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L U N G  V E N T I L A T I O N

Preventing loss of mechanosensation by the nuclear 
membranes of alveolar cells reduces lung injury in mice 
during mechanical ventilation
Inés López-Alonso1,2,3,4, Jorge Blázquez-Prieto1,2,3,4, Laura Amado-Rodríguez1,3,4,  
Adrián González-López4,5, Aurora Astudillo6,7, Manuel Sánchez8, Covadonga Huidobro1,3,4,  
Cecilia López-Martínez2,3, Claudia C. dos Santos9, Guillermo M. Albaiceta1,2,3,4*

The nuclear membrane acts as a mechanosensor that drives cellular responses following changes in the extracel-
lular environment. Mechanically ventilated lungs are exposed to an abnormally high mechanical load that may 
result in clinically relevant alveolar damage. We report that mechanical ventilation in mice increased the expression 
of Lamin-A, a major determinant of nuclear membrane stiffness, in alveolar epithelial cells. Lamin-A expression 
increased and nuclear membrane compliance decreased in human bronchial epithelial cells after a mechanical 
stretch stimulus and in a murine model of lung injury after positive-pressure ventilation. Reducing Lamin-A mat-
uration by depletion of the protease-encoding gene Zmpste24 preserved alveolar nuclear membrane compliance 
after mechanical ventilation in mice. Ventilator-induced proapoptotic gene expression changes and lung injury 
were reduced in mice lacking Zmpste24 compared to wild-type control animals. Similarly, treatment with the hu-
man immunodeficiency virus protease inhibitors lopinavir and ritonavir reduced the accumulation of Lamin-A at 
nuclear membranes and preserved nuclear membrane compliance after mechanical ventilation, mimicking the 
protective phenotype of Zmpste24−/− animals. These results show that the pathophysiological response to lung 
mechanical stretch is sensed by the nuclear membranes of lung alveolar cells, and suggest that protease inhibi-
tors might be effective in preventing ventilator-induced lung injury.

INTRODUCTION
Mechanosensation of the environment is a major determinant of cell 
fate. By sensing the mechanical properties of its surroundings, cells 
activate or inhibit critical programs such as differentiation, prolifer-
ation, or programmed death (1). The major determinant of tissue 
stiffness is the extracellular matrix, which is physically connected to 
the cytoskeleton by transmembrane protein complexes (2). These el-
ements converge in the nuclear membrane, which acts as the true cell 
mechanosensor (3). The stiffness of the nuclear membrane is deter-
mined, among others, by the amount of Lamin-A and Lamin-B in 
the nuclear lamina. An increase in Lamin-A/Lamin-B ratio in response 
to a rise in extracellular stiffness decreases nuclear compliance and 
regulates gene expression by modulating the organization of the under-
lying chromatin (4). However, Lamin-A is not the only factor, because 
mice lacking this specific isoform have a normal development (5).

Lung parenchyma is exposed to mechanical stress with each breath. 
Positive-pressure ventilation substantially increases lung stretch. In 
injured lungs, this can be further exacerbated by heterogeneous aer-
ation, resulting in anisotropic inflation (6). Heterogeneous distribu-

tion of inspired gas may expose certain areas, such as air-liquid in-
terfaces in damaged alveoli, to an increased mechanical load. The 
tissue response triggered by this stretch can activate inflammation 
and extracellular matrix remodeling, causing ventilator-induced 
lung injury (VILI) (7). Even in the absence of ultrastructural dam-
age, mechanical forces can alter gene expression profiles promoting 
a proinflammatory response (8). Minimizing VILI has been shown 
to improve clinical outcomes in mechanically ventilated patients, 
especially in those with acute respiratory distress syndrome (ARDS) 
or at risk for VILI such as during major surgery (9, 10). Treatments 
directed at preventing the response of the cell to mechanical stress 
might be an effective strategy to mitigate VILI.

Here, we postulated that blocking nuclear mechanosensation 
may represent a useful strategy to specifically target the pulmonary 
response to pathological stretch. To test this hypothesis, we studied 
nuclear dynamics in a variety of in vivo and in vitro models of lung 
stretch and in samples from ventilated and nonventilated patients 
to determine whether molecular manipulation of these mechanisms 
might prevent VILI.

RESULTS
Changes in nuclear lamina after lung stretch
We first determined whether positive-pressure ventilation in-
duced a change in the abundance of nuclear lamins. We measured 
lamin content in lung homogenates from mice ventilated with high 
(20 cmH2O) or moderate (15 cmH2O) driving pressure compared 
to normal ventilation. The abundance of Lamin-A in nuclear ex-
tracts was significantly increased in mice ventilated with high driv-
ing pressures (P = 0.015 for the effect of ventilation; Fig. 1A and fig. 
S1, A and B). The ratio of Lamin-A/Lamin-B, a major determinant 
of nuclear stiffness (3), was also increased after both moderate- and 
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high-pressure mechanical ventilation (P = 0.002 for the effect of 
ventilation; Fig. 1B). Increase in Lamin-A content was associated 
with a significant increment in both products of Lmna gene expres-
sion, coding for Lamin-A and Lamin-C (P = 0.02 for each one; 
Fig. 1C). The increased expression was also reflected in a stronger 
staining of Lamin-A in the nuclear lamina (Fig. 1D and fig. S1C). 
Similarly, lung tissue samples from critically ill patients (table S1) 
demonstrated a stronger LAMIN-A staining in the nuclear envelope 
in alveoli of those who received mechanical ventilation compared to 
nonventilated patients (P = 0.018 for the effect of ventilation), with 
no changes in LAMIN-B staining (Fig. 1, E and F). We did not de-
tect a significant difference between patients with ARDS versus those 
without ARDS. Representative histological sections of airway epi-
thelium and endothelium are shown in fig. S2 (A and B).

Next, we explored changes in nuclear stiffness by micropipette 
aspiration (Fig. 1G). We applied equibiaxial stretch for different times 
to human bronchial epithelial cells (BEAS-2b) and measured their 
lamin content and nuclear compliances. LAMIN-A/LAMIN-B ratio 
increased after 30 min of stretch, and this persisted up to 60 min (P < 
0.001 in ANOVA; fig. S3, A and B). In separate experiments, cells 
were stretched for 1 hour and then left in static conditions for 
assessing recovery time. After 30 min of recovery, LAMIN-A/
LAMIN-B ratio returned to baseline values (fig. S3B). In parallel, 
nuclear compliance significantly decreased with mechanical stretch 
(P < 0.0001 in ANOVA; Fig. 1H). During the recovery phase, com-
pliance was still reduced after 10 min but returned to baseline values 
at 30 and 60 min (Fig. 1H). In contrast, when human lung fibroblasts 
(MRC-5 cell line) were subjected to the same mechanical stretch, no 
changes in LAMIN-A/LAMIN-B ratio or nuclear compliance were 
observed (fig. S3, C to E). These results suggest that stretch triggers 
a unique response within lung epithelial cells.

Changes in nuclear compliance and development of  
lung injury
To clarify the role of the nuclear envelope in VILI, we studied the 
effects of mechanical ventilation in LmnaLCS/LCS mice, which lack 
Lamin-A but have only minimal alterations in nuclear membrane 
dynamics (5). After mechanical ventilation, these mice showed a sim-
ilar injury to their wild-type counterparts (fig. S4, A and B). Nuclear 
compliance decreased after ventilation (fig. S4C), and there were no 
differences in Egr1 or Ier3 gene expression, markers of mechano-
sensation(fig. S4, D and E). Therefore, absence of Lamin-A with 
preserved nuclear mechanics did not prevent lung injury after me-
chanical ventilation.

Then, we studied the effects of mechanical stretch in animals 
with more severe abnormalities of the nuclear envelope and its me-
chanical properties, such as the Zmpste24−/− mice. The protein en-
coded by this gene is a metallopeptidase involved in the processing 
of Lamin-A, so that loss of Zmpste24 results in abnormal Lamin-A 
maturation and accumulation of Prelamin-A (11). Accumulation of 
Prelamin-A results in severe abnormalities of the nuclear envelope 
and accelerated aging (12). Zmpste24−/− mice exposed to mechanical 
ventilation with two different driving pressures are partially pro-
tected from VILI compared to wild type; Zmpste24−/− mice devel-
oped lower histological injury scores and decreased alveolocapillary 
permeability (Fig. 2, A to C). In line with these findings, mutant 
mice showed preserved oxygenation (Fig. 2D) and lung compliance 
(Fig. 2E) after ventilation with a pressure of 15 cmH2O. Decreased 
susceptibility to injury as determined by decreased evidence of his-

tological damage was likely not due to a differential inflammatory 
response, as the changes in lung neutrophilic infiltration (fig. S5, A 
and B), Il6 (fig. S5C), or Cxcl2 (fig. S5D) gene expression were sim-
ilar in both genotypes.

As expected, absence of Zmpste24 resulted in accumulation of 
Prelamin-A and no changes in protein concentration with ventila-
tion (Fig. 2F and fig. S6A), but with an increase in Lamin-B only 
after ventilation with a peak pressure of 20 cmH2O (fig. S6B). The 
Prelamin-A/Lamin-B ratio in these animals was not changed (Fig. 2G). 
Immunohistochemical studies confirmed the increase in mature 
Lamin-A in wild-type animals after mechanical ventilation and an 
accumulation of Prelamin-A in gene-deficient mice (fig. S7, A to C).

Next, we measured nuclear stiffness in nuclei isolated from mice 
lung tissue under baseline conditions and immediately after expo-
sure to ventilation. After mechanical ventilation, nuclei from wild-
type animals became stiffer compared to nuclei from Zmpste24−/− 
mice (Fig. 2H). Electron microscopy studies revealed a more 
euchromatic nucleus after mechanical ventilation in wild-type 
mice, but with persistence of heterochromatin foci in Zmpste24−/− 
mice (Fig. 2I). This difference correlated to a higher expression of 
mechanosensitive genes Egr1 and Ier3 in knockout mice after me-
chanical ventilation (Fig. 2, J and K). In addition, in vitro silencing 
of ZMPSTE24, but not LMNA, resulted in increased EGR1 expres-
sion in human bronchial epithelial cells (BEAS-2b) exposed to 
equibiaxial cyclic stretch, reinforcing the validity of our in vivo re-
sults (Fig. 2L).

Finally, to determine whether the protective effect was restricted 
to mechanical ventilation, we studied Zmpste24−/− and wild-type 
mice after lipopolysaccharide (LPS) injection in lungs. There were 
no differences between genotypes in lung injury parameters or 
mechanosensitive gene expression (fig. S8, A to E).

Proapoptotic cell reprogramming after stretch
To characterize the biological mechanisms by which nuclear mem-
brane stiffness alters susceptibility to lung injury, we profiled pulmo-
nary gene expression in Zmpste24−/− mice under baseline conditions 
and after mechanical ventilation [microarray data available at Gene 
Expression Omnibus (GEO), accession number GSE85269]. Principal 
components analysis showed clustering of each sample according to 
ventilation and genotype (fig. S9). A total of 3050 genes were signifi-
cantly changed by mechanical ventilation in both genotypes (with 
an adjusted P value lower than 0.05; Fig. 3A). Top 200 differentially 
expressed genes are shown in Fig. 3B. There was a predominance of 
up-regulated genes in Zmpste24−/− after ventilation compared to 
wild-type mice.

To test the hypothesis that the response to mechanical stress dif-
fers depending on the stiffness of the nuclear lamina (the different 
genotypes), we focused on 24 genes for which mechanosensitivity 
has been previously reported (13–20). Among these, a majority was 
overexpressed in ventilated Zmpste24−/− compared to wild-type mice 
(fig. S10, A and B).

Functional enrichment of differential transcriptomic profiles was 
performed using Ingenuity Pathway Analysis software to identify 
predicted functional differences between genotypes. This analysis 
showed that a number of pathways related to cell death, cell cycle 
arrest, and proliferation were differentially activated between wild-
type and Zmpste24−/− mice after ventilation (Fig. 3C). In addition, 
differential expression of the 1855 genes annotated to “programmed 
cell death” category of the Gene Ontology database (AmiGo 2.0, 
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Fig. 1. Scaling of nuclear lamins with driving pressures in alveolar epithelium. (A) Representative Western blot showing Lamin-A, Lamin-B, and Lamin-C abundance 
during spontaneous breathing (baseline) or during mechanical ventilation with different driving pressures (15 and 20 cmH2O) [means ± SEM, P value obtained using one-
way analysis of variance (ANOVA); brackets indicate significant post hoc comparisons using a Tukey’s honest significant difference (HSD) test; n = 5 per condition]. (B and 
C) Bar graph showing Lamin-A/Lamin-B ratio (B; n = 5 per condition) and Lmna gene expression (C; n = 8 per condition) at baseline and during mechanical ventilation. 
Data are shown as means ± SEM, P values obtained using a t test. (D) Representative immunofluorescence of lungs from spontaneous breathing (Baseline) and mechan-
ically ventilated mice (with a driving pressure of 15 cmH2O). DAPI, 4′,6-diamidino-2-phenylindole. (E) Bar graphs showing LAMIN-A (top) and LAMIN-B (bottom) expres-
sion in airway epithelium, endothelium, and alveoli in lung samples from autopsies of patients who died during spontaneous breathing (n = 5) or mechanical ventilation 
alone or in combination with ARDS (n = 5 and n = 7, respectively). Data are shown as means ± SEM; P values indicate comparison between ventilated and nonventilated 
patients using two-way ANOVA including lung injury and ventilation as factors, followed by Tukey’s HSD post hoc test when significant (brackets). (F) Representative 
histology of alveoli showing LAMIN-A and LAMIN-B expression in patients described in (E). (G) Schematic representation of nuclear compliance measurements using 
micropipette aspiration. (H) Changes in compliance of nuclei (means ± SEM; n = 3 per group) from BEAS-2b cells at different times after stretch and recovery (P values 
obtained in the repeated-measurements ANOVA; asterisks represent a P value lower than 0.05 in Tukey’s HSD post hoc tests when compared to baseline values).
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Fig. 2. Lung injury in Zmpste24-deficient mice. (A and B) Bar graphs showing lung damage after mechanical ventilation in wild-type and Zmpste24−/− mice, measured 
by a histological scale (A) or the albumin content of bronchoalveolar lavage fluid (BALF; B). P values obtained using two-way ANOVA including genotype and ventilation 
as factors; brackets indicate significant post hoc comparisons using a Tukey’s HSD test; n = 8 per condition and genotype. (C) Representative histological lung sections. 
(D and E) Values of arterial PO2 (D) and lung compliance (E) after ventilation with a driving pressure of 15 cmH2O. P value obtained using a t test; n = 4 per genotype and 
condition. (F) Representative Western blot showing the presence of Prelamin-A in mutant mice compared to the mature form observed in wild-type animals. (G) Quanti-
fication of Prelamin-A/Lamin-B ratio in Zmpste24−/− mice in baseline conditions or after ventilation with 15 or 20 cmH2O driving pressure (n = 5 per group; P value ob-
tained using one-way ANOVA). (H) Graphs showing nuclear compliance measured by micropipette aspiration of nuclei from lungs of wild-type and Zmpste24−/− mice in 
baseline conditions and after mechanical ventilation (n = 6 per condition and genotype; P values obtained using one-way ANOVA; brackets show P values of Tukey’s HSD 
post hoc comparisons). (I) Representative images of electron microscopy showing chromatin rearrangement in response to mechanical ventilation in nuclei from wild-
type and mutant animals. (J and K) Expression of the mechanosensitive genes Egr1 (H) and Ier3 (I) [P values obtained using two-way ANOVA including genotype and 
ventilation as factors, followed by Tukey’s HSD post hoc test when significant (brackets); n = 8 per condition and genotype]. (L) Effects of silencing ZMPSTE24 or LMNA 
expression in human bronchial cells subjected to stretch compared to pretreatment with a sham small interfering RNA (siRNA) [P values obtained using one-way ANOVA, 
followed by Tukey’s HSD post hoc test (brackets), are depicted in the graph; n=3 per group]. All data are shown as means ± SEM.
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Fig. 3. Differential gene expression in lungs from Zmpste24−/− mice subjected to mechanical ventilation. (A) Venn’s diagram showing the number of genes with 
significantly different expression after mechanical ventilation in wild type and Zmpste24−/− mice. (B) Heat map of the 200 genes with the top differential expression. 
(C) Graph showing the number of genes and the significance level of biological processes corresponding to the differentially expressed genes, according to the Ingenu-
ity Pathway Analysis. NFB, nuclear factor B. (D) Bar graph showing the percentage of apoptotic cells in response to ventilation in wild-type and Zmpste24−/− mice. 
P values obtained using two-way ANOVA including genotype and ventilation as factors, followed by Tukey’s HSD post hoc test when significant (brackets), and represen-
tative images of TUNEL staining. All data are shown as means ± SEM unless otherwise specified.
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www.geneontology.org) was analyzed. Among these, there were 
46 genes with differential response to ventilation (fig. S11, A and B).

The relative contribution of programmed cell death to the lung 
injury susceptibility phenotype was confirmed by TUNEL (terminal 
deoxynucleotidyl transferase–mediated deoxyuridine triphosphate 
nick end labeling) assays. The number of apoptotic cells (TUNEL+) 
was increased in wild-type animals after ventilation, in line with 
previous findings (21). There were significantly lower apoptotic 
cells in Zmpste24−/− compared to wild-type mice (P = 0.027 for 
the effect of genotype; Fig. 3D). There were no differences between 
genotypes in apoptotic cell counts after LPS exposure, confirming 
the mechanosensitive nature of this response (fig. S12, A and B).

Effects of HIV protease inhibitors on nuclear compliance and 
lung injury
Finally, we used pharmacological manipulation to alter nuclear dy-
namics and determine the conceptual feasibility of this approach as 
a therapeutic strategy for VILI. HIV protease inhibitors lopinavir/
ritonavir may inhibit ZMPSTE24 (22). We randomized wild-type 
mice to intraperitoneal lopinavir/ritonavir or placebo treatment for 
5 days. Lopinavir/ritonavir- and placebo-treated mice were further 
randomized to positive-pressure ventilation or spontaneous breath-
ing. In terms of treatment effectiveness, we could not demonstrate 
Zmpste24 inhibition because Prelamin-A was not detected in West-
ern blots of nuclear extracts after 5 days of treatment (Fig. 4A); 
however, we were able to document a significant decrease in 
Lamin-A/Lamin-B ratios in treated mice after positive-pressure ven-
tilation (P = 0.003 for the effect of treatment in two-way ANOVA; 
Fig. 4B). The distribution of Lamin-A was different in lopinavir/ 
ritonavir- versus placebo-treated mice. In vehicle-treated mice, 
Lamin-A staining was almost limited to the nuclear lamina, whereas 
in those animals treated with lopinavir/ritonavir, the protein was 
spread along the nucleoplasm and, to a lesser extent, the cytoplasm 
(Fig. 4C).

The functional consequences of the treatment were an absence 
of nuclear stiffening after ventilation (Fig. 4D) and an increase in 
the expression of the mechanosensitive gene Egr1 (Fig. 4E), resem-
bling the results previously obtained in Zmpste24−/− animals. As 
hypothesized, mice treated with lopinavir/ritonavir developed only 
mild lung injury after ventilation compared to those that received 
vehicle alone (Fig. 4F), with preservation of alveolocapillary perme-
ability (Fig. 4G), oxygenation (Fig. 4H), and lung compliance 
(Fig. 4I). In addition, the number of apoptotic cells in lopinavir/ 
ritonavir-treated mice was also decreased (Fig. 4J).

Treatment with lopinavir/ritonavir did not show any benefit on 
lung damage or epithelial apoptosis (fig. S13, A and B), nor increased 
lung Egr1 expression in LmnaLCS/LCS mice (fig. S13C), suggesting 
again that the benefits of the therapy in wild-type animals are related 
to the preservation of the nuclear compliance driven by an abnor-
mal distribution of Lamin-A. Similarly, treatment of Zmpste24−/− 
mice with these drugs did not lead to further improvements in lung 
injury (fig. S14, A to C).

To further confirm the specificity of this treatment for stretch- 
induced injury and to assess its safety, wild-type mice were ventilated 
to induce moderate injury (peak pressure, 15 cmH2O), extubated, 
and left to recover on spontaneous breathing for 48 hours. Immedi-
ately after extubation, mice were randomized to receive lopinavir/
ritonavir or vehicle. After 48 hours, the lung injury improved with 
no differences between groups (fig. S15A). Lamin-A/Lamin-B ra-

tios were similar between groups (fig. S15B). However, treated ani-
mals showed differences in expression of p53-dependent genes such 
as p21 or Gadd45a (fig. S15, C and D, respectively).

Collectively, these results suggest that interference with the 
physiological nuclear stiffening induced by lung stretch may be a 
specific therapeutic strategy to avoid VILI, although this treatment 
could have long-term adverse effects derived from the activation of 
the p53 pathway.

DISCUSSION
The results presented in this study provide evidence that mechanical 
ventilation modifies the mechanical properties of the nuclear enve-
lope. Using both an animal model of VILI and samples from pa-
tients, we show that mechanical ventilation alters the stiffness of the 
nuclear membrane of alveolar epithelial cells. Moreover, our data 
suggest that this change has pathophysiological implications, because 
its manipulation ameliorates the lung damage caused by mechani-
cal stretch in rodents.

Mechanotransduction has emerged as a key mechanism that guides 
the cell fate (23). There is a large variety of cell structures that may 
act as mechanosensors. The plasma membrane has force-sensing 
ion channels (24), and the cytoskeleton can trigger intracellular sig-
naling cascades (25). Moreover, the cytoskeleton may transmit the 
forces from the extracellular matrix to different organelles such as 
mitochondria or the nucleus. All these structures have been in-
volved in mechanosensation by generation of cytoplasmic second 
messengers or rearrangement of the cytoskeleton itself in response 
to stretch. Although our work focused on nuclear mechanosensa-
tion, we cannot discard that targeting other structures could also 
avoid the transmission of forces and avoid the stretch-induced inju-
ry. Similarly, our results do not exclude that other cell populations 
such as fibroblasts could contribute to the lung response to stretch. 
Although under our experimental conditions there were no changes 
in the nuclear compliance of fibroblasts, different patterns of me-
chanical stretch may alter nuclear dynamics (26).

The nuclear membrane has been identified as one of the key cell 
mechanosensing structures that, in response to the extracellular stiff-
ness, decreases its compliance (3). This change in stiffness occurs 
early after mechanical stretch, can be reverted, in line with previous 
findings (27), and results in a reduction in the expression of cyclic 
stretch–dependent genes. From a biological perspective, it is not sur-
prising that mechanical deformation should have such a profound 
effect on cell biology. Cell lineage differentiation in response to the 
mechanical properties of the underlying substrate is one of the most 
paradigmatic examples of this phenomenon (28). However, this mech-
anism may also play a pathogenetic role in several diseases.

We postulate that once the mechanotransduction response to 
cellular deformation is triggered, intracellular signaling pathways 
converge in a relatively small number of cell responses, including 
inflammation or cell growth and survival. Lung epithelial apoptosis 
triggered by mechanical stretch has long been known to contribute 
to more severe injury (29). Expression of the mechanosensitive gene 
Egr1 may trigger apoptosis itself (30). However, Zmpste24−/− mice 
had an anti-apoptotic phenotype as shown by the microarray data 
and subsequent pathway analysis, with increased expression of in-
hibitors of programmed cell death in respiratory cells, such as Adm 
(31), Nr4a1 (32), Pim1 (33), or Cdkn1a (34). Therefore, although 
Egr1 is a marker of stretch-triggered gene expression, it is likely not 
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Fig. 4. Effects of lopinavir/ritonavir in VILI and nuclear compliance. (A) Representative Western blot of nuclear lamins in vehicle- and lopinavir/ritonavir-treated animals 
subjected to mechanical ventilation. (B) Bar graph showing changes in Lamin-A/Lamin-B ratio with treatment. P values obtained using two-way ANOVA including treat-
ment and ventilation as factors, followed by Tukey’s HSD post hoc test when significant (brackets); n = 4 per condition and treatment. (C) Immunofluorescence images 
illustrating the organization of nuclear Lamin-A after an intraperitoneal injection of lopinavir/ritonavir or its vehicle. (D) Nuclear compliance after mechanical ventilation in 
vehicle- and lopinavir/ritonavir-treated animals (P = 0.003 for the effect of treatment obtained using a repeated-measurements ANOVA, including ventilation, treatment, 
and time as factors, followed by Tukey’s HSD test, depicted in the graph; n = 4 per condition and treatment). (E) Effects of treatment on Egr1 gene expression. P values ob-
tained using two-way ANOVA including treatment and ventilation as factors, followed by Tukey’s HSD post hoc test when significant (brackets); n = 4 per condition and 
treatment. (F to I) Quantification of lung damage after ventilation in animals treated with vehicle or lopinavir/ritonavir using a histological score (F; n = 8 per condition and 
treatment; panels show representative sections stained with hematoxylin and eosin), albumin concentration in bronchoalveolar lavage fluid (G; n = 5 per group), PaO2 
(H; n = 4 per group), and lung compliance at the end of ventilation (I; n = 4 per group). P values obtained using t tests. (J) Apoptotic cell count after ventilation in vehicle- and 
lopinavir/ritonavir-treated mice (n = 3 per condition and treatment) and representative TUNEL staining in each experimental group. P values obtained using two-way 
ANOVA including treatment and ventilation as factors, followed by Tukey’s HSD post hoc test when significant (brackets). All data are shown as means ± SEM.
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responsible for the beneficial effects of targeting Zmpste24 to pre-
vent VILI.

The relative unspecificity of the responses triggered by patholog-
ical mechanical stimuli makes it difficult to identify suitable thera-
peutic targets. Manipulation of convergent final pathways is often 
complicated by adverse “off-target” effects and fails to improve clin-
ically relevant outcomes (35). In contrast, blockade of the mechano-
sensitive properties of the nuclear membrane may provide a specific 
proximal target that, by avoiding interference with core homeostatic 
processes such as the inflammatory response, may represent not only 
a plausible target for the prevention and treatment of VILI but also 
a strategy to promote repair (36). Genetic targeting using Zmpste24 
knockout mice confirms that preservation of nuclear elasticity spe-
cifically ameliorates lung damage caused by stretch. Despite the fra-
gility observed in the adult mutant mice, Zmpste24−/− mice were 
significantly resistant to VILI but not to LPS injection, confirming 
the mechanical specificity of this response. Similarly, the isolated 
Lamin-A deletion yielded no differences in susceptibility to me-
chanical lung damage. The absence of benefits in LmnaLCS/LCS mice 
subjected to our model of lung injury points to the role of nuclear 
mechanics as the critical determinant of severity of injury, because 
they show no differences in nuclear compliances compared to wild-
type animals. It has been described that Lamin-A is dispensable for 
the preservation of the nuclear structure (5). Moreover, in LMNA- 
deficient cells, the expression of mechanosensitive genes is decreased 
and apoptosis increased (26). These results resemble the rescue of 
the progeroid phenotype in Zmpste24−/− mice with Lmna heterozy-
gosity (12) and suggest an active role of Prelamin-A.

These results strongly suggest that the blockade of mechano-
transduction at the nuclear membrane might block the pathogenetic 
response to stretch. It has been shown that HIV protease inhibitors 
lopinavir/ritonavir can directly inhibit ZMPSTE24 (22). However, 
we and others have failed to demonstrate this effect in vivo (37). 
Our microscopy data show that treatment with lopinavir/ritonavir 
impairs the nuclear lamina assembling, keeping diffuse Lamin-A 
monomers or oligomers in the nucleoplasm, suggesting a possible 
defect in posttranslation protein regulation affecting localization. 
We cannot discard that other steps in Lamin-A processing, such 
as degradation, are also affected by this treatment. The impaired 
Lamin-A scaffolding blocks the physiological increase in nuclear 
stiffness observed in untreated animals, thus avoiding the cell 
reprogramming and development of a proapoptotic phenotype, 
ameliorating stretch-induced lung injury. Although HIV protease 
inhibitors have shown anti-apoptotic effects by direct caspase inhi-
bition or by cell cycle arrest (38), our results link their beneficial 
effect to the preservation of nuclear mechanics and mechanosensi-
tive gene expression. Moreover, lopinavir/ritonavir treatment was 
not effective in Zmpste24−/− or LmnaLCS/LCS mice, and the treatment 
did not show any benefit during the repair phase, once the injurious 
ventilation has been stopped and nuclear compliance restored.

Collectively, our findings support the idea that nuclear membrane 
compliance, and not Lamin-A itself, is the key mechanosensor. An 
active manipulation aimed to preserve this nuclear compliance may 
be helpful to avoid stretch-induced lung injury. In wild-type ani-
mals, the increase in nuclear stiffness dampens mechanosensitive 
gene expression, leading to apoptosis in alveolar cells (fig. S16A). 
Manipulating the stiffness of the nuclear membrane, either ge-
netically (fig. S16B) or pharmacologically (fig. S16C), mitigates 
lung damage. These changes could be equivalent to a switch to a 

Lamin-B–dominant phenotype, with increased nuclear compliance 
and resistance to cell death (39), so different therapeutic approaches 
targeting other components of the nuclear envelope, such as Lamin- B, 
might yield similar results.

Our work has limitations that warrant some discussion. The an-
imal model may not be fully representative of the characteristics of 
ventilator-associated lung injury in patients, and there may be other 
unidentified mechanisms in Zmpste24−/− animals that account for 
the results. However, the model has been widely used (40), and the 
significance and specificity of the findings have been confirmed by 
the occurrence of similar molecular mechanisms in human samples 
and the combination of a genome-wide search using microarrays with 
confirmatory experiments using other mutant animals or injury mod-
els. Another limitation comes from the risks related to long-term 
treatment with protease inhibitors. Animals treated for 5 days showed 
an increased expression of p53-dependent genes, thus raising con-
cerns on their safety, in line with previously published reports.

In conclusion, our results suggest that the changes in nuclear 
membrane of pneumocytes act as a mechanosensor during lung 
stretch, promoting lung injury by increasing apoptosis. These re-
sults provide evidence that the nuclear membrane and its stiffness 
and composition are not only responsive to changes in the cell envi-
ronment but might also represent a valid therapeutic target.

METHODS
Study design
The work was designed to study the role of the nuclear enve-
lope in the lung response to mechanical stretch. Zmpste24−/− mice, 
LmnaLCS/LCS mice, and their wild-type counterparts were mechani-
cally ventilated to induced different degrees of stretch-induced lung 
injury. The severity of lung damage and the responsible mecha-
nisms were studied in tissues harvested from these animals, com-
paring different genotypes. In addition, mechanical properties of 
nuclei isolated after mechanical stretch were assessed by micropi-
pette aspiration. All the measurements were performed blinded to 
the experimental conditions. Confirmatory experiments were per-
formed in autopsy samples from patients who received mechanical 
ventilation and in cells cultured under equibiaxial stretch. In sepa-
rate experiments, mice were treated with intraperitoneal LPS to 
induce lung inflammation without mechanical stretch. Finally, to 
mimic the beneficial results observed in Zmpste24−/− animals, wild-
type mice were randomized to receive a prophylactic treatment with 
lopinavir/ritonavir before ventilation, to interfere with Lamin-A 
maturation, or vehicle. In these treated animals, lung injury, nuclear 
compliance, and apoptosis were studied. At least three biological 
replicates in culture experiments or five animals per group were 
used in all the experiments. Data were analyzed using t tests or one-
way or two-way ANOVA according to the experimental design, 
with an  < 0.05. Statistical power was calculated for the nonsignif-
icant comparisons. All the animal experiments were performed ac-
cording to the Animal Research: Reporting of In Vivo Experiments 
(ARRIVE) guidelines (41). Raw data were provided as a separate ex-
cel file (table S3).

Animal study
All experiments were approved and performed according to guide-
lines set out by the ethical committee for Animal Experimentation 
of the University of Oviedo, Spain. All animals were maintained in 
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specific pathogen–free conditions with 12-hour light and 12-hour 
dark cycles and ad libitum access to water and food. Zmpste24−/− 
mice (in pure C57Bl/6 background), LmnaLCS/LCS mice (in mixed 
C57Bl/6-129Sv background), and their respective wild-type coun-
terparts were generated and genotyped as described (5, 11).

Experimental models and tissue collection
Mice were anesthetized by intraperitoneal injection of a mixture of 
ketamine and xylazin. Then, a tracheostomy was performed, and the 
animals were connected to a mechanical ventilator (Evita 2 Dura- 
Neoflow, Drager). Mice of all genotypes were studied at baseline or 
after 2.5 hours of mechanical ventilation using two different levels 
of driving pressure to induce moderate or severe lung damage 
(15 cmH2O, 100 breaths/min or 20 cmH2O, 50 breaths/min, respec-
tively)(42). Because wild-type and Zmpste24−/− mice showed no dif-
ferences in respiratory , chest wall, or lung compliances at baseline 
conditions (fig. S17, A to C, respectively), equal driving pressures 
will yield equal tidal volumes.

Other ventilator settings were kept constant (zero end-expiratory 
pressure, inspiratory/expiratory ratio 1:1, and inspired oxygen frac-
tion 0.21). Arterial blood samples were drawn from direct aortic 
puncture at the end of ventilation, and oxygen partial pressure was 
measured in a gasometer (Radiometer ABL90). Lung compliance 
was calculated with an open chest after injection of 1 ml of air, using 
a water column to measure pressure, and expressed as milliliter per 
kilogram of body weight and cmH2O. In separate confirmatory ex-
periments, LmnaLCS/LCS mice and their wild-type littermates were 
studied in baseline conditions or after moderate VILI.

In addition, Zmpste24+/+ and Zmpste24−/− animals were intra-
peritoneally injected with LPS (20 mg/kg; serotype O55:B5, Sigma- 
Aldrich). After 8 hours, mice were anesthetized with ketamine/xylazin, 
and lungs were removed for biochemical assays and histological 
studies.

After the study period, animals were sacrificed by exsanguina-
tion, and the lungs were removed. The right bronchus was tied, and 
the right lung was frozen at −80°C for subsequent analysis. The left 
lung was fixed with intratracheal 4% formaldehyde and immersed 
in the same fixative for histological analysis. Additional animals, af-
ter either spontaneous breathing or mechanical ventilation, were 
used to perform a bronchoalveolar lavage. The albumin content in 
the recovered fluid was determined using the bromocresol green 
technique (43), and the absorbance was measured at 629 nm to as-
sess the alveolocapillar permeability.

Lopinavir/ritonavir therapy
Wild-type, Zmpste24−/−, and LmnaLCS/LCS mice were treated with 
lopinavir/ritonavir (100/25 mg/kg, intraperitoneally injected) or 
vehicle [10% ethanol in phosphate-buffered saline (PBS)] each 
12 hours for 5 days. Then, the animals were randomized to spon-
taneous breathing or the same ventilation protocol as described 
above (peak inspiratory pressure, 15 cmH2O). Finally, animals were 
sacrificed, and lungs were removed.

In addition, wild-type animals were ventilated (peak inspiratory 
pressure, 15 cmH2O) for 2.5 hours to induce moderate lung injury. 
After ventilation, mice were treated with atropine (0.05 mg/kg), dis-
connected from the ventilator until awakening, and then extubated 
and left to recover under a heating lamp. Immediately after ventila-
tion, mice were randomized to receive lopinavir/ritonavir (100/ 
25 mg/kg each 12 hours, intraperitoneally injected) or vehicle and 

followed for 48 hours. After this period, mice were sacrificed and 
tissues were sampled as described.

Patients
Human lung samples were collected from the tissue bank at the 
Hospital Universitario Central de Asturias for immunohistochem-
istry analyses. Tissue samples were taken from lower lobes. Non-
ventilated and ventilated patients with and without the ARDS (44) 
were selected for these analyses. Antibodies against LAMIN-A/C 
and LAMIN-B were used as described below.

Histological and immunohistochemical studies
After fixation, the left lung was embedded in paraffin, and three 
slices, with a minimal separation of 1 mm between them, were 
stained with hematoxylin and eosin. The severity and extent of lung 
injury after mechanical ventilation or LPS injection were evaluated 
by a pathologist blinded to the experimental conditions using a pre-
viously defined score (43).

For immunohistochemistry analyses, slides were deparaffinizated 
in xylene, boiled for 20 min in 0.1 M citrate buffer (pH 6.0) for an-
tigen retrieval, and permeabilizated in 0.1% Triton X-100 in PBS for 
15 min. Goat serum (10% in PBS) was used for blocking. Antibodies 
against Lamin-A/C (sc-20681, Santa Cruz Biotechnology) and 
Lamin- B (Cell Signaling Technology) were used, and the intensity 
of the staining was quantified from 0 to 4 by a pathologist blinded 
to experimental conditions. Cells were classified as epithelial, endo-
thelial, or pneumocytes based on their morphology and histological 
location.

Neutrophilic infiltration within lung tissue was detected by im-
munohistochemistry using an antibody against myeloperoxidase 
(Thermo Fisher Scientific). The number of myeloperoxidase-positive 
cells was counted in three random fields (200×) and averaged.

Apoptotic cells in lung sections were detected by TUNEL. The 
number of apoptotic nuclei was counted in three random fields 
(400×) acquired in a Leica SP8 confocal microscope and expressed 
as percentage of the total nuclei count.

Electron microscopy
Mice were sacrificed by exsanguination, and the lungs were removed 
and fixed using a specific buffer with 3% glutaraldehyde and osmium 
tetroxide. Semithin sections were stained with toluidine blue to se-
lect regions of interest. Then, ultrathin sections (20 nm) were col-
lected and stained with uranyl acetate and lead citrate. Images were 
taken using a JEOL 1011 transmission electron microscope.

Nuclear isolation
Fresh lung tissue was chopped using a blade, suspended in a buffer 
containing 1 M tris-HCl (pH 8), 0.5 M MgCl2, 1 M KCl, 1 M dithio-
threitol (DTT), and complete protease inhibitor cocktail (Roche), 
and homogenized using a Potter homogenizer. The resulting mate-
rial was left in ice for 15 min and centrifuged at 850g for 10 min. 
After centrifugation, the pellet with the nuclei was resuspended in 
a nuclear isosmotic buffer [150 mM KCl, 4.198 mM CaCl2, 5 mM 
EGTA, and 10 mM Hepes (pH 7.2)].

Nuclear mechanics
Freshly isolated nuclei were placed in an experimental chamber 
containing a buffer solution [150 mM KCl, 4.198 mM CaCl2, 5 mM 
EGTA, and 10 mM Hepes (pH 7.2), giving 1 M Ca2+] and observed 
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via an inverted microscope (Nikon Diaphot 200). Buffer solution 
was continuously applied to the chamber (0.2 to 0.3 ml) by gravity 
at about 1 ml/min. Micropipettes were created from borosilicate 
glass tubes (Drummond Scientific) by means of a puller (L/M-3P-A, 
List Medical Electronic) and a microforge (MF-900, NARISHIGE) 
to create a flat tip. The micropipette tip was filled with the buffer 
solution and mounted in a micromanipulator connected to a digital 
pressure transducer, calibrated against a water column, and a sy-
ringe, using a three-way stopcock. Signals from the pressure trans-
ducer were recorded in a bedside monitor.

Using the micromanipulator, the pipette tip was placed on the nu-
clear membrane, and negative pressure was applied with the syringe. 
The deformation of the nucleus into the pipette tip was recorded 
using a charge-coupled device camera coupled to the microscope. 
The nuclear compliance was calculated from the aspirated length 
(L) and the pipette diameter (D) obtained in images captured 1 and 
5 s after aspiration, the pressure applied (P), and a geometry- 
dependent factor ( = 2.1) according to Swift et al. (3). The applied 
formula reflects the ratio between the nuclear strain (defined as the 
quotient between the length of the nuclear extrusion and the pipette 
diameter) and the applied pressure (45). All the measurements ob-
tained from the digital images were performed using the ImageJ soft-
ware [National Institutes of Health (NIH)].

Cell stretch experiments
Human bronchial epithelial cells (BEAS-2b) or lung fibroblasts 
(MRC-5) were seeded onto BioFlex plates (Flexcell International) at 
a density of 3 × 105 cells per well and cultured for 48 hours until 80% 
confluence. Mycoplasma contamination was excluded in all the cul-
tures. Mechanical stretch was performed for different times using a 
cell stretcher device in cell culture conditions (37°C, 21% O2, 5% 
CO2). In some experiments, cells were stretched for 60 min and 
then left in static conditions for different periods of time to address 
recover. Stretching rate was set at 15 cycles/min with a 1:1 stretch/
relaxation ratio and a 18% maximal equibiaxial elongation. At the 
end of the experiments, cells were immediately processed and their 
proteins and RNA were extracted. In additional experiments, cells 
were then transfected with siRNA against ZMPSTE24, LMNA, or a 
control siRNA for 24 hours using Lipofectamine RNAiMAX, fol-
lowing the manufacturer’s instructions.

Quantitative polymerase chain reaction
RNA was isolated from lung tissue samples or cells after homogeni-
zation with TRIzol (Sigma-Aldrich) and precipitated by adding iso-
propanol. After centrifugation and washing with ethanol, the pellet 
containing the RNA was resuspended in water. Complementary DNA 
(cDNA) was synthesized from 1 g of total RNA using a standard 
RT-PCR kit (High-Capacity cDNA rtKit, Applied Biosystems). 
Quantitative polymerase chain reaction (qPCR) was carried out in 
triplicate for each sample using 40 ng of cDNA. SYBR PowerUp 
qPCR Master Mix (Applied Biosystems) and 10 M of the specific 
primers were used for the genes encoding macrophage inflammatory 
protein-2 [Cxcl2, 5′-ATCCAGAGCTTGAGTGTGACG-3′ (forward) 
and 5′-GTTAGCCTTGCCTTTGTTCAG-3′ (reverse)], interleukin- 6 
[Il6 ,  5′-ACCACTTCACAAGTCGGAGG-3′  (forward) and 
5′-TGCAAGTGCATCATCGTTGT-3′  (reverse)], lamin-A 
[Lmna ,  5′-GGTTGAGGACAATGAGGATGA-3′  (forward) 
and 5′-TGAGCGCAGGTTGTACTCAG-3′ (reverse)], lamin-C 
[Lmna, 5′-GACAATGAGGATGACGACGAG-3′ (forward) and 

5′-TTAATGAAA AGACTTTGGCATGG-3′ (reverse)], IEX-1 [Ier3, 
5′-GAGCG GGCCGTGGTGTC-3′ (forward) and 5′-CTTGGCAAT-
GTTGGGTTCCTC-3′ (reverse)], early growth response 1 [Egr1, 
5′-CCTATGAGCACCTGACCACA-3′ (forward) and 5′-TCGTTTGGCT-
GGGATAACTC-3′ (reverse)], p21 [cdkn1a, 5′-GGAAACATCTCAG-
GGCCGAAA-3′ (forward) and 5′-AAGACCAATCTGCGCTTGGA-3′ 
(reverse)], gadd45a [Gadd45a, 5′-TGGAGGAAGTGCTCAGCAAG-3′ 
(forward) and 5′-GGGTCTACGTTGAGCAGCTT-3′ (reverse)], and 
glyceraldehyde-3-phosphate dehydrogenase as endogenous control 
[Gadph, 5′-GTGCAGTGCCAGCCTCGTCC-3′ (forward) and 
5′-GCCACTGCAAATGGCAGCCC-3’ (reverse)] (all from Sigma- 
Aldrich). The relative expression of the analyzed genes was calculated 
as 2Ct(gene of interest)−Ct(Gadph) and normalized to baseline conditions.

Microarray analysis
RNA was extracted from lung tissue using the RNeasy Kit (QIAGEN), 
and their quality was evaluated by capillary electrophoresis (Agilent 
2100 Bioanalyzer). Affymetrix Mouse Gene 2.0 ST arrays were hy-
bridized and scanned following the manufacturer’s instructions. Raw 
values were processed (background correction and normalization) 
using the Robust Multichip Average Algorithm to obtain gene ex-
pression values. A principal components analysis was performed to 
characterize the overall differences in gene expression among groups.

Differences in gene expression among genotypes and ventilatory 
strategies were calculated by fitting expression to a linear model and 
computing the corresponding F statistics with Bayesian moderation 
of the standard errors. P values were adjusted using the Benjamini 
and Hochberg method. All the microarray analyses were performed 
with the limma and oligo packages for the statistical software R (R 
foundation for statistical computing). Data were additionally ana-
lyzed using the Ingenuity Pathway Analysis software to identify sig-
nificant differences in mapped molecular and cellular functions.

Western blotting
Nuclei were homogenized in 50 mM tris (pH 7.4), 150 mM NaCl, 
1% NP-40, 50 mM NaF, 1 mM DTT, and complete protease inhibi-
tor cocktail (2 mg/ml; Roche). The whole amount of protein from 
homogenates was quantified using a BCA Protein Assay Kit (Pierce), 
and 15 g from each sample was loaded in SDS-polyacrylamide 
gels. After electrophoresis at 120 mV, gels were electrotransferred 
onto polyvinylidene fluoride membranes, blocked with 3% nonfat 
dry milk, and incubated overnight at 4°C with 1:2000 anti–Lamin-
A/C (sc-20681, Santa Cruz Biotechnology), 1:1000 anti–Lamin-B1 
(sc-374015, Santa Cruz Biotechnology), and 1:10,000 anti-actin (sc-
1616, Santa Cruz Biotechnology) in tris-buffered saline with 0.05% 
Tween 20. Finally, blots were incubated with 1:10,000 goat anti-rabbit 
horseradish peroxidase (HRP; sc-2004, Santa Cruz Biotechnology) 
or 1:10,000 anti-mouse HRP (sc-2005, Santa Cruz Biotechnology) 
in 1.5% nonfat milk. Proteins were detected by chemiluminescence 
in a ChemiDoc camera (UVP), and the intensity of each band was 
quantified in digital images using the ImageJ software (NIH).

Statistical analysis
Results are expressed as means ± SEM. Data were analyzed using a 
Student’s t test, one-way ANOVA, or two-way ANOVA for experi-
ments with two groups, three groups, or two different factors in more 
than two groups (genotype and mechanical ventilation), respectively. 
Nuclear mechanics measurements were compared using a repeated- 
measurements ANOVA. When appropriate, post hoc tests were 
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performed using the Tukey’s HSD test. A two-sided P value lower 
than 0.05 was considered significant.

Sample sizes were estimated on the basis of preliminary results, 
with no formal calculations. In nonsignificant comparisons, statis-
tical power to detect a difference of 0.75 points in histological score, 
a 20% in apoptotic rate, or a 75% change in gene expression was 
calculated. All the calculated power values were above 0.8 (table S2). 
Statistical analysis of genomic data was performed as described.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/456/eaam7598/DC1
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Fig. S8. Endotoxin-induced lung injury in wild-type and Zmpste24−/− mice.
Fig. S9. Principal components analysis of the microarray data.
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useful for reducing the side effects associated with mechanical ventilation.
and reduced lung injury induced by mechanical ventilation. The results suggest that protease inhibitors might be
approved for treating human immunodeficiency virus infection preserved alveolar nuclear membrane compliance 
and contributed to lung injury in mice. Inhibition of nuclear Lamin-A production using two protease inhibitors
mechanical ventilation increased nuclear membrane stiffness (that is, reduced compliance) in lung alveolar cells 

. show that Lamin-A overexpression induced byet alevent are not completely understood. Now, López-Alonso 
stress caused by artificial pressure can cause lung injury. The molecular mechanisms responsible for this adverse 

Mechanical ventilation is a life support treatment that helps patients to breathe; however, the mechanical
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