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Tumor Necrosis Factor-�–Mediated Downregulation of the
Cystic Fibrosis Transmembrane Conductance Regulator

Drives Pathological Sphingosine-1-Phosphate Signaling in a
Mouse Model of Heart Failure

Anja Meissner, PhD; Jingli Yang, MD; Jeffrey T. Kroetsch, MSc; Meghan Sauvé, MSc;
Hendrik Dax, MD; Abdul Momen, MD; M. Hossein Noyan-Ashraf, PhD; Scott Heximer, PhD;

Mansoor Husain, MD; Darcy Lidington, PhD; Steffen-Sebastian Bolz, MD, PhD

Background—Sphingosine-1-phosphate (S1P) signaling is a central regulator of resistance artery tone. Therefore, S1P
levels need to be tightly controlled through the delicate interplay of its generating enzyme sphingosine kinase 1 and its
functional antagonist S1P phosphohydrolase-1. The intracellular localization of S1P phosphohydrolase-1 necessitates
the import of extracellular S1P into the intracellular compartment before its degradation. The present investigation
proposes that the cystic fibrosis transmembrane conductance regulator transports extracellular S1P and hence modulates
microvascular S1P signaling in health and disease.

Methods and Results—In cultured murine vascular smooth muscle cells in vitro and isolated murine mesenteric and
posterior cerebral resistance arteries ex vivo, the cystic fibrosis transmembrane conductance regulator (1) is critical for
S1P uptake; (2) modulates S1P-dependent responses; and (3) is downregulated in vitro and in vivo by tumor necrosis
factor-�, with significant functional consequences for S1P signaling and vascular tone. In heart failure, tumor necrosis
factor-� downregulates the cystic fibrosis transmembrane conductance regulator across several organs, including the
heart, lung, and brain, suggesting that it is a fundamental mechanism with implications for systemic S1P effects.

Conclusions—We identify the cystic fibrosis transmembrane conductance regulator as a critical regulatory site for S1P
signaling; its tumor necrosis factor-�–dependent downregulation in heart failure underlies an enhancement in
microvascular tone. This molecular mechanism potentially represents a novel and highly strategic therapeutic target for
cardiovascular conditions involving inflammation. (Circulation. 2012;125:2739-2750.)

Key Words: acute myocardial infarction � hemodynamics � myogenic vasoconstriction � signal transduction
� vasomotor tone

Sphingosine-1-phosphate (S1P) is a ubiquitous signaling
mediator that directs a diverse array of biological pro-

cesses.1 In the microcirculation, S1P is a potent vasoconstric-
tor and a central mediator regulating myogenic tone.2–5 This
confers S1P signaling with significant importance in the
control of blood flow autoregulation, tissue perfusion, and
systemic blood pressure.

Editorial see p 2692
Clinical Perspective on p 2750

The potent and pleiotropic effects of S1P are confined both
spatially and temporally6; however, the molecular mecha-

nisms limiting S1P bioavailability are not completely under-
stood. We have demonstrated that S1P phosphohydrolase-1
(SPP1), an intracellular enzyme primarily localized to the
endoplasmic reticulum,7,8 degrades extracellular S1P.3 As a
consequence, we concluded that an S1P “import” mechanism
must be present in vascular smooth muscle cells. Boujaoude
et al9 have provided indirect evidence that the cystic fibrosis
transmembrane conductance regulator (CFTR) could act as
this S1P transporter and thereby limit S1P receptor–mediated
effects. Accordingly, we have observed that CFTR inhibition
specifically enhances responses known to rely on S1P in
skeletal muscle resistance arteries.3

Received June 3, 2011; accepted March 20, 2012.
From the Department of Physiology (A.M., J.Y., J.T.K., M.S., H.D., M.H.N.-A., S.H., M.H., D.L., S.B.), Heart and Stroke/Richard Lewar Centre of

Excellence for Cardiovascular Research (S.H., M.H., S.B.), and Department of Medicine (M.H.), University of Toronto; Division of Cell and Molecular
Biology, Toronto General Hospital Research Institute (A.M., M.H.N.-A., M.H.); and Toronto Centre for Microvascular Medicine, University of Toronto,
and Li Ka Shing Knowledge Institute at St Michael’s Hospital (D.L., S.B.), Toronto, Ontario, Canada.

The online-only Data Supplement is available with this article at http://circ.ahajournals.org/lookup/suppl/doi:10.1161/CIRCULATIONAHA.
111.047316/-/DC1.

Correspondence to Steffen-Sebastian Bolz, MD, PhD, Department of Physiology, Heart and Stroke/Richard Lewar Centre of Excellence in
Cardiovascular Research, University of Toronto, Medical Science Building, Room 3326, 1 King’s College Circle, Toronto, Ontario, M5S 1A8 Canada.
E-mail sts.bolz@utoronto.ca

© 2012 American Heart Association, Inc.

Circulation is available at http://circ.ahajournals.org DOI: 10.1161/CIRCULATIONAHA.111.047316

2739 at University of Toronto on October 7, 2014http://circ.ahajournals.org/Downloaded from 

http://circ.ahajournals.org/lookup/suppl/doi:10.1161/CIRCULATIONAHA.111.047316/-/DC1
http://circ.ahajournals.org/lookup/suppl/doi:10.1161/CIRCULATIONAHA.111.047316/-/DC1
http://circ.ahajournals.org/


Proper CFTR function requires the orchestrated regulation
of expression, localization, and gating. On the basis of our
proposed model that CFTR transports extracellular S1P
across the plasma membrane for degradation, the disruption
of any of these aspects would be expected to affect S1P
signaling. This leads us to speculate that CFTR dysfunction
could play a causal role in pathological conditions that are
associated with altered S1P signaling.10–12 The prominent
enhancement of S1P signaling in resistance arteries under the
condition of heart failure (HF)4,5 is a prime example advanced
in the present investigation.

In the present study, we demonstrate that an inverse
relationship between microvascular CFTR activity and S1P
signaling is manifest both in well-defined S1P-dependent
vasomotor responses and myogenic tone2,13,14 and in mice
with HF, a disease model in which S1P is known to mediate
enhanced peripheral vascular resistance.4

Methods
This investigation conforms to the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of Health
(publication No. 85-23, revised 1996). All animal care and experi-
mental protocols were approved by the institutional animal care and
use committees at the University of Toronto and the University
Health Network, Toronto, and were conducted in accordance with
Canadian animal protection laws.

Animals
Wild-type mice (aged 2–3 months; C57BL6) were purchased commer-
cially from Charles River Laboratories (Montreal, Quebec, Canada).
Tumor necrosis factor-� (TNF-�) knockout mice (TNF��/�)15 were
purchased commercially from Taconic Laboratories (Hudson, NY).
CFTR knockout mice (CFTR�/�)16 were obtained from an estab-
lished colony maintained at the Hospital for Sick Children, Toronto.
All mice were housed under a standard 12-hour/12-hour light/dark
cycle, were fed normal chow, and had access to water ad libitum.

Preparation of Cultured Primary Mesenteric
Artery Smooth Muscle Cells
Mesenteric artery segments were isolated, cut into small pieces, and
digested with trypsin, collagenase, and elastase. The resulting cell
suspension was washed several times in phosphate-buffered saline
and plated in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum and 1% penicillin-streptomycin. Cell cultures
were maintained at 37°C with 5% CO2 split at a seeding density of
106 cells. Immunostaining for �-actin, positive polymerase chain
reaction results for myocardin and MyoD, and negative polymerase
chain reaction results for endothelial NO synthase confirmed smooth
muscle cell identity.

Fluorescence-Activated Cell Sorting–Based
Measurement of Fluorescein
Isothiocyanate–S1P Uptake
A fluorescence-activated cell sorting (FACS)–based approach to
semiquantitatively measure the uptake of S1P–fluorescein isothio-
cyanate (FITC) has been published previously.17 Briefly, cell mono-
layers (treated or untreated) were incubated with 1 �mol/L S1P-
FITC for 60 minutes; the cells were then detached by trypsinization,
washed twice with ice-cold phosphate-buffered saline, filtered
through a 70-�m cell strainer, and analyzed with the use of the
Becton-Dickinson FACS Canto operated by FACS DIVA version
6.1 software. Cell monolayers treated with unlabeled S1P served as
background controls. The analysis procedure determined the median
fluorescence intensity (arbitrary units) of each cell population, which
is a measure of uptake.

Isolation and Functional Assessment of
Cerebral Arteries
Experiments utilized both mouse posterior cerebral arteries (PCAs)5

and mesenteric arteries.4 After careful dissection, artery segments
were cannulated on glass micropipettes, stretched to their in vivo
lengths, and pressurized to 45 mm Hg. All functional experiments
were conducted in 3-(N-morpholino)propanesulfonic acid (MOPS)–
buffered saline at 37°C with no perfusion.

To measure myogenic responses, vessels were subjected to step-
wise increases in transmural pressure (increments of 20 mm Hg)
from 20 to 100 mm Hg. At each pressure step, vessel diameter
(diaactive) was measured once a steady state was reached (3–5
minutes). Myogenic tone was calculated as the percent constriction in
relation to the maximal diameter at each respective transmural pressure,
as follows: tone (% of diamax)�[(diamax�diaactive)/diamax]�100,
where diaactive is the vessel diameter in MOPS containing Ca2�,
and diamax is the diameter in Ca2�-free MOPS.

Receptor-stimulated vasomotor responses were determined with
the same calculation, but in this case, diaactive represents the vessel
diameter at steady state after application of the given agent, and
diamax represents the maximal diameter (measured under Ca2�-free
conditions) at 45 mm Hg. Complete details are provided in the
online-only Data Supplement.

Myocardial Infarction
HF in mice was induced by experimental myocardial infarction
produced by surgical ligation of the left anterior descending (LAD)
coronary artery.4 Briefly, mice were anesthetized with isoflurane,
intubated with a 20-gauge angiocatheter, and ventilated with room
air. Under sterile conditions, the thorax and pericardium were
opened, and the LAD was permanently ligated with 7-0 silk suture
(Deknatel; Fall River). In sham-operated controls, the thorax and
pericardium were opened, but the LAD was not ligated. After the
procedure, the chest was closed, and the mice were extubated on
spontaneous respiration. Cerebral arteries were isolated 4 to 6 weeks
after myocardial infarction. As described,4 HF mice develop en-
larged hearts, congested lungs, and reduced cardiac output and blood
pressure, with elevated peripheral resistance. All of these parameters
remained normal in sham-operated controls.

Western Blots, Reverse Transcription Polymerase
Chain Reaction, and Cell Proliferation Assessment
Standard biochemical procedures were utilized for experiments
involving reverse transcription polymerase chain reaction and West-
ern blots, including the fractionation of cellular lysates procedure in
the latter case. A standard cell-counting approach was used to assess
cell proliferation. Methodological details are provided in the online-
only Data Supplement.

Statistical Analysis
All data are expressed as mean�SEM, where n is the number of
independent experiments. A nonparametric Wilcoxon test with
computation of exact P values was utilized for the comparison of 2
independent groups. For comparison of multiple independent groups,
a nonparametric 1-way ANOVA (Kruskal-Wallis) followed by a
Wilcoxon test with exact P value computation as a post hoc test for
pairwise comparisons was used (because this was exploratory, we
did not adjust for multiple comparisons). For the assessment of
myogenic responses and dose-response relationships, data were
analyzed with a 2-way repeated-measures ANOVA; if a significant
effect of treatment/genotype was observed, the Wilcoxon test with
exact P value computation was employed post hoc to assess the
differences. Differences were considered significant at error proba-
bilities of P�0.05. A Pearson correlation analysis was used for
correlative assessments.

Results
CFTR Is Essential for S1P Import Into Vascular
Smooth Muscle Cells
We first confirmed the expression of CFTR mRNA through-
out the mouse vascular tree, including conduit and resistance
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arteries (Figure I in the online-only Data Supplement).
Expression of CFTR protein was confirmed in mouse poste-
rior cerebral and mesenteric arteries and in primary vascular
smooth muscle cells (VSMCs) derived from mouse mesen-
teric arteries (Figure 1A).

Using a standard FACS assay and a pharmacological
CFTR inhibitor [CFTR(inh)-172], we next demonstrated
CFTR-dependent accumulation of FITC-labeled S1P (FITC-
S1P) in VSMCs (Figure 1B and 1C). Control experiments
demonstrated that coincubating unlabeled and FITC-labeled

S1P significantly inhibited FITC-S1P uptake (Figure II in the
online-only Data Supplement). FITC-S1P uptake was absent in
VSMCs isolated from mice lacking CFTR (CFTR�/�; Figure
1C), a deficiency rescued by expression of a green fluorescent
protein (GFP)–tagged CFTR construct (GFP-CFTRwt) and then
abolished again by CFTR(inh)-172 (Figure 1D).

To more directly link S1P transport to CFTR expression
and membrane localization, we studied immortalized baby
hamster kidney cells, which possess a minimal endogenous
level of CFTR. Baby hamster kidney cells exhibited a low

Figure 1. The cystic fibrosis transmembrane conductance regulator (CFTR) mediates cellular fluorescein isothiocyanate (FITC)–
sphingosine-1-phosphate (S1P) uptake. A, Western blots confirm CFTR protein expression in isolated mouse cerebral and mesenteric
arteries, as well as primary vascular smooth muscle cells (VSMCs) isolated from mouse mesenteric arteries. No CFTR signal was
detected from mesenteric VSMCs isolated from CFTR knockout (CFTR�/�) mice. The blots displayed are representative of at least 3
separate experiments. B, A standard fluorescence-activated cell sorting analysis technique reveals a shift in the median fluorescence
intensity at 525 nm for VSMCs incubated with FITC-S1P compared with cells incubated with unlabeled S1P (background [Bkgd]). This
median shift represents a measure of FITC-S1P uptake. C, In wild-type littermate VSMCs (CFTR�/�), the median fluorescence intensity
shift (n�6) is abolished by CFTR inhibition [100 nmol/L CFTR(inh)-172 for 30 minutes; n�5]. In VSMCs isolated from CFTR knockout
mice, no shift in median fluorescence intensity is observed after FITC-S1P treatment (n�6), nor is there an effect of CFTR inhibition
(n�5). Con indicates control. D, The S1P uptake deficit in CFTR�/� VSMCs was rescued by transfecting the cells with a wild-type
CFTR construct (CFTRwt; n�6); the rescued S1P uptake was abolished by CFTR inhibition (n�5). E, In baby hamster kidney (BHK)
cells, stable expression of CFTRwt significantly increased S1P uptake compared with nontransfected cells (n�4). F, Maintaining BHK
cells that express CFTR�F508 at 27°C for 24 hours (a procedure that increases plasma membrane abundance of CFTR) also significantly
increased S1P uptake (n�6). *P�0.05 for multiple, unpaired comparisons within each genotype in C; multiple, unpaired comparisons in
D; and single, unpaired comparisons in E and F. E and F display data normalized to their respective backgrounds.
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level of FITC-S1P uptake, which was enhanced by stable
expression of CFTRwt (Figure 1E; the absolute values for all
normalized FITC-S1P uptake data are supplied in Table I in
the online-only Data Supplement). In baby hamster kidney
cells stably expressing a temperature-sensitive CFTR mutant
(CFTR�F508), FITC-S1P uptake could only be increased if
culture conditions permitted proper membrane localization of
CFTR (27°C; Figure 1F).18 Under conditions causing reten-
tion of CFTR in the endoplasmic reticulum (37°C for 24
hours),18 FITC-S1P uptake was not enhanced by the expres-
sion of CFTR�F508 (Figure 1F).

CFTR Modulates Effects of S1P on Cells
and Vessels
We next explored whether CFTR-dependent S1P transport
affects 2 well-documented receptor-dependent responses to
exogenous S1P.3,19 At the cellular level, VSMCs derived
from wild-type (CFTR�/�) mesenteric arteries possessed a
higher rate of proliferation than those isolated from CFTR
knockout mice (CFTR�/�; see control bars in Figure 2A
versus 2B; P�0.05). Although treatment with S1P (100
nmol/L) inhibited cell proliferation in both genotypes,
pharmacological inhibition of CFTR only enhanced the

Figure 2. The cystic fibrosis transmembrane conductance regulator (CFTR) modulates sphingosine-1-phosphate (S1P)–dependent
responses in cultured vascular smooth muscle cells and isolated arteries. A, S1P (100 nmol/L) significantly inhibits wild-type (CFTR�/�)
vascular smooth muscle cell proliferation, an effect that is enhanced by CFTR inhibition [100 nmol/L CFTR(inh)-172; n�5 for all groups].
B, CFTR knockout (CFTR�/�) vascular smooth muscle cell proliferation is lower under control (con) conditions than CFTR�/� vascular
smooth muscle cells (P�0.05 comparing white bars in A and B; n�5). S1P inhibits cell proliferation in CFTR�/� vascular smooth muscle
cells; however, CFTR inhibition has no further effect (n�5). C, S1P-stimulated vasoconstriction is stronger in posterior cerebral arteries iso-
lated from CFTR�/� compared with CFTR�/� littermate controls (n�6 for both groups). Posterior cerebral artery responses to phenylephrine
(D) and acetylcholine (E) are similar in the 2 genotypes (n�4 for CFTR�/�; n�3 for CFTR�/�). F, Posterior cerebral artery myogenic tone is
stronger at all transmural pressures �20 mm Hg (ie, 40–100 mm Hg); a similar pattern is observed for mesenteric arteries (G) (for both cere-
bral and mesenteric arteries: n�6 for CFTR�/�; n�8 for CFTR�/�). The enhanced myogenic tone in CFTR�/� cerebral (F) and mesenteric (G)
arteries is abolished by S1P2 receptor inhibition (1 �mol/L JTE013; 30 minutes; n�4 for both artery types). Maximal vessel diameters at
45 mm Hg (diamax) were as follows: posterior cerebral artery CFTR�/� 166�8 �m (n�8), posterior cerebral artery CFTR�/� 162�5 �m (n�6),
P�NS; and mesenteric CFTR�/� 240�11 �m (n�8), mesenteric CFTR�/� 301�34 �m (n�6), P�NS. In A and B, *P�0.05 relative to control;
�P�0.05 relative to S1P for multiple, unpaired comparisons; in C through E, *P�0.05 after 2-way repeated-measures ANOVA; in F and G,
*P�0.05 relative to the CFTR�/� genotype after 2-way ANOVA.
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antiproliferative effects of S1P in CFTR�/� cells (Figure
2A and 2B), indicating target specificity of CFTR(inh)-172
and supporting the ability of CFTR to limit S1P-dependent
effects.

At the organ level, dose-dependent S1P vasoconstriction of
mouse PCAs was more potent in CFTR�/� versus CFTR�/�

PCAs (Figure 2C). Importantly, CFTR�/� and CFTR�/�

PCAs did not differ in their vasomotor responses to phenyl-
ephrine (Figure 2D) or acetylcholine (Figure 2E).

To assess the functional relevance of CFTR to the regula-
tion of endogenous S1P signaling, we examined pressure-
induced myogenic vasoconstriction, a complex integrated
response modulated prominently by S1P.2 PCAs isolated
from CFTR�/� mice displayed stronger myogenic vasocon-
striction at all transmural pressures �40 mm Hg (ie, 60–
100 mm Hg) compared with PCAs from CFTR�/� littermate
controls (Figure 2F). These effects were not limited to
cerebral vessels because mesenteric arteries displayed similar
results (Figure 2G). To confirm the full dependence of
myogenic responses on S1P signaling, pressure-induced va-
soconstriction in both cerebral and mesenteric CFTR�/�

vessels was abolished by the putative S1P2 receptor antago-
nist JTE013 (Figure 2F and 2G).

CFTR Expression Is Diminished in HF
Alterations in S1P signaling are common to several patho-
logical processes. Indeed, we have demonstrated recently that
mesenteric and cremasteric artery myogenic responses are
significantly enhanced in a post–myocardial infarction model
of HF as a result of augmented S1P signaling.4 Consistent
with an inverse relationship between CFTR and S1P signal-

ing, we found marked reductions in CFTR mRNA and protein
in PCAs isolated from mice with HF (4–6 weeks after
myocardial infarction) versus sham-operated controls (Figure
3A and Figure IIIA in the online-only Data Supplement).
Similar reductions in CFTR mRNA (28�11%; n�15;
P�0.05) and protein (42�5%; n�7; P�0.05) were observed
in mesenteric arteries isolated from mice with HF (Figure
IIIB and IIIC in the online-only Data Supplement). In both
vascular beds, CFTR expression correlated negatively with
infarct size (Figure 3B and Figure IV in the online-only Data
Supplement). As shown in Figure 3C through 3E, HF did not
affect expression levels of sphingosine kinase 1, SPP1, or the
S1P2 receptor mRNA.

Expression and Localization of CFTR Are
Regulated by TNF-�
Because HF is known to increase TNF-�20–22 and TNF-� is
known to augment S1P signaling,23–25 we next explored
whether TNF-� underlies reduced expression levels of CFTR
in HF. As we have demonstrated previously,4 mice with HF
displayed evidence of fluid retention and organ congestion
(manifested as increased body, heart, lung, and liver
weights and an increase in the ratio of heart to body
weight) and decreased cardiac function (Table II in the
online-only Data Supplement).

Although initiating in vivo etanercept treatment (which
sequesters TNF-�) within hours of LAD ligation did not alter
infarct size (Figure V in the online-only Data Supplement), it
ameliorated the effects of HF on organ weight and all cardiac
function parameters except for left ventricular end-systolic
and -diastolic pressures (Table II in the online-only Data

Figure 3. Heart failure (HF) downregulates the cystic fibrosis transmembrane conductance regulator (CFTR) but not sphingosine-1-
phosphate (S1P) signaling components. HF (4–6 weeks after myocardial infarction) is associated with the downregulation of posterior
cerebral artery CFTR protein expression (n�4) (A), which negatively correlated with the extent of the myocardial infarction (B). C
through E, HF does not affect the mRNA expression of mesenteric artery sphingosine kinase 1 (SphK1; n�12), S1P phosphohydrolase
1 (SPP1; n�7), or the S1P2 receptor subtype (S1P2R; n�6). *P�0.05 for single, unpaired comparisons.
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Supplement). At the vascular level, this treatment protocol
normalized myogenic tone and vasomotor responses to exog-
enous S1P and prevented CFTR downregulation (Figure 4).
Neither HF nor etanercept treatment affected vasomotor
responses to phenylephrine (Figure 4C), indicating specific
effects on S1P signaling. To assess reversibility, we delayed
etanercept treatment (ie, initiated a 2-week treatment at 6
weeks post-LAD ligation) and observed normalized CFTR
expression (Figure 4E).

In accordance with the TNF-� sequestration results, HF
failed to augment myogenic tone (Figure 5A) and vasomotor
responses to S1P (Figure 5B) in PCAs isolated from TNF-�
knockout (TNF�/�) mice; intriguingly, phenylephrine re-
sponses in TNF�/� PCAs were enhanced at the 0.1- and
1-�mol/L concentration in HF (Figure 5C). CFTR protein

expression in the PCA did not change in HF (Figure 5D),
which indicates that the CFTR downregulation observed in
wild-type mice depends on TNF-� signaling. Similar obser-
vations for all parameters were made for mesenteric arteries
isolated from TNF�/� mice (Figure VI in the online-only
Data Supplement).

Primary mouse VSMCs exposed to TNF-� (10 ng/mL, 24
hours) showed reductions in CFTR mRNA (Figure VII in the
online-only Data Supplement) and protein (Figure 6A) ex-
pression, with a concomitant reduction in their uptake of
FITC-S1P (Figure 6B). The TNF-�–mediated effects on
CFTR expression and FITC-S1P uptake fully recovered
within 24 hours after the removal of TNF-� (Figure 6C and
6D). Of note, TNF-� induced a rapid decline in CFTR
expression (t1/2�6.5 hours, with significant differences ver-

Figure 4. Heart failure (HF) alters myogenic tone, sphingosine-1-phosphate signaling, and cystic fibrosis transmembrane conductance
regulator (CFTR) expression by a tumor necrosis factor-�–dependent mechanism. Myogenic tone (A) and sphingosine-1-phosphate–
stimulated vasoconstriction (B) are augmented in posterior cerebral arteries isolated from saline-treated wild-type mice with HF.
Sequestration of tumor necrosis factor-� via systemic etanercept (ETN) treatment (initiated immediately after the left anterior descend-
ing artery ligation procedure) abolishes these HF-mediated enhancements. Neither HF nor etanercept treatment affects posterior cere-
bral artery responses to phenylephrine (C). In all experiments in A through C: n�6 for sham�saline; n�5 for HF�saline; n�10 for
sham�etanercept; and n�7 for HF�etanercept. Maximal vessel diameters at 45 mm Hg (diamax) were 172�4, 172�2, 180�3, and
174�8 �m, respectively (P�NS). The HF-associated downregulation of posterior cerebral artery CFTR protein expression is prevented
by immediate (n�4) (D) and reversed by delayed (n�6) etanercept treatment (E). In A through C, *P�0.05 relative to the sham�saline
group; �significant difference between HF�saline and HF�etanercept after 2-way repeated-measures ANOVA; in D and E, *P�0.05 for
unpaired comparisons with the respective sham control.
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sus control by 9 hours; Figure 6E). A subsequent analysis of
the “B” (immature, nonglycosylated CFTR; 165 kDa) and
“C” bands (mature, glycosylated CFTR; 170 kDa)26,27 indi-
cated a loss of the mature form of CFTR (band C), which did
not appear to result from reduced expression/maturation
(band B; Figure 6E). Assessment of membrane and intracel-
lular fractions indicated a decline in membrane-associated
CFTR without intracellular accumulation, consistent with the
operation of a degrading mechanism (Figure 6F).

Brain, Heart, and Lung Tissues Also Show a
HF-Induced, TNF-�–Dependent Downregulation
of CFTR Expression
HF reduces CFTR protein expression in the brain (by
41�3%; n�3), heart (by 18�1%; n�4–5), and lung (by
34�4%; n�4–8); systemic TNF-� sequestration with etan-
ercept (treatment initiated immediately after the LAD liga-
tion) prevents this downregulation (Figure 7A through 7C).
Staining of lung slices with a CFTR antibody localized the
majority of CFTR expression in terminal bronchioli to the
epithelium (Figure 7D).28 HF significantly reduces bronchial
epithelia CFTR expression (by 34%; n�4; Figure 7E and 7F),
a result that matches well with the Western blot data
displayed in Figure 7C.

Discussion
The rheostat between S1P synthesis29 and degradation3 im-
portantly contributes to the control of myogenic tone in
resistance arteries. As an intrinsic, smooth muscle cell–
dependent response to alterations in transmural pressure,

myogenic tone is central to the local autoregulation of tissue
perfusion and, at the systemic level, influences mean arterial
pressure by dictating the magnitude of total peripheral resis-
tance. A failure to adequately control the S1P rheostat
within the microcirculation would therefore have signifi-
cant detrimental vascular effects, evident at both the local
and systemic levels.

We have demonstrated recently that SPP1 degrades extra-
cellular S1P and thus is a physiologically relevant, endoge-
nous regulator of myogenic tone.3 However, the predominant
intracellular localization of SPP1 necessitates an import
mechanism in order for SPP1 to exert is regulatory function.
This potentially imposes the transport process (ie, the mech-
anism shuttling extracellular S1P across the plasma mem-
brane for degradation by SPP1) as the key regulatory and
rate-limiting step in the S1P degradation chain. Indeed, the
fact that there are few known regulators of SPP1 activity
supports the view that the transporter, rather than SPP1, is the
primary site of S1P degradation control. Previous investiga-
tions by us3 and others9 provide indirect evidence implicating
CFTR in this transport process.

The present investigation identifies a direct pathophysio-
logical link between CFTR and S1P signaling and introduces
a novel, broadly applicable paradigm that resolves the issue
of the manner in which extracellular S1P is ultimately
degraded by intracellular S1P phosphatases. Within the S1P
degradation pathway, CFTR acts as a molecular gatekeeper
that is well positioned to regulate the entire process. Because
S1P signaling plays a critical role in virtually every cell
type and is known to be altered in several pathological

Figure 5. In posterior cerebral arteries isolated from tumor necrosis factor (TNF)�/� mice, heart failure (HF) failed to enhance myogenic
tone (A) and sphingosine-1-phosphate–stimulated vasoconstriction (B), although responses to phenylephrine (C) were enhanced at the
1-�mol/L concentration. In all experiments displayed in A through C: TNF�/� sham maximal diameter at 45 mm Hg (diamax)�155�4 �m,
n�5; TNF�/� HF diamax�158�5 �m, n�7. D, Genetic deletion of TNF-� prevented the HF-associated downregulation of posterior cerebral
artery cystic fibrosis transmembrane conductance regulator (CFTR) protein expression (n�4 for both groups). In A through C, *P�0.05 after
2-way repeated-measures ANOVA; in D, *P�0.05 for unpaired comparison.
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settings, it is conceivable that CFTR dysregulation con-
tributes to a range of immunologic,10 cardiovascular,11 and
oncogenic12 disorders with an S1P component. In this
regard, our paradigm positions CFTR as a potential ther-
apeutic target for these conditions.

Our investigation has also improved our understanding of
mechanisms that regulate S1P signaling in resistance artery
VSMCs. A traditional viewpoint favors increased S1P syn-
thesis as the primary means of elevating S1P levels; although
energy intensive, this mechanism clearly operates during

Figure 6. Tumor necrosis factor-� (TNF-�) downregulates cystic fibrosis transmembrane conductance regulator (CFTR) expression and
stimulates a reduction in plasma membrane–associated CFTR. A, TNF-� (10 ng/mL; 24 hours) stimulates the downregulation of mesen-
teric vascular smooth muscle cell CFTR protein expression (n�6), with (B) a concomitant reduction in fluorescein isothiocyanate–
sphingosine-1-phosphate (S1P) uptake (n�6). Both the reduced CFTR expression (n�4) (C) and attenuated fluorescein isothiocyanate–
S1P uptake (n�4–10) (D) were completely reversed 24 hours after TNF-� washout. E, TNF-� treatment (10 ng/mL) stimulates a steady
decline in CFTR protein expression (n�4). Analysis of the 165-kDa (immature, nonglycosylated CFTR; band B) and 170-kDa (mature, glyco-
sylated CFTR; band C) bands indicated that only the mature form of CFTR declined. F, Analysis of plasma membrane and intracellular frac-
tions (n�6) indicated that membrane-associate CFTR was reduced without a concomitant accumulation of intracellular-associated CFTR. In
A and B, *P�0.05 for unpaired comparisons with control (con)/background (Bkgd); in C through F, *P�0.05 for multiple, unpaired compari-
sons with the control value at time�0 hours; �P�0.05 for difference between pre–TNF-� removal and TNF-� removal.
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acute myogenic vasoconstriction responses.29 In contrast,
enhancing S1P signaling through limited uptake/degradation
via CFTR enables a system to maintain high levels of S1P
signaling at a constant synthesis rate, with minimal energy
cost. Indeed, our data demonstrate the effectiveness of inhib-
iting S1P degradation, and we speculate that this may be the
preferred mechanism for sustained elevations of S1P signal-
ing in chronic conditions such as HF.

In the present study, we demonstrate that perturbation of
CFTR expression or localization significantly alters S1P
signaling. Reducing plasma membrane CFTR abundance
(genomic deletion [CFTR�/�], downregulation after TNF-�
treatment, and intracellular retention [CFTR�F508]) aug-
mented S1P signaling. In the case of the CFTR�F508 mutant,
we confirm that in order to transport extracellular S1P, CFTR
must reside within the plasma membrane.

On the basis of the relationship between CFTR and S1P
signaling we establish here, we would expect that the most
widely recognized pathology associated with CFTR dysfunc-
tion, cystic fibrosis, should encompass vascular effects me-
diated by enhanced S1P signaling (in addition to or in

conjunction with effects related to the other functions of
CFTR, eg, chloride transport). Although cystic fibrosis is
associated with cardiac impairment,30,31 it is not clinically
associated with hypertension, a systemic effect that would be
predicted as a consequence of S1P-dependent augmentation
of myogenic tone and hence peripheral resistance. However,
mean arterial pressure measurements integrate several factors
and mechanisms (eg, blood volume, cardiac output, total
peripheral resistance). In addition to cardiac dysfunction,30,31

patients with cystic fibrosis are known to have increased
sweat salt loss32; both are confounding factors that could
ameliorate the effects of increased resistance artery tone.
Nevertheless, our findings align well with previous studies
reporting altered lipid metabolism in patients with cystic
fibrosis (eg, accumulation of ceramide,33 a lipid mediator
involved in the sphingolipid rheostat1).

To date, very little effort has been made to investigate S1P
signaling in clinical or experimental cystic fibrosis. This may
reflect the fact that the importance of CFTR in controlling
S1P bioavailability has been largely underestimated. The
present investigation clearly demonstrates that the genetic

Figure 7. Heart failure (HF) downregulates cystic fibrosis transmembrane conductance regulator (CFTR) protein expression in brain,
heart, and lung. HF (4–6 weeks after myocardial infarction) is associated with the downregulation of CFTR protein expression in brain
(A), heart (B), and lung (C); sequestration of tumor necrosis factor-� via systemic etanercept treatment (ETN; initiated immediately after
the left anterior descending artery ligation procedure) abolishes this downregulation. *P�0.05 for multiple, unpaired comparisons with
the sham�saline control groups; n�4 to 5 for brain; n�3 for heart; and n�4 to 8 for lung. D and E, Representative images of lung
slices from HF mice (E; n�4) and sham-operated controls (D; n�4) that are stained for CFTR (green), nuclear factor-�B (cytosolic
marker; red), and nuclei (Hoechst 33258; blue). HF significantly reduces epithelial CFTR expression in terminal bronchioli (F). *P�0.05
for unpaired comparisons between sham and HF groups; images are representative of at least 20 slices per group (ie, 5 per animal).
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deletion of CFTR results in a marked enhancement of
S1P-stimulated vasoconstriction and myogenic tone, obser-
vations that corroborate previous results utilizing a chemical
CFTR inhibitor.3 In the case of myogenic vasoconstriction,
the enhancement was observed in 2 structurally and function-
ally distinct artery types (ie, mesenteric and cerebral resis-
tance arteries), suggesting that this enhancement is not
confined to 1 specific artery subtype. Taken together, our
observations support the premise that CFTR is an integral
element determining resistance artery homeostasis, with di-
rect relevance under both physiological and potentially patho-
physiological conditions.

CFTR regulation, which includes expression, localization,
and gating, is highly dynamic; changes in CFTR function/
expression could represent an important underlying compo-
nent of several disease processes. In particular, the inflam-
matory mediator TNF-� is a negative regulator of CFTR,34–37

which tacitly involves CFTR in conditions that possess an
inflammatory component. Remarkably, we have demon-
strated previously that TNF-� augments resistance artery
contractile function via an S1P-dependent mechanism, both
when applied exogenously ex vivo5,38 and under the more
relevant systemic inflammatory setting of HF.5 Although
we38 and others39 have also documented TNF-�–dependent
activation of sphingosine kinase 1, this mechanism alone
cannot explain the leftward shift in the S1P dose-response
relationship observed (Figure 4B). In fact, the augmented
responses to exogenous S1P suggest either increased S1P2

receptor function or impairment of S1P degradation as the
underlying cause. In the absence of alterations to S1P2 or
SPP1 expression, the current data favor reduced CFTR
expression and/or function as the primary underlying
mechanism.

Our results suggest that TNF-� reversibly controls CFTR
expression by both genomic and nongenomic mechanisms. In
the short term, we observe a steady decline of membrane-
associated CFTR, without intracellular accumulation (Figure
6F) or perturbation in the levels of immature CFTR (Figure
6E). This indicates that membrane-associated CFTR is de-
graded as opposed to sequestered. After 24 hours, reductions

in CFTR mRNA are observed, suggesting genomic effects on
transcription or mRNA stability.

The suppression of CFTR expression in concert with
limiting membrane abundance occurs on a time scale that is
compatible with both short- and long-term regulation of
CFTR function. In our chronic model of HF, we observe a
TNF-�–dependent (ie, etanercept-sensitive) downregulation
of CFTR that correlates with the enhancement of S1P-
dependent effects on microvascular tone and with a reported
reduction in cerebral blood flow.5 Interrupting TNF-� signal-
ing immediately after LAD ligation prevents the downregu-
lation of CFTR, which subsequently enhances S1P signaling.
Interrupting TNF-� signaling at later time points, after HF is
fully established, restores CFTR expression and microvascu-
lar S1P signaling.

The same paradigm was observed in whole-organ lysates
from brain, heart, and lung, which consistently demonstrated
etanercept-sensitive CFTR downregulation in HF (Figure 7).
The fact that HF downregulates CFTR expression in terminal
bronchioli epithelial cells, which differ from vascular smooth
muscle in terms of both function and developmental origin,
elevates the significance of our findings beyond that of the
microvascular field. It is tempting to speculate that TNF-�–
induced CFTR downregulation (see scheme in Figure 8) is a
global response and a key underlying component driving
multiorgan dysfunction in HF.

In summary, CFTR represents a bottleneck within the S1P
degradation pathway that therefore controls S1P signaling.
CFTR dysfunction therefore perturbs S1P signaling and, as
such, could represent an underlying cause of pathogenic
changes in S1P signaling (ie, CFTR is an upstream target in
the disease process). In the present study, we present data
suggesting that the reversible downregulation of CFTR en-
hances microvascular reactivity in HF, a critical determinant
of disease progression. On the basis of this investigation, we
conclude that CFTR represents an unexplored therapeutic
target for conditions related to altered S1P signaling.
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CLINICAL PERSPECTIVE
This study brings forth the novel concept that changes in vascular cystic fibrosis transmembrane conductance regulator
expression underlie the enhancement of vascular tone in heart failure. Our investigation additionally shows that this
pathophysiological response is widespread, suggesting that it is a global response that may drive multiorgan dysfunction
in heart failure. At the mechanistic level, the cystic fibrosis transmembrane conductance regulator functions as a key
regulator of sphingosine-1-phosphate degradation, the modulation of which critically alters myogenic and vascular tone.
We conclude that the cystic fibrosis transmembrane conductance regulator represents an unexplored therapeutic target for
the improvement of vascular function in heart failure.
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SUPPLEMENTAL MATERIAL 

SUPPLEMENTAL METHODS 

Reagents 

Sphingosine-1-phosphate (S1P) was purchased from Biomol International (Plymouth Landing, USA), 
fluorescein-labeled S1P (FITC-S1P) from Echelon Biosciences (Salt Lake City, USA), JTE013 from 
Tocris Bioscience (Ellisville, USA) and etanercept from Amgen (Thousand Oaks, USA). Protease 
inhibitor cocktail tablets (Complete®; used in western blot lysis buffers) were purchased from Roche 
(Mississauga, Canada). All other chemical reagents were purchased from Sigma-Aldrich (St. Louis, 
USA). MOPS-buffered salt solution contained [mmol/L]: NaCl 145, KCl 4.7, CaCl2 3.0, MgSO4 •7H2O 
1.17, NaH2PO4 •2H2O 1.2, pyruvate 2.0, EDTA 0.02, MOPS (3morpholinopropanesulfonic acid) 3.0, 
and glucose 5.0.  

Commercially-available CFTR (clone CF3 mouse monoclonal anti-CFTR; Novus Biologicals, Littleton 
USA) and GAPDH (clone 9B3 mouse monoclonal anti-GAPDH; Santa Cruz Biotechnology, Santa 
Cruz, USA) primary antibodies were used for western blotting. These were conjugated with 
peroxidase-labeled sheep anti-mouse IgG antibody (GE Healthcare; Piscataway, USA) and detected 
with an “ECL Plus” enhanced chemiluminescence substrates (GE Healthcare) and X-ray film. 

CFTR-/- VSMC cells were transfected with GFP-labeled CFTR (GFP-CFTRwt; a gift from Dr. C. Bear, 
University of Toronto, Canada) using Effectene transfection reagent (Qiagen; Mississauga, Canada), 
according to the manufacturer’s instructions (each 35mm culture dish received 0.4μg of the 
GFP-CFTRwt plasmid construct).  The cells were transfected overnight; successful transfection was 
verified by the fluorescent detection of GFP. 

Baby Hamster Kidney cells 
Naïve baby hamster kidney fibroblast cells (BHK cells), BHK cells stably expressing wild-type CFTR 
(CFTRwt) 1 and BHK cells stably expressing the F508 CFTR mutant (CFTRF508) 1 were generous 
gifts from Dr. C. Bear (University of Toronto, Canada). Naïve BHK cells were maintained in 
DMEM/F12 media containing 5% FBS; the media for BHK cells expressing CFTR additionally 
contained 500μmol/L methotrexate (which activates the CFTR transgene promoter).  Cells were 
maintained under standard culture conditions (37oC, 5%CO2).   

RT-PCR  
RNA was isolated using a Qiagen RNeasy® Kit, as per instructions. Using a “Superscript III” kit 
(Invitrogen Life Technologies; Burlington, Canada), 5μg of total RNA was reverse transcribed with 
random hexamer primers.  The resulting cDNA was diluted to a final volume of 280μl, which was 
subsequently used as a template for PCR reactions. The PCR protocol, consisted of 40 cycles of 30s 
denaturation (95oC); 45s primer annealing (at the primer-specific annealing temperature); and 45s 
primer extension (72oC).  Resultant PCR products were separated on a 2.5% agarose gel containing 
ethidium bromide and analyzed by densitometry using publicly available “Image J” software.  A list of 
all primers utilized, their specific annealing temperatures and the expectant amplicon sizes are listed in 
Supplemental Table 3. 

Western Blotting 

Vessel lysates were prepared by grinding the tissue in lysis buffer containing 25mM Tris (pH6.8), 
1% SDS, 10% glycerol, 1mM EDTA, 0.7M β-mercaptoethanol and 25μg/ml protease inhibitor cocktail, 
followed by freeze-thaw cycles using liquid nitrogen. The resulting lysates were heated to 65oC for 
10 minutes and then centrifuged (30 minutes at 15,000g; 4oC) to remove insoluble material. 



 

Whole-cell lysates were prepared by lysing cells (6 freeze-thaw cycles using liquid nitrogen followed 
by room temperature vortexing) in lysis buffer containing 20mM Tris (pH 7.5), 140mM NaCl, 
1% NP-40, 10% glycerol, 0.2mM EDTA, 2mM EGTA and 25μg/ml protease inhibitor cocktail. The 
resulting lysates were centrifuged (30 minutes at 15,000g; 4oC) to remove insoluble material. 

Membrane fractions were prepared as previously described 2.  Briefly, confluent VSMC monolayers 
were lysed (6 freeze-thaw cycles using liquid nitrogen followed by room temperature vortexing) in 
buffer containing 10mM Tris (pH 7.3), 140mM NaCl, 1% Triton-X-100, 5mM EDTA, 1mM DTT and 
25μg/ml protease inhibitor cocktail. The samples were centrifuged (30 minutes at 15,000g; 4oC) to 
remove insoluble material.  The supernatant was then overlayed 1:1 with 3% sucrose and incubated 
for 5 minutes at room temperature and then 5 minutes at 30oC.  Following centrifugation (5 minutes at 
2000rpm; 4oC), two phases are evident: a clear phase containing the cytosolic fraction and a translucent 
phase containing the membrane fraction.  The cytosolic fraction (clear phase) was mixed 1:1 with 
buffer containing 10mM Tris (pH 7.3), 140mM NaCl, 1.5mM KCl, 5mM EDTA, 1mM DTT, and 
25μg/ml protease inhibitor cocktail, heated to 65oC for 10 minutes and then centrifuged (30 minutes at 
15,000g; 4oC) to remove insoluble material.  The membrane fraction was not processed further. Control 
western blots utilizing membrane (integrin β8) and cytosolic (GAPDH) markers indicated good 
separation of the plasma membrane and intracellular fractions (Supplemental Figure 8). 

A standard polyacrylamide gel electrophoresis procedure was utilized to separate the protein samples. 
Briefly, protein levels were quantified spectrophotometrically using Bradford reagent. Equal amounts 
of protein were loaded onto either 5% acrylamide gels (for CFTR) or 15% acrylamide gels (for 
GAPDH), separated electrophoretically and transferred onto PVDF membranes.  Immediately 
following transfer, protein levels on the blot were quantified densitometrically with the rapidly 
reversible protein stain Ponceau S. After washing the Ponceau stain with distilled water, the 
membranes were blocked for 60 minutes in 5% non-fat skim milk (in phosphate-buffered saline 
containing 1% Tween 20 (PBST); 137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.76mM K2HPO4; 
pH 7.4) and sequentially incubated with the primary and secondary antibodies. Antibody dilutions were 
1:1000 for CFTR, 1:2,000 for GADPH and 1:40,000 for the peroxidase-labeled secondary antibody (all 
diluted in 2% bovine serum albumin in PBST). A standard chemiluminescence procedure was used to 
expose X-ray film; developed films were evaluated densitometrically using “Image J” software. 

Resolution of the CFTR “C band” (mature, membrane associated; 170kDa 3,4), the target band for 
CFTR quantification, requires the 5% acrylamide gel concentration in order to gain sufficient 
separation from the “B band” (165kDa 3,4): this precluded the assessment of GAPDH on the same blot, 
which runs off the gel. Because lysates from cultured cells provided substantial amounts of protein, we 
were able to compare densitometric ratios derived from a duplicate blot approach (i.e., GADPH:CFTR, 
from two separate blots) and a single blot approach (i.e., an arbitrary, submaximal band detected by 
Ponceau S: CFTR, from the same blot). We found that both methods return similar results.  All blots 
using cultured cells were analyzed by both approaches; however the manuscript only presents the 
duplicate blot approach.  Because of the low protein levels available in vessel lysates, only the single 
blot approach was utilized for these experiments. 

VSMC Proliferation Assay 

Initially, 105 VSMCs were plated and cultured in 35mm diameter chambers for 24hrs.  The culture 
medium was then exchanged for medium containing S1P (100nmol/L), S1P (100nmol/L) + 
CFTR(inh)-172 (100nmol/L) or no treatment and cultured for 96hrs.  The cells were then trypsinized 
(0.5ml of 0.025% trypsin/0.02% EDTA) for 2 minutes at 37oC in order to detach them from the plates 
and re-suspended in 1.5ml of medium.  Cell counts within aliquots of the resultant suspensions were 
determined using a Thoma chamber; the total proliferation level was then extrapolated. 



 

Small artery studies: 

All functional vessel experiments were conducted in MOPS-buffered saline at 37oC and transmural 
pressure of 45mmHg, with the exception of myogenic responses (see below). Vasomotor responses to 
phenylephrine (PE; 5µmol/L) and acetylcholine (ACh; 10µmol/L) provided an assessment of vessel 
viability at the beginning and end of each experiment. PCAs failing to show ≥25% constriction to PE 
and ≥20% dilation to ACh (in the presence of 5µmol/L PE) were excluded. 

Myogenic responses were elicited by step-wise 20mmHg increases in transmural pressure from 20 to 
100mmHg. At each pressure step, vessel diameter (diaactive) was measured once a steady state was 
reached (5min). Vessels requiring treatment (50pg/ml TNFα or 1µmol/L JTE013) were incubated with 
the reagent in MOPS for 30 min at 45mmHg, and myogenic responses were then assessed in the 
presence of that reagent. Following completion of all diaactive measurements, MOPS buffer was 
replaced with a Ca2+-free version and maximal passive diameter (diamax) was recorded at each pressure 
step. 

Assessment of myocardial infarction: 

A standard procedure for determining infarct size was followed 5,6.  Following euthanization, hearts 
were removed, fixed in 10% formaldehyde and paraffin embedded. Slices (10μm) were stained with 
hematoxylin and eosin. Infarct size was calculated by comparing the circumferential length of the 
infarct to the total myocardial length, resulting in a percentage-based index in infarct size.  
 
 
 
  



 

SUPPLEMENTAL TABLE 1:   Raw data used to calculate normalized FITC-S1P uptake values 

 

A 
 Naive BHK BHK + CFTRwt BHK + CFTRF508 37oC BHK + CFTRF508 27oC 

 Background FITC-S1P Background FITC-S1P Background FITC-S1P Background FITC-S1P 

Mean 1181 1641 806 2586 1986 2114 1807 2529 

SEM 111 142 35 53 51 46 68 148 

number 4 4 4 4 7 7 7 7 

 

Shown are the mean fluorescence intensity data (arbitrary units; collected by FACS analysis) that was 
subsequently normalized and presented as S1P uptake values in Figures 1E and 1F.  All FITC-S1P 
values are significantly higher (P<0.05) than their respective background control (unlabeled S1P). 
 
 

B 
 Background FITC-S1P FITC-S1P +TNFα 

Mean 348 867 501 

SEM 72 110 116 

number 6 6 6 

 

Shown are the mean fluorescence intensity data (arbitrary units; collected from wild-type VSMCs by 
FACS analysis) that was subsequently normalized and presented as S1P uptake values in Figure 6B.  
All groups were statistically different from each other (P<0.05); both FITC-S1P groups shared the 
same background control (unlabeled S1P). 

 
C 

 
Background FITC-S1P 

FITC-S1P + 
TNFα (24h) 

FITC-S1P + 
TNFα (48h) 

FITC-S1P + 
TNFα (24h) / Wash (24h) 

FITC-S1P + 
TNFα (12h) / Wash (36h) 

Mean 73 1265 541* 487* 934 1186 

SEM 24 167 75 84 95 130 

number 4 4 10 6 6 6 

 

Shown are the mean fluorescence intensity data (arbitrary units; collected from wild-type VSMCs by 
FACS analysis) that was subsequently normalized and presented as S1P uptake values in Figure 6D.  
All groups were statistically above the background level. * denotes P<0.05 from the FITC-S1P group.   
 

 
 
 
  



 

SUPPLEMENTAL TABLE 2: Mouse characteristics and cardiac function in sham and heart 

failure mice 
 

 sham saline HF saline sham etanercept HF etanercept n 
Body weight  (g) 27.4±0.8 27.8±0.6 27.9±0.6 27.8±0.6 12 

Heart weight  (mg) 162±11 206±14 * 166±7 180±9 12 

Heart/Body Ratio 5.33±0.26 7.81±36 * 5.59±0.33 6.30±0.31 12 

Lung weight  (mg) 149±9 230±24 * 159±7 170±7 12 

Liver weight  (g) 1.23±0.03 1.40±0.04 * 1.31±0.04 1.27±0.04 12 

Heart rate  (min-1) 334±11 308±17 313±23 351±16 8 

LVEF  (%) 63±3 35±2 * 64±3 55±4 8 

LVESP  (mmHg) 122±2 107±2 * 123±4 105±6 * 8 

LVEDP  (mmHg) 1.3±0.2 7.0±2.2 * 2.384±0.805 6.2±1.4* 8 

Stroke volume  (μl) 178±7 107±15 * 189±26 142±27 8 

MAP  (mmHg) 86±2 72±5 * 88±2 85±2 8 

CO  (ml/min) 5.9±0.2 3.5±0.5 * 6.3±0.9 4.3±0.7 8 

TPR  (mmHg/ml) 15±1 27±4 * 16±2 24±5 8 

Data are mean±SEM. *P<0.05 unpaired, multiple comparisons to sham saline control.   

Acronyms:  %LV – % of left ventricular wall; LVEF – Left ventricular ejection fraction; LVESP – Left ventricular 
end systolic pressure; LVECP – Left ventricular end diastolic pressure; MAP – mean arterial pressure; 
CO -  cardiac output; TPR – total peripheral resistance. 

 
With the exceptions of body weight and heart rate, heart failure (HF) significantly altered all mouse 
characteristic and cardiac function parameters assessed. Compared to the saline-treated control, 
etanercept had no effect on any parameter assessed. However, etanercept ameliorated the heart failure-
induced changes to all parameters except LVEDP and LVESP.  



 

SUPPLEMENTAL TABLE 3:   RT-PCR Primers 

 

Target Primer Sequences 
Amplicon 

Size 
Anneal 
Temp 

GAPDH 
Forward:  5’-TTCACCACCATGGAGAAGG-3’  
Reverse:   5’-CTCGTGGTTCACACCCATC-3’ 
 

111bp 55oC 

CFTR (1) 
Forward:  5’-TCGTGATCACATCAGAAATTATTGATAAT-3’ 
Reverse:   5’-CCACCTCTCTCAAGTTTTCAATCAT-3’ 
 

99bp 55oC 

CFTR (2) 
Forward: 5’-AAAGAAAATATCATCTTTGGTGT-3’  
Reverse:  5’-TATACTGCTCTTGCTAAAGAAAT-3’ 
 

182bp 46oC 

CFTR (3) 
Forward: 5’-TCGTGATCACATCAGAAATTATTGATAAT-3’ 
Reverse:  5’-CCACCTCTCTCAAGTTTTCAATCAT-3 
 

99bp 50oC 

Sphk1  
Forward:  5’-ACCCCTGTGTAGCCTCCCT-3'  
Reverse:   5’-TGCAGTTGATGAGCAGGTCT-3' 
 

107bp 55oC 

SPP1 
Forward:  5'-ATTTGCTTTTGCCTGTTTGG-3' 
Reverse:   5'-TGGCTATAGGATCTGGGTGC-3' 
 

106bp 55oC 

S1P2R  
Forward:  5'- AAAACCAACCACTGGCTGTC -3'

 

Reverse:   5'- CTCTGAGTATAAGCCGCCCA -3' 
 

104bp 55oC 

β-Actin 
Forward:  5’- GGCACCACACCTTCTACAATG

 

Reverse:   5’-TGGATGGCTACGTACATGGCTG 
 

620bp 55oC 

 

 
  



 

SUPPLEMENTAL FIGURE 1 

 

 

 

 

 

 

 

CFTR mRNA expression throughout the arterial vascular tree 

RT-PCR experiments demonstrate CFTR mRNA expression in various sections of the arterial vascular 
tree, including aorta, cerebral, femoral, gracilis, pulmonary and mesenteric arteries. CFTR mRNA is 
also expressed in cultured vascular smooth muscle cells isolated from mesenteric arteries. 

 

  



 

SUPPLEMENTAL FIGURE 2 
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Unlabeled S1P co-incubation inhibits FITC-S1P uptake in cultured vascular smooth muscle cells  

Utilizing a standard FACS analysis technique, a shift in the median fluorescence intensity at 525nm is 
observed for cultured vascular smooth muscle cells incubated with 1μmol/L FITC-S1P for 30 minutes 
(compared to background; Bkgd). When co-incubated with 1μmol/L unlabeled S1P, the uptake of 
FITC-S1P was abolished. * denotes P<0.05 for multiple, unpaired comparisons; n=6 for all groups. 

  



 

SUPPLEMENTAL FIGURE 3 
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Heart failure down-regulates CFTR mRNA and protein expression in mouse resistance arteries 

Heart failure (HF; 4-6 weeks post-myocardial infarction) was associated with a down-regulation of 
(A) posterior cerebral artery CFTR mRNA expression (n=4), (B) mesenteric artery CFTR mRNA 
expression (n=5) and (C) mesenteric artery CFTR protein expression (n=16).  * denotes P<0.05 for 
single, unpaired comparisons. 
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SUPPLEMENTAL FIGURE 4 
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CFTR expression is negatively correlates with infarct size in mesenteric arteries 

In mouse mesenteric arteries, CFTR expression negatively correlated with the extent of the myocardial 
infarction (n=11). 

  



 

SUPPLEMENTAL FIGURE 5 
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Etanercept treatment does not reduce infarct size following left anterior descending artery ligation 

Ligation of the left anterior descending artery results in a reproducible infarction (~30%) of the left 
ventricle. Etanercept treatment, which was initiated immediately after setting the infarct, did not impact 
the degree of myocardial infarction. Data are analyzed with an unpaired t-test; n=20 for heart failure 
mice treated with saline vehicle (HF-saline) and n=15 for heart failure mice treated with etanercept 
(HF-ETN). 

 

  



 

SUPPLEMENTAL FIGURE 6 

 

 

 

 

 

 

 

 

 

 

 

 

 
Heart failure does not enhance myogenic tone or S1P responsiveness in mesenteric arteries isolated 

from TNF knockout mice 

In mesenteric arteries isolated from TNF-/- mice, HF failed to enhance myogenic tone (A). In fact, 
myogenic tone was significantly decreased at 80mmHg and 100mmHg, compared to the sham control.  
Heart failure did not affect S1P-stimulated vasoconstriction (B) or responses to phenylephrine (C). 
* denotes P<0.05 following a Wilcoxon test with computation of exact p-values as a post-test following 
two-way repeated measures ANOVA analysis. TNF-/- sham diamax=209±9μm, n=7; TNF-/- HF 
diamax=187±6μm, n=8 (P=N.S.). 
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SUPPLEMENTAL FIGURE 7 
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Heart failure and TNF down-regulate vascular CFTR mRNA expression. 

TNF exposure (10ng/ml; 24hrs) stimulated the down-regulation of CFTR mRNA expression in 
vascular smooth muscle cells isolated from mouse mesenteric arteries (n=5).  * denotes P<0.05 for 
single, unpaired comparisons. 

 

  



 

SUPPLEMENTAL FIGURE 8 

 

 

 

 

 

 
            

 

 

Verification of successful cellular fractionation 

Western blots demonstrate the successful separation of plasma membrane and intracellular fractions.  
In fractions prepared from both control and TNFα-treated (10ng/ml, 24 h) cells, the plasma membrane 
marker integrin-β8 (72kDa) is only detected in the membrane (M) fraction, while the cytosolic marker 
GAPDH (39kDa) is only detected in the cytosolic fraction (C). 

 

 

  

M        C             M         C

control                 TNFα

Integrin-β8

GADPH



 

SUPPLEMENTAL REFERENCES 

1. Sharma M, Benharouga M, Hu W, Lukacs GL. Conformational and temperature-sensitive stability 
defects of the delta F508 cystic fibrosis transmembrane conductance regulator in post-endoplasmic 
reticulum compartments. J Biol Chem. 2001; 276:8942-8950. 

2. Bordier C. Phase separation of integral membrane proteins in Triton X-114 solution. J Biol Chem. 
1981; 256:1604-1607. 

3. Wang Y, Loo TW, Bartlett MC, Clarke DM. Additive effect of multiple pharmacological 
chaperones on maturation of CFTR processing mutants. Biochem J. 2007; 406:257-263. 

4. Thibodeau PH, Richardson JM, III, Wang W, Millen L, Watson J, Mendoza JL, Du K, Fischman S, 
Senderowitz H, Lukacs GL, Kirk K, Thomas PJ. The cystic fibrosis-causing mutation deltaF508 
affects multiple steps in cystic fibrosis transmembrane conductance regulator biogenesis. 
J Biol Chem. 2010; 285:35825-35835. 

5. Hochman JS, Choo H. Limitation of myocardial infarct expansion by reperfusion independent of 
myocardial salvage. Circulation. 1987; 75:299-306. 

6. Hoefer J, Azam MA, Kroetsch JT, Poi HL, Momen MA, Voigtlaender-Bolz J, Scherer EQ, 
Meissner A, Bolz SS, Husain M. Sphingosine-1-Phosphate-Dependent Activation of p38 MAPK 
Maintains Elevated Peripheral Resistance in Heart Failure Through Increased Myogenic 
Vasoconstriction. Circ Res. 2010; 107:923-933. 

 

 


