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ABSTRACT

Acute myocardial infarction (AMI) triggers mobilization of bone marrow (BM)-derived stem/
progenitor cells (BMSPCs) throughpoorly understoodprocesses. Recently,wepostulated amajor role
for bioactive lipids such as sphingosine-1 phosphate (S1P) in mobilization of BMSPCs into the periph-
eral blood (PB). We hypothesized that elevating S1P levels after AMI could augment BMSPC mobili-
zation and enhance cardiac recovery after AMI. After AMI, elevating bioactive lipid levels was
achieved by treating mice with the S1P lyase inhibitor tetrahydroxybutylimidazole (THI) for 3 days
(starting at day 4 after AMI) to differentiate between stem cell mobilization and the known effects
of S1P on myocardial ischemic pre- and postconditioning. Cardiac function was assessed using echo-
cardiography, and myocardial scar size evolution was examined using cardiac magnetic resonance
imaging. PB S1P and BMSPCs peaked at 5 days after AMI and returned to baseline levels within 10
days (p < .05 for 5 days vs. baseline). Elevated S1P paralleled a significant increase in circulating
BMSPCs (p < .05 vs. controls). We observed a greater than twofold increase in plasma S1P and circu-
lating BMSPCs after THI treatment. Mechanistically, enhanced BMSPC mobilization was associated
with significant increases in angiogenesis, BMcell homing, cardiomyocytes, and c-Kit cell proliferation
in THI-treatedmice.Mice treatedwith THI demonstratedbetter recoveryof cardiac functional param-
eters and a reduction in scar size. Pharmacological elevationof plasmabioactive lipids after AMI could
contribute to BMSPCmobilization and could represent an attractive strategy for enhancingmyocardial
recovery and improving BMSC targeting. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:1333–1343

SIGNIFICANCE

Acute myocardial infarction (AMI) initiates innate immune and reparatory mechanisms through
whichbonemarrow-derived stem/progenitor cells (BMSPCs) aremobilized toward the ischemicmyo-
cardiumand contribute tomyocardial regeneration. Although it is clear that themagnitude of BMSPC
mobilization after AMI correlates with cardiac recovery, the molecular events driving BMSPC mobi-
lization and homing are poorly understood. The present study confirms the role of bioactive lipids in
BMSPCmobilization afterAMIandproposes anewstrategy that improves cardiac recovery. Inhibiting
sphingosine-1phosphate (S1P) lyase (SPL) allows for theaugmentationof theplasma levels of S1Pand
stem cell mobilization. These findings demonstrate that early transient SPL inhibition after MI cor-
relates with increased stem cell mobilization and their homing to the infarct border zones. Augment-
ing BMSPCmobilization correlated with the formation of new blood vessels and cardiomyocytes and
c-Kit cell proliferation. These novel findings on the cellular level were associated with functional car-
diac recovery, reduced adverse remodeling, and a decrease in scar size. Taken together, these data
indicate that pharmacological elevation of bioactive lipid levels can be beneficial in the early phase
after cardiac ischemic injury. These findings provide the first evidence that a carefully timed transient
pharmacological upregulation of bioactive lipids after AMI could be therapeutic, because it results in
significant cardiac structural and functional improvements.
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INTRODUCTION

Acute myocardial infarction (AMI) results in ischemic heart dis-
ease (IHD), the leading cause of morbidity and mortality in the
United States and Western world [1]. The prognosis of AMI and
IHD remains poor despite significant advances inmedical therapy
and revascularization strategies [2]. Although heart transplanta-
tion remains the only option to replace the damaged myocar-
dium, it has been limited by the availability of organ donors
and postoperative complications such as graft rejection and
requires continuous use of immunosuppressive drugs. The short-
age of donor hearts and an ever increasing population of patients
with IHD justify the need for the development of newmyocardial
regenerative therapies.

During the lifespan of an adult mammalian heart, up to one
half of the cardiomyocytes are replenished from a poorly defined
cellular source via a dynamic, but yet unclear, mechanism [3, 4].
This process is highly responsive to myocardial injury in both hu-
man subjects and rodent models, with mobilization of bone mar-
row (BM) resident stemcells playing apotential role inmyocardial
repair [5, 6]. AMI initiates a systemic inflammatory response, trig-
gering a signaling cascade that results in egress of bone marrow
stem/progenitor cells (BMSPCs) from the BM. Specifically, a con-
tinuous chemotactic gradient balance between the BM and the
peripheral blood (PB) is responsible for BMSPC release. Accord-
ingly, these mobilized PB cells, such as very small embryonic-
like stem cells, Sca1+/c-Kit+/lineage-negative (Lin2) (SKL) cells,
mesenchymal stem cells [7], and endothelial progenitor cells
[8, 9], which are responsive to sphingosine-1 phosphate (S1P)
and ceramide-1 phosphate (C1P) gradients,might home to the in-
juredmyocardium as postulated and play a role in cardiac remod-
eling and myocardial recovery [10].

a-Chemokine stromal-derived factor 1 (SDF-1) is considered
one of the major chemotactic factors responsible for BMSPC
egress and is significantly upregulated in the infarcted myocar-
dium during the events of AMI [11]. Both SDF-1 and its receptor,
CXCR4, are highly expressed by osteoblasts and fibroblasts in the
BMmicroenvironment, and their interaction results in the reten-
tion of BMSPCs within the BM niches [12]. Although the systemic
inflammatory response after AMI yields a proteolytic environ-
ment that disrupts the SDF-1-CXCR4 axis contributing to BMSPC
release, it also contributes to proteolytic degradation of SDF-1
and other chemokines at the injured myocardium, suggesting al-
ternativemechanisms for BMSPCmobilization after AMI [13, 14].
Recently, these findings have led to investigations of alternative
mediators, in particular, proteolysis-resistant phosphosphingolipids,
specifically S1P and C1P, which were shown to be potent chemo-
attractants for BMSPCs [15, 16] in vitro as regulators of BMSPC
mobilization.

BMSPCs express S1P receptors (S1P1–5), with S1P receptors 1
and 3 involved in BMSPCmobilization in a dose-dependentmanner
[16]. Although SDF-1 still has a significant role in BMSPC mobiliza-
tion, mounting evidence suggests other pathwaysmight play a role
in stem cell mobilization during ischemic tissue injury [15, 16]. We,
and others, have shown that steady-state S1P plasma levels create
a gradient favoring BMSPC egress from the BM, with this process
significantly upregulated at the onset of AMI [6, 15, 16]. In addition,
S1P signaling contributes to angiogenesis, cardiac development,
and protection from ischemia-reperfusion (I/R) injury in the heart
[17]. Specifically, the reduction of S1P synthesis and signaling has
been implicated in I/R injury; however, increasing S1P signaling

through S1P2 and S1P3 might provide therapeutic benefits [18].
S1P lyase (SPL) irreversibly degrades S1P, thereby limiting the car-
dioprotectiveS1Ppoolsandcontributing toapoptosis.Recently,SPL
activity was shown to be significantly upregulated in the cardiac tis-
sue during ischemia and the pharmacological inhibition of SPL with
tetrahydroxybutylimidazole (THI)mitigated thoseeffects [19]. Also,
SPL inhibition by THI supplementation was shown to be cardiopro-
tective in a preconditioning ex vivo I/R model [19].

The information summarized above ledus tohypothesize that
pharmacological upregulation of bioactive lipids (S1PandC1P) via
SPL inhibitionwithTHIwouldpromotemobilizationofBMSCs, fol-
lowed by their homing to the ischemicmyocardium, and ultimate
physiological improvement of the AMI-damaged heart. Our stud-
ies show, for the first time, that pharmacological inhibition of SPL
with THI significantly upregulated plasma S1P andC1P levels after
AMI and correlated with significant upregulation in BMSPCmobili-
zation. These phenomena correlated with significant improvement
in left ventricular functional and remodeling parameters and a re-
duction in scar size. These findings provide the first evidence that
early pharmacological upregulation of bioactive lipids via SPL
inhibition after AMI significantly improves cardiac function,
allowing the development of novel cardioprotective therapies.

MATERIALS AND METHODS

Animals

Generation of GFP BM Chimeras

All procedures were conducted under approval from the Univer-
sity of Kentucky Institutional Animal Care and Use Committee, in
accordancewith theNIHGuide for theCare andUseof Laboratory
Animals (Department of Health and Human Services publication
no. [NIH] 85-23, revised 1996). Themice were fed ad libitumwith
a normal chow diet (R36; Harlan Laboratories, South Easton, MA,
http://www.harlan.com) and randomly assigned to experimental
groups. Female recipient C57BL/6 mice (Jackson Laboratory, Bar
Harbor, ME, http://www.jax.org), aged 5–6 weeks were lethally
irradiated to consume the BM stem/progenitor cells. Irradiation
was performed in two doses: the first dose was 700 rad, followed
in 3 hours by a second dose of 500 rad.Male donor green fluores-
cent protein (GFP) transgenic mice (no. 006567; Jackson Labora-
tory)were anesthetized using 4% isoflurane andeuthanized using
a carbon dioxide overdose followed by cervical dislocation. BM
was harvested from the hip bones, tibias, and femurs. The irradi-
atedmicewere injected via the lateral tail vein with 53 106 fresh
GFP bone marrow cells in 0.3 ml of medium. Chimerism was con-
firmed using flow cytometric analysis of peripheral blood cells for
GFP-positive cells at 6 weeks after transplantation.

Murine Model of Myocardial Infarction

The mice were anesthetized with 2% isoflurane using an inhaled
delivery system. The heart was exposed and pushed out of the
thorax with direct visual control, and the left anterior descending
coronary artery (LAD) was sutured and ligated at a site approxi-
mately 3 mm from its origin using a 6-0 silk suture, as previously
described [20]. The heart was immediately placed back into the
intrathoracic space after the knot was tied, followed by manual
evacuation of the pneumothorax and closure of muscle and the
skin using the previously placed purse-string suture. The sham
group underwent the same surgical procedure, except that the
ligature was passed under the LAD but not tied.
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Drug Treatment

To inhibit SPL, 4 days after surgery, the mice received vehicle or
25 mg/L THI (catalog no. T6330; Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com) administered ad libitum in water
containing5%dextrose (to improvepalatability). THI is a Foodand
Drug Administration-approved caramel food coloring additive,
shown to inhibit SPL when administered orally to mice [19, 21].
THI treatment was administered for 3 days and stopped at day
7 after AMI. Water intake was not different between the vehicle-
andTHI-treated groups. Themicewere injecteddailywithbromo-
deoxyuridine (BrdU) (B9285; Sigma-Aldrich) at 80 mg/kg, i.p.,
beginning the day of operation until sacrifice. Themice were sac-
rificed at 35 days after the operation via CO2 asphyxiation, fol-
lowed by cervical dislocation.

PB Collection

To assess the bioactive lipid levels, stem cell mobilization, and
geneexpression, PB sampleswere collected into tubes containing
a 1:5 ratio of EDTA/citrate-theophylline-adenosine-dipyridamole
(CTAD) at the indicated time points.

Histology

After final echocardiography and peripheral blood collection, the
hearts were harvested in diastole with saturated KCl and CdCl
(100 mM) injected through the apex into the left ventricular
(LV) cavity. The LV apex was then cannulated and the heart per-
fused with PBS, followed by 10% buffered formalin at 75 mmHg,
with the severed inferior vena cava serving as the outlet. The
hearts were then cut into 2-mm cross-sectional slices and pro-
cessed for paraffin embedding. The sliceswere cut into 4-mmsec-
tions for histologic examination and immunofluorescent staining.
The LV area, area at risk, LV cavity area, and infarct area were
measured in Masson’s trichrome-stained sections, as previously
described [22]. Images were acquired digitally and the areas
measured using NIH ImageJ, version 1.37 (NIH, Bethesda, MD,
http://www.imagej.nih.gov/ij/). Cell turnover was evaluated by
staining against BrdU (Roche, Indianapolis, IN, http://www.
roche.com) and a-sarcomeric actin (Sigma-Aldrich) and counting
BrdU+ cells in the infarct border regions. Regeneration was eval-
uated by counterstaining with BrdU and a-sarcomeric actin
(Sigma-Aldrich) ormyosin heavy chain (MHC) (Abcam, Cambridge,
MA, http://www.abcam.com) and counting BrdU+a-SA+ or
BrdU+MHC+ cells in both ischemic and remote regions. c-Kit cells
were quantified after staining using goat anti-mouse c-Kit poly-
clonal primary antibody (Sigma-Aldrich). GFPbonemarrow cellmo-
bilization andhomingweremeasuredby anti-GFP staining in infarct
border regions (Abcam).Thecapillarydensitywasmeasured inFITC-
isolectin B4 (catalog no. FL1201; Vector Laboratories, Burlingame,
CA, http://www.vectorlabs.com) stained sections.

Echocardiography

Echocardiograms were obtained using a Vevo 2100 system
(VisualSonics, Toronto, CA, http://www.visualsonics.com) equip-
ped with a 15-7-MHz linear broadband transducer and a 12-5-
MHz phased array transducer. In vivo cardiac function was
assessed at baseline before cardiac surgery, at 48 hours after
MI, and immediately before sacrifice at 35 days afterMI by echo-
cardiography. Using a rectal temperature probe, body tem-
perature was maintained carefully at 37°C throughout the
study using a heating pad. Modified parasternal long-axis and

short-axis views were obtained to assess the left ventricular
function and volume inM-mode, two-dimensional, and Doppler
echocardiography modes. Systolic and diastolic parameters
were obtained usingM-Mode tracings at themid-papillary level.
The LV volumes were estimated using the Teichholz formula at
end-systole and end-diastole. Echocardiographywas performed
with the mice under 1%–3% isoflurane anesthesia. All echocar-
diography analyses were performed by an investigator unaware
of the groups.

Cardiac Magnetic Resonance Imaging

Cardiac magnetic resonance imaging (CMR) was performed on
a 7-Tesla ClinScan system (Bruker, Ettlingen, Germany, http://
www.bruker.com) equippedwith a 4-element phased-array car-
diac coil and a gradient systemwith a maximum strength of 450
mT/m and a maximum slew rate of 4,500 mT/m/s. We acquired
whole short-axis stack images from base to apex for comparison
with late enhancement images. The short-axis images were
planned perpendicular to the four-chamber long-axis image.
For late gadolinium-enhanced magnetic resonance imaging,
a 0.6 mmol/kg bolus of gadolinium-diethylene triamine penta-
acetic acid (Gd-DTPA; Magnevist, Schering Health Care, West
Sussex, U.K., http://www.schering.co.uk) was injected using
the intraperitoneal route. Imagingwas initiated10minutes after
the injection of Gd-DTPA using an electrocardiographically
gated segmented magnetization-prepared fast low-angle shot
sequence with a fixed inversion time at 500 ms. The CMR data
were analyzed using commercially available postprocessing
software: CMR42 (Circle Cardiovascular Imaging, Calgary,
Alberta, Canada, http://www.circlecvi.com)by a single experienced
reader who was unaware of the experimental data. Enhanced
regions were determined by thresholding signal intensity at 5 SD
above the mean signal intensity of remote normal myocardium
in the same slice. A small region of interest was manually drawn
and placed in remote normalmyocardium (defined as normal func-
tion without enhancement on visual assessment). If a slice con-
tained no remote normal myocardium, the mean and SD of the
nearest slice with normal remote myocardium was used.

Quantitation of C1P and S1P

PB samples were obtained from the retro-orbital plexus of the
mice into tubes containing a 1:5 ratio of EDTA/CTAD. Plasma
was isolated by centrifuging whole blood for 10 minutes at
800g. Supernatant was then removed and centrifuged at
9,400g for 10 minutes to remove platelets, and the supernatant
was then used for lipid measurements. Lipids were extracted
from plasma, supernatant using acidified organic solvents, as
previously described [23, 24]. An analysis of S1P and C1P was
performed using a Shimadzu UFLC (Shimadzu Corp., Kyoto,
Japan, http://www.shimadzu.com) coupled with an AB Sciex
4000-Qtrap hybrid linear ion trap triple quadrupole mass spec-
trometer (AB Sciex, Framingham,MA, http://www.sciex.com) in
multiple reaction monitoring mode, as previously described
[24]. The mobile phase consisted of 75/25 of methanol/water
with formic acid (0.5%) and 5 mM ammonium formate (0.1%)
as solvent A and 99/1 of methanol/water with formic acid
(0.5%) and 5 mM ammonium formate (0.1%) as solvent B. For
the analysis of various C1P species, the separation was achieved
by maintaining 75% of solvent B for 3 minutes, increasing to
100% B over the next 3minutes, andmaintaining at 100% of sol-
vent B for the last 18minutes. The columnwas equilibrated back
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to the initial conditions in 3minutes. The flow ratewas 0.5ml/min
with a column temperature of 60°C. The sample injection vol-
umewas 10ml. Themass spectrometer was operated in the pos-
itive electrospray ionization mode with optimal ion source
settings determined by synthetic standards with a declustering
potential of 46 V, entrance potential of 10 V, collision energy of
19 V, collision cell exit potential of 14 V, curtain gas of 30 psi, ion
spray voltage of 5,500 V, ion source gas 1/gas 2 of 40 psi, and
temperature of 550°C.

Flow Cytometry

SKL (Sca1+c-Kit+Lin2) staining was performed in 50 ml of PB after
removing the plasma collected from the retro-orbital plexus of
the mice into tubes containing a 1:5 ratio of EDTA/CTAD. PB
was resuspended in PBS containing 2% fetal bovine serum.
First, the stem cell monoclonal antibodies (mAbs) were added
at saturating concentrations, and the cells were incubated for
20 minutes on ice, followed by 30 minutes of ice incubation with
mAbs against the lineagemarkers. The cellswere lysed, fixedwith
13 lyse/fix buffer (catalog no. 558049; BD Pharmingen, San
Diego, CA, http://www.bdbiosciences.com) and analyzed by
LSR II (Becton Dickinson and Co., Mountain View, CA, http://
www.bd.com). Stem cells were detected with anti-mouse Abs
against CD45 PE (catalog no. 553081; BD Pharmingen, San Jose,
CA, http://www.bdbiosciences.com), CD90.2 PerCP (catalog no.
140316; BioLegend, San Diego, CA, http://www.biolegend.com),
and aLy-6A/E PECy7 (Sca-1) (catalog no. 558162; BD Pharmingen).
All anti-mouse lineage markers (Lin) were FITC conjugated and
purchased fromBD Pharmingen: anti-CD45R/B220 (catalog no.
553088); anti-T-cell receptor-b (TCR-b; catalog no. 553170);
anti-TCR-gd (catalog no. 553177); anti-CD11b (catalog no.
553310); anti-Ter-119 (catalog no. 557915); and anti-Ly6G
and Ly6C (catalog no. 553127).

Real-Time Polymerase Chain Reaction

Total mRNA was isolated from the PB with the RNeasy Mini Kit
(Qiagen Inc., Valencia, CA, http://www.qiagen.com) and reverse-
transcribedwith TaqMan Reverse Transcription Reagents (Applied
Biosystems, Foster City, CA, http://www.appliedbiosystems.com).
Quantitative assessment ofmRNAexpression of markers charac-
terizing endothelial cell (vascular endothelial growth factor
[VEGF]), cardiac cells (vascular endothelial [VE]-cadherin), hom-
ing factors (SDF-1 and CXCR4), and b2-microglobulin was per-
formed by quantitative reverse transcription-polymerase chain
reaction (RT-PCR) using a StepOnePlus real-time thermocycler
(Applied Biosystems). Relative quantitation of mRNA expres-
sion was performed with the comparative Ct method. The
relative quantitative value of target, normalized to an endog-
enous control (b2-microglobulin gene) and relative to a calibra-
tor, was expressed as 22DDCt (x-fold difference), where DCt =
(Ct of target genes [Oct-4, Nanog, Rex-1, Rif1, Dppa1, Gata4,
Nkx2.5]) 2 (Ct of endogenous control gene [b2-microglobulin]),
andDDCt = (DCtof samples for target gene)2 (DCt of calibrator for
the target gene). To avoid the possibility of amplifying contam-
inating DNA (a) all primers for real-time RT-PCR were designed
to span an intron for specific cDNA amplification; (b) reactions
were performedwith appropriate negative controls (template-
free controls); (c) a uniform amplification of the products was
rechecked by analyzing the melting curves of the amplified
products (dissociation graphs); and (d) the melting temperature

(Tm) was 57°C–60°C, and the probe Tmwas at least 10°C higher
than the primer Tm. Three independent experiments were
performed for each set of genes.

Statistical Analysis

Data are expressed as mean 6 SEM. Differences were analyzed
using the unpaired Student t test or analysis of variance (one-way
or multiple comparisons), as appropriate. Post hoc multiple
comparison procedures were performed using two-sided
Dunnett or Dunn tests, as appropriate, with control samples
as the control category. A value of p , .05 was considered sig-
nificant. All statistical analyses were performed using the Prism,
version 6, package (GraphPad, La Jolla, CA, http://www.graphpad.
com). All of us had full access to, and took full responsibility for, the
integrity of the data and have read and agreed with the report as
written.

RESULTS

SPL Inhibition Elevates S1P Levels After MI and
Contributes to Stem Cell Mobilization

The optimal timing of stem cell arrival, survival, proliferation,
and self-renewal at the sites of myocardial infarction is largely
determined by the conditions of the myocardial microenviron-
ment. The induction of MI generates a robust proinflammatory
state with the generation of reactive oxygen species and a cyto-
kine cascade, which contributes to neutrophil infiltration, peak-
ing between 24 and 72 hours after MI [25]. This, combined with
reduced perfusion of the infarct region, contributes to a myo-
cardial microenvironment that is unsuitable for stem cell sur-
vival. However, approximately 5 days after MI, the local
acute inflammation subsides, and the initiation of angiogenesis
creates a desirable, yet transient, environment for stem cells to
home and proliferate [26]. This window of opportunity for stem
cell homing is limited by subsequent fibrosis and scar formation
at the infarct site by 10–14 days after MI, which hinders stem
cell nesting and the potential benefit [26]. To determine
whether elevating S1P levels will enhance stem cell mobiliza-
tion [6, 15, 16], we inhibited SPL at days 4–7 afterMI to optimize
the timing for stemcellmobilization to the injuredmyocardium.
THI, an S1P lyase inhibitor, was administered in drinking water
on days 4–7 after MI. We used a previously described dosing of
25 mg/l, because it yielded maximal changes in plasma bioac-
tive lipids during in vivo experiments [19]. Initially, a proof of
concept experiment was performed to assess THI efficacy in
elevating plasma bioactive lipids and stem cell mobilization.
THI administration for 3 days under physiological conditions
significantly elevated total plasma S1P (0.3 6 0.04 vs. 0.76 6
0.03 mM; p , .05) and C1P (0.24 6 0.01 vs. 1.3 6 0.2 mM;
p , .05) levels in control mice (Fig. 1A, 1B), suggesting robust
SPL inhibition. THI administration also contributed to signifi-
cant elevation in circulating stem cells such as Sca1+, c-Kit+,
lineage-negative (SKL) cells (33 6 5 vs. 237 6 33 cells per 50 ml
of PB; p , .05) and Lin2/CD452/Sca1+ cells (45 6 8 vs. 359 6
27 cells per 50 ml of PB; p , .05; Fig. 1C, 1D), suggesting that
SPL inhibition and subsequent elevation in plasma bioactive lipid
levels contributes to stem cell mobilization. THI therapy has no ef-
fect on cardiac function in healthy mice under physiological condi-
tions. Although the effects of AMI alone resulted in significant
elevation of plasma bioactive lipid levels and circulating stem cells,

1336 S1P Lyase Inhibition and Heart Regeneration

©AlphaMed Press 2015 STEM CELLS TRANSLATIONAL MEDICINE

http://www.bdbiosciences.com
http://www.bd.com
http://www.bd.com
http://www.bdbiosciences.com
http://www.biolegend.com
http://www.qiagen.com
http://www.appliedbiosystems.com
http://www.graphpad.com
http://www.graphpad.com


THI administration improved these effects by increasing S1P and
C1P levels and prolonging these effects to beyond day 7 after MI
(S1P, 0.45 6 0.06 vs. 0.70 6 0.05 mM at day 5 and 0.47 6 0.03
vs. 0.80 6 0.02 mM at day 7, p , .05; C1P, 1.1 6 0.1 vs. 1.4 6
0.2 mM at day 5 and 0.62 6 0.1 vs. 1.5 6 0.2 mM at day 7,
p, .05; (Fig. 2A,2B).Mobilizationofmultiple stemcell populations
was similarlyaugmentedatday5andprolongedbeyondday7after
MI with THI treatment (SKL cells, 2496 34 vs. 3476 53 cells per
50ml of PBat day 5 and54611 vs. 155625 cells per 50ml of PB at
day 7; Lin2/CD452/Sca1+, 1766 14 vs. 3276 19 cells per 50ml of
PB at day 5 and 906 2 vs. 2286 10 cells per 50 ml of PB at day 7;
Lin2/CD452/Thy1.1+, 232624 vs. 387640 cells per 50ml of PB at
day 5 and 237 6 22 vs. 398 6 79 cells per 50 ml of PB at day 7;
p , .05 for all comparisons; Fig. 2C, 2D; supplemental online
Fig. 1). It is important to note that SPL inhibition had no significant
difference on the white blood cell counts between the THI-treated
and nontreated cohorts (supplemental online Fig. 2).

SPL Inhibition Increases Circulating BMSPCs, Which
Express Genes Responsible for Angiogenesis and Cell
Survival After MI

Stemandprogenitor cellsmobilizedafterMI areenriched in subpop-
ulations that express angiogenic and promobilization factors con-
sidered important for tissue regeneration [27, 29]. To assess
whether THI-mobilized BMSPCs are also enriched in angiogenic
factors, we measured the mRNA expression levels of endothelial
genes such as VEGF and VE-cadherin and factors involved in stem
cell mobilization and homing such as SDF-1 and CXCR4 at various
time points after MI by quantitative RT-PCR. THI administration
was associatedwith higher expression of proangiogenic endothe-
lial genes, VEGF (2.46 0.8 vs. 3.16 0.6 fold change at day 5 and
0.36 0.1 vs. 1.26 0.3 fold change at day 7, p, .05 for all com-
parisons) and VE-cadherin (2.86 0.9 vs. 4.36 1.1 fold change at
day 5 and 1.26 0.2 vs. 5.36 1 fold change at day 7, p, .05 for all
comparisons; Fig. 3A, 3B), and of SDF-1 (1.56 0.3 vs. 7.46 1 fold
change at day 5 and 76 2 vs. 326 4 fold change at day 7, p, .05
for all comparisons) and CXCR4 (3.5 6 0.5 vs. 8.1 6 1.6 fold
change at day 7, p , .05; Fig. 3C, 3D). Our published data
and data from other laboratories have demonstrated that
S1P can initiate angiogenesis and upregulation of BM-derived
endothelial cells [29, 30]. However, we cannot exclude other
pathways initiated by myocardial injury to be responsible for
the increased expression of endothelial genes and angiogenesis

in ourmodel. Nonetheless, THI treatment augmented this exist-
ing phenomenon and could be a viable therapeutic target in fu-
ture studies.

SPL Inhibition Improves Myocardial Function After
Coronary Artery Ligation

The clinical significance of BMSPC mobilization stems from the
available evidence suggesting strong correlation between the de-
gree of bone marrow stem cell mobilization in patients after MI
and recovery of LV function [10].We hypothesized that increased
stem cell mobilization could potentially contribute to alleviating
injury by augmenting regeneration. The corroborated window of
time in which the long-term effects of MI in mice are observed
(fibrosis, cardiac remodeling, and changes in function) has been
established at 4–5 weeks after the onset of MI [31]. Therefore,
we assessed the long-term effects of post-MI THI supplementa-
tion on heart function in an in vivo murine MI model at 48 hours
and 5weeks afterMI via echocardiography. Both groups (vehicle-
and THI-treated mice) had a similar significant reduction in car-
diac functional parameters at 48 hours after MI (Fig. 4). SPL
inhibition resulted in significant recovery of cardiac function at
5weeks afterMI. Specifically, SPL inhibition contributed to signif-
icant improvement in LV systolic function as seen in the elevation
of the ejection fraction (23%62%vs. 35%63%;p, .05; Fig. 4A).
Furthermore, SPL inhibition resulted in favorable remodeling of
the left ventricle as evidenced by reduced left ventricular end-
systolic (4.6 6 0.2 vs. 3.6 6 0.2 mm, p , .05) and end-diastolic
(5.16 0.2 vs. 4.36 0.2 mm, p, .05; Fig. 4B) diameters and a re-
duction in LV volume at end-systole (68 6 9 vs. 37 6 9 ml;
p , .05) and end-diastole (89 6 8 vs. 53 6 9 ml; p , .05; Fig.
4C, 4D). Enhanced stem cell mobilization was also associated
with a significant increase in the infarct wall (0.5 6 0.02 vs.
0.7 6 0.03 mm; p , .05) and posterior wall thickness (0.8 6
0.02 vs. 0.9 6 0.03 mm; p , .05; Fig. 4E, 4F). Together, these
results demonstrate that SPL inhibition after AMI correlates
with left ventricular recovery.

SPL Inhibition Decreases Scar Size at 5Weeks After AMI

Theeffect of THI supplementationon LVdilation, remodeling, and
failure at 5weeks after AMIwas further characterized inMasson’s
trichrome-stained sections (Fig. 5A). Morphometric analysis at
sacrifice, 5 weeks after AMI, demonstrated THI supplementation
decreased themyocardial scar size (0.356 5 vs. 0.226 3;p, .05;

Figure 1. THI treatment increased bioactive lipid levels and stem cell mobilization in the peripheral blood after THI treatment (n = 4 per time
point per group ofmice). Bar graphs show significant upregulation of plasma S1P and C1P during 3 days of THI supplementation in healthymice
(A, B). THI supplementation also contributes to significant upregulation in stem cell mobilization (C, D). Values are presented as mean6 SEM
(p, p , .05 compared with baseline values). Abbreviations: BSL, baseline; C1P, ceramide-1 phosphate; S1P, sphingosine-1 phosphate; SKL,
Sca1+c-Kit+Lin2 (lineage-negative) murine stem cells; THI, tetrahydroxybutylimidazole.
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Fig. 5B).We used cardiac magnetic resonance imaging, which en-
abled us to examine the progression of scar size between the first
week and 5 weeks after AMI. The observed reduction in scar size
by histologic examination was paralleled by CMR assessment. No
difference was found in delayed enhancement at 5 days after AMI
between the THI- and placebo-treatedmice. However, at 5 weeks,
the THI-treatedmice showed a significantly smaller scar size as de-
termined by the area of delayed enhancement compared with
placebo-treated mice (0.33 6 0.01 vs. 0.20 6 0.04; p , .05; Fig.
5C, 5D). This could represent a reduction in the progression of heart
failure and a slowing of scar progression by mobilized BM cells.

Increased Myocardial Homing of GFP+ BM Cells
and Augmented Cardiomyocyte Turnover in
THI-Treated Mice

Todeterminewhether pharmacological upregulation of bioactive
lipids resulted in increased stemcell homing to the infarctedmyo-
cardium, we used GFP bone marrow chimeras in our murine AMI
model. At 6 weeks after transplantation, the GFP BM chimerism
was confirmed via flow cytometry of the peripheral blood, which
demonstrated a chimerism rate of greater than 80% (85.3% 6
1%). We examined the homing and retention of bone marrow-
derived cells by quantitating GFP+ cells in the peri-infarct bor-
der zone in THI-treated and vehicle control-treated mice by
immunofluorescent confocal microscopy at 5 weeks after MI.
THI-treated mice had more than twice the number of GFP+ cells
in the infarct border zone than the controls 5weeks afterMIat the
infarct border. However, we did not encounter significant differ-
ences at the remote zone (infarct border, 11.36 1 vs. 4.16 0.8

cells per 1,000 nuclei, p, .001; remote zone, 2.66 0.3 vs. 2.86
0.5 cells per 1,000 nuclei, p = NS; Fig. 6A, 6B). We did not see sig-
nificant numbers of cardiomyocytes originating fromGFP+ cells in
either group. Similarly, we observed significantly higher numbers
of BrdU+ cells (infarct border, 14.86 1 vs. 6.160.6 cells per 1,000
nuclei, p , .001; remote zone, 4.0 6 0.6 vs. 4.4 6 0.7 cells per
1,000 nuclei, p = NS; Fig. 6A, 6C) and BrdU+/a sarcomeric actin-
positive cells (infarct border, 6.6 6 0.5 vs. 2.3 6 0.3 cells per
1,000 nuclei, p, .05; remote zone, 1.66 0.2 vs. 2.36 0.4 cells
per 1,000 nuclei, p =NS; Fig. 6A, 6D) in THI-treatedmice. Also, THI
treatment was associated with higher rates of BrdU+/myosin
heavy chain-positive cells at the infarct border (supplemental
online Fig. 3). However, the percentage of cardiomyocyte turn-
over was lower with myosin heavy chain staining than with
a-sarcomeric actin staining, probably reflecting its higher spec-
ificity for cardiac cells. These results show, for the first time, that
pharmacological upregulation of bioactive lipids contributes to
both BM mobilization and homing/retention to the infarcted
myocardium.

In addition to cardiomyocyte turnover,we assessed the pop-
ulation of c-Kit-positive cells in the myocardium after injury.
THI-treatedmice had ahigher number of c-Kit+ cells in the infarct
border zone than the controls 5weeks afterMI. However,wedid
not observe significant differences at the remote zone (infarct
border, 0.22 6 0.03 vs. 0.3 6 0.03 cells per nuclei, p = .08; re-
mote zone, 0.22 6 0.03 vs. 0.26 6 0.03 cells per nuclei, p = NS;
Fig. 6A, 6E). The rate of c-Kit cells originating from GFP BM cells in
both groupswas very low in both the infarct border and the remote
zones (,1%).

Figure 3. Sphingosine-1 phosphate lyase inhibition elevated the genes involved in stem cell survival andmyocardial homing (n = 4 per time point per
group). Bar graphs show significant upregulationof endothelial transcription factors VEGFandVE-cadherin and factors involved in stemcell homing such
as SDF-1andCXCR4 inperipheral bloodcells at various timepoints afterMI in vehicle-treated (n=5) andTHI-treated (n=5)mice. Values arepresentedas
mean6 SEM (p, p, .05 comparedwith baseline values; #, p, .05 comparedwith vehicle controls and baseline values). Abbreviations:MI,myocardial
infarction; PB, peripheral blood; SDF-1, stromal-derived factor 1; VE, vascular endothelial; VEGF, vascular endothelial growth factor.

Figure2. THI treatmentaugmented theupregulationofbioactive lipid levels and stemcellmobilization in theperipheral bloodaftermyocardial
infarction (n = 7 per time point per group). Bar graphs show significant upregulation of plasma S1P and C1P with acute myocardial infarction
(A, B). Acute myocardial infarction was also associated with significant upregulation in stem cell mobilization (C, D). THI treatment augmented the
endogenous response of elevated bioactive lipids and stem cell mobilization after acute myocardial infarction. Values are presented as mean6 SEM
(p, p, .05 compared with baseline values; #, p, .05 compared with vehicle controls and baseline values). Abbreviations: C1P, ceramide-1 phosphate;
PB, peripheral blood; S1P, sphingosine-1 phosphate; SKL, Sca1+c-Kit+Lin2 (lineage-negative) murine stem cells; THI, tetrahydroxybutylimidazole.
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Increased Capillary Density in the Infarct Border in
THI-Treated Mice

To examine the mechanisms by which SPL inhibition could im-
prove the response to injury leading to recovery, the capillary
density was assessed as an index of the heart’s capacity to re-
spond to increased stress [22]. The myocardial capillary density
in at-risk and remote regions was measured in sections stained
with the endothelial-specific FITC-isolectin B4. The capillary den-
sity in mice supplemented with THI was significantly increased in
both the at-risk and the remote areas (infarct border, 319 6 27
vs. 917 6 54, p , .05; remote zone, 1,300 6 118 vs. 1,806 6
116, p, .05; Fig. 7). These findings correlate with the above data,
showingenhancedmobilizationof stemcells enriched inendothelial
progenitor cells andaugmentationof endothelial geneexpression in
the PB after MI and with THI treatment. The observed increase in
capillary density could explain the improvement noted in cardiac
functionandenhanced regeneration. Thesedata are consistentwith
a model in which pharmacological upregulation of bioactive lipids
via SPL inhibition, which contributes to an improved regenerative
response after MI, improved LV function and LV remodeling.

DISCUSSION

Our findings provide evidence that pharmacological upregulation
of bioactive phosphosphingolipids after AMI contributes to stem
cell mobilization and homing to the infarctedmyocardium, which
correlatedwithphysiological and functional improvementof the in-
farctedheart. Increasedstemcellhomingmighthavecontributedto
enhanced angiogenesis, leading to accelerated regeneration with
a resulting decreased infarct scar size and significant recovery in

LV function and reduced adverse remodeling. Enhanced stem cell
mobilization also correlated with increased proliferation of cardio-
myocytes and c-Kit cells at the infarction border. This observation
corroborates with our previous data that S1P and C1P are involved
in the trafficking of BMSPCs [16, 32–35]. Importantly, our results
also suggest that a carefully timed transient pharmacological upre-
gulation of bioactive lipids after AMI can be therapeutic andwill re-
sult in significant cardiac recovery after ischemic injury.

Multipotent stem cell populations are mobilized from the
bone marrow into peripheral blood in response to AMI in both
murine models and patients, as demonstrated by us, and others
[15, 27, 36]. We have recently shown that elevation of bioactive
lipids after AMI contributes to stem cell mobilization via mecha-
nisms involving S1P/S1PR1-SDF1/CXCR4 cross-talk [15, 37]. These
observations are supported in the present study by the significant
upregulation of SDF-1 and CXCR4mRNA expression in PB cells, in
conjunction with elevated plasma S1P and C1P levels. Small hu-
man studies have correlated the degree of bonemarrow stemcell
mobilization after AMI with LV functional recovery in patients, al-
beit with small benefit [10]. Animal studies have demonstrated
improved cardiac recovery after MI with the use of granulocyte
colony-stimulating factor (G-CSF) [38]. However, themechanisms
of G-CSF-mediated regeneration and the utility of its use are still
controversial. However, G-CSF therapy has yielded inconsistent
results in human studies, with some studies in AMI patients
showing small benefit and other studies and meta-analyses
reporting largely negative results for any discernable benefit
[39–41]. In the present study, we adopted a more specific and
novel approach to stem cell mobilization and have shown, for
the first time, the ability to upregulate BM stem cell mobilization

Figure 4. THI supplementation enhanced functional recovery after myocardial infarction. Echocardiographic analysis of left ventricular func-
tion and remodeling parameters. Treatment with THI enhanced cardiac recovery after acute myocardial infarction induced by left coronary
artery ligation. Left ventricular ejection fraction (A), left ventricular end-systolic diameter (B) and volume (C), left ventricular end-diastolic vol-
ume (D), posterior wall (E), and infarct wall thickness (F)were assessed before infarction (baseline) and 48 hours and 5 weeks after myocardial
infarction in vehicle-control (n = 12) and THI-treated (n = 10) mice. Values are presented as mean6 SEM (p, p, .05 compared with controls).
Abbreviations: LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic diameter;
THI, tetrahydroxybutylimidazole.

Klyachkin, Nagareddy, Ye et al. 1339

www.StemCellsTM.com ©AlphaMed Press 2015



after MI via SPL inhibition. Our data suggest that PB has increased
gene expression of endothelial genes, and we hypothesize that
this could have contributed to the increased capillary density
and cardiomyocyte renewal seen after AMI and the enhanced
recovery in THI-treated mice.

Cardiac recoverymeasured5weeksafterMI inTHI-treatedmice
was improved, as evidenced by the recovering LV function and re-
duction of LV diameter and adverse remodeling. The opposite
was seen in the control-treatedmice, implying progression to heart
failure. Bonemarrow stem cells facilitated regeneration of the heart
after MI in animal models and in several clinical studies [42]. In
human studies, the benefit was observedmostly in patientswith re-
duced left ventricular function at baseline. Themechanisms through
which mobilized BM cells contribute to myocardial regenera-
tion are still unclear. In the present study, most of the observed
benefit might be attributed to enhanced angiogenesis, in-
creased cardiomyocyte turnover, and c-Kit cell proliferation in THI-
treated mice, as evidenced by the immunohistological analysis.
However, and in agreement with the available published data,
we did not observe significant upregulation of cardiac genes
in the circulating bone marrow cells or transdifferentiation of
mobilized BM cells to functional cardiomyocytes. An increasing
body of evidence suggests a limited role for nonhematopoietic
BMSPC differentiation into cardiomyocytes after injury and

a more prominent paracrine effect, leading to reduced apo-
ptosis and enhanced angiogenesis [43, 44]. Although we showed
similar numbers of GFP+ cells in the remote zone, the rate of angio-
genesis increased, suggesting the predominance of paracrine
effects. It is important to note that although we found enhanced
endothelial gene expression in PB cells afterMI and increased cap-
illary density, in particular, with THI treatment, we cannot exclude
other pathways initiated by myocardial injury to be responsible
for increased expression of endothelial genes and angiogenesis
in our model. Nonetheless, THI treatment augmented this existing
phenomenon and could be a viable therapeutic target in future
studies. Additionally, although we did not specifically address
the role of S1P-mediated pre- and postconditioning signaling in
cardiac function improvement, we think it is unlikely that our
observations resulted from these phenomena, becausewe admin-
istered THI on the fourthday afterMI,which is beyond thewindow
of benefit observedwith pre- or postconditioning. Additionally,we
think that the late improvements in cardiac function were unlikely
to reflect persistent elevation of S1P by THI, because its levels
returned to control levels by 10 days after MI.

Although upregulation of S1P was predicted to occur with
SPL inhibition, the increase in C1P was unexpected. C1P is me-
tabolized by lipid phosphate phosphatases (lipid phosphate
phosphatases 1–3) [45, 46], and SPL is not thought to degrade

Figure 5. Morphometric analysis and cardiac magnetic resonance (CMR) assessment of left ventricular scar development. THI supplementa-
tion decreased myocardial injury and alleviated LV hypertrophy after myocardial infarction (MI). Scar and viable myocardium in the risk region
were determined in Masson’s trichrome-stained LV sections 35 days after myocardial infarction surgery. (A): Representative Masson’s
trichrome-stained heart short-axis sections in vehicle- and THI-treated mice. (B): Scar, graphed as percentage of LV area, was decreased
in hearts of THI-supplemented mice after infarction. Values are presented as mean6 SEM (vehicle-control, n = 14] vs. THI-treated, n = 25]
groups). THI supplementation reduced scar progression at 5 weeks of follow-up. Scar and viable myocardium in the scar region were ex-
amined by cardiacmagnetic resonance imaging using delayed enhancement at 5 days and 5weeks after acuteMI. (C):Representative short-
axis images of CMR from vehicle-treated and THI-treated mice at 5 weeks after acuteMI showing reduced scar size in the THI-treated arm.
(D): Quantitative analysis of the scar size presented as the percentage of gadolinium enhancement of the left ventricular wall showing
a similar infarct size at 5 days. At 5 weeks of follow-up, the scar size remained similar in the control-treated arm but was reduced signif-
icantly in the THI-treated arm. Values are presented as mean6 SEM (p, p, .05 compared with control; and #, p, .05 vs. 5-day values).
Vehicle treated (n = 7) vs. THI treated (n = 7). Abbreviations: LV, left ventricular; THI, tetrahydroxybutylimidazole.
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C1P. However, SPL inhibition results in increases in total sphin-
gosine and ceramide pools, which are the necessary substrates
for C1P synthesis [47]. C1P levels are also upregulated in SPLKO
mice (unpublished data). Thus, the elevation observed in C1P
levels might be an indirect consequence of SPL inhibition. This

is a significant finding, because C1P signaling is both anti-
apoptotic and contributes to stem cell mobilization [34, 48].
More detailed studies are necessary to dissect the relative
contributions of S1P and C1P to the phenomena we have
reported.

Figure 6. Enhanced bonemarrow stem cell homing and cardiomyocyte turnover in THI-treatedmice aftermyocardial infarction (n = 4 per group).
GFP+ bone marrow cells in the infarct border of LV sections after myocardial infarction were quantified after immunofluorescent staining and con-
focal microscopy. Proliferating cardiomyocytes were labeled with BrdU. (A): Representative images of GFP staining in infarct border of THI-treated
mice (left) and vehicle-treatedmice (right) showing a significantly higher number of GFP+ cells in the THI-treatedmice (top). BrdU staining of infarct
border showing enhanced cell turnoverwith higher BrdU+ cells in THI-treated comparedwith vehicle-treatedmice (middle). Representative images
ofc-Kit-stainedcells (arrows) inthe infarctborder (risk zone)cross-sectionsshowinghighercounts inTHI-treatedmice (left). (B):Quantitativeanalysis
ofGFP+ cells in the infarct border (risk area)andremote zoneshowing significantly highernumberofGFP+ cells inTHI-treatedmice in the riskareabut
not in theremotezone. (C):QuantitativeanalysisofBrdU+cells in the infarctborder (riskarea)andremotezoneshowingsignificantlyahighernumber
of BrdU+ cells in THI-treated mice in the risk area but not the remote zone. (D):Quantitative analysis of BrdU+/aSA+ cells in the infarct border (risk
area) and remote zone showing significantly a higher number of BrdU+/aSA+ cells in THI-treatedmice in the risk area butnot in the remote zone. (E):
Quantitativeanalysis of c-Kit-positive cells demonstrating their increasednumbers in peri-infarct region in THI-supplementedmiceafterAMI. Values
are presented as mean 6 SEM (p, p , .05 vs. vehicle control). Abbreviations: aSA, a-sarcomeric actin; BrdU, bromodeoxyuridine; DAPI, 49,6-
diamidino-2-phenylindole; GFP, green fluorescent protein; LAD, left anterior descending coronary artery; THI, tetrahydroxybutylimidazole.
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Most importantly, the present findings have significant trans-
lational relevance. Transient postischemic SPL inhibition had a
positive impact on cardiac function. Specifically, we observed sig-
nificant improvements in the LV ejection fraction and a reduction in
LV diameter and volume at end-systole and end-diastole, suggest-
ing enhanced recovery in functional and remodeling parameters.
These findings suggest it is rational to work toward the develop-
ment and application of therapeutic strategies to ameliorate
cardiac dysfunction after ischemic injury. Recently, SPL was char-
acterized as a novel target for the management of clinical condi-
tions [49]. An analog of THI, LX2931, has been characterized as
a robust and safe inhibitor of SPL. These findings suggest that SPL
inhibitionbyLX2931 inanAMImodel couldyield similar therapeutic
effects as those presented in our study.We are planning preclinical
studies using these agents in myocardial regenerative studies.

CONCLUSION

Our findings have demonstrated that early transient SPL inhibi-
tion after MI correlates with increased stem cell mobilization
and their homing to the infarct border zones. Augmenting BMSPC
mobilization correlated with the formation of new blood vessels
and cardiomyocyte and c-Kit cell proliferation. These novel find-
ings at the cellular level were associated with functional cardiac
recovery, reduced adverse remodeling, and a decreased scar size.
Taken together, thesedata indicate thatpharmacological elevation
of bioactive lipid levels can be beneficial in the early phase after
cardiac ischemic injury. These findings provide the first evidence

that a carefully timed transient pharmacological upregulation of
bioactive lipids after AMI could be therapeutic, because it results
in significant cardiac structural and functional improvements.
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