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Abstract: Hypertension coincides with myocardial alternations in lipid (including sphingolipids) and
glucose metabolism. The latest data indicate that accumulation of metabolically active lipids, especially
ceramide (CER) and diacylglycerol (DAG) significantly influences intracellular signaling pathways
along with inducing insulin resistance. Since, it was demonstrated that the endocannabinoid system
(ECS) affects myocardial metabolism it seems to be a relevant tool in alleviating metabolic disturbances
within the cardiac muscle due to hypertension. All designed experiments were conducted on the
animal model of primary hypertension, i.e., spontaneously hypertensive rat (SHR) with chronic ECS
activation by injections of fatty acid amide hydrolase (FAAH) inhibitor—URB597. Lipid analyses were
performed using chromatography techniques (gas liquid, thin layer, and high performance liquid
chromatography). Colorimetric and immunoenzymatic testes were applied in order to determine
plasma concentrations of insulin and glucose. Total myocardial expression of selected proteins was
measured by Western blotting and/or immunohistochemistry methods. SHRs exhibited significantly
intensified myocardial de novo pathway of CER synthesis as well as DAG accumulation compared
to the control Wistar Kyoto rats. Besides, intramyocardial level of potentially cardioprotective
sphingolipid, i.e., sphingosine-1-phosphate was considerably decreased in SHRs, whereas URB597
treatment restored the level of this derivative. Unexpectedly, ECS upregulation protected overloaded
cardiac muscle against CER and DAG accumulation. Moreover, chronic URB597 treatment improved
intramyocardial insulin signaling pathways in both normotensive and hypertensive conditions. It
seems that the enhanced ECS triggers protective mechanisms in the heart due to decreasing the level
of lipid mediators of insulin resistance.

Keywords: spontaneously hypertensive rats; URB597; ceramide; diacylglycerol; glucose; insulin
signaling

1. Introduction

Nowadays, hypertension is one of the most common civilization diseases according to the World
Health Organization. Globally the incidence of hypertension has risen dramatically since in 2017 the
recommended threshold for its diagnosis was established at 130/80 mmHg (systolic and diastolic blood

Molecules 2020, 25, 1932; doi:10.3390/molecules25081932 www.mdpi.com/journal/molecules

http://www.mdpi.com/journal/molecules
http://www.mdpi.com
https://orcid.org/0000-0001-9676-0298
https://orcid.org/0000-0003-3735-987X
https://orcid.org/0000-0003-2954-942X
https://orcid.org/0000-0002-7407-8156
http://dx.doi.org/10.3390/molecules25081932
http://www.mdpi.com/journal/molecules
https://www.mdpi.com/1420-3049/25/8/1932?type=check_update&version=2


Molecules 2020, 25, 1932 2 of 14

pressure, respectively) [1]. Importantly, chronically elevated blood pressure (BP) triggers ventricular
hypertrophy and contractile impairments in cardiac muscle together with its clinical manifestations
(cardiovascular diseases, CVDs). Hypertension itself causes changes in metabolism of the heart and in
most cases coincides with metabolic disturbances, i.e., obesity, insulin resistance or type 2 diabetes [2–4].
Therefore, at present relieving health consequences of hypertension and related myocardial metabolic
alternations is critical.

For this purpose a suitable and commonly used genetic model of primary hypertension, i.e.,
spontaneously hypertensive rats (SHRs), has been selected. These animals with age spontaneously
develop hypertension, in which systolic blood pressure can reach the level of 180-200 mmHg [5].
Furthermore, it was noticed that SHRs apart from exhibiting hypertrophy and failure of the heart are
also insulin resistant with decreased peripheral glucose utilization, which corresponds to metabolic
pattern of hypertensive patients [6,7]. However, the precise molecular mechanism underlying this state
is not yet fully understood and described. Several lines of evidence have shown that accumulation of
biologically active lipids, i.e., ceramide (CER) and diacylglycerol (DAG) in insulin sensitive tissues
(e.g., skeletal and cardiac muscle or liver), can interfere with intracellular pathway of that hormone
(especially protein kinase B—AKT/PKB and glycogen synthase kinase 3—GSK3) and consequently
impair its action on target cells [8–10]. This in turn may lead to the development of homeostatic
imbalance in myocardial ATP production, nutrient storage and subsequently disrupt cardiac contractile
activity. It is especially important in the pressure-overloaded heart. Furthermore, decreased glucose
uptake in pressure overloaded cardiomyocytes may be even more detrimental, since myocardial fueling
preference in hypertension is shifted towards glucose utilization rather than fatty acids [11–13].

Thus, new potential therapies for the treatment of hypertension and co-existing metabolic disorders
are constantly being sought. In recent years the endocannabinoid system (ECS) is of great interest
for such treatment due to diversity of exerted effects as well as broad expression of its two Gi/o

protein-coupled cannabinoid receptors (i.e., CB1 and CB2) in both nervous system and peripheral
tissues. Endogenous ligands (polyunsaturated fatty acid amides) of these receptors are anandamide
(AEA) and 2-arachidonyl glycerol (2-AG), which are metabolized mainly by two enzymes, i.e., fatty
acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL), respectively [14]. Extensive
studies have proven that this inner lipid signaling system has significant influence on the whole
body by interfering energetic homeostasis, central nervous system functions, immune responses,
gastrointestinal motility and blood pressure as well [15–17]. Moreover, we and others [18–21] have
shown in animal models of primary (SHRs) and secondary (DOCA salt) hypertension that elevated
tone of ECS in 2-week time frame can be a beneficial in markedly declining both systolic and mean
blood pressures. Importantly, we have also reported that upregulation of ECS significantly alters
intramyocardial fatty acid and glucose metabolism in hypertensive state [20–22]. We found that chronic
activation of ECS by FAAH inhibition substantially enhances palmitate uptake and its esterification
but not oxidation in the left ventricle of SHRs [20,23]. However, there are no studies revealing the
link between prolonged activation of ECS in primary hypertension and insulin signaling pathway in
cardiomyocytes. Taken altogether, it was reasonable to examine whether chronic activation of ECS
(by FAAH inhibition and thereby increasing the level of AEA) affects cardiomyocytes’ insulin signal
transmission in relation to the content of bioactive lipid species (i.e., DAG and CER). In order to achieve
that objective we conducted experiments on SHRs with 2-week stimulation of ECS (intraperitoneal
URB597 injections) and evaluated plasma levels of glucose and insulin, myocardial content of DAG,
CER, and other sphingolipids as well as the expressions of proteins engaged in insulin signaling
(e.g., AKT and GSK3) and diacylglycerol metabolism, i.e., diacylglycerol acyltransferase 1 and 2
(DGAT1,2) as well as adipose triglyceride lipase (ATGL).
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2. Materials and Methods

2.1. Animals and Experimental Model

Spontaneously hypertensive and Wistar Kyoto (WKY) rats (6–7 week old, 170–200 g) were
purchased from the Center of Experimental Medicine of the Medical University of Bialystok, Poland.
The animals were kept in an approved animal holding facilities (22 ◦C ± 2, 12 h light–dark cycle) with
unrestricted access to standard pellet chow (Labofeed B, Animal Feed Manufacturer “Morawski”,
Kcynia, Poland) and tap water. All experiments and procedures conducted on the rats were approved
by the Ethical Comitee for Animal Experiments at the Medical University of Bialystok, Poland.

After a period of acclimatization (1 week) the animals were randomly divided into four
experimental groups, i.e., WKY—normotensive, control rats; WKY+URB597—normotensive rats
treated with URB597; SHR—hypertensive rats and SHR+URB597—hypertensive rats treated with
URB597 (each group included 6 rats). Prolonged activation of the endocannabinoid system in the
normotensive and hypertensive conditions was acquired by chronic inhibition of fatty acid amide
hydrolase by URB597 (30-(aminocarbonyl)[1,10-biphenyl]-3-yl)-cyclohexylcarbamate) treatment [18,21].
Briefly, the rats from both normotensive and hypertensive groups received intraperitoneal (i.p.)
injections of URB597 (1 mg/kg of body mass) or its vehicle (1:2:7; DMSO:Tween80:0.9% NaCl) twice a
day for 14 consecutive days [18,24]. In previous studies we [20,21] and others [18,19] have shown that
chronic URB597 treatment considerably decreases blood pressure (BP) in a model of primary (SHRs)
as well as secondary hypertension (DOCA-salt rats) [21,25,26]. Moreover, during time course of the
experiment body weight, hemodynamic parameters, and heart hypertrophy were evaluated, which
was published previously [20].

2.2. Lipid Analyses

In the left ventricle we have measured intramyocardial content of diacylglycerols and
sphingomyelin (SM) by the means of gas liquid chromatography (GLC). Briefly, samples of the cardiac
muscle were powdered and lipids were extracted in a chloroform-methanol solution according to the
Folch method [27]. Thereafter, DAG and SM fractions were separated by thin-layer chromatography
(TLC) [28] and then individual fatty acid methyl esters were identified and quantified based on retention
times of standards by GLC (Hewlett-Packard 5890 Series II gas chromatograph, HP-INNOWax capillary
column). Total DAG and SM contents were calculated as the sum of the particular fatty acid species of
selected fractions and the values were expressed in nanomoles per gram of tissue.

Ceramide, sphinganine (SFA), sphingosine (SFO), and sphingosine-1-phosphate (S1P) contents
in the left ventricle were estimated by high performance liquid chromatography (HPLC), as it was
described [29]. Briefly, samples of the cardiac muscle were homogenized and lipids were extracted into
chloroform. Aliquots of the lipid extracts were transferred to a new tubes and an internal standard
was added as well (40 pmol of N-palmitoyl-D-erythro-sphingosine; C17 base). Then, the samples
were subjected to alkaline hydrolysis to form deacylate ceramide. Free sphinganine and sphingosine
released from ceramide were converted to their o-phthalaldehyde derivatives and analyzed by HPLC
system equipped with a fluorescence detector and C18 reversed-phase column (Varian Inc. OmniSpher
5, 4.6 × 150 mm).

2.3. Plasma Measurements

Plasma glucose and insulin concentrations were determined using Glucose Assay Kit (Abcam,
Cambrigge, UK) and Rat Insulin ELISA Kit (Mercodia AB, Uppsala, Sweden), respectively. All
procedures during measurements were performed according to the manufacturer’s instructions.
For each measurement, calculated values were based on a separate standard curve and the intensity of
colored products was measured in a hybrid multi-mode microplate reader (Synergy H1TM, BioTek
Instruments, Winooski, VT, USA). Moreover, we evaluated insulin sensitivity index (validated in
rats [30]), i.e., the homeostasis model assessment of insulin resistance (HOMA-IR), where fasting
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plasma glucose (FPG) concentration was expressed in milligrams per deciliter and fasting plasma
insulin in microunits per milliliter (HOMA-IR = (FPG × FPI)/2.430).

2.4. Immunoblotting Analysis

Total protein expression was detected using Western blotting procedure, as it was previously
reported [9]. Briefly, bicinchonic acid method (BCA) with bovine serum albumin (BSA) as a standard was
applied in order to determine protein concentration in the myocardial homogenates. Next, proteins were
separated by 10% sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis and transferred
on nitrocellulose membranes in wet conditions. Then, all the membranes were blocked in Tris Buffer
Saline Tween20 (TBST) containing 5% non-fat dry milk or BSA. Next step involved overnight incubation
of nitrocellulose membranes with selected primary antibodies, i.e., diacylglycerol acyltransferase
1 (DGAT1, 1:500, Novus Biologicals, USA), diacylglycerol acyltransferase 2 (DGAT2, 1:500, Santa
Cruz Biotechnology, USA), adipose triglyceride lipase (ATGL, 1:1000, Santa Cruz Biotechnology,
USA), glucose transporter 1 (GLUT1, 1:500, Santa Cruz Biotechnology, USA), glucose transporter
4 (GLUT4, 1:500, Santa Cruz Biotechnology, USA), insulin receptor substrate 1 (IRS-1, 1:1000; Cell
Signaling Technology, UK), phosphorylated insulin receptor substrate 1 (pIRS1 (Ser302), 1:1000;
Cell Signaling Technology, UK), protein kinase B (AKT/PKB, 1:1000; Cell Signaling Technology,
UK), phosphorylated protein kinase B (pAKT/PKB (Ser473), 1:1000; Cell Signaling Technology, UK),
glycogen synthase kinase 3 (GSK3, 1:500; Thermo Scientific, USA), phosphorylated glycogen synthase
kinase 3 (pGSK3 (Ser9), 1:500, Thermo Scientific, USA), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, 1:500, Santa Cruz Biotechnology, USA), mitogen-activated protein kinase (MAPK; MAPK3/1,
1:1000; Cell Signaling Technology, UK), phosphorylated mitogen-activated protein kinase (pMAPK
(Thr202/Tyr204); pMAPK3/1, 1:1000; Cell Signaling Technology, UK), citrate synthase (CS, 1:500, Santa
Cruz Biotechnology, USA) and pyruvate dehydrogenase (PDH, 1:4000; Abcam, UK). Afterwards,
nitrocellulose membranes were washed and incubated with appropriate secondary antibodies
conjugated with horseradish peroxidase (diluted in TBST). The above mentioned proteins were
visualized using Clarity Western ECL Substrate (Bio-Rad, USA) suitable for chemiluminescence
detection. Obtained signals were quantified densitometrically using ChemiDoc visualization system
(Bio-Rad, Poland). The same concentration of protein was loaded on each lane (30 µg), which was
confirmed by Ponceau S staining. Additionally, expression of each analyzed protein was standardized
to GAPDH expression and the control group (WKY) was set as 100%.

2.5. Immunohistochemical Analysis

Our immunohistochemical (IHC) measurements were based on the EnVision method according
to Herman and Elfont [31]. Detailed procedure of IHC staining for GLUT1 (anti-GLUT1, 1:500, sc-7903,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and GLUT4 (anti-GLUT4, 1:500, sc-53566, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), which was performed, is already described [21,22]. The
results were evaluated on an Olympus BX41 microscope with an Olympus DP12 camera under 200
magnification. The images were morphometrically analyzed using NIS-Elements Advanced Research
software of Nikon. The intensity of the IHC staining was evaluated using a 0 to 256 grey scale level in
six randomly selected sites of each rat’s heart, in which white or bright pixels received a value of 0 and
black pixels were indicated as 256 value.

2.6. Statistical Analyses

All data are expressed as mean values ± SD or percentage of the control group based on six
independent determinations. Statistical differences between groups were tested with two-way analyses
of variance (ANOVA) or Kruskal–Wallis test and appropriate post-hoc tests using Graph Pad Prism 5
(GraphPad Software, La Jolla, USA). Values P < 0.05 were considered statistically significant.
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3. Results

3.1. Effect of Enhanced Activation of the Endocannabinoid System on Plasma Levels of Glucose and Insulin as
Well as HOMA-IR in the Normotensive State and Primary Hypertension

Plasma measurement showed that both groups of spontaneously hypertensive rats (untreated and
treated with URB597) exhibited significantly higher concentration of glucose compared to normotensive
control rats (+14.3% and 15.4%, P < 0.05; Table 1, respectively). In addition, chronic ECS activation
considerably reduced plasma insulin level as well as HOMA-IR index in SHRs (–32.3% and –39.4%,
P < 0.05; Table 1, respectively) compared to the control hypertensive rats.

Table 1. Plasma glucose and insulin concentrations as well as the homeostasis model assessment of
insulin resistance (HOMA-IR) after prolonged activation of ECS in normotensive control Wistar Kyoto
rats (WKY) and spontaneously hypertensive rats (SHRs). The data are expressed as the mean ± SD, n =

6 in each group. a P < 0.05 significant difference: control group (WKY) vs. examined group; b P < 0.05
significant difference: SHR vs. SHR + URB597.

WKY WKY + URB597 SHR SHR + URB597

Glucose (mg/dL) 103 ± 12 96 ± 10 118 ± 10 a 119 ± 15 a

Insulin (µg/L) 1.91 ± 0.13 1.52 ± 0.22 2.21 ± 0.61 1.58 ± 0.31 b

HOMA-IR 1.14 ± 0.13 0.81 ± 0.12 1.44 ± 0.41 1.03 ± 0.21 b

3.2. Effect of Enhanced Activation of the Endocannabinoid System on the Sphingolipid Pathway (Sphinganine,
Ceramide, Sphingosine, and Shingosine-1-phosphate) in the Left Ventricle in Both Normotensive State and
Primary Hypertension

We noticed that the intramyocardial SFA and SFO contents were significantly augmented in
the normotensive rats chronically treated with URB597 compared to the control group (+34.4% and
+29.7%, P < 0.05; Figure 1a,b, respectively). Interestingly, de novo pathway of ceramide formation was
enhanced in SHRs since we observed an elevation in SFA (+82.3%, P < 0.05; Figure 1a), SFO (+38.6%,
P < 0.05; Figure 1b) and CER levels (+26.2%, P < 0.05; Figure 1c) compared to the normotensive state.
Additionally, SHR rats exhibited simultaneous decrease in S1P content (–46.0%, P < 0.05; Figure 1d)
and S1P/CER ratio (–46.2%, P < 0.05; Figure 1f) in comparison with the normotensive group. On the
other hand, prolonged inhibition of FAAH in SHRs substantially increased S1P level (+68.5%, P < 0.05;
Figure 1d) and concomitantly S1P/CER ratio (+101.9%, P < 0.05; Figure 1f) in the left ventricle compared
to the SHR group. Nevertheless, in the SHR+URB597 group it was also displayed simultaneous
elevation in SFA content (+53.6%, P < 0.05; Figure 1a) compared to the control group. Both hypertension
and prolonged ECS activation did not affect myocardial content of sphingomyelin (P > 0.05; Figure 1e).
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Figure 1. The effect of chronic URB597 treatment on the left ventricle content of sphinganine—SFA (a),
sphingosine—SFO (b), ceramide—CER (c), sphingosine-1-phosphate—S1P (d), sphingomyelin—SM (e)
and sphingosine-1-phosphate/ceramide ratio (f) in control Wistar Kyoto rats (WKY) and spontaneously
hypertensive rats (SHRs). The data are expressed as the mean ± SD, n = 6 in each group. a P < 0.05
significant difference: control group (WKY) vs. examined group; b P < 0.05 significant difference: SHR
vs. SHR + URB597.

3.3. Effect of Enhanced Activation of the Endocannabinoid System on the Left Ventricle Content of
Diacylglycerol and Total Expression of Enzymes Involved in Its Metabolism in the Normotensive State and
Primary Hypertension

The SHRs exhibited a significant increase in the myocardial DAG content (+43.6%, P < 0.05;
Figure 2a) as well as total expression of ATGL (+18.6%, P < 0.05; Figure 2b) and DGAT2 (+17.0%, P <

0.05; Figure 2d) in the left ventricle in comparison with the Wistar Kyoto normotensive rats. Moreover,
we observed that 2-week URB597 treatment caused a substantial reduction in cardiac DAG pool in the
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model of primary hypertension compared to the hypertensive group not treated with FAAH inhibitor
(–21.8%, P < 0.05; Figure 2a). Concomitantly, in the same group of experimental animals there was a
significant elevation of myocardial DGAT2 expression (+24.9%, P < 0.05; Figure 2d) compared to the
control normotensive rats.

Figure 2. The effect of chronic URB597 treatment on the left ventricle content of diacylglycerols (DAG)
(a) as well as total expression of adipose triglyceride lipase—ATGL (b), diacylglycerol acyltransferase
1—DGAT1 (c) and diacylglycerol acyltransferase 2—DGAT2 (d) in the control Wistar Kyoto rats (WKY)
and spontaneously hypertensive rats (SHRs). Total expression of the above proteins was presented as a
percentage difference compared to the control group, which was set as 100%. The data are expressed as
the mean ± SD, n = 6 in each group. a P < 0.05 significant difference: control group (WKY) vs. examined
group; b P < 0.05 significant difference: SHR vs. SHR + URB597.

3.4. Effect of Enhanced Activation of the Endocannabinoid System on the Total Expression and Phosphorylation
of Intramyocardial (Left Ventricle) Insulin Signaling Proteins and Proteins Involved in Glucose Metabolism in
the Normotensive State and Primary Hypertension

In the experimental model of primary hypertension we observed a decrease in myocardial
phosphorylation of IRS-1 (Ser302) (−28.9%, P < 0.05; Figure 3a) and AKT/PKB (Ser473) proteins (–16.9%,
P < 0.05; Figure 3b) with simultaneous increase in the total CS expression (+23.8%, P < 0.05; Figure 3f)
compared to the normotensive rats. Moreover, our study has demonstrated that 2-week treatment with
FAAH inhibitor caused a marked elevation of IRS-1 phosphorylation (+35.2, P < 0.05; Figure 3a vs.
SHR group), AKT/PKB (+25.8%, P < 0.05; Figure 3b vs. SHR group), GSK-3 (+137.6%, vs. control group
and +63.2% vs. SHR group, P < 0.05; Figure 3c) and MAPK (+132% vs. control group and +60.3% vs.
SHR group, P < 0.05; Figure 3d) in the hypertensive group. Furthermore, chronic URB597 treatment
resulted in pronounced elevation of GSK-3 (+272.2%, P < 0.05; Figure 3c) and MAPK (+48.0%, P < 0.05;
Figure 3d) phosphorylation in the SHR hearts compared to the normotensive WKY rats.
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Figure 3. The effect of chronic URB597 treatment on the ratio of total expression of phosphorylated and
unphosphorylated proteins involved in insulin signaling pathway, i.e., phosphorylated insulin receptor
substrate 1/insulin receptor substrate 1—pIRS-1/IRS-1 (a), phosphorylated protein kinase B/protein
kinase B—pAKT/AKT (b), phosphorylated glycogen synthase kinase 3/glycogen synthase kinase 3
pGSK-3/GSK-3 (c), and phosphorylated mitogen-activated protein kinase/mitogen-activated protein
kinase—pMAPK/p44/42 MAPK (d) as well as total expression of pyruvate dehydrogenase—PDH (e) and
citrate synthase—CS (f) in the left ventricle in the control Wistar Kyoto rats (WKY) and spontaneously
hypertensive rats (SHRs). Calculated ratio and total expressions of the above proteins were presented as
a percentage difference compared to the control group, which was set as 100%. The data are expressed
as the mean ± SD, n = 6 in each group. a P < 0.05 significant difference: Control group (WKY) vs.
examined group; b P < 0.05 significant difference: SHR vs. SHR + URB597.

In parallel to the above changes we did not notice any alternations in the total myocardial
expression of GLUT1 and GLUT4 (P > 0.05; Figure 4a,b and Figure 5a,b) in all the examined groups
compared to the normotensive group or hypertensive group after URB597 treatment.
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Figure 4. The effect of chronic URB597 treatment on total expressions of glucose transporter 1—GLUT1
(a) and glucose transporter 4—GLUT4 (b) in the left ventricle of the control Wistar Kyoto rats (WKY)
and spontaneously hypertensive rats (SHRs). Total expressions of the above proteins were presented as
a percentage difference compared to the control group, which was set as 100%. The data are expressed
as the mean ± SD, n = 6 in each group.

Figure 5. Representative images of glucose transporter 1—GLUT1 (a) and glucose transporter 4—GLUT4
(b) expressions in the left ventricular cardiomyocytes in the control Wistar Kyoto rats (WKY) and
spontaneously hypertensive rats (SHRs), where (A) is WKY group, (B) WKY + URB597 group, (C) is
SHR group and (D) SHR + URB597.

4. Discussion

Our experiment shed light on new effects exerted by chronic upregulation of ECS in relation
to cardiomiocytes’ intracellular signaling pathways and lipid metabolism. This novel insight in the
action of ECS seems to be relevant since previously we have found that enhanced endocannabinoid
tone significantly alters cardiac muscle energetic milieu in both normotensive and hypertensive
conditions [20–22]. It is important to note that present study, which was based on a genetic model of
primary hypertension (SHRs), has revealed the link between chronic activation of ECS by URB597
treatment (2-week) and insulin signaling pathway in cardiomyocytes subjected to the increased
afterload. Our data suggest that ECS upregulation ameliorates impaired myocardial insulin signal
transduction in SHR rats. Nevertheless, in previous studies [21,22,32] we have reported that chronic
FAAH inhibition in a model of secondary hypertension considerably elevated intramyocardial lipid
and glycogen deposition along with palmitic acid uptake in order to facilitate adjustment in fuel
demands of overloaded left ventricle. We provide evidence upon different routes of URB597 action in
SHRs, including significant reduction of BP which corresponds with elevated palmitate uptake and
its esterification as well as an enhancement in the expression of selected insulin signaling proteins
(e.g., IRS-1, AKT, GSK-3, MAPK). Taken together, our experimental model also confirms the existence
of a dynamic connection between cardiovascular parameters and metabolic status of the myocardium.
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Current study has shown an increased intramyocardial content of DAG and CER fractions in
the spontaneously hypertensive rats compared to the normotensive rats. Recent data provide several
lines of evidence to indicate that the above lipid fractions, when accumulated, can trigger lipotoxicity
and are implicated in intracellular signaling impairments, including insulin pathway (in cardiac and
skeletal muscles or liver) [8,9,33,34]. Therefore, DAG and CER are referred as lipid mediators of
insulin resistance (IR). In a number of studies it was shown that increased levels of bioactive lipid
species such as DAG and CER can interfere with downstream cellular insulin transduction through
dysregulation of major proteins involved in this transmission, i.e., IRS-1, AKT/PKB or atypical protein
kinases C (PKC) activation [35,36]. This, in turn leads to energetic and nutrient imbalance in the heart
due to reduced glucose uptake as well as glycogen storage. Furthermore, it was demonstrated that
elevated contents of DAG and CER fractions together with reactive oxygen species (ROS) and other
metabolites are engaged in the development of changes in the cardiac muscle’s structure, mitochondrial
activity, endoplasmic reticulum stress and apoptosis [37]. Importantly, in this respect our results
exhibit a probable protective role of ECS due to observed reduction in the content of DAG and lack
of an increase in CER fraction in SHRs (in the presence of chronic URB597 treatment). Moreover,
the above observations coincide with enhancement of insulin signaling transmission in the left ventricle
compared to the control hypertensive rats. Consequently, we have noticed that prolonged activation
of ECS in SHRs was parallel with markedly enhanced phosphorylation of proteins involved in the
myocardial insulin action, i.e., IRS-1, AKT/PKB, GSK-3, and MAPK, which may indicate and reflect
causal relationship. What is more, probably the above alternations arise from plasma measurements,
which revealed that enhanced ECS tone ameliorated insulin sensitivity by reducing significantly insulin
concentration in hypertensive rats. Even though, studies on the ground of ECS control over insulin
secretion from pancreatic islets are still contradictory [38–40]. The above changes are in line with our
previous investigation, where it was demonstrated that URB597 treatment had restored myocardial
glycogen level in DOCA-salt hypertensive rats [22], which is also controlled by insulin. However, we
have to bear in mind that the ability of SHRs to maintain energetic homeostasis (including glucose
metabolism) in the cardiac tissue decreases with age [32]. Moreover, we are aware of the fact that
the limitation of this study is lack of direct cardiac muscle stimulation by insulin for instance in
isolated primary cardiomyocytes after chronic URB597 treatment. Nonetheless, the obtained results
undoubtedly indicate causal relationship between ECS upregulation and improvement in overloaded
cardiac muscle metabolic pathways, including insulin. In the study conducted by Zhang et al. [33]
on mice fed a high fat diet there was a proposed mechanism by which accumulated DAGs, through
translocation of protein kinase C-α to the plasma membrane and impaired IRS-1 phosphorylation, led
to the development of cardiac insulin resistance. Furthermore, in our previous study [20], we have
shown that chronic URB597 administration to SHRs promoted palmitic acid incorporation into neutral
lipid fractions in the heart, i.e., triacylglycerol (TAG), free fatty acid (FFA) and cholesterol rather than
DAG, as it was demonstrated in the present study. What is more, in the same research we revealed that
chronic URB597 treatment enhances fatty acid oxidation only in normotensive conditions, which was
linked with an elevation in peroxisome proliferator-activated receptor alpha (PPARα) expression, with
parallel no effects in SHRs [20]. Additionally, as it was indicated in current experiments, a significant
decline in the myocardial DAG content in SHRs treated with URB597 was followed by alternations in
the expression of DGAT2 and ATGL, two major enzymes involved in the lipid metabolism. Therefore,
we can presume that enhanced activation of ECS can serve as a cardioprotective tool due to diminishing
potentially harmful lipotoxic level of DAG and CER.

As we mentioned earlier one of our goals was to examine intramyocardial level of ceramide, as
a potentially detrimental lipid derivative, in a genetic model of primary hypertension. Hence, we
have investigated major pathways of sphingolipid metabolism under the conditions of high BP and
chronic activation of ECS. To our knowledge, for the first time we have shown that SHRs exhibit a
substantially increased CER content in the heart. The increase was a result of greater de novo ceramide
synthesis pathway activation, since simultaneous rise in SFA content compared to the normotensive
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rats was observed (with concomitant no change in SM content). Interestingly, the same group of
hypertensive rats displayed a considerably lower value of S1P/CER ratio in comparison with the
normotensive conditions, which may have a relationship with decreased activation of cardiomyocytes’
signaling pathways (IRS-1 and AKT/PKB) and changed apoptotic status as well. However, the most
profound alternations were observed in the myocardial sphingolipid metabolism in SHRs when ECS
tone was elevated. Surprisingly, 2-week URB597 treatment prevented overloaded cardiac muscle
against CER accumulation and caused further increase in sphingosine-1-phosphate as well as S1P/CER
ratio compared to the hypertensive rats, which may confirm protective role of ECS in the hypertensive
heart in respect of lipotoxicity. Spijkers et al. [41] demonstrated that S1P/CER ratio in SHRs was shifted
towards ceramide accumulation in carotid artery. Moreover, in the same study it was revealed that
plasma level of CER was elevated in both SHR and hypertensive patients [41], which also correlated
with progression of hypertension. Nevertheless, the above mentioned change in intramyocardial S1P
level in our model of hypertension seems to be relevant due to the fact that compared to CER and SFO
this sphingolipid derivative has potential cardioprotective properties [42,43]. Moreover, in the previous
research it was found that S1P acts as a vasoactive substance and triggers vasodilation depending on
activation of endothelial nitric oxide synthase [44,45], thereby, affecting metabolic status of the tissue.

5. Conclusions

In the present research we have described for the first time the link between alternations in
myocardial content of ceramide and other sphingolipids, diacylglycerol as well as metabolic pathways
in spontaneously hypertensive rats after chronic ECS activation. Furthermore, we have shown
that prolonged FAAH inhibition (by URB597 treatment) protected against accumulation of insulin
resistance lipid mediators (such as CER and DAG) in hypertensive state. Importantly, apart from
the above changes ECS upregulation also overlaps with substantial improvement in phosphorylation
status of major metabolic pathways (i.e., GSK-3 and AKT) in the cardiomyocytes. Even though, our
experimental model has some limitations, it emphasizes a new cardioprotective approach of ECS action
in spontaneously hypertensive rats.

Author Contributions: B.M. and A.C. conception and design of the research; E.H.-S., A.P.-I., K.K.-N., P.B., and I.K.
performed experiments; E.H.-S. and A.P.-I. analyzed data; E.H.-S. and A.C. interpreted results of experiments;
E.H.-S. and A.P.-I. prepared figures and drafted manuscript; E.H.-S., A.P.-I., I.K., and A.C. edited and revised the
manuscript; E.H.-S., A.P.-I., B.M., I.K., K.K.-N., P.B., and A.C. approved final version of manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Science Centre in Poland (grant number NCN
2012/05/B/NZ7/03102) and Medical University of Bialystok (grant numbers N/ST/ZB/18/010/1118 and
N/ST/ZB/18/002/1118).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Whelton, P.K.; Carey, R.M.; Aronow, W.S.; Casey, D.E.; Collins, K.J.; Dennison Himmelfarb, C.; DePalma, S.M.;
Gidding, S.; Jamerson, K.A.; Jones, D.W.; et al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/

NMA/PCNA Guideline for the Prevention, Detection, Evaluation, and Management of High Blood Pressure
in Adults: A Report of the American College of Cardiology/American Heart Association Task Force on
Clinical Practice Guidelines. J. Am. Coll. Cardiol. 2018, 71, e127–e248. [CrossRef] [PubMed]

2. Gupta, A.; Gupta, V. Metabolic syndrome: What are the risks for humans? Biosci. Trends 2010, 4, 204–212.
[PubMed]

3. Bornfeldt, K.E.; Tabas, I. Insulin resistance, hyperglycemia, and atherosclerosis. Cell Metab. 2011, 14, 575–585.
[CrossRef] [PubMed]

4. Gast, K.B.; Tjeerdema, N.; Stijnen, T.; Smit, J.W.; Dekkers, O.M. Insulin resistance and risk of incident
cardiovascular events in adults without diabetes: Meta-analysis. PLoS ONE 2012, 7, e52036. [CrossRef]

5. Okamoto, K.; Aoki, K. Development of a strain of spontaneously hypertensive rats. Jpn. Circ. J. 1963, 27,
282–293. [CrossRef]

http://dx.doi.org/10.1016/j.jacc.2017.11.006
http://www.ncbi.nlm.nih.gov/pubmed/29146535
http://www.ncbi.nlm.nih.gov/pubmed/21068471
http://dx.doi.org/10.1016/j.cmet.2011.07.015
http://www.ncbi.nlm.nih.gov/pubmed/22055501
http://dx.doi.org/10.1371/journal.pone.0052036
http://dx.doi.org/10.1253/jcj.27.282


Molecules 2020, 25, 1932 12 of 14

6. Zecchin, H.G.; Bezerra, R.M.; Carvalheira, J.B.; Carvalho-Filho, M.A.; Metze, K.; Franchini, K.G.; Saad, M.J.
Insulin signalling pathways in aorta and muscle from two animal models of insulin resistance–the obese
middle-aged and the spontaneously hypertensive rats. Diabetologia 2003, 46, 479–491. [CrossRef]

7. Gouveia, L.M.; Kettelhut, I.C.; Foss, M.C. Abnormalities of glucose metabolism in spontaneously hypertensive
rats. Braz. J. Med. Biol. Res. 2000, 33, 1357–1362. [CrossRef]

8. Lopaschuk, G.D. Fatty Acid Oxidation and Its Relation with Insulin Resistance and Associated Disorders.
Ann. Nutr. Metab. 2016, 68 (Suppl. 3), 15–20. [CrossRef]

9. Konstantynowicz-Nowicka, K.; Harasim, E.; Baranowski, M.; Chabowski, A. New evidence for the role of
ceramide in the development of hepatic insulin resistance. PLoS ONE 2015, 10, e0116858. [CrossRef]

10. Glatz, J.F.; Luiken, J.J.; Bonen, A. Membrane fatty acid transporters as regulators of lipid metabolism:
Implications for metabolic disease. Physiol. Rev. 2010, 90, 367–417. [CrossRef]

11. De las Fuentes, L.; Herrero, P.; Peterson, L.R.; Kelly, D.P.; Gropler, R.J.; Dávila-Román, V.G. Myocardial fatty
acid metabolism: Independent predictor of left ventricular mass in hypertensive heart disease. Hypertension
2003, 41, 83–87. [CrossRef]

12. Wang, J.; Li, Z.; Wang, Y.; Zhang, J.; Zhao, W.; Fu, M.; Han, X.; Zhou, J.; Ge, J. Enhances Cardiac Glucose
Metabolism and Improves Diastolic Function in Spontaneously Hypertensive Rats. Evid. Based Complement.
Alternat. Med. 2017, 2017, 3197320. [CrossRef] [PubMed]

13. Hajri, T.; Ibrahimi, A.; Coburn, C.T.; Knapp, F.F.; Kurtz, T.; Pravenec, M.; Abumrad, N.A. Defective fatty
acid uptake in the spontaneously hypertensive rat is a primary determinant of altered glucose metabolism,
hyperinsulinemia, and myocardial hypertrophy. J. Biol. Chem. 2001, 276, 23661–23666. [CrossRef] [PubMed]

14. Pacher, P.; Bátkai, S.; Kunos, G. The endocannabinoid system as an emerging target of pharmacotherapy.
Pharmacol. Rev. 2006, 58, 389–462. [CrossRef] [PubMed]

15. Fonseca, B.M.; Costa, M.A.; Almada, M.; Correia-da-Silva, G.; Teixeira, N.A. Endogenous cannabinoids
revisited: A biochemistry perspective. Prostaglandins Other Lipid Mediat. 2013, 102–103, 13–30. [CrossRef]
[PubMed]

16. Ligresti, A.; De Petrocellis, L.; Di Marzo, V. From Phytocannabinoids to Cannabinoid Receptors and
Endocannabinoids: Pleiotropic Physiological and Pathological Roles Through Complex Pharmacology.
Physiol. Rev. 2016, 96, 1593–1659. [CrossRef]

17. Maccarrone, M.; Bab, I.; Bíró, T.; Cabral, G.A.; Dey, S.K.; Di Marzo, V.; Konje, J.C.; Kunos, G.; Mechoulam, R.;
Pacher, P.; et al. Endocannabinoid signaling at the periphery: 50 years after THC. Trends Pharmacol. Sci. 2015,
36, 277–296. [CrossRef]
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