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Abstract

Aging is a major risk factor of high incidence and increased mortality of acute respiratory 

distress syndrome (ARDS). Here, we demonstrated that persistent lung injury and high mortality 

in aged mice after sepsis challenge was attributable to impaired endothelial regeneration and 

vascular repair. Genetic lineage tracing study showed that endothelial regeneration following 

sepsis-induced vascular injury was mediated by lung resident endothelial proliferation in young 
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adult mice whereas this intrinsic regenerative program was impaired in aged mice. Expression 

of FoxM1, an important mediator of endothelial regeneration in young mice, was not induced in 

lungs of aged mice. Transgenic FOXM1 expression or in vivo endothelium-targeted nanoparticle 

delivery of the FOXM1 gene driven by an endothelial cell (EC)-specific promoter reactivated 

endothelial regeneration, normalized vascular repair and resolution of inflammation, and promoted 

survival in aged mice after sepsis challenge. In addition, treatment with the FDA-approved 

DNA demethylating agent decitabine was sufficient to reactivate FoxM1-dependent endothelial 

regeneration in aged mice, reverse aging-impaired resolution of inflammatory injury, and promote 

survival. Mechanistically, aging-induced Foxm1 promoter hypermethylation in mice, which 

could be inhibited by decitabine treatment, inhibited Foxm1 induction after sepsis challenge. In 

COVID-19 lung autopsy samples, FOXM1 was not induced in vascular ECs of elderly patients 

at age of 80s, in contrast to middle aged patients (aged 50–60 years). Thus, reactivation of 

FoxM1-mediated endothelial regeneration and vascular repair may represent a potential therapy 

for elderly patients with ARDS.

INTRODUCTION

Acute respiratory distress syndrome (ARDS) is a form of acute-onset hypoxemic respiratory 

failure with bilateral pulmonary infiltrates that is caused by acute inflammatory edema of the 

lungs not attributable to left heart failure (1–3). Common causes of ARDS include sepsis, 

pneumonia, inhalation of harmful substances, burns, major trauma with shock and massive 

transfusion. Sepsis, with annual U.S. incidence of over 750,000, is the most common cause. 

Endothelial injury, characterized by persistently increased lung microvascular permeability 

resulting in protein-rich lung edema, is a hallmark of acute lung injury (ALI) and ARDS 

(4–7). Despite recent advances in the understanding of the pathogenesis of ARDS, there 

are currently no effective pharmacological or cell-based treatments of the disease and the 

mortality remains as high as 40% (1–3). Compared to young adults, the incidence of ARDS 

resulting from sepsis and pneumonia in the elderly (≥ 65 yr.) is as much as 19-fold greater 

and mortality is up to 10-fold greater (3, 8–11). However, the underlying causes of the high 

incidence and mortality of ARDS in the elderly are poorly understood, and little is known 

about how aging influences mechanisms of endothelial regeneration and resulting restoration 

of vascular homeostasis.

The forkhead box (Fox) transcriptional factors share homology in the winged helix or 

forkhead DNA-binding domains (12, 13). Among the Fox family, FoxM1 was the first 

to be identified as a proliferation-specific transcriptional factor and is expressed during 

cellular proliferation to control the transcription of many cell cycle genes (14–16). During 

embryogenesis, FoxM1 is expressed in many types of cells, such as cardiomyocytes, 

endothelial cells (ECs), hepatocytes, lung epithelium cells, and smooth muscle cells (17–19). 

In adult mice, FoxM1 expression is restricted to intestinal crypts, thymus and testes (12, 

13). Although FoxM1 is silenced in terminally differentiated cells, it can be induced after 

organ injury: We have previously reported that FoxM1 is induced in lung ECs in the repair 

phase but not in the injury phase in young adult mice following sepsis challenge (19). In 

EC-restricted Foxm1 knockout mice, pulmonary vascular EC proliferation and endothelial 

barrier recovery are defective following inflammatory injury (19, 20). FoxM1 also promotes 
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re-annealing of the endothelial adherens junctional complex to restore endothelial barrier 

function after vascular injury (21). These results demonstrated the importance of FoxM1 

in vascular repair. Other studies have also demonstrated important roles for FoxM1 in 

mediating lung epithelial repair (22) and hepatocyte regeneration (23) in young adult mice. 

However, it is unknown if FoxM1 can be induced in aged lungs and whether activation of 

FoxM1 expression alone in pulmonary vascular ECs is sufficient to reactivate endothelial 

regeneration and vascular repair to resolve inflammatory lung injury in aged mice.

Here we sought to i) define the cells mediating endothelial regeneration in young adult 

mice, ii) determine how aging affects this process, and iii) delineate the underlying 

molecular mechanisms. We hypothesized that aging impairs the intrinsic FoxM1-dependent 

endothelial regeneration and vascular repair program after inflammatory lung injury, and 

restored expression of FoxM1 alone in lung ECs could reactivate the regenerative program 

in aged mice. We demonstrated that aging impairs the intrinsic endothelial regeneration 

program leading to persistent inflammatory lung injury. Restored FoxM1 expression in 

lung ECs (transgenic or non-viral delivery of plasmid DNA) in aged mice was necessary 

and sufficient to re-activate lung endothelial regeneration and promote survival after sepsis 

challenge. Further, the FDA-approved drug decitabine could reactivate FoxM1 expression 

in aged mice and restore endothelial regeneration and vascular repair and promote 

survival after endotoxemia or polymicrobial sepsis. Lastly, we demonstrated that aging 

impaired Foxm1 expression through methylation of its promoter, which was inhibited by 

decitabine treatment. Thus, repurposing decitabine to activate FoxM1-dependent endothelial 

regeneration and vascular repair in aged lungs represents a potential treatment of ARDS in 

older patients.

RESULTS

Aging impairs intrinsic lung endothelial regeneration after injury induced by polymicrobial 
sepsis

The major pathogenic feature of ALI and ARDS leading to deterioration of vascular barrier 

function is the marked loss of ECs (19, 24, 25). To trace the changes of pulmonary 

ECs after sepsis challenge, we carried out genetic lineage tracing on pulmonary ECs 

using a tamoxifen-inducible mTmG/EndoSCL-CreERT2 mouse (Fig. 1A).95% of lung ECs 

(CD45−CD31+) were labeled with green fluorescent protein (GFP) whereas < 2.5% of GFP+ 

cells were either CD45+ cells (leukocytes) or CD31− cells (non-ECs) (Fig. 1, B and C and 

fig.S1, A to E). Fluorescence imaging revealed the presence of GFP+ ECs in capillaries and 

along the inner surfaces of blood vessels but not in bronchioles (Fig. 1D). In young adult 

mice (3–5 mos. old), at 48h after cecal ligation and puncture (CLP), which causes lethal 

peritonitis and polymicrobial sepsis, a clinically relevant murine model of sepsis (26, 27), 

the presence of GFP+ ECs was disrupted along the blood vessel inner surfaces and also the 

alveoli, consistent with loss of ECs seen in patients and animal models (fig. S2); TUNEL 

staining further confirmed loss of ECs of both large and medium-sized vessels and small 

vessels/capillaries (fig. S3, A and B), H & E staining showed disrupted alveolar structure 

and cell infiltrates (fig.S5, A to C). By 144h after CLP, the blood vessel inner wall was lined 

with GFP+ ECs again (fig. S2A).
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To quantify the changes of pulmonary EC numbers over the course of sepsis-induced injury 

and recovery, we measured the percentage of CD45−GFP+ cells in the whole lung by 

fluorescence-activated cell sorting (FACS) in young adult mice. In sham animals, about 40% 

of pulmonary CD45− cells were GFP+. At 48h after CLP, this number had dropped to 25%, 

but was followed by a steady return to baseline percentages by 144h (Fig. 1, E and F). 

However, the CD45+GFP+ cell population remained at minimal percentages at various times 

(fig. S5), indicating that CD45+GFP+ cells were not directly contributing to endothelial 

regeneration.

To further determine whether bone marrow-derived cells contributed to endothelial 

regeneration after sepsis, we transplanted bone marrow cells from mTmG/EndoSCL-

CreERT2 mice into lethally irradiated WT mice (8 weeks old) to generate chimeric mice. 

We observed a small population (<0.1%) of CD45−GFP+ cells in the chimeric mouse lungs 

(Sham group, 14 weeks old). At 144h after CLP, the percentage of this cell population was 

unaltered (fig. S6A). The CD45+GFP+ population also remained steady (fig. S6B). Thus, 

bone marrow-derived cells were not directly responsible for lung endothelial regeneration. 

Together the data of Fig. 1, E and F and fig. S6, A and B demonstrated that lung 

resident ECs are the major cell source for endothelial regeneration in adult mice following 

inflammatory vascular injury.

FACS analysis revealed that the lung GFP+ EC population was markedly decreased at 48h 

post-CLP in aged (19–21 mos.) mice as observed in young adult mice. However, in contrast 

to young adult mice (Fig. 1F), the GFP+ EC population in aged mice failed to recover and 

remained low at 144h after CLP (Fig. 1G and fig. S2B). Thus, aging was associated with an 

impaired intrinsic endothelial regeneration program after sepsis-induced injury.

Impaired endothelial regeneration leads to persistent inflammatory lung injury in aged 
mice after polymicrobial sepsis

Anti-BrdU immunostaining, indicative of cell proliferation, revealed defective lung 

endothelial proliferation in aged mice in contrast to young adult mice during the recovery 

phase (at 72 and 96h after CLP) (Fig. 2, A and B). Accordingly, an Evans blue-conjugated 

albumin (EBA) assay, a measurement of vascular permeability to protein, showed persistent 

vascular leak indicating impaired vascular repair in the lungs of aged mice whereas vascular 

permeability was returned to basal amounts at 96h after CLP in young adult mice (Fig. 

2C). The aged lungs also exhibited marked edema measured by greater lung wet-to-dry 

weight ratios at 72h after CLP (Fig. 2D) and impaired resolution of inflammation during the 

recovery phase, evident by persistently elevated lung myeloperoxidase (MPO) activity (Fig. 

2E), indicative of neutrophil sequestration, and increased expression of proinflammatory 

cytokines in lung tissue (Fig. 2F). Consistently, all aged mice died within 100h of severe 

CLP challenge whereas all young adult mice survived during this time (Fig. 2G).

Aging impairs lung vascular repair and resolution of inflammation in mice after 
endotoxemia

To determine if aged mice also exhibit impaired vascular repair following endotoxemia, aged 

(19–21 mos.) and young (3–5 mos.) mice were challenged with lipopolysaccharide (LPS). 

Huang et al. Page 4

Sci Transl Med. Author manuscript; available in PMC 2024 February 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Because aged mice exhibited greater lung injury as indicated by greater EBA flux and MPO 

activity at 24h after LPS compared to young adult mice in response to the same dose of 

LPS, we challenged aged mice with a lower dose of LPS (1.0 mg/kg) to induce a similar 

degree of vascular injury during the injury phase ( at 24h after exposure) as seen in young 

adult mice with 2.5 mg/kg of LPS (Fig. 3A). EBA flux in young adult mice was reduced 

at 48h and returned to baseline amounts at 72h after LPS, whereas it remained elevated at 

these times in aged lungs, consistent with defective vascular repair (Fig. 3A). Aged lungs 

exhibited edema at 72h after LPS, which was not observed in young adult mice (Fig. 3B). 

We also collected bronchoalveolar lavage fluid (BALF) to assess protein permeability and 

cell infiltration including macrophages (fig. S7, A to C). Although similar protein leakage 

and cell infiltration were observed at 24h after LPS in young and aged mice, BALF protein 

concentrations and cell counts returned to baseline in young adult mice at 96h after LPS, but 

not in aged mice. Together, these data support the notion of defective vascular repair in aged 

lungs.

MPO activity was similarly increased versus basal controls at 24h after LPS in young adult 

and aged mice (Fig. 3C). Although MPO activity returned to baseline in lungs of young 

adult mice at 72h after LPS, it remained elevated in aged lungs (Fig. 3C). H & E staining 

showed similar degrees of injury at 24h after LPS in young and aged mouse lungs (Fig. 

3D). However, at 96h, lung structure and cellular infiltrates were largely normalized in 

young mice whereas they remained abnormal in aged mice (Fig. 3D). Together, these data 

demonstrated impaired resolution of inflammation in aged lungs after LPS challenge.

To further determine how aging affected vascular repair and inflammation resolution, we 

challenged the mice at various ages (from 3 to 21 mos. old) with LPS and assessed EBA 

flux and MPO activity at 72h after LPS. EBA flux in mice at age of 9 mos. or younger 

returned to baseline but not in 12 mos. old mice which maintained EBA flux at a marginally 

increased amount. EBA flux was elevated in 15 mos. old mice and markedly elevated in 

aged mice (18 and 21 mos. old) (Fig. 3E). We also observed similar changes in MPO 

activity. Lung MPO activity did not return to baseline at 72h after LPS in mice at age 12 

mos. or younger and remained markedly increased in lungs of mice at age 15 mos. or older, 

indicating impaired resolution of inflammation (Fig. 3F). Thus, mice at age 18 mos. or older 

exhibited markedly impaired vascular repair and diminished resolution of inflammatory lung 

injury.

Defective endothelial proliferation and inhibited FoxM1 induction in aged lungs following 
LPS challenge

To gain insights into the molecular and cellular mechanisms of impaired vascular repair and 

inflammation resolution in aged lungs, we first determined lung endothelial proliferation by 

in vivo BrdU labeling. There was a marked increase of endothelial proliferation in the lungs 

of young adult mice at 72h after LPS whereas endothelial proliferation in lungs of aged mice 

was largely inhibited (Fig. 4, A and B), indicating impaired endothelial regeneration in aged 

lungs. Because FoxM1 is a critical reparative transcriptional factor (19, 22, 23), we assessed 

Foxm1 expression in mouse lungs. Foxm1 mRNA was markedly induced in the lungs of 

young adult mice during the recovery phase (at 48 and 72h) but not in the injury phase, (24h 
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after LPS). However, Foxm1 was not induced in aged lungs after LPS challenge (Fig. 4C). 

Accordingly, FoxM1 target genes essential for cell cycle progression such as Cell division 
cycle 25C (Cdc25c), and Cyclin A2 (Ccna2) were not induced in aged lungs (Fig. 4D). In 

young adult mice, Foxm1 expression and its transcriptional target genes peaked at 3–4 days 

after LPS challenge and then gradually decreased near baseline at 8 days post-LPS (Fig. 4, C 

and D, and fig. S8, A and B).

Normalized vascular repair and inflammation resolution in aged Foxm1Tg mice.

To determine if failure of FoxM1 induction is responsible for the impaired vascular repair 

and inflammation resolution seen in aged mice, we employed FOXM1Tg mice expressing 

human FOXM1 under the control of the 800-base pair Rosa26 promoter (28). EBA flux was 

similar under basal conditions and increased similarly at 24h after LPS in aged FOXM1Tg 

mice compared to aged WT mice, demonstrating similar degrees of lung vascular injury 

(Fig. 5A). EBA flux was then reduced at 48h and returned to an amount close to baseline 

at 72h after LPS in aged FOXM1Tg mice whereas it was persistently elevated in aged WT 

mice (Fig. 5A). MPO activity was similarly increased during the injury phase in aged WT 

and FOXM1Tg mice. MPO activity was reduced during the recovery phase and returned 

to baseline at 72h after LPS in aged FOXM1Tg mice but not in aged WT mice (Fig. 5B). 

Expression of proinflammatory genes Tnf and Il6 was markedly elevated in aged WT mice 

but not in aged FOXM1Tg mice (fig. S9, A and B). These data demonstrate resolution of 

inflammation in aged FOXM1Tg mice in contrast to aged WT mice after LPS challenge. 

Accordingly, lung endothelial proliferation in aged FOXM1Tg mice was activated at 72h 

after LPS, in contrast to aged WT mice (fig. S10, A and B).

To determine effects on survival, aged mice were challenged with a higher dose of LPS 

(1.5 mg/kg). Although 100% of young WT mice survived, aged WT mice exhibited 100% 

mortality within 3 days (Fig. 5C). We also observed a 50% mortality with 1 mg/kg of LPS 

at 96h after LPS challenge (fig. S11). However, 70% of aged FOXM1Tg mice survived to 7 

days after LPS challenge (1.5 mg/kg) (Fig. 5C).

Nanoparticle-directed FoxM1 expression in the endothelium of the lung normalizes 
endothelial regeneration and resolution of inflammatory lung injury in aged WT mice

Next, we employed an endothelium-targeted nanoparticle gene delivery approach (29) to 

determine if forced FoxM1 expression in lung vascular ECs of aged WT mice could 

reactivate endothelial proliferation and thus reverse the defective resolution of inflammatory 

lung injury. A mixture of nanoparticles:plasmid DNA expressing human FOXM1 under the 

control of human CDH5 promoter (EC-specific) was administered retro-orbitally to 19–20 

mos. old WT mice at 24h after LPS challenge (established lung injury). Empty vector DNA 

was administered to a separate cohort of aged and gender-matched WT mice. As shown in 

Fig. 5D and fig. S12, nanoparticle delivery of FOXM1 plasmid DNA resulted in a marked 

increase of Foxm1 mRNA and FoxM1 protein expression in aged WT mice at 72h after LPS 

compared to mice receiving empty vector DNA. This increase was comparable to FoxM1 

expression in young adult mice (Fig. 5D). EBA flux was decreased in FOXM1 plasmid 

DNA-administered mice compared to vector DNA-administered mice (Fig. 5E). Lung MPO 

activity returned to baseline in FOXM1 plasmid DNA-administered mice (Fig. 5F).
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We also assessed whether the restored vascular repair and resolution of inflammation was 

attributable to reactivated endothelial regeneration in aged lungs. BrdU labeling studies 

revealed an increase of EC proliferation in lungs of FOXM1 plasmid DNA-administered 

mice in contrast to vector DNA-administered mice (Fig. 5, G and H). Expression of FoxM1 

target genes including Cdc25c, Cyclin D2 (Ccnd2), and Cyclin F (Ccnf) (15) was also 

markedly induced in the lungs of FOXM1 plasmid DNA-administered aged mice (Fig. 

5I). Expression of angiogenic factor Fgf1 and of endothelial adherens junction proteins 

VE-Cadheren (Cdh5) and β-catenin (Ctnnb1) was markedly increased in lungs of young 

adult mice but not in aged mice at 72h post-LPS (fig. S13, A to F). However, restored 

FoxM1 expression in aged lungs led to increased expression of these genes (fig. S13).

To further determine if restoration of FoxM1 expression selectively in pulmonary vascular 

ECs was sufficient to reactivate lung endothelial regeneration and vascular repair in aged 

mice, plasmid DNA expressing FOXM1 under the control of a lung EC-specific promoter 

system comprised of the dual Cdh5/Tmem100 promoters (fig. S14A) was delivered to 

aged mice 24h after LPS. Quantitative RT-PCR analysis demonstrated marked increases 

of FOXM1 expression and its transcriptional target genes Cdc25c and Ccna2 in lungs of 

FOXM1 plasmid DNA-administered aged mice compared to vector DNA-administered mice 

at 72h post-LPS (fig. S14, B to D). EBA flux and MPO activity as well as expression of 

the proinflammatory genes Il6 and Tnf in lungs of FOXM1 plasmid DNA-administered aged 

mice at 72h after LPS were markedly reduced (fig. S14, E to H).

Decitabine reactivates FoxM1-dependent endothelial regeneration and vascular repair in 
the lungs following endotoxemia in aged mice

We next explored the possibility of pharmacological activation of FoxM1-dependent 

endothelial regeneration in aged murine lungs. Given the important role of epigenetics 

in aging, we focused on the DNA methyl transferase inhibitor decitabine and histone 

deacetylase inhibitor (trichostatin A). In a preliminary study, we observed that 5-Aza 2’-

deoxycytidine and trichostatin A treatment but not trichostatin A alone could normalize 

EBA flux and MPO activity in aged mice after LPS challenge (fig. S15, A and B). Thus, 

we used decitabine in the following experiments. At 24h and 48h after LPS challenge, 

aged (21–22 mos. old) mice were treated with decitabine (0.2 mg/kg, i.p.) or vehicle (PBS) 

and lung tissues were collected at 96h after LPS for analyses. As shown in Fig. 6A, 

Foxm1 expression was markedly induced in the lungs of decitabine-treated mice compared 

to vehicle-treated mice. EBA flux normalized in decitabine-treated mice (Fig. 6B). Lung 

MPO activity of decitabine-treated mice also returned to baseline whereas vehicle-treated 

mice exhibited elevated MPO activity (Fig. 6C). However, decitabine treatment did not 

promote vascular repair in young adult mice at either 52h or 72h after LPS (fig. S16, A 

and B). ELISA revealed reductions of TNF-α and IL6 protein concentrations in the lungs of 

decitabine-treated aged mice at 96h after LPS compared to vehicle-treated mice (fig. S17, A 

and B).

BrdU immunostaining revealed that pulmonary vascular EC proliferation was markedly 

increased in decitabine-treated aged mice, suggesting reactivation of endothelial 

regeneration (Fig. 6, D and E). Accordingly, expression of FoxM1 target genes (Ccna2, 
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Ccnf, and Cdc25c) essential for cell cycle progression was also induced in the lungs 

of decitabine-treated aged mice (Fig. 6F). Decitabine treatment also markedly improved 

survival of aged WT mice. 80% of decitabine-treated mice survived to 96 hours whereas 

only 20% of vehicle-treated WT mice survived at the same period (Fig. 6G).

To determine if the regenerative and reparative effects of decitabine were mediated by 

endothelial expression of FoxM1, we employed mice with EC-specific knockout of Foxm1 
(Foxm1 CKO) (19, 21). As shown in fig. S18A, Foxm1 expression was induced in the 

lungs of decitabine-treated aged WT mice at 96h after LPS but not in decitabine-treated 

Foxm1 CKO mic. Expression of the FoxM1target genes (Ccna2, Ccnf, and Cdc25c) was not 

induced in decitabine-treated Foxm1 CKO lungs (fig. S18, B to D). Lung EBA flux was 

markedly elevated at 96h after LPS in decitabine-treated aged Foxm1 CKO mice whereas 

it returned to almost baseline in decitabine-treated aged WT mice (24 mos. old) (Fig. 6H). 

Decitabine-induced resolution of inflammation in aged WT mice was also impaired in aged 

Foxm1 CKO mice, as indicated by elevation of lung MPO activity (Fig. 6I) and expression 

of the proinflammatory cytokine genes Il6 and Tnf (fig. S19). Decitabine treatment did not 

promote survival of aged Foxm1 CKO mice following LPS challenge in contrast to aged WT 

mice (Fig. 6J).

Decitabine reactivates FoxM1-dependent endothelial regeneration and vascular repair in 
the lungs following polymicrobial sepsis in aged mice

We next determined the effects of decitabine treatment on reactivating endothelial 

regeneration and vascular repair in aged lungs following polymicrobial sepsis induced by 

CLP. At 96h after CLP, lung EBA flux was elevated in PBS-treated aged WT mice compared 

to sham mice whereas decitabine treatment reduced EBA flux (Fig. 7A). Decitabine 

treatment also improved resolution of inflammation in aged WT mice by reducing MPO 

activity and mRNA expression of Tnf and Il6 (Fig. 7, B and C). BrdU labeling studies 

also revealed induction of endothelial proliferation in decitabine-treated aged WT mice 

at 96h after CLP (Fig. 7, D and E). Foxm1 mRNA and FoxM1 protein, as well as the 

mRNA and protein expression of its target Cdc25C and mRNA expression of Ccna2 
were also upregulated in the lungs of decitabine-treated aged WT mice (Fig. 7F, and fig. 

S20). Decitabine treatment also had marked survival effect on aged WT mice following 

CLP challenge. Seventy percent of decitabine-treated mice survived at 7 days after CLP 

compared to only 10% of vehicle-treated mice (Fig. 7G).

We next determined whether decitabine-activated endothelial regeneration and vascular 

repair in aged WT mice after polymicrobial sepsis was also mediated by reactivation of 

endothelial FoxM1 expression. Due to the limited availability of Foxm1 CKO mice, we 

employed endothelium-targeted nanoparticles (29) to deliver the CRISPR/Cas9 system to 

aged WT mice to knockout Foxm1 in ECs. A mixture of nanoparticles:plasmid DNA 

expressing Cas9 under the control of CDH5 promoter and Foxm1-specific guide RNA 

(gRNA) (or control scrambled RNA) was administered to 20–21 mos. old WT mice. 7 

days later, lung tissues were collected for cell isolation. Western blotting demonstrated a 

decrease of FoxM1 protein in lung ECs isolated from gRNA plasmid-administered mice 

compared to scrambled RNA plasmid mice (fig. S21A). 7 days after nanoparticles:plasmid 
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administration, the mice were subjected to CLP or sham surgery and then treated with either 

decitabine or PBS at 24 and 48h after CLP. At 96h after CLP, lung tissues were collected 

for analyses. Expression of FoxM1 target genes such as Ccna2 and Cdc25c was markedly 

induced in the lungs of decitabine-treated scrambled RNA plasmid-administered WT mice, 

but was inhibited in Foxm1 gRNA plasmid-administered mice (fig. S21, B and C). EBA flux 

was markedly increased in Foxm1 gRNA plasmid-administered mice compared to scrambled 

RNA plasmid mice (Fig. 7H). Decitabine-activated resolution of lung inflammation seen in 

aged WT mice with scrambled RNA plasmid was impaired in Foxm1 gRNA plasmid mice 

(Fig. 7, I to K). Together, these data demonstrate that decitabine-activated vascular repair 

and resolution of inflammation in aged WT mice following polymicrobial sepsis is also 

mediated by induced endothelial FoxM1 expression.

Aging impairs FoxM1 expression via hypermethylation of the Foxm1 promoter in mice and 
humans.

To gain insights into the molecular mechanism of decitabine reactivation of FoxM1 

expression in aged lungs, we addressed the hypothesis that aging impairs FoxM1 expression 

through hypermethylation of Foxm1 promoter and decitabine treatment normalizes Foxm1 
promoter methylation. MethPrimer analysis predicted a major CpG island near the 

transcription start site (Fig. 8A). The CpG island is highly conserved between mouse and 

human promoters (Fig. 8A). Employing methylation-specific high-resolution DNA melting 

assay, we observed hypermethylation of the CpG island in lungs of aged mice compared to 

young adult mice at basal (Fig. 8B).

The CpG island methylation was further increased in LPS-challenged aged mice (Fig. 

8C). However, decitabine treatment abrogated hypermethylation of the CpG island in LPS-

challenged aged mice (Fig. 8C).

We also collected lung autopsy samples from patients with COVID-19 (Table S1) and 

carried out RNAscope in situ hybridization assay to determine FOXM1 expression. FOXM1 
expression in pulmonary vascular ECs was induced in 50–60 years old patients with 

COVID-19 but not in those over 8 years old (Fig. 8, D and E).

DISCUSSION

Here we demonstrated that in young adult mice, lung resident ECs mediate endothelial 

regeneration responsible for vascular repair and inflammation resolution after inflammatory 

injury induced by polymicrobial sepsis. However, aging impairs these processes leading to 

persistent inflammatory lung injury and high mortality in aged mice with sepsis induced 

by either LPS or CLP. Mechanistically, aging caused Foxm1 promoter hypermethylation, 

inhibiting FoxM1-dependent endothelial regeneration. Forced expression of FoxM1 by 

transgene or plasmid DNA transiently delivered by endothelium-targeted nanoparticles 

normalized vascular repair and resolution of inflammation and promoted survival in aged 

mice. Decitabine treatment reactivated FoxM1-dependent endothelial regeneration leading to 

improved vascular repair and inflammation resolution and survival in aged mice with sepsis. 

In patients with COVID-19 who were over the age of 80 years, FOXM1 expression was not 

induced in pulmonary vascular ECs, in contrast to those aged 50–60 years. Thus, activation 
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of FoxM1 expression by repurposing decitabine or endothelium-targeted gene delivery, may 

represent a potential approach for the treatment of ARDS in elderly patients.

Studies have demonstrated that endothelial barrier dysfunction is a major contributor to lung 

injury and poor prognostic outcomes of sepsis and ARDS (4, 5, 30–33). Employing genetic 

lineage tracing and FACS analysis, we showed that the total number of lung ECs decreased 

from 40% to 25% (a 40% reduction) at 48h after CLP (peak of injury), and returned to 

baseline at 144h after CLP in young adult mice. A bone marrow transplantation study 

excluded the potential contribution of engraftment of bone marrow-derived cells to the lung 

vasculature in this regenerative process. Consistent with our observations, several studies 

have shown that total number of pulmonary vascular ECs transiently decreased in mice 

after sepsis challenge (24, 25, 27, 34, 35) and that resident ECs are the major contributor 

to repair while bone marrow-derived endothelial precursor cells are minor complementary 

sources of new ECs in endothelial barrier restoration after LPS challenge (36). The caveat 

of this study is that ECs were labeled with GFP controlled by the constitutively active Tie2 
promoter which is also expressed in hematopoietic cells (37). A recent study employing 

inducible EC-specific labelling similar to our approach (but without the complementary 

bone marrow transplantation study) has shown evidence of lung resident EC as the cell 

source of endothelial regeneration following LPS challenge (38).

An important finding of our study was the identification of the cellular mechanism of aging 

as a major risk factor of ARDS development and high mortality. Our genetic lineage tracing 

study demonstrated impaired endothelial regeneration in aged lungs in contrast to young 

adult mice. We found that mice starting at age of 12 months old exhibited defective vascular 

repair and inflammation resolution which became more severe with aging. These data could 

help explain the clinical observations that the incidence and mortality of ARDS resulting 

from sepsis, pneumonia, and COVID-19 in elderly patients was much greater than young 

adult patients (8–11, 39, 40). Our data demonstrated failed induction of FOXM1 expression 

in patients with COVID-19 who were over 80 years old compared to those aged 50–60 

years. Mechanistically, we showed that aging induces hypermethylation of Foxm1 promoter 

in a CpG island near the transcriptional start site, which is conserved between mouse and 

human.

We have shown previously that FoxM1 is markedly induced in ECs in the recovery phase 

but not in the injury phase in young adult mice after LPS challenge (19). Genetic deletion 

of Foxm1 in ECs impaired endothelial proliferation and vascular repair (19). Here we 

showed that FoxM1 was not induced in aged lungs after sepsis challenge. The failure 

of FoxM1 induction likely plays a causal role in aging-impaired endothelial regeneration 

and resolution of inflammatory injury because transgenic expression of FoxM1 prevented 

the defective phenotype in aged FOXM1Tg mice and promoted survival following LPS 

challenge. Because FoxM1 was expressed ubiquitously in all cells in the FOXM1Tg 

mice by the Rosa26 promoter, it is unknown if the beneficial effects were mediated by 

FoxM1-dependent endothelial regeneration in aged lungs. Genetic compensation of FOXM1 
overexpression in FOXM1Tg mice may also contribute to the normalized vascular repair 

in aged mice. Thus, we designed a gene therapy-like approach to determine if transient 

expression of FOXM1 in ECs delivered after vascular injury could reactivate the intrinsic 
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endothelial regeneration program in aged mice. Transient expression of endothelial FOXM1 
in aged lungs did reactivate the intrinsic endothelial regeneration program and normalize the 

resolution of inflammatory lung injury in aged mice.

Based on our findings in aged mice, we suggest that the FDA-approved drug decitabine 

may have a role in the treatment of ARDS in older patients. Our data has further 

demonstrated that the regenerative and reparative effects of decitabine in aged mouse lungs 

were mediated by induction of endothelial Foxm1 expression because decitabine failed 

to reactivate endothelial regeneration or resolve inflammation in aged Foxm1 CKO mice 

following LPS challenge and in aged WT mice with EC-specific disruption of Foxm1 
following CLP challenge. However, decitabine treatment had no effects on vascular repair 

in young adult mice. A published study has also shown that 5’-Aza 2’-deoxycytidine alone 

has no protective effects on LPS-induced lung injury in young adult mice (41). Our data 

support the role of low-dose decitabine in reactivating the aging-impaired FoxM1-dependent 

endothelial regeneration program for vascular repair and inflammation resolution in aged 

mice. Decitabine is under a clinical trial to test its safety and efficacy in treating patients 

with severe COVID-19 (NCT04482621). Our studies suggest that the decitabine dose could 

be further lowered to possibly improve the safety profile, and the patient population should 

be focused on elderly patients because decitabine has limited protective role in young adult 

mice. Because FoxM1 is also an oncogene, unwanted induction of FoxM1 in other cell types 

by decitabine treatment may be a cause for concern which will require further study. Thus, 

endothelium-targeted nanoparticle delivery of the FOXM1 gene selectively to ECs may be 

safer.

The study here employed two sepsis models causing indirect lung injury. It is unknown 

if restored expression of endothelial FoxM1 will activate endothelial regeneration and 

vascular repair in aged mice following direct lung injury induced by either intratracheal 

LPS instillation, pneumonia, or COVID-19. Our study focused on endothelial cells, and the 

role of decitabine treatment in reactivating FoxM1 expression in alveolar epithelial cells, 

especially type II epithelial cells (42), for epithelial repair in aged lungs requires further 

study. Another limitation of the study is the lack of large animal models, which may limit 

the extrapolation of our findings to humans. Although the clinical relevance of our findings 

is supported by data from lung autopsy samples of COVID-19 patients, interpretation of the 

results is limited by small sample size.

In summary, we have shown that aging impairs the resolution of inflammatory lung injury 

following sepsis challenge through induction of Foxm1 promoter hypermethylation and 

inhibition of FoxM1-dependent endothelial regeneration and vascular repair. Activation of 

FoxM1 in lung vascular ECs, through administration of either decitabine or EC-targeted 

nanoparticles carry FOXM1, could reactivate the intrinsic endothelial regeneration program 

to improve resolution of inflammatory injury in aged lungs.
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MATERIALS AND METHODS

Study design:

This study was designed to delineate the molecular and cellular mechanisms of persistent 

inflammatory lung injury and higher mortality in aged mice following sepsis challenge 

and identify effective drug(s) targeting the underlying mechanisms for treatment of ARDS. 

To accomplish this, we employed a genetic lineage tracing approach coupled with FACS 

analysis to define the cell source of origin responsible for endothelial regeneration 

following polymicrobial sepsis in mice. A time course of the changes of genetically 

labeled lung ECs in young adult (3–5 mos.) and aged (19–21 mos.) mice were studied. 

For all experiments, male and female mice were studied. Anti-BrdU and anti-CD31 

immunostaining were employed to quantify EC proliferation in mouse lungs, indicative of 

endothelial regeneration. Lung vascular permeability was determined by EBA assay whereas 

lung edema was assessed by lung wet/dry weight ratio. Lung inflammation was determined 

by MPO activity and expression of proinflammatory genes. Lung injury was also assessed 

by H & E staining and BALF protein and cells. Two complementary mouse sepsis models 

(intraperitoneal LPS and CLP) were used. Both age groups and genders were studied (n=4–5 

each group each time point). To delineate the molecular mechanism responsible for the 

impaired endothelial regeneration and vascular repair of aged lungs, we employed both 

FOXM1 transgenic mice and endothelium-targeted nanoparticle delivery of plasmid DNA to 

induce FoxM1 expression in lung ECs of aged mice after sepsis-induced injury. To address 

the possibility of activation of endothelial regeneration and vascular repair in aged lungs by 

epigenetic modifiers, we carried out a pilot study with a DNA methyltransferase inhibitor 

(5-Aza 2’-deoxycytidine), and a histone deacetylase inhibitor (trichostatin A) which led us 

to focus on decitabine. We selected a lower and potentially safer dose (.2 mg/kg) than used 

clinically and administered intraperitoneally the drug to aged mice (20–24 months.) after 

established injury to reverse injury and thus promote recovery. Aged Foxm1 EC-specific 

knockout mice or nanoparticle-targeted CRISPR knockdown of endothelial Foxm1 in aged 

mice were employed to define the molecular basis of Decitabine-mediated regenerative 

and reparative effects. Foxm1 EC-specific knockout mice and aged WT mice were 

C57BL/6 background although some of them were not littermates. MethPrimer analysis was 

employed to identify CpG islands for potential methylation followed by methylation-specific 

high-resolution DNA melting assay. To address human relevance, we analyzed FOXM1 
expression by RNAscope in situ hybridization in lung autopsy samples from non-surviving 

patients with COVID-19. Based on the availability of human samples, we examined lungs 

of 3 male and female middle-aged patients (50–60 years old) and 3 elderly patients (over 80 

years old). Fifteen 63× fields each section were randomly selected and quantification was 

blinded. Sample sizes for the preclinical studies were adequately powered to observe the 

effects on the basis of past experience (19–21, 30) and preliminary studies. Immunostaining, 

digital microscopy and imaging were performed blinded to genotype and age. All the 

data collection and the quantification were performed by investigators unaware of sample 

identities until unblinding for final interpretation of statistical results. A minimum of n=3 

biological replicates were conducted for each experiment.
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Mice.

EndoSCL-CreERT2/mTmG lineage tracing mice were generated by breeding mice carrying 

a double-fluorescent reporter expressing membrane-targeted tandem dimer Tomato (mT) 

prior to Cre-mediated excision and membrane-targeted green fluorescent protein (mG) 

after excision (mTmG mice, #007676, the Jackson Laboratory) with EndoSCL-CreERT2 

transgenic mice (C57BL/6 background) containing tamoxifen-inducible Cre-ERT2 driven by 

the 5’ endothelial enhancer of the stem cell leukemia locus (43, 44). FOXM1 transgenic 

(FOXM1Tg) mice expressing human FOXM1 under the control of the Rosa26 promoter were 

described previously (28). Foxm1 CKO mice with Tie2Cre-mediated disruption of Foxm1 
was described previously (19). Both male and female mice were used in the experiments. 

Mice at various ages (3–5 month-old mice are referred as young adult; 19–24 month-old 

mice are referred as aged) were used. The experiments were conducted according to NIH 

guidelines and ARRIVE guidelines on the use of laboratory animals. The animal care and 

study protocols (IS00006964, IS00020196, A14–168) were approved by the Institutional 

Animal Care and Use Committees of Northwestern University and The University of Illinois 

at Chicago.

Human specimens.

All experiments with human tissue samples were performed under protocols approved by 

the Institutional Review Boards at the University of Chicago and Ann & Robert H. Lurie 

Children’s Hospital of Chicago. Postmortem lung samples were collected from deceased 

patients with COVID19. Control lung tissues from unused healthy donors were provided by 

Pulmonary Hypertension Breakthrough Initiative (PHBI).

Statistical analysis.

Statistical significance was determined by one-way analysis of variance (ANOVA) with a 

Tukey’s or Dunette’s post hoc analysis for equal variance or Kruskal-Wallis test for unequal 

variance using Prism 8 (Graphpad Software, Inc. P values were corrected for multiple 

comparisons. Two-group comparisons were analyzed by the unpaired 2-tailed t test for equal 

variance or by Mann Whitney test for unequal variance. Exclusion criteria that the difference 

from the mean is >2 stdev was preestablished. No data was excluded in this study. Statistical 

analysis of the survival study was performed with the log-rank (Mantel-Cox) test. P < 0.05 

denoted the presence of a statistically significant difference. All bars in dot plot figures 

represent means.
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Refer to Web version on PubMed Central for supplementary material.
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OVERLINE: LUNG INJURY

One sentence summary:

Decitabine treatment or nanoparticle delivery of the FOXM1 gene reactivates intrinsic 

endothelial regeneration in the lungs of aged septic mice.
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Fig. 1. Genetic lineage tracing of ECs after polymicrobial sepsis-induced injury.
(A) Schematic illustration of the lineage-tracing strategy. Tam=Tamoxifen. (B) Flow 

cytometry analysis of GFP+ cells and ECs (CD45−CD31+) in lungs of young adult mice. (C) 
Quantification of lung GFP+ ECs in young adult EndoSCL-CreERT2/mTmG mice. CD45− 

cells were gated for CD31+ and GFP+ analysis. (D) Representative confocal images of lungs 

of young adult mice showing tamoxifen treatment-induced EC labeling. Green, GFP; Red, 

tdTomato; Blue, DAPI. Br, bronchiole; V, vessel. Scale bar, 20 μm. (E and F) FACS analysis 

of GFP+ ECs at 48h and 144h in young adult mice. Lung cells were CD45− gated, and GFP+ 
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population were quantified. (G) FACS analysis showing impaired recovery of lung GFP+ 

cells following CLP challenge in aged mice (19–21 mos. old). Bars represent means. ***P < 

0.001, ****P < 0.0001. Unpaired two-tailed t test (C); One-way ANOVA (Dunnett) (F, G).
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Fig. 2. Defective endothelial proliferation and vascular repair in aged lungs following 
polymicrobial sepsis in mice.
(A) Representative micrographs of BrdU immunostaining showing defective EC 

proliferation in aged lungs. Cryosections of lungs (5 μm) collected at 96h after CLP were 

immunostained with anti-BrdU antibody to identify proliferating cells (green) and with 

anti-CD31 antibody to identify ECs (red). Nuclei were counterstained with DAPI (blue). 

Arrows point to proliferating ECs. Aged, 20 mos. old; young, 3 mos. old; Scale bar, 50 μm. 

(B) Quantification of cell proliferation in mouse lungs. Three consecutive cryosections from 
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each mouse lung were examined, the average number of BrdU+ nuclei was used. (C) Lung 

vascular permeability assessed by an EBA extravasation assay. Lung tissues of aged mice 

were collected at indicated times after CLP for EBA assay. (D) Lung wet/dry weight ratio. 

At 96h after CLP, lung tissues were collected and dried at 60°C for 3 days for calculation 

of wet/dry ratio. (E) MPO activities in lung tissues at the indicated timepoints after CLP. 

MPO activity was calculated as OD460/min/g lung tissue. (F) QRT-PCR analysis showing 

marked increase of expression of proinflammatory genes Tnf and Il6 in lungs of aged mice 

at 96h after CLP compared to young mice. A.U., arbitrary units. (G) Survival rates of young 

(3.5 mos.) and aged (21 mos.) mice after CLP. **P < 0.01; ***P < 0.001, ****P < 0.0001. 

One-way ANOVA (Tukey) (B, C, E, F); Kruskal-Wallis (D). Log-rank (Mantel-Cox) test 

(G).
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Fig. 3. Aging impairs vascular repair and resolution of inflammatory lung injury in mice after 
LPS challenge.
(A) Lung vascular permeability assessed by an EBA extravasation assay of young and aged 

mice at the indicated timepoints after LPS challenge (i.p.). Young adult mice (3–5 mos.) 

were challenged with 2.5 mg/kg of LPS whereas aged mice (19–21 mos.) were challenged 

with 1.0 mg/kg of LPS. (B) Lung wet/dry ratios in young adult and aged mice at 72h after 

LPS. (C) MPO activity in young adult and aged lungs at the indicated timepoints after 

LPS challenge. (D) Representative micrographs of H &E staining and quantification of lung 
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injury. Based on inflammatory cell infiltration, alveolus edema and septal thickening, each 

section area was assigned to an injury score from 1(normal) to 4 (severe injury) and the size 

of the area was quantified. Lung injury score was calculated by the sum of the percentage of 

the area size × its respective injury score. Scale bar 40 μm. (E) EBA flux assay in the lungs 

of mice at different ages, before and after LPS challenge. WT mice at indicated ages were 

challenged with LPS (mice at age of 3–9 mos. with 2.5 mg/kg, and at age of 12–21 mos. 

with 1.25 mg/kg LPS). At 72h after LPS, lungs were collected for EBA extravasation assay. 

(F) Lung MPO activity in mice at various ages at 72h after LPS challenge. *P < 0.05; **P 
< 0.01; ****P < 0.0001. Kruskal-Wallis (A); One-way ANOVA (B-D); Two-way ANOVA 

(Sidak) (E-F).
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Fig. 4. Reduced endothelial proliferation and FoxM1 induction in aged lungs after LPS challenge 
in mice.
(A) Representative micrographs of immunostaining showing inhibited endothelial 

proliferation in lungs of aged mice (20 mos.) at 72h post-LPS. Lung cryosections 

were immunostained with anti-BrdU (green), and anti-CD31 (red, ECs). Nuclei were 

counterstained with DAPI (blue). White arrows point to proliferating ECs. Br = bronchiole. 

Scale bar, 50 μm. (B) Quantification of cell proliferation in mouse lungs at baseline (Ctl) 

and 72h after LPS. (C) QRT-PCR analysis of Foxm1 expression in mouse lungs at indicated 
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times after LPS. (D) QRT-PCR analysis of expression of genes Cdc25c, Ccna2, and Ccnb1 
at 72h after LPS in the lungs of young mice and aged mice. **P < 0.01; ***P < 0.001; 

****P < 0.0001. One-way ANOVA (Tukey).
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Fig. 5. Forced expression of FoxM1 improves resolution of inflammatory lung injury and 
promotes survival of aged mice.
(A) EBA flux assay in 20-month-old WT and FOXM1Tg mice challenged with LPS (1 

mg/kg, i.p.). (B) Lung MPO activity in aged WT and aged FOXM1Tg mice. (C) Kaplan-

Meier survival curves after LPS challenge. WT mice at age of 3–5 (Young WT), or 21 

mos. (Aged WT), and aged FOXM1Tg mice (21 mos.) were challenged with 1.5 mg/kg of 

LPS (i.p.). Survival rates were recorded for 7 days. (D) Representative Western blotting 

demonstrating FoxM1 expression in lungs of aged WT mice administered with FOXM1 
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plasmid DNA (FOX) compared to empty vector (Vec). Mixture of nanoparticles with 

FOXM1 plasmid DNA (CDH5 promoter) or empty vector DNA (Vec) were administered 

retro-orbitally to aged WT mice at 24h after LPS (1mg/kg, i.p.). Lungs were collected at 

72h after LPS. Basal, mice without plasmid DNA and LPS. (EEBA flux in FOXM1 plasmid-

administered mice at 72h after LPS compared to vector mice. (F) MPO activity assay in 

vector- and FOXM1 plasmid-adminsitered aged mice at 72h after LPS. (G) Quantification 

of BrdU+ nuclei of CD31+ (ECs) and CD31− (non-ECs) cells in mouse lungs at baseline 

and 72h after LPS. (H) Representative micrographs of anti-BrdU immunostaining (green) 

of mouse lungs collected at 72h after LPS. ECs were immunostained with anti-CD31 (red). 

Nuclei were counterstained with DAPI (blue). White arrows point to proliferating ECs. 

Scale bar, 50 μm. (I) QRT-PCR analysis of FoxM1 target genes Cdc25c, Ccna2, and Ccnf. 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. One-way ANOVA (Tukey) (A, B, 
E-I). Log-rank (Mantel-Cox) test (C).
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Fig. 6. Therapeutic activation of FoxM1-dependent endothelial regeneration by decitabine 
improves resolution of inflammatory lung injury and promotes survival of aged WT mice.
(A) QRT-PCR analysis demonstrating induction of FOXM1 expression in lungs of aged 

WT mice after decitabine treatment. 21 mos. old WT mice were challenged with LPS (1.0 

mg/kg, i.p.) and then treated with either decitabine (0.2mg/kg, oral gavage) (LPS+D) or 

PBS (LPS) once daily at 24 and 48h after LPS. Lung tissues were collected at 96h after 

LPS for assays. (B) EBA flux assay in aged WT mice treated with decitabine or PBS after 

exposure to LPS. (C) Lung MPO activity assessment. (D) Representative micrographs of 
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anti-BrdU staining. Lung sections were immunostained with anti-CD31 (red) and anti-BrdU 

(green). Nuclei were counterstained with DAPI (blue). Arrows point to BrdU+ ECs. Scale 

bar, 20 μm. (E) Quantification of BrdU+ ECs and non-ECs in mouse lungs. (F) QRT-CPR 

analysis of FoxM1 target genes in mouse lungs. (G) Kaplan-Meier survival curves of aged 

WT mice (21 mos.) after LPS (1.5 mg/kg, i.p.) and treated with either PBS or decitabine. 

(H, I) Lung vascular permeability assessed by an EBA extravasation assay (H) and lung 

MPO activities (I) in aged Foxm1 CKO (CKO) mice. 24 mos. old WT or Foxm1 CKO mice 

were challenged with 0.3 mg/kg LPS followed by Decitabine treatment at 24 and 48h. Lung 

tissues were collected at 96h post-LPS for EBA (H) and MPO (I) assays. (J) Kaplan-Meier 

survival curves of aged WT and Foxm1 CKO (CKO) mice after LPS challenge. 20 mos. 

old WT and Foxm1 CKO mice were challenged with LPS (1.5 mg/kg, i.p.) and then treated 

with decitabine at 24 and 48h post-LPS. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 

0.0001. One-way ANOVA (Tukey) (A-C, H, I); Unpaired two-tailed t test (E, F); Log-rank 

(Mantel-Cox) test (G, J).
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Fig. 7. Decitabine treatment promotes FoxM1-mediated vascular repair and resolution of 
inflammatory lung injury after polymicrobial sepsis in mice.
20–21 mos. old WT mice were challenged with either CLP or sham surgery and then 

treated with decitabine (D) or PBS at 24 and 48h post-CLP. Lung tissues were collected 

at 96h after CLP. S+D=Sham+decitabine. (A) Lung vascular permeability assessed by an 

EBA extravasation assay. (B) lung MPO activities. (C) Quantitative RT-PCR analysis of 

Tnf and Il6 gene expression. (D) Representative micrographs of anti-BrdU immunostaining 

(green) of lung cryosections. ECs were immunostained with anti-CD31 (red). Nuclei were 
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counterstained with DAPI (blue). White arrows point to proliferating ECs. Br = Bronchiole. 

Scale bar, 50 μm. (E) Quantification of BrdU+ nuclei. (F) Western blotting demonstrating 

expression of FoxM1 and Cdc25C in lungs of aged mice after sham surgery or CLP 

and treatment with decitabine. (G) Survival rates of aged WT mice after CLP. S=Sham, 

S+D=Sham+D. (H) Lung vascular permeability assessed by an EBA extravasation. 20 

months old WT mice were administered retro-orbitally with mixture of nanoparticle:plasmid 

DNA expressing Cas9 under the control of CDH5 promoter and guide RNA (gRNA) or 

scrambled RNA (Scramble) driven by U6 promoter and 7 days later, the mice were subjected 

to Sham or CLP followed by decitabine treatment at 24 and 48h post-CLP (CLP+D). At 

96h post-CLP, lung tissues were collected for EBA assay. (I-K) Lung MPO activity (I) and 

expression of Tnf and Il6 analyzed by qRT-PCR (J, K). ***P < 0.001; ****P < 0.0001. 

One-way ANOVA (Tukey) (A-C, E, F, H-K); Log-rank (Mantel-Cox) test (G).
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Fig. 8. Aging impaired FoxM1 expression in mice and human through hypermethylation of the 
promoter.
(A) Diagram presentation of MethPrimer analysis of human FOXM1 and mouse Foxm1 
promoter showing a predicted conserved CpG island near the transcription start site (TSS). 

O/E, Observed versus Expected. (B) Methylation-specific high-resolution DNA melting 

assay of the Foxm1 promoter in lungs of aged mice compared to young mice at baseline. (C) 

Methylation-specific high-resolution DNA melting assay of the Foxm1 promoter in lungs of 

aged mice (21 mos.) challenged with LPS. (D) Representative micrographs of RNAscope 

in situ hybridization staining of human lung sections showing induction of FOXM1 
expression in vascular ECs of middle-aged (50–60 years of age) COVID-19 patients but 

not in elderly (over 80 years old) patients. Lung autopsy tissues were collected from 

patients with COVID-19 and unused healthy donor lungs (normal) for paraffin-sectioning 

and immunostaining. Anti-CD31 antibody was used to immunostain ECs (green). FOXM1 
mRNA expression (purple) was detected by RNAscope in situ hybridization. Nuclei were 

counterstained with DAPI (blue). White arrows point to FOXM1 expressing ECs. V, 

vessel. Scale bar, 50 μm. (E) Quantification of endothelial expression of FOXM1. FOXM1 
expressing ECs per vessel (endothelial FOXM1+ nuclei/total endothelial nuclei of each 

vessel) was quantified in 15–33 vessels of each sample. Bars represent means. *P < 0.05; 

**P < 0.01; ****P < 0.0001, One-way ANOVA (Tukey) (B, C, E).
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