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The sphingolipid de novo synthesis pathway, encompassing the sphingolipids, the enzymes and the cell
membrane receptors, are being investigated for their role in diseases and as potential therapeutic targets.
The intermediate sphingolipids such as dihydrosphingosine (dhSph) and sphingosine (Sph) have not been
investigated due to them being thought of as precursors to other more active lipids such as ceramide
(Cer) and sphingosine 1 phosphate (S1P). Here we investigated their effects in terms of collagen synthesis
in primary rat neonatal cardiac fibroblasts (NCFs). Our results in NCFs showed that both dhSph and Sph
did not induce collagen synthesis, whilst dhSph reduced collagen synthesis induced by transforming
growth factor b (TGFb). The mechanisms of these inhibitory effects were associated with the increased
activation of the de novo synthesis pathway that led to increased dihydrosphingosine 1 phosphate
(dhS1P). Subsequently, through a negative feedback mechanism that may involve substrate-enzyme
receptor interactions, S1P receptor 1 expression (S1PR1) was reduced.
� 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The sphingolipids such as Cer and S1P have been targeted in
recent years for therapeutic interventions in cancer therapy due
to their apoptotic and proliferative effects on cancer cells. Apart
from these, several of the so called ‘‘intermediate” lipids in the
de novo sphingolipid synthesis pathway may have a role in several
pathologies including cardiovascular diseases [1]. In the setting of
a number of cardiomyopathies other researchers have shown these
intermediate sphingolipids (dhSph and Sph) are also altered in
both plasma and tissue of animal models [2,3] and in the blood
of patients [4–6]. However, due to the lack of basic mechanistic
pathway research regarding their effects or interactions with
well-known cardiac remodelling markers such as TGFb, no conclu-
sions could be drawn in regards to what these alterations may
imply.

Within the cellular system, Sph is produced either because of
the metabolic effects of ceramidase (CDase) on Cer or salvaged in
the lysosome from the breakdown products of sphingolipids. While
dhSph is derived from the de novo synthesis pathway and is a pro-
duct of the reducing effects of 3-keto reductase on 3-
ketosphinganine. The phosphorylation of both Sph and dhSph by
sphingosine kinase 1 & 2 (SK1 & 2) results in the production of
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S1P and dhS1P. Furthermore, the acylation of dhSph by ceramide
synthase 1 to 6 (CerS1-6) results in the production of dihydroce-
ramide (dhCer) which is then converted to Cer in a non-
reversible reaction catalysed by dihydroceramide desaturase 1
and 2 (DES1 and 2). Several feedback mechanisms are at play in
the de novo pathway [7], involving both the sphingolipids and
the enzymes to regulate these sphingolipids in the disease states,
thus their interaction with factors such as TGFb are irrefutable.
However, they have hardly been investigated in cardiac cells. Inhi-
bition of DES1; which results in cellular accumulation of sphin-
golipid species such as dhCer and dhSph in liver cells and cancer
cells have shown reduced cell cycle progression and proliferation
[8–10]. The growth and proliferative effects of TGFb on cells,
including cardiac cells leading to increased proliferation and colla-
gen synthesis, is well understood. There is evidence of TGFb
increasing SK1 activity in muscle cells giving rise to fibrosis [11].
This study was conducted to determine whether extracellular
dhSph and Sph influence TGFb induced collagen synthesis in car-
diac fibroblasts in a primary cell culture system.
2. Methods

Primary NCFs (ventricular) were extracted from 1 to 2 days old
Sprague-Dawley rat pups (80 pups per isolation/experiment) using
enzymatic collagenase digestion routinely used in our laboratory
for in vitro assays [12]. Pups were purchased from the Monash Ani-
mal Research Platform (Clayton, Vic), and all experimental proce-
dures complied with the guidance from the National Health and
Medical Research Council of Australia. The animal used for this
study was approved by the Alfred Medical Research and Education
Precinct Animal Ethics Committee (E/1653/2016/M).

2.1. Measurement of cardiac fibroblast collagen synthesis

Collagen synthesis in NCFs stimulated by TGFb were deter-
mined using the 3H-proline incorporation assay [13]. Briefly, NCFs
were pre-treated for 2 h with Sph, dhSph and dhS1P (0.01–10.0 m
M- Toronto Research Chemicals Incorporated, North York, ON,
Canada) in DMEM F12 medium supplemented with 1% vitamin C
and 0.5% BSA. 1 mCi 3H-proline was incorporated with TGFb (100-
21C, PeproTech, Rocky Hill, NJ, USA) and further incubated for
48 h. After precipitation with 10% trichloroacetic acid (TCA) for
30 min, the cell pellets were detached in 1 M sodium hydroxide
(NaOH) and solubilized in 1:10 ratio of 1 M hydrochloric acid
(HCl) with scintillation fluid. 3H-proline incorporation levels were
determined on a 300SL beta counter at counts per minute (cpm).

2.2. Measurement of cell viability in rat NCFs

Almar Blue Assay (Invitrogen- Thermo Fischer Scientific, Carls-
bad, CA, USA) was used to determine the cell viability of NCFs in
the presence of the sphingolipids and TGFb according to manufac-
turer’s guidelines as reported previously [14].

2.3. Quantitative measurement of protein levels in NCFs

Western blotting was used to quantify the expression of specific
proteins related to cardiac remodelling. Cells were seeded as men-
tioned previously [14], and pre-treated for 2 h with Sph and dhSph
(1.0–10.0 mM). The expression of phosphorylated proteins was
determined at 18 min of treatment with TGFb, and 24 h for total
proteins. 10 mg/mL of denatured proteins were separated on 7.5,
10, or 12% gels by sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE), and transferred onto nitrocellulose blot-
ting membranes (GE HealthCare, Chicago, IL, USA). The blots
2

were blocked with 5% bovine serum albumin (BSA) and probed
with antibodies specific for phosphorylated, protein kinase B
(Akt), inhibitor of nuclear kappa B (NFKb) kinase alpha and beta
(IKKa/b), NFKb, P38- MAPK, extracellular-signal-regulated kinase
(ERK), ribosomal protein S6 (RPS6), signal transducer and activator
of transcription 1 (STAT1), and SMAD2 from Cell Signalling Tech-
nologies (CST, Danvers, MA, USA: 4060L, 2694, 4631, 3033, 9101,
8826S, 5364T, and 3108L). They were also probed for TGFb (CST:
3709S). Bands were detected using Super Signal West Pico Chemi-
luminescence Substrate (Thermo Fisher Scientific, Rockford, IL,
United States) on the BioRad Chemidoc instrument and analysed
using Image lab software (BioRad Laboratories, Hercules, CA,
USA). Proteins were normalised to glyceraldehyde 3 –phosphate
dehydrogenase (GAPDH) (CST: 2118L).

2.4. Quantitative measurement of genes expressed in cardiac
remodelling

Real time polymerase chain reaction (rt-PCR) was used to ascer-
tain Sph and dhSph effect on changes in gene expression induced
by TGFb. NCFs were seeded as previously mentioned, and pre-
treated with the inhibitors for 2 h. Cells were further incubated
for 18 h with 10 ng/ml TGFb. Similar RNA extraction and transcrip-
tion methods mentioned previously were used [14]. The expres-
sion levels of the fibrotic markers: TGFb, connective tissue
growth factor (CTGF), tissue inhibitor of metalloproteinase 1 and
2 (TIMP1 and TIMP2), collagen 1a1 (Coll1a1), the S1P receptors 1,
2 and 3 (S1PR1-3), and the enzymes SK1, and Des-1 (Degs1) were
quantified by rt-PCR on the Quant-Studio 12 K Flex Real Time PCR
System with SYBR Green detection method (Applied Biosystems).
18 s mRNA was used as the endogenous control. The sequences
of the primers used are listed in supplementary Table 1.

2.5. Tracing relative d7-dhSph in NCFs

Cardiac fibroblasts extracted from neonatal rats were cultured
in 6 well plates at 200 000 cells/ well at passage 2. After 48 h serum
starvation, the cells were treated with 1 mM d7-dhSph (Cayman
Chemical Company, Ann Arbor, MI, USA) in DMEM F12 with 0.5%
BSA at different time points. The cells were then washed 3 times
with PBS, scrapped in 1 mL PBS, transferred into Eppendorf tubes
and placed on ice. NCFs were then sonicated (Misonix S4000-
Ultrasonic Liquid Processor, Qsonica, Newton, CT, United States)
at 25 amplitudes for 10 s each. Samples were then snap frozen
on dry ice until processed for liquid chromatography- mass spec-
trophotometry (LC- MS) according to previously published meth-
ods with modification for cultured cells [15,16]. The Agilent 6490
QQQ mass spectrometer with an Agilent 1290 series HPLC system
and a ZORBAX eclipse plus C18 column (2.1x100mm 1.8 lm, Agi-
lent) with the thermostat set at 45 �C was used to analyse the cell
extracts. Mass spectrometry analysis was performed with dynamic
scheduled multiple reaction monitoring (MRM) in positive ion
mode. We scanned for both the endogenous sphingolipids and sph-
ingolipids with tracer incorporation, where tracer incorporation
utilised a 7 Da offset for the precursor and/or product ion depend-
ing on the sphingolipid species. Relative enrichment was calcu-
lated as area of the labelled species/(area of labelled
species + area of non-labelled species).

2.6. Statistical analysis

All cell culture experiments were performed in triplicates, with
at least three repeated experiments for the collagen synthesis
assays and two repeated experiments for Western Blots and rt-
PCR. The results are presented as the percentage of unstimulated
controls (mean ± SEM). For Western blot analyses, the ratios of
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phosphorylated protein over GAPDH levels were analysed. For PCR,
gene expression levels in NCF were normalised with 18s (house-
keeping gene). One-way ANOVA with Bonferroni’s multiple com-
parison post hoc tests was used for statistical analyses for
comparison between multiple groups and unpaired t-test was used
for comparison between two groups. A statistically significant
result was determined with a two-tailed p-value of <0.05. Graph-
Pad Prism Version 9 (GraphPad Software Inc., San Diego, CA, United
States) was used to perform all the statistical analyses.
3. Results

3.1. Extracellular Sph and dhSph alone did not induce collagen
synthesis in NCFs

To ascertain whether exogenous dhSph and Sph have effects on
collagen synthesis, we determined their effect on cultured NCFs
using the 3H-proline incorporation Assay. As shown in Fig. 1A at
the doses of 0.1, 0.3, 1 and 3 mM both dhSph and Sph did not induce
collagen synthesis. However, dhSph at the highest dose of 3 mM
(p < 0.01) significantly reduced 3H-proline incorporation levels
compared to the control. This was corroborated by the cell viability
results which showed that 3 mM dhSph treatment significantly
reduced NCF viability (p < 0.001, Fig. 1B), while Sph had no effect.
3.2. DhSph reduced collagen synthesis induced by TGFb

We then determined whether dhSph and Sph were able to
reduce collagen synthesis induced by a known collagen inducing
agent, TGFb. DhSph (0.1, 0.3, and 1 mM; p < 0.05, 3 mM;
p < 0.0001) significantly reduced collagen synthesis induced by
TGFb (p < 0.0001, Fig. 1C). Sph did not have significant effect on
TGFb induced collagen synthesis at the doses investigated. The via-
bility of NCFs treated with dhSph and Sph were not affected in the
presence of TGFb (Fig. 1D). TGFb’s ability to modulate cell growth
Fig. 1. Effect of dhSph and Sph on collagen synthesis and viability in NCFs. (A) Treatment
synthesis. (B) DhSph significantly reduced the viability of NCFs at 3 mM (p < 0.005), bu
reduced collagen synthesis in NCFs induced by TGFb at 48 h, while the effects of Sph were
Sph treatment in the presence of TGFb. #### p < 0.001, ## p < 0.01, p < 0.05 vs. treatment,
replicates.

3

or increase proliferation may have counteracted the effects of
dhSph alone as observed in Fig. 1A & B.

3.3. DhSph reduces SMAD2 phosphorylation stimulated by TGFb

TGFb utilises the canonical TGFb/SMAD signalling pathway to
induce collagen synthesis, therefore since dhSph reduced collagen
synthesis in NCFs, we determined whether it can attenuate SMAD2
phosphorylation. DhSph significantly diminished SMAD2 phospho-
rylation stimulated by TGFb in NCFs at 1 mM (p < 0.05, Fig. 2A). Sph
had no effect on TGFb induced SMAD2 phosphorylation.

3.4. DhSph reduces TGFb protein expression

The human recombinant TGFb [17,18] activates TGFb receptor 1
and 2 resulting in increased TGFb protein expression. DhSph (0.1
and 1 mM) treatment significantly inhibited the increased expres-
sion of 65 kDa latent TGFb protein in NCFs (Fig. 2C) but had no sig-
nificant effect on the 45 kDa isoform (Fig. 2D). There was a trend
toward a reduction on the mature 25 kDa TGFb protein isoform
by dhSph (Fig. 2E), however it did not reach significance.

3.5. DhSph affects Akt- RPS6 signalling in TGFb treated cells

We compared the effects of dhSph and Sph on Akt-RPS6 sig-
nalling. Both dhSph (p < 0.05) and Sph (p < 0.05) reduced Akt phos-
phorylation by TGFb in NCFs (Fig. 3C). Additionally, dhSph and Sph
had significant effect on the phosphorylation of the downstream
protein RPS6 in the Akt pathway (p < 0.05 and p < 0.005, Fig. 3D).

3.6. DhSph and Sph have no effect on ERK and P38-MAPK pathways,
and NFrB and STAT1 transcription factors

We also compared the effects of Sph and dhSph on the ERK,
P38- MAPK and IKK pathways and transcription factors such as
STAT1 and NFjB. Both dhSph and Sph did not have any effect on
of NCFs with dhSph and Sph at 0.1, 0.3, 1 and 3 mM for 48 h did not induce collagen
t Sph had no significant effect on NCFs at all doses tested. (C) DhSph significantly
not statistically significant. (D) The viability of NCFs were not affected by dhSph and
### p < 0.005, ##p < 0. 01 ****p < 0.0001 vs. control. Data are presented as ± SEM of 3



Fig. 2. Effect of dhSph on the canonical TGFb pathway. (A) Pre-treatment of NCFs with 1 mM dhSph significantly reduced SMAD2 phosphorylation stimulated by 10 ng/ml
TGFb at 18 min (p < 0.05). (B) Sph (0.1 and 1 mM) had no effect on TGFb induced phosphorylation of SMAD2. DhSph significantly reduced (C) the 65 kDa latent TGFb, but (D)
had no effect on 45 kDa latent TGFb, and the (E) 25 kDa mature TGFb in NCFs treated with the human recombinant TGFb. (F) and (G) show representative blots. Refer to
supplementary figure 2 for original blots. #p < 0.05 vs. TGFb, **p < 0.01, *p < 0.05 vs. control. Data are presented as ± SEM of 3 replicates.
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the phosphorylation levels of P38- MAPK (Fig. 3A) and ERK
(Fig. 3B), which were elevated by TGFb (p < 0.05 and p < 0.01,
respectively). TGFb increased phosphorylation of IKKa/b
(p < 0.01, Fig. 3F), while dhSph and Sph had no effect on IKKa/b
and its downstream target, NFjB (Fig. 3G). Even though dhSph
raised the phosphorylation level of the transcription factor STAT1
(Fig. 3E) in the presence of TGFb, the difference was not statistically
significant.

3.7. Basal levels of Cer d18:1 and S1P d16:1 species were higher in
NCFs

We then investigate the level of unlabelled sphingolipids in
NCFs to determine their basal levels. CerS1-6 are responsible for
attaching different acyl chain lengths to the sphingoid base. In
the heart CerS4 (C18 and C20), 5 (C16), and 2 (C20-C26) have been
shown to be expressed the most [19]. The mean basal level of unla-
belled Cer(18:1/18:0) was around 77.62 pmol_mmol (Fig. 4A2)
which was higher than all other sphingolipid species measured
showing that CerS4 expression maybe higher in NCFs. Other Cer
species such as 18:1/16:0, 18:1/20:0, 18:1/24:0, 18:1/22:0, and
18:1/24:1 had low mean basal levels (0.39, 0.04, 0.09, 0.03, 0.03
and 0.008 pmol_mmol, respectively) (Fig. 4A2). The mean level of
unlabelled dhCer measured in the control NCFs showed that dhCer
18:0/24:0 (6.09 pmol_mmol) was higher than dhCer 18:0/18:0,
18:0/16:0, 18:0/20:0 and 18:0/22:0 (4.13, 0.57, 0.41 and 0.9
pmol_mmol, respectively) as shown in Fig. 4A1. The mean basal
level of SM 41:0 (7.17 pmol_mmol, supplementary excel data file
1B) was higher than SM 37:1, 32:1, 33:1, 34:1, 36:1, 38:1 and
40:1 (2.31, 0.06, 0.07, 0.02, 0.18, 0.55 and 0.09 pmol_mmol, respec-
tively) in NCFs (Fig. 4AC). Furthermore, the level of unlabelled
phosphorylated short chain sphingolipid S1P 16:1 (44.31 pmol_m
mol, supplementary excel data file 1E) was higher than dhS1P
18:0 (16.2 pmol_mmol), S1P 18:1 (9.11 pmol_mmol), and ceramide
1 phosphate (Cer1P) 18:1 (5.51 pmol_mmol) (Fig. 4A4). Among the
Sph species, mean basal level of short chain Sph (16:1) was higher
(22.36 pmol_mmol) than Sph (17:1) and (18:1) (supplementary
excel data file 1D).

3.8. DhSph-d7 enriches sphingolipids in a predictive manner in NCFs

DhSph is an intermediate lipid in the sphingolipid pathway,
therefore its incorporation enriches other lipids in the de novo sph-
ingolipid pathway. We used isotopically (deuterium) labelled
4

dhSph (dhSph-d7) to determine the time at which dhSph is incor-
porated into NCFs and assessed the type of lipids that were
enriched. Looking at Fig. 4B1, it appears that dhSph-d7 is converted
into dhCer quite rapidly (Fig. 4B1), but it’s not until 60 min where
more complex sphingolipids like SM begin to form (Fig. 4B3).
Albeit at very minor quantities relative to endogenous basal levels,
likely due to the stability of SM in membranes. Others such as Cer
were enriched at approximately 30 min (Fig. 4B2).

3.9. DhSph-d7 enriched longer chain dhCer and Cer species

The longer chain dhCer d18:0/24:0 increased at around 30 min
(19.94 pmol_mmol), reduced at 60 min and steadily increased,
while d18:0/22:0 and d18:0/20:0 levels were increased to around
17.46 and 16.23 pmol_mmol at 120 min (Fig. 4B1). While the
shorter chain d18:0/16:0 increased to around 11.45 pmol_mmol
at 30 min, remained stable to 120 min and decreased afterward.
Cer d18:1/24:1 level was the highest at 240 min, rising from
0.008 pmol_mmol at basal level to 2.99 pmol_mmol (Fig. 4B2). Cer
d18:1/20:0 and 24:0 were also increased at this time point. The
shorter chain Cer d18:1/16:0 increased to around 1.29 pmol_mmol
at 30 min, before decreasing in a similar manner to dhCer
d18:0/16:0. Most of the Cer species were elevated at 30 min but
decreased afterward (supplementary excel data file 1A).

3.10. DhSph-d7 enriched dhS1P more than S1P and Cer1P

The phosphorylated sphingolipids target the G protein coupled
S1PRs to activate intracellular signalling pathways. DhSph-d7 is
almost immediately converted into dhS1P and hits saturation point,
likely for removal in response to such high concentrations of exoge-
nous dihydrosphingosine. The incorporation of dhSph-d7 enriched
d18:0 dhS1P at 10 min to about 80%, which remained at this level
throughout the time points tested (Fig. 4C1). S1P and Cer1P were
enriched at 10 to 30 min after dhSph-d7 treatment in NCFs
(Fig. 4C2-3). The increase in S1P enrichment at 10 min maybe due
to the dhSph-d7 being contaminated with d8-Sph. DhS1P was
enriched more than S1P and Cer1P by dhSph-d7 (Fig. 4C4).

3.11. Exogenous dhS1P had synergistic effect on TGFb induced collagen
synthesis

Since dhS1P enrichment was increased early and remained for
the duration of the experiment, we then examined the effects of



Fig. 3. Effect of dhSph and Sph on non-canonical TGFb pathways. Pre-treatment of NCFs with 1 mM dhSph and Sph had no significant effect on (A) P38-MAPK, and (B) ERK
phosphorylation induced by 10 ng/ml TGFb at 18 min. (C) DhSph and Sph (1 mM) reduced TGFb induced phosphorylation of Akt and (D) RPS6. DhSph and Sph had no effect on
the phosphorylation levels of (E) STAT1, (F) IKKa/b and (G) NFjB in NCFs. (H) Representative blots in the presence and absence of TGFb, Sph, and dhSph. ###p < 0.005,
##p < 0.01 vs. treatment, **p < 0.01, *p < 0.05 vs. control. Data are presented as ± SEM of 3 replicates.
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dhS1P on TGFb induced collagen synthesis in NCFs. Exogenous
dhS1P had a synergistic effect on TGFb induced collagen synthesis
at 3 mM (p < 0.05). Additionally, the highest dose of dhS1P (10 mM)
reduced collagen synthesis by TGFb (p < 0.05, Fig. 5A). However,
this effect was likely due to reduced viability of NCFs as shown
in Fig. 5B, when compared to the control.

3.12. DhSph reduces S1PR1 agonist, SEW2871, induced collagen
synthesis

We examined the effects of dhSph on collagen synthesis
induced by the S1PR1 agonist, SEW2871. DhSph significantly
reduced SEW2871 induced collagen synthesis at the highest dose
5

of 3 mM (p < 0.05, Fig. 5C). Sph had no effect on collagen synthesis
induced by SEW2871 (Fig. 5D).

3.13. DhSph and Sph had differing effects on TGFb induced fibrotic
genes

Next, we examined the effects of dhSph and Sph on TGFb
induced fibrotic genes. In primary rat NCFs, stimulation with TGFb
for 18 h significantly increased TGFb1 (p < 0.01), TIMP1 (p < 0.005)
and CTGF mRNA levels (p < 0.001, Fig. 6A). DhSph significantly
reduced TGFb1 and TIMP1 at the higher dose of 1 mM (p < 0.05)
but had no effect on CTGF mRNA. Sph had no effect on TGFb1
and TIMP1 mRNA, but increased CTGF mRNA at the lower dose



Fig. 4. Enrichment of sphingolipids by dhSph-d7. In NCFs, (A) among the unlabelled dhCer, and Cer, dhCer 18:0/24:0, and Cer 18:1/18:0 were higher. Among those treated
with isotopically labelled dhSph-d7, (B1) dhCer was enriched at around 10 min, (B2) Cer at 30 min, (B3) and sphingomyelin at 120–240 min. DhSph-d7 also enriched the
phosphorylated lipids (C1) d18:0 dhS1P, and (C2) d18:1 S1P within 10 min, and (C3) d18:1/ 16:0 Cer1P at 30 min. (C4) A comparative graph showing the enrichment of the
three phosphorylated lipids across different time points. Data are presented as relative enrichment of 3 independent replicates, bars represent ± SEM.
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of 0.1 mM (p < 0.05, Fig. 7B). After 18 h of treatment with TGFb,
there was no change in Coll 1a1 mRNA level in NCFs. Additionally,
at this time point MMP2 (p < 0.005) mRNA level was significantly
reduced. Both dhSph and Sph had no effect on Coll1a1 and MMP2
mRNA levels in the presence of TGFb.

3.14. DhSph reduced S1PR1 mRNA levels in NCFs

TGFb is known to increase SK1 activity, therefore we examined
the effect of dhSph and Sph on sphingolipid related genes. TGFb
significantly increased the mRNA levels of the de novo sphingolipid
pathway enzymes, SK1 (p < 0.01) and Degs1 (Fig. 7, p < 0.01) at
18 h. Both dhSph and Sph had no effect on the expression levels
of these genes. While, TGFb had no effect on S1PR1-3 mRNA levels,
dhSph significantly reduced S1PR1 mRNA levels (p < 0.05, Fig. 7A).
6

DhSph also had no effect on S1PR2 and S1PR3 mRNA levels. Curi-
ously, Sph increased S1PR2 and 3 mRNA levels significantly
(p < 0.05, Fig. 7B).
3.15. DhSph reduced fibrotic genes induced by the S1PR1 agonist

The effect of dhSph on collagen synthesis stimulated by
SEW2871 and S1PR1 mRNA level in the presence of TGFb led us
to investigate its effect on SEW2871 induced changes in NCF genes
expression. SEW2871 significantly raised Coll 1a1 (p < 0.01), TGFb1
(p < 0.0001), CTGF (p < 0.05), TIMP1 (p < 0.0001) and TIMP2 mRNA
levels (p < 0.0001, Fig. 8A-D). DhSph significantly reduced Coll 1a1,
TGFb1 (p < 0.05), CTGF, TIMP1 and TIMP2 (p < 0.0001) at the doses
tested.



Fig. 5. Effect of dhS1P on TGFb induced collagen synthesis. (A) In NCFs treated with dhS1P in the presence of TGFb for 48 h, dhS1P (10 mM) reduced collagen synthesis. (B) The
viability of NCFs was reduced by dhS1P (10 mM) in the presence of TGFb for 48 h. (C) Treatment of NCFs with the S1PR1 agonist, SEW2871, increased collagen synthesis after
48 h, which was reduced by dhSph (3 mM). (D) Sph had no effect on SEW2871 induced collagen synthesis. #p < 0.05 vs. treatment, ****p < 0.0001, ***p < 0.001 **p < 0.01, vs.
control. Data are presented as ± SEM of 3 replicates.
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3.16. DhSph reduced S1PR1 and SK1 genes elevated by SEW2871

We investigated the effects of SEW2871 on sphingolipid related
genes such as S1PR1, SK1 and Degs1. SEW2871 (10 mM) increased
S1PR1 and SK1 gene expression levels in NCFs (Fig. 8F-G). The
expression levels of these genes were significantly reduced by
dhSph (1 and 3 mM). SEW2871 did not have significant effect on
the Degs1 gene (Fig. 8H). However, dhSph showed a non-
significant trend toward an increase in Degs1 gene expression in
the presence of SEW2871.
4. Discussion

The sphingolipids, dhSph and Sph, are intermediate lipids in the
de novo sphingolipid pathway. They are rapidly metabolised in the
pathway to give rise to other patho-physiologically relevant lipids
such as Cer and S1P. Their rapid metabolism also results in low
7

detection levels in plasma and tissue. Due to these reasons, their
molecular effects on the pathway as a whole and in disease models
such as cardiac remodelling are rarely explored. Recent studies on
cell proliferation, apoptosis, autophagy and migration have alluded
to the possibilities of targeting the sphingolipid pathway for ther-
apeutics [20,21]. Here we investigated the effects of exogenous
dhSph and Sph on primary NCFs in the presence of a well-known
fibrotic factor, TGFb.

In cardiac fibroblasts, TGFb is known to increase collagen syn-
thesis and drive the trans- differentiation of fibroblasts into myofi-
broblasts. TGFb binds to either TGFb receptor 1 and 2, which then
activates the canonical pathway, involving the receptor activated
SMADS (R-SMADs); SMAD2 and 3. Exogenous dhSph significantly
reduced collagen synthesis stimulated by TGFb in NCFs (Fig. 1C).
The effect of dhSph on phosphorylation of SMAD2 (Fig. 2A), and
Akt (Fig. 3C) implied that it was able to reduce collagen synthesis
by targeting both canonical and non– canonical TGFb signalling
pathways [22]. However, the inhibitory effect on the non-



Fig. 6. Effect of dhSph and Sph on TGFb induced fibrotic genes. In NCFs treated with 10 mM TGFb for 18 h (A) dhSph reduced TGFb and TIMP1 mRNA levels but had no effect on
Coll 1a1, CTGF and MMP2. While (B) Sph had a synergistic effect on CTGF mRNA levels, but had no effect on TGFb1, Coll 1a1, TIMP1 and MMP2. #p < 0.05, *p < 0.05, and
$p < 0.05 vs. treatment, ####p < 0. 0001, and ****p < 0.0001 vs. control. Data are presented as ± SEM of 3 replicates.

Fig. 7. Effect of dhSph and Sph on TGFb induced sphingolipid related genes. (A) In NCFs treated with TGFb 10 (ng/ml) for 18 h, dhSph reduced S1PR1 mRNA levels but had no
effect on SK1, Degs1, S1PR2 and S1PR3. While (B) Sph increased S1PR2 & 3 in the presence of TGFb (10 ng/ml) and had no effect on S1PR1, SK1 and Degs1 mRNA levels.
#p < 0.01, $p < 0.05 vs. treatment, and **p < 0.0001 vs. control. Data are presented as ± SEM of 3 replicates.
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canonical signalling pathway did not include NFjB phosphoryla-
tion (Fig. 3G). TGFb signalling can be both rapid and delayed
depending on experimental conditions. Direct activation of P38-
MAPK by TGFb occurs through MKK3 and MKK6, because of TGFb
activating kinase 1 (TAK1) activation which is a part of the MAP
kinase kinase kinase (MAPK3K) [23]. TGFb activation of Akt can
occur through TRAF6 ubiquitination which also activates TAK1
[24]. Considering our experimental conditions, these pathways
maybe directly activated by TGFb at 18 min in NCFs, while NFjB
activation was likely delayed.

DhSph at higher doses caused cell death (Fig. 1B). This may be
due to the increased cellular uptake with reduced metabolism
leading to dhSph accumulating within the cell. The accumulation
of dhSph is known to be associated with fumonisin tocixity in ani-
8

mals and humans [25–27]. However, at optimal doses, dhSph is
rapidly metabolized, therefore, to further understand how dhSph
was affecting TGFb induced collagen synthesis we looked at the
relative enrichment of other lipids in NCFs using deuterium
labelled dhSph. As expected, addition of dhSph-d7 to cultured NCFs
led to enrichment of dhCer, Cer, SM and dhS1P (Fig. 4). It is note-
worthy that C18 and C16 acyl chain Cer and S1P had high basal
levels in NCFs, showing that CerS4 and CerS5 expression maybe
higher in these cells (Supplementary excel data file 1A and 1E).
This pattern has been observed in cardiac tissue expression of CerS
[19]. This basal pattern changed with the addition of dhSph-d7,
with longer acyl chain length species such as C24 and C20 staying
elevated at 240 min compared to reducing shorter chain lengths
(Fig. 4B1-3). CerS2 and 3 are responsible for attaching these longer



Fig. 8. Effects of dhSph on SEW2871 induced fibrotic and sphingolipid related genes. (A–E) DhSph reduced the fibrotic genes; Coll1a1, TGFb1, CTGF, TIMP1, and TIMP2 mRNA
levels elevated by SEW2871, in NCFs treated with SEW2871 (10 mM) for 18 h. (F–G) DhSph also reduced S1PR1 and SK1 mRNA levels. Both SEW2871 and dhSph had no effect
on Degs1 gene expression. #### p < 0.0001, ### p < 0.005, ## p < 0.01, # p < 0.05 vs. treatment, and ****p < 0.0001, ** p < 0.01, *p < 0.05 vs. control. Data are presented as ± SEM of
3 replicates.
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acyl chain lengths [19]. This balancing act of increasing short
chains with reduced short chains is often observed in studies
involving inhibition or knockout of CerS and manifest in different
pathologies and their treatment [28,29]. CerS2 increase has been
shown to be involved in reduced inflammation in the lung [28],
but this cannot be ascertained for our study. Another aspect of this
counter balancing act is also known to occur via the Cer/S1P rheo-
stat which determines whether cells survive (S1P) or die through
apoptosis (Cer) [30]. The increase and constancy of S1P d18:1
(Fig. 4C2) maybe due to this rheostat, since Cer d18:1/18:0 which
has remarkably high basal levels is also increased and drops back
to basal levels at 240 min (Fig. 4A2). In contrast, the enrichment
of dhS1P and dhCer occurred at around 10 min and stayed elevated
for the duration of the study. The increase in dhS1P also exceeded
S1P (C16:1) which had a comparatively higher basal level.

The effects of dhSph on Akt could be a result of the increase in
Cer [31]. This is highly likely in view of the similarity between Sph
and dhSph effect on Akt and RPS6 phosphorylation as shown in
Fig. 3C and D. When Sph is incorporated into cells, enrichment of
Cer predominates [32]. The downstream Akt target, RPS6, mediates
transcription of genes including proliferation, and cell survival
[33,34]. TGFb can activate the PI3K/ Akt signalling and can be
dependent or independent of SMADs [35,36]. The addition of
dhSph was able to inhibit this signalling interactions. Our findings
indicate that the inhibition of collagen synthesis and the TGFb/
SMAD2 signalling by dhSph seems to be independent of the effects
on Akt due to an increase in Cer. Additionally, these inhibitory
effects did not involve other downstream non-canonical signalling
pathways and molecules such as ERK, P38-MAPK, NF-Kb and STAT1
(Fig. 3A-B, E-G).

Despite dhS1P being consistently enriched at different time
points in this study (Fig. 4B1), and a previous report suggesting
anti-fibrotic effects in dermal fibroblasts [37], exogenous dhS1P
had a synergistic influence on TGFb induced collagen synthesis in
9

NCFs (Fig. 5A). Our previous findings have shown that exogenous
dhS1P alone can induce collagen synthesis [14]. Additionally, SK1
preferentially increases dhS1P and not S1P when dhSph is added
exogenously [7]. Studies from our group and others have shown
that dhS1P and S1P activate signalling pathways through their G
protein coupled receptors, S1PRs, and are capable of ‘‘inside-out”
signalling [14,38]. Therefore, there is a possibility that the
increased intracellular dhS1P, via inside out signalling, may have
inhibited the TGFb/SMAD signalling through its effects on phos-
phatase and tensin homolog (PTEN) as described by Bu and col-
leagues [39]. Additionally, the immunomodulator, fingolimod
(FTY-720), has been shown to increase intracellular dhS1P [40],
and was recently demonstrated to reduce existing cardiac hyper-
trophy and fibrosis in a pressure overload model [41].

Apart from the increased enrichment of dhS1P, exogenous
dhSph inhibited collagen synthesis induced by the S1PR1 agonist,
SEW2871 (Fig. 5C). This inhibition also led to profound reductions
in the transcription levels of known fibrotic markers, such as
TGFb1, Coll1a1, CTGF, TIMP1 and TIMP2 (Fig. 8A–E). Similar effects
were observed in TGFb induced increase in mRNA levels of TGFb1
and TIMP1 (Fig. 6A), which were reduced by dhSph. There were no
changes in these genes in Sph treated cells (Fig. 6B and 7B). More-
over, dhSph affected S1PR1 transcription levels in both TGFb
(Fig. 7A) and SEW2871 (Fig. 8F) treated cells, implying a connec-
tion between the receptor and dhSph activated sphingolipid path-
way. Unlike S1PR2 and 3, S1PR1 exclusively couples to the Gi

protein to transduce its signals [42]. One of the main downstream
pathways that Gi proteins activate is the PI3K/Akt pathway, how-
ever similar inhibitory effects were not observed in cells that had
Sph added exogenously. Further examination of dhSph effects on
the transcription level of sphingolipid pathway enzymes showed
some differences between TGFb and SEW2871 treated NCFs. TGFb
increased both SK1 and Degs1 mRNA expression (Fig. 7A). The
effects of TGFb on SK1 are known [11], while its effect on Degs1
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transcription is a new finding. Exogenous dhSph did not have any
effect on SK1 and Degs1 mRNA levels in the presence of TGFb and
SEW2871, perhaps due to the independent effect of dhSph in the
absence of other stimulants (supplementary Fig. 1B). Contrarily,
exogenous dhSph reduced SK1 mRNA levels in the presence of
SEW2871 (Fig. 8G), indicating that the transcription of SK1 in
SEW2871 treated NCFs may depend on S1PR1 activation. TGFb’s
direct effect on SK1 may have influenced the increased S1PR1
expression by dhSph [11]. There was no effect on Degs1 transcrip-
tion after dhSph co-treatment in the presence SEW2871 in NCFs
(Fig. 8H). The inhibition of collagen synthesis through S1PR1 inhi-
bition by dhSph implies the existence of a negative feedback mech-
anism employed by the increased dhSph substrate availability on
S1PR1. Berdysev and colleagues have alluded to the existence of
such a mechanism which they termed the substrate-enzyme-
receptor complex [7]. The Des-1 enzyme could be the mediator
between dhSph and S1PR1 in this case, as there was no effect on
its transcription levels in the presence of either TGFb or
SEW2871, furthermore it is classically known as the ‘‘gate keeper”
enzyme in the sphingolipid pathway. It should be noted that
inhibiting SK1 and SK2 may not necessarily yield similar results
in NCFs to those observed in this study. Together with limitations
such the lack of measurement of dhSph-d7 in the media, protein
expression of sphingolipid pathway enzymes, CerS1-6 mRNA
expression, and non– inclusion of ‘‘loss of function” studies, the
findings of this study should be regarded as preliminary. See
Fig. 9 for summary of findings.

In conclusion, the collagen reducing effects of dhSph in the
presence of TGFb are associative, and can be attributed to increased
sphingolipids, such as dhS1P, in the de novo synthetic pathway.
This study further highlighted the involvement of sphingolipid
metabolic pathway’s substrate-enzyme-receptor interactions in
Fig. 9. DhSph driven increase in de novo sphingolipid synthesis inhibits collagen
synthesis in NCFs by TGFb. Exogenous dhSph drives the de novo sphingolipid
synthesis pathway as indicated with the red arrows. DhCer and dhS1P (red squares)
were increased the most. The increased activation of the de novo pathway was able
to 1) inhibit TGFb activated pSMAD2 and non-canonical pathway proteins such as
pAkt and pRPS6, which also led to reduced expression of fibrotic gene markers such
as TGFb1 and TIMP1. (2) DhSph inhibited the S1PR1 agonist, SEW2871, induced
collagen synthesis by reducing TGFb1, TIMP1, CTGF, and TIMP2 mRNA expression,
perhaps through a substrate- enzyme-receptor interaction. Illustrated using
ChemDraw Professional 7.0 (Perkin Elmer, MA, USA).
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pathological events such as fibrosis, and thus, the need for investi-
gating the effects of intracellularly generated dhS1P.
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