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Abstract

Acute lung injury (ALI) is a hallmark of systemic inflammation associated with high mortality. Although
the vitamin D receptor (VDR) is highly expressed in the lung, its role in lung physiology remains unclear.
We investigated the effect of VDR deletion on ALI using a lipopolysaccharide (LPS)-induced sepsis
model. After LPS challenge VDR-null mice exhibited more severe ALI and higher mortality compared
with wild-type (WT) counterparts, manifested by increased pulmonary vascular leakiness, pulmonary
edema, apoptosis, neutrophil infiltration, and pulmonary inflammation, which was accompanied by
excessive induction of angiopoietin (Ang)-2 and myosin light chain (MLC) phosphorylation in the lung.
1,25-Dihydroxyvitamin D blocked LPS-induced Ang-2 expression by blocking nuclear factor-κB
activation in human pulmonary artery endothelial cells. The severity of lung injury seen in VDR-null mice
was ameliorated by pretreatment with L1–10, an antagonist of Ang-2, suggesting that VDR signaling
protects the pulmonary vascular barrier by targeting the Ang-2-Tie-2-MLC kinase cascade. Severe ALI in
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VDR-null mice was also accompanied by an increase in pulmonary renin and angiotensin II levels, and
pretreatment of VDR-null mice with angiotensin II type 1 receptor blocker losartan partially ameliorated
the severity of LPS-induced lung injury. Taken together, these observations provide evidence that the
vitamin D-VDR signaling prevents lung injury by blocking the Ang-2-Tie-2-MLC kinase cascade and the
renin-angiotensin system.

The lung has 2 anatomic compartments: the airway compartment and the vascular compartment. Alveolar
epithelial cells line the airway compartment, and pulmonary endothelial cells line the vascular
compartment. These cells are vital for maintaining the integrity of the air-blood barrier (1). The endothelial
cells form a semipermeable barrier between the blood and the interstitium of the lung. This endothelial
barrier is tightly regulated. Increased vascular permeability is a hallmark of acute lung injury (ALI) and
acute respiratory distress syndrome (ARDS), major pulmonary complications of systemic inflammation
that carry a high risk of mortality. Disruption of the endothelial barrier results in paracellular movement of
fluid and macromolecules (including blood cells) from the blood to the interstitium and pulmonary air
space. The development of pulmonary edema impairs gas exchange and precipitates respiratory failure (2).

The paracellular space of the endothelial barrier is sealed by intercellular junctions including tight
junctions and adherens junctions. A body of evidence has demonstrated that phosphorylation of myosin
light chains (MLCs) is one of the key regulatory steps controlling vascular permeability (3–5). Activation
of MLC kinase (MLCK) phosphorylates MLCs, leading to increased endothelial contractile force and thus
increased vascular permeability (6).

Endotoxin lipopolysacchride (LPS)-induced activation of the angiopoietin (Ang)-2-Tie-2 signaling
pathway plays a crucial role in the development of sepsis-associated ALI and ARDS. Ang-1 and Ang-2 are
peptide ligands that bind to Tie-2 receptor tyrosine kinase found primarily in endothelial cells. Tie-2 is
highly expressed in the lung (7), and disruption of the Tie-2 signaling pathway leads to developmental
lung disorders (8). Ang-1 has activity to inhibit inflammation and maintain vascular permeability (9), and
overexpression of Ang-1 in mesenchymal stem cells prevents LPS-induced ALI in mice (10). In contrast,
Ang-2 increases vascular permeability and promotes ALI. Excess circulating Ang-2 has been linked to
pulmonary vascular leak in humans with sepsis (11, 12). Ang-2 is produced primarily by endothelial cells
(13), thus affecting endothelial cells in an autocrine or paracrine fashion. In fact, LPS induces Ang-2 while
suppressing Ang-1 in endothelial cells (14). LPS also induces lung inflammation and vascular leakage via
activation of MLCK (15). Ang-2 can disrupt endothelial barrier via phosphorylating MLCs (11), indicating
a critical role of Ang-2-Tie-2-MLCK cascade in LPS-induced vascular injury and ALI.

Emerging evidence also suggests that the renin-angiotensin system (RAS) plays a role in LPS-induced
ALI. LPS increases angiotensin-converting enzyme in the lung, and high levels of circulating angiotensin
II have been found in patients with ARDS (16). Systemic infusion of angiotensin II promotes ALI, and
pharmacologic blockade of the RAS cascade ameliorates LPS-induced ALI in animals (17, 18).

The vitamin D receptor (VDR) is a member of the nuclear receptor superfamily (19, 20) that mediates the
activities of 1,25-dihydroxyvitamin D [1,25(OH) D ], the hormonal form of vitamin D. Recent studies
have established that 1,25(OH) D  is a pleiotropic hormone with broad biological activities that extend
beyond the regulation of calcium and phosphate homeostasis (21). Tissues that express a high level of
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VDR include the gastrointestinal tract, kidney, skin, immune system, and lung. A great deal of knowledge
has been obtained in the past decade with regard to VDR's functions in these tissues, with a notable
exception for the lung. Published studies that concern vitamin D/VDR and the respiratory system are
largely limited to studies of asthma (22–24). Generally speaking, the biologic function of the VDR in the
lung remains to be defined. In this study we investigated the effect of VDR deletion on LPS-induced ALI
in mice. Our data suggest that VDR-mediated 1,25(OH) D  actions protect against sepsis-induced lung
injury by inhibiting the Ang-2-Tie-2-MLCK pathway as well as the RAS cascade.

Materials and Methods

Animals and treatment

The animal study protocols were approved by the Institutional Animal Care and Use Committee at The
University of Chicago. VDR-null (knockout [KO]) mice in C57BL/6 and CD1 backgrounds were
described previously (25). To prevent hypocalcemia, VDR-null mice were weaned on a high-calcium diet
(Harlan Teklad TD96348: 20% lactose, 2% calcium, and 1.25% phosphorus) as reported previously (26).
To induce lung injury, 2- to 3-month-old VDR KO and wild-type (WT) mice were injected ip with one
dose (20 mg/kg) of lipopolysaccharide (LPS, O111:B4, Sigma L2630). Experimental groups were
balanced in both sexes. After 24 hours, broncho-alveolar lavage (BAL) was collected, and the lung was
harvested to assess injury. Blood was also collected for plasma cytokine assays. In some experiments, mice
were pretreated by sc injection of L1–10 (provided by Amgen) at 2 mg/kg/d, 3 times/wk for 2 weeks or by
feeding water containing 0.25 mg/mL of losartan for 2 weeks before being challenged with LPS.

Assessment of lung injury

Lung injury was assessed using several methods. 1) Evans blue permeability assay: Evans blue (2%, MP
Biomedicals) was delivered by retro-orbital injection 10 minutes before killing the mice. This assay was
used to measure pulmonary vascular leakiness caused by endothelial barrier damage. The content of Evans
blue leaked into the lung intestitium was extracted and quantified by spectrophotometer (620 nm and 740
nm) as described previously (27); 2) Pulmonary fluid retention was assessed by subtracting the dry weight
from the wet weight of the lung normalized to body weight as described elsewhere (28); 3) Measurement
of protein concentration and cell number in the BAL fluid. These data represent protein leak and cell
infiltration from the circulation into the broncho-alveolar space in the lung; 4) Measurement of
myeloperoxidase (MPO) activity. MPO is a neutrophil-specific enzyme and serves as an inflammatory
marker; thus MPO activity accounts for neutrophil infiltration into the lung. The activity was assayed in
lung lysates or BAL fluid using a commercial MPO assay kit (CytoStore) according to manufacturer's
instruction; and 5) Respiratory elastic resistance was measured using a computer-controlled ventilator
(Flexivent, SCIREQ) as described elsewhere (29). This was a direct assessment of lung function
(respiratory mechanics).

Measurement of cytokines

TNFα and IL-6 concentrations in the serum or BAL were determined by ELISA using commercial kits
obtained from BioLegend.
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Angiotensin II assays

Angiotensin II concentration in the BAL fluid was determined using a Human/Mouse/Rat Angiotensin II
Enzyme Immunoassay Kit (Ray Biotech, Inc) according to manufacturer's instructions.

Renin activity assays

Renin activity in BAL fluid was determined using a Fluorimetric Sensolyte 520 Mouse Renin Assay Kit
(AnaSpec, Inc) following the manufacturer's protocol.

Histology, immunostaining, and terminal deoxynucleotide transferase-mediated dUTP
nick end labeling (TUNEL) staining

The lung was fixed in 10% formalin, processed and sectioned at 3 µm using a Leica microtome. Sections
were examined by routine hematoxylin and eosin staining. Sections were also stained with fluorescein
isothiocyanate-conjugated neutrophil-specific monoclonal antibody 7/4 (ab53453, Abcam) to assess
neutrophil infiltration. Lung cell apoptosis was assessed by TUNEL staining, using ApopTag Plus
Peroxidase In Situ Apoptosis Detection Kit (Chemicon) according to the manufacturer's instruction as
described previously (30). Apoptosis was semiquantified by assessing TUNEL-positive microscopic fields
in randomly chosen 50 fields in each mouse, and apoptotic index was defined as percentage of TUNEL-
positive cell-containing fields.

Human pulmonary artery (PA) endothelial (HPAE) cell culture

HPAE cells were cultured in Clonetics EBM-2 media (CC-3156, Lonza) supplemented with EGM-2
BulletKit (Lonza), 10% fetal bovine serum, 100 U/mL penicillin, 100 mg/mL streptomycin according to
the manufacturer's instructions. The cells were usually treated with 100 ng/mL LPS for 0–36 hours with or
without overnight pretreatment with 20 nM 1,25(OH) D , followed by isolation of total RNAs, total cell
lysates, or nuclear extracts for various assays.

RT-PCR

Total RNAs were extracted using TRIzol reagent (Invitrogen). First-strand cDNAs were synthesized from
total RNAs using MML-V reverse transcriptase (Invitrogen) and hexanucleotide random primers. Regular
RT-PCR was performed using a DNA Engine (Bio-Rad Laboratories). Real-time RT-PCR was carried out
in a 7900 Real Time PCR System using a SYBR green PCR reagent kit (Applied Biosystems) as described
previously (31). PCR primers used in the study are: mAng-2-forward (F), 5′-
GATCTTCCTCCAGCCCCTAC-3′ and mAng-2-reverse (R), 5′-GGGCTTCCACATCAGTCAGT-3′;
hANG-2-F, 5′-TCTAAGGACCCCACTGTTGC-3′, and hANG-2-R, 5′-CCCAGCCAATATTCTCCTGA-
3′; hVDR-F, 5′-CGTGTGAATGATGGTGGAGGGAGCC-3′, and hVDR-R, 5′-
GTCTTGGTTGCCACAGGTCCAG-3′. β-2 Microglobulin served as an internal control.

Western blot

Total lung lysates were prepared by homogenizing lung tissues in Laemmli buffer. Total BAL proteins
were precipitated with acetone and dissolved in Laemmli buffer. Proteins were separated by SDS-PAGE
and electroblotted onto Immobilon-P membranes. Western blotting analyses were carried out as previously
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described (32). The antibodies used in this study included: MLC (catalog no. 8505) and phospho-MLC
(catalog no. 3674) from Cell Signaling Technology; and angiopoitin-2 (C19) (sc-7051), Tie-2 (C20) (sc-
324), and MLCK(L-18) (sc-9452) from Santa Cruz Biotechnology. Secondary antibody was horseradish
peroxidase-conjugated antirabbit IgG (Pierce Biotechnology), and signals were detected using SuperSignal
West Dura Extended Duration Substrate (Pierce). The relative amount of proteins was quantified using gel
analysis software UNSCAN-IT gel version 5.3 (Silk Scientific) and normalized to β-actin internal loading
control.

EMSA

EMSA was used to validate the functionality of the κB binding site within the first intron of human Ang-2
gene. EMSA was performed using P-labeled ANG-2 κB double-stranded probe 5′-
CCCCTGGGCATTTCCTAGGC3-′ (underlined is κB site) and nuclear extracts of HPAE cells as described
elsewhere (33).

Chromatin immunoprecipitation (ChIP) assays

HPAE cells pretreated with or without 20 nM 1,25(OH) D  for 24 hours were stimulated with LPS for 2
hours. ChIP assays were performed as described previously (33), using anti-p65 antibodies. PCR was
carried out using primers flanking the κB site (5′-GGGCATTTCC-3′) within the first intron of human
ANG-2 gene: Ang-2-PCR1, 5′-CAGCTTAGCACGGCAAAAAT-3′ and Ang-2-PCR2, 5′-
TGGCAACAGGAAAAATCAGA-3′.

Statistical analysis

Data values were presented as means ± SD. Statistical comparisons were carried out using unpaired 2-
tailed Student's t test or ANOVA as appropriate, with P < .05 being considered statistically significant.

Results

VDR inactivation increases the severity of lung injury following LPS challenge

We first explored the effect of VDR inactivation on lung injury using mouse sepsis model, because ALI is
a major cause of death in sepsis. When WT and VDR KO mice (Figure 1A) were treated by a lethal dose
(LD) of LPS (via ip injection), VDR KO mice showed much higher mortality. By 72 hours all VDR KO
mice died, whereas 60% of WT mice remained alive at 96 hours (Figure 1B). Histologic examination
showed no obvious difference in the lung structure between WT and VDR KO mice at baseline (Figure 1
C). After LPS administration there was a marked increase in alveolar wall thickness in both genotypes;
however, the thickening of the alveolar interstitial space was demonstrably more robust in KO mice (
Figure 1C), suggesting more severe pulmonary edema. Immunostaining using a neutrophil-specific
antibody demonstrated more neutrophil infiltration in LPS-treated VDR-null lung compared with WT lung
(Figure 1D). Moreover, TUNEL staining revealed a marked increase in apoptosis in the lung from LPS-
treated VDR KO mice (Figure 1, E and F), consistent with previous reports that endotoxin induces
apoptosis of lung endothelial and epithelial cells (34, 35). There is no detectable apoptosis in WT and
VDR KO lungs at baseline.

32
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We further examined pulmonary vascular permeability and lung functions in these mice. Evans blue
permeability assays showed a much more dramatic increase in vascular permeability in VDR KO mice
compared with WT mice after LPS treatment (Figure 2A). VDR KO mice retained more fluid in the lung
than WT mice at baseline and after LPS treatment (Figure 2B). LPS challenge also led to a greater increase
in protein content and cell number in the BAL fluid in VDR KO mice than in WT mice (Figure 2, C and
D), confirming that the VDR-null endothelial barrier is more permeable than the WT barrier in this setting.
Moreover, LPS induced greater MPO activity in the lung of KO mice compared with WT mice (Figure 2
E), consistent with the immunostaining data showing more neutrophil infiltration in LPS-treated VDR-null
lung (Figure 1D). Together these data demonstrated increased pulmonary vascular permeability in VDR
KO mice following LPS challenge. Finally we measured the elastic resistance of the lung using a
computer-controlled ventilator. VDR KO mice showed greater elastic resistance compared with WT mice
both at baseline and after LPS treatment (Figure 2F), suggesting impaired respiratory functions in the KO
mice. Further examination of the BAL showed significantly higher concentrations of proinflammatory
cytokines IL-6 and TNFα in the BAL fluid obtained from LPS-treated KO mice compared with WT mice (
Figure 3, A and B). Taken together these observations indicate that LPS causes more severe lung injury in
VDR KO mice than in WT mice, which explains the higher mortality seen in the mutant mice. These
results suggest that pathways regulated or mediated by the VDR inhibit the development of ALI.

VDR targets Ang-2-Tie-2 pathway in regulation of lung injury

Ang-2 plays a key role in ALI. Because 1,25(OH) D  was reported to suppress Ang-2 expression in
endothelial cells (36), we examined the Ang-2-Tie-2-MLCK pathway in the lung. LPS treatment for 24
hours induced pulmonary Ang-2 expression in both WT and KO mice, but Ang-2 induction was much
more robust in KO mice, reflected at Ang-2 mRNA transcript levels in the lung (Figure 4A), at Ang-2
protein levels in the BAL fluid (Figure 4, B and C) as well as at Ang-2 protein levels in total lung lysates (
Figure 4, D and F). Tie-2 was highly expressed in the lung as expected, with levels moderately reduced in
KO mice at baseline and after LPS treatment (Figure 4, E and F). LPS induced MLC phosphorylation in
the lung of both WT and KO mice, but the induction was more dramatic in the KO mice (Figure 4, D and
F). These observations suggest that the increased lung injury seen in VDR KO mice is caused, at least in
part, by increased MLC phosphorylation by MLCK, which is activated by excessive pulmonary Ang-2.

Vitamin D suppresses Ang-2 expression in pulmonary endothelial cells

We further used HPAE cells to study vitamin D regulation of the Ang-2 pathway. Human VDR mRNA
transcript was detectable in these cells (Figure 5A), indicating that they express VDR. Ang-2 mRNA was
highly induced by LPS within 3–6 hours in these cells (Figure 5B), and this induction was blocked by
1,25(OH) D  treatment (Figure 5, C and D). Moreover, LPS also dramatically induced MLCK and MLC
phosphorylation, and these inductions were also attenuated by 1,25(OH) D  (Figure 5, E and F). Because
LPS activates NF-κB, whereas 1,25(OH) D  suppresses NF-κB activation (37), we asked whether
1,25(OH) D  suppresses LPS induction of Ang-2 by targeting NF-κB. By in silico analysis we identified a
putative κB site (5′-GGGCATTTCC-3′) within the first intron of human ANG-2 gene. EMSAs showed that
LPS induced nuclear protein binding to this κB probe, and the binding was blocked when the cells were
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treated with 1,25(OH) D  (Figure 5G). ChIP assays demonstrated that LPS induced p65 bindings to this
κB site in HPAE cells, which was attenuated in the presence of 1,25(OH) D  (Figure 5H). Together these
data suggest that 1,25(OH) D  blocks LPS-induced Ang-2 expression by targeting NF-κB.

Blockade of Ang-2 signaling ameliorates VDR-null lung injury

To confirm the role of the overproduced Ang-2 in the development of hyper severe lung injury in KO
mice, we pretreated the mice with L1–10, an Ang-2 antagonist, for 2 weeks before LPS challenge.
Compared with saline control, L1–10 pretreatment substantially attenuated pulmonary vascular leakiness
and inflammation in KO mice, as demonstrated by reduction in Evans blue accumulation in the lung (
Figure 6A), in BAL protein content (Figure 6B), and in lung MPO activity (Figure 6C). IL-6 levels in BAL
fluid were also markedly decreased in KO mice after L1–10 pretreatment (Figure 6D). These results
demonstrate that VDR signaling attenuates lung injury by targeting the Ang-2-Tie-MLCK pathway. The
effect of L1–10 on WT mice, however, was less prominent, except for the reduction of BAL IL-6 levels. It
is plausible that a higher dose of L1–10 is needed to substantially affect the course of ALI in WT mice.

The RAS is involved in VDR regulation of lung injury

Our previous studies demonstrated that 1,25(OH) D  is a key negative regulator of the RAS and that VDR
KO mice develop hyperreninemia with high circulating angiotensin II levels (38). Because angiotensin II
is a mediator of lung injury, we examined renin and angiotensin II in the lung. Indeed, renin activity and
angiotensin II levels in the BAL fluid were markedly induced in LPS-treated WT and KO mice; however,
the elevation of renin activity and angiotensin II concentration were much more robust in KO mice
compared with WT mice (Figure 7, A and B). To address whether the severe ALI seen in VDR KO mice
was attributable to angiotensin II overproduction, we pretreated the mice with AT1 receptor antagonist
losartan (in drinking water) for 2 weeks before LPS challenge. Compared with control (water), losartan
pretreatment partially attenuated LPS-induced lung injury in KO mice, manifested by a reduction in Evans
blue leakiness (Figure 7C), in cell number in the BAL fluid (Figure 7D) and in BAL protein concentration
(Figure 7E). Therefore, these results suggest that VDR signaling protects the integrity of pulmonary
vascular barrier by regulating the RAS as well.

Discussion

In this report we provide evidence that VDR-mediated 1,25(OH) D  activity attenuates LPS-induced ALI.
Our data suggest that VDR protects the integrity of the pulmonary vascular barrier by inhibiting the Ang-
2-Tie-2 pathway as well as the RAS cascade. These actions result in suppression of MLCK and MLC
phosphorylation, key molecular events that lead to increased vascular permeability, as well as blockade of
cell apoptosis in the lung, which together contribute to lung protection (Figure 8).

ALI is a feature of LPS-induced sepsis. In LPS-induced ALI models, there are several routes for LPS
delivery. Whereas intratracheal instillation of LPS causes lung injury from the alveolar epithelial side, iv or
ip delivery of LPS directly damages capillary endothelial cells (39). In this study we used a LPS-induced
sepsis model to study the role of VDR in ALI. By comparing the lung phenotype of LPS-treated WT and
VDR KO mice, we found that KO mice developed much more severe lung injury after LPS challenge,
which most likely accounts for their high death rate. Histologically KO mice showed increased pulmonary
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edema, neutrophil infiltration, and apoptosis in the lung. We used several methods to assess the vascular
damage of the lung, and the data confirmed that LPS caused more vascular damage in VDR KO mice
leading to increased pulmonary vascular permeability, which eventually impaired the lung function. These
results strongly suggest that VDR signaling is protective in the lung, because this pulmonary protection is
lost with VDR deletion.

Our data suggest that an excessive induction of Ang-2 and angiotensin II in the lung accounts for the
excessive lung injury seen in VDR KO mice. That Ang-2-Tie-2 signaling pathway plays a key role in ALI
has been well established (11, 12). The induction of Ang-2 by LPS was much more robust in the lung of
VDR KO mice relative to WT mice, reflected by mRNA and protein levels of Ang-2, including the
secreted form in the BAL. MLC phosphorylation, a downstream molecular event of Ang-2-Tie-2 signaling
leading to lung damage, was also excessively induced in the lung of KO mice. Moreover, we confirmed
that 1,25(OH) D  blocked LPS induction of Ang-2 as well as MLCK and MLC phosphorylation in HPAE
cell cultures. Importantly, pretreatment of VDR KO mice with Ang-2 antagonist L1–10 markedly
attenuated the severity of LPS-induced lung injury. Together these several lines of evidence support the
conclusion that vitamin D-VDR protects the pulmonary vascular barrier, at least in part, by targeting the
Ang-2-Tie-2-MLCK pathway, namely by suppressing Ang-2 expression (Figure 8). Meanwhile, we also
detected excessive induction of renin activity and angiotensin II in the lung of LPS-treated KO mice.
Because angiotensin II is another mediator of ALI (17, 18), this observation suggests an involvement of
the RAS in sepsis-induced ALI in the absence of VDR protection. Indeed, when VDR KO mice were
pretreated with losartan to block angiotensin II signaling, the severity of lung injury induced by LPS was
attenuated. Therefore, VDR signaling appears to regulate both the Ang-2 and the RAS pathways in
pulmonary protection. It is known that LPS induces lung endothelial and epithelial cell apoptosis (34, 35,
40), and pharmacologic blockade of angiotensin II type 1 receptor reduces lung cell apoptosis in animals
(17, 41). Indeed, angiotensin II is known to activate p38 MAPK to induce apoptosis (42). Therefore, we
speculate that high angiotensin II levels might be responsible for the marked increase in apoptosis detected
in the lung of VDR KO mice (Figure 8). More investigations are needed to confirm this speculation.

What are the molecular mechanisms that account for VDR regulation of the Ang-2 and RAS pathways?
Our in vitro studies in HPAE cells suggest that vitamin D down-regulates LPS-induced Ang-2 expression
by targeting NF-κB. NF-κB is a key downstream mediator of the LPS-TLR4 signaling pathway, and
vitamin D blockade of NF-κB activation has been well documented by us and other investigators (37, 43).
Our recent studies showed that the underlying mechanism is that VDR blocks NF-κB activation by
physically interacting with IκB kinase β protein, which disrupts IκB kinase complex formation leading to
stabilization of IκBα (44). Here we identified a κB site in the first intron of human ANG-2 gene that is
bound by NF-κB p65, and we also demonstrated that this binding could be blocked by 1,25(OH) D  in
HPAE cells. These data support that NF-κB mediates the down-regulation of Ang-2 by the 1,25(OH) D -
VDR signaling (Figure 8). On the other hand, high renin and angiotensin II levels also contribute to lung
injury in VDR KO mice. Angiotensin II overproduction in VDR KO mice was well documented
previously as a result of renin overexpression (38). It is well established that 1,25(OH) D  is a negative
endocrine regulator of renin gene expression. VDR deletion results in renin up-regulation in the kidney,
leading to hyperreninemia, serum angiotensin II elevation, and development of hypertension in VDR KO
mice (38). We have already elucidated the molecular mechanisms whereby 1,25(OH) D  down-regulates
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renin gene expression and angiotensinogen gene expression. 1,25(OH) D -VDR inhibits renin gene
expression by blocking the cAMP-protein kinase A pathway that is essential to maintain renin gene
expression (33). 1,25(OH) D -VDR attenuates angiotensinogen expression by blocking NF-κB activation
(45). Therefore, the mechanistic insights for vitamin D to regulate the Ang-2 and RAS pathways in
pulmonary protection have been defined (Figure 8).

This study contributes to our understanding of VDR's role in lung biology. With regard to the relationship
between VDR and the respiratory system, there have been epidemiologic data that suggested a link
between vitamin D deficiency and asthma (22–24). Some VDR polymorphisms were associated with
susceptibility of childhood and adult asthma (46, 47), whereas some VDR polymorphisms were thought to
have a possible protective effect for unaffected children relative to children with asthma (48). There is also
evidence for beneficial effects of vitamin D supplementation on asthma development (49) and for
1,25(OH) D  modulation of chemokine expression in human airway smooth muscle cells (50).
1,25(OH) D  has been reported to regulate genes in bronchial smooth muscle cells that are involved in
autocrine, contractility, and remodeling processes (36). The role of VDR in lung biology, however, is not
without controversies. For example, it was reported that VDR-null mice failed to develop experimental
allergic asthma (51), but the failure to develop asthma was not seen in the vitamin D-deficient state (52).
In contrast to our data, a recent study reported that vitamin D deficiency had little effects on LPS-induced
lung injury in mice (53). The reason behind this discrepancy is unclear. It could be due to differences in
LPS delivery routes (ip vs intratracheal) or in LPS doses used in these studies. Or it might be possible that
the pulmonary protective effect of VDR is ligand independent. In any case, given the discrepancies
between vitamin D deficiency and VDR deficiency and the scarcity of knowledge about pulmonary VDR
function, more investigations are needed to fully elucidate the role of vitamin D-VDR signaling in the
respiratory system.

Finally, potential protective effects of immune VDR signaling against ALI also need to be considered. In
the LPS-induced sepsis model, LPS, in addition to directly damaging capillary endothelial cells,
concomitantly induces a robust inflammatory response. Lung infiltration of immune cells, particularly
neutrophils and macrophages, and proinflammatory cytokines produced by inflamed immune cells, also
contributes to lung injury. In this regard, we recently demonstrated that macrophages with VDR deletion
are hyperresponsive to LPS in terms of inflammatory reaction because of impaired negative feedback
regulation (37). Therefore, the hyperactive VDR-null immune cells may contribute to the severe lung
injury phenotype seen in VDR KO mice, implicating an inhibitory role of immune VDR actions in ALI.
Certainly this issue warrants further investigations as well.
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Footnotes
Abbreviations:

ALI acute lung injury

Ang-2 angiopoietin-2

ARDS acute respiratory distress syndrome

BAL broncho-alveolar lavage

ChIP chromatin immunoprecipitation

HPAE human pulmonary artery endothelial

KO knockout

LPS lipopolysacchride

MLC myosin light chain

MLCK MLC kinase

NF-κB nuclear factor-{kappa]B

1,25(OH) D 1,25-dihydroxyvitamin D

MPO myeloperoxidase

RAS renin-angiotensin system

TUNEL terminal deoxynucleotide transferase-mediated dUTP nick end labeling

VDR vitamin D receptor

WT wild type.
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Open in a separate window

VDR inactivation leads to severe ALI after LPS challenge. WT and VDR KO mice were treated with saline or LPS (20
mg/kg, ip injection). A, Mouse genotyping. PCR product patterns indicate WT (+/+), heterozygote (+/−), and VDR KO
(−/−) genotypes. B, Mouse survival curves after LPS treatment. C, Hematoxylin and eosin staining of lung sections from
control (Ctrl) and LPS-treated WT and KO mice. Note the greater thickening of the alveolar interstitial space in LPS-
treated KO mice. D, Fluorescent immunostaining of lung sections from control and LPS-treated WT and KO mice with
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neutrophil-specific monoclonal antibodies 7/4. E and F, TUNEL staining of lung sections from LPS-treated WT and KO
mice (E) and semiquantitation of the data (F). Apoptotic index is defined as percent of TUNEL-positive microscopic
fields in randomly chosen 50 fields in each mouse. Arrows indicate TUNEL-positive cells. **, P < .01 vs WT.

Figure 2.

VDR deletion increases pulmonary vascular permeability and impairs lung function. WT and VDR KO mice were treated
with saline (control) or LPS (20 mg/kg) via ip injection, and lung analyses were performed after 24 hours. A, Evans blue
permeability assays. B, The difference of wet and dry weight of the lung (fluid retention) normalized to body weight. C,
Protein concentration in the BAL. D, Cell number in BAL fluid. E, MPO activity in lung lysates. F, Lung elastic
resistance. *, P < .05; **, P < .01; ***, P < .001 vs corresponding control of the same genotype; #, P < .05; ###, P < .001
vs LPS-treated WT; n = 5–6 in each genotype.
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Figure 3.

Open in a separate window

Proinflammatory cytokine levels in BAL fluids. WT and VDR KO mice were treated with saline (control [Ctrl]) or LPS,
and levels of IL-6 (A) and TNFα (B) in BAL fluid were quantified by ELISA. ***, P < .001 vs corresponding control of
the same genotype; ###, P < .001 vs LPS-treated WT; n = 5–6 in each genotype.

Figure 4.
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Open in a separate window

VDR signaling attenuates LPS-induced ALI by targeting the Ang-2-Tie-2-MLCK pathway. WT and VDR KO mice were
treated with saline (control [Ctrl] or PBS) or LPS (20 mg/kg) by ip injection, and lung analyses were performed at 24
hours. A, Ang-2 mRNA levels quantified by real time RT-PCR; *, P < .05; ***, P < .001 vs corresponding control of the
same genotype; ###, P < .001 vs LPS-treated WT; n = 4. B and C, Western blot analysis (B) and densitometric
quantitation (C) of Ang-2 protein levels in BAL; **, P < .01; ***, P < .001 vs corresponding control of the same
genotype; ###, P < .001 vs LPS-treated WT. D, Western blot analysis of Ang-2 protein and phosphorylated MLC (p-
MLC) levels in total lung lysates. E, Western blot analysis of Tie-2 levels in total lung lysates. F, Densitometric
quantitation of these Western blot data. **, P < .01; ***, P < .001 vs corresponding control of the same genotype; ###, P
< .001 vs LPS-treated WT.

Figure 5.
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Open in a separate window

1,25(OH) D  down-regulates Ang-2 by targeting NF-κB activation in HPAE cells. A, RT-PCR detection of human VDR
mRNA transcript in HPAE cells. −RT, minus reverse transcriptase control. B, HPAE cells were treated by LPS for 3 and 6
hours, and Ang-2 mRNA induction was measured by RT-PCR. C and D, HPAE cells were treated with LPS in the
presence or absence of 1,25(OH) D  (20 nM). Ang-2 mRNA was assessed by RT-PCR at 24 hours (C) and semiquantified
by densitometry (D). E and F, HPAE cells were treated with LPS in the presence or absence of 1,25(OH) D . MLCK and
phosphorylated MLC levels were assessed by Western blotting after 24 hours (E) and semiquantified by densitometry (F).
G, EMSA. HPAE cells were treated with LPS in the presence or absence of 1,25(OH) D  for 24 hours. Nuclear extracts
were prepared for EMSA using P-labeled putative κB probe within the first intron of human ANG-2 gene. H, ChIP
assay. HPAE cells were treated with LPS in the presence or absence of 1,25(OH) D  for 6 hours. ChIP assays were
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performed using anti-p65 antibodies or nonimmune IgG. PCR amplification was performed using primers flanking the
putative κB site within the first intron of human ANG-2 gene. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MW,
molecular weight; −RT, minus reverse transcriptase; 1,25VD, 1,25(OH) D ; p-MLC, phosphorylated MLC.

Figure 6.

Blockade of Ang-2 signaling ameliorates lung injury in VDR-null mice. WT and KO mice were pretreated with saline or
L1–10 for 2 weeks followed by LPS challenge. Lung damage analyses were performed 24 hours after LPS treatment. A,
Evans blue permeability assay. B, Total protein concentrations in the BAL. C, MPO activity in total lung lysates. D, IL-6
levels in the BAL fluid. ***, P < .001 vs LPS-treated WT; ##, P < .01; ###, P < .001 vs LPS-treated KO; n = 5–6 in each
genotype. Ctrl, control.
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Figure 7.

VDR signaling attenuates LPS-induced ALI by targeting the RAS. A and B, WT and KO mice were treated with saline
(Ctrl) or LPS (20 mg/kg). Renin activity (A) and angiotensin II levels (B) in the BAL fluid were measured at 24 hours. **,
P < .01; ***, P < .001 vs control of the same phenotype; #, P < .05; ##, P < .001 vs corresponding WT of the same
treatment; n = 5–6 each genotype. C–E, WT and KO mice were fed regular water or losartan-containing water for 2 weeks
followed by LPS challenge. Lung damage analyses were performed 24 hours after LPS treatment. C, Evans blue
permeability assay. D, Total cell number in the BAL fluid. E, Total protein concentration in the BAL fluid. *, P < .05; **,
P < .01; ***, P < .001 vs WT of the same treatment; ##, P < .01; ###, P < .001 vs KO fed regular water; n = 5–6 in each
genotype.
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Figure 8.

Open in a separate window

Proposed mechanism whereby 1,25(OH) D -VDR signaling inhibits the Ang-2-Tie-2-MLCK pathway and the RAS
cascade to attenuate LPS-induced ALI. Dashed line indicates speculation. p-MLC, phosphorylated MLC; 1,25VD,
1,25(OH) D .

Articles from Molecular Endocrinology are provided here courtesy of The Endocrine Society

2 3

2 3

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3857197/figure/F8/?report=objectonly

