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ABSTRACT 

The pathogenesis of acute lung injury includes transendothelial diapedesis of 

leukocytes into lung tissues and disruption of endothelial/epithelial barriers leading to 

protein-rich edema. In vitro studies show that microtubule network plays a role in the 

regulation of endothelial permeability as well as in neutrophil locomotion. We 

hypothesized that the microtubule-stabilizing agent, taxol, may attenuate inflammation 

and vascular leak associated with acute lung injury in vivo.  

Intravenous-delivered taxol we employed a model of murine lung injury induced 

by intratracheal LPS administration and parameters of lung injury and inflammation 

assessed 18 hours after the treatment. 

Intravenous-delivered taxol significantly reduced inflammatory histologic 

changes in lung parenchyma and parameters of LPS-induced inflammation: infiltration of 

proteins and inflammatory cells in bronchoalveolar lavage (BAL), lung myeloperoxidase 

activity, and extravasation of Evans blue albumin dye into lung tissue.  Taxol alone (in 

the absence of LPS) had no appreciable effect on these parameters. In addition to lung 

proteins, intravenous taxol reduced accumulation of leukocytes in ascitic fluid in a model 

of LPS-induced peritonitis. Together, our data demonstrate that microtubule stabilization 

with taxol systemically attenuates LPS-induced inflammation and vascular leak.  

 

Keywords: lung injury, edema, inflammation, endotoxin, lipopolysaccharide, taxol. 
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INTRODUCTION 

Acute lung injury (ALI) and its more severe form, the acute respiratory distress syndrome 

(ARDS), are associated with high morbidity and mortality in patients. ALI pathogenesis 

includes injury of endothelial and epithelial barriers leading to protein-rich edema, and 

inflammation induced by cytokines and chemokines released from inflammatory cells, 

lung epithelial cells, or fibroblasts. Weakening of the endothelial barrier enhances the 

transendothelial diapedesis of leukocytes into lung tissues, further contributing to 

pulmonary dysfunction.  

Endothelial cell barrier regulation is dependent on an intact cytoskeleton. While 

the importance of actin microfilaments for the endothelial barrier is well established 

(reviewed in [1]), involvement of another cytoskeletal component, the tubulin-based 

microtubule network, has only recently been explored. We have reported the capacity of 

inhibitors of microtubule polymerization to increase transendothelial permeability to 

solutes in vitro [2]. Conversely, microtubule stabilization by taxol attenuated solute 

permeability across endothelial monolayer and paracellular gap formation induced by 

TNF-alpha [3] and thrombin [4]. Furthermore, stabilization of endothelial microtubules 

with taxol decreases leukocyte transmigration through endothelial monolayers, whereas 

disassembly of microtubules increases leukocyte migration [5]. Microtubules may also be 

involved directly in neutrophil locomotion, since pretreatment with taxol inhibits 

neutrophil chemotaxis stimulated by endotoxin-activated serum markedly [6]. 

These in vitro data suggest that microtubule stabilization may reduce 

microvascular permeability to solutes and leukocytes in vivo. Therefore, we hypothesized 

that microtubule stabilization may decrease vascular leakage and inflammation in the 
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acutely injured lung. To test this hypothesis, we examined the effect of taxol in a murine 

model of endotoxin-induced lung injury. Endotoxin/lipopolysaccharide (LPS), a key 

constituent of Gram-negative bacteria cell walls, is a pro-inflammatory mediator and 

when delivered intratracheally reproducibly displays key features of microvascular lung 

injury including leukocyte accumulation in lung tissue, pulmonary edema, profound lung 

inflammation, and mortality [7,10]. LPS treatment leads to disruption of peripheral 

microtubules in pneumocytes [8] and vascular endothelial cells [9]. In the present study, 

we show that microtubule stabilization have beneficial effect on ALI outcome, since 

intravenous taxol caused marked attenuation of vascular leak and inflammation in a 

murine model of endotoxin-induced ALI. 

 
MATERIALS AND METHODS 
 
Animals.  All experiments and animal care procedures were approved by University of 

Chicago Animal Resource Center and were handled according to National Institutes of 

Health Guide for the Care and Use of Laboratory Animals. C57BL/6 (20-25 g) mice were 

purchased from Jackson Laboratory (Bar Harbor, ME) and housed until the time of 

experiments in cages with access to food and water in a temperature-controlled room 

with a 12-h dark/light cycle. 

Animal procedures. Mice were anesthetized with 150 mg/kg ketamine and 15 mg/kg 

acetylpromazine before the exposure of the trachea and the right internal jugular vein via 

neck incision. LPS solution (2.5 mg/kg of E. coli LPS, serotype 055:B5 from Sigma, St. 

Louis, MO) or sterile saline was instilled intratracheally via a 20-gauge catheter. 

Simultaneously, through the internal jugular vein mice received single injection of either 

taxol (Sigma) to reach a final calculated plasma concentration of 10 µM, or 
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chremaphor/ethanol/PBS control. The animals were allowed to recover for 18h. 

Bronchioalveolar lavage (BAL) and lungs were collected and stored at -70° C for further 

evaluation of lung injury.  

Quantification of total protein and leukocyte analysis in BAL. BAL was centrifuged 

(1500g, 15 min, 4°C), and the supernatant used to measure total protein using BCA 

Protein Assay Kit (Pierce Chemical Co, Rockford, IL). Cell pellets were examined for 

total number of white blood cells using a hemocytometer. In addition, cytospin slides 

were prepared from cell suspensions. After Hemacolor staining (EMD Chemicals, 

Gibbstown, NJ) differential cell counts of neutrophils and macrophages were determined 

by counting 300-500 cells under the microscope. 

TNFα, IL6, and PGE2 assays. ELISAs were adapted to measure mouse TNFα IL6 

(R&D system, Chantilly, VA) and PGE2 (Cayman Chemicals, Ann Arbor, MI) in BAL 

and performed according to manufacturer�s protocols.  

Histopathology. Lungs were perfused free of blood with PBS and infused with 0.5% of 

low melting agarose for histologic evaluation by hematoxylin and eosin staining. 

Measurement of Evans Blue dye albumin accumulation in lungs. Evans blue dye 

albumin (EBA) was injected into the jugular vein 120 min before the termination of the 

experiment to assess vascular leak as described previously [10]. After the experiment 

lungs were perfused with PBS through right ventricle, weighted and snap frozen in liquid 

nitrogen. EBA was extracted in formamide at 60°C for 18h from right lungs. The optical 

density of the supernatants was determined spectrophotometrically at 620 nm. The 

extravasated EBA concentration in lung homogenate was calculated against standard 

curve.  
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LPS-induced peritonitis. Acute peritonitis was induced by intraperitoneal injection of 

LPS (0.2 mg/kg in 100 µl PBS). Four hours later peritoneal washes were performed with 

1 ml of PBS. The collected ascitic fluids (AF) were analyzed for cellular content using 

Diff-Quik stain. 

Statistical analysis. Values are shown as the mean ± SE. Data were analyzed using a 

standard one-way ANOVA, groups were compared by Newman-Keuls test, and 

significance in all cases was defined at p < 0.05. 

 

RESULTS  

Taxol decreases parameters of LPS-induced lung inflammation. 

Histological examination of lung tissue 18 hours after LPS administration indicated 

inflammatory changes, such as alveolar wall thickening and leukocyte infiltration into the 

lung interstitium and alveolar space compared to saline control (Fig. 1). Taxol treatment 

alone did not cause any noticeable changes in lung histology (Fig. 1), but greatly 

diminished histological signs of LPS-induced inflammation (Fig. 1). Quantitatively, this 

effect was confirmed by counting total cells in BAL (Fig. 2A). Taxol/LPS-treated mice 

had reduced total number of cells in BAL, compared to LPS alone. Microscopic 

examination of BAL showed that saline- and taxol-treated mice contained mostly 

macrophages, while LPS treatment led to increased infiltration of neutrophils (Fig. 2B). 

Lung myeloperoxidase (MPO) activity, an index of neutrophil sequestration in the lungs 

was reduced in taxol-treated mice, results current with histological evaluation (Fig. 2C). 

LPS challenge increased the amount of circulating neutrophils in peripheral blood as well 

(Fig. 3). Prolonged taxol treatment is known to cause neutropenia in mice [11]. However, 
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in our experiments, the reduction of neutrophil infiltration into lungs after taxol treatment 

was not due to neutropenia, since the total amount of neutrophils in blood was not 

affected by taxol (Fig. 3).  

 

Taxol reduces LPS-induced lung vascular leak. 

Pulmonary microvascular leakage induced by LPS was reflected by increased BAL 

protein concentration compared to saline-challenged mice and taxol alone (Fig. 4A). 

Taxol significantly reduced BAL protein (approximately 40%, p<0.001) in LPS-treated 

mice (Fig. 4A). LPS exposure induced pulmonary edema (Fig. 4B) measured by 

extravasation of EBA into lung parenchyma (Fig. 4C).  Taxol alone did not alter basal 

levels of EBA extravasation, but significantly attenuated LPS-induced microvascular lung 

leakage (Fig. 4B, C).  

 

Effect of taxol on cytokine and PGE2 production in lungs. 

Many of the systemic effects of LPS are due to the production of cytokines and 

chemokines in the body. Intratracheal LPS administration dramatically increased values 

of TNFα (2003+166 pg/ml) and IL6 (451.5+29.8 pg/ml) in BAL, compared to the values 

in animals treated with saline (2.8+1.1 pg/ml and 3.9+2.5 pg/ml for TNFα and IL6 

respectively) (Fig. 5A,B).  Simultaneous LPS/taxol treatment modestly, but significantly 

decreased both TNFα and IL6 in BAL compared to LPS alone (Fig. 5A, B).  

PGE2 is a proinflammatory mediator, although its exact mechanistic role in acute 

lung injury remains to be investigated. LPS treatment caused increased accumulation of 
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PGE2 in BAL, which was significantly reduced by taxol (Fig. 5C). PGE2 levels in BAL 

of animals treated with taxol alone were lower than the control values (Fig. 5C).  

 

Effect of taxol on LPS-induced peritonitis. 

Sepsis-induced ALI/ARDS can be initiated by acute peritonitis developing in response to 

gram-negative bacterial infection. To evaluate whether a potential beneficial effect of 

intravenous taxol occurs in LPS-induced peritonitis, intraperitoneal LPS was delivered to 

induce acute peritonitis reflected by an increased recruitment of leukocytes into the 

peritoneal cavity (Fig. 6A). Microscopic examination of ascitic fluid revealed 

predominance of macrophages (58%), although neutrophils were also present (11%) with 

significant amount of erythrocytes (Fig. 6B), indicating considerable vascular leak. 

Intravenous taxol reduced the effects of LPS to basal levels (Fig. 6A, B). Taxol alone did 

not alter cell counts or cell composition in ascitic fluid compared to saline control (Fig. 

6A, B). 

 

Discussion 

ALI and ARDS are major causes of acute respiratory failure that are associated 

with high morbidity and mortality. These disorders are characterized by a significant 

pulmonary inflammatory response resulting in injury to alveolar epithelial and 

endothelial barriers of the lung and protein rich pulmonary edema. ALI/ARDS 

pathogenesis is still only partly understood, and the pharmacological treatment is non-

specific. Based on our published in vitro data, we hypothesized that microtubule 

dynamics may play an important role in ALI pathogenesis and in ALI recovery. 
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The present study in mice with LPS-induced ALI indicated that the microtubule-

stabilizing agent taxol exerts significant anti-inflammatory and anti-edemagenic effects. 

Although the mechanism of this effect needs to be explored, we speculate that taxol 

effects may improve endothelial/epithelial barriers, since taxol significantly attenuated 

LPS-induced accumulation of water and proteins in BAL fluid and interstitium. Our data 

agree with recent observation that taxol prevents loss of the endothelial barrier in isolated 

the lung [12]. 

In microvascular endothelium, cell-cell junctions are key to maintaining the 

integrity of the vessel wall. LPS challenge of cultured endothelial cells results in the loss 

of monolayer integrity and paracellular gap formation [13, 14]. Microtubule stabilization 

with taxol may interfere with LPS effects on cell-cell junctions, since recent data suggest 

that microtubules and adherence junctions dynamically interact [15, 16]. On the other 

hand, in LPS-challenged cells endothelial junctions may be weakened due to contractile 

forces generated by cytoskeletal motor proteins [13, 17]. Microtubule stabilization with 

taxol may affect the contractile cytoskeleton in a way that preserves cell-cell junctions. 

Although, the relationship between microtubules and contractile cytoskeleton is not fully 

explored, the disruption of either microfilaments or microtubule structure can cause 

endothelial cell contraction and barrier dysfunction via alterations in the actomyosin 

cytoskeleton. Microtubule depolymerization by either nocodazole or vinblastin in 

pulmonary endothelial cells is associated with MLC phosphorylation, stress fiber 

formation, contraction, and barrier dysfunction [2, 4]. These effects are linked to 

activation of the small GTPase Rho and its effector Rho kinase, and can be attenuated by 

cell pretreatment with taxol, which promotes microtubule assembly [2, 4]. 
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Besides enhancing endothelial barrier, taxol may affect other components of ALI 

pathogenesis. Recruitment and activation of neutrophils within the lung capillaries is 

largely responsible for sepsis-related pulmonary injury [18]. Since taxol inhibits PMN 

locomotion in vitro [6], intravenous taxol may reduce the ability of neutrophils to migrate 

toward the sites of inflammation. Our data show that the amount of neutrophils in the 

lungs and ascitic fluid of LPS-challenged mice is significantly decreased.  

TNF-α and other cytokines derived from LPS-stimulated cells mediate the toxic 

effect of LPS [19]. We show that taxol slightly reduced cytokine accumulation in the 

lungs. However, their level in BAL of LPS-treated animals was still much higher, than 

the control. Therefore, it appears unlikely that cytokine reduction is the major mechanism 

of taxol action.  

Our published in vitro data demonstrate that taxol can induce inflammatory 

signaling in isolated murine macrophages, increasing their TNFα and interleukin-1 

release [20, 21]. Induction of inflammatory signaling, however, requires higher taxol 

concentration (~30 µM), than the concentration sufficient for microtubule stabilization 

(10 µM), which was used in our study. Further, taxol may still inhibit cytokine 

production and secretion by other pulmonary cell types, including epithelial and 

endothelial cells, resulting in net decrease in pulmonary cytokine accumulation. 

Importantly, studies on breast cancer patients indicated that taxanes (paclictaxel and 

docetaxel) decrease serum cytokines IL-1 and TNFα and increase IFNγ, IL-2, and IL-6 

[22].  

Prostaglandin E2 (PGE2) is a potent, immunosuppressive eicosanoid that is 

significantly elevated in the plasma of septic patients [23] and animals [24] with the 
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majority of plasma PGE2 produced in the lungs [25]. Although the role of PGE2 in ALI 

remains to be investigated, lung inflammation in mice and rats is accompanied by 

increased level of PGE2 in BAL [26, 27]. In our system, taxol significantly attenuated 

PGE2 accumulation in BAL of LPS-treated mice. This agrees with the observation that 

taxanes reduce plasma levels of PGE2 in humans [22]. 

The involvement of microtubules in key signal transduction pathways has been 

accepted (reviewed in [28]) with the polymerization dynamics of microtubules are central 

to their biological functions [29].  Tubulin-binding drugs such as colchicines and taxol 

strongly modulate microtubule dynamics. While colchicine inhibits microtubule 

polymerization, taxol stimulates it and stabilizes microtubules, completely eliminating 

the soluble pool of tubulin in the cell. As a result, both of these drugs cause cell cycle 

arrest. It has been established previously that the microtubule depolymerizing agent, 

colchicine, has a significant anti-inflammatory effect. Its mode of action includes 

modulation of chemokine and prostanoid production and inhibition of neutrophil and 

endothelial cell adhesion molecules (reviewed in [30]). Our data indicate for the first time 

that microtubule stabilization with taxol results in an anti-inflammatory effect, indicating 

that not only structural integrity of microtubules but also microtubule dynamics are 

important for inflammatory signaling.  
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FIGURE LEGENDS 
 
Figure 1. Histological assessment of LPS-induced lung inflammation and injury. 

Mice were treated intratracheally either with LPS (2.5 mg/kg) or with saline. 

Simultaneously mice received intravenously single injection of either taxol (10 µM in 

blood), or chremaphor/ethanol/PBS (vehicle). Lungs were harvested 18 hours after the 

treatments. 

 
 

 

Figure 2. Effect of taxol on LPS-induced accumulation of WBC in BAL. Mice were 

treated intratracheally either with LPS (2.5 mg/kg) or with saline. Simultaneously mice 

received intravenously single injection of either taxol (10 µM in blood), or 

chremaphor/ethanol/PBS (vehicle). BAL was collected 18 hours after the treatments. 

*significantly different vs saline/vehicle group; **significantly different vs LPS/vehicle 

group. A. Total number of cells in BAL. LPS-mediated cell infiltration into lung tissue 

was reduced by taxol treatment. B. Hemacolor staining of BAL after cytospin. Shown 
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are representative images of BAL from each group (n=5-7). Macrophages (M), but not 

neutrophils are present in BAL of saline/vehicle and saline/taxol groups. LPS induced 

accumulation of neutrophils (N) in BAL (LPS/vehicle group). This accumulation was 

remarkably reduced by intravenous taxol (LPS/taxol group). C. MPO activity in lung 

homogenates. MPO activity was elevated in lung tissue of LPS/vehicle group; taxol 

significantly decreased LPS-induced MPO activity (LPS/taxol group).  
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Figure 3. Neutrophil contents in mouse blood. Mice were treated intratracheally either 

with LPS (2.5 mg/kg) or with saline. Simultaneously mice received intravenously single 
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injection of either taxol (10 µM in blood), or chremaphor/ethanol/PBS (vehicle). Blood 

was collected 18 hours after the treatments. Neutrophil contents are present as % of total 

number of white blood cells (*significantly different vs saline/vehicle group).  
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Figure 4. Effect of taxol on LPS-induced pulmonary edema. Mice were treated 

intratracheally either with LPS (2.5 mg/kg) or with saline. Simultaneously mice received 

intravenously single injection of either taxol (10 µM in blood), or 

chremaphor/ethanol/PBS (vehicle). Parameters of edema were assessed at 18 hour after 

the treatments (*significantly different vs saline/vehicle group; **significantly different 

vs LPS/vehicle group). A. Total protein accumulation in BAL. Increase in BAL protein 

produced by LPS challenge was significantly reduced by taxol. B. Evans blue albumin 

dye extravasation in right (R) and left (L) lungs. Evans blue dye albumin (EBA) was 

injected into the jugular vein 120 min before the termination of the experiment. LPS 

induced a visible EBA leakage from the vascular space into surrounding lung tissue 

(LPS/vehicle group). This leakage was noticeably reduced in taxol-treated mice 

(LPS/taxol group). C. Quantitative analysis of EBA extravasation. Mice were treated 

as indicated. EBA content in lung extracts was determined spectrophotometrically. 
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Figure 5. Cytokine and PGE2 production in lungs. Mice were treated intratracheally 

either with LPS (2.5 mg/kg) or with saline. Simultaneously mice received intravenously 

single injection of either taxol (10 µM in blood), or chremaphor/ethanol/PBS (vehicle). 

IL-6, TNFα, and PGE2 were measured in BAL at 18 hour after the treatments. IL-6 (A), 

TNFα (B), and PGE2 (C) production was attenuated by taxol with or without LPS 

treatment (*significantly different vs saline/vehicle group, **significantly different vs 

LPS/vehicle group).  
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Figure 6. Effect of taxol on LPS-induced acute peritonitis. Mice received 

intraperitoneal injection of either LPS (0.2 mg/kg) or saline. Simultaneously mice 

received intravenously single injection of either taxol (10 µM in blood), or 

chremaphor/ethanol/PBS (vehicle). Ascitic fluid (AF) was collected 4 hours after the 

treatments. A. Total number of white blood cells in AF. LPS significantly increased the 

number of accumulated WBC in AF (LPS/vehicle group) compared to saline/vehicle 

control. Taxol reduced the number of WBC comparable to normal level (*significantly 

different vs saline/vehicle group). B. Cellular composition of AF after cytospin and 

Diff-Quik stain. Shown are representative images of AF from each group (n=5). 

Intraperitoneal LPS caused accumulation of PMN (N), macrophages (M), and 

erythrocytes (E) in ascetic fluid (AF). AF composition of LPS/taxol group was 

comparable to saline/vehicle group. Taxol alone did not change AF composition 

compared to saline/vehicle group.  
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