
OR I G I N A L R E S E A R C H

Paclitaxel alleviated sepsis-induced acute lung

injury by activating MUC1 and suppressing

TLR-4/NF-κB pathway
This article was published in the following Dove Press journal:

Drug Design, Development and Therapy

Yu-Ming Wang1,*

Ran Ji1,*

Wei-Wei Chen1

Shun-Wei Huang1

Yan-Jun Zheng1

Zhi-Tao Yang 1

Hong-Ping Qu2

Hao Chen3

En-Qiang Mao1

Ying Chen1

Er-Zhen Chen1

1Department of Emergency, Ruijin

Hospital Affiliated to Shanghai Jiao Tong

University School of Medicine, Shanghai,

People’s Republic of China; 2Department

of Critical Care Medicine, Ruijin Hospital

Affiliated to Shanghai Jiao Tong University

School of Medicine, Shanghai, People’s
Republic of China; 3Department of

General Surgery, Ruijin Hospital Affiliated

to Shanghai Jiao Tong University School

of Medicine, Shanghai, People’s Republic
of China

*These authors contributed equally to

this work

Purpose: It has been reported that approximately 40% of ALI (acute lung injury) incidence

resulted from sepsis. Paclitaxel, as a classic anti-cancer drug, plays an important role in the

regulation of inflammation. However, we do not know whether it has a protective effect

against CLP (cecal ligation and puncture)-induced septic ALI. Our study aims to illuminate

the mitigative effects of paclitaxel on sepsis-induced ALI and its relevant mechanisms.

Materials and methods: The survival rates and organ injuries were used to evaluate the

effects of paclitaxel on CLP mice. The levels of inflammatory cytokines were tested by

ELISA. MUC1 siRNA pre-treatment was used to knockdown MUC1 expression in vitro.

GO203 was used to inhibit the homodimerization of MUC1-C in vivo. The expression levels

of MUC1, TLR 4 and p-NF-κB/p65 were detected by Western blot.

Results: Our results showed that paclitaxel improved the survival rates and ameliorated

organ injuries especially lung injury in CLP-induced septic mice. These were accompanied

by reduced inflammatory cytokines in sera and BALF (bronchoalveolar lavage fluid). We

also found paclitaxel could attenuate TLR 4-NF-κB/p65 activation both in lung tissues of

septic mice and LPS-stimulated lung type II epithelial cell line A549. At the upstream level,

paclitaxel-upregulated expression levels of MUC1 in both in vivo and in vitro experiments.

The inhibitory effects of paclitaxel on TLR 4-NF-κB/p65 activation were reversed in lung

tissues of septic mice pre-treated with MUC1 inhibitor and in MUC1-knockdown A549 cells.

Protection of paclitaxel on sepsis-induced ALI and decrease of inflammatory cytokines were

also abolished by inhibition of MUC1.

Conclusion: Collectively, these results indicated paclitaxel could significantly alleviate

acute lung injury in CLP-induced septic mice and LPS-stimulated lung type II epithelial

cell line A549 by activating MUC1 and suppressing TLR-4/NF-κB pathway.
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Introduction
Sepsis, which is defined as life-threatening organ dysfunction caused by a dysre-

gulated host response to infection, is a major health care problem with high

mortality rates worldwide.1,2 Nearly 30% of sepsis patients can develop into

multi-organ dysfunction syndrome (MODS).3 It has been reported that lung might

be one of the most vulnerable organs and approximately 40% ALI (acute lung

injury) incidence results from sepsis.4–7 At present, there is no specific treatment for

sepsis-induced ALI. The overall treatment strategies include high-flow nasal can-

nula and noninvasive ventilation, prone positioning, neuromuscular blockade,
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ECMO, supportive care and anti-inflammatory therapy.8

Recent studies suggest early short-term use of neuromus-

cular blocking agent (NMBA), if indicated, may be helpful

in patients with sepsis-induced ALI.9,10 Anti-inflammatory

therapy is also an important and effective treatment means.

The role of corticosteroid in sepsis-induced ALI remains

inconclusive.11,12 Statins have been reported to reduce

inflammation, however, a recent multicenter trial showed

no mortality benefit in sepsis-induced ALI.13

Paclitaxel, which is isolated from the bark of Taxus

brevifolia tree, is one of the most widely used and traditional

anticancer drugs and could arrest cell cycle in the G0/G1 and

G2/M phases to induce cell death by stabilizing microtubule

polymer and preventingmicrotubules from disassembly.14–16

Recent studies have shown that paclitaxel also played impor-

tant roles in non-neoplastic diseases especially the regulation

of inflammation andmight exert anti-inflammatory effects by

regulating the TLR-4 pathway.17 Paclitaxel was reported to

inhibit chemotaxis induced by endotoxin-activated serum.18

In a mouse model of kidney injury, paclitaxel could block

NF-κB activation and cytokine production.19 Paclitaxel

could also attenuate the vascular leak and inflammation in

LPS-induced acute lung injury in a mouse model. However,

we still did not know the role of paclitaxel in mouse model of

cecal ligation and puncture (CLP)-induced sepsis and the

molecular mechanism of paclitaxel in sepsis-induced ALI

also needed to be explored.

Numerous studies have reported that NF-κB played a

crucial part in the pathogenesis of organ injury induced by

sepsis. Toll-like receptor 4 (TLR 4)-NF-κB pathway was a

classic signaling pathway triggered by pathogen-asso-

ciated molecular pattern (PAMP) or danger-associated

molecular pattern (DAMP) during sepsis.20,21 MUC1, as

a kind of membrane-bound glycoprotein expressed in

epithelial cells, played an essential anti-inflammatory role

in response to diverse infections and served as a negative

regulator of toll-like receptor signaling.22–26 However, it

remained unclear whether paclitaxel inhibited TLR 4-NF-

κB pathway in sepsis-induced ALI. We also did not know

whether MUC1 was involved in the protective functions

by paclitaxel during sepsis-induced ALI. We tried to inves-

tigate these questions.

Materials and methods
Animals
C57BL/6J mice (Male, 24–30 g, 8–10 weeks old) were

purchased from Slac Laboratory Animal Corporation

(Shanghai, China). All animals were kept in a humidity-

controlled (30–70%) and temperature-controlled (21–23°C)

room with a 12 hrs light/dark cycle. Mice did not have

limited access to water and food (LabDiet, St. Louis, MO,

USA). All experiments involving animals were demon-

strated to be ethically acceptable by the Animal Ethics

Committee of Ruijin Hospital affiliated with Shanghai

Jiao Tong University, School of Medicine (No. 092), and

were also in accordance with the international guidelines for

care and use of laboratory animals (National Institutes of

Health Publication No. 85-23, revised 1996).

CLP model
Mice were anesthetized by ketamine (75 mg/kg) and xyla-

zine (15 mg/kg).27 Mice of sham group only received

cecum exposure without ligation or puncture. All mice

were resuscitated by sterile 0.9% saline at the end of the

surgery and had free access to water and food. In order to

evaluate the effects of paclitaxel, antibiotics should be

avoided administration.

Mice were euthanized at 6 and 24 hrs after surgery.

Tissues of lungs, heart, liver and kidney were harvested

and fixed in 4% paraformaldehyde at 4°C or stored at

−80°C immediately. Whole blood was centrifuged at 3000

rpm for 15 mins and sera were collected and stored at

−80°C. Bronchoalveolar lavage fluid (BALF) was per-

formed three times through a tracheal cannula with sterile

PBS of a total volume of 1.5 mL and centrifuged at 1500

rpm for 5 mins at 4°C.

Animals and group
For survival analysis, 130 mice were divided into seven

groups, i.e., sham (n=10), CLP group (n=20), CLP +

paclitaxel (Taiji, China) (75, 150, 225, 300 μg/kg, n=20
for each group, paclitaxel was given 2 hrs after CLP by

intraperitoneal injection), CLP + paclitaxel (150 μg/kg,
n=20, paclitaxel was given immediately after CLP by

intraperitoneal injection). Mice of sham and CLP group

were only injected with same amount of sterile 0.9% saline

intraperitoneally. In the subsequent trials involving

mechanisms, only 150 μg/kg paclitaxel was given to

mice 2 hrs after CLP.

MUC1 inhibitor GO203 (Selleck Chemicals, Houston,

TX, USA) was dissolved in PBS for in vivo experiments

and injected intraperitoneally (10, 20, 30 mg/kg, n=6 for

each group). We used Western blot to analyze optimum

doses. CP2 (Selleck Chemicals, Houston, TX, USA) was

used as the negative control.

Wang et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
Drug Design, Development and Therapy 2019:133392

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


Cell culture and group
The human lung type II epithelial cell line A549 (Stem

Cell Bank, Chinese Academy of Sciences, Shanghai,

China) was cultured in DMEM (Sigma, St. Louis, MO,

USA) culture medium with 10% FBS (FBS, Gibco,

Grand Island, NY, USA), 100 U/mL streptomycin and

100 U/mL penicillin (Millipore, TMS-AB2-C) at 37°C

in a humidified atmosphere containing 5% CO2.
28 Cells

were grown to confluence before LPS and paclitaxel

treatment. Cells were incubated with different doses of

LPS (Sigma, St. Louis, MO, USA) (1, 2.5, 5, 10 μg/mL)

and different time-points (6, 12, 24, 48 hrs). Cells were

then treated with different doses of paclitaxel (1, 2.5, 5,

10, 15, 20 nM) (Sigma, St. Louis, MO, USA). Cells and

cell culture medium were collected and stored at −80°C

for various measurements.

MUC1 siRNA transfection in vitro
A549 cells were transfected with human MUC1-siRNAs or

NC siRNA (200 nM, GenePharma, Shanghai, China) with

the transfection reagent lipofectamine 2000 (Invitrogen,

Carlsbad, CA, USA) for 24 hrs. Human MUC1 siRNA

sequences were as follows: MUC1-siRNA-1 5ʹ-CACAG

UUCAA UCAGU AUAATT-3ʹ (sense), 5ʹ-UUAUA CUG

AU UGAAC UGUGTT-3ʹ (antisense); MUC1-siRNA-2 5ʹ-

GGGAU ACCUA CCAUC CUAUTT-3ʹ (sense), 5ʹ-AUA

GG AUGGU AGGUA UCCCTT-3ʹ (antisense); MUC1-siR

NA-3 5ʹ-CUCUU ACACA AACCC AGCATT-3ʹ (sense),

5ʹ-UGCUG GGUUU GUGUA AGAGTT-3ʹ (antisense).

Histological and biochemical analysis
The lungs, heart, kidney and liver tissues were fixed in the

4% paraformaldehyde over 24 hrs and stained with hema-

toxylin and eosin (H&E). Then, we evaluated the severity

of organ injury and calculated scores according to scoring

criteria reported before.29,30 Two pathologists performed

the double-blind evaluation of all of the six fields of view

at 100× magnification.

The lungs were weighed immediately after separation

and dried in an oven at 80°C for 24 hrs to achieve a

constant weight and then wet/dry weight ratio was calcu-

lated. Hepatocyte injury enzyme alanine aminotransferase

(ALT), myocardial injury biomarker creatine kinase (CK)

and renal injury biomarker creatinine were calculated

using kits obtained from Jiancheng Bioengineering

Institute (Nanjing, China).

Enzyme-linked immunosorbent assay

(ELISA)
IL-1β, IL-6, TNF-α and IL-10 concentrations from mouse

sera and bronchoalveolar lavage fluid (BALF) as well as

culture supernatant of A549 cells were assessed by enzyme-

linked immunosorbent assay (ELISA) kits (MultiSciences

Biotech, Co., Ltd., Hangzhou, China) and all procedures

were conformed to the manufacturer’s protocols.

Western blot assay
Protein samples (25 μg per sample) were subjected to 10%

sodium dodecyl sulfate-polyacrylamide gel electrophoresis

and transferred to polyvinylidene fluoride membranes

(Millipore, Temecula, CA, USA). Then, membranes were

blocked in 5% non-fat dried milk at room temperature for 1

hr and incubated with relevant primary antibodies against

MUC1 (Thermo Fisher Scientific, USA), GAPDH (Cell

Signaling Technology, Danvers, MA, USA), phosphorylated

nuclear factor-κB (NF-κB)/p65 (Cell Signaling Technology,

Danvers, MA, USA) and Toll-like Receptor 4 (TLR 4)

(Thermo Fisher Scientific, USA) overnight at 4°C. After

proper washing, membranes were incubated for 1 hr with

HRP-conjugated secondary antibodies. The proteins were

visualized on Tanon 5500 Imaging System (Shanghai, China).

Statistical analysis
All data were performed by GraphPad Prism 5.0 (GraphPad

Software, San Diego, CA, USA) and SPSS 18.0 (SPSS Inc.,

Chicago, IL, USA). Kaplan–Meier test was used to analyze

survival curves. Data were described as mean with standard

deviation or medians and interquartile ranges. Student’s t-test

for two groups or one way ANOVA for multiple groups (>2) or

Mann–Whitney testwas used for comparingdata.P-value<0.05

was considered statistically significant.

Results
Paclitaxel could improve survival rates of

septic mice
In order to choose the optimal doses and time-points of

paclitaxel administration, we set four different doses includ-

ing 75, 150, 225 and 300 μg/kg and two different time points

including immediate administration after CLP and 2 hrs after

CLP. All mice were observed during 7 consecutive days and

survival curves were shown in Figure 1. Survival rates of

mice in CLP group decreased to 55% (11/20) at 24 hrs and

25% (5/20) on the seventh day. Paclitaxel administration of

150 μg/kg 2 hrs after CLP could significantly improve

Dovepress Wang et al

Drug Design, Development and Therapy 2019:13 submit your manuscript | www.dovepress.com

DovePress
3393

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


survival rates of CLP mice (Figure 1, P=0.024) compared

with other groups of paclitaxel administration (Figure 1,

P>0.05). However, immediate administration of 150 μg/kg

paclitaxel after CLP did not show significant statistical dif-

ference compared with CLP group (Figure 1, P=0.073). The

above results indicated that paclitaxel administration of

150 μg/kg 2 hrs after CLP had the best protective effects

for septic mice and we employed this method in the follow-

ing experiments.

Paclitaxel ameliorates organ injuries

especially lung injury in septic mice
HE staining results showed histological structures and

relevant changes in different groups both at 6 and 24 hrs

(Figure 2A–D). In sham group, tissues from lungs, heart,

liver and kidney were typically normal. In CLP group,

lung tissues displayed obvious inflammatory cells infiltra-

tion, alveolar damages and edema. Cardiac tissues showed

loss of myocardial gap, abnormal arrangement of myocar-

dial fibers and cells death and edema. Loss of hepatic

sinusoids, infiltration of inflammatory cells and cells

death were displayed in liver tissues. Tubular dilatation,

tubular cell swelling and hemorrhage were shown in kid-

ney tissues. Similarly, injury scores of corresponding

organs increased evidently with statistical significance

(Figure 2E, G, I and K, P<0.05). Obviously, organ injuries

at 24 hrs were more severe than that at 6 hrs. In addition to

this, lung wet/dry ratio (Figure 2F), sera CK (Figure 2H)

and creatinine (Figure 2J) as well as ALT (Figure 2L) also

increased clearly in accordance with histological changes,

results of which were more obvious at 24 hrs than 6 hrs. In

the paclitaxel group, histopathologic injuries were abol-

ished in lung, liver and kidney. Protective effects of pacli-

taxel were notable at 24 hrs in the above organs. However,

our results did not show significant protective effects of

paclitaxel on heart both at 6and 24 hrs. Changes of lung

wet/dry ratio, sera CK and ALT as well as creatine in the

paclitaxel group were similar to histological changes.

Besides, considering previous similar reports about

mitigative effects of paclitaxel on mice models of

LPS-induced liver and kidney injury,19,31 our study mainly

focused on sepsis-induced acute lung injury.

Paclitaxel reduces inflammatory cytokine

concentrations in sera and BALF of septic

mice
We used ELISA kit to test inflammatory cytokines includ-

ing TNF-α, IL-1β, IL-6, IL-10 in sera and BALF

(Figure 3A and B) and found all the above cytokines

increased significantly after CLP, results of which were

more obvious at 24 hrs than 6 hrs. Compared with CLP

group, paclitaxel administration could significantly

decrease levels of TNF-α, IL-1β, IL-6, IL-10 at 6 and

24 hrs both in sera and BALF. However, results of IL-10

concentrations in sera between paclitaxel group and CLP

group at 6 hrs did not show statistical difference.

Paclitaxel attenuates TLR 4-NF-κB/p65
activation in sepsis-induced ALI and

LPS-stimulated lung type II epithelial cell line
In order to clarify underlying mechanisms of paclitaxel on

sepsis-induced lung injury and cytokine production, we

detected expression levels of TLR 4 and phosphorylation of

NF-κB-p65 at both 6 and 24 hrs after CLP. Results in

Figure 4A–D showed that sepsis-induced activation of TLR

4 and phosphorylation of NF-κB/p65 were reduced by pacli-
taxel, inhibiting effects of which were more evident at 24 hrs.

According to the above results, we chose 24 hrs as the

optimal time point for subsequent in vivo experiments.

Figure 1 Effects of paclitaxel on survival rates of septic mice. Survival curve of

septic mice during a 7-day period. CLP mice were administered with 75, 150, 225,

300 μg/kg paclitaxel or vehicle (sterile 0.9% saline) 2 hrs after CLP or 150 μg/kg
paclitaxel immediately after CLP. Sham, n=10; CLP and CLP + paclitaxel, n=20.

Survival rates among groups were analyzed using Kaplan–Meier analysis and log-

rank tests. We compared CLP group with CLP + paclitaxel group and calculated P-
value marked in the figures. P-value between CLP group and CLP + paclitaxel (75

µg/mL) group was 0.276. P-value between CLP group and CLP + paclitaxel (150 µg/

mL) group was 0.024. P-value between CLP group and CLP + paclitaxel (150 µg/mL,

immediate postoperative administration) group was 0.073. P-value between CLP

group and CLP + paclitaxel (225 µg/mL) group was 0.527. P-value between CLP

group and CLP + paclitaxel (300 µg/mL) group was 0.940.
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Figure 2 Protection of paclitaxel on organ injuries in septic mice. (A–D) Representative morphological images at 6 and 24 hrs by HE staining were presented to assess the

injury severity of lungs, heart, kidney and liver. (E, G, I, K) Histological scores of organ injury were calculated. Lung wet/dry ratio (F), sera creatine kinase (H), sera

creatinine (J) and sera alanine aminotransferase (L) were also tested. Samples were harvested at 6 and 24 hrs after CLP. Data represent means ± SD (n=6). *P<0.05,
**P<0.01, ***P<0.001.
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To investigate the effects of paclitaxel on sepsis-related

TLR 4 and NF-κB/p65 expression levels in lung type II

epithelial cell line, A549 cells were treated with paclitaxel

after stimulated with LPS. We first set four different doses

of LPS including 1, 2.5, 5, and 10 μg/mL (Figure 5A–C)

and four different time points including 6, 12, 24, and 48

hrs (Figure 5D–F). And, we found that TLR 4 and phos-

phorylation of NF-κB-p65 were best activated after A549

cells were stimulated with 2.5 μg/mL LPS for 24 hrs.

Then, we wanted to explore the optimal dose of paclitaxel

on A549 cells and six non-lethal doses including 1, 2.5, 5,

10, 15, and 20 nM were set. Results in Figure 5G–J

Figure 3 Effects of paclitaxel on inflammatory cytokine concentrations in sera and BALF of septic mice. The levels of IL-1β, IL-6, TNF-α, IL-10 in sera (A) and

bronchoalveolar lavage fluid (BALF) (B) were analyzed by ELISA. Data represent means ± SD (n=6). *P<0.05, **P<0.01, ***P<0.001.
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showed that 5 nM paclitaxel could most significantly inhi-

bit activation of TLR 4 and phosphorylation of NF-κB-

p65. Therefore, we selected 2.5 μg/mL LPS for 24 hrs and

5 nM paclitaxel for the following in vitro experiments.

The anti-inflammatory effect of paclitaxel

depends on MUC1 in sepsis-induced ALI

and LPS-stimulated lung type II epithelial

cell line
Previous studies have been reported that as MUC1 was a

negative regulator of toll-like receptor signaling and upre-

gulation of MUC1 could inhibit activation of NF-κB

signaling pathway in inflammatory diseases.22,26 Our

study indicated that expression levels of MUC1 were sig-

nificantly upregulated during inhibitory effects of pacli-

taxel on activation of TLR 4 and phosphorylation of

NF-κB-p65 in both in vitro and in vivo experiments

(Figures 4A and 5G); however, we did not know whether

MUC1 played a role in this process or not. Therefore,

GO203 (specific inhibitor MUC1) and its negative control

CP2 were injected intraperitoneally in mice prior to CLP

and paclitaxel treatment and changes of therapeutic effects

of paclitaxel were observed. As shown in Figure 6A–C,

compared with CLP + paclitaxel + CP2 group, inhibitory

effects of paclitaxel on TLR 4 and phosphorylation of

Figure 4 Paclitaxel inhibited TLR 4-NF-κB/p65 activation and upregulated MUC1 in sepsis-induced ALI. (A–D) TLR 4, p-NF-κB/p65 expression levels at 6 and 24 hrs after

CLP in lung tissues were detected by Western blot. *P<0.05, **P<0.01, ***P<0.001.
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Figure 5 Paclitaxel inhibited TLR 4-NF-κB/p65 activation and upregulated MUC1 in LPS-stimulated lung type II epithelial cell line. (A–C) A549 cells were stimulated with

different doses of LPS (1, 2.5, 5, 10 μg/mL) for 24 hrs. (D–F) A549 cells were incubated with 2.5 μg/mg LPS for 6, 12, 24, and 48 hrs. (G–J) A549 cells were treated with

different doses of paclitaxel (1, 2.5, 5, 10, 15, 20 nM) after stimulated by 2.5 μg/mL LPS for 24 hrs. TLR 4, p-NF-κB/p65 and MUC1 expression levels were detected by

Western blot. Data represent means ± SD (n=6). *P<0.05, **P<0.01, ***P<0.001.
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NF-κB-p65 were reversed in CLP + paclitaxel + GO203

group. The optimal dose of CP2 and GO203 was

20 mg/kg. HE staining showed that evident damages of

lung tissues in CLP + paclitaxel + GO203 group compared

with CLP + paclitaxel + CP2 group and there was a

statistically significant difference in lung injury scores

between the two groups (Figure 6D and H).

However, liver, kidney and heart tissues did not show

evident damages in CLP + paclitaxel + GO203 group

(Figure 6E–G and I–K). Furthermore, we used ELISA kit

to test inflammatory cytokines including TNF-α, IL-1β,
IL-6, IL-10 in sera and BALF of paclitaxel-treated septic

mice and found all the above cytokines increased signifi-

cantly by the administration of MUC1 inhibitor GO203

(Figure 7A and B).

To further verify our conclusions, we transfected A549

cells with MUC1 siRNA1, MUC1 siRNA2, MUC1 siRNA3

and NC siRNA separately. As shown in Figure 8A–D, the

inhibitory effect of MUC1 siRNA3 was optimal.

Interestingly, we also found expression levels of TLR 4

and phosphorylation of NF-κB-p65 were obviously up-

regulated in group of MUC1 siRNA3 compared with other

groups. Then, we evaluated whether MUC1 knockdown

influenced therapeutic effects of paclitaxel on LPS-stimu-

lated A549 cells. As shown in Figure 8E–H, compared with

LPS + paclitaxel + NC siRNA group, inhibitory effects of

paclitaxel on TLR 4 and phosphorylation of NF-κB-p65
were reversed in LPS + paclitaxel + MUC1 siRNA3

group. We also tested cytokines from supernatant of A549

cells and found levels of TNF-α, IL-1β, IL-6 and IL-10

significantly increased in LPS + paclitaxel + MUC1

siRNA3 group (Figure 8I). The above results indicated

that paclitaxel ameliorated sepsis-induced lung injury

through MUC1 in mice and lung type II epithelial cell line

A549.

Discussion
Sepsis is a dynamic and heterogeneous syndrome caused

by imbalances of the inflammatory network. In sepsis, pro-

inflammatory environment triggered by infection caused

Figure 6 Mitigative effects of paclitaxel on lung injury induced by CLP were reversed by MUC1 inhibitor. Different doses of GO203 (specific inhibitor MUC1) (10, 20, 30

mg/kg) and its negative control CP2 (10, 20, 30 mg/kg) were injected intraperitoneally in mice prior to CLP and paclitaxel treatment. (A–C) TLR 4 and p-NF-κB/p65 were

detected by Western blot. (D–G) Representative morphological images at 24 hrs by HE staining were presented to assess the injury severity of lungs, heart, kidney and liver.

(H–K) Histological scores of organ injury were calculated. Samples were harvested at 24 hrs after CLP. Data represent means ± SD (n=6). *P<0.05, **P<0.01, ***P<0.001.
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massive amplification of the inflammatory process which

eventually resulted in multiple organ dysfunction of the

host.32 Although great progress has been made to explore

the host response to infection, no effective new therapeutic

drugs exist.33 Paclitaxel, which was widely used as a

chemotherapeutic agent, has been reported to have con-

siderable anti-inflammatory effects in relevant diseases

including sepsis.17 Qiu Yang et al reported that paclitaxel

could alleviate liver injury induced of septic mice by

alleviating inflammatory response.31 Another study

Figure 7 Downregulation of inflammatory cytokines by paclitaxel in sera and BALF of CLP-induced septic mice was reversed by MUC1 inhibitor. The levels of IL-1β, IL-6,
TNF-α, IL-10 in sera (A) and bronchoalveolar lavage fluid (BALF) (B) were analyzed by ELISA. Data represent mean ± SD (n=6). *P<0.05, **P<0.01, ***P<0.001.
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Figure 8 Mitigative effects of paclitaxel in LPS-stimulated A549 cells were reversed by MUC1 knock-down. (A–D) A549 cells were transfected with NC-siRNA or MUC1-

siRNAs for 24 hrs. Expression levels of TLR 4, p-NF-κB/p65 and MUC1 were detected by Western blot. (E–H) A549 cells transfected with NC-siRNA or MUC1-siRNAs for

24 hrs were treated with LPS (2.5 μg/mL) and paclitaxel (5 nM) for another 24 hrs. Expression levels of TLR 4, p-NF-κB/p65 and MUC1 were detected by Western blot. (I)
The levels of IL-1β, IL-6, TNF-α, IL-10 in the culture supernatants were analyzed by ELISA. Data represent mean ± SD (n=6). *P<0.05, **P<0.01, ***P<0.001.
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revealed that paclitaxel could ameliorate LPS-induced kid-

ney injury via suppression of NF-κB activation and inhibi-

tion of proinflammatory cytokine production.19

Mirzapoiazova et.al reported that paclitaxel had effects

on suppression of endotoxin-induced inflammation.34

However, the above studies mainly focused on LPS injec-

tion model which was reported to have some drawbacks.

First, it was difficult to draw a firm conclusion of drug

effects to some critical illness including sepsis in a mouse

model induced by single bacterial infection.35 Second,

some investigators questioned that injection of a large

number of doses of LPS at one time might cause heart

failure and premature death.36 By contrast, CLP mouse

model, which could reflect many features of human sepsis,

was considered as the optimal sepsis model and most

widely used. Our study was the first to adopt CLP model

to explore the effects of paclitaxel on sepsis-induced organ

damages. We found the administration of 150 μg/kg pacli-

taxel could significantly improve survival rates of septic

mice and decreased levels of cytokines in sera and BALF

as well as alleviate organ injuries including lungs, liver

and kidney. However, we did not find effective protection

of paclitaxel on heart injury. Considering clear mechan-

isms of mitigative effects of paclitaxel on LPS-induced

liver and kidney injuries conducted by previous studies

and un-conspicuous protective effects of paclitaxel on

heart injury in our CLP model, we paid more attention to

clarify mechanisms of effects of paclitaxel on sepsis-

induced lung injury which have not been reported before.

A variety of studies have reported Toll-like receptor 4

(TLR 4)-NF-κB pathway was a classic signaling pathway

which was activated to cause severe inflammation during

sepsis.20,37,38

Our data demonstrated that paclitaxel indeed inhibited

TLR 4 and NF-κB activation both in lung tissues of septic

mice and human lung type II epithelial cell line A549

stimulated by LPS. However, we still did not know the

underlying mechanisms of suppression of NF-κB by pacli-

taxel. Interestingly, we found significant upregulation of

MUC1 expression levels during inhibitory effects of pacli-

taxel on activation of TLR 4 and phosphorylation of NF-

κB-p65 in both in vitro and in vivo experiments. MUC1,

as the best-characterized number of mucins, is a trans-

membrane glycoprotein expressed in epithelial cells espe-

cially in the respiratory tract and a great number of studies

have reported that MUC1 plays an important anti-inflam-

matory role in response to a variety of infectious insults.

Lu et.al used an experimental model of bacterial lung

infection and found that MUC1−/− mice exhibited higher

levels of IL-8 and TNF-α and greater recruitment of leu-

kocytes in bronchoalveolar lavage fluid compared with

MUC+/+ mice.39 Another study conducted by Ueno et.al

showed that knockout of MUC1 increased pro-inflamma-

tory cytokine levels in response to various TLR ligands in

both airway epithelial cell and macrophages and MUC1

could suppress NF-κB activation induced by TLR ligands

including TLR 4.26 Several studies revealed a feedback

loop between inflammation and MUC1 in lung epithelial

cells. Enhanced production of inflammatory cytokines sti-

mulated by some bacteria or viruses up-regulated MUC1

expression, which in turn suppressed further increase of

cytokines.25,40 It has been reported that CT domain was

required for the anti-inflammatory activity of MUC1 dur-

ing TLR activation.26 Therefore, we focused on expression

levels of MUC1-CT domain and tried to explore whether

MUC1 participated in the suppression of TLR 4-NF-κB
signaling pathway by paclitaxel in sepsis-induced lung

injury. In accordance with previous studies, we found

knockdown of MUC1 could increase expression levels of

TLR 4 and phosphorylation of NF-κB/p65 in type II

epithelial cell line A549. More importantly, we found

inhibition of MUC1 in septic mice and knockdown of

MUC1 in A549 cells reversed anti-inflammation of pacli-

taxel to a great degree. Besides, effects of MUC1 on anti-

inflammation of paclitaxel mainly occurred in lung rather

than other organs.

To our knowledge, this study was the first to explore

anti-inflammatory effects of paclitaxel on septic-induced

organ injuries in CLP model. Our study was also the first

to find that MUC1 played an important role in the allevia-

tion of paclitaxel on sepsis-induced lung injury in both in

vivo and in vitro experiments. However, we had some

limitations. The lack of knockout mouse models of

MUC1 makes it tough to clarify the function of MUC1

in vivo. Therefore, we chose GO-203 to inhibit dimeriza-

tion of the MUC1 CT domain which was reported to be

required for its anti-inflammatory activity. Besides, our

study failed to explain mechanisms of upregulation of

MUC1 by paclitaxel and suppression of activated MUC1

to TLR 4-NF-κB signaling pathway which remained

unclear before and we were trying to solve these questions

in the following experiments in our laboratory.

Conclusion
In conclusion, our study revealed that paclitaxel could

alleviate sepsis-induced organ injuries especially lung
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injury and reduce inflammatory cytokines in CLP mice

model. And, mitigative effects of paclitaxel on sepsis-

induced lung injury were mainly through activating

MUC1 to suppress TLR-4/NF-κB pathway. Paclitaxel

might be a potential clinical therapeutic choice for sep-

sis-induced lung injury. MUC1 might play an important

role in sepsis-induced lung injury and needed to be further

investigated.

Abbreviations
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