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Abstract

Mechanical forces in the respiratory system, including surface tension forces during airway 

reopening and high transmural pressures, can result in epithelial cell injury, barrier disruption and 

inflammation. In this study, we investigated if a clinically relevant pharmaceutical agent, 

Simvastatin, could mitigate mechanically induced injury and inflammation in respiratory epithelia. 

Pulmonary alveolar epithelial cells (A549) were exposed to either cyclic airway reopening forces 

or oscillatory transmural pressure in vitro and treated with a wide range of Simvastatin 

concentrations. Simvastatin induced reversible depolymerization of the actin cytoskeleton and a 

statistically significant reduction the cell’s elastic modulus. However, Simvastatin treatment did 

not result in an appreciable change in the cell’s viscoelastic properties. Simvastatin treated cells 

did exhibit a reduced height-to-width aspect ratio and these changes in cell morphology resulted in 

a significant decrease in epithelial cell injury during airway reopening. Interestingly, although very 

high concentrations (25–50 μM) of Simvastatin resulted in dramatically less IL-6 and IL-8 pro-

inflammatory cytokine secretion, 2.5 μM Simvastatin did not reduce the total amount of pro-

inflammatory cytokines secreted during mechanical stimulation. These results indicate that 

although Simvastatin treatment may be useful in reducing cell injury during airway reopening, 

elevated local concentrations of Simvastatin might be needed to reduce mechanically-induced 

injury and inflammation in respiratory epithelia.
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Introduction

Mechanical forces in the respiratory system are a major determinate of epithelial cell injury 

and inflammation. For example, acute lung injury (ALI) involves disruption of the alveolar- 

capillary barrier and leads to heterogeneous fluid occlusion of pulmonary airway and 

alveoli. Although patients with ALI must be artificially ventilated for survival, this 

ventilation generates several pathological mechanical forces [1]. First, the over-distension of 

aerated regions results in abnormally large stretching forces on the epithelium which can 

cause cellular necrosis, barrier disruption, and secretion of pro-inflammatory cytokines [2–

4]. Clinical trials [5] have demonstrated that this type of lung injury, known as volutrauma, 

can be prevented by using low tidal volumes protocols. Unfortunately, low volume 

ventilation can also cause significant lung injury and inflammation [6, 7] where the cyclic 

closure and reopening of fluid filled airways generates dynamic air-liquid interfacial stresses 

which can cause significant barrier disruption and plasma membrane rupture [8, 9]. 

Although elevated positive end expiratory pressure (PEEP) protocols have been used in an 

attempt to prevent this injury, known as atelectrauma, clinical trials have not definitively 

established that higher PEEP ventilation reduces lung injury [10, 11]. Interestingly, high 

PEEP protocols result in elevated levels of pro-inflammatory cytokines [12] and high 

transmural pressures can activate pro-inflammatory signaling pathways [13, 14]. Therefore, 

preventing the cellular injury and inflammation caused by pathological mechanical forces, 

including interfacial stresses and transmural pressure, is a major clinical need.

Several investigators have used combination of computational and experimental studies to 

investigate the pathological mechanisms responsible for cellular injury during atelectasis and 

airway reopening [7]. For example, using an in-vitro model of atelectrauma, Yalcin et al. 
[15] demonstrated that altering cytoskeletal mechanics could be used to reduce the amount 

of cell injury and detachment that occurs during airway reopening. Specifically, 

depolymerization of the actin cytoskeleton, resulted in more fluid-like epithelial cell that 

experienced less plasma membrane rupture and cell detachment. Continuum mechanics 

based computational models [16] indicate that this “fluidization”, i.e. an increase the power 

law structural dampening exponent (α), leads to dissipation of the applied interfacial stress 

and less cellular deformation/injury. Recently, we demonstrated that epithelial cells grown 

on compliant substrates are less susceptible to cellular injury during cyclic airway reopening 

[17]. In that study, the decreased injury susceptibility was due to morphological changes, 

where cells on softer substrates exhibit a decreased height-to-length aspect ratio, which 

according to computational studies [18], reduces the hydrodynamic stresses generated 

during airway reopening. Although changes in epithelial cell mechanics and morphology 

can modulate cell injury during airway reopening, it is not known if clinically relevant 

pharmaceuticals can be used to similarly modulate epithelial mechanics/morphology and the 

degree of cell injury during airway reopening.

In addition to physical injury (i.e. plasma membrane disruption and cell detachment), 

mechanical forces can also activate pro-inflammatory signaling in respiratory epithelia. For 

example, cyclic stretching results in pro-inflammatory cytokine secretion from alveolar 

epithelial cells [4] while fluid shear stress stimulates mucus secretion from respiratory 

epithelial cells [19]. Chronic and/or intermittent compressive stress is a potent stimulator of 
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mucin glycoprotein secretion in bronchial epithelial cells [20] and static and oscillatory 

pressures can also stimulate pro-inflammatory cytokine secretion from lung epithelial cells 

[13, 14]. Although modulation of the cytoskeleton has been shown to alter pressure-induced 

NF-κB activation [14], it is not known if clinically relevant pharmaceuticals can similarly 

modulate mechanically-induced inflammation in respiratory epithelia.

Statins are HMG-CoA reductase inhibitors that are commonly used to reduce serum 

cholesterol levels [21]. Statins also inhibit the synthesis of GTP-binding proteins involved in 

the Rho and Rac pathway, leading to pleotropic effects on stress fiber formation, cytoskeletal 

regulation and signal transduction [22]. Recently, investigators have shown that statins can 

reduce ventilation induced lung injury in rats and mice [23–25], prevent barrier disruption in 

isolated rabbit lungs ventilated with high pressure [26], and reduce lipopolysaccharide-

induced pulmonary inflammation in healthy human volunteers [27]. However, a recently 

completed clinical trial [28] did not document improvements in clinical outcomes for 

patients with ALI. Therefore, more information is needed about the mechanisms by which 

statins alter cellular injury and inflammation during mechanical ventilation. Interestingly, 

Simvastatin has been shown to disrupt the actin cytoskeleton in cardiac fibroblasts and lung 

endothelial cells [29, 30] and similar cytoskeletal alterations in lung epithelial cells have 

been shown to alter the degree of mechanically-induced cell injury and inflammation [14, 

15]. We therefore hypothesize that Simvastatin will alter the cytoskeletal mechanics and 

morphological properties of lung epithelial cells and that these changes in cell mechanics/

morphology will alter both the degree of cell injury during airway reopening and the amount 

of mechanically-induced inflammation (i.e. pro-inflammatory cytokine secretion). We use 

both in-vitro models of epithelial cell injury and inflammation and biophysical 

characterization tools to test this hypothesis.

Materials and Methods

1. Cell Culture

Human alveolar epithelial cells (A549) (ATCC, Manassas, VA) were maintained in 

Dulbecco's Modified Eagle's Medium (DMEM) (Corning, Manassas, VA), supplemented 

with 10% Fetal Bovine Serum (FBS) (Thermo Scientific, Rockford, IL) and 1% of 

antibiotics/antimycotics mixture (Life Technologies, Grand Island, NY) at 37°C, 5% CO2 

and 95% relative humidity. Cells were seeded onto 40 mm diameter glass cover slips inside 

60 mm petri dishes at a cell density of 3.6 x 104 cells/cm2 and grown to confluence. Based 

on previous studies which treated lung epithelial or endothelial cells with 0.1 to 100μM 

Simvastatin [29, 31–33], in this study, A549 cells were incubated with 2.5 to 50μM 

Simvastatin (Cayman Chemical, Ann Arbor, MI) in supplemented media for 16–17 hours 

prior to each experiment and untreated cells were used as controls.

2. Fluid-filled airway reopening simulation

As described in our previous studies [17] and shown schematically in Fig 1, a Bioptechs 

FCS2 chamber (Bioptechs, Butler, PA) and a programmable PHD 2000 syringe pump 

(Harvard Apparatus, Holliston, MA) were used to expose cells to cyclic airway reopening 

conditions. Briefly, confluent samples were placed inside the chamber and the flow channel 
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(35mm length, 10mm width, and 0.5mm height) was filled with phosphate-buffered saline 

(PBS). PBS fluid was then removed from the channel at a constant flow rate to create an air-

liquid interface that propagated over the epithelial monolayer at 3 mm/sec. The channel was 

re-filled and fluid removed five times to simulate the cyclic closure and reopening of fluid-

filled airways. Cells were then stained using a live/dead cell viability assay (Life 

Technologies, Grand Island, NY) and imaged along the center of the channel via 

fluorescence microscopy at 10X (5–17 images per sample). For each image, the percentage 

of cell death was computed as the ratio of dead cells to total number of cells observed after 5 

air-liquid propagations. Cell detachment was quantified as the difference between the 

number of cells present before and after the propagation of air-liquid interfaces relative to 

the number of cells before interface propagation. Cell counts were conducted using the 

Image J software (NIH, USA).

3. Characterization of Cytoskeletal structure

The effect of different Simvastatin concentrations on the actin cytoskeleton as well as the 

recovery of the cytoskeleton after removal of Simvastatin was assessed via fluorescence 

imaging. After 16 hours of treatment and/or 16 hours of treatment followed by 4–5 hours of 

recovery, cells were fixed with 10% Neutral Buffered Formalin (Thermo Scientific, 

Rockford, IL), permeabilized with a 0.1% Triton X-100 (Sigma-Aldrich, St. Louis MO), and 

incubated with a 0.1μM Alexa Fluor 488 Phalloidin (Invitrogen, Grand Island NY). Cell 

nuclei were counter stained with a 0.2 μg/mL DAPI (4',6-diamidino-2-phenylindole) 

(Sigma-Aldrich, St. Louis MO) and an Olympus IX-81 inverted microscope was used to 

image the cytoskeleton.

4. Characterization of cell morphology and mechanics

Atomic force microscopy (AFM) was used to investigate the effect of Simvastatin therapy 

on lung epithelial cell morphology and mechanics. A Bioscope II AFM (Digital Instruments, 

Santa Barbara CA) mounted on the stage of an Axiovert 200 inverted optical microscope 

(Zeiss, Germany) was used to obtain measurements for cells cultured on glass cover slips 

and maintained in CO2-independent media (Life Technologies, Grand Island, NY). Silicon 

nitride cantilevers with a nominal spring constant k = 0.01 N/m, length of 200 μm, and a 

regular four-sided pyramidal tip with an angle θ= 35° were used for these measurements 

(Veeco, Santa Barbara CA). Following protocols previously reported by our group [17, 34], 

5–12 regions per sample were scanned in contact mode and the deflection error and height 

image was recorded. Height images were analyzed with the NanoScope Analysis software 

package (Bruker Instruments, Camarillo CA) to measure cell height, width and length. Here, 

length was defined as the largest edge-to-edge distance and width as the maximum edge-to-

edge distance perpendicular to the length axis. The aspect ratio of the cells was determined 

in terms of height- to-length and height-to-width ratios. AFM height images were also used 

to calculate the volume of untreated and Simvastatin treated cells. The volume of individual 

cells (V) was calculated by integrating the height measurements over the area of the cell 

(Eqn. 1):
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(1)

where Hi represents height measurements for a given cell consisting of n pixels and dAi is 

the area of each pixel unit. All the height images were captured at resolution of 256x256 

pixels for an area of 50μm x50μm.

Next, under contact mode the AFM tip was moved toward the cell and the resulting tip 

deflection (d) as a function of vertical position (z) was recorded. Four to five 50μm x 50μm 

regions were scanned per sample and an average of 130 z vs. d curves were recorded per 

region at a specific indentation (δ). As described previously [17], the Young’s modulus (E) 

and the z- position where the cantilever tip contacts the cell surface (zc) were then estimated 

by fitting the raw z vs. d data with a modified Hertz model assuming incompressibility. Data 

analysis was restricted to the lower region of the force curve (0.05–0.5nN) to avoid noise in 

the <0.05nN range and nonlinearities associated with deep indentations.

Finally, a previously described oscillatory AFM technique [17, 35] was used to investigate if 

Simvastatin therapy altered the viscoelastic properties of A549 cells. Briefly, at each cell 

surface location, standard z vs. d curves were obtained to measure E and zc and indent the 

cells by a known value, δ0. The cantilever was then oscillated in the z-direction at a given 

frequency, f, and the magnitude (md) and phase shift (Φd) of the deflection signal was 

recorded. Taylor series expansions and Fourier transforms were used to obtain a frequency 

domain Hertz model that accounts for viscous drag between the cantilever and surrounding 

liquid.

(2)

Here G*(ω) is the complex shear modulus, ω=2πf, d(ω) is defined as d(ω)=md*exp(i[ωt

+Φd]), δ (ω) is defined as δ (ω)=z(ω)-zc-d(ω) where z(ω) is defined as the Fourier 

transforms of z and b(0) is the drag coefficient. We assumed a Poisson’s ratio ν =0.5 and 

calculated b(0) for each AFM tip. Eqn. (2) was used to obtain measurements of G* for 

frequencies in the range f = 5–160 Hz and the resulting G* vs. ω curves were analyzed with 

a power-law structural dampening model [36].

(3)

Here G0 is the value of the storage modulus at ωo, ωo is a reference frequency (set to 31.4 

rads/s), α is the power-law exponent, η =tan(απ/2), and μ is the Newtonian viscous 

damping coefficient. A least squared regression with Eqn. (3) was used to obtain values for 

G0, α and μ where G0 represents the effective cell stiffness and α is a measure of the cell’s 
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viscoelasticity where α=0 represents a purely elastic material and increases in α represent 

increased fluidity [15].

5. Pressure-Induced Inflammation

Although accurate assessment of inflammation after airway reopening experiments were not 

possible due to significant cell detachment, we used a previously described oscillatory 

pressure-induced model of inflammation [13] to investigate how Simvastatin treatment 

influences pro-inflammatory cytokine secretion during mechanical stimulation. For these 

studies, A549 cells were seeded on the apical compartment of 24 mm polyester Transwell 

permeable supports (Corning, Tewksbury, MA) at a cell density of 2.6 x 104 cells/cm2. Cells 

were cultured under an air-liquid interface and after 24 hours the cells were treated with 

Simvastatin for 16–17 hours in complete media. Cells were then exposed to 20 cmH2O of 

oscillatory pressure at 0.2Hz for 12 hours. This pressure magnitude was selected based on 

typical pressure values observed during mechanical ventilation [11]. Media from the basal 

compartment was collected and ELISA sets from BD Biosciences (San Jose, CA) were used 

to measure human IL-6 and IL-8 cytokine concentration following the vendor’s protocol.

6. Statistical analysis

All data were tested for normality using a Shapiro-Wilk test. Data that followed a normal 

distribution were analyzed using a one-way or two-way analysis of variance (ANOVA) with 

post-hoc least significant difference test and reported as mean ± standard error. Data that 

were not normally distributed were analyzed using non-parametric statistical analysis, i.e. 

ANOVA on ranks with post-hoc Mann-Whitney Rank Sum test, and reported as box and 

whisker plots or median with 25/75 percentile.

Results

1. Simvastatin alters Cytoskeletal Structure

As shown in Fig 2A–F, 16 hours of Simvastatin treatment induced dose dependent 

depolymerization of the actin cytoskeleton. For 2.5 to 10μM Simvastatin treatment, we 

observed modest alterations in the actin cytoskeleton but actin stress fibers can still be seen 

distributed throughout the cytoplasm. Conversely, higher concentrations (25 and 50μM) 

resulted in significant disruption of the actin cytoskeleton and loss of actin stress fibers. 

High concentrations also resulted in more punctuate actin staining patterns. Interestingly, as 

shown in Fig 2G–H, these disruptions in the cytoskeleton were reversible upon removal of 

Simvastatin treatment. Specifically, cells initially treated with 16 hours of 25 μM 

Simvastatin exhibited significant re-polymerization of actin filaments 4 hours after removal 

of Simvastatin treatment and further improvements in cytoskeletal structure after 5 hours.

2. Simvastatin Mitigates Cellular Injury during Cyclic Airway Reopening

As shown in Fig 3, consistent with previous studies [15, 37], cyclic airway reopening results 

in significant cell death and detachment in untreated/control A549 cells where we observed 

28% median cell death and 23% median cell detachment after 5 reopening events. 

Interestingly, Simvastatin treated epithelial monolayers presented a statistically significant, 

dose-dependent decrease in epithelial cell death and detachment after 5 reopening events 
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(Fig. 3). Specifically, treatment with 2.5μM to 50μM Simvastatin resulted in 65% to 85% 

decrease in cell death and a 47% to 91% decrease in cell detachment over control values. 

The median cell death and detachment at all Simvastatin concentrations was significantly 

lower than the median values of cell death and detachment under control conditions 

(p<0.05). In addition, the median cell death values at 25and 50μM Simvastatin (5.9% and 

4.4%, respectively) were significantly lower than the median cell death value at 2.5μM 

(9.8%). The median cell detachment values at 25 and 50μM Simvastatin (3.0% and 2.0%, 

respectively) were also significantly lower than the median cell detachment a 2.5μM 

(11.9%). Although all doses of Simvastatin significantly reduced cell death and detachment 

in comparison with non-treated cells, the difference between Simvastatin doses was not 

significant for concentrations above 25μM.

3. Effect of Simvastatin on cell mechanics and morphology

AFM characterization (Figs 4, 5 and 6) indicate that Simvastatin treatment had a dose 

dependent effect on the morphological and mechanical properties of lung epithelial cells. 

First, as shown in Fig 4A, AFM indentation experiments indicate that untreated A549 cells 

had a median Young’s modulus of 1.56KPa and that 2.5μM Simvastatin treatment resulted in 

a minor decrease in the median Young’s modulus to 1.48KPa (p=0.05) while treatment with 

25μM Simvastatin resulted in a larger and more significant (p<0.01) decrease in Young’s 

modulus (1.09KPa). As shown in Fig 4B, the Young’s modulus distribution in both untreated 

and Simvastatin treated samples were not normally distributed but treatment with increasing 

dosage of Simvastatin results in a clear shift of the Young’s modulus distribution to lower 

values.

Oscillatory AFM techniques were used to measure the complex shear modulus, G*, as a 

function of frequency (ω) at ~80 cell surface locations per sample and an example of this 

data at each Simvastatin concentration is shown in Fig 5B. A regression analysis with Eqn. 

(3) (see solid lines in Fig 5B), was then used to determine the reference shear modulus, G0, 

the power-law exponent, α, and the Newtonian viscous damping coefficient μ. As shown in 

Figure 5A, Simvastatin treatment resulted in a statistically significant (p<0.01) 33%–38% 

decrease in G0. However, Simvastatin treatment did not have a pronounced effect on α or μ. 

First, although treatment with 2.5μM Simvastatin did result in a statistically significant 

increase in the median value of α (p=0.03), the magnitude of this increase was minor where 

the median α value was 0.12 and 0.14 for control and 2.5μM Simvastatin treated cells 

respectively. Furthermore, the median value of α in 5.0μM Simvastatin treated cells, 0.11, 

was not statistically different than the control value (p=0.375). The median values for μ 

under control, 2.5 and 5.0μM Simvastatin conditions were 0.90, 0.75 and 0.69 Pa*s 

respectively and ANOVA on ranks indicated that these median values were not statistically 

different (p=0.631).

Finally, AFM was used to measure the morphology of control and Simvastatin treated cells. 

As shown in Fig 6A, representative AFM height images indicate that cells treated with 

2.5μM and 25μM Simvastatin exhibit a more flatten morphology as compared to control 

untreated cells. Quantitative analysis of these images indicate that Simvastatin treated cells 

exhibit a statistically significant decrease in cell height (mean height of 3.0μm and 2.7μm for 
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cells treated with 2.5 and 25μM Simvastatin, respectively) in comparison with non-treated 

cells (mean height of 3.7μm) (p<0.05) (Fig. 6B). No significant changes in cell width or 

length were observed for cells treated with Simvastatin in comparison with control cells. As 

a result, Simvastatin treatment resulted in a statistically significant (p<0.05) decrease in the 

height-to-width ratio (mean height-to-width ratios of 0.15, 0.12 and 0.09 in control, 2.5 and 

25μM samples respectively). Similarly, we observed a statistically significant (p<0.05) 

decrease in the height-to-length ratio in cells treated with 25μM Simvastatin and a trend 

towards a lower height-to-length ratio in cells treated with 2.5μM Simvastatin (height/length 

ratios of 0.11, 0.09 and 0.07 in control, 2.5 and 25μM samples respectively). Interestingly, as 

shown in the Fig 6D treating cells with either 2.5 or 25μM Simvastatin did not result in a 

statistically significant change in overall cell volume.

4. Effect of Simvastatin on Pressure Induced Inflammation

As shown in Figure 7AB, Simvastatin treatment resulted in dose-dependent changes in IL-6 

and IL-8 pro-inflammatory cytokine secretion during mechanical stimulation. First, 

consistent with previous studies [13], 12 hours of oscillatory pressure resulted in a 

statistically significant (p<0.01) increase in IL-6 and IL-8 secretion in untreated A549 cells. 

Two-way ANOVA indicates that both Simvastatin concentration and pressure-stimulation 

were significant factors (p<0.01). For Simvastatin concentrations ≤10μM, 12 hours of 

pressure induced a statistically significant (p<0.01) increase in IL-6 and IL-8 secretion 

relative to cells exposed to no pressure at the same Simvastatin concentration. However, at 

higher concentrations (25 and 50μM), 12 hours of pressure stimulation did not result in a 

statistically significant change in IL-6 and IL-8 secretion. Considering only samples 

simulated with 12 hours of pressure, IL-6 concentrations in the 2.5μM treated cells were 

statistically higher (p<0.01) than the IL-6 concentration in untreated cells. In contrast, after 

12 hours of pressure stimulation, IL-6 concentrations in the 10, 25 and 50μM treated cells 

were statistically lower (p<0.01) than the concentration in untreated cells. Similarly, after 12 

hours of pressure stimulation, IL-8 concentrations were statistically (p<0.01) higher in cells 

treated with 2.5 and 5μM Simvastatin and statistically lower for high dose Simvastatin 

treatment (25 or 50μM). Although the data in Figure 7A indicates that Simvastatin alters the 

amount of IL-6 and IL-8 cytokine secretion after 12 hours of pressure stimulation, it is also 

clear that Simvastatin alters the baseline level of cytokine secretion under no pressure 

conditions. Therefore, to investigate how Simvastatin alters the relative change in IL-6 and 

IL-8 cytokine secretion during pressure stimulation, in Figure 7B we report the fold-change 

in cytokine levels as a function of Simvastatin concentration. A one-way ANOVA indicates 

that a all Simvastatin concentrations reduces the relative increase in IL-6 and IL-8 secretion 

due to pressure stimulation (p<0.01) with the greatest reduction at high dosage. We conclude 

that although all concentrations of Simvastatin reduce the relative amount of pressure 

induced pro-inflammatory cytokine secretion, high dosages of Simvastatin (25 to 50μM) is 

required to reduce the total amount of IL-6 and IL-8 secretion during mechanical 

stimulation.
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Discussion

Simvastatin is a commonly prescribed pharmaceutical used to control serum cholesterol 

levels [21]. Simvastatin also has pleotropic effects and may play a role in regulating 

ventilation induced lung injury [23–25]. For example, Simvastatin has been shown to 

mitigate lung injury and inflammation caused by lung overdistension during high tidal 

volume ventilation [23–25]. However, it is not known if Simvastatin can mitigate cellular 

injury and inflammation during low tidal volume ventilation. At low lung volumes, the 

cyclic closure and reopening of fluid-airways results in significant cellular injury and barrier 

disruption [6, 7]. In addition, ventilation at higher pressures has also been shown to elicit a 

pro-inflammatory response both in-vivo [12] and in-vitro [13, 14]. Therefore, the goal of this 

study was to investigate if Simvastatin can alter the mechanotransduction processes 

responsible for cellular injury during airway reopening and pressure-induced inflammation 

in lung epithelia.

Previous studies indicate that 16 hours of Simvastatin treatment results in disruption of the 

actin cytoskeleton and a loss of actin stress fibers in lung microvascular endothelial cells 

[29, 32]. Consistent with these previous studies, our data (Fig. 2) indicates that 16 hours of 

Simvastatin treatment also disrupts the actin cytoskeleton in A549 lung epithelial cells in a 

dose-dependent fashion. 2.5 to 10 μM Simvastatin treatment resulted in modest cytoskeletal 

alterations and some loss of actin stress fibers while higher concentrations (25 and 50μM) 

resulted in a significant loss of actin stress fibers. Interestingly, changes in cytoskeletal 

structure were reversible where cells initially treated with 25μM Simvastatin exhibited 

increased actin stress fiber formation 4–5 hours after of removal of Simvastatin. Since an 

intact actin cytoskeleton may be required for efficient wound repair following lung injury 

[38], the reversibility of Simvastatin’s effect on the actin cytoskeleton may have important 

clinical implications.

As shown in Fig 3, Simvastatin treatment also reduced the amount of cell injury (i.e. cell 

death and detachment) after 5 reopening events. Interestingly, compared to untreated 

samples, treatment with 2.5 and 5.0μM Simvastatin resulted in a large decrease in cell injury 

while higher concentrations (25 and 50μM) resulted in modestly lower amount of cell injury 

compared to the 2.5μM condition. This result indicates that although high concentrations of 

Simvastatin provide the greatest reduction in cell injury, 2.5μM of Simvastatin is also 

effective at reducing the physical injury caused by cyclic airway closure and reopening. To 

determine the biomechanical mechanisms of reduced cell injury following Simvastatin 

treatment, we investigated how Simvastatin alters the biomechanical and morphological 

properties of A549 cells. Since previous experimental and computational studies [15, 16] 

indicate that increases in the cell’s power-law exponent (α) can reduce the amount cell 

injury during reopening, we conducted oscillatory AFM experiments to investigate if 

Simvastatin alters the power-law rheology of A549 cells. As shown in Fig 5, Simvastatin 

treatment did not result in an appreciable change in α or the Newtonian viscosity μ and 

therefore changes in viscoelasticity cannot be used to explain the decreased cell injury and 

detachment observed at 2.5 and 5.0μM. In addition, AFM measurements of Young’s 

modulus (Fig 4) and reference storage modulus (Fig 5A) indicate that Simvastatin treatment 

results in a statistically significant decrease in cell stiffness. However, computational models 
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[39] indicate that for constant hydrodynamic loading, this decrease in cell stiffness alone 

would lead to increased plasma membrane strain and thus more injury. Therefore, changes in 

the cell’s elastic properties cannot be used to explain decreased cell injury with Simvastatin 

treatment.Finally, AFM was used to quantify how Simvastatin therapy alters the morphology 

of A549 cells. As shown in Fig 6, treatment with 2.5 and 25μM resulted in a significant dose 

dependent decrease in the cell’s height/width and height/length aspect ratio. A 

computational study by Jacob & Gaver [18] indicates that this decrease in aspect ratio would 

significantly reduce the hydrodynamic stresses exerted on airway epithelial cells during 

reopening. In addition, computational studies by Dailey et al [39] indicate that cells with a 

smaller aspect ratio experience less plasma membrane strain even if hydrodynamic forces 

are constant. Together, these computational studies predict that cells with decreased aspect 

ratios would experience less cell injury during airway reopening. Consistent with this 

prediction, the experimental results in Figs. 3 & 6 indicate that Simvastatin treatment results 

in cells with a reduced aspect ratio and less cell injury.

Although Simvastatin treatment reduces the maximum cell height (Fig 6B), it does not 

change the cell volume even for a preserved cell length and width. This change in 

morphology is consistent with a “flattening” of the cell topography as shown in the 

schematic in Fig 6E where untreated cells have a large height and significant topological 

variation while Simvastatin treated cells are “flattened” with a reduced height and 

topological variation. Note that in this schematic the shaded area for both cells is equivalent 

and thus the volume has not changed. Interestingly, this reduction in topological variation is 

very similar to the conditions simulated numerically by Jacob and Gaver [18]. That study 

found that cells with a reduced topological variation experience a significant reduction 

hydrodynamic stress from the air-liquid interface. Since independently reducing interfacial 

and hydrodynamic stress via the addition of a pulmonary replacement surfactant (Infasurf) 

has already been shown to reduce cell injury [37], the stress reduction associated with a 

reduced aspect ratio is consistent with the reduced cell injury observed in Simvastatin 

treated cells. We conclude that a reduction in cell height, which in-turn reduces the 

hydrodynamic stresses on the cell membrane may be the critical factor in reducing cellular 

injury during Simvastatin treatment. Although Simvastatin has anti-inflammatory properties 

and has been shown to regulate inflammation due to lung over-distension [24], in this study 

we investigated if Simvastatin could also mitigate pressure-induced inflammation in lung 

epithelia. Consistent with previous studies [12–14], 12 hours of cyclic pressure induced a 

significant increase in IL-6 and IL-8 pro-inflammatory secretion from A549 cells.

Although Simvastatin treatment reduced the relative increase IL-6 in IL-8 secretion due to 

mechanical stimulation (Fig 7CD), Simvastatin treatment also altered the baseline levels of 

IL-6 and IL-8 secretion (Fig 7AB). As a result, 2.5 to 5 μM Simvastatin treatment actually 

lead to a higher amount of cytokine in the media following mechanical stimulation. 

Conversely, at higher Simvastatin concentrations (25 and 50μM), cytokine concentrations in 

the media following mechanical stimulation were remarkably reduced. We conclude that 

although Simvastatin may reduce the relative amount of pressure-induced inflammation, 

very high dosages of Simvastatin may be needed to reduce the absolute amount of pressure-

induced cytokine secretion.
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Although this in-vitro study indicates that Simvastatin can be used to prevent cellular injury 

during airway reopening, a recent multi-center clinical study [28] indicates that high oral 

dosage of Simvastatin (80 mg/day) does not reduce the number of ventilator free days or 

mortality. Interestingly, although the Simvastatin concentrations used in this study (2.5–50 

μM) is consistent with previous in-vitro studies [29, 31–33], pharmacokinetic studies [40] 

indicate that 40 mg/day Simvastatin therapy yields a maximum plasma concentration of ~0.2 

μM. Since this study indicates that 2.5 μM of Simvastatin can reduce cell injury/detachment 

during airway reopening, techniques that locally increase drug concentration at the lung 

epithelium might be needed to see a clinical benefit. We note that simply increasing the oral 

dose over 80 mg/day is not clinically viable due to the well-known myotoxic effects of 

statins [41] and therefore techniques that only deliver Simvastatin to the lung epithelium, i.e. 

aerosolized drug delivery, may be needed to achieve high local concentrations in the lung.

As with all in-vitro studies, there are some limitations that could be further addressed in 

future studies. First, the current study utilized a transformed lung epithelial cell line and 

future studies could investigate if Simvastatin therapy also protects primary human airway 

epithelial cells from injury during airway reopening. Future studies could also investigate if 

Simvastatin influence plasma membrane injury and repair in other wounding systems 

relevant to ventilation induced lung injury, i.e. stretching deformations. In addition, future 

studies could investigate if different statin preparations, e.g. atorvastatin or rosuvastatin, also 

have pleotropic effects on cell injury/inflammation during airway reopening. Although this 

study cultured cells on a rigid glass surface, a recent study by our group investigated how 

changes in substrate stiffness influence cellular injury during compliant airway reopening 

and future studies could use similar systems to investigate if Simvastatin therapy reduces 

cellular injury during compliant airway reopening. Finally, in this study we demonstrated 

that cells with a decreased aspect ratio experience less cell injury during reopening and that 

this experimental results is consistent with previous computational predictions [18, 39]. 

However, those computational studies assumed rigid or elastic cells and therefore future 

studies could incorporate more complex viscoelastic or poroelastic material properties to 

further confirm the effect of aspect ratio on cell injury.

In summary, we have demonstrated that Simvastatin treatment alters the structural, 

biomechanical and morphological properties of lung epithelial cells. In addition, 2.5 to 5μM 

Simvastatin therapy was very effective at reducing the amount of cellular injury and 

detachment during cyclic airway reopening. Results indicate that morphological changes in 

lung epithelial cells, i.e. a reduced cell height, during Simvastatin treatment may be the 

primary mechanisms for cytoprotection during airway reopening. We also demonstrated that 

Simvastatin can reduce the relative amount of pressure-induced pro-inflammatory cytokine 

production from lung epithelial cells. However, dramatic reductions in the absolute amount 

of cytokine production were only observed for very high Simvastatin concentrations, 25 to 

50μM. Therefore, these studies suggest that although Simvastatin might be an effective way 

to prevent atelectruama during mechanical ventilation, higher local concentrations may be 

required to prevent ventilation induced lung inflammation.
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Figure 1. 
(A) Schematic representation of the Bioptechs FCS2 chamber used to simulate fluid filled 

airway reopening, and (B) schematic representation of airway reopening simulation.
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Figure 2. 
Simvastatin treatment alters the actin cytoskeleton in A549 cells in a dose dependent 

fashion. (A)–(F) A549 cells on glass after 16–17 hours of treatment with different 

Simvastatin concentrations. (E&F) Recovery of the cell’s actin cytoskeleton as indicated by 

the presence of stress fibers (white arrows) 4 and 5 hours after treatment with 25 μM 

Simvastatin (Actin – green, Nuclei – blue, 60X).
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Figure 3. 
Dose dependent effect of Simvastatin on (A) cell injury and (B) cell detachment after 5 

airway reopening simulations. # Indicates significant difference with respect to control 

conditions (p<0.01) and * indicates significant difference with respect to injury/detachment 

at 2.5uM (p<0.01). Data analyzed via ANOVA on Ranks and post-hoc Mann-Whitney Rank 

Sum Tests. N= 2–5 experiments with 5–17 images per sample. (C) Representative images of 

live and dead fluorescent imaging after airway reopening (green: live cells, red: dead cells)
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Figure 4. 
Dose-dependent effect of Simvastatin on the Young’s modulus of A549 cells. A) Median 

with 75/25% values of Young Modulus’s measured via AFM in control, 2.5 and 25μM 

samples. B) Histograms of AFM Young’s Modulus measurements. * Indicates significant 

difference between groups (p-value<0.01).
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Figure 5. 
Simvastatin treatment does not alter the viscoelastic properties of A549 cells (A) Changes in 

reference shear modulus, G0, power law exponent, α, and Newtonian viscous damping 

coefficient, μ. All data are reported as median with 75/25% intervals, * indicates statistically 

significant difference with respect to control (p<0.01) and ^ indicates p=0.03 with respect to 

control. (B) Representative measurements of complex shear modulus, G* as a function of ω 
for cells treated with 2.5μM (triangles), 5μM (squares) and 0μM (circles, control) 

Simvastatin. Regression fit with structural damping equation shown in solid lines.
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Figure 6. 
Simvastatin treatment alters cellular morphology. (A) 3D surface plot of cell height as 

measured via AFM. (B) Measured cell height, width and length, (C) calculated height-to-

width and height-to-length ratios for different Simvastatin concentrations, (D) Computed 

cell volume and (E) schematic representation of cell morphology variations with Simvastatin 

treatment. * indicates statistical difference with respect to control, p<0.01 and ^ indicates 

p=0.065 with respect to control. All data is mean + SEM and n=15–42 cells.
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Figure 7. 
Effect of Simvastatin and 12 hours of cyclic pressure on IL-6 (A) and IL-8 (B) pro-

inflammatory cytokine secretion (mean ± SEM). * indicates significant difference (p<0.01) 

vs. no-pressure at each Simvastatin concentration. ^ indicates significant difference (p<0.01) 

with respect untreated control sample (0uM). (C&D) Fold increase in IL-6 and IL-8 cytokine 

secretion due to 12 hours of cyclic pressure as a function of Simvastatin concentration (mean 

± SEM). # indicates significant difference (p<0.05) with respect untreated control sample 

(0uM).
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