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Key host responses to the stress induced by environmental exposure
to cigarette smoke (CS) are responsible for initiating pathogenic
effects that may culminate in emphysema development. CS increases
lung ceramides, sphingolipids involved in oxidative stress, structural
alveolar cell apoptosis, and inhibition of apoptotic cell clearance by
alveolar macrophages, leading to the development of emphysema-
like pathology. RTP801, a hypoxia and oxidative stress sensor, is also
increased by CS, and has been recently implicated in both apoptosis
and inflammation. We investigated whether inductions of ceramide
and RTP801 are mechanistically linked, and evaluated their relative
importance in lung cell apoptosis and airspace enlargement in vivo.
Asreported, direct lung instillation of either RTP801 expression plas-
mid or ceramides in mice triggered alveolar cell apoptosis and oxi-
dative stress. RTP801 overexpression up-regulated lung ceramide
levels 2.6-fold. In turn, instillation of lung ceramides doubled the
lung content of RTP801. Cell sorting after lung tissue dissociation
into single-cell suspension showed that ceramide triggers both en-
dothelial and epithelial cell apoptosis in vivo. Interestingly, mice lack-
ing rtp801 were protected against ceramide-induced apoptosis of
epithelial type Il cells, but not type | or endothelial cells. Further-
more, rtp801-null mice were protected from ceramide-induced alve-
olar enlargement, and exhibited improved static lung compliance
compared with wild-type mice. In conclusion, ceramide and
RTP801 participate in alveolar cell apoptosis through a process of
mutual up-regulation, which may result in self-amplification
loops, leading to alveolar damage.
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The abnormal enlargement of distal airspaces in the lungs, which
occurs through the destruction of the alveolar walls, is the hall-
mark of emphysema, a disease included in the chronic obstruc-
tive pulmonary disease (COPD) spectrum. There is an increased
need to identify molecular mechanisms that link the environmen-
tal stress induced by cigarette smoke (CS) and air pollution, which
are the main causes of alveolar destruction and emphysema in
COPD. COPD is a prevalent disease, which carries high morbidity
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CLINICAL RELEVANCE

This report highlights the concept of self-amplifying injury
in response to cigarette smoke exposure, the importance of
alveolar type II cell apoptosis in this process, and the cell-
specific apoptotic signaling of ceramide in vivo. Early in-
terruption of such self-perpetuating stress responses may
prevent emphysema development, or may allow proper re-
pair mechanisms to prevail.

and mortality rates. Although removal of the etiological agent,
most commonly the exposure to CS, is an important intervention
(1), the ongoing tissue destruction may progress even after CS
cessation (2). There is ample evidence that mechanisms of am-
plification of lung injury lead to destruction of alveolar walls
and persistence of inflammatory systemic and lung responses
(3, 4). Ceramide and RTP801 have been identified as potential
signaling relays that are engaged early by CS exposure, which
may interact and therefore amplify alveolar wall injury in em-
physema (5-7). Because both ceramide and RTP801 are in-
volved in apoptosis, we sought to investigate if ceramide and
RTP801 are mechanistically linked in vivo.

RTP801, also known as REDD], is a stress response protein
and signaling mediator stimulated by oxidative stress generated
by CS, and triggers NF-kB-mediated inflammation in the lung
as well as apoptosis of alveolar structural cells (7). The up-
regulation of RTP801 was detrimental to the lung, because mice
lacking RTP801 were protected against CS-induced emphysema,
concomitant with an increase in trophic factors, including vascu-
lar endothelial growth factor (VEGF). The finding that lungs of
patients with emphysema exhibit increased RTP801 expression
(7) attracts the interest in RTP801 as a therapeutic molecular
target. Previous mechanistic studies of RTP801 have been per-
formed in the CS mouse model that recapitulates many aspects of
the complex pathogenesis of this chronic lung disease. A further
simplified model that replicates the paucity of VEGF signaling in
the lung parenchyma of patients with emphysema and highlights
the apoptotic destruction of lung alveoli is obtained by inhibition
of the VEGF receptors (VEGFRs) (8). In this murine model,
apoptosis-dependent emphysema develops 4 weeks after a single
subcutaneous injection of the VEGFR inhibitor, SU5416 (6, 8).
We previously measured robust up-regulation of ceramide
production in the lungs of VEGFR-inhibited rats and mice
via de novo synthesis during the first week after SU5416 injec-
tion, preceding airspace enlargement (6). The regulation of
RTP801 by VEGF inhibition remains unknown.

Ceramides are signaling sphingolipids that are implicated
in important cellular processes, such as apoptosis, growth arrest,
or senescence, and that are also induced by various stresses,
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including oxidative stress associated with CS exposure. CS
increases lung ceramides both in vivo and in cultured primary
lung epithelial and endothelial cells and, in turn, increases in
ceramide levels trigger alveolar cell apoptosis (5, 6, 9). We pre-
viously described direct intratracheal instillation of ceramides as
a reductionistic model of their effects seen in the setting of
CS-triggered lung injury (5, 6, 10). This approach eliminates
the ceramide-independent effects caused by CS, while mimick-
ing its induction of endogenous lung ceramides. In this model,
exogenous bioactive ceramide is instilled directly into the lungs,
where it up-regulates endogenous ceramides, leading to in-
creased oxidative stress and apoptosis, resulting in airspace en-
largement. These processes occur within days of ceramide
instillation, and are associated with several key features seen
in the chronic model of CS exposure, including macrophage
influx and activation of matrix metalloproteinases (5, 6). Several
outstanding questions remain, including whether the accumula-
tion of endogenous ceramides in this model is compensated by
downstream prosurvival sphingolipids, such as sphingosine-1
phosphate, and whether the noted airspace enlargement is as-
sociated with abnormalities in lung function. Furthermore, it is
not known if in vivo lung epithelial and endothelial cells are
equally susceptible to undergoing apoptosis in response to
ceramide accumulation, and by which mechanism.

Based on recent evidence, RTP801 may represent one of the
earliest stress responses to CS exposure that integrates oxidative
stress with lung inflammation and apoptosis (7). Because both
ceramide and RTP801 have been proposed as central amplifiers
of alveolar wall destruction in emphysema, we investigated if they
are mechanistically linked. We show that in vivo RTP801 and
ceramide are mutually inducible, and that the up-regulation of
RTP801 by ceramides is necessary for ceramide-induced apoptosis
of lung epithelial cells, ultimately leading to altered lung function.

MATERIALS AND METHODS

Chemicals and Reagents

All chemical reagents were purchased from Sigma-Aldrich (St. Louis,
MO), unless otherwise stated.

Animals

Animal studies were approved by the Institutional Animal Care and Use
Committee at Indiana University. C57B1/6 mice (female, 3 mo old) were
used for RTP801 or ceramide C12:0 instillation and for VEGFR inhi-
bition studies. Rep801-null mice (C57B1/6 X 129SvEv, females at least
3 mo old; generated by Lexicon, Inc. [The Woodlands, TX] for Quark
Pharmaceutical, Inc. [Ness Ziona, Israel] as a for-fee service) or wild-
type controls of similar genetic background (C57Bl/6 X 129SvEv;
Taconic, Fremont, CA) were used for ceramide C16:0 instillation.

Intratracheal Instillation

Intratracheal instillation is detailed in the MATERIALS AND METHODS in
the online supplement. Ceramide C12:0, rtp801 expression plasmid
DNA (50 pg), or their vehicles were administered with perfluoro-
carbon (15 wl) (5, 6), as previously described (11). Ceramide C16:0
(conjugated with polyethylene glycol 2,000) or vehicle were introduced
directly into the trachea. Mice instilled with control vehicle were la-
beled as controls; mice that only underwent a sham delivery, without
installation of either vehicle or active compound, were labeled as sham.
Control and sham animals were of similar age and lot as mice that were
instilled with the active compounds.

VEGFR Inhibition

VEGFR inhibition model of murine emphysema (6, 13) was obtained
by injecting mice subcutaneously once with SU5416 (20 mg/kg;
Calbiochem, Gibbstown, NJ), using ethanol (0.1%) as vehicle.

Inhibition of Ceramide Synthases

Inhibition of ceramide synthases in vivo was achieved by Fumonisin B1
(FB1) administration (1.1-2.2 mg/kg; 100 pl; once daily, intraperitoneal) (6).

Measurement of Lung Function

Measurement of lung function is detailed in the MATERIALS AND METHODS
in the online supplement.

Bronchoalveolar Lavage

Bronchoalveolar lavage (BAL) fluid collection and cytospin procedures
are detailed in the MATERIALS AND METHODS in the online supplement.

Lung Tissue Harvesting

Lung tissue harvesting is detailed in the MATERIALS AND METHODS in the
online supplement. Left lung inflation was achieved under constant
pressure (20 cm H,O). The right lung was snap frozen in liquid N,.

Lung tissue dissociation in single-cell suspension is detailed in the
MATERIALS AND METHODs in the online supplement.

Sphingolipid Measurement

Lung tissue was prepared as previously described (12) and the ceramide
content was evaluated by diacylglycerol (DAG) kinase assay (13). In
addition, ceramide species identification and quantification, as well
as sphingosine-1 phosphate content, were determined by liquid
chromatography/tandem mass spectrometry (12). Sphingolipid levels
were normalized by lipid phosphorus (12).

Apoptosis

Apoptosis was measured as detailed in the MATERIALS AND METHODS in
the online supplement.

Detection of RTP801

Detection of RTP801 by immunohistochemistry was performed as de-
tailed in the MATERIALS AND METHODS in the online supplement using
a primary antibody against RTP801 (1:200; 1 h; Proteintech, Chicago,
IL). RTP801 expression was quantified on coded images using image
analysis software, with integration of intensity (in pixels) and area (in
pixels) of the positive staining, generating arbitrary units.

Western Blotting

Western blotting was performed as described in the MATERIALS AND
METHODS in the online supplement.

Lung Histology and Morphometry

Standardized lung inflation, fixation, and automated morphometric
analysis on coded slides were performed as previously described (14)
and detailed in the MATERIALS AND METHODS in the online supplement,
using image analysis software (15) that calculates mean linear inter-
cepts (MLIs) and surface-to-volume ratios as measures of airspace size.

Statistical Analysis

Statistical analysis was performed using unpaired Student ¢ test, ANOVA,
or Kruskal-Wallis one-way ANOVA on ranks. Statistical difference was
accepted at P less than 0.05 (see the online supplement).

RESULTS

RTP801 Is Up-Regulated in the Lung in Response
to VEGFR Blockade

As afirst step in elucidating the cross-talk between RTP801, ceramide,
and apoptosis, we documented that the oxidative stress—responsive
RTP801 was up-regulated in the lungs during the first 7 days
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after VEGFR inhibition (Figure 1A) by Western blotting of
lung tissues from the previously published experiment in which
VEGFR inhibitor, SU5416, and fumonisin B1 were administered
to mice (6). Interestingly, treatment of mice with the ceramide
synthesis inhibitor, FB1, inhibited the VEGFR inhibitor-induced
RTP801 protein expression, suggesting that ceramide synthesis
may be upstream of RTP801 up-regulation in this model (Figure
1A). These data, together with previous work in the CS model of
emphysema, indicate a possible interrelation between RTP801
and ceramide expression in the lung. To investigate if induction
of RTP801 expression can lead to increased ceramide levels, we
next overexpressed RTP801 in the lung.

RTP801 Triggers Lung Apoptosis and Increases Lung
Ceramide Levels

We overexpressed RTP801 in the lungs by intratracheal instilla-
tion of RTP801 cDNA-containing plasmid using empty plasmid
as negative control (16). At Day 3 after administration, when
compared with control mice that received empty plasmid, the
lungs of mice instilled with RTP801-expressing plasmid and
exhibiting increased RTP801 protein (Figure 1B) showed in-
creased active caspase-3 in the lung parenchyma, as measured
by immunohistochemistry (Figure 1C). In these mice, there was
a marked increase in lung ceramides in response to RTP801
instillation, which was prevented by pretreatment with the
ceramide synthase inhibitor FB1 (Figure 1D). These results
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suggested that RTP801 increases were sufficient to trigger ceramide
synthesis.

Direct Augmentation of Ceramides in the Lung Increases
Endogenous Ceramides and Causes Apoptosis, Airspace
Enlargement, and RTP801 Up-Regulation

We have previously demonstrated that a single intratracheal in-
stillation of ceramides with a 12-carbon fatty acid side chain
(C12:0; 1 mg/kg), administered suspended in perfluorocarbon ve-
hicle after solubilization in ethanol (6), causes overproduction of
endogenous ceramides and lung apoptosis associated with an
increase in alveolar size (5, 6). To further characterize this
model, we instilled mice intratracheally with ceramide (C12:0;
1 mg/kg) or a with a control solvent (negative control) and
compared them with sham-operated mice. To distinguish exog-
enous from endogenous ceramides, we used tandem mass
spectrometry to identify and measure only endogenous sphin-
golipids with longer than 14-carbon fatty acid side chain. Be-
cause ceramide is the precursor of sphingosine-1 phosphate, an
important prosurvival sphingolipid, we measured the ratio of
endogenous ceramide to sphingosine-1 phosphate in the lungs
after C12:0 ceramide instillation as a better reflection of a pro-
apoptotic sphingolipid imbalance. The endogenous lung ceramide:
S1P ratio increased at 4 hours and was highest at 24 hours after
ceramide instillation, followed by a return to baseline levels at
48 hours (Figure 2A). We noted changes induced by vehicle
instillation in some of the control mice that were reflected in

Figure 1. Elevations of lung RTP801 are

associated with increases in apoptosis

and ceramide levels. (A) In a model of

apoptosis-dependent emphysema by

vascular growth factor receptor inhibition

expression of RTP801 is increased in the

lung tissue. RTP801 Western blotting in

lung homogenates from individual mice
+ treated with SU5416 (20 mg/kg, once,
subcutaneously) and harvested after the
indicated number of days, with vehicle
control (Veh; once, subcutaneously,
lungs harvested at Day 7), or with
SU5416 and ceramide synthase inhibitor,
Fumonisin B1 (FB1; 1.1 mg/kg, daily, in-
traperitoneally, lungs harvested at Day
7). Each lane represents a different mouse
lung. Vinculin immunoblotting was used
as a loading control. (B-E) Effects of
intratracheal instillation (i-t) of RTP801-
expressing plasmid (50 pg) in the lung.
(B) Increased RTP801 protein measured
in lung homogenates by Western blot af-
ter RTP801 instillation compared with
control plasmid. (C) The left panel shows
active caspase-3—positive cells detected
by immunohistochemistry (IHC; brown;
arrow) in fixed lung tissue from control
animals after intratracheal instillation of
empty plasmid (50 pg; lungs harvested
after 3 d) or of RTP801-plasmid; scale
bar, 10 pwm. The right panel represents
quantification of data from IHC. Values
shown are means (+SEM); *P < 0.05 ver-

40
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Control  RTP801

sus control; Student’s t test; n = 3 mice/group; 8-10 lung fields/mouse. (D) Total ceramide content of mouse lungs at 3 days after RTP801-plasmid
instillation, with or without ceramide synthase inhibitor, FB1 (2.2 mg/kg), measured by diacylglycerol kinase assay and expressed as arbitrary units
(from densitometric analysis of ceramide on thin layer chromatography plates) normalized by lipid inorganic phosphorus (lipid Pi). Values shown are

means (+SEM); *P < 0.05; ANOVA; n = 3-5/group.
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lower median ceramide:S1P ratios. However, these changes
were not significantly different from the sham group, and may
have been related to perfluorocarbon itself or to the degree with
which it prevented tissue hypoxia in individual mouse lungs.
Ceramide induced activation of executioner caspases 3/7 as early
as 4 hours that persisted for 48 hours after instillation (Figures 2B
and 2C). As expected, ceramide instillation induced a decrease of
alveolar surface area/lung volume and MLI, which became sig-
nificant at 48 hours (Figures 2D-2E).

Rtp801-Null Mice Are Protected from Ceramide-Induced
Emphysema-Like Disease

To determine the link between ceramide and RTP801, we first
investigated if ceramide increases are sufficient to elevate
RTP801 expression in the lung. We administered, via a similar
protocol of intratracheal instillation as C12:0 ceramide, a more
abundant endogenous ceramide species, C16:0, using polyethyl-
ene glycol conjugation to achieve improved solubilization of this
more hydrophobic molecule. Compared with control-instilled
mice, the lungs of mice in which C16:0 was augmented had a sig-
nificant 2-fold increase in RTP801 expression in the lung paren-
chyma (Figures 3A and 3B). These results suggest a mutual
induction of ceramide and RTP801 in the lung.
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We next asked if the RTP801 induction was necessary for the
pathogenic effects of ceramide in the lung. We instilled ceramide
C16:0 intratracheally in the lungs of r¢p801-null mice, which we
have previously characterized in detail (7). Compared with wild-
type mice, rtp801-deficient mice had significantly less caspase-3/7
activity in whole-lung tissue homogenates after ceramide aug-
mentation (Figure 3C). Because differential susceptibility in vivo
of lung alveolar cells to ceramide is not known, we evaluated
caspase-3/7 activation in distinct alveolar structural cells iso-
lated from the lung at 48 hours after ceramide instillation. We
enzymatically dissociated the lung tissue in single-cell suspen-
sions and investigated the vulnerability to apoptosis of lung
endothelial and epithelial type I and type II cells in both
rtp801 knockout and wild-type mice. Alveolar cell-type markers
(CD31, podoplanin, and prosurfactant-C) and active caspase-3
were detected using labeling with specific antibodies followed
by flow cytometry. Ceramide instillation significantly increased
apoptosis in both lung endothelial and epithelial type II cells in
wild-type mice (Figure 3D). Interestingly, in 7tp801-null mice, of
the three cell types tested, only type Il pneumocytes were pro-
tected against ceramide-induced apoptosis (Figure 3D). Given
that RTP801 is largely up-regulated in type II cells (but not
in endothelial cells) after exposure to CS in vivo (7), these
findings demonstrate concordantly that RTP801 is necessary

Figure 2. Increases in lung ceramide
content are associated with airspace en-
largement, apoptosis, and RTP801 up-
regulation. Effect of a single intratracheal
instillation of ceramide C12:0 (5 mg/kg)
in mice on (A) endogenous ceramides:
sphingosine-1 phosphate (S1P) ratio in
lung tissue homogenates at the indicated
time in sham-operated mice (that under-
went exposure of the trachea only),

negative control mice (that were admin-
istered vehicle only), or mice that re-
ceived exogenous C12:0. Values shown
are means (+SEM); *P < 0.05*; ANOVA;
n = 4-5. (B) Lung caspase-3/7 enzymatic
activity was measured in whole-lung
lysates of mice that were instilled with
o 2 C12:0(n=7), insham (n = 4), or control
-, - | mice(n=5).Box plot (box indicating the
BB 25th and 75th percentile, with the middle
line showing the median; * P < 0.05;
ANOVA). (C) Lung active caspase-3 ex-
pression detected by IHC (brown, arrows)
shown in representative micrographs
(scale bar, 50 pm). (D and E) Lung sur-
face:volume ratio and mean linear inter-
cepts (MLIs) determined by standardized
lung morphometry of alveolar spaces of
mice after ceramide instillation time
course and 48 hours, respectively. Box
plot (box indicating the 25th and 75th
percentile, with the middle line showing
the median, and the 5th and 95th per-
centiles indicated by whiskers); *P < 0.05;
ANOVA; n = 2 (Sham); n = 3-4/group;
8-10 lung fields/mouse.
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Figure 3. Requirement for RTP801 in ceramide-induced apoptosis of type Il epithelial cells and neutrophil infiltration. (A) RTP801expression
detected by IHC in the lung sections of mice after C16:0 instillation compared with control animals or rtp801-null mice. Note an increase in
RTP801 (brown, arrows) in the lung parenchyma and also (see insets) in the vascular (v) endothelium as well as bronchial (b) epithelium in ceramide-
instilled mice. (B) RTP801 expression in the lung parenchyma was quantified via blinded image analysis software and expressed as arbitrary units
(AU). Values shown are means (+SEM); *P < 0.05; Student’s t test; n = 4 mice, except for RTP801-null, which was n = 2; 8-10 lung fields/mouse.
(C-F) Measurements in response to exogenous C 16:0 instillation (5 mg/kg; 48 h) or vehicle intratracheal instillation in wild-type or rtp801-null
mice. (C) Caspase-3/7 activity levels in whole-lung homogenates normalized by protein concentration. Values shown are means (+SEM); *P < 0.05;
Student’s t test; n = 2—4. (D) Cell-specific apoptosis expressed as relative abundance (%) of apoptotic active caspase-3/7—positive cells among lung
endothelial (CD31-positive), and alveolar epithelial type | (podoplanin positive) and type Il (pro—surfactant-C positive) cells in murine lung cell
suspensions, detected by flow cytometry with fluorescence-labeled specific antibodies. Values shown are means (+SEM); *P < 0.05; n = 4-5. Note
that only type Il epithelial cells were protected against ceramide-induced apoptosis in rtp801-null mice. (£ and F) Analysis of abundance (% of total
cells) of polymorphonuclear (PMN) cells (£) and alveolar macrophages (F) counted in cytospins of the bronchoalveolar lavage (BAL) fluid in mice.
Values shown are means (+SEM); *P < 0.05; n = 4-5.

To measure the effect of ceramide 16:0 and the role of RTP801
on lung parenchyma morphology and function, after lung function

for ceramide to activate caspase-3 in alveolar type II epithelial
cells.

To determine if other features of emphysema-like disease in-
duced by ceramide are impacted by RTP801, we measured lung in-
flammation by counting inflammatory cells in the BAL fluid of
mice. There was a relative increase in the polymorphonuclear cells
(PMN ) after ceramide instillation in wild-type mice, which was sig-
nificantly reduced in the rp801-null mice (Figure 3E). As expected,
alveolar macrophages exhibited reciprocal changes (Figure 3F).

testing, the left lung was inflated under constant pressure and air-
space size was determined by morphometry. Compared with
wild-type mice, in which ceramide augmentation increased air-
space size, measured by MLI, from 37.1 to 39.1 wm (P = 0.02),
the rtp801-null mice challenged with ceramide exhibited negli-
gible changes in MLI, from 36.5 to 37.8 wm (P = 0.3; Figures 4A
and 4B). Similarly, wild-type mice exhibited significant increases
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in lung static compliance (P = 0.01) in response to ceramide
instillation, whereas rtp801-null mice did not (Figure 4C). Inter-
estingly, ceramide instillation also elevated the airflow resis-
tance in both wild-type and rfp801-null mice, although, in the
rtp801-null mouse, the elevation induced by ceramide was
not statistically significant compared with the wild-type mouse
(Figure 4D).

DISCUSSION

This report brings to light an important novel interaction of two
mediators of alveolar injury, ceramide and RTP801, which have
been shown to lead to airspace destruction in emphysema. Using
in vivo gain-of-function approaches, we have shown that ceramide
augmentation induces apoptosis of both lung endothelial cells
and type II epithelial cells, and is associated with infiltration
of PMNs and enlargement of airspaces accompanied by
an increase in static compliance, suggesting an emphysema phe-
notype. These phenotypes were inhibited in mice lacking rzp801,
which showed lack of apoptosis of epithelial type II cells in
response to ceramide. These results causally implicate RTP801
as an upstream sensor of lung cellular stresses in lung epithelial
cells. Although alveolar destruction also involves capillary endo-
thelial cells, our data position type II cells as key in the amplifi-
cation of the alveolar destruction mediated by the interaction of
ceramide and RTP801. Interestingly, type I cells were not only
unprotected from apoptosis in the RTP801 null mouse, but they
exhibited heightened caspase-3 activation in response to ceramides.
This may suggest a possible cross-talk between stress-protected
alveolar type II cells, which are considered precursors of type I
cells, and the type I cells, which are bona fide structural compo-
nents of the alveolocapillary membrane. It is possible that rescued
type II cells may replace dying type I cells at a rate sufficient to
preserve airspace size, and/or that RTP801 has opposing roles in
the two cell types, being proapoptotic in type II cells, but antia-
poptotic in type I cells. In addition, our results do not rule out that
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Figure 4. Requirement for
RTP801 in ceramide-induced
changes of lung alveolar mor-
phology and function. (A-D)
Measurements in response to
exogenous ceramide 16:0
(5 mg/kg; 48 h) or vehicle (con-
trol) intratracheal instillation (i-t)
in wild-type or rtp801-null mice.
MLl (A) expressed as mean
(+SEM); n = 5; 8-10 lung
fields/mouse; *P < 0.05 or
NS (not statistically significant);
two-way ANOVA; measured by
automated morphometry of
lung parenchyma on paraffin-
embedded lung sections stained
with hematoxylin-eosin (B). (C)
Lung compliance measured
with Flexivent (Scireq, Mon-
treal, PQ, Canada) in anesthe-
tized mice. Values shown are
means (+SEM); n = 4 (wild-type)
or 5 (rtp801-null); *P < 0.05;
two-way ANOVA. (D) Airflow re-
sistance measured with Flexivent
in anesthetized mice. * P < 0.05;
two-way ANOVA; n = 5.
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other, yet-untested cell types in the lung undergo RTP801-
dependent apoptosis in response to ceramide.

A common denominator linking ceramide and RTP801 up-
regulation could be oxidative stress, a known inducer of both
molecules, which is also generated downstream of both ceramide
and RTP801 up-regulation (5-7, 16). Oxidative stress caused
directly by CS or endogenous sources, such as inflammatory
and parenchymal cells, plays a central unifying role in all stages
of emphysema. Reduction in antioxidant defenses in nuclear
receptor factor (erythroid-derived 2)-like 2 (nrf2) knockout
mice leads to increased susceptibility to emphysema, which is
characterized by alveolar cell death (17). RTP801, a negative
regulator of mammalian target of rapamycin signaling, is there-
fore activated as part of a prototypic response to adverse cell
stress responses. However, its activation promotes cellular inju-
ries triggered by CS, including further oxidative stress, cell
death, and alveolar inflammation. Excessive reactive oxygen
species generation could also have been responsible for RTP801
increases in response to VEGFR inhibition (15). In addition,
we have shown that ceramide-induced airspace enlargement
is dependent on oxidative stress (5), which may have also
up-regulated RTP801 in response to intratracheal ceramide
administration.

Ceramide is a prototypic lipid signaling molecule, which we
have shown to amplify lung injury due to CS (5, 6, 9, 10, 18). Our
prior studies have also highlighted that ceramide not only
amplifies oxidative stress, but that its synthesis is triggered by
reactive oxygen species (5). We present novel evidence that
RTP801 is not only sufficient, but also necessary, to mediate
increases in lung ceramide via the de novo pathway of ceramide
synthesis. These data position RTP801 in type II cells upstream
of ceramide synthesis in vivo in settings that reproduce features
of CS-induced alveolar injury. Whether ceramide mediates all
or part of RTP801-dependent pathogenesis due to CS will await
further experimentation in mice deficient in ceramide synthetic
enzymes.
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The significance of increased airflow resistance in response to
ceramide elevation in wild-type mice is yet to be clarified. This
airway response was associated with increased RTP801 expres-
sion in the larger airways as well as airway inflammation, as sug-
gested by elevated levels of inflammatory cells (PMNs) in the
BAL fluid of wild-type animals, which was largely RTP801 de-
pendent. The mechanism by which RTP801 triggers large airway
inflammation remains unknown.

With the initial discovery of the role of RTP801 and mamma-
lian target of rapamycin signaling in CS-induced emphysema, we
proposed that RTP801 functions as a sensor mechanism, inte-
grating environmental stress responses with lung injury. The fact
that VEGFR inhibition also triggers RTP801 expression further
expands this concept, in that alterations in alveolar maintenance,
such as those caused by interruption of VEGF survival signals,
may also be interpreted as part of a lung cellular stress response.
CS has been shown to decrease VEGEF signaling in the alveolar
lung tissue, and VEGFR blockade is sufficient to up-regulate
ceramides, induce oxidative stress, and trigger alveolar cell
apoptosis, events that precede the onset of airspace enlargement
(6, 8, 15, 19). Furthermore, as increases in lung ceramide acti-
vate RTP801 expression; endogenous lung stress responses may
perpetuate this pathogenic loop. It will be important to eluci-
date whether lung injury is more severe when these responses
become repetitive, possibly exhausting repair mechanisms.

In conclusion, this report further highlights the concept of
self-amplifying injury in response to CS exposure, the impor-
tance of alveolar type II cell apoptosis in this process, and the
cell-specific apoptotic signaling of ceramide in vivo. Early inter-
ruption of such self-perpetuating stress responses may prevent
emphysema development, or may allow proper repair mecha-
nisms to prevail.

Author disclosures are available with the text of this article at www.atsjournals.org.
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