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Abstract: It is known that metabolic disturbances, including obesity, predispose to an increased
incidence of cardiovascular diseases. Elevated consumption of dietary fat results in intramyocar-
dial accumulation of lipids and their biologically active derivatives, which can disrupt the con-
tractile function of the heart, its metabolism, and intracellular signaling pathways. Therefore,
alternative methods, such as phytocannabinoids, are being sought for the treatment of obesity-
related effects. In a model of rodent obesity (seven weeks of high-fat-diet (HFD) regime), we used
cannabidiol—CBD therapy (intraperitoneal injections for 14 days; 10 mg/kg). High-performance
and gas-liquid chromatographies were applied in order to determine sphingolipids in the heart and
plasma as well as Western blotting for protein expression. Two-week CBD administration signifi-
cantly inhibited the de novo ceramide synthesis pathway in the heart of HFD fed rats by lowering
sphinganine and sphinganine-1-phosphate contents. The above reductions were accompanied by
markedly diminished expressions of myocardial serine palmitoyltransferase 1 and 2 as well as ce-
ramide synthase 5 and 6 in the HFD group with 2-week CBD treatment. To our knowledge, this
research is the first that reveals unknown effects of CBD treatment on the heart, i.e., amelioration of
de novo ceramide synthesis pathway in obese rats.
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1. Introduction

Cardiovascular and metabolic diseases are one of the most common pathologies,
whose number is rapidly increasing among different societies worldwide. Consequently,
the prevalence of cardiometabolic disorders might be considered a global epidemic. It is
known that continuous heart work is associated with increased cardiomyocytes metabolic
demands and a wide range of substrates that can be utilized during ATP synthesis, e.g.,
fatty acids (FAs), carbohydrates (glucose and lactate), ketone bodies, and amino acids [1].
Although FAs and their 3-oxidation constitute the prime source of cardiac energy (70-80%),
glucose is also an essential molecule that, via its oxidation, provides 20-30% of the total ATP
requirement in the myocardium [2,3]. Both in vitro and in vivo studies (models of high-fat
diet), as well as clinical trials (models of obesity and metabolic syndrome), indicated that
elevated availability of fatty acids may lead to congestive heart failure (CHF), hyperten-
sion, or cardiovascular diseases (CVDs) [4]. It is known that a higher intake of fat-rich
food leads to increased circulating levels of long-chain fatty acids (LCFAs), supplying
them directly to the coronary circulation. This promotes their intracellular influx to the
cardiomyocytes, which can impair the physiological functioning of these cells. The Western
pattern diet is remarkably rich in harmful saturated fatty acids (SFA) and trans fatty acids
(TFA). This specific dietary consumption of high-fat food enhances uptake and storage of
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various lipid classes, e.g., sphingolipids and their essential fractions (i.e., ceramide—CER,
sphingosine—SFO, and sphinganine—SFA), triacylglycerides (TAGs) as well as diacylglyc-
erides (DAGs). It is known that these particular lipid species might be widely involved
in the development of lipotoxicity, therefore metabolic disturbances in a cell as well [5].
Furthermore, a number of studies demonstrated an unequivocal lipotoxic effect of sph-
ingolipids (e.g., elevated CER levels) on the myocardium and their contribution to heart
failure, hypertension, and cardiometabolic pathologies development [6,7].

The endocannabinoid system (ECS) is a widespread lipid signaling system that par-
ticipates in maintaining energy homeostasis, as well as numerous metabolic pathologies
and CVDs [8,9]. Recently, an expanded endocannabinoid system has been defined as an
endocannabinoidome (eCBome)—a system with more than 100 fatty acid-derived me-
diators and their receptors, as well as its anabolic and catabolic enzymes of more than
50 proteins [10]. One of the known molecules that widely interact with the eCBome is
cannabidiol (CBD)—a non-psychoactive constituent of the Cannabis sativa plant [11]. A
number of studies indicated that phytocannabinoids might be a promising therapeutic tool
for alleviating the development of cardiometabolic-related pathologies, e.g., insulin resis-
tance, inflammatory response, or lipotoxicity [12,13]. Although various CBD mechanisms
of action were widely demonstrated in the myocardium, there are still few studies showing
the relation between lipid metabolism and this phytocannabinoid in the cardiac muscle
tissue [14,15]. We believe that our research, which presents the link between these aspects,
may greatly contribute to the evaluation of novel therapeutic methods for CVDs with the
usage of phytocannabinoids, which will be developed within the upcoming decade.

In order to achieve the above-mentioned objectives, we decided upon an experimental
model of high-fat diet-induced obesity (7 weeks) in rats with concomitant injections of CBD
(14 days). To show the influence of CBD on myocardial sphingolipid metabolism, we mea-
sured the contents of selected sphingolipid species (i.e., SFA, sphinganine-1-
phosphate—SFA1P, CER, SFO, sphingosine-1-phosphate—S1P, and sphingomyelin—SM) in
the left ventricle of the cardiac muscle and plasma. Moreover, we determined expressions
of essential enzymes involved in the myocardial sphingolipid pathways together with fatty
acid transporters expression, which reflects LCFAs availability within the cardiomyocytes.

2. Results
2.1. General Characteristic of the Experimental Model

Before 2-week CBD treatment, body weight of rats after five weeks of high-fat diet
course was considerably elevated in both HFD and HFD + CBD groups compared to
the respective control group (+3.08% and +8.32%, p < 0.05, Figure 1A, before treatment).
Simultaneously, CBD administration did not substantially affect the body mass of the
above-mentioned rats since their body weights were still increased (+5.32% and +7.25%,
p <0.05, Figure 1A, vs. control group, after treatment). Moreover, we observed significant
alternations between two control groups as well as two HFD groups before and after 2-week
CBD treatment (+7.63% and +9.95%, p < 0.05, Figure 1A, respectively). Nevertheless, in
rats fed HFD and receiving CBD injections for 2 weeks, we observed a considerable decline
in a wet mass of the heart (—7.81%, p < 0.05, Figure 1B, vs. HFD group alone), which was
initially elevated (+9.76%, p < 0.05, Figure 1B, vs. control group).

2.2. Effects of 2-Week CBD Administration on the Plasma Sphinganine, Sphinganine-1-Phosphate,
Ceramide, Sphingosine, and Sphingosine-1-Phosphate Contents in Both the Standard Chow and
High-Fat Diet-Fed Rats

In the plasma, we noticed a considerable difference in the sphingolipid pathway
components in response to CBD treatment during standard and high-fat feeding conditions.
There was a substantial increase in SFA level in the CBD (+68.40%, p < 0.05, Figure 2A)
and HFD + CBD (+40.37%, p < 0.05, Figure 2A) groups in relation to the control group.
Moreover, 2-week cannabidiol administration caused a relevant reduction in the SFA1P
concentration in rats fed a standard chow compared to the control group (—46.97%, p < 0.05,
Figure 2B), with concomitant enhancement of this sphingolipid content in the rats fed a
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high-fat diet (+165.86%, p < 0.05, Figure 2B, vs. control group; +194.10%, p < 0.05, Figure 2B,
vs. HFD group). Similar effects were observed in CER content in CBD group (—21.25%,
p < 0.05, Figure 2C, vs. control group) and HFD + CBD group (+14.36%, p < 0.05, Figure 2C,
vs. control group; +25.64%, p < 0.05, Figure 2C, vs. HFD group). Interestingly, 2-week
CBD injections substantially increased the concentration of plasma SFO only in rats fed
a high-fat chow (+88.15%, p < 0.05, Figure 2D, vs. control group; +118.50%, p < 0.05,
Figure 2D, vs. HFD group). Simultaneously, in contrast to the control group, cannabidiol
diminished plasma S1P fraction during both standard and high-fat feeding conditions
(—27.44%, p < 0.05, Figure 2E; —18.01%, p < 0.05, Figure 2E, respectively).
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Figure 1. Body and heart weights parameters before and/or after 2-week cannabidiol (CBD) treatment
in rats fed a standard diet (Control) or a high-fat diet (HFD). The results are expressed as mean
values £ SD and are based on ten independent determinations in each experimental group. ? p < 0.05
significant difference vs. respective control group, this refers to Figure 1A,B; b p < 0.05 significant
difference vs. high-fat-fed group, this refers to Figure 1B; * p < 0.05 significant difference between
control groups before and after CBD treatment ** p < 0.05 significant difference between high-fat-fed
groups before and after CBD treatment.

2.3. Effects of 2-Week CBD Administration on the Total Myocardial Expression of Fatty Acid
Transporters in Both the Standard Chow and High-Fat Diet-Fed Rats

All fatty acid transporters expressions in the left ventricle were detected at a signifi-
cantly higher levels in animals fed HFD, i.e., a cluster of differentiation—CD36 (+25.54%,
p <0.05, Figure 3A), plasma membrane fatty acid binding protein—FABPpm (+17.61%,
p < 0.05, Figure 3B), fatty acid transport protein 1—FATP1 (+13.99%, p < 0.05, Figure 3C),
fatty acid transport protein 4—FATP4 (+29.28%, p < 0.05, Figure 3D), and fatty acid trans-
port protein 6—FATP6 (+19.86%, p < 0.05, Figure 3E). Importantly, the aforementioned
effects in the fatty acid overload conditions were abolished by the 2-week CBD injections,
ie., CD36 (—22.16%, p < 0.05, Figure 3A), FABPpm (—12.97%, p < 0.05, Figure 3B), FATP1
(—14.30%, p < 0.05, Figure 3C), FATP4 (—25.88%, p < 0.05, Figure 3D), and FATP6 (—18.41%,
p < 0.05, Figure 3E) compared to the respective high-fat-diet group. Moreover, after a
prolonged CBD treatment of the standard chow fed rats, we observed a significant increase
only in the case of myocardial CD36 and FATP6 expressions (+19.81% and +14.35%, p < 0.05,
Figure 3A,E, respectively) relative to the rats from appropriate control group.
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Figure 2. The content of plasma sphingolipids, i.e., sphinganine—SFA (A), sphinganine-1-
phosphate—SFA1P (B), ceramide—CER (C), sphingosine—SFO (D), and sphingosine-1-phosphate—
S1P (E) after 2-week cannabidiol (CBD) administration in the rats fed a standard diet (Control) or a
high-fat diet (HFD). The components of sphingolipid pathway were measured by high-performance
liquid chromatography (HPLC) method. The results are expressed as mean values £ SD and are
based on ten independent determinations in each experimental group. # p < 0.05 significant difference
vs. control group; ? p < 0.05 significant difference vs. high-fat-fed group.
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Figure 3. The total myocardial expression of fatty acid transport proteins, i.e., a cluster of differ-
entiation/a scavenger receptor class B protein (SR-B2)—CD36 (A), plasma membrane fatty acid-
binding protein—FABPpm (B), fatty acid transport protein 1—FATP1 (C), fatty acid transport protein
4—FATP4 (D), fatty acid transport protein 6—FATP6 (E) in the left ventricle after 2-week cannabidiol
(CBD) administration in rats fed a standard diet (Control) or a high-fat diet (HFD). The protein
expression was determined by Western blotting method, normalized to the total protein loading
in each lane, and presented as a percentage difference in comparison to the control group, which
was set at 100%. The results are expressed as mean values &+ SD and are based on six independent
determinations in each group. ? p < 0.05 significant difference vs. control group; ° p < 0.05 significant
difference vs. high-fat feeding group.
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2.4. Effects of 2-Week CBD Administration on the Myocardial Sphinganine,
Sphinganine-1-Phosphate, Ceramide, Sphingosine, Sphingosine-1-Phosphate, and Sphingomyelin
Contents in Both the Standard Chow and High-Fat Diet-Fed Rats

In the left ventricle of the cardiac muscle, we observed that a high-fat feeding in-
tensified de novo sphingolipid synthesis due to the fact that in the HFD group there
was a substantial increase in the level of SFA (+176.48%, p < 0.05, Figure 4A), SFA1P
(+69.43%, p <0.05, Figure 4B), CER (+23.67%, p < 0.05, Figure 4C), and SM (+17.75%,
p < 0.05, Figure 4F) compared to the respective control group. Additionally, in compari-
son with the appropriate HFD group 2-week cannabidiol treatment, apart from SM con-
tent (p > 0.05, Figure 4F, vs. HFD group), markedly reduced the myocardial level of SFA
(—32.18%, p < 0.05, Figure 4A) and SFA1P (—39.38%, p < 0.05, Figure 4B) in the HFD group.
In contrast, prolonged CBD injections failed to decrease CER content (+35.13%, p < 0.05,
Figure 4C) in the heart tissue of animals being on a high-fat diet compared to the rats
fed standard chow. Given the changes of the left ventricle’s content of SFO, we detected
a significant decrease in the SFO level after 2-week CBD treatment (—16.39%, p < 0.05,
Figure 4D) and a concomitant increase in its concentration after excess lipid provision
(+19.51%, p < 0.05, Figure 4D) compared to the control conditions. Moreover, a trend
toward an increase induced by HFD or 2-week CBD treatment was found in S1P content
(HFD: p = 0.0812 and CBD: p = 0.0760, Figure 4E) compared to the control group.

2.5. Effects of 2-Week CBD Administration on the Total Myocardial Expression of Enzymes
Involved in the Sphingolipid Metabolism in Both the Standard Chow and High-Fat Diet-Fed Rats

As expected, a high-fat feeding caused a significant increase in the total expression of
serine palmitoyltransferase 1 (SPTLC1) and serine palmitoyltransferase 2 (SPTLC2) in the
left ventricle tissue homogenates (+24.70%, p < 0.05, Figure 5A; +39.77%, p < 0.05, Figure 5B,
respectively) compared to the control rats. Importantly, CBD treatment considerably
diminished the expression of the aforementioned de novo ceramide synthesis pathway
enzymes, i.e., SPTLC1 (—25.85%, p < 0.05, Figure 5A) and SPTLC2 (—31.50%, p < 0.05,
Figure 5B) in high-fat diet-fed rats in relation to the rats from HFD group alone. Similarly,
the total myocardial expression of ceramide synthase 5 (LASS5) and ceramide synthase
6 (LASS6) revealed a significant decrease in the CBD group alone (—37.37% and —44.05%,
p < 0.05, Figure 5D,E vs. control group, respectively) as well as the rats receiving high-fat
diet and CBD (—44.02% and —58.51%, p < 0.05, Figure 5D,E vs. HFD group, respectively).
In the case of ceramidases expression in the salvage ceramide synthesis pathway, we
did not observe any significant changes in the myocardial expression of acid ceramidase
(ASAH]I) (p > 0.05, Figure 5F) in both standard and high-fat diet-fed rats. On the other hand,
the total myocardial expression of neutral ceramidase (ASAH2) and alkaline ceramidase
(ASAHS3) was considerably reduced after 2-week CBD injections during standard conditions
(—13.18%, p < 0.05, Figure 5G and —31.71%, p < 0.05, Figure 5H, respectively). Furthermore,
obesity induced by a high-fat feeding provoked a crucial decrease in ASAH2 expression
(—12.19%, p < 0.05, Figure 5G, vs. control group), which was further elevated by prolonged
CBD treatment (+20.03%, p < 0.05, Figure 5G) in comparison to the rats from the HFD group.
After the HFD course, an increase in the myocardial expression was observed in the case of
both sphingosine kinase 1—SPHK1 (p > 0.05, Figure 5I) and sphingosine kinase 2—SPHK2
(+15.65%, p < 0.05, Figure 5H); however, only the change in the expression of SPHK2
was significant. Application of CBD also noticeably lowered both SPHK1 and SPHK2
expressions in the left ventricle after enhanced lipid provision (—21.25%, p < 0.05, Figure 5I;
—19.79%, p < 0.05, Figure 5], respectively) in relation to the appropriate HFD group. In
all the examined groups, the total myocardial expression of alkaline sphingomyelinase
(Alk-SMase) remained unchanged (p > 0.05, Figure 5K), whereas a substantial increase
in the neutral sphingomyelinase (N-SMase) level after a high-fat chow administration
(+40.75%, p < 0.05, Figure 5L) compared to the control conditions was noticed and was
further reduced by CBD injections (—24.01%, p < 0.05, Figure 5L, vs. HFD group).
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Figure 4. The content of myocardial sphingolipids, i.e., sphinganine—SFA (A), sphinganine-1-
phosphate—SFA1P (B), ceramide—CER (C), sphingosine—SFO (D), sphingosine-1-phosphate—S1P
(E), and sphingomyelin—SM (F) in the left ventricle tissue after 2-week cannabidiol (CBD) adminis-

tration in rats fed a standard diet (Control) or a high-fat diet (HFD). The contents of sphingolipid

pathway components were measured by high-performance liquid chromatography (HPLC) and

gas-liquid chromatography (GLC) methods. The results are expressed as mean values £ SD and are

based on ten independent determinations in each experimental group. ? p < 0.05 significant difference

vs. control group; b p < 0.05 significant difference vs. high-fat-fed group.
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Figure 5. The total myocardial expression of the enzymes involved in the sphingolipid metabolism,
i.e., serine palmitoyltransferase, long chain base subunit 1—SPTLC1 (A), serine palmitoyltrans-
ferase, long chain base subunit 2—SPTLC2 (B), ceramide synthase 4—LASS4 (C), ceramide synthase
5—LASS5 (D), ceramide synthase 6—LASS6 (E), acid ceramidase—ASAH1 (F), neutral
ceramidase—ASAH?2 (G), alkaline ceramidase—ASAH3 (H), sphingosine kinase 1—SPHK1 (I),
sphingosine kinase 2—SPHK2 (J), alkaline sphingomyelinase—Alk-SMase) (K), and neutral
sphingomyelinase—N-SMase (L) in the left ventricle homogenates after 2-week cannabidiol (CBD)
administration in rats fed a standard diet (Control) or a high-fat diet (HFD). The protein expression
was determined by Western blotting method, normalized to the total protein loading in each lane,
and presented as a percentage difference in comparison to the control group, which was set at 100%.
The results are expressed as mean values + SD and are based on six independent determinations
in each group.  p < 0.05 significant difference vs. control group; ° p < 0.05 significant difference vs.
high-fat feeding group.
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2.6. Effects of 2-Week CBD Administration on the Total Myocardial Expression of the
Endocannabinoid System Components in Both the Standard Chow and High-Fat Diet-Fed Rats

In the left ventricle tissue, a high-fat chow administration substantially increased
the total expression of cannabinoid receptor 1 (CB;) compared to the standard conditions
(+21.69%, p < 0.05, Figure 6A), whereas 2-week CBD administration had an additive effect
on this alternation (+48.17%, p < 0.05, Figure 6A, vs. control group). Simultaneously,
after CBD treatment, we observed a substantial reduction in cannabinoid receptor 2 (CB;)
expression in the lipid overload conditions in relation to the untreated control and HFD
groups (—35.13% and —43.80%, p < 0.05, Figure 6B, respectively). After high-fat feeding, a
substantial elevation in the myocardial fatty acid amide hydrolase 1 (FAAH1) (+162.52%,
p < 0.05, Figure 6C) and monoacylglycerol lipase (MAGL) (+64.48%, p < 0.05, Figure 6D)
expressions compared to the standard-chow-fed control rats was observed. Most impor-
tantly, 2-week CBD treatment considerably reduced the above-mentioned effect in the case
of FAAHI1 expression (—66.87%, p < 0.05, Figure 6C) in comparison to the HFD group.
Moreover, 2-week CBD injections significantly diminished the expression of MAGL in the
rats fed standard chow (—85.51%, p < 0.05, Figure 6D, vs. control group).
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Figure 6. The total myocardial expression of cannabinoid receptor 1 (CB;) (A), cannabinoid receptor
2 (CB,) (B), fatty acid amide hydrolase 1 (FAAH1) (C), and monoacylglycerol lipase (MAGL) (D) in
the left ventricle homogenates after 2-week cannabidiol (CBD) administration in rats fed a standard
diet (Control) or a high-fat diet (HFD). The protein expression was determined by Western blotting
method, normalized to the total protein loading in each lane, and presented as a percentage difference
in comparison to the control group, which was set at 100%. The results are expressed as mean values
=+ SD and are based on six independent determinations in each group. ? p < 0.05 significant difference
vs. control group; ? p < 0.05 significant difference vs. high-fat feeding group.
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3. Discussion

For the first time, our study has shown the relationship between myocardial sphin-
golipid metabolism and CBD treatment in high-fat diet-induced obesity in rats. We found
that this phytocannabinoid in such conditions is a modulator of the de novo ceramide
synthesis pathway along with the salvage route, however, to a different extent in the
plasma and cardiac muscle. We noticed a remarkable decrease in both SFA and SFA1P
myocardial contents after CBD treatment during a high-fat feeding regime (Scheme 1) [16].
Possibly due to the extracellular sphingolipid efflux, e.g., from the liver, significantly in-
creased concentrations of these two sphingolipids were observed in Wistar rats’ blood
plasma. We believe that this might be considered as a cell protection mechanism against
ceramide synthesis since SFA is a primary component of the ceramide de novo synthesis
pathway. Three different metabolic pathways of CER generation are defined: (1) de novo
synthesis pathway via serine palmitoyltransferase and sphinganine formation, (2) sphin-
gomyelin hydrolysis via sphingomyelinase, and (3) the salvage pathway—a synthesis of
ceramide from sphingosine via ceramide synthase (Scheme 1). Although our study did
not demonstrate significant differences in CER content in the cardiac tissue after 2-week
CBD treatment in a high-fat-diet group in comparison with HFD alone, we noticed a con-
siderable elevation in blood plasma CER concentration in the same experimental group.
An extracellular rise of CER content might be correlated with its enhanced cell efflux, for
instance, from the liver, to reduce the intracellular CER accumulation, especially when there
is FAs oversupply [17]. This sphingolipid, when accumulated, is known to demonstrate
numerous destructive cell effects, including the development of metabolic disorders such
as impairments of insulin signaling pathway and related insulin resistance [18,19]. Parra
et al. demonstrated that CER affecting mitochondrial dynamics might be involved in the
apoptosis of cardiomyocytes [20]. With regard to the above-mentioned matter, Law et al.
showed that very-long-chain ceramides can develop lipotoxic effects, e.g., mitochondrial
dysfunction, oxidative stress, and cell apoptosis in cardiomyocytes [21]. Interestingly, a
study conducted by Bielawska et al. demonstrated that CER affects signal transduction
leading to cardiomyocytes’ apoptosis during heart ischemia and reperfusion injury [22].
Considering the enzymes involved in the sphingolipid pathway, we observed a remarkable
decrease in the expression of enzymes controlling the de novo ceramide synthesis pathway,
namely SPTLC1 and 2, as well as LASS5 and 6 after 2-week CBD treatment in HFD fed
Wistar rats, which is in line with the above-mentioned downregulation. Our study also
indicated that CBD treatment in high-fat feeding lowered the expression of proteins from
the salvage pathway, i.e., SPHK1 and 2, with simultaneous augmentation of the expres-
sion of neutral ceramidase in comparison with the high-fat diet-fed rats (Scheme 1). The
above-mentioned alterations in the myocardial expression of enzymes are in accordance
with the decreased intracellular concentration of two sphingolipid fractions, which are ce-
ramide precursors—SFA in the de novo synthesis pathway and SFO in the salvage pathway
(a trend toward reduction). This might lead to the presumption that CBD in conditions of
increased FAs consumption inhibits two different ceramide synthesis pathways. We are
aware of the fact that this should be confirmed in isolated primary cardiomyocytes with
the additional presence of a specific inhibitor (e.g., myriocin—a serine palmitoyltransferase
inhibitor); therefore, it can be considered as a limitation of this study. Nonetheless, we do
believe that the obtained data undoubtedly revealed a causal relationship between down-
regulation of the de novo ceramide synthesis pathway and 2-week CBD administration
in FAs oversupplied rats, which in the long-term may prevent negative consequences of
CER accumulation in the heart. Although we did not observe a significant difference in
myocardial tissue S1P content between examined groups, there was a trend toward its
enhancement in the HFD + CBD group, whereas plasma concentration of this sphingolipid
derivative was reduced after CBD introduction irrespective of applied diet type. Some
researchers emphasize that signaling of SIP may exhibit both anti- and pro-fibrotic effects
in cardiac fibrosis [23]. Furthermore, studies conducted on mice demonstrated that S1PR1
(sphingosine-1-phosphate receptor 1) signaling might be considered as a novel therapeutic
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option for hypertension via vascular relaxation [24]. Other studies carried out by Jin et al.
showed that S1P exhibits a cardioprotective role since it protects the ex vivo heart from
ischemia-reperfusion injury [25]. It corresponds with the recent study revealing vaso-
protective effects of chronic CBD treatment in hypertensive rats, such as a reduction of
hypertrophy and improvement of the endothelium-dependent vasodilation [26]. Simul-
taneously, we have shown in the previous research that chronic administration of CBD
(10 mg/kg) was not successful in reducing both blood pressure value and heart rate in
an animal model of primary and secondary hypertension (spontaneously and deoxycor-
ticosterone hypertensive rats) [27]. Taking into account the above and present data, it is
probable that CBD indirectly, through alternations in sphingolipid metabolism, triggers
vaso- and cardioprotective outcomes. Considering the concentration of sphingomyelin, we
observed a trend toward a decrease in its content in the high-fat-diet group exposed to CBD,
which means that CBD probably leads to an activation of the SM breakdown. Our data are
consistent with studies conducted by Burstein et al., who evaluated the effect of CBD on SM
content in fibroblasts and demonstrated a considerable decrease in SM concentration after
exposure to CBD treatment [28]. It is known that sphingomyelinases are widely related to
cardiovascular diseases [29]. Although our Western blot analysis after treatment with CBD
indicated decreased expression of both enzymes regulating the metabolism of SM—alkaline
and neutral sphingomyelinase, where a significant difference in comparison to the HFD
group was observed in N-SMase expression. Interestingly, Klevstig et al. indicated that
inhibition of acid sphingomyelinase might result in the reduction of CER accumulation in
the post-ischemic cardiac tissue. However, the same study also revealed that inhibition of
SMase in mice did not improve heart function after induced myocardial infarction despite
decreasing CER storage [30]. Moreover, a study conducted by Hernandez et al. on rats
cardiac myocytes indicated that neutral SMase and the subsequent signaling of CER might
be one of the earliest cardiac tissue responses to oxidative stress in a model of myocardial
ischemia [31].

It is known that a higher intake of fat-rich food leads to increased circulating levels of
LCFAs in the coronary circulation, which promotes their uptake across the plasma mem-
brane to the cardiomyocytes. Three membrane-associated fatty acid protein transporters
are known to greatly facilitate LCFAs uptake in cardiomyocytes (up to 80% of the total
FAs transmembrane transport), i.e., CD36, FABPpm, and FATP1, 4, and 6 [32]. A number
of animal studies and human clinical trials based on models of obesity or type 2 diabetes
mellitus revealed that accumulation of different lipid fractions, including CER, is correlated
with an increased expression of these protein transporters, mainly CD36 and FABPpm, in
metabolically active tissues, i.e., the heart, adipose tissue, skeletal muscles, and liver [33,34].
To our knowledge, this study is the first in which it is demonstrated a remarkable decline in
the expression of all five examined transporters, i.e., CD36, FABPpm, FATP1, 4, and 6, after
2-week CBD treatment under conditions of high-fat diet-induced obesity in Wistar rats
(Scheme 1). Therefore, based on the above data, we can assume that CBD via its influence
on LCFA transporters possibly leads to a diminished accumulation of lipids and their
derivatives in the cardiomyocytes also through the de novo CER synthesis pathway, which
is consistent with lower heart mass in HFD fed rats after CBD treatment even though the
total body mass was not altered. This, in turn, can be considered as a cardioprotective
mechanism during increased dietary fatty acid intake. However, the exact mechanism by
which CBD decreases the total myocardial expression of LCFAs protein transporters should
also be examined in the in vitro model. One of the hypotheses, which should be further
investigated, includes peroxisome proliferator-activated receptors (PPARx and PPARf /)
since they serve as a link between LCFA protein transporters and the ECS [35,36]. Nev-
ertheless, it should be underlined that in our research, a reduced expression of fatty acid
transporters (a protective mechanism against lipotoxicity) is closely related with down-
regulated de novo ceramide synthesis pathway in the cardiac muscle of obese rats as the
consequence of lower LCFAs influx. Our observations are in line with other studies in
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which CBD treatment resulted in a significant reduction of intracellular lipid droplets (e.g.,
TAGs fraction) as well as lipogenesis in hepatocytes [37].
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Scheme 1. Impact of high-fat diet (HFD) and 2-week cannabidiol (CBD) administration on the
sphingolipid metabolic pathway in rat’s cardiomyocytes. 1, an increase; |, a decrease; red arrows
represent high-fat feeding for 7 weeks; green arrows represent the effects of 2-week CBD treatment
(the last two weeks of high-fat diet regime); long chain fatty acid (LCFA), cluster of differentia-
tion/a scavenger receptor class B protein (SR-B2) (CD36), plasma membrane fatty acid binding
protein (FABPpm), fatty acid transport protein 1 (FATP1), fatty acid transport protein 4 (FATP4), fatty
acid transport protein 6 (FATP6), serine palmitoyltransferase, long chain base subunit 1 (SPTLC1),
serine palmitoyltransferase, long chain base subunit 2 (SPTLC2), ceramide synthase 4 (LASS4),
ceramide synthase 5 (LASS5), ceramide synthase 6 (LASS6), dihydroceramide desaturase (DES),
acid ceramidase (ASAH1), neutral ceramidase (ASAH2), alkaline ceramidase (ASAH3), sphingo-
sine kinase 1 (SPHK1), sphingosine kinase 2 (SPHK2), sphingomyelin synthase (SGMS), alkaline
sphingomyelinase (Alk-SMase), neutral sphingomyelinase (N-SMase), and UDP-glucose ceramide
glucosyltransferase (UGCG).

The expanded endocannabinoid system includes elementarily G-protein-coupled re-
ceptors, known as CB; and CB,, which mediate the effects of cannabinoids. The CB;
receptor is principally expressed in the central nervous system, whereas CB; is the predom-
inant cannabinoid receptor within the immune system'’s cells [38]. Cannabidiol is known to
interact with various complex signaling systems involved in eCBome; however, it has a
very low affinity to cannabinoid receptors [39]. We can distinguish two endocannabinoids
(eCBs) that are endogenous agonists of CB; and CB, receptors—anandamide (AEA) and
2-arachidonoylglycerol (2-AG), [40]. Our study indicated a significant decrease in the
myocardial CB, receptor expression in the HFD + CBD group in comparison with both
control and HFD groups. This downregulatory effect of the CBD treatment on CB;, receptor
expression was causally related with lowered expression of both fatty acid amide hydrolase
(FAAH) and monoacylglycerol lipase (MAGL; a trend toward a decrease) in the HFD group
after 2-week CBD application. Since FAAH catalyzes the hydrolysis of AEA to arachidonic
acid and ethanolamine [41], its inhibition by CBD in high-fat diet-fed rats probably resulted
in an increased level of eCBs, which in turn provoked downregulation of the myocardial
expression of the CB, receptor. Even though CBD was successful in diminishing FAAH
expression, it did not affect augmented by high-fat-diet expression of CB;, presumably due
to the fact that CBD itself is known to be a negative allosteric modulator of this cannabinoid
receptor. Additionally, FAAH, apart from AEA and 2-AG, degrades endocannabinoid-like
molecules, namely N-oleoylethanolamide (OEA) and N-palmitoylethanolamide (PEA) [42].
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It was shown that OEA binds PPAR« (with high affinity) and PPARB /5, whereas PEA
is an agonist of only PPAR«. Interestingly, Fu et al. displayed that OEA triggers satiety
and reduces body weight gain in wild-type mice, but not in PPARx knockout animals [43].
Moreover, PPARx and {3/ are regulators of lipid metabolism, also through modulation of
the expression of LCFAs protein transporters (e.g., CD36, FABPpm, or FATP1) in different
tissues, including cardiac muscle [36,43]. Since in our study, we observed a considerable
decline in the FAAH expression in the HFD + CBD group (vs. HFD-fed rats), it is probable
that via OEA and/or PEA PPARs activation was affected, which in turn produced changes
in de novo CER synthesis pathway and the expression of LCFAs protein transporters.
Therefore, we can hypothesize that PPARs link sphingolipid metabolism, the ECS, and fatty
acid transporters, which should be confirmed in in vitro experiments. Moreover, endo-
cannabinoids are considered to be very promising cardioprotective molecules. A number
of studies indicated their significant role in both physiological conditions [44] and various
cardiac pathologies, e.g., myocardial infarction, hypertrophy, or hypertension affecting
inflammatory response, infarct size, or blood pressure value [13,45]. A study conducted
by Batkai et al. demonstrated on FAAH knockout mice a reduced inflammation, oxida-
tive/nitrative stress, and cardiomyocytes apoptosis in age-related cardiac dysfunctions,
compared to the wild types of mice [46].

4. Materials and Methods
4.1. Animals and Experimental Protocol

The experiment was conducted on male Wistar rats (70-100 g) purchased from the
Center for Experimental Medicine of the Medical University of Bialystok, Poland. The rats
were housed in standard cages under controlled animal holding conditions (22 4= 2 °C with
a reverse light-dark cycle of 12 h/12 h) with free access to drinking water and commercial
laboratory chow (Labofeed B, Animal Feed Manufacturer “Morawski”, Kcynia, Poland).
The protocol of the study was approved by the Animal Ethics Committee in Olsztyn
(No. 71/2018). After one week period of acclimatization, the animals were assigned to four
groups: (1) control group—rats fed a standard diet (kcal distribution: 12.4% of energy from
fat, 57.1% from carbohydrates, and 30.5% from protein), (2) CBD group—rats fed a standard
diet and treated with CBD, (3) HFD group—rats fed a high-fat diet (kcal distribution: 60%
of energy from fat, 20% from carbohydrates, and 20% from protein), and (4) HFD + CBD
group—rats fed a high-fat diet and treated with CBD. Each experimental group included
10 rats, and the total duration of feeding rats with the standard laboratory chow or high-fat
diet was seven weeks. Starting from the fifth week of a diet regime, rats were injected with
CBD or its vehicle for the consecutive 14 days of the experiment. The animals from both
standard diet and HFD-fed groups received intraperitoneal (i.p.) injections of synthetic
CBD (purity: >99%; THC Pharm GmbH, Frankfurt, Germany) in a dose of 10 mg/kg of
body mass (3:1:16, ethanol, Tween-80, and 0.9% NaCl) [15]. Simultaneously corresponding
control and HFD groups were administered with the vehicle once a day for 14 days. Body
mass was monitored throughout the whole experiment. Briefly, 24 h after the last injection
of CBD or its vehicle, rats were anesthetized by i.p. injections of pentobarbital (80 mg/kg
of body weight). Then, blood samples were collected into heparinized tubes through the
inferior vena cava and centrifuged, and plasma was separated. The heart was excised,
visible fatty tissue was removed, then weighted, and samples of the cardiac muscle were
taken (i.e., the left ventricle). Thereafter, collected samples were at once immediately frozen
in liquid nitrogen using precooled aluminum tongs and stored until further analysis at
—80 °C.

4.2. Plasma and Heart Tissue Lipid Analysis

In the left ventricle and plasma samples, we measured ceramide, sphinganine,
sphinganine-1-phosphate, sphingosine, and sphingosine-1-phosphate contents by means
of high-performance liquid chromatography (HPLC), as previously described [47]. In brief,
the heart tissue was homogenized, and lipids were extracted into the chloroform phase.



Int. . Mol. Sci. 2022, 23, 2232

14 of 17

The new tubes containing 40 pmol of N-palmitoyl-D-erythro-sphingosine (C17 base) as
an internal standard were prepared, and lipid extracts aliquots were transferred to them.
Thereafter, the alkaline water was added to the samples to form deacylate ceramide. The
lipid residues (free sphinganine and sphingosine) released from ceramide were converted to
their o-phthalaldehyde derivatives and assayed using the HPLC system (PROSTAR; Varian
Inc., Palo Alto, CA, USA) equipped with a fluorescence detector and C18 reversed-phase
column (Varian Inc. OmniSpher 5, 4.6 x 150 mm).

The intramyocardial content of sphingomyelin in the left ventricle was estimated
by means of gas-liquid chromatography (GLC). Briefly, cardiac muscle samples were
powdered, and lipids were extracted according to the Folch method in a chloroform-
methanol (2:1 vol/vol) solution [48]. Then, the SM fraction was separated by thin-layer
chromatography (TLC) on silica gel plates (Silica Plate 60, 0.25 mm; Merck, Darmstadt,
Germany). Subsequently, individual fatty acid methyl esters were identified and quantified
based on the standards retention times with the use of the GLC (Hewlett-Packard 5890 Series
II gas chromatograph, HP-INNOWax capillary column). The total amount of SM was
calculated as the sum of the particular fatty acid species content in the selected fraction and
expressed in nanomoles per gram of wet tissue.

4.3. Western Blotting

A routine Western blotting procedure was used to determine protein expression, as it
was described in detail previously [49]. In brief, the left ventricle samples were homoge-
nized in an ice-cold radioimmunoprecipitation assay (RIPA) buffer with the addition of
protease and phosphatase inhibitors (Roche Diagnostics GmbH, Manheim, Germany). The
total protein concentration in the homogenates was ascertained using the bicinchoninic
acid (BCA) protein assay kit with bovine serum albumin (BSA) as a standard. Thereafter,
proteins (30 pg) were electrophoretically separated on CriterionTM TGX Stain-Free Precast
Gels (Bio-Rad, Hercules, CA, USA) and then transferred onto polyvinylidene fluoride
(PVDF) or nitrocellulose membranes, depending on the transfer method. The membranes,
after blocking in Tris-buffered saline with Tween-20 (TBST) with 5% non-fat dry milk or
BSA, were incubated overnight at 4 °C with selected primary antibodies, i.e., SPTLC1 (1:500;
Abcam, Cambridge, UK), SPTLC2 (1:500; Santa Cruz Biotechnology, Inc., Dallas, TX, USA),
SPHKT1 (1:500; Sigma Aldrich, Saint Louis, MO, USA), SPHK2 (1:500; Sigma Aldrich, Saint
Louis, MO, USA), ceramide synthase 4 (LASS4, 1:1000; Sigma Aldrich, Saint Louis, MO,
USA), LASS5 (1:500; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), LASS6 (1:500; Abcam,
Cambridge, UK), ASAH1 (1:200; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), ASAH2
(1:200; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), ASAH3 (1:1000; Sigma Aldrich,
Saint Louis, MO, USA), Alk-SMase (1:500; Santa Cruz Biotechnology, Inc., Dallas, TX, USA),
N-SMase (1:500; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), CD36 (1:500; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA), FABPpm (1:8000; Abcam, Cambridge, UK), FATP
(1:500; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), FATP4 (1:1000; Abcam, Cambridge,
UK), and FATP6 (2 pg/mL, ThermoFisher Scientific, USA), CB; (1:500; Abcam, UK), CB,
(1:500; Abcam, UK), FAAH1 (1:500; Abcam, Cambridge, UK), and MAGL (1:500; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA). To detect proteins, the membranes were washed and
subsequently incubated with an appropriate secondary antibody (1:3000, Santa Cruz Inc.,
Dallas, TX, USA) conjugated with horseradish peroxidase (HRP). After the visualization
with chemiluminescence substrate (Clarity Western ECL Substrate; Bio-Rad, Hercules, CA,
USA), the obtained protein bands were quantified densitometrically with a ChemiDoc
visualization system (Image Laboratory Software Version 6.0.1; Bio-Rad, Warsaw, Poland).
The total expression of target proteins was quantified with stain-free gels using the total
protein normalization method (Bio-Rad) [50]. Briefly, the chemiluminescent blot channel
intensity values were adjusted for variation in the protein loading between different lanes.
Thus, the total protein normalization included comparing the chemiluminescence signal in
each lane to its corresponding stain-free lane. The data are shown as the percentage of the
control group, which was set as 100%, and are based on six independent determinations.
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4.4. Statistical Analysis

All data are expressed as mean values =+ SD or percentage of the control group based on
ten (HPLC and GLC) or six (Western blotting) independent determinations. Obtained data
were subjected to the Shapiro-Wilk test and Barlett’s test to assess the distribution of values
and homogeneity of the variance. Statistical differences between groups were examined
by one-way test ANOVA followed by an appropriate post hoc test using GraphPad Prism
version 7.0 for Windows (GraphPad Software, La Jolla, CA, USA). Results were considered
to be statistically significant at p < 0.05.

5. Conclusions

Our experimental model has, for the first time, revealed the influence of 2-week CBD
treatment on the myocardial and plasma sphingolipid metabolism in a rat model of obesity.
We have shown that CBD application is an effective tool in attenuating de novo ceramide
synthesis pathway, mainly by decreasing SFA and SFA1P contents as well as SPTLC1, 2 and
LASSS5, 6 expressions in the left ventricle of rats with increased dietary fatty acid intake.
Those alternations correspond with a reduced total myocardial expression of fatty acid
transporters in such conditions (Scheme 1). Even though CBD significantly inhibited de
novo ceramide synthesis in high-fat diet-fed rats, its myocardial content was still elevated,
probably due to alterations in the salvage pathway. Moreover, based on our research,
we propose, in a future perspective, to examine whether PPARs are the link between
phytocannabinoids, sphingolipid metabolism, and fatty acid protein transporters. Taken
altogether, it seems that the major action of CBD in fatty acids oversupplied conditions is
related to limitation in LCFA influx and following formation of intracellular sphingolipid
derivatives, which appears to be an attractive therapeutic strategy in obesity.
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