang, L. M. Lie et al., “MxA suppresses
TAK1-IKKα/β-NF-κB mediated inflammatory cytokine pro-
duction to facilitate Mycobacterium tuberculosis infection,”
Journal of Infection, vol. 81, no. 2, pp. 231–241, 2020.

[43] I. T. Lee and C. M. Yang, “Role of NADPH oxidase/ROS in
pro-inflammatory mediators-induced airway and pulmonary
diseases,” Biochemical Pharmacology, vol. 84, no. 5, pp. 581–
590, 2012.

[44] H. M. AlKreathy, M. K. Alghamdi, and A. Esmat, “Tetra-
methylpyrazine ameliorates indomethacin-induced gastric
ulcer in rats: impact on oxidative, inflammatory, and angio-
genic machineries,” Saudi Pharmaceutical Journal, vol. 28,
no. 8, pp. 916–926, 2020.

[45] D. Ricklin and J. D. Lambris, “Complement in immune and
inflammatory disorders: pathophysiological mechanisms,”
Journal of Immunology, vol. 190, no. 8, pp. 3831–3838, 2013.

[46] R. Wang, Q. Fang, L. Zhang et al., “CD28 ligation prevents
bacterial toxin-induced septic shock in mice by inducing IL-
10 expression,” Journal of Immunology, vol. 158, no. 6, 1997.

[47] Z. Chen, A. Bozec, A. Ramming, and G. Schett, “Anti-inflam-
matory and immune-regulatory cytokines in rheumatoid
arthritis,” Nature Reviews Rheumatology, vol. 15, no. 1,
pp. 9–17, 2019.

[48] A. K. Lehmann, A. Halstensen, S. Sørnes, O. Røkke, and
A. Waage, “High levels of interleukin 10 in serum are associ-
ated with fatality in meningococcal disease,” Infection and
Immunity, vol. 63, no. 6, 1995.

[49] T. Taniguchi, Y. Koido, J. Aiboshi, T. Yamashita, S. Suzaki, and
A. Kurokawa, “Change in the ratio of interleukin-6 to
interleukin-10 predicts a poor outcome in patients with sys-
temic inflammatory response syndrome,” Critical Care Medi-
cine, vol. 27, no. 7, pp. 1262–1264, 1999.

[50] W. J. Ouyang and A. O’Garra, “IL-10 family cytokines IL-10
and IL-22: from basic science to clinical translation,” Immu-
nity, vol. 50, no. 4, pp. 871–891, 2019.

[51] B. Pamukcu, G. Y. H. Lip, and E. Shantsila, “The nuclear factor
- kappa B pathway in atherosclerosis: A potential therapeutic
target for atherothrombotic vascular disease,” Thrombosis
Research, vol. 128, no. 2, pp. 117–123, 2011.

[52] G. Q. Li, D. Liu, Y. Zhang et al., “Celastrol inhibits
lipopolysaccharide-stimulated rheumatoid fibroblast-like
synoviocyte invasion through suppression of TLR4/NF-κB-
Mediated matrix metalloproteinase-9 expression,” PLoS One,
vol. 8, no. 7, 2013.

[53] A. C. Souza, T. Tsuji, I. N. Baranova et al., “TLR4 mutant mice
are protected from renal fibrosis and chronic kidney disease
progression,” Physiological Reports, vol. 3, no. 9, 2015.

[54] S. L. Zhu, S. Y. Tang, and F. Su, “Dioscin inhibits ischemic
stroke-induced inflammation through inhibition of the
TLR4/MyD88/NF-B signaling pathway in a rat model,”Molec-
ular Medicine Reports, vol. 17, no. 1, pp. 660–666, 2017.

[55] Z. Y. Sun and X. J. Chen, “Expressions of TLR4, MyD88 and
NF-κB in colorectal cancer and its clin-ical significance,” Chi-
nese Journal of Gerontology, vol. 39, no. 3, pp. 548–551, 2019.

[56] S. S. Han, Y. S. Keum, H. J. Seo, and Y. J. Surh, “Curcumin sup-
presses activation of NF-κB and AP-1 induced by phorbol
ester in cultured human promyelocytic leukemia cells,” Jour-
nal of Biochemistry and Molecular Biology, vol. 35, no. 3,
pp. 337–342, 2002.

[57] J. Y. Qiao, L. Song, Y. L. Zhang, and B. Luan,
“HMGB1/TLR4/NF-kappaB signaling pathway and role of
vitamin D in asthmatic mice,” Zhongguo dang dai er ke za
zhi, vol. 19, no. 1, pp. 95–103, 2017.

[58] M. J. Liu, J. H. Xie, and Y. X. Sun, “TLR4/MyD88/NF-κB-
Mediated inflammation contributes to cardiac dysfunction in
rats of PTSD,” Cellular and Molecular Neurobiology, vol. 40,
no. 6, pp. 1029–1035, 2020.

[59] L. Meng, L. Y. Li, S. Lu et al., “The protective effect of dexme-
detomidine on LPS-induced acute lung injury through the

10 BioMed Research International



HMGB1-mediated TLR4/NF-κB and PI3K/Akt/mTOR path-
ways,” Molecular Immunology, vol. 94, pp. 7–17, 2018.

[60] G. Carpino, M. del Ben, D. Pastori et al., “Increased liver local-
ization of lipopolysaccharides in human and experimental
NAFLD,” Hepatology, vol. 72, no. 2, pp. 470–485, 2020.

[61] D. Sergi, A. C. Morris, D. E. Kahn et al., “Palmitic acid triggers
inflammatory responses in N42 cultured hypothalamic cells
partially via ceramide synthesis but not via TLR4,” Nutritional
Neuroscience, vol. 23, no. 4, pp. 321–334, 2020.

11BioMed Research International


	Qiguiyin Decoction Improves Multidrug-Resistant Pseudomonas aeruginosa Infection in Rats by Regulating Inflammatory Cytokines and the TLR4/MyD88/NF-κB Signaling Pathway
	1. Introduction
	2. Materials and Methods
	2.1. Reagents and Chemicals
	2.2. Animals and Bacterial Suspension
	2.3. Preparation of QGYD
	2.4. Animal Model and Experimental Treatments
	2.5. Determination of Serum Inflammatory Cytokines
	2.6. Determination of the mRNA Expressions in the TLR4/MyD88/NF-κB Signaling Pathway
	2.7. Statistical Analysis

	3. Results
	3.1. QGYD-LEV Improved the General State and Immune Organ Index of MDR PA-Infected Rats
	3.2. Effects of QGYD-LEV on Inflammatory Cytokines in Rat Serum
	3.3. Inhibitory Effect of QGYD-LEV on the TLR4/MyD88/NF-κB Signaling Pathway in MDR PA-Infected Rats

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

