
ORIGINAL ARTICLE

Role of Glucosylceramide in Lung Endothelial Cell Fate
and Emphysema
Kengo Koike1, Evgeny V. Berdyshev1, Andrew M. Mikosz1, Irina A. Bronova1, Anna S. Bronoff1, John P. Jung1,
Erica L. Beatman1, Kevin Ni1, Danting Cao1,2, April K. Scruggs1, Karina A. Serban1,3, and Irina Petrache1,2,3

1Division of Pulmonary, Critical Care and Sleep Medicine, Department of Medicine, National Jewish Health, Denver, Colorado;
and 2Pharmacology Graduate Program and 3Department of Medicine, University of Colorado Anschutz Medical Campus, Aurora, Colorado

ORCID IDs: 0000-0003-4677-3589 (K.K.); 0000-0002-1376-0098 (E.V.B.); 0000-0002-3850-2837 (D.C.); 0000-0003-3943-4212 (A.K.S.);
0000-0002-9372-3034 (K.A.S.); 0000-0003-1094-2600 (I.P.).

Abstract

Rationale: The loss of pulmonary endothelial cells in
emphysema is associated with increased lung ceramide. Ceramide
perturbations may cause adaptive alterations in other bioactive
sphingolipids, with pathogenic implications.We previously reported
a negative correlation between emphysema and circulating
glycosphingolipids (GSLs). Glucosylceramide (GlcCer), the
initial GSL synthesized from ceramide by GCS (GlcCer
synthase), is required for embryonic survival, but its role in the
lung is unknown.

Objectives: To determine if cigarette smoke (CS) alters lung
GlcCer and to elucidate the role of GCS in lung endothelial cell fate.

Methods: GlcCer was measured by tandem mass spectrometry in
BAL fluid of CS- or elastase-exposed mice, and GCS was detected by
Western blotting in chronic obstructive pulmonary disease lungs and
CS extract–exposed primary human lungmicrovascular endothelial cells
(HLMVECs). The role of GlcCer and GCS on mTOR (mammalian

target of rapamycin) signaling, autophagy, lysosomal function, and
cell death were studied in HLMVECs with or without CS exposure.

Measurements and Main Results:Mice exposed to chronic CS
or to elastase, and patients with chronic obstructive pulmonary
disease, exhibited significantly decreased lung GlcCer and GCS. In
mice, lung GlcCer levels were negatively correlated with airspace
size. GCS inhibition in HLMVEC increased lysosomal pH,
suppressedmTOR signaling, and triggered autophagy with impaired
lysosomal degradation and apoptosis, recapitulating CS effects.
In turn, increasing GlcCer by GCS overexpression in HLMVEC
improved autophagic flux and attenuated CS-induced apoptosis.

Conclusions: Decreased GSL production in response to CS may
be involved in emphysema pathogenesis, associated with autophagy
with impaired lysosomal degradation and lung endothelial cell
apoptosis.

Keywords: sphingolipids; apoptosis; chronic obstructive
pulmonary disease; autophagy; endothelium

The mechanisms driving the development
and progression of chronic obstructive
pulmonary disease (COPD), in particular
pulmonary emphysema, remain
incompletely understood. The role of
sphingolipids in COPD pathogenesis has

been supported by studies implicating
excessive ceramide accumulation that, when
unopposed by compensatory increases in
S1P (sphingosine 1-phosphate), triggers
lung structural cell death that explains the
alveolar cell loss characteristic of

emphysema (1–4). More recently,
metabolomic studies have identified a
significant inverse association between
glycosphingolipids (GSLs)—glycosylated
metabolites of ceramide—and the presence
of emphysema in smokers (5). However,
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with the exception of the report by Vij and
colleagues (6), which implicated GSL in
lung inflammation in cigarette smoke
(CS)-exposed C57BL/6 mice, their roles
in human lung cell function during
homeostasis or stress, such as CS exposure,
remain unknown.

Given that GSLs are mediators of
proangiogenic effects of VEGF (vascular
endothelial growth factor) in endothelial
cells (7), and that VEGF is required for the
maintenance of lung alveolar structures (8),
it is conceivable that GSLs are required
for lung vascular endothelial cell
survival. Indeed, deficiency of GCS
(glucosylceramide [GlcCer] synthase),
which mediates the first enzymatic step in
GSL synthesis, producing GlcCer from
ceramide, is associated with embryonic
lethality (9). GCS promotes cellular survival
during stress, an effect that may be linked
to autophagy. For example, GCS expression

correlates with resistance of cancer cells to
treatment, which may be explained by the
ability of GCS to inhibit autophagy-
associated apoptosis of cells treated with
chemotherapeutics (10). However, in
neurons, GCS inhibition alone enhanced
autophagy with increased lysosomal
degradation by inhibiting AKT (Ak strain–
transforming) and mTOR (mammalian
target of rapamycin) signaling (11). These
effects may be at play in COPD, because
autophagy markers are increased in COPD
lungs and autophagy-related cell death is
important in emphysema pathogenesis
(12–14). CS exposure both triggers
autophagy and impairs its appropriate
completion via lysosomal degradation of
autophagolysosomes, also known as
autophagic flux, in lung epithelial and
endothelial cells and macrophages that
comprise the alveolar structures (15, 16).
We therefore hypothesized that GCS and
GlcCer are essential for lung endothelial cell
survival, during both homeostasis and
stress linked to CS exposure.

Using COPD lung tissue and primary
human lung microvascular endothelial cells
(HLMVECs), we report here that COPD
lungs have decreased GCS levels, and that
increasing GlcCer levels is sufficient to
improve cell survival during CS exposure.
Some of the results of these studies have
been previously reported in the form of
abstracts (17, 18).

Methods

Detailed methods are provided in the online
supplement.

Reagents
All chemical reagents were from
MilliporeSigma, unless otherwise stated.

Animal Studies
Animal studies were approved by the
Animal Care and Use Committee of
National Jewish Health. C57BL/6 mice and
BALB/c mice were obtained from the
Jackson Laboratory. C57BL/6 mice were
exposed to CS or ambient air control (AC)
for 6 months (19). BALB/c mice were
injected intratracheally with porcine
pancreatic elastase (Elastin Products Co.) or
saline. After 6 months of CS exposure or
28 days of elastase administration, mouse
lungs were obtained and morphometric
analysis was performed (1).

Cells
Primary HLMVECs isolated from
nonsmokers were obtained from Lonza and
maintained in the culture media (CC3202,
5% fetal bovine serum; Lonza) at 378C with
5% CO2. At least three independent
experiments using distinct donors
(biological replicates) were performed.
Culture media was changed to media
containing 2% fetal bovine serum for
2 hours before treatment. Transfection
methods are described in the online
supplement.

CS Extract Preparation
CS extract (CSE; 100%) was prepared by
bubbling smoke from two cigarettes or AC
into 20 ml of phosphate-buffered saline,
followed by pH adjustment to 7.4 and
0.2-mm filtration (20).

Sphingolipid Quantification and GCS
Activity Assay
Sphingolipids in either BAL fluid (BALF),
plasma of mice, or whole-cell lysates from
HLMVECs were measured using liquid
chromatography with tandem mass
spectrometry (LC-MS/MS), as described in
the online supplement. The assay for GCS
enzyme activity was performed according to
a previously published method (21) with
modifications detailed in the online
supplement.

Cell Viability, Lactate Dehydrogenase
Release, Cathepsin B Enzymatic
Activity, and Endolysosomal pH Assay
Cell viability was assessed by Cell Counting
Kit-8 (CCK-8; Dojindo Molecular
Technologies, Inc.) or trypan blue exclusion
assay (Thermo Fisher Scientific). LDH
(lactate dehydrogenase) release was
measured by the LDH detection kit (Roche
Diagnostics). Cathepsin B enzymatic
activity was measured using the Magic
Red Cathepsin B detection kit
(ImmunoChemistry Technologies).
Endolysosomal pH was determined using
Lysosensor yellow/blue (Thermo Fisher
Scientific) (22), as described in the online
supplement.

Human Lungs
COPD lungs (n= 7) were obtained from the
Lung Tissue Research Consortium. Lung
tissues from never-smokers (n= 6) and
nondiseased smokers (n= 7) were obtained
from donors whose lungs were donated for

At a Glance Commentary

Scientific Knowledge on the
Subject: Excessive ceramide triggers
pulmonary endothelial cell apoptosis,
which is implicated in emphysema
pathogenesis. Ceramide is actively
metabolized to other sphingolipids
with distinct structural or signaling
functions. We previously reported an
inverse correlation between plasma
glycosphingolipid (GSL) levels and
emphysema. However, the role of GSLs
in lung structural cells is unknown.

What This Study Adds to the Field:
We discovered that the initial step in
the GSL synthesis from ceramide,
catalyzed by GCS (glucosylceramide
[GlcCer] synthase), is inhibited by
cigarette smoke exposure and in
chronic obstructive pulmonary disease.
We show that inhibition of GCS was
sufficient to trigger autophagy with
impaired lysosomal degradation and
suppressed mTOR (mammalian target
of rapamycin) signaling that
culminates in cell death. Increasing
levels of GlcCers markedly improved
autophagic flux and survival during
cigarette smoke exposure, which
suggests that this metabolic pathway
may be of pathogenic and therapeutic
importance in emphysema.
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medical research through the National
Disease Research Interchange and the
International Institute for the Advancement
of Medicine, as described in the online
supplement. All protocols were approved
by the Institutional Review Board at
National Jewish Health.

Western Blot
Western blotting was performed (23) using
antibodies described in the online supplement.

Immunofluorescence
After treatments, cells were incubated
with DAPGreen (Dojindo Molecular
Technologies) and LysoTracker deep red
(Thermo Fisher Scientific) (24), as described
in the online supplement.

Statistical Analysis
All data were expressed as mean (6SEM).
Statistical analyses were performed with
SPSS version 16.0 software (SPSS Inc.) and
Prism 6 (GraphPad Software Inc.) using the
Mann-Whitney U test or one-way ANOVA
with Tukey’s multiple comparisons test. A
P value less than 0.05 was considered
statistically significant.

Results

Decreased GlcCer in Experimental
Emphysema Induced by CS or
Elastase in Mice
We previously identified an inverse
association between emphysema and
plasma GSL levels, measured by untargeted
metabolomic assays (5). To determine
whether a similar relationship exists
between emphysema and lung GSL, we
used two experimental models of
emphysema. Using targeted quantitative
mass spectrometry, GlcCer levels were
measured in BALF and plasma from animal
models of CS- and elastase-induced
emphysema. C57BL/6 mice (2-mo-old male
and female) were exposed to CS or AC for
6 months. As expected, when compared
with the AC group, chronic CS exposure
significantly increased airspace size,
measured by mean linear intercept (MLI;
Figures 1A and 1B). Chronic CS exposure
significantly decreased GCS levels in lung
tissues (Figure E1A in the online
supplement), and GlcCer levels in BALF
(Figure 1C) and plasma (Figure E1B).
There was a negative correlation between
MLI and BALF GlcCer levels in C57BL/6
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Figure 1. Effect of cigarette smoke (CS) or elastase administration on lung glucosylceramide (GlcCer)
levels in mice. (A–D) Morphology and GlcCer levels in C57BL/6 mice exposed to CS or ambient air
control (AC) for 6 months. (A) Representative hematoxylin and eosin–stained lung sections of lung
parenchyma, showing airspace enlargement and alveolar wall destruction in CS-exposed mice. Scale
bars, 100 mm. (B) Air space size measured by mean linear intercept (MLI; mean6SEM; *P,0.05 by
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mice (Figure 1D). We then measured GlcCer
levels in BALB/c mice (2-mo-old male) that
received intratracheal instillations of elastase
(1.5, 3, or 6 U/mouse) or saline control.
At 28 days after administration, elastase
markedly increased airspace size (Figures 1E
and 1F) and significantly decreased, in a
dose-dependent manner, GlcCer levels in
the BALF (Figure 1G) and in plasma of mice
(Figure E1C) compared with control. There
was a significant negative correlation
between MLI and BALF GlcCer levels in
BALB/c mice (Figure 1H).

GCS Inhibition Decreases GlcCer
Levels and Causes Apoptosis in
Primary HLMVECs
Given the involvement of lung endothelial
cell in emphysema pathogenesis, we
determined if GCS is important in
maintaining primary HLMVEC
homeostasis. Genz-123346 (Genz; GCS
inhibitor) has been demonstrated to
selectively inhibit GCS in several cell types
(25–27). To determine the optimal
concentration of Genz for use in HLMVEC
experiments, we assessed the effect of Genz
on cell survival and GCS activity.
HLMVECs were treated with Genz (1, 2, 5,
or 10 mM) or vehicle (DMSO) for 6 hours.
Genz had a dose-dependent effect on cell
viability and LDH release (Figures E2A and
E2B). To confirm that Genz inhibits GCS
activity in HLMVECs, we studied the
lowest Genz concentration (2 mM) that
significantly decreased cell viability. After
Genz treatment, LC-MS/MS was used to
measure cellular GCS activity and levels of
several key sphingolipids (Figure 2A). Genz
markedly suppressed GCS activity
(Figure 2B) and decreased GlcCer levels
(Figure 2C). Genz increased ceramide levels
(Figures 2D and E2C) but did not
significantly alter S1P, sphingomyelin, or
sphingosine levels (Figures E2D–E2F).
These results demonstrate that Genz
selectively inhibited GCS in HLMVECs. We
next assessed whether Genz induces lung
endothelial cell apoptosis using Western
blotting for several apoptosis markers. Genz

significantly increased Bax/Bcl-2 ratio
(Figure E2G), cleaved caspase-3, and
cleaved PARP1 (poly [ADP-ribose]
polymerase 1) (Figures 2E and 2F). CS
exposure or ceramide accumulation can
induce apoptosis in human endothelial cells
via endoplasmic reticulum (ER) stress (28,
29). Genz increased the phosphorylation of
eIF2a (eukaryotic translation initiation
factor 2a) and IRE1a (inositol-requiring
enzyme 1a) levels, (Figure 2G and Figure
E2H). These results indicate that GCS
inhibition was sufficient to increase
apoptosis and ER stress in HLMVECs.

GCS Inhibition Suppresses mTOR
Signaling in HLMVECs
One of the first cellular responses to ER
stress includes mTOR inhibition and
autophagy induction (30). To further
understand how GCS controls HLMVEC
fate, we determined the effect of GCS
inhibition on mTOR signaling. HLMVECs
were treated with vehicle or Genz for up to
24 hours, and the phosphorylation of
mTOR and its downstream targets, p70S6K
(p70 ribosomal protein S6 kinase) and S6
(S6 ribosomal protein), were assessed by
Western blotting (Figure E3A). Genz
markedly decreased the phosphorylation of
mTOR and p70S6K (Figures 3A and 3B)
resulting in marked inhibition of S6
phosphorylation that began as early as 30
minutes and persisted for up to 24 hours
(Figure 3C). Because pharmacological
approaches might exhibit off-target effects,
we complemented these studies with
siRNA-mediated GCS knockdown.
HLMVECs were transfected with 5 nM of
control siRNA (siNT) or siRNA against
GCS (siGCS) for more than 24 hours. After
treatments, GCS mRNA and protein
expression were both decreased, as
measured by real-time qRT-PCR (Figure
E3B) and Western blotting (Figure 3D),
respectively. Similar to Genz, siGCS
significantly decreased GlcCer (Figure 3E)
and increased ceramide levels (Figures
E2C–E2F). Furthermore, siGCS decreased
S6 phosphorylation and cell viability and

increased LDH release (Figure 3F and
Figures E3G and E3H). These results
corroborate our results with Genz, and
indicate that GCS is required for HLMVEC
survival. To assess if GCS inhibition
impacted upstream targets of mTOR
signaling (Figure E3A), we measured
phosphorylation of Akt and AMPK
(adenosine monophosphate–activated
protein kinase). GCS inhibition did not
change the phosphorylation of Akt or
AMPK (Figures E3I and E3J), indicating
that it may affect mTOR signaling at the
level of mTOR activation.

GCS Inhibition Impairs Lysosomal
Function and Autophagic Flux in
HLMVECs
Because GCS inhibition markedly repressed
mTOR, which is integral to the lysosomal
nutrient-sensing complex that provides key
input into autophagy, we examined the
effect of GCS inhibition on autophagy. After
Genz or vehicle treatment for up to
24 hours, we assessed LC3B-II protein, a
marker for autophagosome formation (31).
Genz significantly increased LC3B-II levels,
with a peak at 6 hours (Figure 4A).
Elevations of LC3B-II may also reflect
decreased lysosomal fusion and
degradation of autophagosomes (known as
flux) (31). We therefore assessed the
autophagic flux by cotreating HLMVECs
with Genz (2 mM, 6 h) and lysosomal
inhibitors, CQ (chloroquine; 20 mM, 6 h)
or BafA1 (bafilomycin A1; 5 nM, 6 h),
followed by Western blotting for
p62-SQSTM1 (sequestosome-1), an
autophagosome cargo protein involved in
selective autophagy (31), as well as LC3B-II.
Treatment with Genz alone increased both
LC3B-II and SQSTM1 (Figure 4B and
Figures E4A and E4B), suggesting
decreased lysosomal degradation.
Cotreatment with either CQ or BafA1
significantly increased SQSTM1 and LC3B-
II above Genz treatment alone, suggesting
that the inhibition of autophagic flux by
Genz was submaximal (Figure 4B and
Figures E4A and E4B). siRNA-mediated

Figure 1. (Continued). Mann-Whitney U test; n=8). (C) GlcCer levels measured by liquid chromatography with tandem mass spectrometry in BAL fluid
(BALF) (mean6SEM; **P,0.01 by Mann-Whitney U test; n=8). (D) Correlation between air space size, measured by MLI, and GlcCer levels in BALF of
CS-exposed C57BL/6 mice (n=8). Pearson correlation analysis; each dot represents an individual mouse. (E–H) Morphology and GlcCer levels in BALB/c
mice at 28 days after intratracheal instillations of elastase (1.5 or 3 or 6 U/mouse) or saline control. (E) Representative hematoxylin and eosin–stained lung
sections, showing airspace enlargement and alveolar wall destruction in the elastase group. Scale bars, 100 mm. (F and G) MLI (F) and GlcCer levels in
BALF (G) (mean6SEM; **P,0.01, one-way ANOVA with Tukey’s multiple comparisons test; n=8–12). (H) Negative correlation between MLI and GlcCer
levels in BALF of elastase-treated BALB/c mice (n=8–12). Pearson correlation analysis; each dot represents an individual mouse. n.s. = not significant.
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GCS knockdown had similar effects as
Genz on autophagic flux in HLMVECs
(Figure E4C). To explore potential
mechanisms that link GCS inhibition to
autophagic flux impairment, we focused
our studies on lysosomal function. GCS
inhibition with Genz significantly increased
endolysosomal pH (Figure 4C) and
decreased cathepsin B activity in
HLMVECs (Figure 4D), suggesting that
GCS is necessary for lysosomal
homeostasis. As a complementary study of

autophagy flux, we used
immunofluorescence with DAPGreen and
LysoTracker deep red to visualize
autophagosomes and lysosomes,
respectively. HLMVECs treated with
Genz for 6 hours exhibited increased
abundance of green punctate vesicles
(autophagosomes) and reduced number of
red punctate vesicles (lysosomes), with
sparse colocalization of autophagosomes
with lysosomes (Figure 4E). A similar
pattern was observed after either BafA1 or

combined Genz and BafA1 treatment.
Because LysoTracker deep red accumulates
in highly acidic organelles (32), and
cathepsin B requires an acidic pH for
proteinase activity, our results suggest that
Genz-induced lysosomal dysfunction is
associated with impaired lysosomal
acidification.

CS Inhibits GCS Activity in HLMVECs
Having shown that GCS is required for
HLMVECs homeostasis, we assessed
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Figure 2. Effect of GCS (glucosylceramide [GlcCer] synthase) inhibition on GlcCer levels and apoptosis in primary human lung microvascular endothelial
cells. (A) Schematic of sphingolipid metabolism; GCS inhibition was achieved with Genz-123346 (Genz) or siRNA against GCS. (B–D) GCS activity (B),
GlcCer levels (C), and ceramide levels (D), measured by liquid chromatography with tandem mass spectrometry in primary human lung microvascular
endothelial cells treated with vehicle (DMSO) or Genz (2 mM; 6 h) (n=3–5). (E–G) Representative Western blots and densitometry of cleaved caspase-3 (E),
cleaved PARP1 (F), and phospho (p)- and total eIF2a (G) (n=3–5). Vinculin was used as loading control. All graphs show mean6SEM; *P, 0.05 and
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whether CS exposure directly inhibits GCS
in HLMVECs. Compared with extract from
AC, exposure to aqueous CSE (3%)
significantly decreased both GCS protein
(Figure 5A) and GCS activity (Figure 5B).
We then determined if CS exposure
recapitulates the effects on GCS inhibition

in HLMVECs. Similar to Genz, 3% CSE
decreased cell viability and increased LDH
release, Bax/Bcl-2 ratio, cleaved caspase-3
(Figures E5A and E5D), and cleaved
PARP1; addition of Genz to CSE further
increased PARP1 cleavage (Figure 5C).
Furthermore, 3% CSE markedly decreased

S6 phosphorylation (Figure E5E) and
increased LC3B-II and SQSTM1
(Figure 5D), suggesting impairment of
autophagic flux, which was confirmed using
BafA1 treatment and fluorescence
microscopy (Figures E5F and E5G).
Addition of Genz to CSE further
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Figure 3. Effect of GCS inhibition on mTOR signaling in human lung microvascular endothelial cells (HLMVECs). (A–C) Representative Western blots and
densitometric analysis of p-mTOR and total mTOR (A) and p-p70S6K and total p70S6K (B) after treatment with vehicle (DMSO) or Genz (2 mM; 6 h)
(n=4–5); and p-S6 and total S6 (C) after treatment with vehicle or Genz (2 mM) for up to 24 hours (n=3–5). (D) Representative Western blots and
densitometric analysis of GCS in HLMVECs transfected with 5 nM of control siRNA (siNT) or siRNA against GCS (siGCS) for 24 hours (n=3). (E) GlcCer
levels measured by liquid chromatography with tandem mass spectrometry in HLMVECs transfected with 5 nM of siNT or siGCS for 72 hours (n=3). (F)
Representative Western blots and densitometric analysis of p-S6 and total S6 in HLMVECs transfected with 5 nM of siNT or siGCS for 24 hours (n=3).
Western blots shown are representative of at least three independent experiments. Vinculin was used as loading control. All graphs show mean6SEM;
*P,0.05 and **P,0.01 by Mann-Whitney U test. GCS=glucosylceramide synthase; Genz=Genz-123346; GlcCer = glucosylceramide;
mTOR=mammalian target of rapamycin.
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Figure 4. Effect of GCS inhibition on lysosomal function and autophagic flux in human lung microvascular endothelial cells (HLMVECs). (A and B)
Representative Western blots and densitometry of (A) LC3B measured in HLMVECs treated with vehicle (DMSO) or Genz (2 mM) for up to 24 hours
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BafA1 (bafilomycin A1; 5 nM) for 6 hours (n=3). Vinculin was used as loading control. (C) Endolysosomal pH measured in HLMVECs treated with vehicle or
Genz (2 mM; 6 h) using Lysosensor yellow/blue (5 mM; 5 min; 378C) (n=4). (D) Cathepsin B activity measured in HLMVECs treated with vehicle or Genz
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augmented SQSTM1 (Figure 5D),
suggesting increased inhibition of
lysosomal degradation in CS-exposed
HLMVECs. These results indicate that
inhibition of GCS activity in HLMVECs
may be a mechanism by which CSE
perturbs mTOR signaling, triggers
autophagy with impaired autophagic flux,
and increases apoptosis.

GlcCer Treatment Attenuates
Apoptosis in GCS-inhibited or
CS-exposed HLMVECs
GCS inhibition can both increase ceramide
and decrease GlcCer. Whereas ceramide
accumulation has been known to cause
lung endothelial cell death (4), the effect
of the net loss of GlcCer on lung
endothelial cell fate is unknown. To
increase intracellular GlcCer (33),
HLMVECs were treated with N-(1-
adamantaneacetyl)-GlcCer (admantyl
GlcCer) (2.5 mM, 1 h or 1.0 mM, 24 h) or
vehicle (ethanol), and then exposed to

Genz (2 mM) or CSE (3%) for 6 hours.
Using LC-MS/MS, we first confirmed that
admantyl GlcCer treatment increased
intracellular GlcCer levels (Figure 6A and
Figure E6A). Admantyl GlcCer treatment
decreased cleaved PARP1 levels in both
GCS-inhibited (Figure 6B and Figure
E6B) and CS-exposed HLMVECs
(Figure E6C). Whereas GlcCer treatment
preserved the increase of LC3B-II in
response to CS exposure (Figure E6D), it
mitigated the increase of SQSTM1 in
both GCS-inhibited (Figure 6C) and
CS-exposed (Figure E6D) HLMVECs.
Fluorescence microscopy studies of
autophagic flux showed that GlcCer
treatment increased the colocalization
of autophagosomes with lysosomes in
both GCS-inhibited (Figure 6D) and
CS-exposed cells (Figure E6E). These
results indicate that GlcCer is necessary
for proper lysosomal function, and that
supplementation with GlcCer is

sufficient to attenuate apoptosis in both
GCS-inhibited and CS-exposed HLMVECs.

GCS Overexpression Mitigates
Apoptosis and Impaired Autophagic
Flux in CS-exposed HLMVECs
Because exogenous supplementation with
GlcCer may have different effects than those
obtained by increasing endogenous GlcCer,
we assessed the effect of GCS overexpression
on CS-exposed HLMVECs. Cells were
transfected with GCS overexpression vector
with 1 mg of turbo GFP (green fluorescent
protein) tag (GCS-tGFP) or an empty
control vector with tGFP tag (Ctr-tGFP) for
24 hours and exposed to AC or 3% CSE for
6 hours. GCS overexpression was verified
by Western blot detection of GCS-tGFP
fusion protein in transfected cells
(Figure 7A). Using LC-MS/MS, we
determined that GCS-tGFP transfection
markedly increased GCS activity and
GlcCer compared with control (Figures 7B
and E7A). Besides S1P, which was modestly
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Figure 5. Effect of cigarette smoke extract (CSE) on GCS levels, apoptosis, and autophagy in human lung microvascular endothelial cells (HLMVECs).
(A) Representative Western blots and densitometry analysis of GCS in HLMVECs exposed to ambient air control (AC) or CSE (3%) for 6 hours (n=6).
(B) GCS activity measured by liquid chromatography with tandem mass spectrometry in HLMVECs exposed to AC or CSE (3%, 18 h) (n=3). (C and D)
Representative Western blots and densitometry of cleaved PARP1 (C) and LC3B and SQSTM1 (D) in HLMVECs exposed to AC, 3% CSE, Genz (2 mM), or
3% CSE plus Genz (2 mM) for 6 hours (n=3). b-Actin was used as loading control. Western blots are representative of at least three independent
experiments. All graphs show mean6SEM; *P,0.05 and **P,0.01 by one-way ANOVA with Tukey’s multiple comparisons test or Mann-Whitney U test.
GCS=glucosylceramide synthase; Genz=Genz-123346; n.s. =not significant.
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elevated, ceramide, sphingomyelin, and
sphingosine levels were unaffected by GCS
overexpression (Figures E7B–E7E).
Importantly, GCS overexpression
significantly decreased cleaved PARP1,
LC3B-II, and SQSTM1 in CS-exposed cells
to levels similar to those in control cells
(Figures 7C–7E). These results implicate
GCS inhibition as a mechanism by which
CS triggers autophagy-related apoptosis in
lung endothelial cells.

Impact of COPD on GCS Levels in
Lungs
To determine the clinical relevance of our
findings, we measured GCS in lung tissue
from subjects with COPD compared with
nondiseased smokers and nonsmokers. The

subjects’ clinical characteristics are
summarized in Table E1. Consistent with
our results in mouse lungs and HLMVECs,
GCS levels in COPD-diseased lungs were
markedly reduced compared with those in
lungs of nondiseased individuals (Figure 8A
and Figures E8A and E8B).

Discussion

These studies are the first to demonstrate
that decreased GlcCer levels are associated
with CS-induced emphysema, and that GCS
inhibition is sufficient to cause ER stress as
well as impairment of both mTOR signaling
and autophagic flux, culminating in apoptosis
in lung microvascular endothelial cells

(Figure 8B). Our data indicate that
approaches to increase GCS activity or its
product, GlcCer, attenuate CS-induced
HLMVEC death, whereas further inhibition
of GCS augments the injurious effects of CS
exposure in HLMVECs. Corroborating our
previous report that plasma GSL levels
detected by nontargeted metabolomics are
negatively associated with emphysema (5),
we showed, for the first time, a significant
decrease in lung GCS in murine models
of emphysema and in human COPD,
and a negative correlation between
airspace size and GlcCer levels in the BALF
of mice.

GlcCer is a metabolite of ceramide, the
hub of sphingolipid metabolism that has
been implicated in COPD pathogenesis (1).
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In particular, increased ceramide levels,
such as those induced by CS exposure or
oxidative stress, cause pulmonary
endothelial cell apoptosis (1, 29) and
murine emphysema-like disease (1, 34).
However, the mechanisms of ceramide
accumulation that are associated with
emphysema are incompletely understood,
and they may involve insufficient
metabolism of ceramide to other
sphingolipids, such as GSLs. GCS catalyzes
the first glycosylation step in the biosynthesis
of GSLs from ceramide. Genetic deletion of
GCS causes marked imbalance of
ceramide/GSLs (35), and GCS knockout
mice exhibit embryonic lethality due to
massive apoptosis (9). In turn, GCS
overexpression provides resistance against
ceramide-induced cell death in human
cancer cells (36–38). Our results demonstrate
that GCS inhibition is sufficient to increase
ER stress and interfere with lysosomal
function, triggering autophagy with impaired
flux that culminates with apoptosis in
HLMVECs. These results suggest that, by
controlling the ceramide/GlcCer balance,
GCS plays a key role in lung endothelial cell
fate. It is notable that, compared with the
effects of GCS inhibition, CS more potently
induced both autophagy and apoptosis. This
may reflect more complex effects of CS
beyond those directly linked to increased
ceramide and decreased GlcCer.
Nevertheless, GCS overexpression markedly
improved autophagic flux during CS
exposure and reduced CSE-induced
apoptosis in HLMVECs. These results

indicate that GCS inhibition is detrimental
for lung endothelial cell function, and that
GCS might be a critical regulator of cellular
activities by controlling the balance of
ceramide/GlcCer in HLMVECs.

Another novel aspect of our study is
that we, for the first time, mechanistically
investigated the role of the first step in
GSL metabolism in lung cell fate, such as
mTOR signaling and autophagy, ER stress,
and apoptosis. Although mTOR signaling
and autophagy are increasingly recognized
as important in COPD pathogenesis
(16, 39), the mechanisms by which CS
regulates mTOR signaling and autophagy
in lung cells remain incompletely
elucidated. Our study suggests that GCS
inhibition may be a mechanism by
which CS triggers its effects on mTOR
and autophagy, by involving lysosomal
function. This notion is supported by the
key role that the lysosome plays in
mTOR signaling and autophagy (16, 40).
Our findings indicate that GCS
inhibition markedly altered lysosome
function, decreasing lysosomal enzyme
activity and increasing lysosomal pH. Our
report is consistent with reports that GCS
inhibition increased endolysosomal pH in
mouse peritoneal macrophages (41) and
increased lysosomal membrane
permeability in neurons (42). The precise
molecular mechanism by which GCS
maintains lysosomal function is still
unclear, but GSLs are essential components
of the lysosomal membrane (43), which is
also the site of mTOR docking and

activation. It is therefore compelling to
envision that changes in GCS activity may
be rapidly sensed by signaling pathways
that inform the function of this essential
cellular organelle.

In this study, we found that GCS levels
in lung lysates from subjects with COPD
were significantly reduced compared with
nondiseased smokers and nonsmokers.
Because endothelial cells comprise
approximately 30% of cells in the human
lung parenchyma (44), it is possible that CS
exposure decreases GCS levels in other lung
cells, a question that could be addressed in
future studies.

Because low levels of plasma GlcCer
have been recently associated with a
higher incidence of myocardial infarction
(45), our findings in HLMVECs may
inform the pathogenesis of other
vascular pathologies associated with CS
exposure. Our mechanistic studies in
human lung cells suggest that GCS and
GlcCer are important determinants of cell
fate in the pathogenesis of CS-related
endothelial injury, and that GSL
metabolism might be a novel,
therapeutically targetable pathway in
emphysema. n
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