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1. INTRODUCTION

The cannabinoid system is named after the psychoactive substance found in the hemp
plant (Cannabis sativa), delta 9 tetrahydrocannabinol (THC). This substance acts
predominantly on the body's CB-1 cannabinoid receptor, which was discovered in the
1990s (1). Shortly afterwards, endogenous ligands of this receptor were discovered, such
as anandamide (AEA) and 2—arachidonoylglycerol (2-AG) (2). A few years later, another

cannabinoid receptor was identified, the Cannabinoid receptor 2 (CB-2) (1).
1.1. The endocannabinoid system

Nowadays, the endocannabinoid system (ECS) is mainly understood as the signaling
mediated by a variety of endocannabinoids (3) on the CB-1 and CB-2 cannabinoid
receptors. The most well-known members are AEA and 2-AG (lipid mediators). The ECS
plays a crucial role in the regulation of mood and emotions, as well as in the mediation
of hunger and satiety, contributing to metabolic control (4, 5). AEA is involved in learning
and memory function, affects synaptic plasticity (6), regulates appetite via orexinergic
neural activity (7) and also regulates cell division, differentiation, and apoptosis (5).

In addition to the activation of endocannabinoid receptors, many endo— and
exocannabinoids can also induce homeostatic effects through other mechanisms, for
example by acting on Transient receptor potential vanilloid channels (TRPV) and the
related ankyrin receptor (TRPA-1) or nuclear peroxisome proliferator receptors (PPARs)

(8,9).
1.1.1. Metabolism of endocannabinoids

AEA is produced through several enzymatic pathways, from its initial substrate N-acyl
phosphatidylethanolamine (NAPE) synthesized in the cell membrane by Arachidonic
acid trans-acylase. AEA synthesis can occur in a single step via the hydrolysis of NAPE,
catalyzed by the enzyme N-acyl phosphatidylethanolamine phospholipase D (NAPE-
PLD), or in two steps involving phospholipase C (PLC) and phosphatase enzymes, or
through multiple steps of deacylation and the cleavage of glycerophosphate (10, 11).

Degradation of anandamide is also possible through several enzymatic pathways,
including hydrolysis by fatty acid amide hydrolase (FAAH) or N-acyl-ethanolamine

amidase (NAAA) resulting in arachidonic acid, and ethanolamine. The oxidation of AEA



can result in the formation of several biologically active substances through various
pathways: Anandamide is primarily oxidized by three enzyme families. Cyclooxygenase-
2 (COX-2) converts AEA into various prostaglandin ethanolamides, especially under
inflammatory conditions, while 12- and 15-lipoxygenases (LOX) generate hydroxylated
AEA metabolites. Cytochrome P450 monooxygenases further degrade AEA via
epoxidation — mainly by CYP3A4, CYP2D6, and CYP4X1 to form EET-EAs
(Epoxyeicosatrienoic Acid Ethanolamides)— and by hydroxylation through CYP4F2 or
CYP2D6 to yield 20-HETE-EA (Hydroxyeicosatetraenoic Ethanolamid). These P450-
derived epoxy-AEA products are then hydrolyzed by microsomal and soluble epoxide
hydrolases into dihydroxy derivatives, completing the oxidative breakdown of
anandamide (12, 13) (See in Figure 1.).

The synthesis of 2-AG begins with diacylglycerol (DAG) synthetized from membrane
phospholipids by the o and B isoforms of phospholipase C (PLC) and further cleaved by
diacylglycerol lipase (DAG-L). Another possibility is through the activity of
phospholipase A1 (PLA1) and lyso-PLC (14).

2-AG can be degraded through hydrolysis by monoacylglycerol lipase (MAG-L) that
degrades 2-AG resulting in 85% decrease in 2-AG action, while other enzymes degrade
the remaining 15% to arachidonic acid and glycerol (15) (See in Figure 1.).

Recent evidence also indicates that both AEA and 2-AG can be deactivated by COX-2.
Research demonstrates that the oxidizing capacity of COX-2 is comparable to the
degradation capacity of MAG-L in case of 2-AG, but significantly less for AEA (16-18)
(See in Figure 1.).
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Figure 1 - Degradation of the endocannabinoids and the role of COX-2 in the metabolism
(with the approval of the copyright owner) (16)

Endocannabinoids AEA and 2-AG can be degraded via hydrolysis, or oxidative
pathways. AEA can be hydrolyzed by FAAH or NAAA producing arachidonic acid and
ethanolamine. On the other hand, 2-AG can be hydrolyzed by MAGL or ABHD®6 also to
arachidonic acid glycerol. The key enzyme in the oxidative degradation of these
endocannabinoids in both cases is COX-2 which produce prostaglandin ethanolamides
from AEA and prostaglandin glycerol esters from 2-AG.

Abbreviations: PLA2 - Phospholipase A2; FAAH — fatty acid amide hydrolase; NAAA - N-
acylethanolamine acid amide hydrolase; MAGL - Monoacylglycerol lipase; ABHDG6 - alpha/beta-
Hydrolase domain containing 6; AA — arachidonic acid, EA — ethanolamide; G — glycerol; AEA
— anandamide; 2-AG — 2-arachidonoylglycerol; PPAR — peroxisome proliferator activator
receptor; TRPV — transient receptor potential vanilloid receptor; EP1-4 - Prostaglandine E2
receptors; PGH2 — Prostaglandine H2; PGE2 — Prostaglandine E2; PGD2 — Prostaglandine D2;
PGF2 — Prostaglandine F2; PGI2 — Prostaglandine 12; PGES — Prostaglandine E synthase; PGDS
— Prostaglandine D synthase; PGFS — Prostaglandine F synthase; PGIS — Prostaglandine I
synthase; TXA2 — thromboxane — A2; FP-FPalt4 — PGF receptor variant; TP — thromboxane
receptor; IP — prostaglandin receptor; FP - PGF receptor; DP1-2 — PGD receptor;
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1.2. Exocannabinoids

Exocannabinoids are all non-endogenous ligands that act on cannabinoid receptors (CB-
1 and CB-2). They can be divided into two main groups — phytocannabinoids and
synthetic cannabinoids. The former group are plant-derived active substances,
predominantly isolated from the plant hemp, or in other name cannabis sativa; while
synthetic cannabinoids are chemically produced targeted receptor agonists or antagonists
(19).

The best known exogenous cannabinoid is THC, derived from cannabis sativa. THC is
found not only in the cannabis sativa plant, but also in higher concentrations in Indian
hemp (cannabis indica), also known as marijuana. THC is well known for its psychoactive
effects via the CB-1 cannabinoid receptor. However, in addition to being a partial agonist
of the CB-1 receptor, it also exerts a similar partial agonist effect on the CB-2 receptor
(20-23). Both receptors are involved in signal transduction via the Gij, protein (they are
G-protein coupled receptors: GPCR receptors) (24). Moreover, THC is capable of acting
on other receptors such as the recently identified ,,orphan receptors” e.g.: GPR55, GPR
18, GPR 119, or the vanilloid receptors TRPV and the PPARY receptor (22, 25).

Other active constituents of cannabis sativa can also modulate the endocannabinoid
system — for example cannabidiol (CBD) which has a much broader spectrum of action.
It has a dominant antagonistic — allosteric modulator effect on both CB-1 and CB-2
receptors, and can also increase AEA levels by inhibiting the enzyme FAAH (18). It also
inhibits the GPRS55 orphan receptor but has agonistic effects on TRPV1, and serotonin
(5-HT1A) receptors (26).

Several other phytocannabinoids isolated from cannabis sativa are known but are less
researched or toxic, such as cannabigerol, cannabiol, cannabitriol, A-THC (27).
Synthetic exocannabinoids generally have better receptor specificity and act
predominantly on CB-1 and/or CB-2 receptors. The most well-known is the CB-1

receptor selective inverse agonist rimonabant (SR141716) (28, 29).

1.3. The cannabinoid system under healthy and pathological conditions
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As mentioned earlier, the cannabinoid system plays an important regulatory role in
homeostasis by modifying mood and metabolism, however; it also has immune and
cardiovascular effects (30). The modification we can reach by utilizing various
exocannabinoids may depend on the state of the homeostasis (physiological or diseased),
the dose and the length of the treatment period (20, 31). For example, THC in low doses
has beneficial effects in the treatment of hypertension, on the other hand, frequent, high-
dose THC intake (e.g. in case of overdose) has cardiovascular side effects including heart
attacks, stroke, or cannabis arteritis (32-34).

These findings collectively indicate that the endocannabinoid system may be Janus-faced

upon the homeostasis of the organism.
1.3.1. Side effects of exocannabinoid use in healthy individuals

The adverse effects of cannabis or marijuana use for recreational purposes have been
researched for a long time. It is well established that, in addition to the psychoactive
effects, chronic cannabis use in high doses has systemic adverse effects (35). Its addictive
potential is not outstanding among drugs, approximately the same as alcohol, being
around 8-9% according to surveys (36, 37). Moreover, if pure Cannabidiol (CBD) oil
with no psychoactive effects is consumed by users - addiction potential can be completely
excluded (38). The increasing prevalence of synthetic cannabinoid derivatives, which
produce more intense psychoactive effects than phytocannabinoids, is associated with an
increased frequency of hospitalisation due to its psychosis-inducing ability and adverse
effect profile previously described (39, 40). Short-term effects disturb cognitive function,
but chronic use can lead to permanent cognitive dysfunction (41).

They also have notable acute and chronic cardiovascular side effects. During acute effect
the heart rate is increased, and peripheral vasodilation may lead to unstable blood pressure
and blood pressure fluctuations (42). In the presence of other tendencies, it may trigger
myocardial infarction and stroke (43, 44).

In case of chronic consumption, increased cardiovascular risk is observed (34). Another
severe complication is cannabis arteritis, which can even lead to the necrosis of the
phalanges (45-47). In this case, patients experience increased platelet activation due to

cannabinoids (48).
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Cannabinoids not only act on the vessels but also act on the heart - in addition to the
already known vasorelaxant effect - have a significant positive chronotropic effect,
resulting in tachycardia. This effect of increased heart rate is also present in already
abstinent chronic drug users (e.g. patient who used to smoke THC for 10 years in his or
her life but abstinent for 15 years) in an abstinent state without cannabinoid influence
(48). Chronic use leads to a sympathetic overactivation which may consequently lead to
atrial fibrillation. In comparison to infrequent drug use and drug use lasting less than a
week, chronic drug users had an approximately 15% higher risk to suffer a myocardial
infarction (MI) (48).

While atherosclerosis is the most common complication of MI, it is important to
investigate the intima-media ratio of blood vessels. Clinical studies have shown that
rimonabant, known as an inverse agonist of the CB-1 receptor, does not significantly
affect the structure of the vessel wall (49). In case of healthy, young, chronic cannabis
(THC dominant) users after THC contained tobacco inhalation the arterial stiffness and
the heart rate also elevated (50). Further research is needed to compare these results to

the usage in pathological conditions.
1.3.2. Beneficial therapeutic effects in pathological conditions

Despite the predominantly adverse effects of THC in healthy recreational users, the
number of clinical applications in pathological conditions demonstrate its beneficial
effects (20).

In several countries, its analgesic effects are specifically employed in patients with
chronic pain or terminal cancer that is resistant to therapy (51). However, not only its
analgesic effect can be used in cancer therapy. Its effect on the immune response was
found to be beneficial in testicular and breast cancer (22, 52).

On the other hand, cannabinoids have been demonstrated to impede the effect of
antitumor immunotherapy (immune checkpoint inhibitors) by inhibiting the T cell
specific immunity through the CB-2 receptor, influencing the JAK/STAT pathway. As a
result, patients with higher AEA levels had worse overall survival. According to these
results, cannabis consumption should be controlled in case of patients receiving immune-
based antitumor therapy like immune checkpoint inhibitors, but it can be also a good

choice for palliative therapy (53).
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In case of cardiovascular diseases, the treatment with CBD demonstrated a favorable side
effect profile based on rodent models: Chronic CBD treatment (10mg/kg daily for 2
weeks) tend to improve the Acetylcholine (Ach) induced endothelial dependent
vasorelaxation (54).

Chronic low-dose THC treatment (0.15mg/ kg/day) in case of streptozotocin induced
diabetic rats significantly reduced the blood glucose levels, and improved the vascular
reactivity and left ventricular function (55, 56). In addition, based on several human and
animal models, cannabinoids can significantly influence the endocrine hormone balance

based on its impact on the energy homeostasis, appetite, and well-being (55, 56).
1.3.3. Cannabinoid effects on the cardiovascular system

There are several pharmacological target receptors for endo- and exocannabinoids which
act on the vasculature or on the heart. The primarily examined cardiovascular-active
cannabinoids are the endocannabinoid AEA, the phytocannabinoid THC, the
synthetically modified CBD variant Abnormal Cannabidiol (Abn-CBD), and the
synthetic analogue CP55940 and WIN 55-212 (57).

The literature suggests that cannabinoids have predominantly vasorelaxant effects (48).
The vasorelaxant effects of recreational cannabis use may include orthostatic hypotension
in overdose, and rebound hypertension following drug degradation, especially in the case
of synthetic exocannabinoids (58).

Cannabinoids are able to exert direct (through TRPV channels) or indirect vasorelaxant
effects (via PPARY). While the vanilloid receptor agonism mostly causes a Ca** signal
(59), the latter PPARy agonism causes metabolic effects (reduced atherosclerosis,
reduced plasma triglyceride levels etc.) (60). The CB-2 receptor is dominantly
responsible for immunomodulatory effects and thus has no direct vasoactive impact (9,
57).

It is important to note that, among several recognized receptors, both the endocannabinoid
AEA and other exocannabinoids exert vasorelaxant effects directly via the endothelium.
In study from 1999, Jérai et. al. identified an isolated endothelial vasorelaxant cannabis
effect in CB-1 and CB-2 knockout mice, which was eliminated only following endothelial
layer separation or the administration of large doses of SR141716 (Rimonabant). It was

proposed that a distinct endothelial cannabinoid receptor (eCB) exists alongside the
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previously identified classical CB-1 and CB-2 receptors. Despite of the low research

intensity in this area, there is significant therapeutic potential for modulating this receptor

(61).

1.4. Endotoxin shock as a pathological condition

Endotoxemia and endotoxin shock result from excessive immunological activation,
usually initiated by lipopolysaccharides (LPS) derived from Gram-negative bacteria. LPS
molecules interact with Toll-like receptor 4 (TLR4) on immune cells, particularly
macrophages and dendritic cells, triggering a signaling cascade through nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) and mitogen activated protein
kinase (MAPK) pathways. This leads to a substantial release of pro-inflammatory
cytokines, including Tumor necrosis factor alpha (TNF-a), interleukin 1 beta (IL-1f), and
interleukin 6 (IL-6), which contribute to systemic inflammation and endothelial
dysfunction. Concurrently, the complement system undergoes hyperactivation,
exacerbating inflammation and tissue injury via anaphylatoxins such as C3a and C5a.
These molecular occurrences can lead to vascular permeability (endothelial dysfunction),
hypotension, increased oxidative-nitrative stress, and multiorgan dysfunction typical of
septic or endotoxin shock (62).

It has been observed that patients in septic shock have a mortality rate of 50% (63). The
cardiovascular response can be divided into two distinct phases. The first phase is
characterized by a hyperdynamic stage, during which blood pressure is maintained and
cardiac output is elevated. The second phase is marked by the heart's inability to maintain
the necessary cardiac output to sustain blood pressure within the dilated vasculature. In
rodents with sepsis, cardiovascular dysfunction is observed, which is characterized by
impaired contractility and endothelial dysfunction due to inflammation (64, 65). This
inflammation leads to an increased production of oxygen and nitrogen-derived reactive
species. Elevated oxidative and nitrative stress may lead to non-specific modifications of
lipids and proteins, as well as single- and double-strand DNA breaks. As a result of single-
strand DNA breaks, poly(ADP-ribose) polymerase 1 (PARP-1) is activated, which
utilizes NAD" to build ADP-ribose polymers (PAR). Subsequently, PAR attaches to
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histones to assist in repair mechanisms. PAR-ylation is a protein modification process
that can have an impact on the cell's self-regulatory mechanisms, including DNA repair,
gene transcription, cell death, cell metabolism, and cell cycle. It is important to note that
it can also deplete NAD" and cause cellular energy failure. Additionally, the abundance
of PAR can serve as a marker of DNA damage. Furthermore, reactive oxygen and
nitrogen species, along with associated cellular damage, have been found to contribute to

the development of cardiovascular diseases (66, 67).
1.4.1. Cannabinoid effects in inflammatory conditions

While the cardiovascular effects are mainly mediated by CB-1 receptor, the effects of
cannabinoids on the immune system are predominantly mediated by CB-2 receptors. On
the other hand, not only CB-2, but also CB-1 has been identified as a promising
therapeutic target, for instance in the prevention of organ rejection. In fact, THC was
recently discovered to attenuate the host-versus-graft response and delay the rejection of
skin grafts in mice by reducing T cell proliferation and diminishing early stage rejection-
indicator cytokines, such as IL-2 and interferon gamma (IFN-y). Additionally, the authors
demonstrated that these effects were mediated through the activation of CB-1 receptors
and the induction of MDSCs (Myeloid derived supressor cells) by utilizing selective
antagonists and CB-1 and CB-2 KO rodents (68).

Cannabinoids mainly have anti-inflammatory effects via the CB-2 receptors by affecting
the ratio of pro- and anti-inflammatory cytokines. Stimulation of the CB-2 receptor
decreases the levels of pro-inflammatory cytokines e.g. IL-1p, IL-6, TNF-a, and IFN-y,
while increasing the level of anti-inflammatory cytokines like IL-10. These alterations
were predominantly observed after the administration of the CB-2 agonist CBD. Such
differential cytokine changes were not observed using THC and other synthetic
cannabinoids, which have less effect on this receptor (69, 70).

Based on the data above, investigations have suggested the use of CB-2 agonists as
therapeutic medicines to reduce the cytokine storm, for example in case of COVID-19

(71, 72).

1.4.1.1. Cannabinoid effects in endotoxemic conditions
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Besides its anti-inflammatory effect, CB-2 receptor activation has been demonstrated to
have beneficial vascular effects. CB-2 activation following low-dose, short-term (2 h)
LPS treatment has been shown to reduce leukocyte adhesion and to prevent endotoxemic
vascular injury in microcapillaries (73). The anti-inflammatory effect of the CB-2
receptor is demonstrated by the observation that wild-type animals exhibited significantly
lower cytokine and interleukin levels compared to CB-2 receptor-deficient knock-out
animals after Img/kg LPS administration. Among other findings, they produced lower
levels of Monocyte chemoattractant protein-1 (CCL2), matrix metalloproteinase-9
(MMP-9) and interleukin 6 (IL-6) (74). The beneficial effects mentioned above are
contingent upon the immunomodulatory effect of the CB-2 receptor, which reduces the
ratio of proinflammatory cytokines and interleukins (75, 76).

THC significantly increased the levels of anti-inflammatory cytokines (e.g.: IL-10) and
decreased levels of pro-inflammatory cytokine IL-6 and CCL2. In a study using male and
female C57BL/6 mice, animals received 1 mg/kg LPS and 5 mg/kg THC simultaneously.
The results confirmed earlier findings: IL-10 levels rises significantly, while
proinflammatory cytokines and chemokines gradually decreased over time. The IL-6/IL-
10 ratio was significantly reduced (77).

All these results suggest that phytocannabinoids may have a beneficial effect on reducing

inflammatory processes under endotoxemic conditions.
1.5. Cannabinoids and the reproductive hormone system

The ECS plays a putative role in the function of the reproductive system. Several studies
have demonstrated that in healthy males and females, the administration of
exocannabinoids has significantly impaired fertility. In human males, a decrease in sperm
count has been observed, while females have experienced cycle length changes and
anovulation (78, 79).

Maintaining a delicate balance between endocannabinoid production and degradation, as
well as regulating cannabinoid receptor activity, is crucial for optimal reproductive tract
and hypothalamic-pituitary-ovarian (HPO) axis function (80, 81).

This is due to the effect of the endocannabinoid system on the hypothalamo - pituitary -
gonadal (HPQG) axis in the case of females hypothalamo - pituitary - ovarian (HPO) axis.

Elevated levels of plasma endocannabinoid or exocannabinoids have been shown to
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inhibit gonadotropin releasing hormone (GnRH) release affecting HPO axis function. In
chronic exocannabinoid users, reduced luteinizing hormone (LH) surge and follicle
stimulating hormone (FSH) levels have been observed (78, 82). In case of males the HPG
axis can also be modulated by the ECS. Moreover, CB-1 and CB-2 receptors are present
on spermatozoa, and studies indicate that they can influence both the enhancement and
reduction of sperm motility (83).

In this context, the most common female endocrine disorder, polycystic ovarian
syndrome (PCOS), has also been investigated for endocannabinoid system function. In
PCOS patients, plasma AEA levels were significantly increased compared with healthy
individuals; and FAAH enzyme and AEA ratios in the ovaries were also altered (Figure

2) (82, 84, 85).

| Insulin resistance |
AEA via activation of CB1 n
on pancreatic islet cells
| Hyperinsulinemia |
v
I Hyperandrogenism |

+

Cessation of antral
follicular development

‘ +
| PCOS | | Anovulation |
+
I Reduced progesterone I
+

Unopposed increase in
estrogen

Reduced FAAH
¥

Increased AEA acting at
ovarian CB1

:
| PCOS |

Figure 2. The role of the ECS in the development of PCOS. The primary pathogenic
variables associated with PCOS and the impact of certain ECS components are shown.
Black boxes represent components of the ECS; green boxes represent metabolic

components; orange boxes signify endocrine/reproductive components (82). (CC-BY
4.0)

Abbreviations: AEA — anandamide; CB—1 — Cannabinoid receptor 1; PCOS — polycystic ovarian
syndrome; FAAH — fatty acid amide hydrolase;

However, it is important to note that the link between PCOS and endocannabinoids can

also be approached from the perspective of metabolic energy homeostasis. It is well
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established that the endocannabinoid system plays a key role in regulating the energy
balance of the body, which is particularly important in patients with the typically obese,
insulin-resistant PCOS phenotype (86).

It has been demonstrated that both the cyclical alternation of endocannabinoid-producing
enzymes, and the interaction of female hormones with endocannabinoids are involved in
the effect of endocannabinoids on reproductive functions. For example, AEA levels have
been found to decrease in proportion to the increase in progesterone levels, which might
be due to the effect of progesterone on the enzyme FAAH (87). Furthermore, cannabinoid
receptors and 2-AG play a significant role in regulating estrogen levels through the
agonism of estrogen receptor beta (ER-B), thereby indirectly influencing the estrogen-
GnRH axis. Studies indicate that the agonism of the ER- receptor significantly reduces
the estrogen level, but if we use ER-} antagonists they can elevate the pulsatile secretion
of estradiol. This phenomenon shows that cannabinoids can play an important role not
only in the energy but also in the reproductive household (88). The expression of the CB-
1, CB-2, PPARy and other receptors in the ovary also varies in the different
developmental stages of the follicles (89, 90).

Sexual endocrine disturbance frequently emerges among cannabis (marijuana) and
synthetic cannabinoid users, causing cycle abnormalities and infertility (81, 91). The main
component of marijuana, THC, blocks the release of GnRH from the hypothalamus, thus
inhibiting the production of LH by the adenohypophysis (81, 91, 92). Women who use
marijuana may experience a disrupted menstrual cycle, a reduced number of oocytes
harvested during in vitro fertilization, and an increased risk of premature delivery or even
pregnancy loss (93). The endocannabinoid system (ECS) is believed to play a role in
regulating the endometrial cycle. While several components of the ECS, such as CB-1
receptor, CB-2 receptor, and FAAH, have been found to be highly expressed in the female
reproductive tract, their function has only been partially explored (94).

An interaction exists between the endocannabinoid system and female reproductive
hormones. Specifically, 17B-estradiol (E2) can modulate CB-1 receptor expression and
the degradation processes of AEA (95). Additionally, the endocannabinoid system plays
a role in controlling ovarian follicle maturation because the female reproductive tract is

fully involved with CB-1 and CB-2 receptors. Investigations have shown that AEA levels
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vary in a similar way to the female sex cycle, and through this it is able to regulate follicle
maturation via the follicle CB-2 receptors (96).

Previous studies have demonstrated that estrogen receptor alpha (ER-a) plays a crucial
role in mediating the vasorelaxant effects of estrogen (97). It is important to note that the
ER-B activation not only plays a role in estrogen homeostasis, but also has important
effects in the regulation of energy homeostasis in addition to sex hormone balance, such
as the development of satiety (98) - through these effects it also has direct and indirect

cardiovascular impact (99-101).
1.6. Animal models

The most common animal model of the endocannabinoid system is the zebrafish (danio
rerio). This is based on the similarity of the endocannabinoid system between zebrafish
and humans compared to other animals (rodent models have limitations). Studies of the
effects of endocannabinoids on humans are limited in terms of the zebrafish anatomy, but
they have proven to be an excellent animal model for studying the effects of
endocannabinoids on the signal transduction pathways - given the good genetic variability
of zebrafish (knock out and knock in models can be generated). It is also a proven model
for studying the dose-dependent toxicity of exocannabinoids. To a limited extent,
however, behavioral effects of cannabinoids are also studied in zebrafish, for example to
investigate the modulatory effects of cannabinoids on epilepsy (102, 103).

Considering the use of cannabinoids as recreational drugs, the effects of cannabinoids on
psychological state and on the body's reward system play an important role in animal
studies. Squirrel monkeys have been found to be the most suitable for these experiments.
They have been used in both addiction and other self-reward experiments. Similar effects
in rodent models have also been carried out using minipump methods (104).

Despite the proven use of zebrafish in cannabinoid systems, rodent models are still the
most common in this research area (105, 106).

In animal models of the interaction between cannabinoids and the cardiovascular system,
rat and mouse models are the most widely used (107).

There can be minor differences in the presence of receptors, and enzymes of the
cannabinoid system between humans and rodents. For example, Cavuoto and colleagues

used RT-PCR (real-time polymerase chain reaction) to analyze CB-1, CB-2 receptors,
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and FAAH in human and Wistar rat skeletal muscle, finding that while the receptors

exhibit slight variations, the abundance of FAAH is nearly equivalent across the species

(108). Another team also showed that FAAH and CB-2 receptors are found in mice and

rats as well as in human tissues (in this case in bladders) (109). A further study showed a

81% amino acid homology between rodent and human CB-2 receptor (110). Thus, rodent

models can be a good alternative to investigate the endocannabinoid system.

Note that other animal models are also used, including dogs and even invertebrates (111-

113). To summarize the most potential animal models in the cannabinoid system we have

collected them into Table 1.

Table 1. Animal models summarizing table based on: (102, 113, 114)

evolutionary insights

Model Category Species Advantages Main Applications
Rodent Models Mice Genetic manipulation, | Receptor function,
well-characterized ~ ECS | knockout studies
pathways
Rats Behavioral studies, Drug screening,
pharmacological testing behavioral assays
Zebrafish Danio rerio | Transparent embryos, rapid | Developmental ECS
development studies, neurogenesis
Non-Human Primates | Monkeys Closest to human ECS, | Cognition, emotion,
comparable brain anatomy | social behavior PET
imaging
Companion Animals | Dogs Veterinary relevance, | Pain management,
& Livestock translational potential epilepsy treatment
Cats Neurological studies, ECS | Mood disorders,
in pain and mood neurodegeneration
Sheep Endocrine and | Reproductive  health,
reproductive ECS studies | hormone regulation
Pigs Digestive and metabolic | Obesity, metabolic
ECS research syndrome
Invertebrate Models Hydra Simple nervous systems, | Evolutionary

conservation of ECS
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Sea Urchins

Developmental  biology,

ECS in regeneration

Regeneration and repair

mechanisms

Leeches Neurophysiology, ECS in | Motor control, ECS in
reflex modulation reflexes

Nematodes | Genetic simplicity, ECS in | Longevity, stress
aging and stress response
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2. OBJECTIVES

Delta-9-tetrahydrocannabinol effect on the vasorelaxation and oxidative-nitrative stress

in endotoxemia
Endotoxin shock and endotoxemia leads to altered cardiovascular function that plays
an important role in their mortality. Deteriorated endothelial function is one of the
first signs of cardiovascular dysfunction. Increased pro-inflammatory processes and
consequently increased oxidative-nitrative stress are strongly connected to endothelial
dysfunction. The acute anti-inflammatory properties of THC may alleviate the
progression of endotoxin shock and promote better cardiovascular function. In the
present study our aim was to investigate the possible beneficial effect of THC
treatment on the endothelial function in a rat model of endotoxemia and its role in
alterations of vascular relaxation mechanisms, and oxidative-nitrative stress.

Effect of CB-1 receptor deficiency on vascular tissue in female aorta
The endocannabinoid system is well known of its sex differences, in which the
interaction between the endocannabinoid system and the reproductive endocrine
system may play a major role. Our research group observed and increased conjugated
estradiol plasma concentration in CB-1 knockout female mice compared to their wild
type littermates. These animals also showed increased acetylcholine and estrogen
induced relaxation of their isolated aortas (115). In our second study our aim was to
identify changes in the vascular structure as well as the possibly altered presence of
enzymes and receptors of vasoactive substances and oxidative-nitrative stress markers

that may play role the improved endothelial function of these animals.
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3. METHODS

3.1 Delta-9-tetrahydrocannabinol effect on the vasorelaxation and oxidative-nitrative

stress in endotoxemia
3.1.1. Animals

32 age-matched male Sprague-Dawley rats, with an average weight of 300 g (around 12
weeks old), were divided into three groups. The animals were observed for 24 hours after
receiving the following treatments.: the control (n=12) group was treated with intravenous
saline injection (as a vehicle for the lipopolysaccharide (LPS) in the LPS treated group)
and intraperitoneal solvent (alcohol — saline mix as a vehicle for the next group’s THC
treatment). The THC treated group (n=8) got a single dose of 10mg/kg intraperitoneal
THC (Sigma-Aldrich, St.Louis, MO, USA) solubilized in ethanol:saline mix: 1:2.5 ratio.
10 minutes later the animals were administered 5 mg/kg LPS (from Escherichia coli,
Sigma Aldrich, St. Louis, MO, USA) intravenously, while another 12 animals were
treated only with intravenous LPS.

Table 2.: In vivo treatment layout

Abbreviations: LPS- lipopolysaccharide; THC - delta 9 tetrahydrocannabinol

Groups CONTROL LPS LPS+THC
(N=)

LPS 5 mg/kg iv. 0 + +

THC 10 mg/kg ip. 0 0 +

After LPS administration, the animals remained in their usual environment for 24 hours
under surveillance because of the perception of suffering (from endotoxemia induced
hyperalgesia, fatigue, and anxiety) caused by the LPS treatment. During this time, we did
not use anesthetics because it would have interfered with the results of the experiment.
Measurements and collection of tissue specimens took place 24 hours after LPS treatment
under anesthesia with i.p. injections of 60 mg/kg thiopentone sodium (Nembutal,
Phylaxia-Sanofi, Hungary). In deep anesthesia the chest of the animals were opened,
blood samples from the heart and after saline perfundation, thoracic aorta sections were

collected for further analysis.
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All investigations conform to the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health (NIH Publication No. 85-23, Revised 1985)
and all procedures were approved by the Semmelweis University Committee on the

Ethical Use of Experimental Animals (590/99 Rh).
3.1.2. Myography of isolated aortic rings

The thoracic aorta was cleared from periadventitial fat and cut into 3—4 mm width rings,
mounted in organ baths filled with warmed (37 °C) and oxygenated (95% O, 5% CO, —
Carbogen Lindegas®) Krebs’ solution (CaClz 1.6 mM; MgS0O4 1.17 mM; NaCl 130 mM;
NaHCOs3 14.9 mM; KC14.7 mM; KH2PO4 1.18 mM; Glucose 11 mM). Isometric tension
was measured with isometric transducers (10 cm® capacity, vertical training organ bath
system, Experimetria Ltd. Budapest, Hungary.) A tension of 1.5 gram was applied and
the rings were equilibrated for 60 minutes, followed by an epinephrine dose-response
curve (1071°-3*107° M) and, after a 30- to 60-minute-long washout period, the rings were
precontracted with epinephrine (1077 M) and concentration-dependent relaxation to

acetylcholine (Ach, 10~ to 3*10~* M) was measured.
3.1.3. Measurement of systemic oxidative stress

Serum was isolated for malondialdehyde detection. The blood samples were stored at -
80°C until the time of analysis. Samples were homogenized with 0.5 ml of 1.15% KCI
solution and centrifuged at 5000 rpm for approximately 30 min until the supernatant was
completely clear. On a standard microplate the following solutions were added to the
wells: sodium dodecyl sulfate (8.1%), acetic acid (20%), water, the supernatant,
thiobarbituric acid (0.8%) and incubated at 95°C for one hour. The concentration of
thiobarbituric acid reactive products was measured by photometry at 532 nm

(PowerWave XS, BioTek Instruments, CA, USA.)
3.1.4. Immunohistochemistry

Immunohistochemistry was performed on paraformaldehyde (PFA) fixed paraffin-
embedded 7pum thick tissue sections of the thoracic aorta against poly(ADP-ribose)
polymers (PAR), cannabinoid receptor 1 and 2 (CB-1R and CB-2R); COX-2,
endothelial nitric oxide synthase (eNOS) 4-hydroxynonenal (HNE), cyclic guanosine—
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monophosphate (cGMP) and 3’—nitrotyrosine (NT). After deparaffinization, antigens
were retrieved by heating the slides in citrate buffer (pH = 3 for PAR, CB-2R or pH =6
for CB—-1R, COX-2, eNOS and HNE; for cGMP and NT, we did not apply antigen
retrieval). Endogenous peroxidase activity was blocked with 3% H>O: in distilled H>O.
Nonspecific labeling was blocked using 2.5% normal horse serum (Vector Biolabs,
Burlingame, CA, USA). After blockage overnight application of the following primary
antibodies at 4°C were taken:

(monoclonal mouse anti-eNOS 1:50, Abcam, Cambridge, UK, RRID:AB 1310183;
polyclonal rabbit anti-COX-2 1:200, Abcam, Cambridge, UK, RRID:AB 2085144;
polyclonal rabbit anti-cGMP 1: 500, Merck Millipore, Burlington, MA; USA,
RRID:AB 568797, polyclonal rabbit anti-NT 1: 500, Merck Millipore, Burlington, MA;
USA. RRID:AB 310089, polyclonal rabbit anti-HNE 1:200, Abcam, Cambridge, UK,
RRID:AB 722490; monoclonal mouse anti-PAR 1:500 Abcam, Cambridge, UK,
RRID:AB_301239; polyclonal rabbit anti-CB—1R 1:200, Cayman Chemical, Ann Arbor
Michigan U.S.A. RRID:AB_327840; polyclonal rabbit anti-CB-2R 1:150, Fabgennix,
Thermo Fisher Scientific, Waltham, MA, U.S.A. Cat. number: CB—2R-201AP) (See
these antibodies in Table 3).

Table 3: Primary antibodies used in immunohistochemistry in this study

ANTIBODY USED HOST VENDOR RRID
CONCENTRATION | ANIMAL

eNOS 1:50 mouse Abcam 1310183

COX-2 1:200 rabbit Abcam 2085144

cGMP 1:500 rabbit Merck 568797
Millipore

NT 1:500 rabbit Merck 310089
Millipore

HNE 1:200 rabbit Abcam 722490

PAR 1:500 mouse Abcam 301239

CB-1 1:200 rabbit Cayman 327840
chemical
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CB-2 1:150 rabbit Fabgennix Cat. number:
CB2R-
201AP

On the next day, horseradish-peroxidase- (HRP-) linked anti-mouse (PAR, eNOS) or anti-
rabbit (NT, HNE, CB-1R, CB-2R, cGMP, COX-2) horse antibodies (Vector Biolabs,
Burlingame, CA, USA.) provided secondary labeling, which was visualized by brown-
colored diamino-benzidine (DAB, Vector Biolabs, Burlingame, CA, USA.). For
counterstaining, blue-colored hematoxylin (Vector Biolabs, Burlingame, CA, USA.) was
utilized. Microscopic imaging of tissue sections was performed with a Nikon Eclipse Ni-
U microscope with DS-Ri2 camera (Nikon, Minato, Tokyo. Japan). The positively stained
area (brown coloration) over the whole tissue area (area%) of the endothelium (eNOS and
COX-2) and of the media (CB—-1R, HNE, NT, cGMP); as well as the positively stained
nuclear area over the whole nuclear area in the media (nuclear area%, PAR) were

estimated by ImageJ software (NIH, Bethesda, MA, USA).
3.1.5. Statistical analysis

Values were expressed as mean + Standard Error of Mean (mean + SEM). Statistical
significance between groups was determined by repeated measure two-way analysis of
variance (ANOV A) with Bonferroni’s multiple comparison and non linear regression test
with pairwise comparisons to evaluate the bottom of the data sets (aortic rings), one-way
ANOVA with Tukey’s multiple comparison (malondialdehyde assay), or Kruskal-Wallis
test with Dunn’s post hoc test (in case of non-gaussian data distribution). A significance
threshold was set at p < 0.05, Analysis was performed by GraphPad PRISM 9.5.0. (San
Diego, CA, USA).

All data about this topic have been mentioned originally in our research article (116).
3.2. Effect of CB-1 receptor deficiency on vascular response in female aorta
3.2.1. Animals and chemicals

Female homozygous 4—-6 months old (20-23 g) CB—1R—knockout mice (CB—-1R KO,
CB-1R"", n=25) originally from Andreas Zimmer (117) and their wild—type counterparts

(CB-1R™*; n = 35) were used. Animals were anesthetized with pentobarbital (Euthasol,
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ASTPharma, Oudewater, Netherlands 50 mg/kg) injected peritoneally, and an additional
dose of Euthasol (5-10 mg/kg) was given if needed. After anesthesia, animals were
perfused with saline via the left ventricle and the abdominal aorta was isolated. Upper
segments of the abdominal aorta were isolated for immunohistochemistry.

The investigations were conducted in accordance with the instructions of the Guide for
the Care and Use of Laboratory Animals (NIH 8th Edition 2011), Institutional and
National guidelines for animal care and were approved by the Animal Care Committee
of the Semmelweis University, Budapest and by the Hungarian authorities (No.

PE/EA/1428-7/2018).
3.2.2. Histological and immunohistochemical stainings

Paraformaldehyde (PFA)-fixed, paraffin-embedded abdominal aortic sections, in 7 pm
thickness, were cut. Hematoxylin eosin staining (HE) was used for topographical
analysis, e.g., intima—media ratio, and to examine morphological changes. Incubation
with hematoxylin (Hematoxylin modified to Gill II, Sigma-Aldrich, St. Louis, MO,
USA); followed by ethanol washing, incubation with eosin (Eosin Y, Merck Millipore,
Burlington, USA) was performed. Elastic fibers were stained with resorcin fuchsin
(Electronmicroscopy Sciences, Hatfield, PA, USA).

Sections were immunohistochemically labelled against o — smooth muscle actin (o—
SMA), eNOS, COX-2, TP receptor (TP), thromboxane A synthase (TBXAS), estrogen
receptor a and B (ER—a; ER—) and NT. After deparaffinization, antigen retrieval was
performed by heating the slides in citrate buffer (pH = 6) in case of a—SMA, eNOS, COX—
2, TBXAS and ER—. Proteins were digested with Proteinase K (1 mg/mL in phosphate
buffer) (Merck Millipore, Burlington, MA, USA) for ER—o and NT stainings.
Endogenous peroxidase activity was blocked with 3% H>0;. To prevent nonspecific
labeling of the secondary antibody, we used a 2.5% normal horse serum (NHS) blocking
solution (Vector Biolabs, Burlingame, CA, USA). Primary antibodies were applied
overnight at 4°C were as follows: a—SMA mouse monoclonal antibody 1:10,000 (Abcam,
Cambridge, UK RRID:AB 262054); eNOS mouse monoclonal antibody 1:50 (Abcam,
Cambridge, UK RRID:AB_1310183; COX-2 rabbit polyclonal antibody 1:200 (Abcam,
Cambridge, UK); TBXAS mouse monoclonal antibody 1:50 (Invitrogen Waltham, MA,
USA RRID:AB_2723709); ER—f rabbit polyclonal antibody 1:500 (Invitrogen Waltham,
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MA, USA RRID:AB_325597); TP rabbit polyclonal antibody 1:50 (MyBioSource, San
Diego, CA, USA RRID:AB 2811271); ER—a rabbit polyclonal antibody 1:80 (Merck
Millipore, Burlington, MA, USA RRID:AB _310305); NT rabbit polyclonal antibody
1:250 (Merck Millipore, Burlington, MA, USA RRID:AB 310089) (See the antibodies
in Table 4).

Table 4: Primary antibodies used in immunohistochemistry in this study

ANTIBODY | USED HOST VENDOR RRID
CONCENTRATION | ANIMAL

o—SMA 1:10000 mouse Abcam 262054

eNOS 1:50 mouse Abcam 1310183

COX-2 1:200 rabbit Abcam 2085144

TBXAS 1:50 mouse Invitrogen 2723709

TP 1:50 rabbit MyBiosource | 2811271

ER—a 1:80 rabbit Merck 310305
Millipore

ER-p 1:500 rabbit Invitrogen 325597

NT 1:500 rabbit Merck 310089
Millipore

For secondary labeling we used horseradish—peroxidase (HRP) linked anti-mouse (in
case of a—SMA, eNOS, TBXAS stainings) or anti—rabbit (in case of ER—a , ER—f,
COX-2, TP and NT stainings) IgG polyclonal antibodies were used (Vector Biolabs,
Burlingame, CA, USA). Visualization was performed by brown colored horse radish
peroxidase (HRP) linked 3,3’-diaminobenzidine precipitation (DAB, Vector Biolabs,
Burlingame, CA, USA). For counterstaining hematoxylin was applied (Hematoxylin
modified to Gill II, Sigma-Aldrich, St. Louis, MO, USA).

After covering, slides were photographed using Nikon eclipse Ni-U microscope with DS-
Ri2 camera (Nikon, Minato, Tokyo, Japan). Photos of the eNOS, COX-2 and ER—a slides
were taken at 20x magnification, in other cases (including HE and RF stainings) we used
10x magnification. On HE slides the thickness of the aortic wall, and separately the
thickness of the intima and media layers, were measured. Non—calibrated optical density
(O.D.) on the RF-stained slides characterized the elastic fiber density. On

immunohistochemical slides, the brown positivity and the background staining (DAB +
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hematoxylin) were separated, staining intensity was determined by non—calibrated optical
density of the brown color. In the case of eNOS and COX-2, only the endothelial layer
was evaluated, while in the case of ER—a and ER— both the endothelial and the media
layers were evaluated separately. In the remaining cases cases, the staining intensity was

investigated in the media layer using the FIJI® software (National Institutes of Health,

Bethesda, MA, USA).
3.2.3. Statistical analysis

Results were tested with unpaired t-test. Values were expressed as mean =+ standard error
of the mean (mean £ SEM), significance threshold was set at p < 0.05, Analysis was
performed by GraphPad PRISM 9.5.0. (San Diego, CA, USA).

All data about this topic have been mentioned originally in our research article (115).
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4. RESULTS

4.1. Delta-9-tetrahydrocannabinol effect on the vasorelaxation and oxidative-nitrative

stress in endotoxemia

4.1.1. Vascular functions

Following epinephrine (10~7 M) precontraction, applying 10~ to 107> M concentrations
of acetylcholine (Ach) led to arterial relaxation that was much lower in the LPS group
than in the control vessels. While the LPS+THC group did not show significant
differences compared to the control group above 10”7 M Ach concentration, so THC co-

treatment was able to prevent the LPS induced endothelial dysfunction (Fig 3 — Table 5).

Vascular relaxation
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Figure 3. Acetylcholine-induced relaxation of isolated thoracic aorta segments after
epinephrine precontraction. LPS treatment (squares) caused a reduced endothelium-
dependent acetylcholine-induced relaxation compared to the Control (circles). THC
treatment (triangles) prevented the decrement in the endothelium-mediated relaxation.
Data are presented as mean = SEM, n = 4 animal in each group; repeated measures two-
way ANOVA, Bonferroni’s post hoc test, *p<0.05 Control vs. LPS, **p<0.01 Control vs.
LPS, #p<0.05 Control vs. LPS+THC.
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For better characterization of the dose-response curves, we also calculated the bottom
values of each group, which show significant difference between all experimental groups

(Table 5).

Table 5: Bottom values of the groups based on Ach induced relaxation

GROUP Bottom Bottom 95% confidence interval
Control 24,35 18,43 - 30,05
LPS 48,18 43,10 - 52,91
LPS+THC 2.756*10'M 19,65 - 37,62

Following pairwise comparisons and p correction for the number of comparisons:
Control vs. LPS: p<0.003

Control vs. LPS+THC: p =1.1067

LPS vs. LPS+THC: p=0.0009

4.1.2. Vasoactive markers of the aortic wall

LPS had no effect on the density of eNOS, while the density of the LPS+THC group was
significantly lower than that of the control group (Fig 4. Panel A, B;). Similar trends can
be seen in COX-2 density, where the staining intensity of the LPS+THC group was
considerably lower than that of the Control group (Fig 4. Panel C, D). In contrast, the
aortic wall of the LPS rats showed a substantial decrease in cyclic guanosine
monophosphate (¢cGMP) staining when compared to the Control group (Fig 4. Panel E,
F).
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Figure 4. Histological changes of the vasoactive markers in the thoracic aorta

Panel (A) eNOS density of the aorta’s endothelial layer. Data shows positive area % of
area of the endothelial layer as mean £SEM (n = 5-9-3) *:p<0.05 Control vs. LPS+THC
Panel (B) Representative images of eNOS stained aorta segments focusing on the
endothelial layer.

Panel (C) COX-2 density in the aorta segments. Data shows positive area % of the area
of the endothelial layer as mean £SEM; (n = 4—6—4) *:p<0.05 Control vs. LPS+THC.
Panel (D) Representative images of COX-2 labelled aorta segments in the endothelial
layer.

Panel (E) cGMP density of the aorta segments. Data shows positive area % of the total
aortic tissue area as mean =SEM; (n = 4-7-4) *:p<0.05 Control vs. LPS.

Panel (F) Representative images of cGMP labelled aorta segments.

Panels B, and D: Brown arrows shows the intima layer, and green arrows shows the media
layer of the vessels.

Panels B, D, F: Brown precipitate (3’ diaminobenzidine) represents positive staining with
blue hematoxylin counterstaining. Photos were taken with 20x magnification in case of
eNOS and COX-2 representative photos, cropped to focus to the endothelial layer, while

10x magnification in case of cGMP representative photos focus to the media layer.
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In all cases, statistical analyses were performed using Kruskal-Wallis test & Dunn’s post-

hoc test.

Regarding CB—1R, the specific staining revealed a decrease in density in the LPS treated
group compared to the Control group (Fig. 5. Panel A, B). Furthermore, there was a clear
downward trend in the density of CB—2R in the LPS group in comparison to the Controls
(p=10.0548). In contrast to CB—1R staining, THC-treated rats had CB—2R abundance that
was more comparable to Controls (Fig. 5, Panel C, D).
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Figure 5. Histological changes of the cannabinoid receptor 1 and 2 intensity in the
thoracic aorta

Panel (A) CB—I1R density of the aorta segments. Data shows positive area % of the whole
aortic tissue area as mean =SEM; (n = §—7-3) *:p<0.05 Control vs. LPS.

Panel (B) Representative images of CB—1R stained aorta segments

Panel (C) CB—-2R density of the aorta segments. Data shows positive area % of the whole
aortic tissue areas mean £SEM; (n = 6-9—4).

Panel (D) Representative images of CB—2R stained aorta segments

Panels B, D - The positivity labeled with 3,3’ diaminobenzidine with brown precipitate,
and a violet color hematoxylin counterstaining, 10x magnification with image cropped to

focus on the media layer.
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In all cases, statistical analyses were performed using Kruskal-Wallis test & Dunn’s post-
hoc test (116).

4.1.3. Oxidative-nitrative stress markers

The malonyl-dialdehyde assay (MDA) was utilized to evaluate systemic oxidative stress.
The results showed that the LPS-treated group had a higher level of oxidized circulating
byproduct; however, this elevation was not statistically significant compared to the LPS
+ THC group (Fig 6. Panel A). Tissue oxidative stress was assessed based on the
immunohistochemical staining of 4-hydroxy-nonenal (HNE) in aortic samples. Tissues
from the LPS group had significantly higher staining intensities in the aortic wall (Fig. 6,
Panels B—C). In the aortic wall, an elevation of both NT and PAR was detectable only in
the LPS group (Fig 6. Panel D-G).
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Figure 6. Oxidative- nitrative stress markers
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Panel (A) Systemic oxidative stress detected by malonyl-dialdehyde assay (n = 11-5-3)
was significantly elevated in endotoxemic rats compared to the controls, but not in THC-

treated animals. **p<0.01 vs. Control.

Panel (B) HNE staining positive area%, in the thoracic aortic wall showed a significant
elevation in the LPS group compared to the controls, but not in LPS+THC animals.
*p<0.05 vs. Control, #p<0.05 vs. LPS, (n=7-7-3).

Panel (C) Representative images of the aortae stained against HNE.

Panel (D) Assessing nitrative stress. NT positive area%, in the thoracic aortic wall showed
a significant elevation in LPS group, but not in LPS+THC treated animals. *p<0.05 vs.
Control, ##p<0.01 vs. LPS, (n = 6—8-3)

Panel (E) Representative images of the aortae stained against NT.

Panel (F) DNA damage assessed by Poly(ADP-ribose) polymer nuclear density (PAR,
positive nuclear area%) in the thoracic aortic wall showed a significant elevation in LPS
group, but not in LPS+THC animals. **p<0.01vs. Control. (n = 6—7-3)

Panel (G) Representative images of the aortae stained against PAR.

Panels C, E and G: Brown precipitate (3,3’ diaminobenzidine) represents positive staining
with violet hematoxylin counterstaining. Photos were taken with 10x magnification — in
the case of HNE staining photos were cropped to focus on the media layer.

In all cases, statistical analysis was executed with Kruskal-Wallis test & Dunn’s post-hoc
test (116).

We summarized our results in Table 6.

Table 6: Summarizing table of the results
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4.2. Effect of CB-1 receptor deficiency on vascular response in female aorta

4.2.1. Vascular remodeling

The intima—-media ratio shows a significant decrease in the CB—1R KO group in
comparison to the WT group as a result of the media layer thickening (Fig 7 A, C). The
overall wall thickness was increased as well (Fig 7 B—C). No significant difference in
elastic density, as assessed by RF staining, was observed between the two strains (Fig 7
D, E). Stainings of a—smooth muscle actin (a—SMA) did not reveal any noticeable
differences between the CB—1R KO and the WT groups (Fig 7 F, G).

Based on the intima media ratio, and the increased wall thickness we present also the
intima and media layer thicknesses separately where the thickness of the media layers
significantly elevated in the CB—1R KO group, but the intima layers shows no significant
difference (Fig 8 A, B).
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Figure 7. Morphological changes of the abdominal aorta wall
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Panel (A). Intima—media ratio of the aorta walls as mean £ SEM, n =6 (CB—1R+/+)n =
10 (CB—1R-/-) *: p <0.05 CB—-1R+/+ vs. CB—1R-/- group.

Panel (B). Aorta wall thickness in micrometer as mean + SEM n=6 (CB—1R+/+)n=11
(CB—1R-/-) *: p <0.05 CB-1R+/+ vs. CB—1R-/- group.

Panel (C). Representative images of the hematoxylin-eosin staining photographed at 10x
magnification.

Panel (D). Optical density of elastic fiber on resorcin fuchsin stained sections. n = 7
(CB=1R+/+),n=10 (CB-1R-/-).

Panel (E). Representative images of the resorcin fuchsin stained sections photographed at
10x magnification.

Panel (F). Optical density of a—SMA-stained sections. n=5 (CB—1R+/+) n=14 (CB-1R-
/-)

Panel (G). Representative images of a—SMA-stained aorta segments, visualization with
diaminobenzidine (DAB) on hematoxylin counterstaining, photographed at 10x
magnification.

Panel C, E, G: Brown arrows shows the intima layer, and green arrows shows the media
layer of the vessels.

Statistical analysis was performed by unpaired t-test. Data are presented as

non—calibrated optical density with mean + SEM.
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Panel (A). Intima layer thickness of the aorta walls in micrometer as mean £ SEM, n=5
(CB—1R+/+) n =12 (CB-1R-/-) No significant difference between the groups.

Panel (B). Intima layer thickness of the aorta walls in micrometer as mean + SEM n =5
(CB-1R+/+)n =12 (CB-1R-/-) *: p <0.05 CB—1R+/+ vs. CB—1R-/- group.

4.2.2. Vasoactive markers — molecular contributors of vascular functions

The CB—1R KO group demonstrated a significant elevation in eNOS protein density in
the aortic wall, as compared to the WT group (Fig 9 A, B). The study observed a
significant decrease in COX-2 in the endothelium in the receptor deficient animals (n =
8 and 12 for the WT and CB—1R KO groups, respectively) (Fig 9 C, D). The study found
no significant differences in the density of the TP receptor density between the WT group
and the CB-1R KO group (Fig 9 E, F). Unlike TP density, we observed a trend for the
level of TXBAS to drop in CB—1R KO aortas compared to wild—type vessels. However,
this decrease did not achieve statistical significance (p=0.06, unpaired t test) (Fig 10).
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Figure 9. Vasoactive markers of the abdominal aorta wall
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Panel (A). Results of eNOS immunostained sections: The eNOS density of the CB—1R-
/- group was significantly increased compared to the wild-type animals. n = 9
(CB-1R+/+) n =14 (CB-1R-/-). ***: p <0.001 CB-1R+/+ vs CB—1R-/- group.

Panel (B). Representative images of eNOS immunostained aorta segments, visualization
with DAB on hematoxylin counterstaining, photographed at 20x magnification.
Evaluation performed from the values of the endothelial layer

Panel (C). Results of COX-2 immunostained sections: Antagonistic to the eNOS results
COX-2 density. significantly decrease in the KO group. n = 8 (CB-1R+/+), n = 12
(CB-1R-/-). *: p <0.05 CB—-1R+/+ vs. CB—1R-/- group.

Panel (D). Representative images of COX-2 immunostained aorta segments,
visualization with DAB on hematoxylin counterstaining, photographed by 20x
magnification. Evaluation performed from the values of the endothelial layer.

Panel (E). Results of TP receptor immunostained sections. n = 6 (CB-1R+/+), n = 13
(CB—1R-/-).

Panel (F). Representative photos of TP receptor immunostained aorta segments,
visualization with DAB on hematoxylin counterstaining, photographed by 10x
magnification. Evaluation was performed from the values of the media layer.

Panel B, and D: Brown arrows shows the intima layer, and green arrows shows the media
layer of the vessels.

Statistical analysis was performed with unpaired #-test. Data are shown as non—calibrated

optical density with mean = SEM.
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Figure 10. Thromboxane synthase density of the abdominal aorta wall
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Panel A. Results of immunohistochemical staining of thromboxane synthase (TXBAS)
on aortas of wild—type (CB—1R+/+, n=5) and CB—1R KO (CB—1R-/-, n=9) mice. We
have not detected any significant difference.

Panel B. Representative images of TXBAS immunostained aorta segments, visualization
with DAB on hematoxylin counterstaining, photographed at 20x magnification.
Evaluation was performed from the values of the media layer. Statistical analysis was
performed with unpaired t-test. Data are shown as non-calibrated optical density with

mean = SEM (115).

4.2.3. Estrogen receptor density
No significant differences were observed in the density of ER—a in the endothelium or
media layers of the aorta wall between groups (Fig 11 A—C). In regards to ER—f3, on the

other hand, we discovered that CB—1R KO animals had reduced expression in both the
media and endothelial layers (Fig 11 D-F).
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Figure 11. Estrogen receptor a and 3 density of the abdominal aorta wall (115)

Panel (A). ER—a density in the endothelial layer. n = 6 (CB—1R+/+), n = 9 (CB—1R-/-).
No significant difference between the groups.

Panel (B). ER—a density in the media layer. n = 4 (CB-1R+/+) n = 9 (CB-1R-/-). no
significant difference between the groups.

Panel (C). Representative images of ER—a immunostained aorta segments, visualization
with DAB on hematoxylin counterstaining, photographed at 20x magnification.

Evaluation performed from the values of the endothelial and the media layer.
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Panel (D). ER—f density in the endothelial layer. n =5 (CB-1R+/+), n =9 (CB-1R-/-).
We detected a significant decrease of the ER—P density in the KO group compared to the
WT group *: p<0,05 CB—1R+/+ vs CB—1R-/- group

Panel (E). ER—f density in the media layer. n = 5 (CB—1R+/+), n = 10 (CB-1R-/-). We
detected a significant decrease of the ER—f density in the KO group compared to the WT
group ***: p<0,001 CB—1R+/+ vs CB—1R-/- group

Panel (F). Representative photos of ER—3 immunostained aorta segments, visualization
with DAB on hematoxylin counterstaining, photographed by 10x magnification.
Evaluation was performed from the values of the endothelial and the media layer.
Statistical analysis was performed with unpaired s—test. Data were shown by
noncalibrated optical density with mean + SEM.

Panel C, F: Brown arrows shows the intima layer, and green arrows shows the media

layer of the vessels.

4.2.4. Nitrative stress
There was no difference in the aortic walls between the WT and the CB—1R KO group
NT density (Fig 12 A, B).
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Figure 12. 3-nitrotirosine density of the abdominal aorta wall

Panel (A). Non—calibrated optical density data are shown with mean £ SEM, n = 7
(CB—1R+/+), n =9 (CB—-1R-/-). Statistical analysis performed with unpaired —test.
Panel (B). Representative images of 3-nitrotyrosine staining. Visualization with DAB on
hematoxylin counterstaining, photographed at 10x magnification. Evaluation was
performed from the values of the media layer (115).

We summarized our results in Table 7.
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Table 7: Summarizing table of the results from the CB-1 KO study (arrows show the
modification effect of the knock out genotype.
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5. DISCUSSION

In the first model, LPS treatment alone markedly compromised Ach-dependent
vasorelaxation ability and substantially decreased cGMP levels in the vascular wall,
which suggested reduced endothelium-dependent relaxation ability with reduced nitric
oxide signal transduction in the smooth muscle cells, pointing to endothelial dysfunction
(118, 119).

LPS also caused a significant decrease in the abundance of CB—1R and a tendency to
decrease CB—2R. However, THC preserved the cardiovascular functions of LPS treated
rats, decreased oxidative-nitrative stress, and the detectable amount of inducible
cyclooxygenase. Moreover, the preserved endothelium-mediated relaxation was not
dependent on the abundance of endothelial nitric oxide synthase or cGMP levels.

In the second model, we found that CB—1R deficiency induced morphological remodeling
of the vascular (aortic) wall in female mice. Moreover, the CB—1R KO female mice
showed a significant reduction in ER—f3 receptor density.

The density of eNOS was higher in CB—IR KO animals, indicating a role of
endocannabinoids in regulating NOS expression in the aortic wall and regulating
endothelial dependent dilation. COX-2 density in the aortic wall was lower in CB—1R
KO mice. Thromboxane TP receptor density did not differ significantly between the two
strains, but thromboxane synthase abundance tended to be higher in WT mice compared

to KO mice.

5.1. Vascular effects of Delta-9-tetrahydrocannabinol or endocannabinoids and their

signaling

THC therapy preserved Ach sensitivity in thoracic aortic rings impaired by LPS,
suggesting a possible amelioration of LPS-induced endothelial dysfunction. Nonetheless,
we observed a reduction in the abundance of both CB—1R and CB-2R in the aortic wall
following the LPS challenge. We can find similar results from Navarro Dorado et al., who
evaluated the impacts of chronic treatment of some mixed and selective CB agonists
(WINS55 & JWH133) in a transgenic model of Alzheimer's disease. In their model, non-
selective cannabinoid receptor activation reinstated the relaxation generated by
acetylcholine (120). O’Sullivan et al. discovered that THC exhibited a time-dependent

vasorelaxant effect, following an initial vasoconstrictor response, via PPAR-y activation,
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independent of CB—IR involvement in an in vitro rodent model (121). Stanley et al.
demonstrated that cannabidiol (CBD), induces time-dependent vasorelaxation
(vasorelaxation constantly increasing after CBD exposure) in human mesenteric arteries
(from patient after colorectal surgery) (122). In the case of Stanley’s study, this was
facilitated directly by CB—1R and any other cannabinoid-dependent receptorial effects
were excluded (CB-2R, PPAR-y, Cyclooxygenase or other signaling pathways) (122).
The cannabinoid system also regulates cerebral blood flow during hypoxia and
hypercapnia — it can cause hypotension in a CB—1R dependent manner, and also can also
cause hypertension in CB-1R independent manner (123). While previous studies
evaluated the direct vasorelaxant properties of cannabinoid agonists, our research
revealed the indirect vasoprotective benefits of THC. Similarly, other studies on
streptozotocin-induced diabetic cardiomyopathy demonstrated the same outcomes with
prolonged cannabis therapy. The vasorelaxation elicited by acetylcholine was also
diminished in the streptozotocin-induced group, however THC successfully preserved
this vasodilator function (52). The patterns of oxidative-nitrative stress aligned with our
results: streptozotocin markedly elevated lipid peroxidation and nitrative stress indicators,
which were normalized by THC (56, 124).

Vascular relaxation is regulated by the balance between vasoconstrictor and vasodilator
mediators. The decreased detectability of COX—2 may indicate a decrease in the synthesis
of thromboxane A2 (TXA2) in the THC treated cohort. Besides the shift in constrictor
and relaxant prostanoids, we observed that nitric oxide (NO) levels remain stable — eNOS
expression is reduced, but nitrotyrosine (NT) levels do not increase. This suggests that
NO is not being further broken down, so any changes in vascular response may be linked
to differences in the cGMP signaling pathway. Although both LPS-treated groups showed
a decrease in cGMP density compared to the Control group, this decrease was only
significant in the LPS-treated group, while the LPS+THC-treated group showed no
significance. We can hypothesize that cannabinoids may also play a role in the change in
NO mediated vasorelaxation. Although the literature on this topic is scarce — Bregg et al.
found that cannabinoids have a guanylate cyclase influencing effect but this is not CB
receptor dependent. (125). Further research is proposed to clarify the signal transduction

of the THC induced better relaxation.
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5.2. Anti-inflammatory effects of Delta-9-tetrahydrocannabinol

In our LPS induced model, we observed a decrease in aortic density of COX-2 and
nitrative stress (detected by NT staining) in THC—treated rats.

Based on our results, the preserved endothelial function in THC treated endotoxic animals
is partially due to better NO effect, shown by the slightly preserved cGMP
immunopositivity in vascular smooth muscle cells. However, it is not the result of an
increased expression of eNOS, as these animals had lower eNOS density. On the other
hand, the lower nitrotyrosine content of these vessels suggest a better bioavailability of
NO. During our experiments, we did not measure eNOS activity not have direct
information about the rate of NO production. We also did not measure phosphodiesterase
enzyme activity to determine the rate of cGMP degradation.

Another important pathway of endothelial function is the production of various
prostanoid mediators. In inflammatory stated including LPS treatment the possible
upregulation of COX-2 was reported. In our experiment we did not observe this increase.
On the other hand, the LPS-THC group had lower COX-2 density compared to controls,
suggesting a downregulation of COX-2 in these vessels. The consequently altered
production of vasoactive prostanoids may also play role in the preserved endothelial
function.

Both oxidative-nitrative stress and the upregulation of COX-2 is strongly connected to
inflammatory processes, whereas the decline in these variables is usually connected to
anti-inflammatory effects. The measured systemic oxidative stress marker MDA is also
related to the activation of pro-inflammatory processes. LPS treatment significantly
increased plasma MDA levels, which was prevented by THC co-treatment, suggesting an
anti-inflammatory effect of THC. The anti-inflammatory effect of THC has been
previously described. Joffre et al. (77) showed that THC treatment elevated the level of
anti-inflammatory cytokine IL-10 while reduced the level of the pro-inflammatory CCL-
2. They suggested the role of CB-1 receptor in this process. However, it is well known
that immune cells express both CB-1 and CB-2 receptors being CB-2 the more abundant.
CB2 signal transduction involves the inhibition of the NF-«xB transcription factor, one of
the central intracellular regulatory pathways of inflammation (126). The above-described
anti-inflammatory effects of THC may play role in the reduced oxidative-nitrative stress

and preserved vascular function in our experiments.
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Moreover, preclinical and clinical research in conditions such as multiple sclerosis and
inflammatory bowel disease indicate that THC-rich therapies reduce inflammatory
biomarkers and enhance symptom scores while maintaining acceptable safety profiles.
Suryavanshi et al. (127) and Szekely et al. both suggested the anti-inflammatory
properties of THC the former on lipopolysaccharide-induced inflammatory response in
human THP-1 macrophages and primary human bronchial epithelial cells (HBECs), the
latter on LPS-challenged whole human blood cells (128).

5.3. Effects of exocannabinoids in endotoxemia or other pathological conditions

In our study we used the LPS dose of 5Smg/kg (116) because our aim was to create a mild
endotoxemic condition. To induce severe endotoxic shock, higher doses are implemented:
- inducing myocardial dysfunction Tian et al. used 40mg/kg LPS (129) or for lung injury
Wang et al. used 12.5mg/kg body weight LPS (130). Our study used around eight-fold
less compared to Tian et al. and around 40% of the dose used in the study of Wang et al.
In comparison with previous studies, the endotoxemic state did not reach the level of
endotoxin shock in our experiment.

CB-1R is highly expressed in cardiac and vascular cells, as well as in endothelial cells,
and it is suggested to be a vascular smooth muscle receptor for cannabinoids (131). Our
results indicate a decrease in the presence of cannabinoid receptors 1 and 2 in the aorta
during endotoxemia. The downregulation of biologically available cannabinoid receptors
may be due to decreased expression or increased receptor turnover. Receptor turnover
can be regulated by B-arrestin2 binding, which leads to receptor internalization and cell
desensitization (132, 133). Hunyady et al. discovered differences in the affinity of
cannabinoid receptors 1 and 2 to B-arrestin2 in two different missense polymorphisms of
CB-2R (132, 133). This suggests that the genetic presence of CB—2R (in wild-type or
knock-out animals) may induce differences in cAMP levels and downstream
MAPK/PI3K signaling, especially under prolonged stimulation, probably due to receptor
internalization and trafficking (132, 133).

5.4. Role of Endocannabinoids and endocannabinoid receptors in the regulation of the

vascular tone

48



It is well known that in healthy individuals exogenous phytocannabinoid exposition can
cause severe health and cardiovascular diseases (134). Our second study showed that
(115), in healthy female mice the lacking CB-1 receptor can improve the cardiovascular
relaxation ability (e.g. enhanced eNOS density). Wei et al. also examined the effect of
CB-1 receptor inhibition with peripherally selective CB—1 receptor antagonist on healthy
vascular cells. In their experiment this blockage restored the inflammatory and
endothelial cytotoxic effects of THC administration based on human umbilical vein cell
culture experiments (135). Based on these results and in the light of the anti-inflammatory
effect of CB-2 receptor activation (134), we conclude that CB-1 receptor overactivation
may be the main cause of cardiovascular complications in juvenile marijuana users.
Previous studies have shown that cannabinoids and synthetic agonists, such as AEA,
THC, and WIN 55,212-2, induce vasodilation in various vascular beds, including the
aorta, coronary, and cerebral arteries (136-139). The vasodilatory effects of cannabinoids
may vary depending on the type of blood vessel. Resistance arteries have been found to
experience a greater relaxation effect than the aorta (136, 140). The initial vasodilatory
and hypotensive effects may be facilitated by endocannabinoids upon stimulation of
CB-1R. Most cannabinoid receptors are Gi/o protein-coupled receptors, therefore CB-
IR activation on vascular smooth muscle cells may directly result in contraction.
However, some studies observed vasodilator effects of exocannabinoids that cannot be
explained with the above-mentioned mechanism. In vitro experiments showed that certain
CB-1R agonists administered together with dopamine may act as inverse agonists of CB-
IR reducing Gi/o signaling, therefore promoting the effect of Gs signal transduction and
vasorelaxation. Another possibility is that vasorelaxant exocannabinoids act through non-
canonical endocannabinoid receptors (141). Anandamide induced vasodilation was
shown to involve NO production by vascular endothelial cells, which could be regulated
by the calcium dependent activation of endothelial nitric oxide synthase. The responsible
endocannabinoid receptor is still unclear; although CB-1R inverse agonist Rimonabant
can inhibit the vasodilator effect, the connection between Gi/o and Ca signaling is still
under investigation. AEA may also induce Ca signaling by binding to GPRS5S5, which can
couple either with Gg/11 or G12/13 G-proteins (142, 143).

Significant upregulation of eNOS expression were found in the CB—1R deficient group

compared to the control animals. Similar effects found in wild—type conditions by Stanley
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et al. that on healthy endothelial cells acute doseage of cannabidiol (CBD) significantly
increased the phosphorylation of eNOS, thereby increasing their enzymatic activity (122).
The use of the CB—1 receptor antagonist AM251 inhibited CBD-induced vasorelaxation.
These results were confirmed by the use of the CB—1 receptor antagonist LY320135,
which also reduced CBD-induced vasorelaxation significantly (122).

In a chronic pathological model on spontaneously hypertensive rats, inhibition of the
anandamide degrading enzyme, fatty acid amide hydrolase (FAAH), by URB597,
augmented AEA levels and improved vascular endothelial function in small mesenteric
arteries (144). The present thesis investigates the acute and chronic, life-long vascular
effects of CB—1R presence. Using this genetically modified line, we were able to identify
several functions of the ECS in the control of vascular contraction-relaxation and vascular
wall remodeling. We have found that vasodilator effects were augmented in CB—1R KO
mice (115) (also published data in the co-author’s thesis).

COX-2 plays an important role in degrading 2-AG. This can be a reason if somebody uses
NSAID (nonsteroid anti-inflammatory drugs), it simultaneously increases 2-AG levels
and thus indirectly affects the endocannabinoid system (145). On the other hand, if we
see the phytocannabinoid side — several studies confirmed that phytocannabinoids e.g.:
CBD via CB-2 signaling pathway can reduce COX-2 activity which consequently
contributes to CB—2-dependent anti-inflammatory effects, and may also reduce the
synthesis of the vasoactive prostanoid cocktail (146-148).

In both animal models, we observed a reduction in COX-2 levels, occurring both during
stimulation of the endocannabinoid system with THC and during partial inhibition of the
endocannabinoid system in our CB—1 receptor-deficient model. Considering that COX-2
participates in the synthesis of inflammatory and vasoactive prostanoids, it is significant
that COX-2 also plays a role in the degradation of endocannabinoids (149).

We hypothesize that there may be different reasons for the decrease in density, although
we cannot give a definitive answer because the literature is not clear on the subject.

The improved vasorelaxation observed in our LPS-induced model may be due to the anti-
inflammatory effect of THC via CB-2 receptors, which is supported by the reduction in
COX-2 (17).

However, other studies have suggested that THC and other cannabinoids exerts an

indirect inhibitory impact on COX-2, (150) although this theory remains not sufficiently
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clarified in the literature. Complex processes may underlie the reduction of COX-2 in
our CB-1 receptor-deficient model. Some research suggests that there may be a crosstalk
effect between the endocannabinoid system and COX-2 activity, where not only the
CB-1 receptor is able to influence enzyme activity, but COX-2 is also able to produce
endocannabinoid precursors in addition to the degradation of endocannabinoid AEA and
2-AG (150).

Additional study indicates that chronic inhibition of the CB—1 receptor may elevate levels
of the vasodilator PGI2 while reducing levels of the vasoconstrictor TXB2 (17).

Based on these findings, we believe that the interactions between the cannabinoid system
and COX-2 require further research and play an important role in both vasorelaxation
and inflammatory processes. However, based on our results, we conclude that although
there is no difference in TP receptor density, the reduced COX-2 density and the tendency
of reduced thromboxane synthase in CB—1R KO mice may indicate that there is less
TXA;> or some other vasoconstrictor prostanoid. Therefore, it is suggested that the
proportion of constrictor prostanoids in the “prostanoid cocktail” is relatively reduced in
CB-1R-deficient state.

Our results show a significant reduction in intima-media ratio with media widening in the
CB-1R deficient group compared to the control animals (Fig 7 and 8). The question
remains whether this is an endocannabinoid dependent action or not. We observed a
significant reduction in ER— (estrogen receptor beta) density in the CB—1R deficient
group, while ER—a density remained preserved. Therefore, it is hypothesized that a
decrease in ER—f may affect the structural remodeling of the vascular wall. Even though
vessel wall thickness increased in the receptor—deficient condition, our SMA staining
showed no difference in the density of smooth muscle contractile proteins.

Despite the media layer thickening, we observed no difference in SMA density that was
determined in association to the lack of CB—1 receptors. Several studies describe that
inhibiting CB—1 receptors decreases SMA expression. These findings may explain why
we could not observe any differences in smooth muscle density despite the thicker media
layer (151, 152).

At the same time, we found no difference in elastic fiber density between the two genetic

groups, indicating that elastin secretion by newly formed smooth muscle cells remained
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unchanged. In his study, In pathological conditions Molica et al. described that CB—1R
agonism promotes VSMC proliferation (153), while O'Leary et al. found no significant
vascular wall remodeling with rimonabant (49). It is important to note that our study used
healthy female mice, while Molica's study involved vessels that underwent balloon
catheter injury and O’Leary examined vessel derived from a human study with obese
patients (49).

The effects of cannabinoids and endocannabinoids on arterial function and remodeling
may differ between normal and damaged vascular walls.

Inhibition of endocannabinoid degradation by FAAH inhibitor decreased the blood
pressure of hypertensive rats (154). In humans, 30 mg of THC was observed to elevate
blood pressure in normotensive healthy individuals, while an acute administration of a
higher dosage of THC (600 mg) caused hypotension. In normotensive rats, WIN
55,212-2 increased blood pressure, while in hypertensive rats, the same CB—1 agonist
reduced tension (155). Interestingly, based on Dol-Gleizes et al., the administration of
CB-1R antagonist rimonabant (in an LDL receptor knock out strain) has been shown to
reduce the risk of CVDs and to have anti-inflammatory effects, so it can reduce the
development of atherosclerosis. On the other hand, as Pacher et al, and several other

studies presented CB-2 receptor agonism also have anti-inflammatory effect (156-158).
5.5. Effect of the endocannabinoid system on nitrative stress levels

In both studies, the bioavailability of NO was assessed by eNOS and NT measurements.
In endotoxemic rats THC reduced oxidative — nitrative stress. However, in our studies,
we did not observe any changes in the nitration of vascular wall proteins in CB—1R KO
animals.

The lack of CB-1 receptor increased the eNOS density, which is in accordance to the
THC-induced results. Comparable findings are observed in the literature regarding the
impact of other NOS enzymes. Jeon et al. also investigated inducible NOS gene
expression in an LPS-induced model (159). Similar trends were observed in case of
methamphetamine induced neurotoxicity in rats. In this case, concurrent THC treatment
could protect against methamphetamine-induced neural NOS overexpression(160).

In the LPS+THC treated rats the reduced eNOS density and oxidative stress might both
have contributed to the reduced NT staining. On the other hand, these changes in the NO
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household did not alter the bioavailability of NO, as no changes in cGMP levels were
observed in LPS+THC-treated animals.

However, the effect of the cannabinoid system on NO homeostasis is still not fully
understood, as a review including cardioprotective effects suggests that there may even

be an inducible NOS stimulatory effect in the heart (161).
5.6. Adaptation of the endocannabinoid system under different conditions

Based on our results, we conclude that under pathological (mild endotoxemic)
conditions, THC treatment with appropriate purity and under in controlled conditions may
have beneficial physiological effects that can be considered in addition to currently used
approved therapeutic protocols.

However, in healthy groups, preventing the activation of the CB—1 receptor might be
beneficial, since inhibition of the CB—1 receptor has been shown to have a favorable
cardiovascular outcome.

Our study has shown that the cannabinoid system behaves differently in normal and

pathological situations.
5.7. Limitations of the rodent models

Animal experiments, although represent a study on whole organism, with the interactions
between cells, tissues and organs, have severe limitations: the (typically) inbred rodents
have small genetic variety, and the housing ensures similar, close to optimal, low-stress
environment (including the microbiome.) On the one hand, these circumstances allow
lower case numbers. Despite their ubiquitousness rodent models usually poorly represents
the human (or real-life veterinary) circumstances. The case numbers in both presented
studies were below 10.

THC in endotoxemic rats

In the present research, only male rats were involved, although, according to the literature,
man and women may have different responses to sepsis and THC. Relying on a single-
dose LPS challenge creates an acute inflammatory state that lacks the complexity of true
bacterial sepsis. There is no pathogen proliferation, biofilm formation or host-microbe
interplay, which may exaggerate the benefits of THC. Simultaneous administration of

LPS and THC further departs from clinical reality. Finally, measuring endpoints only
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hours after treatment precludes insights into long-term cardiovascular outcomes and
delayed adverse effects.

CB-1 Receptor Knockout in Female Mice

Using lifelong CB-1 receptor knockout mice provides clarity regarding receptor absence,
but it also triggers compensatory developmental changes. Knockout animals lack both
ligand binding and non-canonical receptor scaffolding or protein—protein interactions,
whereas antagonists only block ligand access while preserving receptor structure.
Focusing exclusively on females, highlights estrogen—endocannabinoid crosstalk, but
limits the applicability to males or mixed-sex populations. While detailed analyses of
aortic remodeling and isolated vessel reactivity provide mechanistic depth, they fail to
capture systemic hemodynamics, behavioral effects or end-organ perfusion under stress.
Furthermore, profiling only estrogen receptor ignores the broader hormonal milieu,
including progesterone and adrenal steroids that can modulate vascular responses.
Clinical Translation Issues

When translating these findings into clinical practice, it is important to consider
interspecies differences in cannabinoid metabolism and receptor distribution, given that
rodent ECS dynamics often differ from those in humans. Genetic CB-1 ablation and
pharmacological antagonism have different off-target and adaptive effects, so parallel
studies using both approaches are needed. The experimental settings employed in these
studies contrast sharply multifactorial progression of human disease. This highlights the
importance of standardized dosing treatments, long-term safety evaluations and sex-

inclusive clinical trials prior to the consideration of ECS-based therapies.
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6. CONCLUSIONS

1. A’-tetrahydrocannabinol improved endothelial vascular function and oxidative-
nitrative stress in endotoxemic rats.

a.) THC treatment prevented endotoxemia induced endothel dysfunction.

THC treatment was effective in rescuing endothelial dysfunction caused by endotoxemia,
so that Ach-dependent relaxation was significantly improved by THC treatment in LPS

treated rats.

b.) The THC-treated rats” O/N stress markers were lower than in the LPS treated group
and they did not differ from the control group (See on Table 6).

The anti-inflammatory effects of THC were also exerted - oxidative - nitrative stress
levels were also significantly reduced (See on Table 6).

All these results lead us to conclude that THC or a similar phyto/exocannabinoid analogue
offers favorable therapeutic options to reverse vascular damage in endotoxemia cases.

2. CB-1 receptor deficiency vessel morphological differences

a.) The abdominal aorta wall thickness significantly elevated while the intima media ratio
decreased in the CB—1R”" female mice, as we detected a significant media thickness
elevation (See on Table 7).

b.) In the CB—1R"" group, the density of enzymes contributing to relaxation in the vascular
endothelium also changed: eNOS density increased, while COX-2 levels decreased.

c.) ER-a density did not differ but the ER-P density significantly decreased in the CB—1R"
" group (See on Table 7).

Based on these results we conclude that the favorable changes in nitric oxide and
vasoactive prostanoid production together with morphological changes may contribute to

an improved balance between vasoconstrictor and dilatory mechanisms.
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7. SUMMARY

Both the endocannabinoid system (ECS) and estrogens play significant roles in
cardiovascular control processes. Cannabinoid type 1 receptors mediate acute vasodilator
and hypotensive effects, although their role in cardiovascular pathological conditions
remains controversial. Estrogens are known to exert cardiovascular protection,
particularly in females. This study aimed to explore the impact of ECS on vascular
functions and the effects of the phytocannabinoid THC in endotoxemic model, and on the
other hand, we also want to investigate the role of CB—1R deficiency in healthy female

mice.

In a 24-hour endotoxemic rat model (E. coli-derived lipopolysaccharide, LPS, 5 mg/kg
i.v.) animals were treated with THC (LPS+THC, 10 mg/kg i.p.). The endothelium-
dependent relaxation of the thoracic aorta was measured using wire-myography. The
molecular mechanisms of the vascular function were evaluated by measuring the density
of eNOS, COX-2 and cGMP via immunohistochemistry. The oxidative — nitrative stress
status has been defined as the density of oxidative stress marker 4-hydroxynonenal, the
density of nitrative stress marker 3-nitrotyrosine, and the density poly(ADP-ribose)
polymer. Further experiments were conducted on CB-1R knockout (CB1-R KO) and
wild-type (WT) female mice. Abdominal aortas were isolated for histology. Histological
analyses included hematoxylin-eosin and resorcin-fuchsin staining, as well as

immunostainings for eNOS, COX-2, and estrogen receptors (ER—a, ER—f3).

Results showed that endothelium-dependent relaxation was impaired by LPS but not in
the LPS+THC group. THC treatment reduced oxidative-nitrative stress without affecting
cGMP and eNOS density, suggesting an anti-inflammatory pathway activation. Histology
revealed lower intima/media thickness and COX-2 density, higher eNOS, and lower ER-
B density in CB1-R KO mice compared to WT mice.

These findings indicate that the absence of CB—1Rs in healthy females and the
administration of THC in case of infection may have beneficial vascular effects,
potentially mediated through anti-inflammatory pathways and enhanced endothelial NO

utilization.
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