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Abstract: Alterations in the metabolism of sphingolipids, a class of biologically active molecules in
cell membranes with direct effect on vascular homeostasis, are increasingly recognized as important
determinant in different vascular disorders. However, it is not clear whether sphingolipids are
implicated in the pathogenesis of hypertension-related cerebrovascular and renal damage. In this
study, we evaluated the existence of possible abnormalities related to the sphingolipid metabolism in
the brain and kidneys of two well validated spontaneously hypertensive rat strains, the stroke-prone
(SHRSP) and the stroke-resistant (SHRSR) models, as compared to the normotensive Wistar Kyoto
(WKY) rat strain. Our results showed a global alteration in the metabolism of sphingolipids in both
cerebral and renal tissues of both hypertensive strains as compared to the normotensive rat. However,
few defects, such as reduced expression of enzymes involved in the metabolism/catabolism of
sphingosine-1-phosphate and in the de novo biosynthetic pathways, were exclusively detected in the
SHRSP. Although further studies are necessary to fully understand the significance of these findings,
they suggest that defects in specific lipid molecules and/or their related metabolic pathways may
likely contribute to the pathogenesis of hypertensive target organ damage and may eventually serve
as future therapeutic targets to reduce the vascular consequences of hypertension.
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1. Introduction

Hypertension represents a major health issue that causes specific organ damage and
dramatic clinical consequences, leading to an increased rate of death and disability in
Western societies [1-3]. To reduce the burden of the hypertensive complications, a more
comprehensive understanding of the underlying etiopathogenetic mechanisms is required.

The availability of animal models that may closely mimic the human pathology and, at
the same time, simplify the complexity inherent in the study of human populations, may be
extremely useful in this contest. Currently, the stroke-prone spontaneously hypertensive rat
(SHRSP), which displays a major predisposition to cerebral and renal damage, particularly
when fed with a high-salt/low-potassium diet, represents an ideal model. Hypertension
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and dietary factors behave as predisposing risk factors for both rats and humans [4,5].
The SHRSP shows a higher frequency of stroke when fed with a Japanese style diet
(JD) than its strictly related control, the stroke-resistant (SHRSR), despite similar blood
pressure levels [6]. Of note, renal damage always precedes stroke events [6]. Although
the underlying molecular mechanisms are not completely understood, evidence indicates
that the resulting vascular dysfunction and the consequent structural lesions favor renal
damage and stroke development.

Over the last years, some of the mechanistic aspects and determinants of cerebrovascu-
lar and renal damage occurrence has been identified in the SHRSP model [7-12]. However,
much still remains to be discovered.

Sphingolipids, including Ceramides (Cer), sphingosine and its phosphorylated form
Sphingosine-1-phosphate (S1P), represent the major lipid constituents of biological mem-
branes and modulate several important functions for neuronal and non-neuronal cell
populations [13]. No less important, however, is the pivotal role they play in the vascular
formation and function [13-15], as well as in the regulation of blood brain barrier (BBB)
integrity through the modulation of tight junction proteins [16]. In this regard, evidence
indicates that de novo synthesis of sphingolipids is crucial in preserving endothelial cell
functions [17,18], likely contributing to vascular integrity and homeostasis.

Defective sphingolipid metabolism has been described to underlie different cardiovas-
cular conditions [19,20]. However, no direct evidence of a causative role of sphingolipids
in the pathogenesis of hypertensive target organ damage has been provided yet.

Despite the lack of mechanistic details, the pathway of S1P, a bioactive lipid, has been
shown to be neuroprotective during ischemia [21,22], and stimulation of its receptors leads
to beneficial effects in an animal model of stroke [23]. Thus, it is conceivable that a tight
interaction between stroke and sphingolipids exists.

In this study, we investigated the cerebral and renal expression of several molecules
involved in the sphingolipid pathways in both SHRSP and SHRSR strains, with respect to
the normotensive WKY strain.

Our findings highlight, for the first time, an aberrant metabolism of sphingolipids
either in the brain or in the kidney of both hypertensive animal models. Importantly,
some defects were exclusively detected in the SHSRP strain. This evidence suggests that
alterations in specific lipid molecules and/or their specific pathways may potentially
contribute to the pathogenesis of hypertension and of hypertensive target organ damage.

2. Results
2.1. Levels of S1P-Metabolizing Enzymes Are Perturbed in SHRSP

To reveal whether any potential disturbance in the sphingolipid metabolism was
detectable in SHRSP and SHRSR strains, we first investigated the expression of molecules
implicated in S1P synthesis and degradation pathways (schematized in Figure 1).

To this end, we assessed levels of SPHK1 and 2 as well as of SGPL1 in cerebral and
renal tissues from both spontaneously hypertensive rats as compared to the WKY strain.

As reported in Figure 2, SHRSP rats were characterized by a significant reduction of
SPHK?2 as well as of SGPL1 in the brain when compared to both WKY and SHRSR. No
difference in the renal expression of all enzymes was detected among the three rat strains.

2.2. Levels of S1P Receptors Are Aberrant in Spontaneously Hypertensive Rats

Evidence indicates that modulation of S1P receptors may be beneficial in ischemic
models [23].

Here, in order to establish whether any change in their expression could be eventually
associated with the disease phenotypes, we assessed protein levels of the most abundant
receptors, SIPR1-3 [24], in the three rat strains.

Immunoblotting analysis revealed a variation in the expression of all three receptors
in a tissue-dependent manner. Interestingly, SIPR1 was the only receptor whose expression
increased in both brain and kidneys of SHRSR (Figure 3A,3B). Conversely, the analysis
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of SHRSP tissues showed no variation in the expression of all receptors, except for SIPR3
whose levels increased in the brain, similarly to those detected in the SHRSR (Figure 3E).

de novo Synthesis

Palmitoyl-Coenzyme A + Serine
SPT (SPTLC1/2)
Cers
KDSR
DES
Ethanolamine
- Cers spHk1/2 ~ Sphingosine-1-  sGPL1  phosphate
- «——  Sphingosine —— phosphate — +

(s1p) Hexadecenal

Figure 1. Simplified schematic representation of sphingolipid metabolism. Ceramide (Cer) represents
the hub in the synthesis of sphingolipids. It is generated through the de novo biosynthetic route by
the action of multiple enzymes such as Serine palmitoyltransferase (SPT) 3-keto-dihydrosphingosine
reductase (KDSR), ceramide synthase (CERS) and ceramide desaturase (DES). Ceramide may also
derive from sphingosine, which, in turn, produces sphingosine-1-phosphate (S1P) through phospho-
rylation by SPHK1/2. S1P can be irreversibly catabolized into hexadecenal + phospho-ethanolamine
by S1P-Lyase (SGPL1).

2.3. Expression of Ceramide Synthases Is Defective in Multiple Tissues from SHRSP and
SHRSR Models

Previous evidence indicates that levels of ceramide are increased in pre-clinical models
of stroke as well as in human patients [25-27].

Here, in order to assess whether ceramide metabolism might be affected in spon-
taneously hypertensive rats, eventually resulting in increased levels of ceramide, we
investigated the expression of the ceramide synthases, which are reported to be the most
abundant in the brain (CerS1 and CerS2) and in the kidneys (CerS2 and CerS4) [28].

As reported in Figure 4, qPCR analysis revealed a generalized derangement in the
expression of the synthases, with some differences between the two spontaneously hy-
pertensive strains. SHRSP showed increased levels of CerS1 mRNA in the brain when
compared to either WKY or SHRSR (Figure 4A) and reduced levels of CerS6 in the kidneys,
similarly to that observed in the SHRSR (Figure 4D). Conversely, SHRSR were characterized
by a reduced expression of CerS2 mRNA in both brain and kidneys (Figure 4B,4C).

2.4. Expression of SPTLC1 Is Reduced in SHRSP Tissues

Recent studies have pointed out a potential involvement of de novo biosynthesis of
sphingolipids in hypertension and vascular diseases [29,30].

To investigate any possible association between the de novo sphingolipid pathways
and stroke, we assessed protein expression profiles of SPTLC1 and 2, two subunits of SPT,
the rate-limiting enzymes in the de novo biosynthesis of sphingolipids [13], in both cerebral
and renal tissues.

As reported in Figure 5A,B, SHRSP rats were characterized by a significant reduction
of SPTLC1 in both brain and kidneys. Interestingly, SPTCL2 was also reduced in the brain
of SHRSP as compared to SHRSR (Figure 5C).

2.5. Expression of 3-Keto-Dihydrosphingosine Reductase Is Reduced in Both Spontaneously
Hypertensive Rats

The alteration in the de novo biosynthesis of sphingolipids was further confirmed by
the analysis of the enzymes 3-keto-dihydrosphingosine reductase (KDSR) and ceramide
desaturase (DES), normally involved in the de novo synthesis of sphingolipids [13].
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gqPCR analysis showed a significant reduction of mRNA expression levels of KDSR in
the kidneys of both SHRSP and SHRSR (Figure 6B). No further changes were observed.
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Figure 2. Expression of S1P metabolizing enzymes is defective in brain tissues from SHRSP. Rep-
resentative cropped immunoblottings and densitometric analysis of SPHK1 (sphingosine kinase 1)
(A,B), SPHK2 (sphingosine kinase 2) (C,D) and SGPL1 (S1P-Lyase) (E,F) in brain and kidney tissues
from WKY, SHRSP and SHRSR. In each immunoblotting, all samples were run on the same gel.
Non-adjacent samples are separated by a black line. Data are represented as mean + SD, n = 6/7 for
each group of rats. * p < 0.05; ** p < 0.01; *** p < 0.001 (one-way ANOVA, Tukey post-test). The raw
date for generating the figure are reported in the Supplementary Material Table S1.
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Figure 3. Expression of S1P receptors is aberrant in both brain and kidney tissues from SHRSP and
SHRSR. Representative immunoblottings and densitometric analysis of SIPR1 (S1P receptor 1) (A,B),
S1PR2 (S1P receptor 2) (C,D) and S1PR3 (S1P receptor 3) (EF) in brain and kidney tissues from WKY,
SHRSP and SHRSR. In each immunoblotting, all samples were run on the same gel. Non-adjacent
samples are separated by a black line. Data are represented as mean + SD, n = 6/8 for each group of
rats. * p < 0.05; ** p < 0.01; *** p < 0.001 (one-way ANOVA, Tukey post-test). The raw date used for
generating the figure are reported in the Supplementary Materials Table S2.
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Figure 4. Gene expression of ceramide synthetizing enzymes is defective in brain and kidney tissues
from SHRSP and SHRSR. qPCR analysis of CerS1 (ceramide synthase 1) (A) and CerS2 (ceramide
synthase 2) (B) in brain tissue from WKY, SHRSP and SHRSR. gPCR analysis of CerS2 (C) and CerS6
(ceramide synthase 6) (D) in kidney tissue from WKY, SHRSP and SHRSR. Data are represented
as mean + SD, n = 5/6 for each group of rats. * p < 0.05; ** p < 0.01; *** p < 0.001; *** p < 0.0001
(one-way ANOVA, Tukey post-test). The raw date used for generating the figure are reported in the
Supplementary Material Table S3.
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Figure 5. Expression of rate-limiting enzyme of de novo sphingolipid biosynthesis is defective in brain
and kidney tissues from SHRSP and SHRSR. Representative immunoblottings and densitometric
analysis of SPTLC1 (serine palmitoyltransferase long chain base subunit 1) (A,B) and SPTLC2 (serine
palmitoyltransferase long chain base subunit 2) (C,D) in brain and kidney tissues from WKY, SHRSP
and SHRSR. In each immunoblotting, all samples were run on the same gel. Non-adjacent samples
are separated by a black line. Data are represented as mean + SD, n = 6/7 for each group of rats.
*p <0.05 ** p <0.01 (one-way ANOVA, Tukey post-test). The raw date used for generating the figure
are reported in the Supplementary Materials Table S4.
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Figure 6. Expression of Kdsr mRNA is reduced in kidney tissues from SHRSP and SHRSR. gPCR
analysis of Kdsr (3-keto-dihydrosphingosine reductase) (A,B) and Des (ceramide desaturase) (C,D)
in brain and kidney tissues from WKY, SHRSP and SHRSR. Data are represented as mean + SD,
n =5/6 for each group of rats. * p < 0.05 (one-way ANOVA, Tukey post-test). The raw date used for
generating the figure are reported in the Supplementary Materials Table S5.

3. Discussion

Despite tremendous research efforts by basic and clinical scientists, hypertensive
complications such as stroke and renal diseases still represent major leading causes of
death worldwide [1-3]. Thus, knowledge of alternative pathogenic pathways and new
drug targets are needed to preserve cerebrovascular and kidney health. Exploring the
metabolism of sphingolipids, a class of biologically active molecules in cell membranes
that play a key role in vascular homeostasis, may pave the way towards new horizon
of understanding.

Although emerging evidence indicates that alterations in the metabolism of sphin-
golipids, like S1P and ceramides, may have a role in vascular disorders and hyperten-
sion [31], whether they are implicated in the pathogenesis of hypertensive organ damage
still remains unclear.

In this study, we attempted to gain some insights into the metabolism of sphingolipids
in the SHRSP and SHRSR rat strains, two spontaneously hypertensive pre-clinical models
with a different susceptibility to renal and cerebrovascular damage development. In
particular, we performed the study in 8-week-old rats, at an age when they become
hypertensive but are still free from target organ damage. Through this approach, we aimed
to identify any “sphingobiological” signature potentially involved in the different outcome
of the hypertensive disease in the two rat models. A normotensive rat strain served as the
appropriate control.

Our findings showed for the first time that both hypertensive rat models were charac-
terized by a global derangement of sphingolipid metabolism, but few changes were specific
to either SHRSP or SHRSR strain.

In particular, the expression of both SPHK2 and SGPL1 was significantly reduced
only in the brain of SHRSP. The reduction of SPHK2 levels may have extremely deleterious
effects in the brain, where it is particularly abundant in the microvascular endothelial cells
and exerts a protective role against the hypoxic preconditioning-induced ischemia [32].
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On the other hand, the reduction of SGPL1 may be potentially toxic for neuronal cell
functions [33].

In light of this, it is conceivable that an imbalance of S1P-metabolizing enzymes, with
a consequent defective S1P bioavailability, may result in increased vascular damage.

The possible involvement of SIP in the regulation of the molecular mechanisms
potentially associated with stroke came from the evidence that levels of S1PR1, which has
recently been identified as a positional candidate gene for salt-sensitivity in SHRSP [22],
increased in the SHRSR tissues.

These results suggest a possible double role of S1P in the determination of vascular
damage and the consequent stroke event. In fact, the reduction of S1P bioavailability
and/or the defective regulation of its related pathways could increase the susceptibility
to stroke in the SHRSP. Conversely, increased expression of SIPR1, whose activation has
been reported to be beneficial in experimental models of cerebral ischemia [34-36], could
eventually represent a protective factor in SHRSR.

Our findings revealed another interesting difference between the two spontaneously
hypertensive rat strains. The increased expression of CerS1, detected only in the SHRSP,
may be suggestive of an elevated bioavailability of cerebral ceramide which may reveal
toxic and potentially associated with increased susceptibility to stroke. This is corroborated
by several studies reporting the association between increased ceramide content, small
vessel ischemic disease and white matter hyper-intensities [37,38].

Another important observation derived from our study is the significant reduction of
both SPTLC1 and 2 in SHRSP compared to SHRSR, in which no variations were detected.
Although both hypertensive strains shared some defects in the expression of other genes
involved in de novo sphingolipid synthesis, the reduction of SPTLCs clearly suggest a
key role of this metabolic route in the pathogenesis of the cerebrovascular disease. In this
context, recent evidence indicates that the endothelial de novo synthesis of sphingolipids
regulates blood pressure and endothelial homeostasis [30], highlighting the critical role of
de novo synthetized sphingolipids in vascular diseases. The current data may indicate that
the de novo synthesis of sphingolipids could be perturbed in the SHRSP.

Our study is the first addressing specific aspects of sphingolipid metabolism in regard
to stroke. Although we did not perform any quantitative analysis of sphingolipids in
rat tissues, our findings suggested a potential alteration in the bioavailability of different
sphingolipids such as S1P and ceramide in SHRSP. Since S1P stimulates cell proliferation
and survival pathways whereas ceramides usually exert anti-proliferative and apoptotic
effects [39], the imbalance between them may affect brain homeostasis in SHRSP and
potentially contribute to the pathogenesis of stroke. Considering the correlative nature of
our study, further investigations are necessary to fully understand the potential pivotal
role of sphingolipid alterations in the pathogenesis of hypertensive organ damage in order
to develop more effective “sphingolipid-based” therapeutic strategies.

Considering that several drugs, whose molecular targets belong to sphingolipid
pathways, are already available for the treatment of other diseases [40], we believe that our
findings may offer support for exploring their therapeutic potential in hypertensive brain
and renal vascular disorders.

4. Materials and Methods
4.1. Animal Models

All experiments were performed using two-month-old male stroke-prone sponta-
neously hypertensive (SHRSP), stroke-resistant spontaneously hypertensive (SHRSR) rat
strains, and comparing them with an age- and sex-matched normotensive rat strain, Wistar-
Kyoto (WKY). SHRSP and SHRSR are the most commonly used animal models in preclinical
studies of hypertension and of associated stroke [5,6]. They were kept at the animal facility
of the IRCCS Neuromed, maintained at constant room temperature and 12 h day/night
cycles, and were fed with regular rat chow and water ad libitum. All animal studies were
performed in accordance with approved protocols by the IRCCS Neuromed Animal Care
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Review Board and by “Istituto Superiore di Sanita” (ISS permit number: 1086/2020) and
were conducted according to EU Directive 2010/63/EU for animal experiments.

4.2. Immunoblottings

Rats were sacrificed by decapitation and tissues (brain and kidneys) were snap-frozen
in liquid N2 and pulverized in a mortar with a pestle. Pulverized tissue was homogenized
in lysis buffer containing 20 mM Tris, pH 7,4, 1% Nonidet P-40, 1 mM EDTA, 20 mM NaF,
2 mM Na3zVOy and 1:1000 protease inhibitor mixture (Sigma-Aldrich) and sonicated with
2*10 s pulses. For immunoblotting, 20 nug of total protein lysate were immunoblotted with
the following antibodies: anti-SPHK1 (1:1000) (Santa Cruz Biotechnology, Dallas, Texas,
USA), anti-SPHK?2 (1:1000) (Abcam, Cambridge, UK), anti-SGPL1 (1:1000) (Sigma-Aldrich,
St. Louis, Missouri, USA), anti-S1PR1 (1:1000) (Immunological Sciences), anti-S1PR2
(1:1000) (Santa Cruz Biotechnology), anti-S1PR3 (1:1000) (Immunological Sciences), anti-
SPTLC1 (1:1000) (Abcam) and anti-SPTLC2 (1:1000) (Abcam). For protein normalization,
anti-actin (1:2000) (Immnunological Sciences, Rome, Italy) was used. Protein bands were
detected by ECL Prime (GE Healthcare) and quantitated with Quantity One Software
(Bio-Rad Laboratories, Hercules, CA, USA).

4.3. RNA Extraction and gPCR.

Total RNA was extracted using Rneasy kit (Qiagen) according to the manufacturer’s
instructions. 1000 ng of total RNA was synthesized using Super Script III reverse tran-
scriptase (Invitrogen) and the resulting cDNA was amplified using Power SYBR Green
PCR Master Mix (Bio-Rad) following the manufacturer’s instructions. Quantitative gPCR
analysis was performed using specific primers:

Kdsr FW: 5-TAAAGCAGGCACAGGAGAAG-3';

Kdsr RV: 5-GCCTGAGAGGACACAAACA -3/;

Des FW: 5'-AGAGGAGTTCGAATGGGTCTA-3';

Des RV: 5'- GATAGCCAGAGTCATGGAATGG-3';

CerS1 FW: 5'- CCTGGAAGCTTCTGTTCTACTT-3/;

CerS1 RV: 5- CATGTACACGGTGGCATAGA-3';

CerS2 FW: 5'- CATGGCTGTCACTGTGGATAA-3;

CerS2 RV: 5'- GAGAAGCAGAGGAGAATGATGG-3;

CerS6 FW: 5'- CAGGAGTGGACAAAGCAAGA-3;

CerS6 RV: 5'- TGGTTTGGCTATGAATCTCTCG-3/;

Gapdh FW: 5'- AACGACCCCTTCATTGACCTC-3/;

Gapdh RV: 5'- CCTTGACTGTGCCGTTGAACT-3'.

4.4. Statistics

One-way ANOVA followed by a Tukey post-test was used. Data are expressed as
mean =+ SD.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/1jms22073796/s1. Table S1: Research raw data used for generating Figure 2. Table S2: Research
raw data used for generating Figure 3. Table S3: Research raw data used for generating Figure 4.
Table S4: Research raw data used for generating Figure 5. Table S5: Research raw data used for
generating Figure 6.
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