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High blood pressure (BP) remains an important clinical 
problem, as it is a major risk factor for a variety of car-

diovascular diseases.1 However, while for years we have been 
focusing on BP as a main cardiovascular disease symptom, it 
has become apparent that high BP carries a particularly high 
residual risk linked to both vascular and cardiac dysfunction 
and is linked to multi-organ hypertensive pathology.

Ang II (angiotensin II), affects a broad range of processes, 
such as salt and water retention or elevation of vascular con-
tractility and resulting peripheral arterial resistance,2,3 all con-
tributing to BP increase. Chronically elevated BP leads, in 
time, to progressive target-organ damage, for example, in the 
heart manifesting left ventricular (LV) hypertrophy, myocar-
dial ischemia, and heart failure.4

S1P (sphingosine-1-phosphate), a bioactive lysophospho-
lipid produced by Sphks (sphingosine kinases), is a regulator 
of cellular processes such as proliferation,5 migration,6 and 

apoptosis.7 Experimental hypertension results in elevated plasma 
S1P level,8,9 and our, as well as other, studies demonstrated pro-
tection of Sphk1 knockout mice against development of Ang 
II–induced hypertension.8–10 Furthermore, it has been shown 
that mice lacking S1pr2 (sphingosine-1-phosphate receptor 
2) exhibit reduced peripheral vascular resistance as a result of 
impaired vasoconstrictor responses.11 However, mice lacking 
Nogo-B, a transcription factor which inhibits the rate-limiting 
step of de novo sphingolipid synthesis, are hypotensive and re-
sistant to hypertension in response to Ang II due to autocrine 
S1P signaling in endothelium preserving endothelial function.12 
In addition, S1pr1 was identified as a key positive regulator of 
flow-mediated endothelial vasodilation, and EC-specific S1pr1 
downregulation was correlated with increased BP.13

Studies on the cardiac role of S1P/Sphk1 revealed that 
S1P affects cardiac contractility and heart rate, plays an im-
portant role in cardioprotection in response to ischemic injury, 

Received May 28, 2019; first decision June 11, 2019; revision accepted November 14, 2019.
From the Department of Internal and Agricultural Medicine, Faculty of Medicine, Jagiellonian University Medical College, Cracow, Poland (E.J., R.N., 

P.S., T.J.G., M.S.); and Institute of Cardiovascular and Medical Sciences, BHF Glasgow Cardiovascular Research Centre, University of Glasgow, Glasglow, 
United Kingdom (R.N., B.S., E.C., T.J.G.).

This article was sent to David Ellison, Consulting Editor, for review by expert referees, editorial decision, and final disposition.
The online-only Data Supplement is available with this article at https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.119.13450.
Correspondence to Mateusz Siedlinski, Department of Internal and Agricultural Medicine, Jagiellonian University School of Medicine, J Dietl Hospital, 

ul. Skarbowa 1, 31-121 Cracow, Poland. Email mateusz.siedlinski@uj.edu.pl

Abstract—High blood pressure is a risk factor for cardiovascular diseases. Ang II (angiotensin II), a key pro-hypertensive 
hormone, mediates target organ consequences such as endothelial dysfunction and cardiac hypertrophy. S1P (sphingosine-
1-phosphate), produced by Sphk1 (sphingosine kinase 1), plays a pivotal role in the pathogenesis of hypertension and 
downstream organ damage, as it controls vascular tone and regulates cardiac remodeling. Accordingly, we aimed to 
examine if pharmacological inhibition of Sphk1 using selective inhibitor PF543 can represent a useful vasoprotective 
and cardioprotective anti-hypertensive strategy in vivo. PF543 was administered intraperitoneally throughout a 14-day 
Ang II-infusion in C57BL6/J male mice. Pharmacological inhibition of Sphk1 improved endothelial function of arteries 
of hypertensive mice that could be mediated via decrease in eNOS (endothelial nitric oxide synthase) phosphorylation at 
T495. This effect was independent of blood pressure. Importantly, PF543 also reduced cardiac hypertrophy (heart to body 
weight ratio, 5.6±0.2 versus 6.4±0.1 versus 5.9±0.2 mg/g; P<0.05 for Sham, Ang II+placebo, and Ang II+PF543-treated 
mice, respectively). Mass spectrometry revealed that PF543 elevated cardiac sphingosine, that is, Sphk1 substrate, content in 
vivo. Mechanistically, RNA-Seq indicated a decreased expression of cardiac genes involved in actin/integrin organization, 
S1pr1 signaling, and tissue remodeling. Indeed, downregulation of Rock1 (Rho-associated coiled-coil containing protein 
kinase 1), Stat3 (signal transducer and activator of transcription 3), PKC (protein kinase C), and ERK1/2 (extracellular 
signal-regulated kinases 1/2) level/phosphorylation by PF543 was observed. In summary, pharmacological inhibition 
of Sphk1 partially protects against Ang II–induced cardiac hypertrophy and endothelial dysfunction. Therefore, it may 
represent a promising target for harnessing residual cardiovascular risk in hypertension.  (Hypertension. 2020;75:383-
392. DOI: 10.1161/HYPERTENSIONAHA.119.13450.) • Online Data Supplement

Key Words: angiotensin II ◼ blood pressure ◼ cardiac hypertrophy ◼ hypertension ◼ sphingosine 1-phosphate  
◼ sphingolipids

Cardiovascular Effects of Pharmacological  
Targeting of Sphingosine Kinase 1

Ewelina Józefczuk, Ryszard Nosalski, Blessy Saju, Eva Crespo, Piotr Szczepaniak,  
Tomasz Jan Guzik, Mateusz Siedlinski

© 2019 The Authors. Hypertension is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health, Inc. This is an open access 
article under the terms of the Creative Commons Attribution Non-Commercial-NoDerivs License, which permits use, distribution, and reproduction in any 
medium, provided that the original work is properly cited, the use is noncommercial, and no modifications or adaptations are made.

Hypertension is available at https://www.ahajournals.org/journal/hyp DOI: 10.1161/HYPERTENSIONAHA.119.13450

Heart

mailto:mateusz.siedlinski@uj.edu.pl


384  Hypertension  February 2020

and regulates cardiac hypertrophy and fibrosis.14 In vitro stud-
ies have demonstrated that downregulation of Sphk1 signaling 
inhibits TGF-β (transforming growth factor-β)-stimulated col-
lagen production in mouse cardiac fibroblasts.15 Furthermore, 
stimulation of rat neonatal cardiomyocytes with S1P led to cell 
growth in size, and this effect was abolished by S1pr1 antibody 
treatment,16 while mice overexpressing Sphk1 developed sponta-
neous myocardial degeneration and cardiac fibrosis.17 Moreover, 
it was shown that cardiac fibroblast-specific overexpression of 
S1pr1 in mice increases hypertrophy and fibrosis of heart tissue 
which is accompanied by upregulation in Stat3 (signal trans-
ducer and activator of transcription 3) signaling and IL-6 (inter-
leukin-6) production.18 Interestingly, our previous study showed 
that deletion of Sphk1 protects against Ang II–induced cardiac 
hypertrophy.8

The above studies suggest that pharmacological modula-
tion of S1P/Sphk1 signaling may be of interest in the context 
of cardiovascular research. Therefore, the goal of this study 
was to define the effect of pharmacological modulation of 
Sphk1 activity on the development of Ang II–dependent sys-
temic arterial hypertension and associated vascular dysfunc-
tion as well as cardiac hypertrophy by using selective Sphk1 
inhibitor—PF543 in vivo.

Methods
An extended description of the methods is available in the online-
only Data Supplement.

Data Availability Statement
Raw gene counts and final results of the RNA-Seq analysis are 
available as Table in the online-only Data Supplement. Other data 
that support the findings of this study are available from the corre-
sponding author on reasonable request.

Induction of Hypertension and PF543 Treatment In 
Vivo
Male C57BL6/J mice at the age of 12 to 14 weeks bred in spe-
cific pathogen-free facility, fed with standard chow, and randomly 
assigned to the control and treatment groups were investigated. 
Hypertension was induced by 14-day infusion of Ang II (490 ng/
kg per minute, Sigma-Aldrich) using subcutaneously implanted 
osmotic minipump (Alzet) following intraperitoneal anesthesia 
with Ketamine (100 mg/kg)/xylazine (10 mg/kg) solution (both 
Biowet, Poland). Two models of PF543 treatment were tested: 
(1)a rescue model—a single intraperitoneal injection with PF543 
(Cayman Chemical) at a dose of 10 mg/kg (dissolved in 20% 
β-hydroxypropyl-cyclodextrin in PBS) of normotensive mice or hy-
pertensive mice (on the 13th day of continuous Ang II infusion) and 
(2)a chronic model—injected PF543 intraperitoneally every 2 days 
(at a dose of 1 or 10 mg/kg) commencing the day before implan-
tation of the Ang II–dosed pump. Importantly, MacRitchie et al19 
demonstrated that application of the higher PF543 dose (ie, 10 mg/
kg) degrades Sphk1 in pulmonary vessels in mice,19 while Zhang 
et al20 found that lower, 1 mg/kg, dose of PF543 inhibits murine 
cardiac sphingosine kinase activity and lowers serum S1P content. 
Mice underwent noninvasive systolic BP measurement by tail-cuff 
plethysmography (Visitech BP 2000 BP Analysis System) before 
commencement of the treatment and during hypertension develop-
ment. After 2 weeks of Ang II infusion, mice were euthanized, tis-
sues were collected and subjected to subsequent experiments. For 
RNA and protein isolation, tissues were lysed in dedicated buffers21 
(see online-only Data Supplement for details). If possible, experi-
ments were performed on blinded samples. All experiments were 
approved by the II Local Ethics Committee in Cracow (approval 
number 157/2016).

RNA-Seq Analysis
To recapitulate possible changes in transcriptome profile caused by down-
regulation of S1pr1, we studied LV samples obtained from hypertensive 
mice treated either with 10 mg/kg per 2 days PF543 dose or placebo. Total 
RNA from the LV of hypertensive mice, chronically treated with either 
PF543 (intraperitoneal 10 mg/kg every 2 days; n=4) or solvent control 
(n=4), was isolated using Direct-zol RNA Miniprep kit and treated with 
DNase I (Zymo Research). Briefly, mRNA was isolated using NEBNext 
Poly(A) mRNA Magnetic Isolation Module (New England Biolabs). The 
mRNA library was prepared using NEBNextUltra II Directional RNA 
Library Prep Kit for Illumina. Sequencing was performed with HiSeq4000 
(Illumina) with 150 bp paired-end reads (PE150). Bioinformatic analysis 
included trimming of adapters, polyA, and polyT tails using Cutadapt.22 
RNA-seq reads were then mapped to genes according to the reference ge-
nome (Mus musculus M20, GRCm38.p6 downloaded from GENCODE) 
using TopHat software.23 Reads were counted with HTseq.24

Histological Analysis of Cardiac Tissues
Formalin-fixed and paraffin embedded 7 µm sections were deparaf-
finized and rehydrated. Sections were stained with Weigert’s iron he-
matoxylin solution (Sigma-Aldrich) for 10 minutes and then washed 
and incubated in the dark with 0.1% Sirius red F3B (Sigma-Aldrich) 
for 1 hour, washed in acidified water, dehydrated, and mounted. 
Additionally, fixed tissue was also stained with Masson’s trichrome 
(Sigma-Aldrich, Germany) according to the manufacturer protocol. 
The cross-sectional cardiomyocyte size was calculated using cells 
with integral membrane and visible nucleus (≈60 cells per section). 
Relative fibrotic area and cardiomyocyte size quantification was per-
formed using ImageJ (version 1.49) software.25

Measurement of Cardiac Sphingosine Content
Heart tissues were homogenized and subjected to lipid extraction by 
a modified 1-step Bligh and Dyer protocol.26,27 Then, samples un-
derwent chemical methylation.28,29 Samples were analyzed in posi-
tive ion mode using a Q Exactive mass spectrometer (Thermo Fisher 
Scientific, Waltham, MA) equipped with a TriVersaNanoMate (Advion 
Biosciences, Ithaca, NY). The acquisition cycle consisted of Fourier-
transform mass spectrometry (FT MS) and targeted Fourier-transform 
tandem mass spectrometry (FT MS/MS) scans in the positive mode. 
Acquired data were processed by using LipidXplore software.30 More 
details are provided in the online-only Data Supplement.

Statistical Analysis
Differential gene expression analysis from the RNA-Seq experi-
ment was performed using DESeq2 package in R (version 3.5.1),31 
while Overrepresentation Enrichment Analysis was performed using 
WebGestalt32 and all 599 genes with false discovery rate (FDR) corrected 
P value <0.05 (Table in the online-only Data Supplement for a sum-
mary statistics of all genes detected in the RNA-Seq analysis). To check 
whether and how chronic PF543 treatment affected cardiac processes re-
lated to cell death, we performed overrepresentation analysis separately 
for genes significantly (FDR, P<0.05) up- or downregulated. Repeated 
measures ANOVA was used for analysis of vascular function studies and 
BP measurements, and t tests were used for analysis of mRNA/protein ex-
pression data. All these statistical tests were performed using IBM SPSS 
Statistics (version 25) or GraphPad Prism (version 7). Data are presented 
as means±SEM. P values<0.05 were considered statistically significant.

Results
Effects of PF543 Treatment on the Development of 
Ang II–Dependent Hypertension and Associated 
Cardiac Remodeling
The results revealed that PF543 did not affect systolic BP level 
during chronic administration in mice developing hypertension 
using either 1 or 10 mg/kg per 2 days doses (Figure 1A) or 24 
hours after drug injection when hypertension was already es-
tablished (Figure S1A). Similarly, single PF543 injection did 
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not change blood pressure level of normotensive mice (Figure 
S1A). Interestingly, chronic PF543 treatment in hyperten-
sive mice significantly reduced cardiac mass, suggesting that 
Sphk1 may play a role in the regulation of cardiac remodeling 
in response to Ang II–dependent hypertension (Figure 1B).

Molecular Mechanisms of Cardiac PF543 Action
Using mass spectrometry analysis, we found that the level of 
possible S1P precursors, that is, sphingoid bases (16:2 and 
20:1 species) was significantly elevated in the LV of PF543-
treated as compared with placebo-treated hypertensive 

Figure 1. Effects of chronic PF543 treatment on the development of Ang II (angiotensin II)–induced hypertension and cardiac hypertrophy. A, Systolic blood 
pressure (SBP) of Sham or Ang II–infused (490 ng/kg per min) mice treated either with PF543 (1 mg/kg or 10 mg/kg every 2 days) or placebo (solvent). n=8, 
17, 13, 11 for Sham, Ang II+placebo, Ang II+PF543 1 mg/kg, Ang II+PF543 10 mg/kg group, respectively. B, Heart to body weight ratio (mg/g) of Sham 
or Ang II–infused (490 ng/kg per min) mice treated either with PF543 (1 or 10 mg/kg every 2 days) or placebo. n=8–18/group. C, Measurement of different 
sphingoid bases content, normalized to total protein concentration, in the left ventricular heart tissue of Ang II–infused mice treated either with PF543 (10 
mg/kg every 2 days) or placebo, using mass spectrometry. n=4/group. D, Heatmap of 51 genes significantly up- or downregulated (an absolute fold change 
higher than 1.8) in the left ventricular heart tissue of Ang II–infused mice treated either with PF543 (10 mg/kg every 2 days) or placebo. Transcriptome analysis 
was performed using RNA-Seq method. n=4/group. E, Results of overrepresentation enrichment analysis based on 599 genes with significantly changed 
expression in the left ventricular heart tissue of Ang II-infused after chronic PF543 (10 mg/kg every 2 days) treatment. F, Expression of cardiac hypertrophy-
related genes was quantified using real-time polymerase chain reaction in the LV of Sham and Ang II–infused mice treated either with PF543 (1 or 10 mg/
kg every 2 days) or placebo. n=9 to 13/group. $P<0.05 as indicated, *P<0.05 vs all other groups, **P<0.05 vs Sham or Ang II+PF543 10 mg/kg groups, and 
#P<0.05 vs Ang II+placebo group.



386  Hypertension  February 2020

animals (Figure 1C), which confirms that PF543 changes 
sphingolipid balance in the heart. This may have global 
consequences with respect to the cardiac transcriptome 
in hypertension. To address this, we performed RNA-Seq 
analysis, which identified 599 genes significantly up- or 
downregulated in response to PF543 in LV tissue (Table 
in the online-only Data Supplement), including 51 with an 
absolute fold change higher than 1.8 (Figure 1D). RNA-
Seq analysis demonstrated a significant, PF543-mediated 
downregulation of expression of genes such as fibronectin 1 
(Fn1), integrin subunit α-5 (Itga5) and integrin subunit β-3 
(Itgb3), connective tissue growth factor (Ctgf), actinin α-1 
(Actn1) or fetal genes myosin heavy chain 7 (Myh7), and 
natriuretic peptide B (Nppb; Table in the online-only Data 
Supplement).

Subsequent pathway analysis revealed that PF543, among 
other processes, primarily affected actin filament organiza-
tion and binding, TNF (tumor necrosis factor) superfamily 
cytokine production, and tissue remodeling in hypertensive 
animals (Figure 1E). Real-time polymerase chain reaction 
experiments confirmed that PF543 treatment reduced mRNA 
expression of genes from the above pathways accompanying 
cardiac remodeling such as Ctgf, Tgfβ1, α- smooth muscle 
actin 2 (Acta2), β- actin (Actb), interleukin-6 (Il-6), and TNF 
receptor superfamily member 11b (Tnfrsf11b) in hypertensive 
animals (Figure 1F).

None of the pathways related to necrosis, apoptosis or 
autophagy were significantly (FDR, P<0.05) enriched while 
analyzing genes up- or downregulated by PF543 treat-
ment. We identified 4 pathways related to apoptosis that 
were enriched among genes significantly downregulated by 
PF543 treatment at FDR P<0.2 (Figure S2A). Additionally, 
Western blot analysis showed that chronic PF543 treatment 
did not change protein level of the apoptotic marker, that 
is, cleaved form of PARP (poly [ADP-ribose] polymerase; 
Figure S2A).

Given the fact that RNA-Seq analysis revealed that genes 
and pathways related to cardiac hypertrophy and fibrosis were 
altered after PF543 treatment (eg, collagen genes [Col1a1 and 
Col3a1] were downregulated (unadjusted P<0.05, Table in the 
online-only Data Supplement), we performed histological ex-
amination of cardiac sections. However, this analysis showed 
no significant effects of PF543 treatment on cardiac fibrosis 
in Ang II–infused mice (Figure 2A). On the contrary, PF543 
treatment significantly reduced cardiomyocyte size in hyper-
tensive animals (Figure 2B). Additionally, protein quantifica-
tion by Western blot confirmed a significant upregulation of 
hypertrophic markers- Acta2 and Fn1 after Ang II infusion, 
and this effect was attenuated by PF543 treatment (Figure 2C).

PF543 Modulates Key Signaling Pathways Involved 
in Cardiac Hypertrophy
Ang II treatment significantly induced expression of cardiac 
S1pr1 and S1pr2, but not S1pr3, as compared with Sham an-
imals (Figure S1B). Notably, an initial, rescue experiment 
testing an acute effect of single PF543 injection demonstrated 
significantly decreased type 1 S1P-receptor (S1pr1), but not 
S1pr2 or S1pr3 mRNA expression in cardiac tissue 24 hours 
after drug injection (Figure S1B), which was confirmed by 

Western blot analysis (Figure S1C). Such decrease in S1pr1 
expression may be regarded as specific for hypertensive con-
ditions as in normotensive mice single injection with PF543 
did not affect S1pr1 protein level (Figure S1D).

Similarly, compared with a single PF543 injection, 
we found that chronically administered PF543 signifi-
cantly reduced S1pr1 protein expression level in the heart 
(Figure 3A). Interestingly, no significant effects on mRNA ex-
pression of S1pr1 or other S1P receptors in hypertensive mice 
were observed (Figure 3B). Additionally, although chronic 
PF543 administration reduced mRNA levels of Sphk1 in hy-
pertensive animals (Figure S3A), it did not change Sphk1 
protein levels (Figure S3B). We found that Sphk activity was 
significantly increased in cardiac tissue of hypertensive mice 
as compared with Sham, while chronic PF543 treatment (10 
mg/kg) decreased enzyme activity in hypertensive hearts 
(Figure S3C).

To investigate the mechanism of PF543 action in hyper-
trophic heart in more detail, we examined expression level 
of proteins potentially involved in cardiac S1P signaling. 
Western blot analyses demonstrated that in the hypertrophic 
heart of Ang II–infused mice there was a significant upregula-
tion of Rock1 (Rho-associated coiled-coil containing protein 
kinase 1) and phosphorylated forms of Stat3, PKC (protein 
kinase C) and ERK1/2 (extracellular signal-regulated kinases 
1/2) signaling molecules as compared with Sham animals 
(Figure 4). Importantly, chronic PF543 treatment prevented 
the above changes in hypertensive animals (Figure 4). In con-
trast, chronic PF543 treatment in hypertensive mice did not 
affect the phosphorylation pattern of Akt and GSK3β (gly-
cogen synthase kinase 3-β) signaling kinases (Figure S2B).

Independent experiments on LV tissue derived from nor-
motensive and Ang II–infused hypertensive or Ang II–infused 
hypertensive mice treated either with PF543 (10 mg/kg per 2 
days) or placebo supported inhibitory effect of PF543 treat-
ment in vivo on the Ang II–induced increment in cardiac 
Rock1 and S1pr1 expression, as well as activation status of 
Stat3 and ERK1/2 (Figure S4; Figure S5 for a wide version of 
Western blot images of all cardiac proteins analyzed).

Effects of PF543 Treatment on the Ang II–
Dependent Vascular Dysfunction In Vivo
Ex vivo tests revealed that adding 10 µmol/L to the myograph 
chamber does not constrict mesenteric arteries derived from 
normotensive mice. Instead, such arteries, preconstricted 
with U-46619, relax in response to increasing doses of PF543 
(Figure S6A). Subsequent experiments involving in vivo ad-
ministration of PF543 demonstrated no changes in contractile 
responses of mesenteric arteries of hypertensive mice after 
chronic PF543 treatment (Figure S6B). However, chronic 
administration of Sphk1 inhibitor significantly improved 
acetylcholine-, but not sodium nitroprusside-, mediated vaso-
relaxation of such arteries (Figure S6C). The above effect 
was accompanied by a significantly decreased expression of 
phosphorylated forms of eNOS (T495) and ERK1/2 (T202/
Y204; Figure S7A), while no changes in Rock1 protein level 
or in phosphorylation of PKC at Serine(S) 660 after PF543 
treatment in mesenteric arteries of hypertensive mice occurred 
(Figure S7B).
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Ang II induced expression of Sphk1 mRNA in mesenteric 
arteries as compared with the Sham group; however, PF543 
had no further effect on its expression in hypertensive mice 
(Figure S7C). No differences in Nos3 mRNA expression were 
observed between all groups (Figure S7C). Although Ang II 
infusion did not affect mRNA level of S1P receptors as com-
pared with the Sham group, PF543 triggered an upregulation 
of S1pr2 and downregulation of S1pr3 mRNA in mesenteric 
arteries of hypertensive mice of relatively little magnitude, 
that is, increment 1.23× and 1.33× of S1pr2 expression in Ang 
II+PF543 (1 mg/kg per 2 days) and Ang II+PF543 (10 mg/kg 
per 2 days), respectively, versus Ang II+placebo and 1.31× 
decrement of S1pr3 mRNA expression in Ang II+PF543 (10 
mg/kg per 2 days) versus Ang II+placebo (Figure S7C). As 
among other S1P receptors S1pr1 plays major role in the reg-
ulation of endothelial vasorelaxation, we tested S1pr1 protein 
level. Results showed no significant difference in S1pr1 pro-
tein level between PF543-treated and placebo-treated hyper-
tensive mice (Figure S7D). Moreover, there were no significant 
differences in arterial expression of genes related to vascular 
remodeling, that is, Fn1, Col1a1, and Col3a1 between PF543- 
and placebo-treated hypertensive animals (Figure S7C).

PF543 and S1P Affect eNOS Phosphorylation In 
Human Endothelial Cells
PF543 treatment significantly downregulated SPHK1 pro-
tein expression by >80% and decreased P-eNOST495 expres-
sion in human microvascular endothelial cells (Figure S8A). 
Additionally, in line with the above results, elevated phospho-
rylation at the eNOS (T495) site after 24 hours stimulation of 
endothelial cells with S1P was observed (Figure S8B). No sig-
nificant changes in phosphorylation of ERK1/2 or PKC were 
observed after PF543 treatment for 24 hours (Figure S8A). On 
the contrary, stimulation of endothelial cells with S1P for 24 
hours significantly increased P-ERK1/2T202/Y204 and decreased 
PKC phosphorylation level at the S660 site (Figure S8B).

Discussion
In the present study, we demonstrate that pharmacological 
inhibition of Sphk1 activity modulates vascular function and 
reduces cardiac hypertrophy induced by Ang II. The latter 
effect is accompanied by RNA-Seq-quantified downregu-
lation of cytoskeletal, ECM, and TNFα-related genes and 
may be mediated by the elevation of cardiac sphingosine 
content and downregulation of S1pr1 and PKC, as well as 

Figure 2. PF543 treatment affects cardiomyocyte hypertrophy and associated Fn1 and Acta2 (α-smooth muscle actin 2) expression with no effects on 
cardiac fibrosis. A, PicroSirius staining of the heart sections used to quantify the percentage of fibrotic area in the cardiac tissue. Percentage of fibrosis is 
shown relative to the area of heart section. n=4–8/group. B, Masson’s trichrome staining of the heart sections used to quantify cardiomyocytes area. n=4–8/
group. C, Protein expression of fibronectin 1 and Acta2 studied by Western blotting in the cardiac tissue of Ang II (angiotensin II)-infused (490 ng/kg per 
min) mice treated either with PF543 (1 or 10 mg/kg every 2 days) or placebo. Densitometric analysis of protein normalized to Gapdh is shown. n=3–4/group. 
*P<0.05 vs Sham, **P<0.05 vs all other groups, ***P<0.05 vs Sham or Ang II+PF543 10 mg/kg groups.
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pro-hypertrophic markers such as Stat3. This extends our pre-
vious, transcriptomic study that identified Sphk1 as a mod-
ulator of Ang II–dependent vascular dysfunction and as a 
potential regulator of cardiac hypertrophy development in re-
sponse to pressure overload in vivo.8

A growing body of literature show that the Sphk1/
S1P pathway plays an important role in the cardiovascular 
system.33–36 MacRitchie et al19 demonstrated that PF543 
degrades Sphk1 in pulmonary vessels in vivo, without effect-
ing Sphk1 expression in the heart, which is in agreement with 
our results. Another study by Zhang et al20 found that chronic 
administration of PF543 reduces serum and cardiac levels of 
S1P in Sham and in post-myocardial infarction mice, which is 
associated with improved LV ejection fraction. This supports 
the previous study by Polzin et al37 who demonstrated a nega-
tive correlation between LV ejection fraction and plasma S1P 
levels among patients with ischemic heart disease. We found 
that PF543 treatment increases sphingosine content and lowers 
cardiac S1pr1 expression in cardiac tissue, and both phenomena 
might be caused by various events including Sphk1 inhibition 
in cardiac tissue or a decrease in serum S1P level, a known con-
sequence of PF543 action in vivo.20,38 This extends results of 
another in vitro study showing a simultaneous decrease in S1P 
and an increase in sphingosine content in 1483 cells exposed to 
PF543.39 Moreover, the above results are in line with significant 
downregulation of sphingosine kinase activity in cardiac tissue 
after PF543 treatment in vivo observed in the current study.

Regardless of the strategy of administration (acute or 
chronic injection), PF543 did not affect the level of systolic 
BP in mice developing or with established hypertension. On 
the contrary, our findings identified PF543 as a vasorelax-
ant agent ex vivo and demonstrated a clear linkage between 
pharmacological administration of PF543 and improvement 

of mesenteric artery function in hypertensive mice in vivo. 
We found a decreased phosphorylation of eNOS at T495, 
known as an inhibitory for eNOS activation, NO production 
and endothelium-dependent vasorelaxation,40,41 as a possible 
cause of improved mesenteric artery function after PF543 
treatment in hypertensive mice. Furthermore, the effect of 
PF543 seems to be independent of S1pr1 expression level. 
We also found significant differences in S1pr2 and S1pr3 
mRNA expression after PF543 chronic treatment in mesen-
teric arteries. Although it is known that signaling mediated by 
S1pr2/S1pr3 is important for contraction of vascular smooth 
muscle cells and that S1pr3 positively regulates endothelial 
vasorelaxation,36 it should be noted that the magnitude of 
changes in the expression of these receptors observed in our 
study was relatively small and did not result in changes of 
arterial contraction or exaggeration of endothelial dysfunc-
tion as demonstrated in vascular function studies. The lack 
of effect of PF543 treatment on vascular contraction may at 
least partially explain no significant effects observed with 
regards to BP level during hypertension development.

Among kinases targeting eNOS at T495 such as PKC,42 
Rock1,43 and ERK1/2,41,44 only expression of the phosphory-
lated ERK1/2 was attenuated by chronic PF543 treatment. 
Moreover, downregulation in T495 eNOS phosphorylation in 
response to PF543, which mimics inhibition of autocrine S1P 
signaling, was observed also in vitro in human primary mi-
crovascular endothelial cells. Stimulation of these cells with 
S1P, which mimics upregulation of endocrine S1P signaling in 
vivo, evoked the opposite effect and hence confirmed that S1P 
regulates eNOS activity by its phosphorylation at T495. While 
PF543 did not affect ERK1/2 or PKC phosphorylation level, 
S1P stimulation significantly upregulated P-ERK1/2, which 
confirms previous findings by Igarashi et al.45 In summary, 

Figure 3. Chronic PF543 treatment downregulates cardiac S1pr1 protein expression in Ang II (angiotensin II)–infused hypertensive mice. A, Protein 
expression of S1pr1 studied by Western blotting in the left ventricular tissue of Sham and Ang II–infused (490 ng/kg per min) mice treated either with 
PF543 (1 mg/kg or 10 mg/kg every 2 days) or placebo. Densitometric analysis of S1pr1 normalized to Gapdh is shown. n=3–4/group. B, Expression of 
S1pr1, S1pr2, and S1pr3 was quantified using real-time polymerase chain reaction in the hearts of normotensive (Sham) and hypertensive (Ang II–infused) 
mice treated either with PF543 (1 mg/kg or 10 mg/kg every 2 days) or placebo. n=9–13/group. *P<0.05 vs Sham or Ang II+PF543 10 mg/kg groups, 
**P<0.05 vs Sham group.
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these findings show that a relative improvement of endothelial 
function caused by PF543 is not sufficient to compensate for 
other Ang II–stimulated mechanisms contributing to the de-
velopment of experimental hypertension.

A 2-week infusion of Ang II resulted in the development 
of cardiac hypertrophy. Ang II triggered an upregulation of 
fibronectin 1, an important stimulator of cardiomyocyte hy-
pertrophic growth,46 which action is transduced by membrane 
heterodimeric integrin receptors composed of an α and β chain. 
Pharmacological inhibition of Sphk1 by PF543 prevented Ang 
II–induced transcript upregulation of fibronectin 1, integrins 
(Itga5 and Itgb3), Ctgf, Tgf-β1, and fetal hypertrophy markers 
Nppb and Myh7 in hypertensive animals. Since PF543 signif-
icantly reduced cardiomyocyte size in hypertensive animals, 
we conclude that PF543 may serve as a potential antihyper-
trophic agent due to its effect on S1P/sphingosine balance in 
cardiac tissue and serum,20,38 and its action may be mediated 
by both S1P-receptor dependent and independent pathways.

Spatial distribution of S1P receptors in the heart is an im-
portant determinant of specific S1P action in different car-
diac tissue compartments. While cardiac fibroblasts express 

mainly S1pr3, cardiomyocytes are characterized by abundant 
S1pr1 expression.14 Our results indicate that reduced car-
diac hypertrophy due to PF543 treatment may be mediated, 
at least partially, by a downregulation of S1pr1 expression. 
This result ties well with previous studies where S1pr1 an-
tibody treatment prevented S1P-induced increase in the size 
of rat neonatal cardiomyocytes,16 and genetic overexpression 
of S1pr1 in myofibroblasts exaggerated cardiac hypertrophy 
in an Ang II–dependent manner in vivo.18 Since we did not 
observe significant effects of PF543 on cardiac fibrosis in hy-
pertensive mice, as assessed by collagen-staining method, it 
can be concluded that pharmacological inhibition of Sphk1 
affects Ang II–dependent cardiac hypertrophy rather than 
fibroblast-mediated deposition of collagen. This is in line 
with our previous study that investigated the Sphk1 knockout 
mouse for these effects.8

To further investigate the mechanism of attenuation 
of Ang II–dependent cardiac hypertrophy by PF543, we 
checked the activation status of various signaling molecules. 
A positive correlation of Ang II infusion with elevated ac-
tivity of signaling molecules such as Rock1, Stat3, PKC, 

Figure 4. Chronic PF543 treatment downregulates Rock1 (Rho-associated coiled-coil containing protein kinase 1), P-Stat3 (signal transducer and activator 
of transcription 3), P-PKC (protein kinase C), and P-ERK1/2 (extracellular signal-regulated kinases 1/2) in cardiac tissue of Ang II (angiotensin II)-infused 
hypertensive mice. Protein expression of Rock1, p-Stat3Y705, P-PKCPanβII660, P-ERK1/2T202/Y204 and Gapdh studied by Western blotting in the hearts of Sham 
or Ang II–infused (490 ng/kg per min) mice treated either with PF543 (1 mg/kg or 10 mg/kg every 2 days) or placebo. Densitometric analysis of proteins 
normalized to Gapdh is shown. n=3/group.*P<0.05 vs all other groups.
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Akt, and ERK1/2 in the hypertrophic heart was observed. 
Crucially, pharmacological inhibition of Sphk1 with PF543 
remarkably downregulated Rock1, as well as decreased the 
activation status of Stat3, PKC, and ERK1/2. Rock1 is an 
important positive regulator of cardiomyocyte apoptosis and 
cardiac fibrosis; thus it is considered as potential therapeutic 
target for limiting the progression to heart failure.47 Stat3 is 
a transcription factor regulating the expression of cardio-
protective genes associated with the adaptation of the heart 
to stress conditions.48 Activation of Stat3 in pressure-over-
loaded cardiac myocytes is primarily mediated by the auto-
crine/paracrine release of IL-6 and TNF-α, and to a lesser 
extent, by the local production of Ang II.49 Importantly, it 
was also revealed that activation of Stat3 in neonatal rat 
ventricular cardiomyocytes is induced by increasing the 
dose of S1P, and this effect is mediated by upregulation of 
P-ERK1/2. Additionally, S1P-mediated ERK1/2 and Stat3 
activation was partially reversed by treatment with an inhib-
itor of Rock (Y27632), which points to Rock as a potential 
mediator in S1P signaling in cardiomyocytes.50 Moreover, 
several studies demonstrated that both canonical (α, β) and 
novel isoforms (δ, ε) of PKC regulate pathological cardiac 
remodeling.51 Importantly, sphingosine is a known PKC in-
hibitor, and higher sphingosine content in LV tissue induced 
by PF543 treatment may explain PF543-induced downregu-
lation of cardiac PKC phosphorylation.

As S1P in the heart has been considered cardioprotec-
tive,14 questions arise as to whether reduced cardiac hyper-
trophy after chronic PF543 treatment does not result from 
enhanced cell death. However, RNA-Seq analysis of cardiac 
transcriptome, as well as determination of the level of markers 
and mediators of cardiac apoptosis and myocyte survival (ie, 
PARP, P-Akt, and P-GSK3β) demonstrated no significant dif-
ferences between placebo and PF543-treated mice.

Inclusion of exclusively male animals may be considered 
as a limitation of our study. This was associated with the fact 
that Ang II infusion is best characterized as model of hy-
pertension in male mice.52 Studies demonstrated that Ang II 
induces considerably greater blood pressure increase in male 
than in female subjects, and that sex hormones are important 
mediators of hypertension pathogenesis.53 Moreover, there is a 
higher plasma S1P level in woman, as well as in female mice 
than in males or male mice, respectively.54 Considering the fact 
that some of the mechanisms investigated in the current study 
may be altered by the above mentioned sex-mediated differ-
ences, it remains to be established whether similar, cardiac 
effects of PF543 treatment can be observed in female mice 
that are at least partially protected against Ang II–induced hy-
pertension due to various hormone- and immunology-related 
factors.55 Future studies are needed to characterize sex-depen-
dent differences in S1P biology in hypertension.

Perspectives
PF543 has an anti-hypertrophic potential as it partially pro-
tects against pathological changes that occur in the heart dur-
ing Ang II–dependent hypertension in mice. Its action may be 
mediated by specific downregulation of S1P type 1 receptor 
expression, as well as by sphingosine accumulation in the 
cardiac tissue as a result of Sphk1 inhibition. PF543 triggers 

downregulation of important cardiac hypertrophy-related 
pathways mediated by Rock1, Stat3, PKC, and ERK1/2. 
Furthermore, PF543 partially inhibits changes in the ex-
pression of actin-, TNFα-, and tissue remodeling–associated 
genes that are characteristic for the hypertrophic heart. Thus, 
SPHK1 inhibition might be a pharmacological strategy to pre-
vent cardiac hypertrophy in patients with newly diagnosed 
hypertension. Chronic rather than acute effects of SPHK1 in-
hibition are more likely.

Acknowledgments
We kindly acknowledge the help of Dr Mesut Bilgin from the Danish 
Cancer Society Research Center in Copenhagen with quantification 
of cardiac sphingosine content. We are grateful to Dr Rashida Lathan 
from the University of Glasgow for critical suggestions and editing.

Sources of Funding
This work was supported by the National Science Centre (Poland) 
grant number 2016/22/E/NZ4/00610 to M. Siedlinski and by the 
European Research Council (ERC and InflammaTENSION; ERC-
CoG-726318) to T.J. Guzik.

Disclosures
None.

References
 1. Oparil S, Acelajado MC, Bakris GL, Berlowitz DR, Cífková R, 

Dominiczak AF, Grassi G, Jordan J, Poulter NR, Rodgers A, et al. Hyper-
tension. Nat Rev Dis Primers. 2018;4:18014. doi: 10.1038/nrdp.2018.14

 2. Guzik TJ, Touyz RM. Oxidative stress, inflammation, and vas-
cular aging in hypertension. Hypertension. 2017;70:660–667. doi: 
10.1161/HYPERTENSIONAHA.117.07802

 3. Touyz RM, Schiffrin EL. Signal transduction mechanisms mediating the 
physiological and pathophysiological actions of angiotensin II in vascular 
smooth muscle cells. Pharmacol Rev. 2000;52:639–672.

 4. Struthers AD, MacDonald TM. Review of aldosterone- and angio-
tensin II-induced target organ damage and prevention. Cardiovasc Res. 
2004;61:663–670. doi: 10.1016/j.cardiores.2003.11.037

 5. Olivera A, Spiegel S. Sphingosine-1-phosphate as second messenger 
in cell proliferation induced by PDGF and FCS mitogens. Nature. 
1993;365:557–560. doi: 10.1038/365557a0

 6. Kupperman E, An S, Osborne N, Waldron S, Stainier DY. A sphingosine-
1-phosphate receptor regulates cell migration during vertebrate heart de-
velopment. Nature. 2000;406:192–195. doi: 10.1038/35018092

 7. Cuvillier O, Pirianov G, Kleuser B, Vanek PG, Coso OA, Gutkind S, Spiegel  
S. Suppression of ceramide-mediated programmed cell death by sphingo-
sine-1-phosphate. Nature. 1996;381:800–803. doi: 10.1038/381800a0

 8. Siedlinski M, Nosalski R, Szczepaniak P, Ludwig-Gałęzowska AH, 
Mikołajczyk T, Filip M, Osmenda G, Wilk G, Nowak M, Wołkow P, et al. 
Vascular transcriptome profiling identifies sphingosine kinase 1 as a modu-
lator of angiotensin II-induced vascular dysfunction. Sci Rep. 2017;7:44131. 
doi: 10.1038/srep44131

 9. Meissner A, Miro F, Jiménez-Altayó F, Jurado A, Vila E, Planas AM. 
Sphingosine-1-phosphate signalling-a key player in the pathogenesis of 
angiotensin II-induced hypertension. Cardiovasc Res. 2017;113:123–133. 
doi: 10.1093/cvr/cvw256

 10. Wilson PC, Fitzgibbon WR, Garrett SM, Jaffa AA, Luttrell LM, 
Brands MW, El-Shewy HM. Inhibition of sphingosine kinase 1 amelio-
rates angiotensin II-induced hypertension and inhibits transmembrane 
calcium entry via store-operated calcium channel. Mol Endocrinol. 
2015;29:896–908. doi: 10.1210/me.2014-1388

 11. Lorenz JN, Arend LJ, Robitz R, Paul RJ, MacLennan AJ. Vascular dys-
function in S1P2 sphingosine 1-phosphate receptor knockout mice. 
Am J Physiol Regul Integr Comp Physiol. 2007;292:R440–R446. doi: 
10.1152/ajpregu.00085.2006

 12. Cantalupo A, Zhang Y, Kothiya M, Galvani S, Obinata H, Bucci M, 
Giordano FJ, Jiang XC, Hla T, Di Lorenzo A. Nogo-B regulates endo-
thelial sphingolipid homeostasis to control vascular function and blood 
pressure. Nat Med. 2015;21:1028–1037. doi: 10.1038/nm.3934



Józefczuk et al  Cardiovascular Effects of PF543 Treatment In Vivo  391

 13. Cantalupo A, Gargiulo A, Dautaj E, Liu C, Zhang Y, Hla T, 
Di Lorenzo A. S1PR1 (Sphingosine-1-Phosphate Receptor 1) signaling 
regulates blood flow and pressure. Hypertension. 2017;70:426–434. doi: 
10.1161/HYPERTENSIONAHA.117.09088

 14. Means CK, Brown JH. Sphingosine-1-phosphate receptor signalling in 
the heart. Cardiovasc Res. 2009;82:193–200. doi: 10.1093/cvr/cvp086

 15. Gellings Lowe N, Swaney JS, Moreno KM, Sabbadini RA. Sphingosine-
1-phosphate and sphingosine kinase are critical for transforming growth 
factor-beta-stimulated collagen production by cardiac fibroblasts. 
Cardiovasc Res. 2009;82:303–312. doi: 10.1093/cvr/cvp056

 16. Robert P, Tsui P, Laville MP, Livi GP, Sarau HM, Bril A, Berrebi- 
Bertrand I. EDG1 receptor stimulation leads to cardiac hypertrophy in 
rat neonatal myocytes. J Mol Cell Cardiol. 2001;33:1589–1606. doi: 
10.1006/jmcc.2001.1433

 17. Takuwa N, Ohkura S, Takashima S, Ohtani K, Okamoto Y, Tanaka T, 
Hirano K, Usui S, Wang F, Du W, et al. S1P3-mediated cardiac fibrosis 
in sphingosine kinase 1 transgenic mice involves reactive oxygen species. 
Cardiovasc Res. 2010;85:484–493. doi: 10.1093/cvr/cvp312

 18. Ohkura SI, Usui S, Takashima SI, Takuwa N, Yoshioka K, Okamoto Y, 
Inagaki Y, Sugimoto N, Kitano T, Takamura M, et al. Augmented sphin-
gosine 1 phosphate receptor-1 signaling in cardiac fibroblasts induces 
cardiac hypertrophy and fibrosis through angiotensin II and in-
terleukin-6. PLoS One. 2017;12:e0182329. doi: 10.1371/journal. 
pone.0182329

 19. MacRitchie N, Volpert G, Al Washih M, Watson DG, Futerman AH, 
Kennedy S, Pyne S, Pyne NJ. Effect of the sphingosine kinase 1 selective 
inhibitor, PF-543 on arterial and cardiac remodelling in a hypoxic model 
of pulmonary arterial hypertension. Cell Signal. 2016;28:946–955. doi: 
10.1016/j.cellsig.2016.03.014

 20. Zhang F, Xia Y, Yan W, Zhang H, Zhou F, Zhao S, Wang W, Zhu D, Xin C, 
Lee Y, et al. Sphingosine 1-phosphate signaling contributes to cardiac 
inflammation, dysfunction, and remodeling following myocardial in-
farction. Am J Physiol Heart Circ Physiol. 2016;310:H250–H261. doi: 
10.1152/ajpheart.00372.2015

 21. Kopec AM, Rivera PD, Lacagnina MJ, Hanamsagar R, Bilbo SD. 
Optimized solubilization of TRIzol-precipitated protein permits Western 
blotting analysis to maximize data available from brain tissue. J Neurosci 
Methods. 2017;280:64–76. doi: 10.1016/j.jneumeth.2017.02.002

 22. Martin M. Cutadapt removes adapter sequences from high-throughput 
sequencing reads. 2011. 2011;17:3.

 23. Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice junc-
tions with RNA-Seq. Bioinformatics. 2009;25:1105–1111. doi: 10.1093/ 
bioinformatics/btp120

 24. Anders S, Pyl PT, Huber W. HTSeq–a python framework to work with 
high-throughput sequencing data. Bioinformatics. 2015;31:166–169. doi: 
10.1093/bioinformatics/btu638

 25. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 
25 years of image analysis. Nat Methods. 2012;9:671–675. doi: 
10.1038/nmeth.2089

 26. Ejsing CS, Sampaio JL, Surendranath V, Duchoslav E, Ekroos K, 
Klemm RW, Simons K, Shevchenko A. Global analysis of the yeast lipi-
dome by quantitative shotgun mass spectrometry. Proc Natl Acad Sci U S 
A. 2009;106:2136–2141. doi: 10.1073/pnas.0811700106

 27. Sampaio JL, Gerl MJ, Klose C, Ejsing CS, Beug H, Simons K, 
Shevchenko A. Membrane lipidome of an epithelial cell line. Proc 
Natl Acad Sci U S A. 2011;108:1903–1907. doi: 10.1073/pnas. 
1019267108

 28. Bilgin M, Markgraf DF, Duchoslav E, Knudsen J, Jensen ON, 
de Kroon AI, Ejsing CS. Quantitative profiling of PE, MMPE, DMPE, and 
PC lipid species by multiple precursor ion scanning: a tool for monitor-
ing PE metabolism. Biochim Biophys Acta. 2011;1811:1081–1089. doi: 
10.1016/j.bbalip.2011.09.018

 29. Ejsing CS, Bilgin M, Fabregat A. Quantitative profiling of long-chain 
bases by mass tagging and parallel reaction monitoring. PLoS One. 
2015;10:e0144817. doi: 10.1371/journal.pone.0144817

 30. Herzog R, Schuhmann K, Schwudke D, Sampaio JL, Bornstein SR, 
Schroeder M, Shevchenko A. LipidXplorer: a software for consensual 
cross-platform lipidomics. PLoS One. 2012;7:e29851. doi: 10.1371/journal. 
pone.0029851

 31. Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550. 
doi: 10.1186/s13059-014-0550-8

 32. Liao Y, Wang J, Jaehnig EJ, Shi Z, Zhang B. WebGestalt 2019: gene 
set analysis toolkit with revamped UIs and APIs. Nucleic Acids Res. 
2019;47(W1):W199–W205. doi: 10.1093/nar/gkz401

 33. Alewijnse AE, Peters SL. Sphingolipid signalling in the cardiovascular 
system: good, bad or both? Eur J Pharmacol. 2008;585:292–302. doi: 
10.1016/j.ejphar.2008.02.089

 34. Cannavo A, Liccardo D, Komici K, Corbi G, de Lucia C, Femminella GD, 
Elia A, Bencivenga L, Ferrara N, Koch WJ, et al. Sphingosine kinases 
and sphingosine 1-phosphate receptors: signaling and actions in the car-
diovascular system. Front Pharmacol. 2017;8:556. doi: 10.3389/fphar. 
2017.00556

 35. Pyne NJ, Pyne S. Sphingosine kinase 1: a potential therapeutic target in 
pulmonary arterial hypertension? Trends Mol Med. 2017;23:786–798. 
doi: 10.1016/j.molmed.2017.07.001

 36. Cantalupo A, Di Lorenzo A. S1P signaling and de novo biosynthesis in 
blood pressure homeostasis. J Pharmacol Exp Ther. 2016;358:359–370. 
doi: 10.1124/jpet.116.233205

 37. Polzin A, Piayda K, Keul P, Dannenberg L, Mohring A, Gräler M, 
Zeus T, Kelm M, Levkau B. Plasma sphingosine-1-phosphate con-
centrations are associated with systolic heart failure in patients with 
ischemic heart disease. J Mol Cell Cardiol. 2017;110:35–37. doi: 
10.1016/j.yjmcc.2017.07.004

 38. Zhang Y, Berka V, Song A, Sun K, Wang W, Zhang W, Ning C, Li C, 
Zhang Q, Bogdanov M, et al. Elevated sphingosine-1-phosphate promotes 
sickling and sickle cell disease progression. J Clin Invest. 2014;124:2750–
2761. doi: 10.1172/JCI74604

 39. Schnute ME, McReynolds MD, Kasten T, Yates M, Jerome G, Rains JW, 
Hall T, Chrencik J, Kraus M, Cronin CN, et al. Modulation of cellular S1P 
levels with a novel, potent and specific inhibitor of sphingosine kinase-1. 
Biochem J. 2012;444:79–88. doi: 10.1042/BJ20111929

 40. Fleming I, Bauersachs J, Fisslthaler B, Busse R. Ca2+-independent ac-
tivation of the endothelial nitric oxide synthase in response to tyrosine 
phosphatase inhibitors and fluid shear stress. Circ Res. 1998;82:686–695. 
doi: 10.1161/01.res.82.6.686

 41. Fleming I, Fisslthaler B, Dimmeler S, Kemp BE, Busse R. Phosphorylation 
of Thr(495) regulates Ca(2+)/calmodulin-dependent endothelial ni-
tric oxide synthase activity. Circ Res. 2001;88:E68–E75. doi: 10.1161/ 
hh1101.092677

 42. Hirata K, Kuroda R, Sakoda T, Katayama M, Inoue N, Suematsu M, 
Kawashima S, Yokoyama M. Inhibition of endothelial nitric oxide synthase 
activity by protein kinase C. Hypertension. 1995;25:180–185. doi: 
10.1161/01.hyp.25.2.180

 43. Sugimoto M, Nakayama M, Goto TM, Amano M, Komori K, Kaibuchi K. 
Rho-kinase phosphorylates eNOS at threonine 495 in endothelial cells. 
Biochem Biophys Res Commun. 2007;361:462–467. doi: 10.1016/j. 
bbrc.2007.07.030

 44. Bernier SG, Haldar S, Michel T. Bradykinin-regulated interactions 
of the mitogen-activated protein kinase pathway with the endothe-
lial nitric-oxide synthase. J Biol Chem. 2000;275:30707–30715. doi: 
10.1074/jbc.M005116200

 45. Igarashi J, Bernier SG, Michel T. Sphingosine 1-phosphate and acti-
vation of endothelial nitric-oxide synthase. Differential regulation of 
Akt and MAP kinase pathways by EDG and bradykinin receptors in 
vascular endothelial cells. J Biol Chem. 2001;276:12420–12426. doi: 
10.1074/jbc.M008375200

 46. Konstandin MH, Völkers M, Collins B, Quijada P, Quintana M, 
De La Torre A, Ormachea L, Din S, Gude N, Toko H, et al. Fibronectin con-
tributes to pathological cardiac hypertrophy but not physiological growth. 
Basic Res Cardiol. 2013;108:375. doi: 10.1007/s00395-013-0375-8

 47. Shi J, Zhang YW, Yang Y, Zhang L, Wei L. ROCK1 plays an essential role 
in the transition from cardiac hypertrophy to failure in mice. J Mol Cell 
Cardiol. 2010;49:819–828. doi: 10.1016/j.yjmcc.2010.08.008

 48. O’Sullivan KE, Breen EP, Gallagher HC, Buggy DJ, Hurley JP. 
Understanding STAT3 signaling in cardiac ischemia. Basic Res Cardiol. 
2016;111:27. doi: 10.1007/s00395-016-0543-8

 49. Zouein FA, Altara R, Chen Q, Lesnefsky EJ, Kurdi M, Booz GW. Pivotal 
importance of STAT3 in protecting the heart from acute and chronic 
stress: new advancement and unresolved issues. Front Cardiovasc Med. 
2015;2:36. doi: 10.3389/fcvm.2015.00036

 50. Frias MA, James RW, Gerber-Wicht C, Lang U. Native and reconsti-
tuted HDL activate Stat3 in ventricular cardiomyocytes via ERK1/2: role 
of sphingosine-1-phosphate. Cardiovasc Res. 2009;82:313–323. doi: 
10.1093/cvr/cvp024

 51. Steinberg SF. Cardiac actions of protein kinase C isoforms. Physiology 
(Bethesda). 2012;27:130–139. doi: 10.1152/physiol.00009.2012

 52. Drummond GR, Vinh A, Guzik TJ, Sobey CG. Immune mechanisms of 
hypertension. Nat Rev Immunol. 2019;19:517–532. doi: 10.1038/s41577- 
019-0160-5



392  Hypertension  February 2020

 53. Xue B, Pamidimukkala J, Hay M. Sex differences in the development of 
angiotensin II-induced hypertension in conscious mice. Am J Physiol Heart 
Circ Physiol. 2005;288:H2177–H2184. doi: 10.1152/ajpheart.00969.2004

 54. Guo S, Yu Y, Zhang N, Cui Y, Zhai L, Li H, Zhang Y, Li F, Kan Y, Qin S. 
Higher level of plasma bioactive molecule sphingosine 1-phosphate in 

women is associated with estrogen. Biochim Biophys Acta. 2014;1841:836–
846. doi: 10.1016/j.bbalip.2014.02.005

 55. Gillis EE, Sullivan JC. Sex differences in hypertension: recent advances. 
Hypertension. 2016;68:1322–1327. doi: 10.1161/HYPERTENSIONAHA. 
116.06602

What Is New?
•	Pharmacological inhibition of Sphk1 (sphingosine kinase 1) with PF543 

reduces endothelial dysfunction in the arteries from Ang II (angiotensin 
II)–infused, hypertensive mice as compared with placebo-treated con-
trols with no effect on systolic blood pressure level. This effect is asso-
ciated with a downregulation of ERK1/2 (extracellular signal-regulated 
kinases 1/2) signaling and a reduction of inhibitory eNOS (endothelial 
nitric oxide synthase) phosphorylation at T495.

•	PF543 chronic treatment reduces cardiac hypertrophy in Ang II–infused, 
hypertensive mice. Mechanisms of action may be partially mediated by 
the downregulation of S1pr1, Rock1 (Rho-associated coiled-coil contain-
ing protein kinase 1), Stat3 (signal transducer and activator of transcrip-
tion 3), PKC (protein kinase C), and ERK1/2 signaling.

•	PF543 chronic treatment reduces expression of cardiac actin-, TNF-α 
(tumor necrosis factor-α)-, and tissue remodeling–associated genes that 
are upregulated by Ang II.

What Is Relevant
•	Our results demonstrate novel, pharmacological effects of Sphk1 inhibi-

tion in the cardiovascular system of hypertensive mice.

Summary

PF543 has anti-hypertrophic properties as it partially protects 
against pathological hypertrophic changes that occur in the 
heart during experimental Ang II–dependent hypertension.

Novelty and Significance




