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ABSTRACT

Lipid-based formulations play a significant role in oral delivery of lipophilic drugs.
Previous studies have shown that natural sesame oil promotes the intestinal lymphatic
transport and oral bioavailability of highly lipophilic drug cannabidiol (CBD). However,
both lymphatic transport and systemic bioavailability were also associated with
considerable variability. The first aim of this thesis was to test the hypothesis that pre-
digested lipid formulations (oleic acid, linoleic acid, oleic acid with 2-oleoylglycerol, oleic
acid with 2-oleoylglycerol and oleic acid with glycerol) could reduce variability and
increase the extent of the intestinal lymphatic transport and oral bioavailability of CBD. In
vivo studies in rats showed that pre-digested or purified triglyceride did not improve the
lymphatic transport and bioavailability of CBD in comparison to sesame oil. Moreover, the
results suggest that both the absorption of lipids and the absorption of co-administered CBD
were more efficient following administration of natural sesame oil vehicle compared with
pre-digested lipids or purified trioleate. However, this natural oil-based formulation also
leads to considerable variability in absorption of CBD [1]. Therefore, the second approach
in this thesis was to test the performance of lipid-based formulations with the addition of
medium-chain triglyceride (MCT) or surfactants to the sesame oil vehicle in vitro and in
vivo using CBD as a model drug. The in vitro lipolysis has shown that addition of the MCT
leads to a higher distribution of CBD into the micellar phase. Further addition of surfactants
to MCT-containing formulations did not improve distribution of the drug into the micellar

phase. In vivo, formulations containing MCT led to lower or similar concentrations of CBD

16



in serum, lymph and mesenteric lymph nodes (MLN), but with reduced variability. MCT
improves the emulsification and micellar solubilisation of CBD, but surfactants did not
facilitate further the rate and extent of lipolysis. Even though addition of MCT reduces the
variability, the in vivo performance for the extent of both lymphatic transport and systemic

bioavailability remains superior with a pure natural oil vehicle [2].

These results lead to the hypothesis that differences in composition of vegetable oils lead
to differences in promotion of intestinal lymphatic transport of lipophilic drugs. Therefore,
the differences in composition of sesame, sunflower, peanut, soybean, olive and coconut
oils and their corresponding role as vehicles in promoting CBD lymphatic targeting and
bioavailability were investigated in this thesis. The comparative analysis suggested that the
fatty acids profile of vegetable oils is overall similar to the fatty acids profile in the
corresponding chylomicrons in rat lymph. However, arachidonic acid (C20:4), was
introduced to chylomicrons from endogenous nondietary sources in all cases. Overall, fatty
acid composition of natural vegetable oils vehicles affected the intestinal lymphatic
transport and bioavailability of CBD following oral administration in this work. Olive oil
led to the highest concentration of CBD in the lymphatic system and systemic circulation
and low variability in comparison to other natural vegetable oils following oral

administration in rats.

The natural rapeseed oil bodies also used as lipid-based vehicles to facilitate CBD oral
bioavailability and lymphatic transport in this thesis. The oral bioavailability of CBD was

17



1.7-fold higher in oil bodies-based formulation than rapeseed oil-based formulation in rats.
This finding indicates that oil bodies could potentially to improve lipophilic drug systemic
exposure and lymphatic targeting in comparison to simple oils, and their other

pharmaceutical properties as a drug delivery carrier needs to be further investigated.

Overall in this thesis, olive oil and oil bodies are preferred lipid vehicles for improving

intestinal lymphatic transport and bioavailability of co-administered CBD following oral

administration.
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1. GENERAL INTRODUCTION

1.1. Challenges associated with absorption of lipophilic
drugs

1.1.1. Drug lipophilicity

Lipophilicity is a crucial parameter in drug development for evaluating the
pharmacological and therapeutic effect of compounds and is characterised by a balance of
hydrophobic and polar interactions. It is a particularly critical physicochemical
characteristic that influences the pharmacokinetics properties of novel drug candidates,
including absorption, distribution, metabolism and excretion (ADME). Partition coefficient
(logP) or distribution coefficient (logD) between aqueous phase and octanol are referred to
define the lipophilicity of compounds, when compounds are in a single electrical form [3,4].
The shake-flask method and potentiometric titration are two experimental approaches for
measuring lipophilicity in isotropic solvent and aqueous systems [5,6]. The dosage form of
compounds is also partially determined by the lipophilicity of drug molecules, because they

have to cross the lipid bilayer of cellular membranes during absorption [7].
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1.1.2. Absorption of lipophilic drugs

The absorption of drugs is partially influenced by lipophilicity, which is regulated by two
factors: solubility and permeability. The major transport route for most drugs is the passive
diffusion through the cell membranes, especially for highly lipophilic drugs [8]. Oral drug
delivery is a preferred administration route that is acceptable by patients and the

pharmaceutical industry, due to convenience and patient compliance.

However, lipophilic drugs have reduced oral bioavailability due to their poor aqueous
solubility. Despite the fact that lipophilic drugs can be absorbed from the small intestine,
the major physiological challenge for these drugs during the absorption is solubility in the
aqueous environment in the intestinal lumen, then to be absorbed through the intestinal
epithelial membrane [9,10]. In addition, there is a mucus layer on the villi of the intestinal
membrane, also known as the unstirred water layer (UWL), which is thought to be a
considerable impediment to the passive diffusion of lipophilic compounds [11-13].
Therefore, the primary challenge in enhancing the oral absorption of these lipophilic drugs
is to improve their water solubility. Furthermore, the dosage form of drugs significantly

impacts on their solubility and permeability, and further influences bioavailability.

There is also a drug categorization by Biopharmaceutics Classification System (BCS): high
permeability, high solubility as the Class 1; high permeability, low solubility as the Class

2; low permeability, high solubility as the Class 3; and low permeability, low solubility as
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the Class 4 (Figure 1-1) [14]. The oral dosing of Class 3 and 4 compounds is frequently
linked with low bioavailability [15]. Improving the bioavailability of lipophilic drugs can
be achieved by applying different strategies in oral drug delivery technologies, such as

lipid-based formulations.

Class 1 Class 2
A ——— ————
High solubility Low solubility
High permeability High permeability
£ Rapid dissolution
E
«
%]
g Class 3 Class 4
=2
High solubility Low solubility
Low permeability Low permeability

<€

Solubility
Figure 1- 1 : Schematic description of Biopharmaceutics Classification System (BCS).
The BCS is proposed by Amidon et al. to provide the perspective of the intestine
absorption following oral administration of compounds based on their solubility and

permeability characteristics. Adapted from [14].
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1.2. Lipid-based formulations

1.2.1. Categories of lipid-based formulations

In recent decades, there has been an increase in interest in lipid-based formulations to
deliver poorly water soluble or poor permeability compounds. In general, lipid-based
formulations for oral delivery of lipophilic drugs contain a single excipient, such as
triglycerides, mixed mono- and di-glycerides, or two or more excipients, including
triglycerides, surfactants or co-surfactants [16,17]. The major purpose of lipid-based
formulations is to enhance the dissolution process and aqueous solubility of lipophilic
drugs, therefore improving their oral bioavailability [18,19]. Colin Pouton proposed a
classification system for lipid-based formulations, which includes four categories in the
lipid formulation categorization system (LFCS) [17]. The choice of lipid-based
formulations can be influenced by the physicochemical properties of compounds, thus

LFCS is used as a guideline to develop the suitable formulation for these drugs.

The LFCS for four categories is summarised in Table 1-1. When there is only one type of
excipients, such as oils or mixed triglycerides, mono- and di-glycerides in the lipid-based
formulations, it is referred to as LFCS type I lipid system [18-20]. In general, excipients
that are used for LFCS type I lipid system are usually food gradient, therefore they are safe
for oral administration [21]. However, the LFCS type I lipid system cannot disperse on its
own, it must be digested by the pancreatic lipase and mixed with bile salts, and

phospholipids in the gastrointestinal (GI) tract [17]. Furthermore, there is a limited capacity
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for dispersion in the aqueous medium for LFCS type I lipid systems because there are no

surfactants in the formulations [21].

Table 1-1. Summary of lipid formulation classification system (LFCS) [16,17,21].

Type I

Type 11

Type IIIA  Type IIIB Type IV

Oils (Tri-, di- 100
and mono-
glycerides)

Water- -
insoluble
surfactants

Water-soluble -
surfactants

Hydrophilic -
co-solvent

Particle size of Coarse
dispersion
(nm)

Characteristics Non-
dispersing

40-80

20-60

100-250

SEDDS

40-80 <20 -

_ - 0-20

20-60 20-50 30-80

0-40 20-50 0-50

100-250 50-100 <50

SEDDS/ SEDDS/ Micellar
SMEDDS SMEDDS solution

SEDDS: self-emulsifying drug delivery systems; SMEDDS: self-microemulsifying drug

delivery systems.
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LFCS type II and III lipid systems also contain certain levels of oils. The difference
between two systems is that the LFCS type III lipid system is better suited for more
hydrophilic drugs due to the presence of hydrophilic co-solvents and water-soluble
surfactants in the system [16,21]. Both LFCS type II and III formulations are spontaneously
dispersed in aqueous conditions. Depending on the particle size of the dispersion, the type
IT system is referred to as self-emulsifying drug delivery systems (SEDDS) and self-

microemulsifying drug delivery systems (SMEDDS) for the type III formulation [22-24].

Moreover, natural vegetable oils are the most commonly utilised excipients in lipid-based
formulations. The natural plant-derived oil normally comprises combinations of
triglycerides with different chain lengths, saturated and unsaturated fatty acids [25].
Triglycerides are classified into different types based on the chain length of their fatty acids,
which are short-chain triglycerides (SCT, when carbons number is lower than 5), medium-
chain triglycerides (MCT, when carbons number is 6-12) and long-chain triglycerides
(LCT, when carbons number is higher than 12) [26-29]. Coconut, palm and palm kernel
oils are well known to be rich in MCT, with the majority of MCT being saturated CS8-
triglycerides [30-33]. Moreover, other natural vegetable oils, such as sesame, peanut,
soybean, sunflower and olive oils mostly contain LCT, which are commonly employed in

the development of lipid-based formulations [25,34,35].
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1.2.2. Digestion of lipid-based formulations

As described in Section 1.2.1, some lipid-based formulations are more likely to be in an
oily form, and they spontaneously disperse in the aqueous environment in the
gastrointestinal tract following oral administration. The digestion of lipid-based
formulations initiates in the stomach, and the stomach agitation assists formulations to
become crude oil-in-water emulsions [36,37]. The triglycerides in lipid-based formulations
will be partially hydrolysed by gastric lipase into free fatty acids and diglycerides in the
gastric condition [38,39]. The remaining triglycerides and diglycerides subsequently flow
into the small intestine with stomach juices, where they are digested by pancreatic lipase

[40,41].

The pancreatic lipase acts specifically on snl- and sn3- ester groups of triglycerides to
produce free fatty acids and 2-monoglycerides [42,43]. The oral lipids and hydrolysed lipid
products stimulate the release of bile salts and phospholipids from the liver to the
duodenum, where they come together to form mixed micelles [44—47]. The lipophilic
compounds in lipid-based formulations will be encapsulated and associated with the
lipophilic core in these mixed micelles during the digestion process, therefore the aqueous
solubility of these drugs is enhanced by co-administration with lipids. These mixed
micelles subsequently diffuse across the UWL together with lipophilic drugs and are

broken down at the membrane, then monomers permeate the membrane of epithelial cells
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in the small intestine [38,39,48,49]. The digestion process of lipid-based formulation is

summarised and presented in Figure 1-2.
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Figure 1- 2 . Schematic description of the digestion process of lipid-based formulation
following oral administration. (1) Qil in water emulsion in the stomach. (2) Oil in
water emulsion in the intestinal lumen. (2) Mixed micelles in the small intestine. (4)
Mixed micelles are broken down near the membrane, and the monomers permeate
the membrane into enterocyte. D: drug; UWL: unstirred water layer. Adapted from

[40].
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1.2.3. In vitro lipolysis system

With the increased interest in lipid-based formulations for improving the oral
bioavailability of poorly water-soluble drugs, in vitro lipolysis has emerged as an effective
technique for assessing the performance of lipid-based formulations prior to the in vivo
stage (Figure 1-3). The primary function of in vitro lipolysis system is to mimic the lipid
digestion process in the upper intestinal tract to predict lipid digestion and potential drug
absorption [50,51]. The pancreatic lipase is a major enzyme involved in the digestion of
dietary fat that selected in the in vitro lipolysis model [52,53]. The pH range for pancreatic
lipase is from 6.5 to 8.0 and its activity is pH dependent [54,55]. Especially when
hydrolysis of dietary fat occurs mostly in the duodenum, the pH for lipolysis is close to 6.8
[56,57]. The digestion process also requires the involvement of bile acids and
phospholipids. Due to the fact that pancreatic lipase functions predominantly on the surface
of the oil-in-water droplets, bile salts, phospholipids and co-lipases could improve the
pancreatic lipase catalytic activity by reducing the surface area of oil droplets [50,58].
Moreover, calcium has been proposed to play an important role during the lipid digestion
process because calcium can form the calcium soaps by the elimination of free fatty acids
[59]. The free fatty acids also restrict the pancreatic lipase activity due to adherence to the

interface of the oil droplets or emulsions during lipid digestion [60,61].
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Figure 1- 3. The diagram of in vitro lipolysis. Adapted from [62].

Therefore, the in vitro lipolysis system is designed to comprise the bile acids, phospholipids
and calcium in order to imitate intestinal fluids. The concentration of bile salts and
phospholipids is according to the state of food consumption. For human intestinal fluids,
the bile salts concentration is between 2 and 5 mM in the fasting condition and 8 to 15 mM
in the fed state [63—65]. According to previous studies, the concentration of bile salts in the
in vitro lipolysis is usually in the range of 5 mM to 30 mM for different dietary states, and
the bile salts versus phospholipid ratio is 4:1 [66—69]. The most common source of bile
salts and pancreatic lipase for in vitro lipolysis is from porcine origin. However, the
differences between human and porcine bile salts that pig bile salts comprise additional
hyocholic and hyodeoxycholic bile salts compared to humans [70]. The in vitro lipolysis
model consists of a computer, pH titrator and digestion media (Figure 1-3). Samples
obtained from in vitro lipolysis can be separated into different phases after ultracentrifuge.

The aqueous micellar phase in the middle contains mixed micelles. Therefore, the drug
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level in the aqueous phase following in vitro lipolysis is the amount that is considered most

likely to be absorbed in the small intestine during digestion.

1.3. Intestinal lymphatic system

1.3.1. Anatomy and physiology of intestinal lymphatic system

The lymphatic system and lymph fluid were identified and described centuries ago. In
addition to the more well-known blood circulation, the lymphatic system comprises a large
number of lymphatic vessels with a primary function of removing extravasated fluids from
the periphery back to the systemic circulation [71]. In contrast to blood circulation, which
forms a closed loop, the lymphatic network can return fluid to the blood vessels
unidirectionally. In the case of the intestinal lymphatic system, the drainage begins in the
GI tract, then lymph flows into the thoracic duct at the end of posterior and subclavian
veins to enter the cardiovascular system (Figure 1-4) [72,73]. The largest lymph ducts in
the lymphatic system are the thoracic duct and the right lymphatic duct (mesenteric lymph

duct) [74].
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Figure 1- 4 . Schematic description of the lymphatic system. Adapted from [74].

The lymphatic system is composed of lymphatic veins, lymph fluids, immune cells and
organs, all of which play a critical role in the immune response. Immune cells including T
and B cells, as well as antibodies, are regulated and proliferating in the lymph nodes before
being disseminated into systemic circulation [74]. Lymphatic capillaries in the intestinal
lymphatic system, also known as lacteals, are found only in intestinal villi and congregate
in the mesentery, which is located near the small intestine [75]. Lacteals are located

underneath enterocytes and surrounded by blood capillaries of artery and vein, and their
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length can achieve up to 70 % of villus (Figure 1-5) [72,76]. Furthermore, the apical
membrane of mucosal enterocytes and the intestinal lymphatic system are important organs

for the absorption of dietary fats, such as LCT and fat-soluble vitamins [72].

Intestinal
villus

Submucosa

Mesenteric lymph node

|

Thoracic duct

}

Blood circulation

Figure 1- 5 . Schematic description of a single lacteal under enterocytes in the

intestinal villus. Adapted from [72].

1.3.2. Chylomicrons formation

It has been well demonstrated that dietary LCT can be digested and absorbed from the small
intestinal lumen and that they are the exogenous source of chylomicron formation [77,78].
As described in Section 1.2.2 above, free long-chain fatty acids (LCFA) and 2-

monoglycerides are hydrolysed from dietary LCT by lipases, and lipid digestion products
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are subsequently transported into enterocytes by the association with mixed micelles in the
GI tract. Even though passive diffusion is responsible for the transfer of LCFA and 2-
monoglycerides into enterocytes, numerous lipid-binding proteins (LBP) have been shown
to be involved in this process, and these LBP are found to be expressed in the small intestine
[79]. These LBP, such as fatty acid transport protein (FATP) and fatty acid binding-protein
plasma membrane (FABPpm), deliver LCFA to the endoplasmic reticulum (ER) within the

enterocyte for LCT synthesis and chylomicron formation [79-81].

In the enterocytes, the re-synthesis of triglycerides takes places in the ER membrane
[82,83]. Enzymes involved in the triglyceride re-synthesis are acyl-CoA synthetase (ACS),
monoacylglycerol acyltransferases (MGAT) and diacylglycerol acyltransferases (DGAT),
and their activities can be found on cytoplasmic surface of the ER [84,85]. ACS are
produced endogenously and function to LCF, that transform LFA to fatty acyl-CoA to
mediate the fatty acid influx [86]. The primary function of MGAT is to convert
monoacylglycerol (MG) with fatty acyl-CoA into diacylglycerol (DG), and DG with fatty

acyl-CoA are subsequently catalysed by DGAT to form triglycerides [87].
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Figure 1- 6 . Schematic description of chylomicrons formation. LCFA: long-chain
fatty acid; MGAT: monoacylglycerol acyltransferases; DGAT: diacylglycerol
acyltransferases; I-FABP: intestinal fatty acid binding protein; L-FABP: liver fatty
acid binding protein; MTP: microsomal triglyceride transfer protein; Apo B48:

apolipoprotein B48; PCTV: pre-chylomicron transport vesicle; TG: triacylglycerol.
Adapted from [79].

These re-synthesised triglycerides subsequently reach the cisternae of the endoplasmic
reticulum, and it has been proposed that triglycerides can saturate the phospholipid
membrane because of their limited solubility in phospholipids (about 3 mol%) [88]. As a
result, when triglycerides surpass the solubility of phospholipid bilayers, the bilayer can
separate and form small lipid droplets [83]. Therefore, pre-chylomicrons are produced by
integrating apolipoprotein B48 (apo B48) onto the phospholipid membrane of these lipid

droplets in the cisternae of the endoplasmic reticulum, then diffusion to the Golgi apparatus
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[83,89]. Mature chylomicrons are formed in the Golgi and eventually secreted and

delivered to the lymphatic system (Figure 1-6) [89].

1.3.3. Gut-associated lymphoid tissues

Gut-associated lymphoid tissues (GALT) are composed of mesenteric lymph nodes (MLN),
intraepithelial lymphocytes, intestinal lamina propria and Peyer’s patches in the mucus
membrane of the small intestine [90]. GALT are also the biggest group of lymphoid tissues
that contribute to immune response modulation by the intestinal humoral immune system
in the GI tract. The major immune cells in GALT are B- and T-lymphocytes, which play a
significant role in regulating the balance of resistance and immunity to both endogenous
and exogenous antigens [91,92]. Therefore, in diseases related to immune response, such
as human immunodeficiency virus (HIV) infection and auto-immune diseases, targeting
drugs to the GALT may result in optimal therapeutic effects on these diseases. Furthermore,
as described in Sections 1.2.2 and 1.3.2, chylomicrons can be considered as possible lipid
carriers to deliver lipophilic drugs through the intestinal lymphatic system, and this process
is also known as intestinal lymphatic transport [93]. LCT, particularly when presented in
oral lipid-based formulations, can promote the formation of chylomicrons and therefore

enhance the intestinal lymphatic transport of co-administered lipophilic drugs.
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1.4. Cannabidiol

1.4.1. Natural cannabinoids

Phytocannabinoids are the natural compounds derived from cannabis that have been
investigated for centuries for their potential medicinal applications. The primary natural
cannabinoids are delta-9-tetrahydrocannabinol (A°-THC) and cannabidiol (CBD), which
were identified and isolated in the 1930s by Mechoulam and Gaoni [94,95]. Unlike A°-
THC, CBD has a non-psychoactive effect and lower affinity to the cannabinoid receptor
type 1 (CB1) and cannabinoid receptor type 2 (CB2) [96,97]. CB: and CB: receptors are
both G protein-coupled receptor (GPCR) members, with CB; receptors being located
primarily in the central nervous system (CNS) and certain peripheral tissues, whilst CB»
receptors are prominent in certain peripheral tissues [98]. These receptors regulate the
pharmacological actions of endocannabinoids (2-arachidonoylglycerol (2-AG) and
anandamide as well as exogenous cannabinoids (such as CBD and A°-THC) [98,99]. Even
though CBD has been reported to shown low affinity for CB; and CB: receptors, studies
have demonstrated that CBD has a negative allosteric modulation to CB; receptor by
inhibiting the 2-AG and A°-THC efficiency and potency to CB receptors [100]. In addition,
in vitro studies have shown that CBD has an inverse agonism impact on human CB>
receptors, which may alleviate inflammatory symptoms [101]. Furthermore, studies in rats
have shown that CBD can regulate transient receptor potential vanilloid type 1 (TRPV1) to

attenuate the hyperalgesia in a rat acute inflammation model [102,103].
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1.4.2. The application of cannabidiol (CBD)

In recent years, there has been a growing interest in the pharmacological effect of CBD,
due to the fact that CBD has a broad therapeutic dose window and less adverse effects than
THC. Many in vitro and in vivo studies have demonstrated that CBD has activity on tumour
necrosis factor-alpha (TNF-a) and depresses the proliferation of cytokines, therefore, CBD
has been found to have anti-inflammatory activity [104—106]. It has been reported that CBD
significantly reduces the inflammatory and hyperalgesic effects of an acute inflammation
rat model following oral administration of CBD in cremophor, ethanol, and saline (v/v/v,

1:1:18) emulsion at daily dose 5-40 mg/kg for three days [107].

Furthermore, CBD has been shown to alleviate the symptoms developed by auto-immune
diseases, such as multiple sclerosis (MS), inflammatory bowel disease (IBD) and
rheumatoid arthritis [108—111]. In the collagen-induced arthritis mice model, CBD was
reported to protect joints from severe damage by oral administration (25 mg/kg per day in
olive oil) and by intraperitoneal (i.p., 5 mg/kg per day) injection [112]. CBD was also found
to limit T cell infiltration into CNS and reduce cytokines release when used to imitate MS
symptoms in experimental auto-immune encephalomyelitis (EAE) mice, and the dose of
CBD was 20 mg/kg per day by i.p. injection [113]. In addition to auto-immune diseases,
CBD has been investigated to have anti-invasive and antiproliferative effects on a variety

of tumours, therefore it can be potentially used for anti-cancer treatment [114—116].
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1.4.3. Current formulations of CBD

Despite the fact that CBD has promising therapeutic effects on many diseases, the
administration route of CBD has been limited due to its physicochemical properties. CBD
is a highly lipophilic compound with low water solubility (12.6 mg/L) but can be well
solubilized in lipids, and CBD has also been proven to have high membrane permeability
[117-119]. The oral bioavailability of CBD in lipid-free formulation ranges between 6 and
8% for humans and rats [120,121]. Therefore, many studies are being conducted to
investigate different types of formulations to improve the oral bioavailability of CBD. One
of the current CBD-based medicines on the market is EPIDIOLEX®, which was approved
by the Food and Drug Administration (FDA) in 2018 for the treatment of epilepsy in
children [122]. EPIDIOLEX® is an oil solution that contains 100 mg/mL CBD in
dehydrated alcohol and sesame oil, with an oral daily recommended dose of 5 mg/kg [122—

124].

Lipid-based formulations have been shown to improve the oral bioavailability of CBD in
the preclinical laboratory stage. For example, compared to CBD oil, an oral nano-emulsion
of CBD composed of vitamin E acetate, Tween® 20, ethanol and water can increase the
total CBD absorption by 65% in rats [125]. In the pure sesame oil, CBD also found to
enhance the oral bioavailability compared to the lipid-free formulation [120,126].
Furthermore, oral SNEDDS formulation employing LCT, Tween® 20, Span® 80,

Cremophor® RH40, lecithin and ethanol as the vehicle, can produce comparable CBD

44



plasma concentrations with less variabilities in drug absorption than sesame oil vehicle in

both humans and rats [127,128].

1.5. Project hypothesis and aims

As explained in Section 1.4, the development of lipid-based formulations for CBD can
improve oral bioavailability. It has also been described in Sections 1.2.2 and 1.3.2 that
using LCT as the lipid vehicle can promote the intestinal lymphatic transport and
chylomicron productions. CBD has been shown to have a high affinity to chylomicrons,
with a chylomicron association of nearly 70% for humans and 73% for rats [ 120]. Therefore,
administering CBD in LCT-based lipid vehicle not only enhances the oral bioavailability
but also promotes the lymphatic transport. In addition, because of the immunomodulatory
properties of CBD at high concentrations, direct targeting of CBD into the lymphatic
system could potentially result in better treatment outcomes of conditions associated with
the immune system, such as autoimmune diseases. Even though previous studies have
already shown that CBD in sesame oil leads to high CBD concentrations in the intestinal
lymphatic system [120,129], sesame oil-based formulations are associated with
considerable variability in drug absorption when compared to other formulations.
Therefore, the focus of this thesis was on optimizing oral lipid-based vehicles for delivering
CBD through the intestinal lymphatic system and reducing the variability in drug

absorption associated with pure sesame oil vehicle.
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Chapter 3:

Using pre-digested lipid such as oleic acid and linoleic acid to avoid lipid digestion step,
with a hope to reduce the variability and increase the extent of CBD delivery to the
intestinal lymphatic system and systemic circulation as compared to sesame oil or purified

LCT.

Chapter 4:

Addition of MCT and surfactants to sesame oil as an attempt to improve the emulsification
and micellar solubilization of CBD in GI tract, therefore enhancing the intestinal lymphatic

transport and bioavailability of CBD with potentially reduced variability.

Chapter 5:

Natural vegetable oils have different fatty acids compositions and lipid contents, which
may result in different performance as a vehicle for delivering CBD to the lymphatic system
and systemic circulation when administered orally. Therefore, this chapter has compared
the lipid profiles of several vegetable oils, as well as the intestinal lymphatic transport and

bioavailability enhancement properties of CBD in co-administered vegetable oils.

Chapter 6:

46



Loading CBD into plant derived oil bodies to make oil bodies-based formulation,
containing natural oil bodies proteins. Oil bodies are extracted from the rapeseeds. The
intestinal lymphatic transport and systemic absorption of CBD following the administration

of CBD in rapeseed oil bodies and the corresponding rapeseed oil was compared.
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2. MATERIALS AND METHODS

2.1. Materials

Cannabidiol (CBD, > 98%) was obtained from THC Pharm (Frankfurt, Germany). Sesame
oil, sunflower oil, peanut oil, soybean oil, olive oil, coconut oil, rapeseed oil, methyl
pentadecanoate, glyceryl trioctanoate, polyoxyethylene sorbitan trioleate (Tween® 85),
polyethylene glycol sorbitan monooleate (Tween® 80), sorbitan monolaurate (Span® 20),
d-a-Tocopherol polyethylene glycol 1000 (TPGS), oleic acid (~ 97%), linoleic acid (>
99%), glycerol (> 98%), glycerol trioleate (> 97%), potassium bromide (KBr), sodium
hydroxide solution (NaOH, 1M), L-a-phosphatidylcholine (~ 60%, from egg yolk),
Trizma® maleate, sodium taurocholate hydrate, pancreatin from porcine pancreas (8 x USP
specifications), probucol, 4,4-dichlorodiphenyltrichloroethane (DDT) and serum
triglyceride determination kit were purchased from Sigma-Aldrich (Dorset, UK).
Trimethylsulfonium hydroxide (0.25 M solution in ethanol), sodium chloride (NaCl) and
calcium chloride (CaClz) anhydrous were purchased from Fisher Scientific (Leicester, UK).
The 2-oleoylglycerol (> 94%) was custom-synthesised by BiBerChem Research Limited
(Newcastle upon Tyne, UK). The rapeseed oil body was kindly provided by the division of
food science, University of Nottingham (Sutton Bonington Campus, Nottingham, UK). Rat
plasma was purchased from Sera Laboratories International (West Sussex, UK). All other
solvents and reagents were analytical or high-performance liquid chromatography (HPLC)

grade purchased from Fisher Scientific (Leicester, UK).
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2.2. Lipid-based formulations

2.2.1. Preparation of cannabidiol (CBD) in pre-digested and

digestible lipid vehicles

This methodology was used to generate experimental that results are

described in Chapter 3.

The five tested formulations can be classified into two groups: digestible or pre-digested
lipid-based vehicles. The digestible lipid-based vehicles included sesame oil and glycerol
trioleate (GT). The pre-digested lipid-based vehicles included oleic acid (C18:1, OA),
linoleic acid (C18:2, LA), oleic acid with 2-oleoylglycerol (2:1, molar ratio, 20A) and oleic
acid with glycerol (3:1, molar ratio, OG). All six lipid-based formulations contained fully

solubilised CBD at a concentration of 12 mg/mL.

2.2.2. Preparation of CBD in the medium-chain and long-chain

triglyceride-based vehicles

This methodology was used to generate experimental that results are

described in Chapter 4.
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All lipid vehicles were prepared in volumetric flasks. Sesame oil and triglyceride-C8 (Tri-
C8) mixture were firstly prepared, then surfactants were blended in lipid mixture using a
magnetic stirrer (1000 rpm) under 37 °C in water bath until TPGS was fully dissolved.
Lipid-based formulations were prepared by solubilizing CBD in the pre-mixed lipid vehicle
under the same conditions as described above, then transferred into glass scintillation vials.
Sesame oil was used as a vehicle for control group, and as the long-chain triglyceride (LCT)
component in other formulations. In addition to sesame oil control group, five lipid-based
formulations were prepared: Formulation 1 (F1, sesame o0il:Tri-C8:Tween® 80, 5:3:2,
v/v/v with 10 mg/mL TPGS), Formulation 2 (F2, sesame o0il: Tri-C8:Tween® 85, 5:3:2,
v/v/v with 10 mg/mL TPGS), Formulation 3 (F3, sesame 0il:Tri-C8, 1:1, v/v), Formulation
4 (F4, sesame oil: Tri-C8:Tween® 85, 2:2:1, v/v/v with 10 mg/mL TPGS) and Formulation
5 (F5, sesame 0il: Tri-C8:Tween® 85:Span® 20, 5:3:1:1, v/v/v/v with 10 mg/mL TPGS)
(Table 2-1). Concentration of CBD was 50 mg/mL in all formulations, which were freshly

prepared on the day of experiment for all in vitro and in vivo tests.
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Table 2-1. The composition of the developed lipid-based formulations.

Formulation No. Control F1 F2 F3 F4 F5 HLB
Sesame oil (v/v, %) 100 50 50 50 40 50 7
Lipid
Tri-C8 (v/v, %) - 30 30 50 40 30 7
Tween® 85 (v/v, %) - - 20 - 20 10 11
Tween® 80 (v/v, %) - 20 - - - - 15
Surfactant
Span® 20 (v/v, %) - - - - - 10 8.6
TPGS (mg/mL) - 10 10 - 10 10 13.2

Tri-C8, triglyceride-C8; TPGS, d-a-Tocopherol polyethylene glycol 1000; HLB, hydrophilic—lipophilic

balance.

2.2.3. Preparation CBD in the lipid-free vehicle

This methodology was used to generate experimental that results are

described in Chapter 5.

A mixture of 80:10:10 propylene glycol:ethanol:water containing 12 mg/mL of solubilised
CBD was used as the lipid-free formulation. CBD solution was firstly prepared by
dissolving CBD in ethanol, then glycol was added in CBD solution. The lipid-free
formulation was accomplished by adding water to the previously prepared CBD in solution
glycol and ethanol at a constant rate to avoid precipitation. The formulation was prepared

using a 1000 rpm magnetic stirrer at room temperature.
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2.2.4. Preparation CBD in natural vegetable oils

This methodology was used to generate experimental that results are

described in Chapter 5.

CBD (12 mg/mL) was solubilised in six different natural vegetable oil vehicles: sesame
sunflower, peanut, soybean, olive, coconut and rapeseed oils. All formulations were
prepared in the volumetric flask at room temperature and mixed with the magnetic stirrer

spinning at 1000 rpm.

2.2.5. Preparation of oil bodies-based formulation

2.2.5.1. Assessment of CBD association with oil bodies

This methodology was used to generate experimental that results are

described in Chapter 6.

The CBD stock solution was prepared by dissolving CBD 0.6 mg/mL in ethanol in the
volumetric flask at room temperature. The crude oil bodies cream was diluted in 0.9%

physiological saline (1 g/mL) to increase oil body mobility.
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The association of CBD with diluted oil bodies cream was determined based on a
previously reported assay with minor modification [130]. CBD in ethanol stock solutions
(20 pL) and 1 mL diluted oil bodies cream were prepared in the glass test tubes, and the

association was initiated by magnetic stirring at 400 rpm in a 37 °C water bath for one hour.

2.2.5.2. Purification of oil bodies-based formulation

This methodology was used to generate experimental that results are

described in Chapter 6.

Following the association experiment described in section 2.2.5.1, the CBD-loaded oil
bodies were separated from the reaction mixture by a density gradient ultracentrifugation
method to obtain the oil bodies-based formulation. This method has been modified based
on a previous report, 0.145 g KBr was mixed with association reaction mixture to yield
density of 1.1 g/mL, then transferred into the polyallomer ultracentrifuge tubes [120,130].
The density gradient solutions were prepared by adding KBr to sterile isotonic saline to
achieve final densities of 1.0046, 1.019 and 1.063 g/mL. These gradient solutions were
layered on top of the reaction mixture samples in polyallomer ultracentrifuge tubes,
following the order of 4 mL 1.063 g/mL, 3 mL 1.019 g/mL and 2 mL 1.0046 g/mL solution
from bottom to top to build density gradient layers. Then all samples were centrifuged at

268,350 g and 15 °C for 30 min by ultracentrifuge (SORVALL® TH-641 Rotor, Thermo
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Fisher Scientific, UK). Following ultracentrifugation, the CBD-loaded oil bodies pellet on
the top layer was collected using the spatula and transferred in Eppendorf tubes. A small
quantity of distilled water was added to dissolve the CBD-loaded oil bodies pellet until the
pellet became a fluid cream. Then the reconstitute CBD-loaded oil bodies cream was stored

at 4 °C for further analysis.

2.3. In vitro lipolysis assay

2.3.1. Simulated human small intestinal fluid buffer preparation

for in vitro lipolysis

This methodology was used to generate experimental that results are

described in Chapters 4-6.

The lipid digestion process in the GI tract was mimicked by the in vitro lipolysis system.
The composition of simulated human intestinal fluid digestion buffer at the fasted condition
has been reported before [2,120,131]. Briefly, the complete buffer consisted of 50 mM
Trizma® maleate, 150 mM NaCl, 5 mM CaCl,, 5 mM sodium taurocholate hydrate and
1.25 mM lecithin in water to mimic fasted state intestinal fluids. The pancreatic lipase
extract was prepared in the incomplete digestion buffer, composed of 50 mM Trizma®
maleate, 5 mL 150 mM NaCl and 5 mM CaCl,. One gram of pancreatin was blended into

the incomplete digestion buffer and vortexed for 15 min at room temperature. The
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supernatant of lipase extract was collected after centrifugation at 5 °C, 1160 g for 15 min,

and then stored on ice.

2.3.2. Assessing lipid-based formulations digestion in in vitro

lipolysis system

This methodology was used to generate experimental that results are

described in Chapters 4-6.

Per oral medicines are assumed to be taken together with approximately 250 mL of water.
Thus, the total volume used for in vitro lipolysis was scaled down 10 times compared with
human parameters. Briefly, 22.2 mL complete digestion buffer containing lipid
formulations was pre-mixed at 37 °C water bath for 15 min. To initiate the lipolysis reaction,
2.2 mL lipase extract was then added and a pH adjustment within a range of 6.8 + 0.05 was
obtained using 1 M NaOH solution by means of pH-stat titrator (LabX light v3.1, T50
Graphix, Mettler Toledo Inc., Leicester, UK). The reaction was assumed as complete when
the addition rate of 1 M NaOH was slower than 3 pL/min or terminated following 1 h

reaction.

The final lipolysis medium was collected and ultra-centrifuged at 268,350 g, 37 °C for 1.5
h. As a result, three distinct layers were obtained: the top layer (the undigested lipid phase),

the middle layer (aqueous micellar phase) and the bottom layer (sediment phase). The top
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layer was collected using glass Pipettes and stored in scintillation vials, while the aqueous
micelle phase was directly transferred into the Falcon tubes. The bottom precipitation was
reconstituted with 2 mL of water and transferred into new Falcon tubes. All three lipolysis

fractions have been stored at —80 °C for further analysis.

2.4. Animal experiments

2.4.1. Animals

This methodology was used to generate experimental that results are

described in Chapters 3-6.

Animal welfare and all experimental procedures were reviewed and authorised by the
United Kingdom Home Office and University of Nottingham Ethical Review Committee
in accordance with the Animals [Scientific Procedures] Act 1986. Male Sprague Dawley
rats (340 to 380 g, Charles River Laboratories, UK) were used for in vivo pharmacokinetic
and biodistribution studies. All animals were housed in the University of Nottingham Bio
Support Unit under regulated temperature and humidity, 12 h light-dark cycle, with

unrestricted access to water and food.
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2.4.2. Jugular vein cannulation for in vivo pharmacokinetics

study

This methodology was used to generate experimental that results are

described in Chapters 3-6.

Prior to the experiments, all rats were weighed and placed in an anaesthetised chamber.
When no righting reflex was observed, the rat was placed on a warm platform with the
continuously supplied isoflurane. Warmed saline (4 mL) and 1 kg/mL meloxicam were
then injected subcutaneously to replenish body fluids and reduce the pain and inflammation
post-surgery, and eye gel was applied to keep eyes moist. The upper body of rats was
shaved to expose the right ventral and dorsal necks, and the skin surface was cleaned using
70% isopropyl ethanol wipes. Rat was wrapped and ready for the surgery, isoflurane

anaesthesia was maintained throughout the operation.

A 1 to 1.5 cm incision was made with scissors in the ventral neck where the pulsation one
the right neck can be observed. Then the jugular vein was exposed by blunt dissection with
gentle tissue scissors, and the surrounding tissues were cleaned using forceps and cotton
tips. Two lengths of 4-0 silk surgical were thread placed under the jugular vein, the longer
one closer to the head and the shorter one further away. The wound was moistened with

warm saline before turning the rat to the opposite side. A 0.5 cm incision was made on the
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dorsal neck, and the cannula was pulled subcutaneously from the dorsal neck to the front

wound using a guide, before turning back the rat.

The longer thread closer to the head side was ligated and stabilised on the table, while the
shorter thread was tied in a semi-closed loop. A tiny incision was made on the surface of
the jugular vein with the spring scissors and forceps between two threads, and the cannula
flashed within heparinised saline was inserted into the jugular vein from the incision. The
prepared semi-closed loop was promptly ligated after ensuring that the cannula was
properly functioning by injecting and withdrawing heparinised saline. The longer thread
was then used to secure the cannula along the jugular vein, and the incisions were sewn up
on both sides of the vein using 4-0 silk suture. The section of the cannula exposed outside
the body from the dorsal neck wound allows blood collection, and then a metal pin was
plugged into the end of the cannula to prevent blood leakage. Rats for pharmacokinetic
studies underwent jugular vein cannulation surgery and were allowed to recuperate for two

nights before the in vivo pharmacokinetics experiment.

2.4.3. In vivo pharmacokinetics assay

This methodology was used to generate experimental that results are

described in Chapters 3-6.
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Table 2-2. Formulation summary for in vivo pharmacokinetics studies.

CBD concentration Dose PK time points
Chapter Vehicles n
(mg/mL) (mg/kg) (h)
Sesame oil, pre-digested 1,2,3,4,5,6,8,
3 12 12 6
lipids and purified lipids 10, 12
Sesame oil and F1 to F5 05,1,1.5,2,2.5,
4 50 25 6
(Table 2-1) 3,4,6,8,12
Lipid-free and natural 1,2,3,4,5,6,8,
5 12 12 6
vegetable oils 10, 12
Rapeseed oil 12 1,2,3,4,5,6,8,
6 12 6
Oil body 6 10, 12

CBD, cannabidiol; PK, pharmacokinetics

All formulations were prepared freshly on the day of the experiments and administered by
oral gavage. Post-surgery animals have fasted one night up to 16 hours before oral
administration of the tested formulations. Formulations were administered based on the
body weights. For pharmacokinetics study, 0.2 mL blood was withdrawn from cannula at
pre-selected time points following drug administration and collected into 20 mM K3EDTA-
containing Eppendorf tubes. CBD concentrations in different vehicles, administration
doses and time points for blood collection for individual chapters are summarised in Table
2-2. Plasma samples were obtained from the blood samples by centrifugation at 3000 g for
10 min and kept at —80 °C until analysis. Phoenix WinNonlin Version 6.3 software
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(Pharsight, Mountain View, USA) was used to calculate the pharmacokinetic parameters

by a non-compartmental approach.

2.4.4. Invivo biodistribution study

This methodology was used to generate experimental that results are

described in Chapters 3-6.

Biodistribution studies were carried out based on the plasma tmax determined in
pharmacokinetic studies. All rats were housed with free access to water and fasted
overnight up to 16 hours before the biodistribution experiment. All formulations were
prepared on the day of the experiment and administered the same manner as for the
pharmacokinetic studies. Animals were sacrificed humanely at 1.5 or 2.5 hours post-dosing
for the experiment in Chapter 4 and at plasma tmax or one hour prior to tmax (tmax - 1 h)
following formulations feeding for studies in Chapters 3, 5 and 6. Approximately 50 pL of
lymph fluid was withdrawn from the superior mesenteric lymph duct using a 1 mL syringe.
Mesenteric lymph nodes (MLN) were harvested and carefully isolated from the
surrounding tissue. Blood samples from the posterior vena cava were then collected, and
serum samples were isolated by centrifugation (3000 g, 10 min). All obtained samples were
stored at —80 °C until analysis. In addition, after the completion of pharmacokinetic study

at 12 hours, animals were sacrificed, and MLN were collected for further analysis.
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2.5. Bioanalytical procedures

2.5.1. Invitro lipolysis sample preparation for HPLC-UV

This methodology was used to generate experimental that results are

described in Chapters 4-6.

The sample preparation procedure was performed using a combination of protein
precipitation and liquid-liquid extraction before injection into HPLC system as previously
described [2,120]. Briefly, fifty microliter of lipid phase, 100 uL of micelle phase and 100
uL sediment phase were used for sample preparation in 16 x 100 mm glass test tube. Ten
microliters of 2 mg/mL probucol in acetonitrile stock solution as the internal standard (IS)
was spiked into lipid phase, and 1 mg/mL into micelle and sediment phases. Then 0.3 mL
tetrahydrofuran and 3 mL n-hexane were added into test tube to extract CBD. After 3 min
vortex, the test tubes were centrifuged at 1160 g for 10 min at room temperature. The upper
organic layer was transferred to a clean test tube and evaporated under a gentle stream of
nitrogen gas (Techne Dri-Block Sample Concentrator, Cambridge, UK) at 35 °C to dryness.
The dry residue was then reconstituted in 1 mL acetonitrile for all phases, and 20 uL sample

was injected into HPLC system.
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2.5.2. Determination CBD concentration in oil body-based

formulation by HPLC

This methodology was used to generate experimental that results are

described in Chapter 6.

Purified oil body-based formulation (described in section 2.2.5.2) was diluted 1000 times
in water, and 100 pL of diluted oil body formulation sample was used for the liquid-liquid
extraction method to measure CBD concentration. The preparation procedure for
determining CBD in oil body-based formulation using HPLC was the same as the method

described in section 2.5.1.

2.5.3. Animal tissue sample preparation

This methodology was used to generate experimental that results are

described in Chapters 3-6.

The sample preparation procedure for plasma (or serum) and tissue samples was performed
using a combination of protein precipitation and liquid-liquid extraction before injection
into HPLC system as previously described [1,2,129,132]. Briefly, for the determination of
CBD in serum or plasma, 10 pL of DDT stock solution (IS, 50 pg/mL) in acetonitrile was

spiked into 100 pL of the serum or plasma samples. Cold acetonitrile (450 puL) was added
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for protein precipitation and the sample was vortex-mixed, followed by addition of 450 pL
water. The drug and IS were extracted by vortex-mixing with 3 mL of n-hexane for 5 min.
Following the centrifugation at 1160 g for 10 min, the upper organic phase was transferred
to a clean test tube and evaporated to dryness under nitrogen at 37 °C. The residue was

reconstituted in 100 pL acetonitrile and 40 pL. sample was injected into the HPLC system.

Due to very high concentrations of CBD in lymph fluid, a 10 pL lymph fluid sample was
diluted into 90 pL of blank rat plasma. The isolated MLN were homogenized
(POLYTRON® PT 10-35 GT, Kinematica AG, Luzern, Switzerland) with HPLC-grade
water in the ratio of 1:2 (w/v). Then 100 pL of diluted lymph fluid or MLN homogenate
samples were used for HPLC sample preparation in the same manner as serum or plasma

samples above.

2.5.4. Sample preparation for fatty acid analysis

2.5.4.1. Separation of chylomicrons from lymph fluid sample

This methodology was used to generate experimental that results are

described in Chapter 5.

The chylomicrons were separated from lymph fluid samples by density gradient

ultracentrifugation, using a methodology modified from a previously published paper [130].
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The lymph fluid sample was obtained from the biodistribution study, as described in section
2.4.4. Due to a limited and variable volume of lymph fluid that can be collected from each
rat, the sample was firstly diluted using various volumes of phosphate-buffered saline (PBS)
up to 1 mL. Then 1 mL diluted lymph fluid samples were mixed with 0.1425 g KBr to
achieve 1.1 g/mL final density. A density gradient was then built by dissolving appropriate
amounts of KBr in PBS buffers with densities of 1.006, 1.019 and 1.063 g/mL. The
chylomicrons were separated by density gradient ultracentrifugation (SORVALL® TH-
641 Rotor, Thermo Fisher Scientific, 268,350 g, 35 minutes, 15°C), and the top layer of
approximately 1 mL was collected. The chylomicron samples were stored at 4 °C for

further analysis.

2.5.4.2. Triglyceride extraction from chylomicrons

This methodology was used to generate experimental that results are

described in Chapter 5.

The triglyceride was extracted from the separated chylomicrons samples (section 2.5.4.1)
using the lipid extraction method. In brief, separated chylomicron samples (1 mL) were
vortex-mixed for 1 min with 2.4 mL chloroform/methanol mixture (2:1, v/v) and 0.6 mL
0.9% (w/v) NaCl solution. Following centrifugation at 1160 g and 4 °C for 10 min, three
distinct layers were obtained: upper layer (clear liquid waste), solid debris (protein) and

lower layer (lipids in solvent). The lowest layer, which contained triglyceride, was
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transferred to a clean glass test tube. The remaining mixture was extracted again by adding
24 mL 2:1, v/v chloroform/methanol mixture (without any additional saline) and
transferring and combining lower phase from all extractions, followed by centrifugation.
Then the second remaining mixture was extracted a third time using the same procedure.
All lower phases were collected and then evaporated to dryness under nitrogen at 37 °C.

The dried residue was reconstituted in 500 puL chloroform for further analysis.

2.5.4.3. Sample preparation for the determination of fatty acids composition

This methodology was used to generate experimental that results are

described in Chapters 5-6.

Fatty acid compositions were determined for vegetable oils and chylomicrons samples.
Approximately 0.01 g vegetable oil was dissolved in 2 mL chloroform. Then 1 mL of the
vegetable oil and chloroform mixture or 500 pL chylomicrons extract in chloroform (as
described in Section 2.5.4.2) were added into 200 pL trimethylsulfonium hydroxide
solution (0.25 M in methanol) for the hydrolysis of triglyceride and subsequent methylation
of fatty acids. The reconstituted chylomicrons in chloroforms samples (300 pL), as
described in section 2.5.4.2, were also prepared with 200 pL trimethylsulfonium hydroxide
(TMSH) solution. After 10 min reaction, the lipid extracts were filtered through a 0.45 pm
filter and analysed using Gas Chromatography-Tandem Mass Spectrometry (GC-MS/MS)

[133].
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2.5.5. Triglyceride level determination

This methodology was used to generate experimental that results are

described in Chapters 3-6.

The triglyceride level in in vitro lipolysis fractions (section 2.3.2), serum and lymph fluid
samples (section 2.4.4) was measured, and performed using a commercially available kit
(TRO100, Sigma, Gillingham. UK) following the manufacturer’s instructions. The Free
Glycerol Reagent, Triglyceride Reagent and Glycerol Standard were provided in the
commercial kit. Water was used as the reference in this study. Free Glycerol Reagent (200
uL) was firstly added into the 96-well plate (flat well shape), and 2.5 pL of reference
(water), Glycerol Standard, and samples were pipetted in the plate, respectively. The plate
was incubated at 37 °C for 5 mins followed by a gentle mixture. The absorbance of
reference, standard and samples were measured at 540 nm wavelength by UV multilabel
reader (PerkinElmer® EnVision® 2104 Multilabel Reader) for the initial absorbance (IA),

and the glycerol concentration was calculated as:

(IAsample — [Ablank)

X trati f standard
(IAstandard — IAblank) concentration of standar

Then 50 pL of reconstituted Triglyceride Reagent was added to each reference, standard

and samples, and mixed properly to continue incubating at 37 °C for 5 mins. The UV for
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all samples were measured again at 540 nm for final absorbance (FA), and the total

triglyceride concentration was calculated as:

(FAsample — FAblank)

X trati f standard
(FAStandard _ FAblank) concentration or standar

The final true triglyceride concentration was based on glycerol concentration and total

triglyceride concentration, and calculated as (when F = 0.81/1.01 = 0.8):

(FAsample — (IAsample X F))

trati f standard
(FAstandard — (IAblank x F)) X concentration of standar

2.6. Analytical conditions

2.6.1. HPLC conditions for in vitro and formulation samples

This methodology was used to generate experimental that results are

described in Chapters 4-6.

The analysis of CBD in in vitro lipolysis fractions (section 2.5.1) and oil body formulation
samples (section 2.5.2) were performed by means of a validated HPLC method [2,120].
The system consisted of Waters 600 Pump, Waters 717 Autosampler and Waters 2996
Photodiode Array Detector. The CBD and IS (probucol) were detected at 220 nm

wavelength. For lipolysis fractions and oil body formulation samples, the separation was
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achieved using an ACE Excel Super C18 100 x 4.6 mm, 5 um particle size column,
protected by an ACE C18-PFP 3 um guard cartridge. The mobile phase was a mixture of
acetonitrile and water in a ratio of 92:8 (v/v) at isocratic conditions. The flow rate was set
at 0.6 mL/min and 43 °C for column temperature. The lower limit of quantification of CBD
was 20 ng/mL all samples. Retention times of CBD and IS (probucol) were 6.5 and 12.5

min, respectively.

2.6.2. HPLC conditions for animal samples

This methodology was used to generate experimental that results are

described in Chapters 3-6.

The analysis of CBD in rat plasma, serum, lymph fluid and lymph nodes were performed
by HPLC system (Waters Alliance 2695 separations module coupled with a Waters 996
photodiode array detector. For rat plasma, serum and tissue samples, separation was
achieved using ACE C18-PFP 150 x 4.6 mm, 3 pum column, protected by an ACE C18-
PFP 3 pum guard cartridge, as previously reported) [1,2,129,132]. The mobile phase
consisted of acetonitrile: water (62:38, v/v) at isocratic conditions. Flow rate was set at 1
mL/min, column temperature was maintained at 55 °C, and injection volume was 40 pL.
The CBD and IS (DDT) were detected at 220 nm wavelength. Retention times of CBD and
IS (DDT) were 8.7 and 22 min, respectively. The lower limit of quantification of CBD was

10 ng/mL for plasma, serum and lymph fluid samples, and 20 ng/mL for MLN.
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2.6.3. GC-MS/MS conditions for the determination of fatty acids

composition

This methodology was used to generate experimental that results are

described in Chapters 5-6.

The composition of the fatty acids was assessed by means of GC-MS/MS (Trace GC Ultra;
Thermo Scientific) equipped with an auto-injection system (AS3000) and coupled to a
quadrupole mass spectrometer (DSQ II Quadrupole GC-MS/MS; Thermo Scientific). Fatty
acid determination conditions in GC-MS/MS have been slightly modified from previously
published works [133,134]. The capillary column (Phenomenex Zebron ZB-FFAP, 30 m x
0.22 mm internal diameter, 0.25 um film thickness) was used, 10 pL of each sample was
injected. The oven temperature was initially held at 80 °C for 1 minute and then increased
to 250 °C at a rate of 5 °C/min for 2 minutes. The spit flow of the carrier gas (helium) was
25 mL /min. Identification was obtained by comparing the mass spectra with a standard
library through the Thermo Scientific Xcalibur software program (NIST/EPA/NIH Mass

Spectral Library, Version 2.3, NIST 17, Gaithersburg, MD, USA).
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2.7. Data analysis

This methodology was used to generate experimental that results are

described in Chapters 3-6.

All results (n > 3) were presented as mean + standard deviation (SD). All graphs and
statistical analysis were generated using GraphPad Prism v9.2d (GraphPad software, San
Diego, CA, USA). Phoenix WinNonlin 6.3 Professional was applied for non-
compartmental pharmacokinetic analysis of the obtained plasma concentrations. One-way
analysis of variance (ANOVA) was performed for three or more experimental groups,
followed by Dunnett’s post-hoc comparison or Tukey’s multiple comparisons tests to
evaluate the statistical significance of differences. In addition, the two-tailed unpaired
Student #-fest was applied for statistical analysis to determine differences between two
experimental groups. The results were considered to be statistically significant when the p-

values were less than 0.05.
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3. NATURAL SESAME OIL IS SUPERIOR TO
PRE-DIGESTED LIPID FORMULATIONS
AND PURIFIED TRIGLYCERIDES IN
PROMOTING THE INTESTINAL
LYMPHATIC TRANSPORT AND SYSTEMIC
BIOAVAILABILITY OF CANNABIDIOL [1]

The results described in this Chapter have been published by the European Journal of
Pharmaceutics and Biopharmaceutics:

W. Feng, C. Qin, Y.J. Chu, M. Berton, J.B. Lee, A. Zgair, S. Bettonte, M.J. Stocks, C.S.
Constantinescu, D.A. Barrett, P.M. Fischer, P. Gershkovich, Natural sesame oil is superior
to pre-digested lipid formulations and purified triglycerides in promoting the intestinal
lymphatic transport and systemic bioavailability of cannabidiol, Eur. J. Pharm. Biopharm.

162 (2021) 43-49.

3.1. Introduction

The oral route is the preferred method of administration of drugs due to convenience and
patient compliance. Many natural compounds and synthetic drugs or drug candidates can
possess high lipophilicity and poor water solubility. Despite pharmacological activity in

vitro, oral bioavailability of such lipophilic molecules is usually low, which limits further
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development of these compounds. Lipid-based formulations represent a common approach

to increase bioavailability of lipophilic drugs [135-140].

Due to the poor water-solubility of lipophilic compounds, bile surfactants can promote the
micellar solubilisation in the intestinal lumen and absorption of lipophilic drugs [38]. The
main organic solutes secreted in bile are bile acids, phospholipids, and cholesterol. These
molecules improve the solubility of lipophilic drugs by forming mixed micelles that diffuse
to the membrane of the enterocyte. However, the capacity of this mechanism is limited

without the presence of dietary lipids or pharmaceutical lipid excipients [141,142].

Most dietary lipids and pharmaceutical lipid excipients are not absorbed intact following
oral administration. Instead, they undergo a complicated digestion and intraluminal
processing in the upper gastrointestinal (GI) tract. The most common dietary lipids and
pharmaceutical lipid excipients are triglycerides of different chain lengths. Following oral
administration, triglycerides are partially digested in the stomach by gastric lipases, which
preferentially hydrolyse the ester bonds of triacylglycerol, producing free fatty acids and
diglycerides [38,39]. When remaining triglycerides and diglycerides are released into the
duodenum, pancreatic secretions in the small intestine continue the triglyceride digestion
process. The snl- and sn3- ester bonds of triglycerides are hydrolysed by pancreatic lipase

to yield fatty acids and 2-monoacylglycerol [42].
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The amphiphilic products of the lipid digestion process, together with bile salts and
phospholipids, form mixed micelles. Lipophilic drugs co-administered with dietary lipids
or with lipid excipients frequently associate with the lipophilic core of mixed micelles.
These micelles diffuse through the unstirred aqueous layer to the membrane of the
enterocytes. It is believed that due to the lower pH near the membrane the mixed micelles
disassemble and monomers cross the membrane of the cell [38,39,48,49]. The long-chain
fatty acids and monoglycerides are re-esterified to triglycerides that form a hydrophobic
core of large lipoproteins (chylomicrons), with which lipophilic drugs can associate and
therefore can be transported to the intestinal lymphatic system rather than the portal vein

[143,144].

Previous experiments have shown that oral administration of cannabidiol (CBD) together
with sesame oil improves the bioavailability and lymphatic transport of CBD [120,129].
CBD is one of the main components of cannabis and is metabolized extensively in animals
and humans, and has no psychiatric effects, as opposed to other phytocannabinoids [145].
CBD potentially has high medicinal value and has been reported to be of therapeutic benefit
in many types of disease, such as cancer, anxiety, schizophrenia, and immune system
disorders [106,146—149]. However, the oral bioavailability of CBD is limited by its poor
water solubility and substantial hepatic first pass metabolism, whereby it is metabolised by

oxidation predominantly by CYP3A4 and CYP2C19 [150,151].
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Lipid-based drug delivery is a promising approach to improve the oral bioavailability of
CBD. Zgair et al. have previously reported that when CBD is co-administered orally with
sesame oil, the bioavailability of the drug is around 3-fold higher compared to
administration without lipids [120]. A subsequent study demonstrated that the levels of
CBD in lymph fluid were 250-fold higher than in plasma and substantially above the
immunomodulation activity threshold [129]. Furthermore, both in vitro and in vivo studies
have shown that CBD can alleviate the symptoms of inflammation caused by auto-immune
diseases through its effects on T lymphocytes and its ability to decrease the release of
cytokines in the lymphatic system [129,152]. It has been shown that CBD can reduce the
levels of pro-inflammatory cytokines TNF-a and IL-1b of cells from immune cells at high
concentrations of 20 pg/mL and microglial cells at a concentration above 1 uM [106,129].
Thus, targeting CBD to the immune cells within the lymphatic system can have a great

significance for the treatment of autoimmune diseases.

Even though the co-administration of CBD with digestible vegetable (sesame) oil leads to
high concentrations within the intestinal lymphatic system and higher bioavailability
compared to lipid-free formulation, this is associated with substantial variability [120,129].
Due to the complexity of the lipid digestion process in the intestinal lumen, we have
hypothesized that the intraluminal digestion could be the rate-limiting step in the
processing of the formulation and the absorption of CBD through the lymphatic system,
and thus, a source of variability. Therefore, to reduce the variability and increase the
efficiency of the lymphatic transport of CBD we have designed a library of pre-digested
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formulations of CBD consisting of excipients which are a product of intestinal digestion of
triglyceride. These formulations do not have to go through digestion process in the intestine
to facilitate the absorption and lymphatic transport of CBD, and if hypothesis is correct,
should lead to lower variability and potentially to enhanced lymphatic transport and

bioavailability of CBD.

Sesame oil mostly contains linoleic and oleic acids, and these two fatty acids are the
primary fats obtained from the natural human diet [153,154]. Many studies have reported
that these long-chain fatty acids can facilitate the delivery of the lipophilic drug through
the intestinal lymphatic system [130,142,155-157]. However, there is a limited number of
reports that directly compare the natural vegetable oil and the corresponding free fatty acids
and monoglycerides, or purified triglyceride for the enhancement of the intestinal

lymphatic transport and oral bioavailability of lipophilic drugs [158].

Therefore, the aim of this study was to test the hypothesis that pre-digested lipid
formulations could reduce variability and increase the extent of the intestinal lymphatic
transport and oral bioavailability of CBD compared to digestible natural vegetable oil or

purified triglyceride (Figure 3-1).
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Figure 3- 1 . The schematic description of lymphatic transport of lipid-based

formulations. D: drug.

3.2. Experimental design

CBD was formulated in pre-digested and digestible lipid-based formulations and the
preparation of formulations is described in Section 2.2.1. All formulations were assessed
by in vivo pharmacokinetics and biodistribution studies in rats as described in Section 2.4.
Biological samples from in vivo experiments were prepared for HPLC analysis. The sample
prepare procedure is described in Section 2.5.2, and HPLC conditions in Section 2.6.2. The
triglyceride levels were determined in in vivo samples as described in Section 2.5.5. The
experimental design is summarised in the general scheme flowchart and presented in Figure

3-2.
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Figure 3- 2. Flowchart of experimental design of comparing the bioavailability and
lymphatic targeting of CBD in co-administered pre-digested and digestible lipid-

based formulations. CBD, cannabidiol.

3.3. Results

3.3.1. Invivo pharmacokinetics of CBD administered in different

lipid-based formulations

Plasma concentration-time profiles of CBD following oral administration of six tested
lipid-based formulations are shown in Figure 3-2. The pharmacokinetic parameters derived
from plasma concentration-time profiles are summarised in Table 3-1. There was no
statistically significant difference in the area under the plasma concentration-time curve
(AUC) for pre-digested lipid-based formulations or purified triglyceride in comparison to
the sesame oil group. However, the Cmax Was significantly lower for linoleic acid (LA) and
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2-oleoylglycerol with oleic acid (20A) vehicles, and tmax Was substantially prolonged and

variable in 20A group.

3.3.2. Bio-distribution of CBD into mesenteric lymph, MLNs
and serum following oral administration in different lipid-based

formulations

The bio-distribution of CBD into serum, mesenteric lymph and MLNs was assessed
following oral administration of sesame oil, oleic acid, linoleic acid, oleic acid with
glycerol and glycerol trioleate formulations. Oleic acid with 2-oleoylglycerol (20A)
vehicle did not proceed to the biodistribution assessment stage due to the extremely
unfavourable plasma pharmacokinetic profile of CBD administered in this formulation,
especially prolonged and variable tmax (Figure 3-3 and Table 3-1). The animals were
sacrificed, and all samples were collected at plasma tmnax and one hour prior to tmax (tmax —
1h) following oral administration. The triglyceride levels and CBD concentrations were
measured in the rat serum and lymph fluid and shown in Figure 3-4 and 3-5, respectively.
Administration of sesame oil formulation resulted in higher triglyceride serum
concentrations compared to the oleic acid group, the glycerol with oleic acid group and the
glycerol trioleate group at tmax — 1 hour (Figure 3-4(a)). The triglyceride concentrations in
lymph were also the highest following the administration of sesame oil compared to all

other groups at tmax (Figure 3-5(b)). There were no statistically significant differences in
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CBD concentrations in serum or lymph fluid samples at both time points for the sesame oil

group in comparison to the other formulation groups.

Table 3-1. Pharmacokinetic parameters of cannabidiol (CBD) calculated from plasma

concentrations-time profiles following oral administration.

ti2 ™ tmax ¢ Conax ™ AUCp, ™
Formulations n
(h) (h) (ng/mL) (h*ng/mL)
Sesame oil 1.9+0.4 4 225+112 8214296 6
Oleic acid (OA) 2.6+0.9 3 134+70 604+140 6
Linoleic acid (LA) 2.1£0.9 4 108+63" 6024248 6
i;gie:cyi{fl(‘%g")l with 3017 6 71418" 5124163 6
Oleic acid with glycerol (OG) 2.9+0.8 3 125+44 584+160 5
Glycerol trioleate (GT) 1.9+£0.6 3 154+74 560+229 7

a Mean + SD (n=5-7).

b Half life.

¢ Time to maximum concentration in plasma.
4 The maximum concentration in plasma.

¢ AUC from 0 to infinite time.

*, ™" are statistically significantly different from sesame oil (*, p <0.05, **, p <0.01).
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Figure 3- 3. Plasma concentration-time profile of CBD (mean + SD) following oral

gavage administration of 12 mg/mL CBD solution in sesame oil, glycerol trioleate

(GT), oleic acid (OA), linoleic acid (LA), oleic acid with 2-oleoylglycerol (2:1, molar

ratio, 20A), and oleic acid with glycerol (3:1, molar ratio, OG). The CBD dose was 12

mg/kg for all formulations.
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Figure 3- 4 . Triglyceride (TG) and CBD concentrations in serum. SO, sesame oil; OA,

oleic acid; GT, glycerol trioleate; LA, linoleic acid; OG, oleic acid with glycerol (3:1,

molar ratio). CBD was orally administered in lipid-based formulations at a dose of 12

mg/kg to rats. (a) The concentration of CBD and triglyceride level in rat serum at one-

hour prior to tmax (tmax— 1 h). (b) The concentration of triglyceride and CBD in rat

serum at tmax. All data are presented as mean + SD, n=4. Statistical analysis was
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performed using one-way ANOVA with Dunnett’s multiple comparisons test. All

experimental groups were compared to the sesame oil group. * p <0.05.
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Figure 3- 5. Triglyceride (TG) and CBD concentrations in lymph fluid. SO, sesame
oil; OA, oleic acid; GT, glycerol trioleate; LA, linoleic acid; OG, oleic acid with
glycerol (3:1, molar ratio). CBD was orally administered in lipid-based formulations
at a dose of 12 mg/kg to rats. (a) The concentration of triglyceride and CBD in lymph
fluid at one-hour prior to tmax (tmax— 1 h). (b) The concentration of triglyceride and
CBD in lymph fluid at tmax. All data are presented as mean = SD, n=4. Statistical
analysis was performed using one-way ANOVA with Dunnett’s multiple comparisons
test. All experimental groups were compared to the sesame oil group. * p <0.05, ** p

<0.01.

The levels of CBD in MLN are shown in Figure 3-6. There were no significant differences
in CBD concentrations in MLN following administration of all pre-digested lipid-based
formulations or purified lipid-based formulation compared to sesame oil vehicle at both

time points.
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Figure 3- 6 . Distribution of cannabidiol (CBD) into mesenteric lymph nodes (MLN).
SO, sesame oil; OA, oleic acid; GT, glycerol trioleate; LA, linoleic acid; OG, oleic acid
with glycerol (3:1, molar ratio). CBD was orally administered in lipid-based
formulations at a dose of 12 mg/kg to rats. (a) Concentrations of CBD in MLN at one-
hour prior to tmax (tmax— 1 h). (b) Concentrations of CBD in MLN at tmax. All data are
resented as mean + SD, n=4. Statistical analysis was performed using one-way
ANOVA with Dunnett’s multiple comparisons test. All experimental groups were

compared to the sesame oil group.

3.4. Discussion

It has been reported previously that lipid-based formulations can increase the intraluminal
solubility of lipophilic drugs and enhance the drug absorption. Moreover, oral
administration of highly lipophilic drugs in lipid-based formulations containing long-chain
triglycerides or long-chain fatty acids results in intestinal lymphatic transport and therefore
avoids hepatic first-pass metabolism [142,159]. CBD is a highly lipophilic drug which has
high affinity to both rat and human chylomicrons and extensive intestinal lymphatic
transport when administered orally with a long-chain triglyceride vehicle (sesame oil)

[120,129]. This leads to extremely high concentrations of the drug within the mesenteric
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lymph fluid and mesenteric lymph nodes and enhanced immunomodulation [129].
However, despite the efficiency of the sesame oil vehicle in promoting the intestinal
lymphatic transport of CBD, it is also associated with considerable variability in intestinal

lymphatic transport and bioavailability [129].

The digestion of triglycerides in the intestinal lumen is a complicated multi-step process.
Therefore, we have hypothesized that the digestion of lipids in the intestinal lumen is a
primary source of variability observed in the oral bioavailability and intestinal lymphatic
transport of the highly lipophilic drug CBD [120,129]. Therefore, in this work, pre-digested
lipid-based formulations were investigated and compared to the natural sesame oil-based

formulation, as well as purified triglyceride vehicle.

It was found that the Cimax of CBD following the administration of the digestible sesame
oil-based formulation was higher than for pre-digested lipid-based formulations (Table 3-
1). However, there is no statistically significant difference in AUC between pre-digested
lipid-based formulations or purified triglyceride versus sesame oil-based formulation
(Table 3-1). Moreover, variability similar to that of the sesame oil vehicle has been found
in the linoleic acid and glycerol trioleate groups. Thus, pre-digested lipids or purified
triglyceride have not reduced the variability and have not improved the oral bioavailability
of CBD compared to natural sesame oil. In fact, quite consistently, a tendency for higher
AUC (although not statistically significant) was observed in the natural sesame oil group
compared to all other pre-digested or purified vehicles. A lack of statistical significance in
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this observed tendency could be largely attributed to high variability, especially in the

sesame oil, linoleic acid and purified triglyceride groups.

Unlike other pre-digested lipid-based formulation groups, in case of 2-oleoylglycerol with
oleic acid-based formulation the CBD absorption has been substantially delayed. It is
unclear at this stage why the 2-oleoylglycerol excipient led to delayed and variable
absorption of CBD. However, due to the unfavourable effect of this specific vehicle on
plasma pharmacokinetics of CBD, this formulation did not proceed for further

biodistribution studies.

The biodistribution studies were carried out at plasma tmax and tmax -1 hour time points. It
has been previously reported that the maximum concentration in lymph for drugs with
substantial intestinal lymphatic transport appears at earlier time point compared to the peak
concentrations in plasma [129]. In addition to determination of CBD, triglyceride
concentration has been also measured in lymph fluid and serum samples to assess the

correlation between the absorption of CBD and the co-administered lipids.

In the current study, administration of natural sesame oil-based formulation resulted in the
highest CBD concentrations and highest levels of TG in serum at one hour prior to tmax
(Figure 3-4(a)) and lymph fluid at tmax (Figure 3-5(b)) compared to all other formulations.
There are no significant differences in the CBD levels in the mesenteric lymph node tissues
for purified triglyceride or pre-digested formulations compared to the sesame oil-based
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formulation (Figure 3-6). However, there is still a substantial variability that could be seen
for all lipid-based formulations, and neither pre-digested lipid-based formulations nor
trioleate vehicle improve the CBD levels in intestinal lymphatic system compared to

sesame oil-based formulation.

In theory, the pre-digested lipids do not have the need for hydrolysis by intestinal lipases
and instead can directly form mixed micelles together with endogenous bile salts and
phospholipids. This could lead to faster and more efficient absorption of co-administered
lipophilic drug with lower variability. However, the tmax for the linoleic acid group was the
same as the sesame oil group, and tmax for oleic acid group and glycerol with oleic acid
group was the same as for trioleate glycerol (Table 3-1). Therefore, the intraluminal
digestion step does not seem to affect substantially the rate of absorption of lipids and of

co-administered CBD.

In this study, pre-digested lipids or purified triglycerides have not improved the CBD
bioavailability and lymphatic transport compared to the natural vegetable (sesame) oil.
Moreover, taken together, the results suggest that both the absorption of lipids and the
absorption of co-administered CBD was more efficient following administration of natural

sesame oil vehicle than of pre-digested lipids or purified trioleate.

Although the exact reasons for better performance of natural sesame oil vehicle compared
to pre-digested lipids or purified trioleate are unclear, there could be several potential
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explanations. Sesame oil is a natural oil containing various lipids, mainly triglycerides and
phospholipids. Triglycerides present in sesame oil have different chain lengths and degrees
of saturation [154,160—-162]. It is possible that the various triglyceride composition in
sesame oil might provide a more favourable composition for mixed micelles in the
intestinal lumen compared to a single type of triglyceride. Even though the levels of
phospholipids in sesame oil are relatively low, they might facilitate emulsification of the

triglycerides in the intestinal lumen and formation of mixed micelles.

Moreover, there are several minor constituents in the natural plants and seed oils that may
have bioactive properties that can affect the absorption of lipids and co-administered drugs.
These minor, mostly small molecule constituents can have protective antioxidant effect on
the triglyceride, but also can potentially serve as co-factors in multiple key stages of
absorption of lipids, such as lipid digestion or chylomicron assembly. Among such well-
known minor components of natural lipids are tocopherols. Notably, a-tocopherol and y-
tocopherol are the most abundant tocopherols present in natural oil [163,164]. The levels
of tocopherols in sesame oil varies from 0.21 to 0.8 g/kg oil [165]. The absorption of a-
tocopherol and y-tocopherol is similar to that of lipids, in association with the mixed
micelles in the intestinal lumen [166]. The tocopherols are regarded as fat soluble

antioxidants preventing the unsaturated fatty acids oxidation [164].

Another potential minor constituent identified in the plant and vegetable oils are
phytoestrogens. The lignan family are the main phytoestrogens and can reach substantial
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amounts in natural vegetable oils [167]. The metabolism of lignans in the GI tract is
associated with gut bacteria leading to formation of enterolignans [168]. The content of
lignans in sesame oil varies from 6.5 to 17.3 g/kg oil [163]. The main lignans present in
sesame oil are sesamin, sesamolin and sesaminol. Sesamin is present in the sesame oil at
highest levels (0.07% to 0.61%) compared to other lignans [169,170]. It has been reported
that the plant lignans have antioxidant properties, which provide the thermal and storage
stability to the lipids [171,172]. Some lignans in sesame oil can prevent lipid peroxidation
in cells [173,174]. Therefore, it might be hypothesised that lignans in sesame oil prevent

the triglyceride oxidation or peroxidation before or after digestion in the GI tract.

3.5. Conclusion

In this study, we have compared pre-digested lipids and purified trioleate to the sesame oil
as the lipid vehicle for oral delivery of CBD via the intestinal lymphatic system. The in
vivo studies have shown that the pre-digested or purified lipids do not improve the extent
or decrease the variability of CBD bioavailability and lymphatic transport in comparison
to the natural sesame oil. Therefore, the intraluminal digestion step does not seem to affect
substantially the rate and extent of absorption of lipids and of co-administered CBD.
Moreover, taken together, the results suggest that both the absorption of lipids and the
absorption of co-administered CBD was more efficient following administration of natural

sesame oil vehicle than of pre-digested lipids or purified trioleate.
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The various small molecule constituents or the diverse forms of fatty acids in the natural
oil could contribute, in a synergistic effect, to the absorption of lipids and co-administered
lipophilic drugs. The mechanisms, and constituents responsible for more efficient
absorption of lipids and co-administered highly lipophilic drug (CBD) following
administration of natural sesame oil compared to pre-digested or purified lipids should be
further investigated. Moreover, future studies should assess if these beneficial effects on
absorption of lipids and co-administered lipophilic drug are limited to sesame oil or could

be also achieved using other natural vegetable oils.
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4. INCLUSION OF MEDIUM-CHAIN
TRIGLYCERIDE IN LIPID-BASED
FORMULATION OF CANNABIDIOL
FACILITATES MICELLAR
SOLUBILIZATION IN VITRO, BUT IN VIVO
PERFORMANCE REMAINS SUPERIOR
WITH PURE SESAME OIL VEHICLE [2]

The results described in this Chapter have been published by the Journal of Pharmaceutics:
W. Feng, C. Qin, E. Cipolla, J.B. Lee, A. Zgair, Y. Chu, C.A. Ortori, M.J. Stocks, C.S.
Constantinescu, D.A. Barrett, P.M. Fischer, P. Gershkovich, Inclusion of Medium-Chain
Triglyceride in Lipid-Based Formulation of Cannabidiol Facilitates Micellar Solubilization
In Vitro , but In Vivo Performance Remains Superior with Pure Sesame Oil Vehicle,

Pharmaceutics. 13 (2021) 1-15.

4.1. Introduction

Approximately 30 to 60 % of new active drugs have poor aqueous solubility issues, and
conventional formulations usually do not facilitate the absorption of these compounds from
the gastrointestinal (GI) tract [25]. Lipid-based formulations have been proposed to

facilitate the intraluminal solubility and systemic bioavailability of these poorly water-
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soluble compounds [25,34,175,176]. The most common lipidic core excipient used in

various lipid-based formulations is different vegetable fats, such as sesame oil [1,120,129].

The main component in most natural vegetable oils is long-chain triglycerides (LCTs),
which are digested in the intestinal lumen by lipases to generate free fatty acids and
monoglycerides. Since the lipases act at the surface of the oil droplets, the emulsification
step of the lipidic formulation in the intestinal tract is extremely important for the digestion
of lipids and the absorption of the co-administered lipophilic drug. The triglyceride
lipolysis products together with bile salts and phospholipids then form mixed micelles in
the intestinal lumen. Mixed micelles facilitate the transport of the lipophilic compounds
further across the unstirred aqueous layer and into the enterocytes. Triglycerides are then
re-synthesized intracellularly from long-chain fatty acids and monoglycerides, and large
lipoproteins (chylomicrons) are then assembled in the enterocytes. The chylomicrons are
taken up by lymph lacteals rather than blood capillaries due to their large size [177,178].
The association of lipophilic compounds with chylomicrons in the enterocytes facilitate the

intestinal lymphatic transport of drugs and avoids hepatic first pass metabolic loss.

Cannabidiol (CBD), a BCS class II drug, is a highly lipophilic (clogD74 6.53) non-
psychoactive phytocannabinoid, which has substantial first-pass metabolism contributing
to low oral bioavailability [149,179]. For highly lipophilic drugs with logD7.4 above 5, the

intestinal lymphatic transport is frequently a useful drug delivery route to avoid hepatic
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first-pass metabolic loss and increase bioavailability, for example halofantrine, Vitamin D3

and tetrahydrocannabinol (THC) [120,129,141,176,180,181].

CBD has therapeutic potential in the treatment of auto-immune and inflammatory diseases,
such as multiple sclerosis (MS), rheumatoid arthritis (RA) and allergic asthma [107,182—
184]. The immunosuppressive effects of CBD have been extensively studied, and it was
found that CBD could suppress the tumour necrosis factor (TNF) and interleukin (IL)
cytokines production from both rats and human mononuclear cells [129,185-187]. It has
been also shown that sesame oil vehicle facilitates the transport of CBD through the
intestinal lymphatic system. When CBD was administered orally in natural sesame oil
vehicle to rats, the systemic bioavailability of CBD has increased 2.8-fold compared to the
lipid-free vehicle, and the drug concentration in lymph fluid was 250-fold higher compared
to plasma [120,129]. The clinical study has also shown sesame oil has 8-fold increases in
CBD oral absorption than CBD powder in healthy male volunteers [126]. However, both
the intestinal lymphatic transport and systemic bioavailability of CBD administered in

sesame oil vehicle were associated with substantial variability [1,120,129].

In the present study we hypothesize that enhancement of the emulsification and micellar
solubilisation of CBD in GI tract could contribute to reduction in the variability of the
absorption of the drug. The rationale for this hypothesis comes from a previously conducted
in vitro lipolysis study suggesting that less than 15% of triglyceride-C18 (Tri-C18) was
digested in simulated human intestinal fluids [131]. On the other hand, the same lipolysis
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experiment showed that more than 90% of medium-chain triglyceride (MCT), such as
triglyceride-C8 (Tri-C8), was hydrolysed under the same condition [131,188]. Thus,
addition of MCT to the sesame oil could improve the CBD micellar solubilization
following lipid digestion in GI tract, and consequently enhance the drug absorption and the

intestinal lymphatic transport.

To enhance further the emulsification and micellar solubilisation, nonionic surfactants can
be used. In this study, selection of surfactants was based on their hydrophilic-lipophilic
balance (HLB) value. Surfactants with HLB value ranging from 8 to 18 are suitable for the
oil in water emulsification. Therefore, Tween 85, Tween 80 and Span 20 have been selected
for this study [189,190]. In addition, a derivative of Vitamin E, d-a-tocopherol
polyethylene glycol 1000 succinate (TPGS), which has been previously shown as a
powerful solubilizer for lipophilic compounds, has also been selected [191-193]. The free
a-tocopherol released from TPGS could also prevent fatty acid oxidation process [194—
196]. It has also been reported that TPGS can enhance lymphatic transport of lipophilic

compounds by stimulating the chylomicron secretion in Caco-2 cells [197].

Therefore, the aim of this study is to test the hypothesis that addition of MCT and
surfactants to long-chain triglyceride vehicle (sesame oil) improves the emulsification and
micellar solubilisation of CBD in vitro, and eventually leading to increased intestinal

lymphatic transport and drug bioavailability with reduced variability in vivo.
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4.2. Experimental design

CBD was formulated in 6 different lipid-based vehicles, sesame oil was used as a vehicle
for the control group, and preparation of lipid-based formulations is described in Section
2.2.2. Six lipid-based formulations were assessed by in vitro lipolysis and in vivo
pharmacokinetic and biodistribution studies as described in Sections 2.3 and 2.4,
respectively. Sample from in vitro lipolysis and in vivo experiments were prepared for
HPLC analysis as described in Sections 2.5.1 to 2.5.3. The HPLC conditions are described
in Sections 2.6.1. and 2.6.2. The triglyceride levels were determined in in vitro and in vivo
samples as described in Section 2.5.5. The experimental design is summarised in the

general scheme flowchart and presented in Figure 4-1.

K Lipid-based formulations \

50 mg/mLCBD in E In vitro lipolysis J

* Formulation 1 (F1: sesame 0il: Tri-C8:Tween® 80,

* Sesame oil

532, v/v/v with 10 mg/mL TPGS ) CBD concentrations
and triglyceride level
* Formulation2 (F2, sesame 0il: Tri-C8:Tween® 85, /—\
5:3:2, v/v/v with 10 mg/mL TPGS) In vivo experiments
» Formulation 3 (F3, sesame 0il: Tri-C8, 1:1, v/v) 25 mg/kg CBD
» Formulation4 (F4, sesame 0il: Tri-C8:Tween® 85, > Plasma
2:2:1, v/v/v with 10 mg/mL TPGS) pharmacokinetics
* Formulation 5 (F5, sesame 0il: Tri-C8:Tween® Biodist ; tiont
85:Span® 20, 5:3:1:1, v/v/v/v with 10 mg/mL TPGS) lodistribution to

Figure 4- 1 . Flowchart of experimental design of comparing the bioavailability and

lymphatic targeting of CBD in co-administered 6 lipid-based formulations. CBD,

cannabidiol; TPGS: d-a-tocopherol polyethylene glycol 1000 succinate.
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4.3. Results

4.3.1. Invitro lipolysis of lipid-based formulations

The processing of lipid-based formulations in the intestinal lumen has been assessed using
in vitro lipolysis system (Figure 4-2). The CBD distributed into micelle phase represents
the fraction readily available for absorption from the small intestine [50]. Figure 4-2 clearly
shows that addition of the MCT resulted in trend for higher CBD distribution into micellar
phase. Moreover, when the ratio of tri-C8 and sesame oil in Formulation 3 and Formulation
4 reached 1:1, the micellar phase had statistically significantly higher amount of CBD than

the sesame oil group.
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Figure 4- 2 . Distribution of CBD in sediment, micelle and lipid phases (n=3, mean +

SD) following the in vitro lipolysis of 6 lipid-based formulations of CBD. One-way
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ANOVA was used for statistical analysis, followed by Dunnett’s post-hoc test with
sesame oil serving as a control group. *, p <0.05, ****, p <0.0001. The experiment was

terminated when addition rate of NaOH was slower than 3uL/min.

The recovery of triglyceride, diglyceride and monoglyceride in lipolysis phases have been
calculated and shown in Figure 4-3. The lipid fractions in the micellar phase are mainly
diglycerides or monoglycerides, and a significantly higher levels of these lipids have been
found in the sesame oil group compared to other five formulations in this study. The lipid
phase represents the proportion of lipidic formulation that has not been hydrolysed
completely, and sesame oil group has significantly higher amount of triglycerides in lipid

phase compared to Formulation 3, Formulation 4 and Formulation 5.
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Figure 4- 3. The amount of triglyceride, diglyceride and monoglyceride in lipolysis

fractions following in vitro lipolysis of six lipid-based formulations (n = 3, mean *+
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SD). One-way ANOVA was used for statistical analysis, followed by Dunnett’s post-
hoc test with sesame oil serving as a control group. * p <0.05, **, p <0.01, ***, p <0.001,

*EkE p <0.0001.

4.3.2. In vivo pharmacokinetics

Formulations 3 and 4 were selected to proceed to in vivo pharmacokinetic and
biodistribution studies due to higher distribution of the drug to the micellar phase in in vitro
lipolysis experiments. Pure sesame oil vehicle was also selected for in vivo studies to serve
as a control group. The plasma concentration-time profiles of CBD following oral
administration of these formulations are presented in Figure 4-4. The pharmacokinetic
parameters including half-life, t,.., Cmax and the plasma concentration-time curve (AUC)
are outlined in Table 4-1. The AUC of CBD concentrations for sesame oil formulation is
significantly higher than the Formulation 3. However, there are no statistically significant
differences for other parameters when Formulations 3 and 4 are compared to the sesame

oil group.
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Figure 4- 4 . Plasma concentration-time profiles of CBD following oral administration

of sesame oil-based formulation, Formulation 3 (sesame oil:tri-C8, 5:5, v/v) and

Formulation 4 (sesame 0il:Tri-C8:Tween® 85, 2:2:1, v/v/v with 10 mg/mL TPGS)

(n=5-6, mean £ SD). The concentration of CBD in all formulations was 50 mg/mL, the

administered dose of CBD was 25 mg/kg in all treatment groups.
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Table 4-1. Pharmacokinetic parameters of cannabidiol (CBD) derived from plasma
concentration-time profiles following oral administration in different lipid-based

formulations (mean = SD (n=5-6)).

Administration/ t12? tmax” Chax AUC,..1
formulation (h) (h) (ng/mL) (h*ng/mL) "
Sesame oil 1.6+0.1 2.5-4 724 + 318 2702 =909 5
Formulation 3 23+0.3 2-2.5 371 85 1512 £224" 6
Formulation 4 25+0.5 2-3 562 + 390 2131 £ 373 6
a Half-life

b time to maximum concentration in plasma
¢ The maximum concentration in plasma
¢ AUC from O to infinity

™, statistically significantly different from sesame oil (", p <0.01)

4.3.3. Biodistribution

The blood, lymph fluid and MLNs were collected in the biodistribution experiments at pre-
determined time points. The time points chosen are based on the in vivo plasma
pharmacokinetics results and cover the early and late periods in the absorption phase of
CBD. The triglyceride levels have also been measured in serum and lymph fluid samples,
and are presented together with CBD concentrations in Figure 4-5 and Figure 4-6. There

are no statistically significant differences in triglyceride levels at both 1.5 and 2.5 hours
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time points, when Formulation 3 and Formulation 4 are compared to the sesame oil group
(for both serum (Figure 4-5) and lymph (Figure 4-6) samples). It has been found that CBD
concentration in serum at 2.5 hours following oral administration of pure sesame oil-based
formulation is significantly higher than after administration of Formulation 4 (Figure 4-5b).
For CBD concentrations in the lymph fluid, there are no significant differences between
Formulations 3 or 4 when they are compared to sesame oil at 1.5 and 2.5 hours (Figure 4-
6). The administration of CBD in sesame oil leads to a higher concentration of CBD in
MLNSs at 2.5 hours compared to Formulation 4 (Figure 4-7b), whereas no differences were
found at 1.5 hours (Figure 4-7a). The MLNs have been also collected at 12 hours time point
at the end of in vivo pharmacokinetic study, and the levels of CBD following administration
of sesame oil-based formulation were significantly higher than for Formulation 4 (Figure

4-7c¢).
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Figure 4- 5. Concentrations of CBD and triglyceride in rat serum. CBD was orally
administered in sesame oil, Formulation 3 (F3, sesame oil:tri-C8, 5:5, v/v) and
Formulation 4 (F4, sesame oil:tri-C8:Tween 85, 4:4:2, v/v/v with 10 mg/mL TPGS) at

a dose of 25 mg/kg in rats (50 mg/ml CBD content in each formulation). (a) The
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concentration of CBD and triglyceride level in rat serum at 1.5 hours post-

administration. (b) The concentration of CBD and triglyceride level in rat serum at

2.5 hours post-administration. All data are shown as mean * standard deviation (SD)

(n=4). Statistical analysis was performed using one-way ANOVA, followed by

Dunnett’s post-hoc test with sesame oil serving as a control group. ****, p <0.0001.
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Figure 4- 6 . Concentrations of CBD and triglyceride in lymph fluid. CBD was orally
administered in sesame oil, Formulation 3 (F3, sesame oil:tri-C8, 5:5, v/v) and
Formulation 4 (F4, sesame oil:tri-C8:Tween 85, 4:4:2, v/v/v with 10 mg/mL TPGS) at
a dose of 25 mg/kg in rats (50 mg/ml CBD content in each formulation). (a) The
concentration of CBD and triglyceride in lymph fluid at 1.5 hour post-administration.

(b) The concentration of CBD and triglyceride in lymph fluid at 2.5 hours post-
administration. All data are shown as mean + SD, n=4). Statistical analysis was

performed using one-way ANOVA followed by Dunnett’s post-hoc test with sesame

oil serving as a control group.
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Figure 4- 7. Concentrations of CBD in mesenteric lymph nodes (MLNs). CBD was
orally administered in sesame oil, Formulation 3 (F3, sesame oil:tri-C8, 5:5, v/v) and
Formulation 4 (F4, sesame oil:tri-C8:Tween 85, 4:4:2, v/v/v with 10 mg/mL TPGS) at
a dose of 25 mg/kg in rats (50 mg/ml CBD content in each formulation). (a) The
concentration of CBD in MLNs at 1.5 hours post-administration. (b) The
concentration of CBD level in MLNs at 2.5 hours post-administration. (¢) The

concentration of CBD in MLNs at 12 hours post-administration. All data are shown

as mean * SD, n=4). Statistical analysis was performed using one-way ANOVA

followed by Dunnett’s post-hoc test with sesame oil serving as a control group. *, p

<0.05, **, p <0.01.

4.4. Discussion

Even though sesame oil-based formulation facilitated the oral bioavailability and intestinal
lymphatic transport of CBD in previous studies, the substantial inter-subject variability is
a major issue which needs to be addressed [120,129]. The pre-digested lipid-based
formulations have been previously suggested to minimise such variability by completely
avoiding LCT digestion step in the intestinal lumen. However, it was shown in our previous

work that the pre-digested lipids did not reduce the variability or enhance the intestinal
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lymphatic transport or systemic bioavailability of CBD in comparison to sesame oil vehicle

[1].

Multiple previous works have suggested that addition of the MCTs into lipid-based
formulations can enhance the emulsification and micellar solubilisation, and eventually the
bioavailability of lipophilic drugs [176,198-202]. Previously reported in vitro lipolysis data
also suggest that the MCTs are digested more readily in the simulated human intestinal
fluids compared to the LCTs [131,188,203,204]. Moreover, addition of surfactants into
lipid-based formulation can enhance the micellar emulsification in the GI tract. Therefore,
addition of the MCT and surfactants to the natural sesame oil has been attempted in this
study for improvement of micellar solubilisation of CBD and reduction of the in vivo

variability in bioavailability and lymphatic transport observed with sesame oil vehicle.

4.4.1. The design of lipid-based formulations

When lipid-based formulations are designed for a highly lipophilic compound such as CBD,
with proven substantial intestinal lymphatic transport, a certain proportion of LCT must
remain in the formulation to maintain the intestinal lymphatic transport element of the
absorption [1,120,129]. Therefore, the proportion of sesame oil was maintained at 40 to
50 % of the total lipid volume in Formulations 1-5. The dose and concentration of CBD in

the formulations were dominated by two major factors: 1) the clinical oral therapeutic dose
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range of CBD in humans, 2) the size range of oral soft gelatine capsules suitable for oral

administration.

CBD and its therapeutic potential have been studied for decades. CBD has been suggested
as a potential therapeutic agent for diverse medical conditions, including autoimmune
disease, inflammations, cancer or schizophrenia. The reported dose range in humans for
different conditions is also very wide from 16 mg to 3000 mg per day [205-208]. CBD has
an inverted U-shaped dose-response curve in animal models and human volunteers, with

the most effective single oral dose in humans being around 300 mg [208-210].

The largest soft gelatine capsules that can be found on the market are 25 oblong capsules,
which contain approximately 1.5 mL (for example 1500 mg Evening primrose oil and
Starflower oil produced by Holland & Barrett (Hinckley, United Kingdom)). Therefore,
the concentration of CBD in formulations in this study (50 mg/mL) is based on mimicking
realistic human use condition of 300 mg CBD dose in 3 mL (two 25 oblong capsules) lipid

vehicle.

To note, the original concentration of CBD considered was 100 mg/mL (to mimic one 25
oblong capsule administration). However, our previous work showed that CBD
concentration above 80 mg/mL in lipid-based formulations could affect the digestion

process during in vitro lipolysis. [211].
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The rat model was utilized to assess the lipid-based formulations in this study. The dose of
CBD was calculated in rats using allometric scaling from the human dose. Assuming 300
mg CBD dose in 70 kg adult human, the allometrically scaled dose in rats is 26 mg/kg

[212]. Therefore, a dose of 25 mg/kg CBD was administered to rats in this study.

4.4.2. In vitro lipolysis

Based on the in vitro lipolysis results in this study, mixing MCT with sesame oil, as
predicted, indeed leads to a trend of higher CBD distribution into aqueous micellar phase
compared to sesame oil vehicle (Figure 4-2). The statistical significance has been found for
Formulation 3 and 4, when compared to the sesame oil-based formulation (control). Unlike
Formulations 1, 2 or sesame oil vehicle, the proportion of Tri-C8 is 50% of total lipids for
Formulation 3 and Formulation 4 (Table 2-1). Such high ratio of Tri-C8 in these

formulations results in overall more efficient digestion during the in vitro lipolysis process.

Lower levels of triglycerides remain in lipid phase for Formulation 3, Formulation 4 and
Formulation 5 compared to the sesame oil group following in vitro lipolysis (Figure 4-3).
This suggest that the higher proportion of Tri-C8 indeed leads to more efficient lipid
digestion and a higher CBD distribution into the micellar phase for Formulation 3 and
Formulation 4 compared to the sesame oil (Figures 4-2 and 4-3). In addition, the measured
“triglyceride” (free glycerol and glycerol released from triglyceride, diglyceride and

monoglyceride) levels in micellar phase also suggest that addition of Tric-C8 to the
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formulation enhances the lipid digestion and micellar solubilisation of CBD in comparison

to sesame oil vehicle.

The lipolysis results indicate that addition of surfactants (HLB value from 8.6 to 15) affects
lipid digestion in vitro. During the digestion of lipids, the surfactants in lipid-based
formulations are readily displaced from the lipid droplets surface by bile acids [213,214].
This allows lipase to approach the interface of the oil-in-water emulsion and initiate
lipolysis [215]. The hydrolysed fatty acids and 2-monoglycerides compete with the
surfactants at the lipid droplets surface. The excess of fatty acids and 2-monoglycerides,
subsequently form mixed micelles with bile salts and surfactants. However, there are in
vitro and in vivo studies indicating that highly hydrophilic surfactants (HLB 12-17) can
inhibit pancreatic lipase activity and therefore reduce the hydrolysis of triglycerides,
resulting in lower oral bioavailability of the poorly water-soluble drugs [216-218]. In
agreement between these studies and the current study, Formulation 3 contains no
surfactants but has shown the most effective lipid digestion compared to other formulations
based on the in vitro lipolysis results (Table 2-1, Figure 4-2 and Figure 4-3). Therefore, the
addition of surfactants into sesame oil did not improve triglycerides hydrolysis in in vitro

lipolysis system in this study.
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4.4.3. Invivo pharmacokinetics and biodistribution

Based on the in vitro lipolysis results, sesame oil, Formulation 3 and Formulation 4 were
selected to proceed further for in vivo pharmacokinetics study. However, unlike the in vitro
lipolysis, the in vivo pharmacokinetic results have shown that the systemic bioavailability
of CBD following oral administration of sesame oil formulation is higher than for

Formulation 3, and similar to the Formulation 4 (Table 4-1).

There is, therefore, a lack of correlation between in vitro and in vivo results in this study.
Potential explanation could be related to the fact that there are two steps that dominate the
bioavailability of CBD, the lipid digestion in the intestinal lumen leading to intraluminal
micellar solubilisation of CBD, and the intestinal lymphatic transport (which is related to
the association of CBD with chylomicrons in the enterocyte). The in vitro lipolysis model
simulates only one step out of these two - the lipid digestion in the intestinal lumen. Similar
lack of in vitro/in vivo correlation have been previously reported for other drugs with
substantial intestinal lymphatic transport component in the absorption process [67,188].
The lipid digestion and chylomicron formation in the enterocyte are both complex
processes, and there is currently no appropriate single in vitro model that can simulate the
entire process, including intraluminal and intracellular events. It has been suggested that a
better prediction of bioavailability of highly lipophilic drugs administered in lipid-based
formulations could be achieved by combining the in vitro lipolysis with microsome

metabolism assay [219,220]. It is possible that in the future affinity to chylomicrons should
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be added to in vitro lipolysis and microsomal stability assays for better prediction of

bioavailability of highly lipophilic drugs administered in lipidic formulations [130,141].

The area under the curve (AUC) values indicate that Formulations 3 and 4 lead to lower
variability in systemic exposure to CBD compared to the sesame oil vehicle (Table 4-1). A
high proportion of Tri-C8 facilitated the digestion of lipids and enhanced the micellar
solubilisation of CBD in the intestinal lumen. The Formulation 3 has a slightly faster t;.x
than the sesame oil formulation, which could be due to faster digestion of Tri-C8 compared
to sesame oil. However, chylomicrons mainly consist of LCTs, whereas MCTs are mostly
transported through the portal vein rather than packed into chylomicrons in the enterocytes
[176,188,203]. Therefore, a rapid digestion of Tris-C8 could deliver a part of CBD into
enterocyte at the earlier digestion stage, before long-chain lipids become available in the
enterocyte for formation of chylomicrons. Consequently, this quickly absorbed part of
CBD dose is likely to be delivered to the systemic circulation through portal vein with
substantial hepatic first-pass metabolism, therefore, resulting in reduced overall systemic

exposure.

Indeed, addition of Tris-C8 into sesame oil reduced the AUC variability compared to pure
sesame oil formulation. However, the extent of CBD absorption in vivo was not improved.
As stated above, the surfactants with HLB in a range of 12 to 17 may negatively affect the
lipolysis process, and therefore, decrease the drug distribution into the mixed micelles in
the intestinal lumen. The TPGS is a surfactant with antioxidant properties, which has been
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reported to enhance the chylomicrons formation, as well as potentially being delivered into
the intestinal lymphatic system by association with the chylomicrons [197]. However, it
has also been reported that TPGS and oleic acid-containing mixed micelles have negative
effect on the bioavailability and lymphatic transport of antiretroviral drug saquinavir in
comparison to oleic acid microemulsions [221]. Another work suggested that TPGS was
not hydrolysed by pancreatic lipase in GI tract and remains in the intact form until it
transports to enterocyte [217]. Therefore, it is possible that addition of the TPGS restricted

the drug association with chylomicrons in the current study.

There are no significant differences in the triglyceride levels in both serum and lymph fluid
samples, when Formulation 3 and Formulation 4 are compared to sesame oil formulation
(Figures 4-5 and 4-6). The triglyceride levels in serum and lymph fluid samples indicate
that there might be an overload of LCT in these formulations for lymphatic transport,
therefore resulting in the saturation in the process of triglyceride re-synthesis in the
enterocytes. Even though both Formulation 3 and Formulation 4 contain approximately 50%
of sesame oil compared to pure sesame oil vehicle formulation, the LCT uptake for these

two formulations is similar to the sesame oil.

The overall results of the biodistribution studies suggest that sesame oil has more efficient

performance in enhancing the intestinal lymphatic transport of CBD compared to both

Formulation 3 and Formulation 4.
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Taken together, the combined results of in vivo pharmacokinetics and biodistribution
studies suggest that addition of surfactants and MCT to natural sesame oil does not improve
CBD oral bioavailability and intestinal lymphatic transport compared to simple sesame oil-

based formulation.

4.5. Conclusion

Sesame oil-based formulation has been previously reported to lead to substantial increase
in bioavailability and intestinal lymphatic transport of CBD in rats, but with considerable
variability. The MCT incorporated into sesame oil enhanced the micellar solubility of CBD
in vitro, but surfactants used in this study may have reduced the lipolysis of triglycerides
in comparison to other MCT-containing formulations. Even though the addition of MCT
into lipid-based formulations reduce the viability, pure sesame oil vehicle was still superior
in the extent of CBD lymphatic transport and bioavailability in vivo. There are multiple
factors that dominate the lipid digestion, including the chain length of triglyceride, or lipid
interaction with surfactants. Furthermore, the lymphatic transport requires a combination
of a highly lipophilic compound (with affinity to chylomicrons) and the presence of lipids
that eventually lead to chylomicrons formation (LCT or long-chain fatty acids). Further
studies will be needed to assess alternative approaches to reduce inter-subject variability
associated with pure sesame oil formulation of CBD without negatively affecting the extent

of absorption of the drug.
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S. NATURAL VEGETABLE OILS
COMPOSITION AFFECTS THE
INTESTINAL LYMPHATIC TRANSPORT
AND SYSTEMIC BIOAVAILABILITY OF
CO-ADMINISTERED LIPOPHILIC DRUG
CANNABIDIOL

5.1. Introduction

Lipid-based formulations is an emerging oral drug delivery strategy to improve the
absorption and bioavailability of lipophilic compounds, most commonly following oral
administration [21,222,223]. The physicochemical properties of drugs, such as aqueous
solubility and biological membrane permeability, are main variables affecting their oral
bioavailability [224]. Lipid-based vehicles can lead to the increased solubility of lipophilic

drugs in the intestinal lumen and eventually enhance their oral bioavailability [37,136,225].

When long-chain triglycerides (LCT) or long-chain fatty acids are present in an oral lipid
vehicle, the co-administered highly lipophilic compounds have the potential for intestinal
lymphatic transport through the mechanism of incorporation into chylomicrons in the
enterocytes [136,138,222]. Chylomicrons are large lipoproteins that act as means of
transport of dietary lipids from enterocytes to lymph lacteals, and eventually to the systemic
circulation through intestinal lymphatic system [143,144,226]. Chylomicrons are mainly

composed of LCT, as well as phospholipids, cholesterol, cholesterol esters and apoproteins
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[77,79,227,228]. Diet is the primary source of these triglycerides (TG), and it has been
reported that LCT-rich meal or formulations facilitate the production of chylomicrons
[229-232]. Once consumed, dietary TG undergo series of transformations in the intestinal
lumen and enterocytes before they are incorporated into chylomicrons. The first step is a
hydrolysis of TG in the gastrointestinal (GI) tract on sn-1 and sn-3 positions to produce
fatty acids and 2-monoglyceride. The LCT are then re-synthesised from these lipid
digestion products in the enterocytes and packed into chylomicrons. Because of their large
particle size (75 to 1200 nm), chylomicrons cannot penetrate into blood capillaries, and
therefore are directly transported into the intestinal lymphatic system, bypassing the portal
vein and liver. Avoidance of liver at the first pass makes lymphatic transport of drugs a
promising route for drug delivery, especially for compounds with substantial hepatic first
pass metabolic loss [144,233,234]. It has been reported that drugs with lipophilicity of
logD7.4>5 and TG solubility of >50 mg/g are good candidates for high association with

chylomicrons and the intestinal lymphatic transport [141,235].

LCT are abundant in most natural vegetable oils [236,237]. The use of natural vegetable
oils as a main component of lipid-based formulations for highly lipophilic compounds has
been reported in several previous studies. Incomplete list of examples include soybean oil-
induced enhancement of the oral absorption of Leukotriene B4 (LTB4) inhibitor ontazolast
through lymphatic transport [238], peanut oil-induced improvement in the lymphatic

transport and oral bioavailability of some highly lipophilic synthetic cannabinoids [156],
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and olive oil-induced enhancement in absorption of two highly lipophilic

immunomodulators following oral administration, in comparison to lipid-free vehicle [239].

Previous studies in our laboratory have reported that sesame oil vehicle leads to efficient
transport of a highly lipophilic phytocannabinoid cannabidiol (CBD) through the intestinal
lymphatic system following oral administration in rats. CBD concentrations in the lymph
fluid were about 250-fold higher than in plasma and the overall systemic exposure was 2.8-
fold higher compared to a lipid-free formulation [120,129]. However, a considerable
variability in the concentrations of CBD in lymph fluid, lymph nodes and plasma has been
found following the oral administration of sesame oil-based formulation [1,2,120,129]. The
high lipophilicity of the drug [124], as well as incomplete digestion of sesame oil or
variable efficiency of emulsification in the GI tract could potentially contribute to the

variability in plasma and lymph concentrations of CBD [2,120].

Possible approaches to reduce the variability associated with lipid-based drug delivery of
CBD have been recently investigated, including the use of pre-digested lipids for the
formulation rather than undigested oil [1]. However, simple elimination of the lipid
hydrolysis step in the GI tract using purified digested excipients did not reduce the
variability and led to a reduction in the extent of the lymphatic transport and bioavailability
in comparison to a natural sesame oil vehicle. This suggests that the hydrolysis of TG in
the GI tract by lipases could be not a main factor associated with variability in CBD
concentrations in plasma and the lymphatic system. Therefore, more recently a different
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approach has been attempted utilising medium-chain triglyceride (MCT) and/or surfactants
combined with sesame oil lipid-based formulations to reduce variability [2]. This approach
enhanced the CBD solubility in the mixed micelles in vitro and reduced the systemic blood
concentrations variability in vivo. However, these mixed lipid-based formulations did not
reduce the inter-individual variability of CBD concentrations within the intestinal
lymphatic system, and overall led to lower extend of lymphatic transport and bioavailability

in comparison to a pure sesame oil vehicle [2].

Vegetable oils differ substantially in their composition and it is likely that these differences
could lead to variable performance as a vehicle for delivering lipophilic drugs to the
lymphatic system and systemic circulation following oral administration [240-244].
Evaluating these differences might offer an insight into the factors and ingredients in
vegetable oils that are crucial for the enhancement of the lymphatic transport and
bioavailability of lipophilic drugs. Therefore, the aim of this study was to compare the
composition and drug lymphatic transport and bioavailability enhancement properties of

various vegetable oils using CBD as a model compound.

5.2. Experimental design

CBD was formulated in natural vegetable oils as described in Section 2.2.4. Vegetable oil-
based formulations were assessed by in vitro lipolysis and in vivo pharmacokinetic and

biodistribution studies as described in Sections 2.3. and 2.4., respectively. The fatty acid
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compositions in vegetable oils and the chylomicrons after administration of corresponding
vegetable oil-based formulations were assessed as described in Sections 2.5.4. and 2.6.3.
Samples from in vitro lipolysis and in vivo experiments were prepared for HPLC analysis
as described in Sections 2.5.1. to 2.5.3. The HPLC conditions are described in Sections
2.6.1. and 2.6.2. The triglyceride levels were determined in in vivo samples as described in
Section 2.5.5. The experimental design is summarised in the general scheme flowchart and

presented in Figure 5-1.

Natural vegetable oils

Sesame, olive, peanut,
sunflower, soybean, coconut

|

Lipid-based formulation

v

12 mg/mL CBD

[ Fatty acids analysis }

2 ' ) 1
In vivo experiments

12mg/kg CBD

Plasma
pharmacokinetics
+

Biodistribution to .
\[ lymphatic tissues b > [ Chylomicrons ]

CBD concentrations CBD concentrations and triglyceride level

[ In vitro lipolysis ]

Figure 5- 1. Flowchart of experimental design of comparing the bioavailability and
lymphatic targeting of CBD in co-administered natural vegetable oils. CBD,

cannabidiol.
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5.3. Results

5.3.1. Distribution of CBD into lipolysis fractions following in

vitro digestion of vegetable oil formulations.

The distribution of CBD into the sediment, aqueous micellar and oil phases following in
vitro lipolysis of different vegetable oil formulations is presented in Figure 1. No
statistically significant differences were observed in CBD distribution into undigested oil
phases between different vegetable oil vehicles (Figure 5-2A). The distribution of CBD
into the micellar aqueous phase was higher for sesame and sunflower oil-based
formulations than for olive, peanut and coconut oil vehicles (Figure 5-2B). The distribution
of CBD into the sediment phase was higher for peanut and coconut oil vehicles compared

to the rest of the vegetable oil formulations (Figure 5-2C).
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Figure 5- 2 . The distribution of CBD into oil, aqueous micellar and sediment fractions
following in vitro lipolysis of 12 mg/mL CBD in sesame, soybean, sunflower, olive,
peanut and coconut oils. The volume of formulations was 0.1 mL in all cases, lipolysis
reaction was set up to run for one hour. (A) Distribution of CBD into oil phase. (B)

Distribution of CBD into aqueous micellar phase. (C) Distribution of CBD into
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sediment phase. All data are presented as mean = SD (n = 4-6). Statistical analysis was
performed using one-way ANOVA followed by Tukey’s multiple comparisons test. *,

p <0.05, **, p <0.01, ***, p <0.001, ****, p <0.0001.

53.2. In vivo pharmacokinetics of CBD following oral
administration in different vegetable oils and lipid-free

formulation

Pharmacokinetics of CBD was assessed following oral gavage administration of 6 natural
vegetable oil-based formulations and the lipid-free formulation in rats. The plasma
concentration-time profiles of CBD are presented in Figure 5-3, the pharmacokinetic
parameters are summarised in Table 5-1. The maximum concentrations (Cmax) of CBD in
rat plasma following oral administration of sesame oil and olive oil-based formulations are
2.6-fold (p <0.01) and 3.2-fold (p <0.001) higher than for lipid-free formulation,
respectively. The oral administration of sesame oil, soybean oil, peanut oil and olive oil-
based formulations resulted in statistically significantly higher (p <0.05) area under the

plasma concentration-time curve (AUCy..) compared to lipid-free formulation.
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Table 5-1. Plasma pharmacokinetic (PK) parameters of CBD following oral

administration in lipid-free and lipid-based formulations (mean £ SD).

Formulations tin? Crnax © AUC. ¢

(h) (ng) (hxng/mL)
Lipid-free 23+0.6 81 +30 356 + 83
Sesame 1.5+0.2 209 + 118%* 865 + 342%**
Soybean 22403 165 + 41 775 £ 164%*
Peanut 23+04 153 + 36 737 + 130%*
Olive 20+0.3 258 £ 66%** 835 £ 130%**
Sunflower 23+04 112 +57 551 +136
Coconut 1.5+£04 96 +£36 413 + 164
2 half-life

b time to maximum concentration in plasma

¢ the maximum concentration in plasma

4 AUC from 0 to infinity

kk o skk

, ™ compared to lipid-free formulation (**, p <0.01, ™, p <0.001)
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Figure 5- 3 . Plasma concentration-time semi-logarithmic plot of CBD (mean = SD, n
= 6) following oral administration at a dose of 12 mg/kg (12 mg/mL) CBD in lipid-free
(propylene glycol:ethanol:water, 80:10:10, v/v/v) formulation, sesame oil, soybean oil,

peanut oil, olive oil, sunflower oil and coconut oil.

5.3.3. Lymphatic targeting of CBD following oral administration

in natural vegetable oil-based vehicles.

Rat serum, mesenteric lymph and mesenteric lymph nodes (MLN) have been collected at
pre-selected time points (plasma tmax and 1 h prior to tmax), determined based on the
pharmacokinetic parameters (Table 5-1), and assessed for CBD (all samples) and TG levels
(Iymph fluid and serum). There were no statistical differences in CBD and TG levels in

serum among six vegetable oil formulations at both tmax and tmax — 1 h (Figure 5-4).
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Figure 5-4 . CBD and TG concentrations in serum. CBD was orally administered in
sesame, soybean, peanut, olive, sunflower and coconut oil vehicles at a dose of 12
mg/kg. The concentration of CBD was 12 mg/mL in all formulations. (A) The
concentrations of CBD and TG in rat serum at tmax — 1 h (one hour prior to plasma
tmax). (B) The concentration of CBD and TG in rat serum at tmax. All data are
presented as mean + SD, n = 4-6. Statistical analysis was performed using one-way

ANOVA followed by Tukey’s multiple comparisons test.

Figures 5-5 and 5-6 show the concentration of CBD in mesenteric lymph fluid and MLN.
Figure 5-5 also shows TG levels in lymph fluid samples. There were no statistically
significant differences in CBD concentrations in mesenteric lymph fluid at tmax — 1 h
between all lipid-based formulations. However, oral administration of coconut and soybean
oil formulations resulted in higher TG levels in lymph fluid at one hour before plasma tmax
(tmax — 1 h) (Figure 5-5A). Olive oil formulation led to 3.7-fold, 2.2-fold, 3.1-fold and 5-
fold higher levels of CBD in mesenteric lymph fluid at plasma tmax compared to soybean,
sesame, sunflower and coconut oil-based formulations, respectively (Figure 5-5B). The TG

levels in lymph fluid were highest in the olive group compared to other lipid-based
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formulation groups at plasma tmax (Figure 5-5B). No differences in CBD distribution into
MLN were observed between various vegetable oils formulations at plasma tmax — 1 h and

tmax (Flgure 5‘6).
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Figure 5-5. CBD and TG concentrations in the mesenteric lymph fluid. CBD was
orally administered in sesame, soybean, peanut, olive, sunflower and coconut oil-
based formulations at a dose of 12 mg/kg. The concentration of CBD was 12 mg/mL
in all formulations. (A) The concentrations of CBD and TG in lymph fluid at one hour
prior to plasma tmax (tmax — 1 h). Differences in TG levels: a, p <0.05, vs. coconut oil; b,
p <0.01, vs. sesame and olive oils. (B) The concentrations of CBD and TG in lymph
fluid at plasma tyax. Differences in TG levels: ¢, p <0.001, vs. olive oil; e, p <0.01, vs.
olive oil; g, p <0.01, vs. soybean and coconut oils. Differences in CBD concentrations:
d, p <0.05, vs. olive oil; f, p <0.01, vs. sesame oil. All data are presented as mean + SD,
n = 4-6. Statistical analysis was performed using one-way ANOVA with Tukey’s

multiple comparisons test.
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Figure 5- 6 . Distribution of CBD into mesenteric lymph nodes (MLN). CBD was
orally administered in sesame, soybean, peanut, olive, sunflower and coconut oil-
based formulations at a dose of 12 mg/kg. The concentration of CBD was 12 mg/mL
in all formulations. (A) The concentrations of CBD and TG in MLN at one hour prior
to plasma tmax (tmax — 1 h). (B) The concentrations of CBD and TG in MLN at plasma
tmax. All data are presented as mean + SD, n = 4-6. Statistical analysis was performed

using one-way ANOVA followed by Tukey’s multiple comparisons test.

5.3.4. Fatty acids composition of vegetable oils and the

corresponding rat chylomicrons

Fatty acid composition of vegetable oil vehicles has been assessed and compared to the
composition in the corresponding lymph chylomicrons following administration of these
vehicles to rats (Table 5-2). The composition of the fatty acids in the chylomicrons was
overall similar to the fatty acids in the administered vehicles in each case. Coconut oil

contains a higher proportion of saturated medium-chain fatty acids (C6-C12), as well as
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C14:0 (myristic acid) in comparison to other vegetable oils. The only medium-chain fatty
acid (capric acid, C10:0) found in rat chylomicrons was following oral administration of
coconut oil vehicle. In the case of coconut oil administration, no fatty acids longer than 22
carbons were identified in chylomicrons. Intriguingly, a considerable amount of
arachidonic acid (C20:4) was found in rat chylomicrons following administration of all

vegetable oil vehicles, while it is not present in vegetable oils themselves.
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Table 5-2. Fatty acid composition of natural vegetable oils and the corresponding rat
lymph chylomicron samples. Chylomicrons were isolated from lymph fluid samples

following oral administration of corresponding vegetable oil-based formulations.

Fatty acid (% total fatty acid)

Saturated fatty acid ®

C8:0 C10:0 C12:0 C14:0 C16:0 C17:0 C18:0 C20:0 C22:0 C24:0
Sesame
oil 12.9+0.3 0.2+0.02 8.1+0.6 1.2+0.01 1.0£t0.04  0.9+0.2
Ccm? 13.1+0.3 6.3+0.3"
Soybean
oil 15.9+0.2 0.3+0.1 7.910.4 0.9+0.02 1.4+0.1 0.740.1
Ccm? 0.3+0.01 10.9+0.4" 6.2+0.9"
Peanut
oil 11.9+0.02 0.2+0.02 5.1+0.1 2.7+0.02 7.310.3 4.240.1
Ccm? 0.6+0.2 13.7+2 0.7+0.2" 5.610.5 0.9+0.1"" 1.7+0.3*"*™
Olive
oil 12.3+0.2 0.2+0.02 7.811.2 1+0.1 0.5+0.1 0.01+0.01
cm? 0.310.1 12.2+0.6 0.5+0.1 5+0.3" 0.5+0.1" 0.5+0.2
Sunflower
oil 9.51+0.2 0.2+0.03 810.1 0.8+0.03 2.310.02 1.1+0.3
cm? 0.3+0.03 14.4+1.9" 6.8+0.5"
Coconut
oil 3.710.1 2.610.02 28.510.3 21.1+0.4 18.3+0.3 0.2+0.02 8.1+0.2 0.5+0.1 0.6+0.1
cm?a 0.6+0.2"" 26.5%7.3 14+4.4 18+1 7.7+1.7
Unsaturated fatty acid ©
Cl6:1 C17:1 C18:1 C18:2 C18:3 C20:1 C20:4 C22:1
Sesame
oil 0.2+0.01 0.1+0.01 44.3+0.1 30.410.6 0.3+0.1 0.4+0.02 0.2+0.02
CcM 2 39.5+2.1 38.3+2.3" 2.7+0.7
Soybean
oil 0.1+0.02 0.2+0.01 29.7+0.3 37.9+1 4.1+0.2 0.4+0.1 0.6+0.8
CcM 2 29.840.2 47.3+0.3" 0.4+0.1""" 2.6+0.3" 2.610.3
Peanut
oil 0.1+0.01 0.1+0.04 50.8+0.5 15.2+0.1 0.210 210.1 0.240.1
CcM 2 0.740.2" 47.614.2 23.5+1™" 0.5+0.1" 1.4+0.3 3.1+0.9
Olive
oil 0.7£0.04  0.210.02 71.6x1 4.8+0.2 0.5+0.01 0.4+0.02 0.1+0.03
CcM 2 1.2+0.1™ 0.1+0.01" 67.8+1.4" 8.6+0.6™ 0.6+0™*  0.4+0.03 2.310.4
Sunflower
oil 0.1+0.01 0.1+0.03 37.610.3 39.840.1 0.310.1 0.3+0.04
CcM 2 24.4+2.9" 454+2.3 3.212.6 2.7+1.4 2.910.7
Coconut
oil 0.1:0.1  13.8:0.3 2.520.2
CcM 2 11+0.9" 9.4+1.6" 3.5£3.3 10.5+£10.5

a CM: chylomicrons

123



b C8:0 = caprylic acid; C10:0 = capric acid; C12:0 = lauric acid; C14:0 = myristic acid; C16:0 = palmitic acid; C17:0 = heptadecanoic acid;
C18:0 = steric aid; C20:0 = arachidic acid; C22:0 = behenic acid; C24:0 = lignoceric acid

¢ C16:1 = palmitoleic acid; C17:1 = cis-10-heptadecenoic acid; C18:1 = oleic acid; C18:2 = linoleic acid; C18:3 = linolenic acid; C20:1 =
eicosenoic acid; C20:4 = arachidonic acid; C22:1 = erucic acid

* k¥ kkx CkRckke are statistically significantly different from oil group (*, p <0.005; **, p <0.01; ***, p <0.001; ****, p <0.0001)

5.4. Discussion

Although natural vegetable oils have long been investigated as the formulation vehicles to
stimulate chylomicrons formation and enhance the intestinal lymphatic transport and oral
bioavailability of lipophilic drugs, little research has focused on whether various natural
vegetable oil vehicles have similar lymphatic transport and bioavailability enhancement
capabilities for lipophilic drugs [245]. Therefore, in this work we have compared different
natural vegetable oils for their ability to promote intestinal lymphatic transport and
systemic bioavailability of co-administered CBD. In addition to the list of vegetable oils
containing LCT known to facilitate intestinal lymphatic transport, an oil with shorter

triglyceride chains (coconut oil) has been also included for comparison.

The intraluminal digestion and processing of six vegetable oils has been assessed using the
in vitro lipolysis system. The extent of the distribution of CBD into the aqueous micellar
phase was higher for olive, peanut and coconut oil in comparison to other experimental
groups (Figure 5-2B). The lipolysis of vegetable oils and micellar solubilisation of CBD
following the completion of the lipolysis process could be affected by the nature of fatty

acids of these oils. It has been shown before that oral administration of another highly
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lipophilic drug halofantrine in trilinolein (tri C18:2) vehicle led to higher intestinal
lymphatic transport and bioavailability than administration in triolein (tri C18:1) vehicle
[246]. This suggests that degree of saturation of fatty acids may impact the lipids digestion
and micellar solubility of lipophilic drugs in the GI tract during and following lipid
digestion. Therefore, high oleic acid (C18:1) versus linoleic acid (C18:2) ratio in vegetable
oils, such as in olive and peanut oils, could be a reason for lower CBD distribution into the
aqueous micellar phase in in vitro lipolysis experiment compared to other formulations

(Figure 5-2B and Table 5-2).

It has been reported that triglycerides containing unsaturated fatty acids are hydrolysed
more rapidly than those containing saturated fatty acids [247,248]. Moreover, rate and
extent of lipid digestion are also affected by fatty acid chain length, with MCT being
hydrolysed more efficiently and rapidly in comparison to LCT [131,188,249,250].
However, despite the fact that coconut oil contains a higher proportion of medium-chain
and saturated fatty acids, such as myristic acid (C14:0) and palmitic acid (C16:0), it leads
to lower distribution of CBD into the aqueous micellar phase in in vitro lipolysis compared
to other vegetable oil vehicles (Figure 5-2B and Table 5-2). Furthermore, peanut oil
contains about 10% of very-long-chain fatty acids, such as arachidic (C20:0) and
eicosenoic acids (C20:1), which may delay the lipolysis process. As a result, CBD
distribution into the aqueous micellar phase following in vitro lipolysis of peanut oil-based
formulation was lower than for other formulations. Despite the fact that there were no
statistically significant differences in the distribution of the CBD into lipid phase, olive and
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peanut oils showed a trend of higher CBD distribution into the undigested lipid phase when

compared to other formulations in in vitro lipolysis (Figure 5-2A).

Six lipid-based formulations and lipid-free formulation were then assessed in vivo in rats.
With the exception of sunflower and coconut oil-based formulations, the rest of the
formulations significantly enhanced the plasma AUC of CBD in comparison to the lipid-
free formulation (Table 5-1). It is not surprising that the oral bioavailability of CBD
following oral administration of the coconut oil-based formulation was comparable to that
of the lipid-free formulation. According to the GC-MS/MS assessment, coconut oil
contains 30% MCT (Table 5-2), which have lower participation in chylomicrons assembly
process in comparison to LCT. A proportion of CBD dose associated with digested MCT
was most probably absorbed through the hepatic portal vein transport pathway with hepatic
first-pass metabolism, resulting in a lower overall bioavailability of CBD in co-
administered coconut vehicle in comparison to other oil vehicles. In addition, a prolonged
tmax (5 hours) was observed in the coconut oil group. Such prolonged drug absorption might
be related to the fact that coconut oil contains more than 80% saturated fatty acids, which

are hydrolysed slower than unsaturated fatty acids (Table 5-1) [248].

The in vivo PK results show that most lipid-based formulations significantly improved the
bioavailability of CBD in comparison to the lipid-free formulation, particularly sesame and
olive oil-based formulations outperforming other lipid-based vehicles. These in vivo
findings are not entirely consistent with the results of the in vitro lipolysis assay. As was
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previously reported, one of the limitations of in vitro lipolysis system is that it only
simulates the lipid digestion step in the GI tract rather than the entire absorption and

lymphatic transport process [67,188].

In biodistribution studies rat serum, lymph fluid and MLN samples were collected at
predetermined time points, and analysed for CBD (serum, lymph fluid and MLN) and TG
(serum and lymph fluid) levels. There were no statistically significant differences in the
levels of TG or CBD in serum and MLN samples between all lipid-based formulation
groups, which might be attributed to substantial variability (Figures 5-4 and 5-6).
Interestingly, lower TG levels in lymph at one hour before plasma tmax (tmax — 1 h) in olive
oil group indicated that the olive oil-based formulation did not produce as many
chylomicrons as other lipid-based formulations at that early time point (Figure 5-5A).
However, at tmax, olive oil efficiently promoted the chylomicrons production and showed
the highest CBD levels, which suggests that olive oil can deliver higher levels of co-
administered CBD through the lymphatic system in comparison to other natural lipids
(Figure 5-5B). The overall biodistribution results suggest that olive oil was superior in
promoting drug transport through the enterocytes and association with the chylomicrons in

comparison to other vegetable oils.

To understand better the effect of lipid profile of various natural vegetable oils on the
enhancement of chylomicron formation and drug association with chylomicrons, fatty acid
composition has been assessed for lipid vehicles and the corresponding lymph
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chylomicrons (Table 5-2). The data suggest that natural vegetable oils consisting of mainly
oleic acid (C18:1) and linoleic acid (C18:2) promote the intestinal lymphatic transport of
CBD by stimulating chylomicron formation (Figure 5-5 and Table 5-2). In agreement with
these data, it was previously shown in Caco-2 cells that increased oleic acids and linoleic
acids concentration in the medium stimulates the synthesis and secretion of chylomicrons
[251,252]. Both sesame and olive oils are rich in unsaturated C18 fatty acids, therefore they
promote the intestinal lymphatic transport and overall systemic exposure of CBD more

efficiently than other vegetable oils.

Interestingly, olive oil has shown lower variability in lymphatic transport and
bioavailability of CBD in comparison to sesame oil. The variability in absorption of
lipophilic drugs administered in vegetable oil vehicle could be associated with oxidation of
the oil. It has been found that photo-oxidation and auto-oxidation are major issues affecting
the stability of edible oils [253,254]. The formation of fatty acids hydroperoxides is the
sign of photooxidation, and the main peroxidation product is produced from linoleic acid
[255,256]. Recent oils stability study has shown a decline in linoleic acid levels in nut oils
following 14 days of continuous light exposure. However, fewer oxidative changes were
observed in the oleic acid composition [257]. According to the fatty acid profile of
vegetable oils described in Table 5-2, sesame oil contains higher proportion of C18:2 than
olive oil, whereas olive oil is rich in C18:1. Thus, sesame oil could more prone to oxidation,
which may explain higher variability in absorption of CBD observed with sesame oil
vehicle than with olive oil formulation.
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Moreover, the data of fatty acids composition in vegetable oils and in the corresponding
lymph chylomicrons (Table 5-2) suggest that chylomicrons composition is primarily
dictated by the composition of the administered oil. Similar conclusions were reached in
other studies where size, density and fatty acid profiles of human and animal chylomicrons
have changed in accordance to changes in lipid consumption [258-262]. Even though
dietary lipids affect the fatty acids composition in chylomicrons, it appears that in all cases
palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1) and linoleic acid (C18:2) are
major fatty acids that could be found in chylomicrons at different proportions [263,264].
These fatty acids in various proportions may lead to differences in drug loading into
chylomicrons. Previously published works reported that MCT appears in human
chylomicrons after oral administration of MCT [265]. Indeed, the current study has also
shown that MCT were detected in the chylomicron samples after administration of coconut

oil (Table 5-2).

A trace amount of odd chain fatty acids such as heptadecanoic acid (C17:0) and cis-10-
heptadecenoic (C17:1) has been found in both oil and chylomicron samples (Table 5-2).
According to previous research, a proportion of heptadecanoic acid is directly supplied
from diet, and the other part of C17:0 is synthesized from stearic acid (C18:0) through a -
oxidation [266,267]. It has been suggested that odd chain fatty acids are associated with
health benefits such as metabolic regulation. However, there is little research on the
lymphatic transport aspect of these fatty acids [268]. Rat lymph chylomicrons have been
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found to contain a certain amount of arachidonic acid (C20:4) following oral administration
of all vegetable oil-based formulations. It appears that this fatty acid was added from
nondietary source because it is absent in natural vegetable oils (Table 5-2). According to
previous reports, arachidonic acid is synthesized from linoleic acid (C18:2) during the
absorption/lymphatic transport process, and its metabolites are associated with the

regulation of lymphatic contractility [269-271].

Moreover, arachidonic acid is a major component of phospholipids, which are located on
the cell membranes [272,273]. A class of phospholipids, phosphatidylethanolamine, can be
converted to N-acylphosphatidylethanolamine (NAPE), a precursor of two major
endocannabinoids, anandamide and 2-arachidonoylglycerol (2-AG) [274,275]. These
endocannabinoids are neurotransmitters that regulate the immune system and other
pharmacological effects of cannabis by binding to cannabinoid receptors [276-279]. In
addition to their interaction with CB1 and CB2 receptors, anandamide and 2-AG also
interact with non-cannabinoid receptors, such as GPR55 and TRPV1 [280,281]. CBD is a
phytocannabinoid that also interacts with these receptors of endocannabinoid system
[281,282]. Furthermore, there are studies that demonstrated that intake of unsaturated
dietary fats could significantly enhance anandamide and 2-AG concentrations in the brain
and intestine [283,284]. Therefore, the endogenous addition of arachidonic acid to lymph
chylomicrons could suggest potential enhanced activation of the endocannabinoid system
following oral administration of CBD with lipids, beyond the interaction of CBD itself with
relevant receptors.
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It should be noted, that in addition to fatty acids composition investigated in this study, it
is also possible that other small molecule ingredients in vegetable oils, such as lignans,
vitamin E and phospholipids can contribute to their optimal performance as vehicles
facilitating the lymphatic transport of lipophilic drugs [164,166,167]. The involvement of
these substances in regulating chylomicron production or lipophilic drug lymphatic

transport needs to be further investigated in future studies.

5.5. Conclusion

In this study, six different natural vegetable oils were evaluated as lipid vehicles to facilitate
the intestinal lymphatic transport and oral bioavailability of a lipophilic model drug CBD.
The fatty acid composition in oils and corresponding lymph chylomicrons following oral
administration of lipids was assessed. According to fatty acid analysis and in vivo studies,
coconut oil-based formulation has higher MCT content than other oils, which leads to lower
lymphatic transport and systemic bioavailability of CBD in comparison to other lipid-based
formulations. In contrast, sesame and olive oil vehicles led to higher CBD concentrations
in lymphatic tissues and systemic circulation than other natural vegetable oils. This is most
likely due to the fact that sesame and olive oils contain higher proportion of oleic (C18:1)
and linoleic acids (C18:2), which are known to promote intestinal lymphatic transport.
However, sesame oil has higher variability of CBD absorption in comparison to olive oil,

most probably because it is more prone to oxidation due to higher linoleic acid content.
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6. PLANT DERIVED INTACT OIL BODIES
FACILITATE SYSTEMIC
BIOAVAILABILITY AND LYMPHATIC
TARGETING OF CANNABIDIOL

6.1. Introduction

Plant derived oils have been extensively investigated as a lipid excipient in formulations to
improve drug oral absorption for many years, primarily for poorly water soluble or low
permeability compounds [16,21,25,285]. It is due to the fact that the oral drug delivery
system is a safer and preferable drug administration route for patients, particularly those
with chronic diseases who have to take long-term medicines [286]. However, most
lipophilic compounds have limited oral bioavailability because of their low water solubility
and membrane permeability [224,287]. Therefore, lipid-based formulation attempts to

assist lipophilic drugs in overcoming these problems.

Lipophilic compounds are mainly absorbed in the small intestine due to their
physicochemical characteristics [288,289]. The mixed micelles are produced in the
gastrointestinal (GI) tract. These mixed micelles, which are composed of lipids, bile salts
and phospholipids, can deliver these lipophilic compounds through the unstirred water
layer (positioned in front of the brush border) and passively diffuse to the enterocyte

[290,291]. Therefore, the co-administered lipid vehicles, especially triglycerides, provides
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substantial lipids to enhance the solubility of these lipophilic compounds in the mixed

micelles.

Furthermore, a highly lipophilic compound, with logD7.4 more than 5, has the potential to
associate with chylomicrons in the enterocyte [141]. Chylomicrons are large lipoproteins
that can be uptaken directly to the lymph lacteals, thus drugs carried in chylomicrons can
bypass the portal vein to avoid first-pass hepatic metabolism [177,178]. Therefore, drug
association in chylomicrons can avoid first-pass effect loss and enhance overall systemic
exposure. Moreover, the primary component of chylomicrons are long-chain triglycerides,
which can be either obtained from the external diet or generated endogenously [292—294].
Because most vegetable oils are rich in long-chain triglycerides, they have been used as
lipid-based carriers to facilitate the lymphatic transport and oral bioavailability of co-

administered highly lipophilic drugs [242,295,296].

Previous studies have demonstrated that natural vegetable oil-based vehicle can
successfully deliver lipophilic compounds to the systemic circulation following oral
administration [1,23,120,156]. However, vegetable oil-containing lipid-based formulations
have stability issues and substantial variability in drug absorption [1,2,129,297,298].
Therefore, many researchers are keen on investigating more stable formulations such as
adding surfactants into oils to prevent oil oxidation, or developing commercial lipid
mixtures composed of various types of fatty acids and triglycerides [23,299,300]. The
primary objective of these works was to attempt to employ these pre-emulsified or self-
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emulsified drug delivery systems to achieve higher drug distribution into mixed micelles
in the GI tract. However, even though some of these experiments have effectively improved
the oral bioavailability of lipophilic drugs, the addition of surfactants or co-solvent to oils
did not outperform a single type of natural vegetable oil [2,301]. In particular, some
vegetable oils are rich in long-chain triglycerides to produce chylomicrons, facilitating the

lymphatic transport of these lipophilic compounds.

Moreover, it has been proposed that natural ingredients in vegetable oils might contribute
to the transport of fatty acids in enterocytes or the formation of chylomicrons therefore
improving lymphatic transport and the oral bioavailability of lipophilic drugs [302].
Interestingly, vegetable oils have been found to be stored in plant seeds or fruits in a form
similar to human or animal lipoproteins [303]. This biosynthesised structured intracellular
small spherical particle is identified as the oil body, also named as oleosome [304].
Intriguingly, oil bodies are found to have a similar size (0.2 to 2.5 um in diameter) and
structure to the human or animals chylomicrons [305,306]. Triglycerides are the primary
component of oil bodies, which is surrounded by unilaminar phospholipid and alkaline
hydrophobic proteins [307,308]. These proteins, known as oleosin, caleosin and steroleosin,
are embedded on the surface of oil bodies and play a crucial role in stabilising the oil body

structure to avoid flocculation and coalescence during plant growth [307,309].

Oil bodies have been suggested as a lipid carrier for formulation applications due to many
advantages: 1) All components in oil bodies are natural ingredients and safe to ingest; 2)
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The extraction technique of oil bodies is simple with high yield; structure of oil bodies are
similar to pre-emulsified o/w emulsion, therefore oil bodies can be used as excipients with
no further homogenization; 3) Proteins are found on the surface of oil bodies to maintain
the structure stable [308,310]. The current method has already been demonstrated to extract
intact oil rapeseed bodies by aqueous extraction using bicarbonate-based soaking [311]. In
addition, there are publications for oil bodies applied to transdermal drug delivery systems
such as gel and cream [312-314]. However, oil bodies have never been investigated as an

oral drug carrier since they were discovered.

Thus, plant derived intact oil bodies will be employed as a lipid vehicle for delivering
lipophilic drug cannabidiol (CBD) through the lymphatic system to the systemic circulation
and compared to the corresponding vegetable oil in this study. Cannabidiol is a non-
psychoactive phytocannabinoid extract that has been shown more than 60% association
with both human and rat chylomicrons and artificial emulsion, therefore it has been chosen
as a model drug [120]. The rapeseed has been selected for the oil body extractions.
Facilitation of systemic bioavailability and lymphatic targeting of CBD by oil bodies and

rapeseed oil will be investigated by means of in vitro lipolysis and in vivo rat model.

6.2. Experimental design

CBD was formulated in natural rapeseed oil as described in Section 2.2.4. The preparation
of oil bodies-based formulation is described in Section 2.2.5. Both rapeseed oil- and oil
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bodies-based formulations were assessed by in vitro lipolysis and in vivo pharmacokinetic
and biodistribution studies as described in Sections 2.3. and 2.4., respectively. The fatty
acid compositions in rapeseed oil and the oil bodies were assessed as described in Sections
2.5.4. and 2.6.3. Samples from in vitro lipolysis and in vivo experiments were prepared for
HPLC analysis as described in Sections 2.5.1. to 2.5.3. The HPLC conditions are described
in Sections 2.6.1. and 2.6.2. The triglyceride levels were determined in in vivo samples as
described in Section 2.5.5. The experimental design is summarised in the general scheme

flowchart and presented in Figure 6-1.

Rapeseed oil ] -I— [ Oil bodies ]

\ / !

Lipid-based formulation

/ In vivo experiments \

[ Fatty acids analysis ]

Plasma

[ In vitro lipolysis } pharmacokinetics
+

Biodistribution to

lymphatic tissues
N\ l /)

CBD concentrations CBD concentrations and triglyceride level

Figure 6- 1. Flowchart of experimental design of comparing the bioavailability and
lymphatic targeting of CBD in co-administered rapeseed oil and oil bodies. CBD,

cannabidiol.
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6.3. Results

6.3.1. Fatty acid composition of lipid vehicles

Because the batch plant sources of commercially obtained rapeseed oil and oil bodies are
different, the oil from the rapeseed oil bodies has been extracted and the fatty acid
composition has been subsequently measured for both oils (Table 6-1). The fatty acid
contents of rapeseed oil and oil bodies were comparable, with saturated, monounsaturated
and polyunsaturated fatty acids present. The differences between rapeseed oil and oil
bodies were found in the amount of behenic acid (C20:0), oleic acid (C18:1) and linolenic
acid (C18:3), and there was no erucic acid (C22:1) presented in the oil body samples, but

present in the commercial rapeseed oil.
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Table 6-1. Fatty acid composition in rapeseed oil and the oil extracted from oil bodies.

Fatty acid
(% of total fatty acids)

Rapeseed
(commercial)

Oil bodies
(oil extracted
from oil bodies)

Saturated? Ci14:0 0.09+0.01 0.10+£0.00
Cl6:0 5.10+£0.06 5.11+0.09
C17:0 0.06 £ 0.00 0.06 £ 0.01
C18:0 0.19+0.04 0.17 £0.07
C20:0 0.44 £ 0.02** 0.37+£0.01
C22:0 0.31+0.01 0.28 £ 0.02
C24:0 0.13+0.01 0.12 £ 0.02

Unsaturated®  C16:1 0.28 £0.00 0.25+0.02
Cl17:1 0.08 £ 0.01 0.12+0.04
C18:1 67.21 £ 0.21****  64.20+0.11
C18:2 18.2 £ 0.09 19.39+0.19
C18:3 6.65 + 0.2%*** 8.84 + 0.09
C20:1 1.14£0.04 1.11 £0.02
C22:1 0.19+0.00

2 C14:0 = myristic; C16:0 = palmitic; C17:0 = heptadecanoic; C18:0 = steric; C20:0 =
arachidic; C22:0 = behenic; C24:0 = lignoceric
b C16:1 = palmitoleic; C17:1 = cis-10-heptadecenoic; C18:1 = oleic; C18:2 = linoleic;
C18:3 = linolenic; C20:1 = eicosenoic; C22:1 = erucic

*k Kk are statistically significantly different from the oil body group (**, p <0.01;

**kx* p<0.0001)
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6.3.2. Distribution of CBD in lipolysis fractions following in vitro

lipolysis of rapeseed oil- and oil bodies-based formulations

The simulated intestinal fluid at the fasted stage was used to determine the digestion
efficacy of lipid-based formulations by in vitro lipolysis system (Figure 6-2). There were
no differences in the recovered dose of CBD in the aqueous phase between rapeseed oil
and oil body formulations. The proportion of the dose of the drug distribution into the
micellar phase following digestion represent the drug theoretically available for absorption
into enterocyte [50,315]. There was a higher (4.3-fold) undigested formulation remaining
in the oil phase for the rapeseed oil-based formulation than the oil bodies-based formulation.

CBD in the sediment phase was 1.6-fold less in the rapeseed oil group when compared to

the oil body group.
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Figure 6- 2 . Distribution of CBD in sediment, aqueous and lipid phases following in

vitro lipolysis of rapeseed oil- and oil bodies-based formulations. The concentration of
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CBD was 12 mg/mL in rapeseed oil and 6 mg/mL in oil bodies. The experiment was
terminated after one-hour reaction. The two-tailed unpaired student t-test was used

for statistical analysis (n=3, mean % standard deviation (SD)). *, p <0.05.

6.3.1. In vivo pharmacokinetics of CBD following oral
administration of rapeseed oil- and oil bodies-based

formulations

Rapeseed oil- and oil bodies-based formulations were administered orally to rats for the in
vivo pharmacokinetic studies and rat plasma concentration-time profiles of CBD are
presented in Figure 6-3. Table 6-2 is summarizing of the pharmacokinetic parameters,
which are half-life (ti2), time to maximum concentration in plasma (tmax), the maximum
concentration in plasma (Cmax) and plasma concentration-time curve (AUC). The oil body
group showed a more rapid digestion time and higher drug concentration (Cmax and AUC)

compared to the rapeseed oil group.
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Figure 6- 3 . Plasma concentration-time profiles of CBD following oral administration
of rapeseed oil- and oil bodies-based formulations. The concentration of CBD in
rapeseed oil was 12 mg/mL and in oil bodies-based formulations was 6 mg/mL, the
administered dose of CBD was 12 mg/kg in all treatment groups (n=6, mean +

standard deviation (SD)).

Table 6-2. Pharmacokinetic parameters of CBD derived from plasma concentration-
time profiles following oral administration of rapeseed oil- and oil bodies-based

formulations (mean =+ standard deviation (SD)).

t1/Za tmaxb Cimax® AUCO-ood
Formulation n

(h) (h) (ng/mL) (hxng/mL)
Rapeseed oil 1.6+0.4 5 124+ 47 521+ 140 6
Oil bodies 2.2+0.1 3 209 + 57* 882 + 137** 6

2 half-life;

b time to maximum concentration in plasma;
¢ the maximum concentration in plasma;

4 AUC from 0 to infinity;

*, ** are statistically significantly different from rapeseed oil (*, p <0.05; **, p <0.01).
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6.3.1. Lymphatic targeting of CBD following oral administration

of rapeseed oil- and oil bodies-based formulations

The serum and lymph samples were harvested in the biodistribution study following oral
administration of rapeseed oil- and oil bodies-based formulations. The CBD concentrations
and the triglyceride levels were analysed in the corresponding samples. The pre-determined
time including plasma tmax and one hour before tmax (tmax — 1 h) for tissue collection were
selected based on the pharmacokinetics results (Table 6-2). CBD concentration in serum at
tmax — 1 h following oral administration of oil bodies-based formulation was higher than the
rapeseed oil-based formulation (Figure 6-4A). The triglyceride concentration in lymph
fluid has been found to be 2.5-fold higher level for rapeseed oil than for oil bodies group
at plasma tmax (Figure 6-5B). There were no statistically significant differences in CBD
concentrations in both lymph fluid and mesenteric lymph node (MLN) samples between

rapeseed oil and oil bodies groups (Figures 6-5 and 6).
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Figure 6-4 . Concentration of CBD and triglyceride in rat serum. CBD was orally
administration in rapeseed oil (12 mg/mL) and oil bodies (6 mg/mL) at a dose of 12
mg/kg to rats. (A) The concentration of CBD and triglyceride level in rat serum at
one-hour prior to tmax (tmax — 1 h). (B) The concentration of triglyceride and CBD in
rat serum at tmax. All data are shown as mean =+ standard deviation (SD), n=4. The

two-tailed unpaired student t-test was used for statistical analysis. *, p <0.05.
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Figure 6- 5. Concentration of CBD and triglyceride in lymph fluid. CBD was orally
administration in rapeseed oil (12 mg/mL) and oil bodies (6 mg/mL) at a dose of 12
mg/kg to rats. (A) The concentration of CBD and triglyceride level in lymph fluid at

one-hour prior to tmax (tmax — 1 h). (B) The concentration of triglyceride and CBD in
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lymph fluid at tmax. All data are shown as mean * standard deviation (SD), n=4. The

two-tailed unpaired student t-test was used for statistical analysis. *, p <0.05.
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Figure 6- 6 . Concentration of CBD in mesenteric lymph nodes (MLNs). CBD was
orally administration in rapeseed oil (12 mg/mL) and oil bodies (6 mg/mL) at a dose
of 12 mg/kg to rats. (A) The concentration of CBD MLNs at one-hour prior to tmax
(tmax — 1 h). (B) The concentration of MLNs at tmax. (C) The concentration of CBD
MLNs at 12 h. All data are shown as mean + standard deviation (SD), n=4-6. Two-

tailed unpaired student t-test was used for statistical analysis.

6.4. Discussion

The lipid-based drug delivery is a promising technique to improve the oral absorption of
lipophilic compounds [16,21,25]. The primary lipids used in the lipid-based formulations
are fatty acids, natural oils and other triglycerides [21]. Such selection of lipids is inspired
by the digestion and absorption mechanisms of triglycerides in humans and animals
[77,292]. Vegetable oils primarily consist of triglycerides extracted from seeds [316]. The

oil bodies, also known as oleosomes, has been discovered in plant seeds and nuts to store
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these triglycerides [304]. The physical features of oil bodies are comparable to the
unilaminar spherical lipoproteins mentioned above, thus oil bodies can be thought of as a
natural drug carrier [308,310,317]. Rapeseed oil bodies were chosen in the current study as
a lipid vehicle for delivering CBD through the lymphatic system to the systemic circulation

and compared to the rapeseed oil.

Because of the drug loading capacity, the optimum concentration of CBD in oil bodies was
6 mg/mL, which was half the value of the CBD concentration in rapeseed oil. The dose of
CBD for in vitro and in vivo studies was same for both formulations, respectively. The
digestion of the lipid-based formulations in small intestine were assessed by means of in
vitro lipolysis model. Less CBD reminding in the undigested lipid phase following in vitro
lipolysis of oil bodies-based formulation compared to rapeseed oil-based formulation
(Figure 6-2). This may due to the surrounding phospholipids on the surface of oil bodies
aiding in formulation digestion, allowing more lipid to be hydrolysed to produce mixed

micelles in the aqueous phase when compared to rapeseed oil.

However, the oil bodies-based formulation had also more CBD recovered in the sediment
phase following in vitro lipolysis in comparison to rapeseed oil-based formulation. A
considerable quantity of proteins is embedded in the phospholipid layer on the surface of
oil bodies [305]. An in vitro gastric and intestinal digestion of walnut oil bodies has
previously been reported, with proteins in oil bodies first being hydrolysed by pepsin in the
gastric environments and then further digested by the gastrointestinal proteases [318].
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However, the current study did not include pepsin or intestinal proteases. As a result, a
portion of protein may be denatured and precipitate in the sediment phase during in vitro

lipolysis experiment.

In addition, a previously reported in vitro study has indicated that hydrolysed and non-
hydrolysed proteins could remain on the surface of oil bodies in the stomach until they
reach the small intestine [318,319]. Under the gastric conditions, the capacity of the protein
to stabilise the oil body structure diminishes following enzymatic digestion, and size of oil
bodies has increased [320]. However, the droplet size of oil body emulsion is smaller in the
GI tract before forming mixed micelles than in the gastric conditions [321]. Because oleosin
is still functional in stabilising the oil body structure, these oil bodies will not swell more
than in stomach environment [322]. Then fatty acids are released from hydrolysed
triglycerides in oil bodies to form the multiple-phase emulsion, with a water-protein-rich

phase situated in the core of this emulsion [318].

As a result, the structure of the oil body emulsion is more stable and could have reduced
variability in formulated drug absorption compared to simple oil emulsion during the
digestion process. Both in vitro and in vivo experiments also corroborate this viewpoint.
There were lower variations for the CBD distributed into three phases after in vitro lipolysis
(Figure 6-2) and higher CBD oral absorption in rat studies for the oil bodies-based

formulation than for rapeseed oil-based formulation (Figure 6-3 and Table 6-2).
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However, oil bodies and rapeseed oil supply sources were different, which might impact
lipid digestion in the GI tract and thus influence the CBD absorption. Even though fatty
acids analysis results (in rapeseed oil and oil bodies have shown statistically significant
differences in oleic acid (C18:1), linolenic acid (C18:3) and behenic acid (C20:0))
composition, the actual changes were less than one-fold (Table 6-1). Therefore, in the
current study, the fatty acid profile differences in the formulations may not be a substantial

factor in the differences in drug absorption.

Moreover, findings in Chapter 5 suggested that when oils consist of high proportion of
oleic acid, the chylomicron production and drug associates to chylomicrons might be
promoted. There was a higher level of triglyceride in lymph fluid at tmax following oral
administration of rapeseed-oil based formulation than the oil body group, which might be
attributed to the higher oleic acid content in rapeseed oil than oil bodies (Figure 6-5 and

Table 6-1).

Although the triglyceride levels in rat serum and lymph fluid have shown a higher trend in
the rapeseed oil group than the oil body group, the drug distribution into tissues was
opposite to the triglyceride concentration results (Figures 6-4 to 6-6, Appendices Figure 7-
1 and Table 7-1). Oil bodies can deliver more CBD into intestinal lymphatic tissues and
systemic circulation, which might be due to the unique structure of oil bodies, allowing oil
body emulsion to remain structurally stable during the digestion in the GI tract in
comparison to the oil. Furthermore, the additional phospholipids in oil bodies can aid in
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the formation of mixed micelles with bile salts and cholesterol in the intestinal lumen,
increasing the drug solubility in these mixed micelles and resulting in more CBD
absorption through the intestinal lymphatic transport compared to rapeseed oil-based

formulation.

However, different batches of oil bodies produced might have different impact on drug
absorption. The preliminary study for oral administration of oil bodies-based formulation
has shown that the overall CBD AUC were no less than 1200 hxng/mL, whereas the
average AUC from another batch of oil bodies-based formulation was 882 + 137 hxng/mL
(Appendix Table 7-1 and Table 6-2). Such differences might arise due to differences
introduced in the manufacturing and purifying steps, leading to different moisture content
of oil bodies [311]. Consequently, although the CBD concentrations in two batches of oil
bodies-based formulations were the same, the triglyceride levels were different and the
drug absorption through the intestinal lymphatic system was affected. It is worth noting
that the spray dried oil bodies-based formulation powder can be obtained to eliminate the
batch to batch variability in further investigations [323-325]. Overall, it seems that the oil
bodies-based vehicle enhances the CBD lymphatic transport and oral bioavailability in rats
in comparison to the rapeseed oil. However, future experiments will be needed to confirm

these preliminary data.
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6.1. Conclusion

In this study, the natural rapeseed oil bodies were used as lipid-based vehicles to facilitate
CBD oral bioavailability and lymphatic transport. Both in vitro and in vivo studies have
suggested that oil bodies can be digested more efficiently than their natural oil counterparts
(rapeseed oil in the current study). In rat pharmacokinetics experiments, oil bodies led to
1.7-fold higher total oral absorption of co-administered CBD when compared to rapeseed
oil. The oil bodies-based vehicles facilitate delivery of CBD to the lymphatic tissues,
including lymph fluids and mesenteric lymph nodes, at one hour prior to tmax When
compared to rapeseed oil. Despite the fact that oil bodies were produced from rapeseed
seeds, the sources of rapeseed oil and rapeseed were different. There were discrepancies in
fatty acid profiles of two lipid vehicles in arachidic (C20:0), oleic (C18:1), linolenic (C18:3)
and erucic (C22:0) acids, which might affect the drug absorption in this study. Oil bodies
have never been investigated as an oral drug carrier, and the current study shows that
employing this natural plant-based emulsion could have a great potential to improve
lipophilic drug systemic exposure and lymphatic targeting in comparison to simple oils.
Further research will be required to confirm these preliminary findings and to determine if
other plant seeds or fruit-derived oil bodies have a comparable impact compared to
rapeseed oil bodies. Moreover, the safety and long-term stability of oil bodies need to be

assessed in further investigations.
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7. GENERAL THESIS DISCUSSION,
IMPLICATIONS, LIMITATIONS AND
FUTURE WORK

7.1. General discussion

This PhD project has confirmed that oral lipid-based drug delivery approaches increase the
intestinal lymphatic transport and systemic bioavailability of a model highly lipophilic drug
cannabidiol (CBD). The primary aim of this project is to address the shortcomings of
sesame oil as a lipid vehicle, which is associated with considerable variability in intestinal

lymphatic transport and systemic bioavailability of co-administered CBD.

Sesame oil-based formulation has been shown in previous studies to lead to a high
concentration of CBD in the intestinal system and higher systemic bioavailability than
lipid-free formulation [120,129]. However, both lymphatic transport and bioavailability of
CBD were also associated with substantial variability following oral administration of
sesame oil-based formulation. Therefore, the first tested approach in this work was to try
to reduce the variability associated with the formulation by substituting sesame oil with
purified lipids or pre-digested lipids. The selection of such lipids was based on the
hypothesis that the intraluminal digestion is a possible rate-limiting step in the processing
of lipidic vehicles and the absorption of CBD through the lymphatic system, therefore the
digestion of lipids in the gastrointestinal (GI) tract could be a source of variability. Such

hypothesis is also supported by the fact that sesame oil contains a variety of saturated,
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monounsaturated and polyunsaturated triglycerides, which could influence the lipid

digestion rate and extent in the intestinal lumen [247,326].

However, as described in Chapter 3, CBD administered in pre-digested lipid vehicles
exhibited comparable variability of intestinal lymphatic transport and systemic
bioavailability to administration in sesame oil formulation. In addition, sesame oil-based
formulation led to around 3-fold higher area under the curve (AUC) of CBD compared to
pre-digested lipid formulations (Chapter 3, Table 3-1). Therefore, the intraluminal
digestion step does not appear to be a main cause of variability in intestinal lymphatic

transport and systemic bioavailability if CBD.

Sesame oil contains a variety of triglycerides and small bioactive molecules that may have
a synergistic effect on the absorption of lipids and co-administered highly lipophilic
compounds, resulting in higher CBD distribution into the intestinal lymphatic system and
systemic circulation compared to pre-digested and purified lipids. Therefore, investigating
additional ingredients or the diverse forms of fatty acids in sesame oil could aid in the
development and design of lipid excipients with more predictable performance for lipid-
based formulations. Commercial excipients such as glyceryl monolinoleate (Maisine® CC)
and glyceryl monooleate (Peceol™) have previously been shown to improve the in vitro
solubility and in vivo oral bioavailability of highly lipophilic compounds [327,328].
However, natural sesame oil appears to be superior in promoting the lymphatic targeting
of lipophilic drugs, particularly those with immunological properties against cancer,
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inflammation and human immunodeficiency virus (HIV) compared to other type of lipid-
based formulations [129,155,329,330]. This emphasises the importance of natural sesame
oil as a vehicle for facilitating the intestinal lymphatic transport of CBD. Moreover,
avoiding the hydrolysis of triglycerides in the intestinal lumen has little effect on the

absorption rate and extent of lipids and co-administered CBD.

Medium-chain triglyceride (MCT) and surfactants were then added into the sesame oil-
based formulation to facilitate the emulsification and aqueous micellar solubilization of
CBD in the GI tract (Chapter 4). The hypothesis was that increased emulsification and
micellar solubilisation efficiency would lead to lower variability and higher extent of
lymphatic transport and oral bioavailability of CBD. Surfactants, including Tween® 85,
Tween® 80, Span® 20 and d-a-tocopherol polyethylene glycol 1000 succinate (TPGS) as
a solubilizer, have previously been extensively employed in oral lipid-based drug delivery
to enhance the encapsulation of poorly water-soluble drugs in mixed micelles during
intraluminal digestion [217,331-336]. The MCT have been shown to be digested more
rapidly and thoroughly compared to long-chain triglycerides (LCT) in in vitro lipolysis
model [131]. Indeed, the inclusion of Tween®85, TPGS and MCT in the lipid-based
formulation has increased the aqueous micellar solubility of CBD in the simulated
intestinal digestion phase following in vitro lipolysis (Chapter 4, Figure 4-2), but sesame
oil formulation still outperformed concerning the extent of CBD lymphatic transport and

oral absorption in vivo (Chapter 4, Figures 4-4 to 4-7). However, addition of surfactants
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and MCT to sesame oil contributed to a reduction of AUC variability and to shortening the

tmax Of co-administered CBD (Chapter 4, Table 4-1).

Similar formulation approaches have been investigated by other researchers but using self-
nano-emulsifying drug delivery systems (SNEDDS) focusing on increasing CBD overall
oral bioavailability, where they predominantly used a high proportion of surfactant with
LCT to reduce the particle size at the nanoscale following self-emulsification of
formulations [128,201,337]. Even though oral administration of SNEDDS was shown to
substantially improve the bioavailability of CBD in comparison to CBD powder, equivalent
drug absorption was observed when compared to sesame oil-based or other natural oils
formulations. However, the current project suggests that using pure sesame oil as the lipid
vehicle results in higher levels of CBD being distributed into the intestinal lymphatic
system compared to formulations containing additional surfactants and MCT in sesame oil.
In addition, CBD was previously found to have an effective chylomicron association of at
least 67% to rat and human chylomicrons [120]. Accordingly, pure sesame oil with a high
LCT content may stimulate the production of chylomicrons more efficiently than
formulations containing MCT or surfactants, further resulting in enhanced CBD

chylomicron association during intestinal lymphatic transport.

In addition, a lack of correlation between in vitro and in vivo results were shown when
delivering CBD using lipid-based formulations in this thesis as described in Chapter 4. This
discrepancy between in vitro lipolysis and in vivo rat model could be explained by the fact
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that the in vitro test only focuses on the digestion step in the GI tract rather than an entire
absorption and transport (portal or lymphatic) process [50]. As a result, lipid-based
formulations with a high LCT proportion may have lower drug levels in the aqueous
micellar phase following in vitro lipolysis, but higher lymphatic transport in vivo in
comparison to formulations with a high surfactant or MCT content [338]. The vehicle
containing high levels of LCT can efficiently enhance the lymphatic transport and oral
bioavailability of highly lipophilic compounds with relatively high affinity to chylomicrons.
Therefore, advanced and sophisticated lipid-based formulations might not be in fact needed
for targeting highly lipophilic drugs, with high affinity to chylomicrons, to intestinal
lymphatic system. In this project, it becomes clear that mechanisms other than hydrolysis
and emulsification steps also dominate CBD absorption rate and extent following oral co-

administration of sesame oil-based formulation during intestinal lymphatic transport.

A new hypothesis was that the inter-subject CBD variability associated with co-
administered sesame oil could be diminished by the alternative approaches, which replace
sesame oil with other natural vegetable lipids (Chapter 5). Six natural vegetable oils,
including sesame, soybean, peanut, olive, sunflower and coconut oils, were chosen because
they are commonly employed as lipid vehicles facilitating lymphatic transport or oral
bioavailability of highly lipophilic drugs [156,238,239,339]. According to the in vivo
pharmacokinetic study in rats, sesame- and olive-based formulations have significantly
increased CBD systemic exposure by 2.4- and 2.3-fold, respectively, compared to the lipid-
free formulation (Chapter 5, Table 5-1). Interestingly, only sesame oil formulation showed
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high variability in CBD absorption in comparison to other dietary oils in this project. Such
high variability might be attributed to the higher C18:2 in sesame oil, which causes
photooxidation compared to olive oil, as discussed in Chapter 5. In addition, the in vivo
biodistribution study has confirmed that olive oil has provided sufficient fatty acids to
produce chylomicrons and resulted in delivery of higher levels of CBD to the intestinal

lymphatic system than other oils (Chapter 5, Figure 5-5).

Gas chromatography-tandem mass spectrometry (GC-MS/MS) was applied to analyse the
fatty acid profile of different vegetable oils and rat chylomicrons, which were collected
after the oral administration of corresponding lipid-based formulations, to help in
understanding of the performance of natural vegetable oils as a vehicle facilitating the
lymphatic transport of CBD (Chapter 5, Table 5-2). Coconut oil contains 30% medium-
chain fatty acids (MCFA) of the total fatty acid composition, all of which are saturated fatty
acids, leading to a lower lymphatic transport and oral bioavailability of co-administered
CBD compared to other oils. On the other hand, sesame, soybean, peanut, olive and
sunflower oils are rich in long-chain fatty acids (LCFA), in particular oleic acid (C18:1)
and linoleic acid (C18:2). Following oral administration of dietary lipids, the fatty acid
composition in chylomicrons is remarkably similar to that of the corresponding natural
vegetable oils. It was found that arachidonic acid (C20:4) was present in rat chylomicrons,
but was absent in natural vegetable oils, suggesting that C20:4 was added endogenously in

the intestinal mucosa. C20:4, which could be biosynthesised from C18:2, have been shown

155



to be involved in the modulation of lymphatic contractility during lymphatic transport

[269-271].

Interestingly, arachidonic acid (C20:4) is a crucial compound important for
endocannabinoid system as discussed in Chapter 5. The phytocannabinoid CBD in this
study is also interacts with endocannabinoid receptors [281,282]. In addition, it has been
found previously that ingestion of gamma-linolenic acid in diet enhances the C20:4
concertation in plasma and serum [340]. Intake of unsaturated dietary fats could
significantly enhance anandamide and 2-AG concentrations in the brain and intestine
[283,284]. Therefore, the endogenous addition of C20:4 to lymph chylomicrons could
suggest potential enhanced activation of the endocannabinoid system following oral
administration of CBD with lipids, beyond the interaction of CBD itself with relevant

receptors.

Another important metabolic pathway of arachidonic acid is that phospholipids on the cell
membrane are hydrolysed by phospholipase A2 (PLA2) to release free arachidonic acid
[341,342]. Arachidonic acid can be further metabolised in two major eicosanoid pathways
through the involvement of the enzymes cyclooxygenases (COXs) and lipoxygenases
(LOXs) to mediate the immunoregulation. Arachidonic acid can be converted to
prostacyclin (PGI2) and prostaglandins by COX-1 and COX-2 (also known as
prostaglandin H synthase) [343—-345]. In the LOXs pathway, arachidonic acid can be
oxidised to 5-hydroperoxyeicosatetraenoic acid (5-HPETE) by the catalysation of 5-LOX
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and then generate various leukotrienes (LTs) [343,344,346]. Interestingly, multiple
sclerosis (MS), one of the autoimmune diseases for which CBD could be indicated, is
associated with an elevated level of PGI2, prostaglandins and LTs in both animals and
human studies [347-350]. In the current study, there is lower amount of arachidonic acid
in chylomicrons following oral administration of olive oil-based formulation compared to
other formulations, which may be related to the fact that olive oil contains lower levels of
linoleic acid (Table 5-2). CBD has been shown to alleviate symptoms of MS in animals
models and clinical studies [351-353]. Therefore, CBD may be beneficial for the treatment
of auto-immune diseases when co-administered with a lipid vehicle that produces lower

levels of C20:4 following oral administration.

Overall, CBD in olive oil improves the intestinal lymphatic transport and oral
bioavailability with lower variability than other formulations, and with production of lower
levels of arachidonic acid in vivo. Thus, olive oil seems to be a preferred lipid vehicle for

CBD, particularly for treatment of related auto-immune diseases.

The fatty acid profile in chylomicrons is mainly dependent (with the exception of C20:4)
on exogenously administered lipids. Even though these fatty acids vary in proportions in
chylomicrons following administration of various natural vegetable oils, C16:0 (palmitic
acid), C18:0 (steric acid), C18:1 and C18:2 were essential and constantly present. There
are lower levels of C20:4 in rat chylomicrons following oral administration of olive oil-
based formulation compared to other formulations, which may be related to olive oil
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containing less linoleic acid. Overall, the major fatty acids in olive oil are C18:1 (71.6% of
total fatty acids), and olive oil-based formulation delivers the highest quantity of CBD to
the intestinal lymphatic system and systemic circulation, with minimal variability,

compared to other vegetable oils.

The last approach of this PhD project in Chapter 6 was to use plant derived oil bodies to
facilitate lymphatic targeting and systemic exposure of CBD. The oil bodies are tiny
spherical particles (0.2 to 2.5 pm in diameter) surrounded by a single phospholipid layer
with embedded proteins on the surface, and the core mainly consist of LCT [304,306]. The
oil bodies, which is abundantly deposited in the cytoplasm of plant seeds or fruits, is also
a natural pre-emulsified oil-in-water emulsion that could be exploited as a possible lipid
excipient for formulation development [308,310,314,317]. Therefore, oil bodies were used
as a lipid carrier to develop an oral lipid-based formulation to facilitate lymphatic transport
and bioavailability of CBD. The in vitro lipolysis and in vivo studies were subsequently
conducted to compare the performance of oil bodies to the corresponding natural (rapeseed)

oil.

Following the in vitro lipolysis experiment, the rapeseed oil-based formulation had a
comparable CBD distribution into the aqueous micellar phase, but a higher drug level
remained in the oil phase than the oil body group, indicating that the rapeseed oil was less
digestible than the oil body (Chapter 6, Figure 6-2). Both in vivo pharmacokinetics and
biodistribution studies suggested that using the oil body as a lipid vehicle enhanced overall
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lymphatic transport and systemic exposure (1.7-fold) of CBD, and drug absorption was
more rapid (tmax at 3 h) when compared to its oil form (Chapter 6, Figures 6-3 to 6-6 and
Table 6-2). There are potentially some benefits for using oil bodies as lipid excipients: 1)
all of the ingredients are natural and edible. 2) natural o/w emulsions with stable structure;
3) simple extraction procedure and economic advantage at cheap cost and 4) enhancing
digestion rate and extent for highly lipophilic drugs [308,310,317]. However, to the best of
our knowledge, there are currently no publications focusing on oil bodies applied to oral
drug delivery. Therefore, this study combines pharmaceutical and food science fields in

order to develop a promising lipid-based formulation that uses the plant derived oil body.

Overall, this PhD thesis discusses the optimisation and investigation of the oral lipid-based
drug delivery primarily using natural vegetable oils to facilitate lymphatic targeting and
systemic exposure of a highly lipophilic compound CBD. The primary approaches focused
on the modification of sesame oil-based formulation and the alternative selection of
excipients. The intraluminal digestion step in the GI tract does not appear to significantly
affect the rate and extent of lipid-based formulations absorption because the variability and
absorption of CBD in lymphatic transport and systemic circulation are not improved by co-
administered pre-digested or purified lipids when compared to sesame oil. Even though
incorporating MCT and surfactants to sesame oil can enhance the aqueous micellar drug
solubility and minimise the variability in CBD absorption, the overall drug exposure in the
lymphatic system and bioavailability was not superior to pure sesame oil-based formulation.
Olive oil and plant derived oil bodies have shown great potential as lipid vehicles for
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facilitating intestinal lymphatic targeting and systemic exposure of co-administered CBD.
These approaches imply that pure natural vegetable oil, particularly olive oil, and
potentially plant derived oil bodies can be beneficial in advancing lipid-based formulations
to optimize the oral drug delivery of highly lipophilic compounds with affinity to

chylomicrons.

7.1. Further work

7.1.1. Minor components in natural vegetable oils can regulate

the lymphatic transport of highly lipophilic drugs

This PhD project demonstrated that natural vegetable oils could deliver high levels of CBD
into systemic circulation via the intestinal lymphatic system. Even though the fatty acid
profiles in both natural vegetable lipids and chylomicrons have been investigated to
understand better how dietary lipids affect chylomicron production, which is related to
lymphatic transport of highly lipophilic compounds, other factors may also play a role in
this process. The hypothesis to be tested is that minor components in natural vegetable oils
could regulate the lymphatic transport of highly lipophilic drugs. These factors could
include small components in natural plants seed oils, such as fat soluble antioxidants
tocopherols and lignans, which may affect the absorption of oils and co-administered

compounds due to their bioactive characteristics [164,166,167].
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Therefore, further research to identify the involvement of natural plant derived lignans in
lymphatic transport could be designed. Lignans are the minor component of natural plant
oils that have been primarily identified in olive and sesame oil, with up to 100 mg/kg in
olive oil and around 1 to 2% in sesame oil [354—357]. The in vitro metabolism studies have
established that plant lignans could be digested in the intestinal lumen and converted to
mammalian lignans [358-360]. In addition to their antioxidant properties, lignans have
been found to improve the thermal stability of vegetable oils [171,361]. Furthermore, plant
lignans have also been shown to modulate lipid metabolism during digestion, reducing the
serum and liver cholesterol levels [362]. However, there was no convincing evidence on

the lignans involvement in the chylomicron formation process and lymphatic transport.

The current study has suggested that olive oil as a lipid vehicle performed better than other
vegetable oils in facilitating lymphatic transport of highly lipophilic drug CBD. However,
the main challenge for natural lipids is oxidation, which requires a strict storage condition
and thus increases the limitations of their manufacturing as the commercial formulations
[363]. In addition, natural vegetable oils from diverse origins or strains may have different
lipid content. Regardless of the fact that dietary lipids have been shown to enhance CBD
lymphatic targeting and bioavailability more efficiently than purified and pre-digested
lipids, plant lignans may have contributed to the differences caused by these formulations.
Understanding the participation of lignans in the lymphatic transport during lipid digestion
could thus be beneficial for future lipid-based formulation development. Therefore, further
research should be undertaken to investigate the range of substances in natural vegetable
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oils, in addition to the fatty acid profile, in regulating the intestinal lymphatic transport of

highly lipophilic drugs.

7.1.2. Further investigations for the plant derived oil bodies as a

lipid-based vehicle

Another future work direction derived from this PhD research is the continued study of the
oil body as a lipid-based vehicle promoting intestinal lymphatic transport and systemic
exposure of co-administered highly lipophilic drugs. The current PhD project has suggested
that a plant derived oil bodies could perform better than the corresponding vegetable oil in
delivering CBD via the lymphatic system. However, the present study was unable to
identify if the participation of oil body-associated proteins in the lymphatic transport of co-
administered CBD plays a role, nor to assess if LCT-rich spherical structures covered with
a single phospholipid layer may as efficiently deliver CBD to the lymphatic system and

systemic circulation as the oil bodies.

Major oil body-associated proteins, including oleosins, caleosins, and steroleosins, are
embedded on the oil body surface and play an essential part in particle structural
stabilisation [320,364]. It has been shown that one of the functions of oleosins is the
production and mobilisation of triglycerides and phospholipids in plant seeds [365,366].
However, the metabolism of such oil body proteins and their digestion in the GI tract,

particularly in terms of contributing to lymphatic transport of lipids and highly lipophilic
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drugs, has yet to be explored. Therefore, a phospholipid and LCT-containing and protein-
free emulsion as a control lipid vehicle to assess the lymphatic delivery of CBD will be
required for further investigation, in order to identify the engagement of these oil body

proteins in drug absorption.

In addition, oil bodies in the current study was derived from the rapeseed and apparently
performed better in drug delivery than its corresponding vegetable oil. Sesame and olive
oils have been found to enhance CBD lymphatic transport and bioavailability effectively,
therefore their oils can be used for production of artificial emulsion, which could be
explored for further investigation as a drug carrier. However, there may be potential risks
in using oil bodies as an excipient as some people are allergic to their proteins, such as
oleosins in peanut and sesame [367,368]. Thus, the safety of consuming plant-derived oil
bodies should be considered in further research. Moreover, the oil bodies could be
preserved in a powder form by a spray drying technique [323-325]. This approach may
also be applied to advance the manufacturing of oil bodies-based formulations to minimise
the bench to bench variability, as solid dosage formulations have a longer shelf life than

the liquid form.

7.1.3. Applying advanced formulations to other lipophilic drugs

The current study suggested that some lipid-based vehicles, including olive oil and

rapeseed derived oil bodies, could promote intestinal lymphatic transport and oral
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bioavailability of co-administered CBD. As a highly lipophilic drug, CBD has already been
shown to have a high association to rat and human chylomicrons [120]. Meanwhile,
delivering CBD into the intestinal lymphatic tissues is the primary objective for designing
the lipid-based formulation, because CBD has been shown to have anti-inflammatory,
anticancer and immunosuppressive properties when accumulated in lymph nodes and
immune cells [129,186,369,370]. In addition to CBD, other highly lipophilic compounds
(such as delta-9-tetrahydrocannabinol (A°~-THC)) and lipophilic prodrugs (such as prodrugs
of lopinavir and bexarotene) were also confirmed to have a high affinity to chylomicrons
by the in silico and in vitro chylomicron association assays [120,155,329,330]. These drugs
have been shown to have a therapeutic effect on human immunodeficiency virus (HIV),
cancer and immunosuppression, which all have high relevance for the delivery to the
mesenteric lymph nodes (MLN) [129,155,371]. Therefore, the findings of this work,
despite being obtained with a model lipophilic drug CBD, are likely to be translatable for

the delivery of many other lipophilic drugs and prodrugs.
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APPENDICES

Individual in vivo PK results for oil bodies-based formulation in the

preliminary study
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Appendix Figure 7- 1 . Individual plasma concentration-time profile of CBD
following oral administration of oil bodies-based formulations in the preliminary
study. The concentration of in oil bodies-based formulations was 6 mg/mL and the

administered dose of CBD was 12 mg/kg.

Appendix Table 7-1. Individual pharmacokinetic parameters of CBD derived from
plasma concentration-time profiles following oral administration of oil bodies-based

formulations in the preliminary study.

t1/2 a tmax b Cmax ¢ AUCO-oo d
Formulation
(h) (h) (ng/mL) (h*ng/mL)
QOil body (1) 1.8 3 303 1301
Oil body (2) 1.8 2 337 1273
2 half-life;

b time to maximum concentration in plasma;
¢ the maximum concentration in plasma;
4 AUC from 0 to infinity;

165



REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

W. Feng, C. Qin, Y.J. Chu, M. Berton, J.B. Lee, A. Zgair, S. Bettonte, M.J. Stocks,
C.S. Constantinescu, D.A. Barrett, P.M. Fischer, P. Gershkovich, Natural sesame
oil is superior to pre-digested lipid formulations and purified triglycerides in
promoting the intestinal lymphatic transport and systemic bioavailability of
cannabidiol, Eur. J. Pharm. Biopharm. 162 (2021) 43-49.
https://doi.org/10.1016/j.ejpb.2021.02.013.

W. Feng, C. Qin, E. Cipolla, J.B. Lee, A. Zgair, Y. Chu, C.A. Ortori, M.J. Stocks,
C.S. Constantinescu, D.A. Barrett, P.M. Fischer, P. Gershkovich, Inclusion of
Medium-Chain Triglyceride in Lipid-Based Formulation of Cannabidiol Facilitates
Micellar Solubilization In Vitro , but In Vivo Performance Remains Superior with
Pure Sesame Oil Vehicle, Pharmaceutics. 13 (2021) 1-15.
https://doi.org/10.3390/pharmaceutics13091349.

E. Rutkowska, K. Pajak, K. Jozwiak, Lipophilicity - Methods of determination and
its role in medicinal chemistry, Acta Pol. Pharm. - Drug Res. 70 (2013) 3-18.

N. Jain, S.H. Yalkowsky, Estimation of the aqueous solubility I: Application to
organic nonelectrolytes, J. Pharm. Sci. 90 (2001) 234-252.
https://doi.org/10.1002/1520-6017(200102)90:2<234::AID-JPS14>3.0.CO;2-V.

J.C. Dearden, G.M. Bresnen, The Measurement of Partition Coefficients, Quant.
Struct. Relationships. 7 (1988) 133—-144.
https://doi.org/https://doi.org/10.1002/gsar.19880070304.

A. Berthod, S. Carda-Broch, Determination of liquid-liquid partition coefficients
by separation methods, J. Chromatogr. A. 1037 (2004) 3—14.
https://doi.org/10.1016/j.chroma.2004.01.001.

Z. Liu, S. Wang, M. Hu, Chapter 11 - Oral Absorption Basics: Pathways, Physico-
chemical and Biological Factors Affecting Absorption, in: Y. Qiu, Y. Chen,
G.G.Z. Zhang, L. Liu, W.R. Porter (Eds.), Dev. Solid Oral Dos. Forms, Academic
Press, San Diego, 2009: pp. 263-288. https://doi.org/https://doi.org/10.1016/B978-
0-444-53242-8.00011-4.

R.A. Conradi, P.S. Burton, R.T. Borchardt, Physico-Chemical and Biological
Factors that Influence a Drug’s Cellular Permeability by Passive Diffusion, in:
Lipophilicity Drug Action Toxicol., John Wiley & Sons, Ltd, 1996: pp. 233-252.
https://doi.org/https://doi.org/10.1002/9783527614998.ch14.

X. Liu, B. Testa, A. Fahr, Lipophilicity and its relationship with passive drug
permeation, Pharm. Res. 28 (2011) 962-977. https://doi.org/10.1007/s11095-010-
0303-7.

166



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

P. V. Balimane, S. Chong, Cell culture-based models for intestinal permeability: A
critique, Drug Discov. Today. 10 (2005) 335-343. https://doi.org/10.1016/S1359-
6446(04)03354-9.

K.W. Smithson, D.B. Millar, L.R. Jacobs, G.M. Gray, Intestinal Diffusion Barrier:
Unstirred Water Layer or Membrane Surface Mucous Coat?, Science (80-. ). 214
(1981) 1241-1244. https://doi.org/10.1126/science.7302593.

T. Loftsson, Drug permeation through biomembranes: Cyclodextrins and the
unstirred water layer, Pharmazie. 67 (2012) 363—-370.
https://doi.org/10.1691/ph.2012.1698.

U. Fagerholm, H. Lennernis, Experimental estimation of the effective unstirred
water layer thickness in the human jejunum, and its importance in oral drug
absorption, Eur. J. Pharm. Sci. 3 (1995) 247-253. https://doi.org/10.1016/0928-
0987(95)00027-B.

G.L. Amidon, H. Lennernas, V.P. Shah, J.R. Crison, A Theoretical Basis for a
Biopharmaceutic Drug Classification: The Correlation of in Vitro Drug Product
Dissolution and in Vivo Bioavailability, Pharm. Res. 12 (1995) 413-420.
https://doi.org/10.1023/A:1016212804288.

P. Fasinu, V. Pillay, V.M.K. Ndesendo, L.C. du Toit, Y.E. Choonara, Diverse
approaches for the enhancement of oral drug bioavailability, Biopharm. \& Drug
Dispos. 32 (2011) 185-209. https://doi.org/https://doi.org/10.1002/bdd.750.

M. Kuentz, Lipid-based formulations for oral delivery of lipophilic drugs, Drug
Discov. Today Technol. 9 (2012) e97—e104.
https://doi.org/10.1016/j.ddtec.2012.03.002.

C.W. Pouton, Lipid formulations for oral administration of drugs: Non-
emulsifying, self-emulsifying and “self-microemulsifying” drug delivery systems,
Eur. J. Pharm. Sci. 11 (2000) 93-98. https://doi.org/10.1016/S0928-
0987(00)00167-6.

L.S. Zaremba, W.H. Smolenski, Optimal portfolio choice under a liability
constraint, Ann. Oper. Res. 97 (2000) 131-141. https://doi.org/10.1023/A.

A. Chaudhary, U. Nagaich, N. Gulati, V. Sharma, R. Khosa, M. Partapur,
Enhancement of solubilization and bioavailability of poorly soluble drugs by
physical and chemical modifications: A recent review, J] Adv Pharm Educ Res. 2
(2012) 32-67.

C.W. Pouton, Formulation of poorly water-soluble drugs for oral administration:
Physicochemical and physiological issues and the lipid formulation classification
system, Eur. J. Pharm. Sci. 29 (2006) 278-287.
https://doi.org/10.1016/j.€jps.2006.04.016.

167



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

C.W. Pouton, C.J.H. Porter, Formulation of lipid-based delivery systems for oral
administration: Materials, methods and strategies, Adv. Drug Deliv. Rev. 60
(2008) 625-637. https://doi.org/10.1016/j.addr.2007.10.010.

F.S. Nielsen, E. Gibault, H. Ljusberg-Wahren, L. Arleth, J.S. Pedersen, A.
Miillertz, Characterization of Prototype Self-Nanoemulsifying Formulations of
Lipophilic Compounds, J. Pharm. Sci. 96 (2007) 876—892.
https://doi.org/https://doi.org/10.1002/jps.20673.

R.N. Gursoy, S. Benita, Self-emulsifying drug delivery systems (SEDDS) for
improved oral delivery of lipophilic drugs, Biomed. Pharmacother. 58 (2004) 173—
182. https://doi.org/10.1016/j.biopha.2004.02.001.

P.R. Nepal, H.K. Han, H.K. Choi, Preparation and in vitro-in vivo evaluation of
Witepsol® H35 based self-nanoemulsifying drug delivery systems (SNEDDS) of
coenzyme Q10, Eur. J. Pharm. Sci. 39 (2010) 224-232.
https://doi.org/10.1016/j.€jps.2009.12.004.

D.J. Hauss, Oral lipid-based formulations, Adv. Drug Deliv. Rev. 59 (2007) 667—
676. https://doi.org/10.1016/j.addr.2007.05.006.

J. Odle, N.J. Benevenga, T.D. Crenshaw, Utilization of Medium-Chain
Triglycerides by Neonatal Piglets: II. Effects of Even- and Odd-Chain Triglyceride
Consumption over the First 2 Days of Life on Blood Metabolites and Urinary
Nitrogen Excretion, J. Anim. Sci. 67 (1989) 3340-3351.
https://doi.org/10.2527/jas1989.67123340x.

S.S. Bergen Jr, S.A. Hashim, T.B. Van Itallie, Hyperketonemia Induced in Man
by Medium-chain Triglyceride, Diabetes. 15 (1966) 723-725.
https://doi.org/10.2337/diab.15.10.723.

U. Bracco, Effect of triglyceride structure on fat absorption, Am. J. Clin. Nutr. 60
(1994) 1002S-1009S. https://doi.org/10.1093/ajcn/60.6.1002S.

M. Furuse, Y.-H. Choi, R.T. Mabayo, J.-I. Okumura, Feeding behavior in rats fed
diets containing medium chain triglyceride, Physiol. Behav. 52 (1992) 815-817.
https://doi.org/https://doi.org/10.1016/0031-9384(92)90419-3.

D.E. Goon, S.H.S. Abdul Kadir, N.A. Latip, S.A. Rahim, M. Mazlan, Palm oil in
lipid-based formulations and drug delivery systems, Biomolecules. 9 (2019) 1-19.
https://doi.org/10.3390/biom9020064.

A. Deen, R. Visvanathan, D. Wickramarachchi, N. Marikkar, S. Nammi, B.C.
Jayawardana, R. Liyanage, Chemical composition and health benefits of coconut
oil: an overview, J. Sci. Food Agric. 101 (2021) 2182-2193.
https://doi.org/10.1002/jsta.10870.

168



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

J. Bezard, M. Bugaut, G. Clement, Triglyceride composition of coconut oil, J. Am.
Oil Chem. Soc. 48 (1971) 134-139.
https://doi.org/https://doi.org/10.1007/BF02545736.

A.S. Bhatnagar, P.K. Prasanth Kumar, J. Hemavathy, A.G. Gopala Krishna, Fatty
Acid Composition, Oxidative Stability, and Radical Scavenging Activity of
Vegetable Oil Blends with Coconut Oil, J. Am. Oil Chem. Soc. 86 (2009) 991—
999. https://doi.org/https://doi.org/10.1007/s11746-009-1435-y.

V. Patel, R. Lalani, D. Bardoliwala, S. Ghosh, A. Misra, Lipid-Based Oral
Formulation Strategies for Lipophilic Drugs, AAPS PharmSciTech. 19 (2018)
3609-3630. https://doi.org/10.1208/s12249-018-1188-8.

J. Fagionato Masiero, E.J. Barbosa, L. de Oliveira Macedo, A. de Souza, M.
Nishitani Yukuyama, G.J. Arantes, N.A. Bou-Chacra, Vegetable oils in
pharmaceutical and cosmetic lipid-based nanocarriers preparations, Ind. Crops
Prod. 170 (2021). https://doi.org/10.1016/j.indcrop.2021.113838.

J.-C.B. N’Goma, S. Amara, K. Dridi, V. Jannin, F. Carriére, Understanding the
lipid-digestion processes in the GI tract before designing lipid-based drug-delivery
systems, Ther. Deliv. 3 (2012) 105—124. https://doi.org/10.4155/tde.11.138.

F. Carriére, Impact of gastrointestinal lipolysis on oral lipid-based formulations
and bioavailability of lipophilic drugs, Biochimie. 125 (2016) 297-305.
https://doi.org/10.1016/j.biochi.2015.11.016.

C.S. Fink, P. Hamosh, M. Hamosh, Fat digestion in the stomach: Stability of
lingual lipase in the gastric environment, Pediatr. Res. 18 (1984) 248-254.
https://doi.org/10.1203/00006450-198403000-00006.

L. Sams, J. Paume, J. Giallo, F. Carriére, Relevant pH and lipase for in vitro
models of gastric digestion, Food Funct. 7 (2016) 30—45.
https://doi.org/10.1039/c5f000930h.

H.D. Williams, N.L. Trevaskis, Y.Y. Yeap, M.U. Anby, C.W. Pouton, C.J.H.
Porter, Lipid-based formulations and drug supersaturation: Harnessing the unique
benefits of the lipid digestion/absorption pathway, Pharm. Res. 30 (2013) 2976—
2992. https://doi.org/10.1007/s11095-013-1126-0.

F.H. MATTSON, R.A. VOLPENHEIN, The Digestion and Absorption of
Triglycerides., J. Biol. Chem. 239 (1964) 2772-2777.
https://doi.org/10.1016/s0021-9258(18)93813-5.

J.D. McAllaster, M.S. Cohen, Role of the lymphatics in cancer metastasis and
chemotherapy applications, Adv. Drug Deliv. Rev. 63 (2011) 867-875.
https://doi.org/10.1016/j.addr.2011.05.014.

F.E. Luddy, R.A. Barford, S.F. Herb, P. Magidman, R.W. Riemenschneider,
Pancreatic lipase hydrolysis of triglycerides by a semimicro technique, J. Am. Oil

169



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Chem. Soc. 41 (1964) 693-696.
https://doi.org/https://doi.org/10.1007/BF02661412.

0. Rezhdo, S. Di Maio, P. Le, K.C. Littrell, R.L. Carrier, S.H. Chen,
Characterization of colloidal structures during intestinal lipolysis using small-angle
neutron scattering, J. Colloid Interface Sci. 499 (2017) 189-201.
https://doi.org/10.1016/j.jcis.2017.03.109.

G.P. Martin, C. Marriott, . W. Kellaway, Direct effect of bile salts and
phospholipids on the physical properties of mucus., Gut. 19 (1978) 103 LP — 107.
https://doi.org/10.1136/gut.19.2.103.

G. V Vahouny, R. Tombes, M.M. Cassidy, D. Kritchevsky, L.L. Gallo, Dietary
fibers: V. Binding of bile salts, phospholipids and cholesterol from mixed micelles
by bile acid sequestrants and dietary fibers, Lipids. 15 (1980) 1012-1018.
https://doi.org/10.1007/BF02534316.

A. Smith, A.K. Lough, Micellar solubilization of fatty acids in aqueous media
containing bile salts and phospholipids, Br. J. Nutr. 35 (1976) 77-87.
https://doi.org/10.1079/bjn19760011.

B. Borgstrom, Influence of bile salt, pH, and time on the action of pancreatic
lipase; physiological implications, J. Lipid Res. 5 (1964).

A.C. FRAZER, The absorption of triglyceride fat from the intestine, Physiol. Rev.
26 (1946) 103—119. https://doi.org/10.1152/physrev.1946.26.1.103.

A.T. Larsen, P. Sassene, A. Miillertz, In vitro lipolysis models as a tool for the
characterization of oral lipid and surfactant based drug delivery systems, Int. J.
Pharm. 417 (2011) 245-255. https://doi.org/10.1016/j.ijpharm.2011.03.002.

Z. Vinarov, B. Abrahamsson, P. Artursson, H. Batchelor, P. Berben, A. Bernkop-
Schniirch, J. Butler, J. Ceulemans, N. Davies, D. Dupont, G.E. Flaten, N. Fotaki,
B.T. Griffin, V. Jannin, J. Keemink, F. Kesisoglou, M. Koziolek, M. Kuentz, A.
Mackie, A.J. Meléndez-Martinez, M. McAllister, A. Miillertz, C.M. O’Driscoll, N.
Parrott, J. Paszkowska, P. Pavek, C.J.H. Porter, C. Reppas, C. Stillhart, K. Sugano,
E. Toader, K. Valentova, M. Vertzoni, S.N. De Wildt, C.G. Wilson, P. Augustijns,
Current challenges and future perspectives in oral absorption research: An opinion
of the UNGAP network, Adv. Drug Deliv. Rev. 171 (2021) 289-331.
https://doi.org/10.1016/j.addr.2021.02.001.

M.E. Lowe, STRUCTURE AND FUNCTION OF PANCREATIC LIPASE AND
COLIPASE, Annu. Rev. Nutr. 17 (1997) 141-158.
https://doi.org/10.1146/annurev.nutr.17.1.141.

C. Chapus, M. Rovery, L. Sarda, R. Verger, Minireview on pancreatic lipase and
colipase, Biochimie. 70 (1988) 1223—-1233.
https://doi.org/https://doi.org/10.1016/0300-9084(88)90188-5.

170



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

M. Armand, P. Borel, P. Ythier, G. Dutot, C. Melin, M. Senft, H. Lafont, D.
Lairon, Effects of droplet size, triacylglycerol composition, and calcium on the
hydrolysis of complex emulsions by pancreatic lipase: an in vitro study, J. Nutr.
Biochem. 3 (1992) 333-341. https://doi.org/10.1016/0955-2863(92)90024-D.

F. Carriere, C. Renou, V. Lopez, J. De Caro, F. Ferrato, H. Lengsfeld, A. De Caro,
R. Laugier, R. Verger, The specific activities of human digestive lipases measured
from the in vivo and in vitro lipolysis of test meals, Gastroenterology. 119 (2000)
949-960. https://doi.org/10.1053/gast.2000.18140.

J. Fallingborg, Intraluminal pH of the human gastrointestinal tract, Dan. Med. Bull.
46 (1999) 183—196. http://europepmc.org/abstract/MED/10421978.

S. Bernbick, L. Bliackberg, O. Hernell, Fatty acids generated by gastric lipase
promote human milk triacylglycerol digestion by pancreatic colipase-dependent
lipase, Biochim. Biophys. Acta - Lipids Lipid Metab. 1001 (1989) 286-293.
https://doi.org/https://doi.org/10.1016/0005-2760(89)90113-6.

J.K. Embleton, C.W. Pouton, Structure and function of gastro-intestinal lipases,
Adv. Drug Deliv. Rev. 25 (1997) 15-32. https://doi.org/10.1016/S0169-
409X(96)00488-7.

F.J. Alvarez, V.J. Stella, The Role of Calcium Ions and Bile Salts on the Pancreatic
Lipase-Catalyzed Hydrolysis of Triglyceride Emulsions Stabilized with Lecithin,
Pharm. Res. 6 (2004) 449—457.

M. Dahim, H. Brockman, How Colipase—Fatty Acid Interactions Mediate
Adsorption of Pancreatic Lipase to Interfaces, Biochemistry. 37 (1998) 8369—
8377. https://doi.org/10.1021/b1973015r.

R. Subramanian, K.M. Wasan, Effect of Lipid Excipients on In Vitro Pancreatic
Lipase Activity, Drug Dev. Ind. Pharm. 29 (2003) 885-890.
https://doi.org/10.1081/DDC-120024184.

W. Feng, Z. Bai, C. Qin, Y.J. Chu, J. Ali, J.B. Lee, A. Zgair, C.S. Constantinescu,
D.A. Barrett, P.M. Fischer, P. Gershkovich, Lack of correlation between in vitro
lipolysis and in vivo absorption of cannabidiol formulated in natural vegetable oils,
in: Forum Phys. Chem. by Phys. Chem., 2019.

J. Brouwers, J. Tack, F. Lammert, P. Augustijns, Intraluminal drug and
formulation behavior and integration in in vitro permeability estimation: A case
study with amprenavir, J. Pharm. Sci. 95 (2006) 372-383.
https://doi.org/https://doi.org/10.1002/jps.20553.

M.P. de la C. Moreno, M. Oth, S. Deferme, F. Lammert, J. Tack, J. Dressman, P.
Augustijns, Characterization of fasted-state human intestinal fluids collected from
duodenum and jejunum, J. Pharm. Pharmacol. 58 (2006) 1079—1089.
https://doi.org/10.1211/jpp.58.8.0009.

171



[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

L. Kalantzi, K. Goumas, V. Kalioras, B. Abrahamsson, J.B. Dressman, C. Reppas,
Characterization of the human upper gastrointestinal contents under conditions
simulating bioavailability/bioequivalence studies, Pharm. Res. 23 (2006) 165-176.
https://doi.org/10.1007/s11095-005-8476-1.

N.H. Zangenberg, A. Miillertz, H.G. Kristensen, L. Hovgaard, A dynamic in vitro
lipolysis model. I. Controlling the rate of lipolysis by continuous addition of
calcium, Eur. J. Pharm. Sci. 14 (2001) 115-122. https://doi.org/10.1016/S0928-
0987(01)00169-5.

A. Dahan, A. Hoffman, Use of a dynamic in vitro lipolysis model to rationalize
oral formulation development for poor water soluble drugs: Correlation with in
vivo data and the relationship to intra-enterocyte processes in rats, Pharm. Res. 23
(2006) 2165-2174. https://doi.org/10.1007/s11095-006-9054-x.

N.H. Zangenberg, A. Miillertz, H. Gjelstrup Kristensen, L. Hovgaard, A dynamic
in vitro lipolysis model, Eur. J. Pharm. Sci. 14 (2001) 237-244.
https://doi.org/10.1016/s0928-0987(01)00182-8.

L. Sek, C.J.H. Porter, A.M. Kaukonen, W.N. Charman, Evaluation of the in-vitro
digestion profiles of long and medium chain glycerides and the phase behaviour of
their lipolytic products, J. Pharm. Pharmacol. 54 (2002) 29-41.
https://doi.org/10.1211/0022357021771896.

D. Alvaro, A. Cantafora, A.F. Attili, S. Ginanni Corradini, C. De Luca, G.
Minervini, A. Di Blase, M. Angelico, Relationships between bile salts
hydrophilicity and phospholipid composition in bile of various animal species,
Comp. Biochem. Physiol. Part B Comp. Biochem. 83 (1986) 551-554.
https://doi.org/https://doi.org/10.1016/0305-0491(86)90295-6.

G. Natale, G. Bocci, D. Ribatti, Scholars and scientists in the history of the
lymphatic system, J. Anat. 231 (2017) 417—429. https://doi.org/10.1111/joa.12644.

V. Cifarelli, A. Eichmann, The Intestinal Lymphatic System: Functions and
Metabolic Implications, Cmgh. 7 (2019) 503-513.
https://doi.org/10.1016/j.jcmgh.2018.12.002.

R.S. Foster, General Anatomy of the Lymphatic System, Surg. Oncol. Clin. N.
Am. 5 (1996) 1-13. https://doi.org/https://doi.org/10.1016/S1055-3207(18)30400-
9.

M. Jeltsch, T. Tammela, K. Alitalo, J. Wilting, Genesis and pathogenesis of
lymphatic vessels, Cell Tissue Res. 314 (2003) 69-84.
https://doi.org/10.1007/s00441-003-0777-2.

J.L. Unthank, H.G. Bohlen, Lymphatic pathways and role of valves in lymph
propulsion from small intestine, Am. J. Physiol. - Endocrinol. Metab. 254 (1988).
https://doi.org/10.1152/ajpgi.1988.254.3.2389.

172



[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

J. Bernier-Latmani, C. Cisarovsky, C.S. Demir, M. Bruand, M. Jaquet, S.
Davanture, S. Ragusa, S. Siegert, O. Dormond, R. Benedito, F. Radtke, S.A.
Luther, T. V. Petrova, DLL4 promotes continuous adult intestinal lacteal
regeneration and dietary fat transport, J. Clin. Invest. 125 (2015) 4572-4586.
https://doi.org/10.1172/JCI82045.

A. Karmen, M. Whyte, D.S. Goodman, Fatty acid esterification and chylomicron
formation during fat absorption: 1. Triglycerides and cholesterol esters, J. Lipid
Res. 4 (1963) 312-321. https://doi.org/10.1016/s0022-2275(20)40308-6.

A. Biophysica, M.M. Hussain, R.K. Kancha, Z. Zhou, J. Luchoomun, H. Zu, A.
Bakillah, Biochi ~ mic ~ a, 1 (1996).

M. Buttet, V. Traynard, T.T.T. Tran, P. Besnard, H. Poirier, I. Niot, From fatty-
acid sensing to chylomicron synthesis: Role of intestinal lipid-binding proteins,
Biochimie. 96 (2014) 37-47. https://doi.org/10.1016/j.biochi.2013.08.011.

A. Stahl, D.J. Hirsch, R.E. Gimeno, S. Punreddy, G. Pei, N. Watson, S. Patel, M.
Kotler, A. Raimondi, L.A. Tartaglia, H.F. Lodish, Identification of the major
intestinal fatty acid transport protein, Mol. Cell. 4 (1999) 299-308.
https://doi.org/10.1016/S1097-2765(00)80332-9.

W. Stremmel, Uptake of fatty acids by jejunal mucosal cells is mediated by a fatty
acid binding membrane protein., J. Clin. Invest. 82 (1988) 2001-2010.
https://doi.org/10.1172/JCI113820.

F. Beilstein, V. Carriére, A. Leturque, S. Demignot, Characteristics and functions
of lipid droplets and associated proteins in enterocytes, Exp. Cell Res. 340 (2016)
172—-179. https://doi.org/10.1016/j.yexcr.2015.09.018.

T. Kindel, D.M. Lee, P. Tso, The mechanism of the formation and secretion of
chylomicrons, Atheroscler. Suppl. 11 (2010) 11-16.
https://doi.org/10.1016/j.atherosclerosissup.2010.03.003.

M.M. Hussain, Intestinal Lipid Absorption and Lipoprotein Formation, Curr Opin
Lipidol. 25 (2014) 200-206.
https://doi.org/10.1097/MOL.0000000000000084.Intestinal.

S. Dash, C. Xiao, C. Morgantini, G.F. Lewis, New Insights into the Regulation of
Chylomicron Production, Annu. Rev. Nutr. 35 (2015) 265-294.
https://doi.org/10.1146/annurev-nutr-071714-034338.

A.M. Hall, B.M. Wiczer, T. Herrmann, W. Stremmel, D.A. Bernlohr, Enzymatic
properties of purified murine fatty acid transport protein 4 and analysis of Acyl-
CoA synthetase activities in tissues from FATP4 null mice, J. Biol. Chem. 280
(2005) 11948-11954. https://doi.org/10.1074/jbc.M412629200.

173



[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

Y. Shi, D. Cheng, Beyond triglyceride synthesis: The dynamic functional roles of
MGAT and DGAT enzymes in energy metabolism, Am. J. Physiol. - Endocrinol.
Metab. 297 (2009) 10-18. https://doi.org/10.1152/ajpendo.90949.2008.

C.R. Borja, G. V Vahouny, C.R. Treadwell, Role of bile and pancreatic juice in
cholesterol absorption and esterification, Am. J. Physiol. Content. 206 (1964) 223—
228. https://doi.org/10.1152/ajplegacy.1964.206.1.223.

M. Mahmood Hussain, R.K. Kancha, Z. Zhou, J. Luchoomun, H. Zu, A. Bakillah,
Chylomicron assembly and catabolism: role of apolipoproteins and receptors,
Biochim. Biophys. Acta - Lipids Lipid Metab. 1300 (1996) 151-170.
https://doi.org/https://doi.org/10.1016/0005-2760(96)00041-0.

M.G. Stahl, J. Belkind-Gerson, 1 - Development of the Gastrointestinal Tract, in:
R. Wyllie, J.S. Hyams, M.B.T.-P.G. and L.D. (Sixth E. Kay (Eds.), Elsevier,
Philadelphia, 2021: pp. 2-10.e2. https://doi.org/https://doi.org/10.1016/B978-0-
323-67293-1.00001-3.

F. Ciccia, A. Srinath, F. Zeng, N. Haroon, Chapter 7 - Pathogenesis of Ankylosing
Spondylitis, in: P. Mease, M.A.B.T.-A.S. Khan (Eds.), Elsevier, 2019: pp. 97-110.
https://doi.org/https://doi.org/10.1016/B978-0-323-56800-5.00007-2.

M.L. Forchielli, W.A. Walker, The role of gut-associated lymphoid tissues and
mucosal defence, Br. J. Nutr. 93 (2005) S41-S48.
https://doi.org/10.1079/bjn20041356.

A. Zgair, J.C.M. Wong, P. Gershkovich, Targeting Immunomodulatory Agents to
the Gut-Associated Lymphoid Tissue BT - Neuro-Immuno-Gastroenterology, in:
C. Constantinescu, R. Arsenescu, V. Arsenescu (Eds.), Springer International
Publishing, Cham, 2016: pp. 237-261. https://doi.org/10.1007/978-3-319-28609-
9 14.

R. Mechoulam, Y. Shvo, Hashish—I: The structure of Cannabidiol, Tetrahedron.
19 (1963) 2073-2078. https://doi.org/https://doi.org/10.1016/0040-4020(63)85022-
X.

R. Mechoulam, L.A. Parker, R. Gallily, Cannabidiol: An overview of some
pharmacological aspects, J. Clin. Pharmacol. 42 (2002) 11-19.
https://doi.org/10.1002/j.1552-4604.2002.tb05998 x.

B.F. Thomas, A.F. Gilliam, D.F. Burch, M.J. Roche, H.H. Seltzman, Comparative
receptor binding analyses of cannabinoid agonists and antagonists, J. Pharmacol.
Exp. Ther. 285 (1998) 285-292.

R.G. Pertwee, The diverse CB1 and CB2 receptor pharmacology of three plant
cannabinoids: A9-tetrahydrocannabinol, cannabidiol and A9-
tetrahydrocannabivarin, Br. J. Pharmacol. 153 (2008) 199-215.
https://doi.org/https://doi.org/10.1038/sj.bjp.0707442.

174



[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

R.G. Pertwee, Pharmacology of cannabinoid CB1 and CB2 receptors, Pharmacol.
Ther. 74 (1997) 129-180. https://doi.org/https://doi.org/10.1016/S0163-
7258(97)82001-3.

A.C. Howlett, M.E. Abood, Chapter Five - CB1 and CB2 Receptor Pharmacology,
in: D. Kendall, S.P.H.B.T.-A. in P. Alexander (Eds.), Cannabinoid Pharmacol.,
Academic Press, 2017: pp. 169-206.
https://doi.org/https://doi.org/10.1016/bs.apha.2017.03.007.

R.B. Laprairie, A.M. Bagher, M.E.M. Kelly, E.M. Denovan-Wright, Cannabidiol
is a negative allosteric modulator of the cannabinoid CB1 receptor, Br. J.
Pharmacol. 172 (2015) 4790—4805. https://doi.org/10.1111/bph.13250.

A. Thomas, G.L. Baillie, A.M. Phillips, R.K. Razdan, R.A. Ross, R.G. Pertwee,
Cannabidiol displays unexpectedly high potency as an antagonist of CB 1 and CB
2 receptor agonists in vitro, Br. J. Pharmacol. 150 (2007) 613-623.
https://doi.org/10.1038/sj.bjp.0707133.

B. Costa, G. Giagnoni, C. Franke, A.E. Trovato, M. Colleoni, Vanilloid TRPV1
receptor mediates the antihyperalgesic effect of the nonpsychoactive cannabinoid,

cannabidiol, in a rat model of acute inflammation, Br. J. Pharmacol. 143 (2004)
247-250. https://doi.org/10.1038/sj.bjp.0705920.

E. Galaj, G.H. Bi, H.J. Yang, Z.X. Xi, Cannabidiol attenuates the rewarding effects
of cocaine in rats by CB2, 5-HT1A and TRPV1 receptor mechanisms,
Neuropharmacology. 167 (2020) 107740.
https://doi.org/10.1016/j.neuropharm.2019.107740.

A.M. Tagne, F. Marino, M. Legnaro, A. Luini, B. Pacchetti, M. Cosentino, A
novel standardized cannabis sativa L. Extract and its constituent cannabidiol

inhibit human polymorphonuclear leukocyte functions, Int. J. Mol. Sci. 20 (2019)
1-11. https://doi.org/10.3390/ijms20081833.

G.IL Liou, J.A. Auchampach, C.J. Hillard, G. Zhu, B. Yousufzai, S. Mian, S. Khan,
Y. Khalifa, Mediation of Cannabidiol Anti-inflammation in the Retina by
Equilibrative Nucleoside Transporter and A2A Adenosine Receptor, Invest.
Ophthalmol. Vis. Sci. 49 (2008) 5526-5531. https://doi.org/10.1167/i0vs.08-2196.

S. Burstein, Cannabidiol (CBD) and its analogs: A review of their effects on
inflammation, Bioorganic Med. Chem. 23 (2015) 1377-1385.
https://doi.org/10.1016/j.bmc.2015.01.059.

B. Costa, M. Colleoni, S. Conti, D. Parolaro, C. Franke, A.E. Trovato, G.
Giagnoni, Oral anti-inflammatory activity of cannabidiol, a non-psychoactive
constituent of cannabis, in acute carrageenan-induced inflammation in the rat paw,
Naunyn. Schmiedebergs. Arch. Pharmacol. 369 (2004) 294-299.
https://doi.org/10.1007/s00210-004-0871-3.

175



[108] T. Naftali, Is Cannabis of Potential Value as a Therapeutic for Inflammatory
Bowel Disease?, Dig. Dis. Sci. 64 (2019) 2696—-2698.
https://doi.org/10.1007/s10620-019-05763-8.

[109] F. Borrelli, I. Fasolino, B. Romano, R. Capasso, F. Maiello, D. Coppola, P.
Orlando, G. Battista, E. Pagano, V. Di Marzo, A.A. 1zzo, Beneficial effect of the
non-psychotropic plant cannabinoid cannabigerol on experimental inflammatory
bowel disease, Biochem. Pharmacol. 85 (2013) 1306-1316.
https://doi.org/10.1016/j.bcp.2013.01.017.

[110] J.M. Nichols, E. Kummari, J. Sherman, E.J. Yang, S. Dhital, C. Gilfeather, G.
Yray, T. Morgan, B.L.F. Kaplan, CBD Suppression of EAE Is Correlated with
Early Inhibition of Splenic IFN-y + CD8+ T Cells and Modest Inhibition of
Neuroinflammation, J. Neuroimmune Pharmacol. 16 (2021) 346-362.
https://doi.org/10.1007/s11481-020-09917-8.

[111] G. Esposito, D. De Filippis, C. Cirillo, T. Iuvone, E. Capoccia, C. Scuderi, A.
Steardo, R. Cuomo, L. Steardo, Cannabidiol in Inflammatory Bowel Diseases : A
Brief Overview THE URGENT NEED OF NEW DRUGS FOR, 636 (2013) 633—
636.

[112] A.M. Malfait, R. Gallily, P.F. Sumariwalla, A.S. Malik, E. Andreakos, R.
Mechoulam, M. Feldmann, The nonpsychoactive cannabis constituent cannabidiol

is an oral anti-arthritic therapeutic in murine collagen-induced arthritis, Proc. Natl.
Acad. Sci. U. S. A. 97 (2000) 9561-9566. https://doi.org/10.1073/pnas.160105897.

[113] D.M. Elliott, N. Singh, M. Nagarkatti, P.S. Nagarkatti, Cannabidiol attenuates
experimental autoimmune encephalomyelitis model of multiple sclerosis through
induction of myeloid-derived suppressor cells, Front. Immunol. 9 (2018) 1-12.
https://doi.org/10.3389/fimmu.2018.01782.

[114] S. Pisanti, A.M. Malfitano, E. Ciaglia, A. Lamberti, R. Ranieri, G. Cuomo, M.
Abate, G. Faggiana, M.C. Proto, D. Fiore, C. Laezza, M. Bifulco, Cannabidiol:

State of the art and new challenges for therapeutic applications, Pharmacol. Ther.
175 (2017) 133—150. https://doi.org/10.1016/j.pharmthera.2017.02.041.

[115] K.A. Scott, A.G. Dalgleish, W.M. Liu, The Combination of Cannabidiol and A9-
Tetrahydrocannabinol Enhances the Anticancer Effects of Radiation in an
Orthotopic Murine Glioma Model, Mol. Cancer Ther. 13 (2014) 2955 LP — 2967.
https://doi.org/10.1158/1535-7163.MCT-14-0402.

[116] F.C.M. Rocha, J.G. Dos Santos Junior, S.C. Stefano, D.X. Da Silveira, Systematic
review of the literature on clinical and experimental trials on the antitumor effects

of cannabinoids in gliomas, J. Neurooncol. 116 (2014) 11-24.
https://doi.org/10.1007/s11060-013-1277-1.

176



[117] C. Itin, D. Barasch, A.J. Domb, A. Hoffman, Prolonged oral transmucosal delivery
of highly lipophilic drug cannabidiol, Int. J. Pharm. 581 (2020).
https://doi.org/10.1016/j.ijpharm.2020.119276.

[118] F. Calapai, L. Cardia, E.E. Sorbara, M. Navarra, S. Gangemi, G. Calapai, C.
Mannucci, Cannabinoids, blood—brain barrier, and brain disposition,
Pharmaceutics. 12 (2020) 1-15. https://doi.org/10.3390/pharmaceutics12030265.

[119] V. Franco, P. Gershkovich, E. Perucca, M. Bialer, The Interplay Between Liver
First-Pass Effect and Lymphatic Absorption of Cannabidiol and Its Implications
for Cannabidiol Oral Formulations, Clin. Pharmacokinet. 59 (2020) 1493—1500.
https://doi.org/10.1007/s40262-020-00931-w.

[120] A. Zgair, J.C.M. Wong, J.B. Lee, J. Mistry, O. Sivak, K.M. Wasan, .M. Hennig,
D.A. Barrett, C.S. Constantinescu, P.M. Fischer, P. Gershkovich, Dietary fats and

pharmaceutical lipid excipients increase systemic exposure to orally administered
cannabis and cannabis-based medicines, Am. J. Transl. Res. 8 (2016) 3448-3459.

[121] S.A. Millar, N.L. Stone, A.S. Yates, S.E. O’Sullivan, A systematic review on the
pharmacokinetics of cannabidiol in humans, Front. Pharmacol. 9 (2018).
https://doi.org/10.3389/fphar.2018.01365.

[122] J. Wise, FDA approves its first cannabis based medicine, BMJ. 361 (2018).
https://doi.org/10.1136/bm;j.k2827.

[123] L.H. Silmore, A.R. Willmer, E. V Capparelli, G.R. Rosania, Food effects on the
formulation, dosing, and administration of cannabidiol (CBD) in humans: A

systematic review of clinical studies, Pharmacother. J. Hum. Pharmacol. Drug
Ther. 41 (2021) 405-420. https://doi.org/https://doi.org/10.1002/phar.2512.

[124] S.A. Millar, R.F. Maguire, A.S. Yates, S.E. O’sullivan, Towards better delivery of
cannabidiol (Cbd), Pharmaceuticals. 13 (2020) 1-15.
https://doi.org/10.3390/ph13090219.

[125] Y. Nakano, M. Tajima, E. Sugiyama, V.H. Sato, H. Sato, Development of a Novel
Nano-emulsion Formulation to Improve Intestinal Absorption of Cannabidiol,
Med. Cannabis Cannabinoids. 2 (2019) 35-42. https://doi.org/10.1159/000497361.

[126] D. Izgelov, E. Davidson, D. Barasch, A. Regev, A.J. Domb, A. Hoffman,
Pharmacokinetic investigation of synthetic cannabidiol oral formulations in healthy
volunteers, Eur. J. Pharm. Biopharm. 154 (2020) 108-115.
https://doi.org/10.1016/j.ejpb.2020.06.021.

[127] D. Izgelov, E. Shmoeli, A.J. Domb, A. Hoffman, The effect of medium chain and
long chain triglycerides incorporated in self-nano emulsifying drug delivery

systems on oral absorption of cannabinoids in rats, Int. J. Pharm. 580 (2020)
119201. https://doi.org/10.1016/j.ijpharm.2020.119201.

177



[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

D. Izgelov, E. Davidson, D. Barasch, A. Regev, A.J. Domb, A. Hoffman,
Pharmacokinetic investigation of synthetic cannabidiol oral formulations in healthy
volunteers, Eur. J. Pharm. Biopharm. 154 (2020) 108-115.
https://doi.org/10.1016/j.ejpb.2020.06.021.

A. Zgair, ].B. Lee, J.C.M. Wong, D.A. Taha, J. Aram, D. Di Virgilio, J.W.
McArthur, Y.K. Cheng, .M. Hennig, D.A. Barrett, P.M. Fischer, C.S.
Constantinescu, P. Gershkovich, Oral administration of cannabis with lipids leads
to high levels of cannabinoids in the intestinal lymphatic system and prominent
immunomodulation, Sci. Rep. 7 (2017) 1-12. https://doi.org/10.1038/s41598-017-
15026-z.

P. Gershkovich, A. Hoffman, Uptake of lipophilic drugs by plasma derived
isolated chylomicrons: Linear correlation with intestinal lymphatic bioavailability,
Eur. J. Pharm. Sci. 26 (2005) 394—404. https://doi.org/10.1016/].ejps.2005.07.011.

P. Benito-Gallo, A. Franceschetto, J.C.M. Wong, M. Marlow, V. Zann, P. Scholes,
P. Gershkovich, Chain length affects pancreatic lipase activity and the extent and
pH-time profile of triglyceride lipolysis, Eur. J. Pharm. Biopharm. 93 (2015) 353—
362. https://doi.org/10.1016/j.ejpb.2015.04.027.

A. Zgair, ].C.M. Wong, A. Sabri, P.M. Fischer, D.A. Barrett, C.S. Constantinescu,
P. Gershkovich, Development of a simple and sensitive HPLC-UV method for the
simultaneous determination of cannabidiol and 69-tetrahydrocannabinol in rat
plasma, J. Pharm. Biomed. Anal. 114 (2015) 145-151.
https://doi.org/10.1016/j.jpba.2015.05.019.

N. Bahrami, L. Yonekura, R. Linforth, M. Carvalho da Silva, S. Hill, S. Penson, G.
Chope, 1.D. Fisk, Comparison of ambient solvent extraction methods for the

analysis of fatty acids in non-starch lipids of flour and starch, J. Sci. Food Agric.
94 (2014) 415-423. https://doi.org/10.1002/jsfa.6449.

M.A. Gedi, K.J. Magee, R. Darwish, P. Eakpetch, I. Young, D.A. Gray, Impact of
the partial replacement of fish meal with a chloroplast rich fraction on the growth
and selected nutrient profile of zebrafish (: Danio rerio), Food Funct. 10 (2019)
733-745. https://doi.org/10.1039/c8f002109k.

G. Fricker, T. Kromp, A. Wendel, A. Blume, J. Zirkel, H. Rebmann, C. Setzer,
R.O. Quinkert, F. Martin, C. Miiller-Goymann, Phospholipids and lipid-based
formulations in oral drug delivery, Pharm. Res. 27 (2010) 1469—-1486.
https://doi.org/10.1007/s11095-010-0130-x.

C.J.H. Porter, N.L. Trevaskis, W.N. Charman, Lipids and lipid-based formulations:
Optimizing the oral delivery of lipophilic drugs, Nat. Rev. Drug Discov. 6 (2007)
231-248. https://doi.org/10.1038/nrd2197.

178



[137] H. Mu, R. Holm, A. Mullertz, Lipid-based formulations for oral administration of
poorly water-soluble drugs, Int. J. Pharm. 453 (2013) 215-224.
https://doi.org/10.1016/j.ijpharm.2013.03.054.

[138] C.M. O’Driscoll, Lipid-based formulations for intestinal lymphatic delivery, Eur.
J. Pharm. Sci. 15 (2002) 405—415. https://doi.org/10.1016/S0928-0987(02)00051-
9.

[139] D.G. Fatouros, D.M. Karpf, F.S. Nielsen, A. Mullertz, Clinical studies with oral
lipid based formulations of poorly soluble compounds, Ther. Clin. Risk Manag. 3
(2007) 591-604.

[140] O.M. Feeney, M.F. Crum, C.L. McEvoy, N.L. Trevaskis, H.D. Williams, C.W.
Pouton, W.N. Charman, C.A.S. Bergstrom, C.J.H. Porter, 50 years of oral lipid-
based formulations: Provenance, progress and future perspectives, Adv. Drug
Deliv. Rev. 101 (2016) 167—194. https://doi.org/10.1016/j.addr.2016.04.007.

[141] P. Gershkovich, J. Fanous, B. Qadri, A. Yacovan, S. Amselem, A. Hoffman, The
role of molecular physicochemical properties and apolipoproteins in association of
drugs with triglyceride-rich lipoproteins: in-silico prediction of uptake by
chylomicrons, J. Pharm. Pharmacol. 61 (2008) 31-39.
https://doi.org/10.1211/jpp/61.01.0005.

[142] N.L. Trevaskis, W.N. Charman, C.J.H. Porter, Lipid-based delivery systems and
intestinal lymphatic drug transport: A mechanistic update, Adv. Drug Deliv. Rev.
60 (2008) 702-716. https://doi.org/10.1016/j.addr.2007.09.007.

[143] V. Cifarelli, A. Eichmann, The Intestinal Lymphatic System: Functions and
Metabolic Implications, Cmgh. 7 (2019) 503-513.
https://doi.org/10.1016/j.jcmgh.2018.12.002.

[144] LJ. Martins, B.C. Mortimer, J. Miller, T.G. Redgrave, Effects of particle size and
number on the plasma clearance of chylomicrons and remnants, J. Lipid Res. 37
(1996) 2696-2705.

[145] D.J. Harvey, E. Samara, R. Mechoulam, Comparative metabolism of cannabidiol
in dog, rat and man, Pharmacol. Biochem. Behav. 40 (1991) 523-532.
https://doi.org/10.1016/0091-3057(91)90358-9.

[146] E.M. Blessing, M.M. Steenkamp, J. Manzanares, C.R. Marmar, Cannabidiol as a
Potential Treatment for Anxiety Disorders, Neurotherapeutics. 12 (2015) 825-836.
https://doi.org/10.1007/s13311-015-0387-1.

[147] S.D. McAllister, R. Murase, R.T. Christian, D. Lau, A.J. Zielinski, J. Allison, C.
Almanza, A. Pakdel, J. Lee, C. Limbad, Y. Liu, R.J. Debs, D.H. Moore, P.Y.
Desprez, Pathways mediating the effects of cannabidiol on the reduction of breast

cancer cell proliferation, invasion, and metastasis, Breast Cancer Res. Treat. 129
(2011) 37-47. https://doi.org/10.1007/s10549-010-1177-4.

179



[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

A.W. Zuardi, J.E.C. Hallak, S.M. Dursun, S.L. Morais, R.F. Sanches, R.E. Musty,
J.A.S. Crippa, Cannabidiol monotherapy for treatment-resistant schizophrenia, J.
Psychopharmacol. 20 (2006) 683—686.
https://doi.org/10.1177/0269881106060967.

J. Wong, O. Sivak, K. M Wasan, P.M. Fischer, P. Gershkovich, Intestinal
absorption of lipophilic cannabinoids : The role of lymphatic transport, in: S5th
World Conf. Drug Absorption, Transp. Deliv., 2013.

P.T. Kocis, K.E. Vrana, Delta-9-Tetrahydrocannabinol and Cannabidiol Drug-
Drug Interactions, Med. Cannabis Cannabinoids. 3 (2020) 61-73.
https://doi.org/10.1159/000507998.

R. Jiang, S. Yamaori, S. Takeda, I. Yamamoto, K. Watanabe, Identification of
cytochrome P450 enzymes responsible for metabolism of cannabidiol by human
liver microsomes, Life Sci. 89 (2011) 165-170.
https://doi.org/10.1016/].1fs.2011.05.018.

E. Kozela, N. Lev, N. Kaushansky, R. Eilam, N. Rimmerman, R. Levy, A. Ben-
Nun, A. Juknat, Z. Vogel, Cannabidiol inhibits pathogenic T cells, decreases spinal
microglial activation and ameliorates multiple sclerosis-like disease in C57BL/6
mice, Br. J. Pharmacol. 163 (2011) 1507-1519. https://doi.org/10.1111/5.1476-
5381.2011.01379.x.

A. Sengupta, U.K. Mazumder, Triglyceride composition of tobacco seed oil, J.
Am. Oil Chem. Soc. 53 (1976) 680—683. https://doi.org/10.1007/BF02586337.

Y.-H. Park, S. Wada, C. Koizumi, Triglyceride Composition of Some Vegetable
Oil.pdf, Bull. Korean Fish. Soc. 14 (1981) 1-6.

J.B. Lee, A. Zgair, J. Malec, T.H. Kim, M.G. Kim, J. Ali, C. Qin, W. Feng, M.
Chiang, X. Gao, G. Voronin, A.E. Garces, C.L. Lau, T.H. Chan, A. Hume, T.M.
Mclntosh, F. Soukarieh, M. Al-Hayali, E. Cipolla, H.M. Collins, D.M. Heery, B.S.
Shin, S.D. Yoo, L. Kagan, M.J. Stocks, T.D. Bradshaw, P.M. Fischer, P.
Gershkovich, Lipophilic activated ester prodrug approach for drug delivery to the
intestinal lymphatic system, J. Control. Release. 286 (2018) 10-19.
https://doi.org/10.1016/j.jconrel.2018.07.022.

P. Gershkovich, B. Qadri, A. Yacovan, S. Amselem, A. Hoffman, Different
impacts of intestinal lymphatic transport on the oral bioavailability of structurally

similar synthetic lipophilic cannabinoids: Dexanabinol and PRS-211,220, Eur. J.
Pharm. Sci. 31 (2007) 298-305. https://doi.org/10.1016/j.ejps.2007.04.006.

C. Qin, Y.J. Chu, W. Feng, C. Fromont, S. He, J. Ali, J.B. Lee, A. Zgair, M.
Berton, S. Bettonte, R. Liu, L. Yang, T. Monmaturapoj, C. Medrano-Padial,
A.A.R. Ugalde, D. Vetrugno, S.Y. Ee, C. Sheriston, Y. Wu, M.J. Stocks, P.M.
Fischer, P. Gershkovich, Targeted delivery of lopinavir to HIV reservoirs in the

180



[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]
[168]

mesenteric lymphatic system by lipophilic ester prodrug approach, J. Control.
Release. (2020). https://doi.org/10.1016/j.jconrel.2020.10.036.

W.N.A. Charman, T. Noguchi, V.J. Stella, An experimental system designed to
study the in situ intestinal lymphatic transport of lipophilic drugs in anesthetized
rats, Int. J. Pharm. 33 (1986) 155—164. https://doi.org/10.1016/0378-
5173(86)90049-9.

W.N.A. Charman, V.J. Stella, Effects of lipid class and lipid vehicle volume on the
intestinal lymphatic transport of DDT, Int. J. Pharm. 33 (1986) 165-172.
https://doi.org/10.1016/0378-5173(86)90050-5.

V. Risovic, K. Sachs-Barrable, M. Boyd, K.M. Wasan, Potential mechanisms by
which Peceol® increases the gastrointestinal absorption of Amphotericin B, Drug
Dev. Ind. Pharm. 30 (2004) 767—774. https://doi.org/10.1081/DDC-120039793.

B. Sesamum, C. Lipids, Sesame Oil, Encycl. Tribol. (2013) 3068-3068.
https://doi.org/10.1007/978-0-387-92897-5 101202.

G.S. Jamieson, W.F. Baughman, The chemical composition of sesame oil, J. Am.
Chem. Soc. 46 (1924) 775-778. https://doi.org/10.1021/ja01668a032.

Y. Wan, H. Li, G. Fu, X. Chen, F. Chen, M. Xie, The relationship of antioxidant
components and antioxidant activity of sesame seed oil, J. Sci. Food Agric. 95
(2015) 2571-2578. https://doi.org/10.1002/jsfa.7035.

E. Camara Grilo, P.N. Costa, C. Santos, S. Gurgel, A. Fernanda De Lima Beserra,
F. Niéce De Souza Almeida, R. Dimenstein, Alpha-tocopherol and gamma-
tocopherol concentration in vegetable oils, Food Sci. Technol. 2014 (2014) 1-7.

A. Kamal-Eldin, L.A. Appelqvist, Variations in the composition of sterols,
tocopherols and lignans in seed oils from four Sesamum species, J. Am. Oil Chem.
Soc. 71 (1994) 149-156. https://doi.org/10.1007/BF02541549.

K. Nagy, L. Ramos, M.C. Courtet-Compondu, S. Braga-Lagache, K. Redeuil, B.
Lobo, F. Azpiroz, J.R. Malagelada, M. Beaumont, J. Moulin, S. Acquistapache, L.
Sagalowicz, M. Kussmann, J. Santos, B. Holst, G. Williamson, Double-balloon
jejunal perfusion to compare absorption of vitamin E and vitamin E acetate in
healthy volunteers under maldigestion conditions, Eur. J. Clin. Nutr. 67 (2013)
202-206. https://doi.org/10.1038/ejcn.2012.183.

D.H. Morris, Backgrounder on Lignans, Flax A Heal. Nutr. Prim. (2007) 44-52.

S.P. BORRIELLO, K.D.R. SETCHELL, M. AXELSON, A.M. LAWSON,
Production and metabolism of lignans by the human faecal flora, J. Appl.
Bacteriol. 58 (1985) 37—43. https://doi.org/10.1111/j.1365-2672.1985.tb01427 x.

181



[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

L. Wang, Y. Zhang, P. Li, W. Zhang, X. Wang, X. Qi, X. Zhang, Variation of
sesamin and sesamolin contents in sesame cultivars from China, Pakistan J. Bot.
45 (2013) 177-182. https://doi.org/10.1002/ej1t.200700057.

D.-H. Deng, L. Xu, Z.-H. Ye, H.-F. Cui, C.-B. Cai, X.-P. Yu, Oil and minor
components of sesame (Sesamum indicum L.) strains., J. Am. Oil Chem. Soc. 89
(2012) 508-511. https://doi.org/10.1007/s13313-011-0070-x.

S. Hemalatha, Ghafoorunissa, Sesame lignans enhance the thermal stability of
edible vegetable oils, Food Chem. 105 (2007) 1076—1085.
https://doi.org/10.1016/j.foodchem.2007.05.023.

A. Touré, X. Xueming, Flaxseed lignans: Source, biosynthesis, metabolism,
antioxidant activity, Bio-active components, and health benefits, Compr. Rev.
Food Sci. Food Saf. 9 (2010) 261-269. https://doi.org/10.1111/j.1541-
4337.2009.00105.x.

A. Ayala, M.F. Mfioz, S. Argiielles, Lipid Peroxidation: Production, Metabolism,
and Signaling Mechanisms of Malondialdehyde and 4-Hydroxy-2-Nonenal, Oxid.
Med. Cell. Longev. (2014) 9—-12. https://doi.org/10.1007/978-3-211-33303-7 2.

M. Namiki, Nutraceutical functions of sesame: A review, Crit. Rev. Food Sci.
Nutr. 47 (2007) 651-673. https://doi.org/10.1080/10408390600919114.

D.J. Hauss, Oral Lipi-based Formulations Enhancing the Bioavailability of Poorly
Water-Soluble Drugs, CRC Press, 2007.
http://library1.nida.ac.th/termpaper6/sd/2554/19755.pdf.

S.M. Khoo, D.M. Shackleford, C.J.H. Porter, G.A. Edwards, W.N. Charman,
Intestinal lymphatic transport of halofantrine occurs after oral administration of a
unit-dose lipid-based formulation to fasted dogs, Pharm. Res. 20 (2003) 1460—
1465. https://doi.org/10.1023/A:1025718513246.

M. Mahmood Hussain, A proposed model for the assembly of chylomicrons,
Atherosclerosis. 148 (2000) 1-15. https://doi.org/10.1016/S0021-9150(99)00397-
4.

G.J. Randolph, N.E. Miller, G.J. Randolph, N.E. Miller, Lymphatic transport of
high-density lipoproteins and chylomicrons Find the latest version : Review series
Lymphatic transport of high-density lipoproteins and chylomicrons, 124 (2014)
929-935. https://doi.org/10.1172/JCI71610.the.

R. Mechoulam, L. A.Parker, R. Gallily, Cannabidiol: An Overview of Some
Pharmacological Aspects, J. Clin. Pharmacol. 42 (2002) 11-19s.
https://doi.org/10.1177/0091270002238789.

R. Holm, C.J.H. Porter, G.A. Edwards, A. Millertz, H.G. Kristensen, W.N.
Charman, Examination of oral absorption and lymphatic transport of halofantrine
in a triple-cannulated canine model after administration in self-microemulsifying

182



drug delivery systems (SMEDDS) containing structured triglycerides, Eur. J.
Pharm. Sci. 20 (2003) 91-97. https://doi.org/10.1016/S0928-0987(03)00174-X.

[181] A. Dahan, A. Hoffman, Evaluation of a chylomicron flow blocking approach to
investigate the intestinal lymphatic transport of lipophilic drugs, Eur. J. Pharm. Sci.
24 (2005) 381-388. https://doi.org/10.1016/j.ejps.2004.12.006.

[182] G. Esposito, D. De Filippis, C. Cirillo, T. Iuvone, E. Capoccia, C. Scuderi, A.
Steardo, R. Cuomo, L. Steardo, Cannabidiol in inflammatory bowel diseases: A
brief overview, Phyther. Res. 27 (2013) 633—636. https://doi.org/10.1002/ptr.4781.

[183] M. Feldmann, F.M. Brennan, B.M.J. Foxwell, P.C. Taylor, R.O. Williams, R.N.
Maini, Anti-TNF therapy: Where have we got to in 2005?, J. Autoimmun. 25
(2005) 26-28. https://doi.org/10.1016/j.jaut.2005.09.006.

[184] J. Corey-Bloom, T. Wolfson, A. Gamst, S. Jin, T.D. Marcotte, H. Bentley, B.
Gouaux, Smoked cannabis for spasticity in multiple sclerosis: A randomized,
placebo-controlled trial, Cmaj. 184 (2012) 1143—-1150.
https://doi.org/10.1503/cmaj.110837.

[185] J.M. Nichols, B.L.F. Kaplan, Immune Responses Regulated by Cannabidiol,
Cannabis Cannabinoid Res. 5 (2020) 12-31.
https://doi.org/10.1089/can.2018.0073.

[186] B.L.F.Kaplan, A.E.B. Springs, N.E. Kaminski, The profile of immune modulation
by cannabidiol (CBD) involves deregulation of nuclear factor of activated T cells
(NFAT), Biochem. Pharmacol. 76 (2008) 726—737.
https://doi.org/10.1016/j.bcp.2008.06.022.

[187] B. Watzl, P. Scuderi, R.R. Watson, Marijuana Components Stimulate Human
Peripheral Blood Mononuclear Cell Secretion Of Interferon-gamma and suppress
Interleukin-1 Alpha In Vitro, 13 (1991) 1091-1097.

[188] A. Dahan, A. Hoffman, The effect of different lipid based formulations on the oral
absorption of lipophilic drugs: The ability of in vitro lipolysis and consecutive ex

vivo intestinal permeability data to predict in vivo bioavailability in rats, Eur. J.
Pharm. Biopharm. 67 (2007) 96—105. https://doi.org/10.1016/j.ejpb.2007.01.017.

[189] Griffin WC, Classification of Surface-active Agents by “HLB,” J. Cosmet. Sci. 1
(1949) 311-326.

[190] A.H.C. Chun, A.N. Martin, Measurement of hydrophile-lipophile balance of
surface-active agents, J. Pharm. Sci. 50 (1961) 732-736.
https://doi.org/10.1002/jps.2600500903.

[191] Y. Guo, J. Luo, S. Tan, B.O. Otieno, Z. Zhang, The applications of Vitamin e
TPGS in drug delivery, Eur. J. Pharm. Sci. 49 (2013) 175-186.
https://doi.org/10.1016/j.ejps.2013.02.006.

183



[192] G. Zuccari, S. Alfei, A. Zorzoli, D. Marimpietri, F. Turrini, S. Baldassari, L.
Marchitto, G. Caviglioli, Increased Water-Solubility and Maintained Antioxidant
Power of Resveratrol by Its Encapsulation in Vitamin E TPGS Micelles: A
Potential Nutritional Supplement for Chronic Liver Disease, Pharmaceutics. 13
(2021) 1128. https://doi.org/10.3390/pharmaceutics13081128.

[193] G. Zuccari, S. Baldassari, S. Alfei, B. Marengo, G.E. Valenti, C. Domenicotti, G.
Ailuno, C. Villa, L. Marchitto, G. Caviglioli, D-a-tocopherol-based micelles for

successful encapsulation of retinoic acid, Pharmaceuticals. 14 (2021).
https://doi.org/10.3390/ph14030212.

[194] F. Bi, X. Zhang, J. Liu, H. Yong, L. Gao, J. Liu, Development of antioxidant and
antimicrobial packaging films based on chitosan, D-a-tocopheryl polyethylene

glycol 1000 succinate and silicon dioxide nanoparticles, Food Packag. Shelf Life.
24 (2020) 100503. https://doi.org/10.1016/j.fps1.2020.100503.

[195] E. Niki, Role of vitamin e as a lipid-soluble peroxyl radical scavenger: In vitro and
in vivo evidence, Free Radic. Biol. Med. 66 (2014) 3—12.
https://doi.org/10.1016/j.freeradbiomed.2013.03.022.

[196] A. Yan, A. Von Dem Bussche, A.B. Kane, R.H. Hurt, Tocopheryl polyethylene
glycol succinate as a safe, antioxidant surfactant for processing carbon nanotubes
and fullerenes, Carbon N. Y. 45 (2007) 2463-2470.
https://doi.org/10.1016/j.carbon.2007.08.035.

[197] Z.Fan,J. Wu, X. Fang, X. Sha, A new function of Vitamin E-TPGS in the
intestinal lymphatic transport of lipophilic drugs: Enhancing the secretion of
chylomicrons, Int. J. Pharm. 445 (2013) 141-147.
https://doi.org/10.1016/j.ijpharm.2013.01.070.

[198] M. Grove, G.P. Pedersen, J.L. Nielsen, A. Miillertz, Bioavailability of seocalcitol
I: Relating solubility in biorelevant media with oral bioavailability in rats - Effect
of medium and long chain triglycerides, J. Pharm. Sci. 94 (2005) 1830-1838.
https://doi.org/10.1002/jps.20403.

[199] S.Bandyopadhyay, O.P. Katare, B. Singh, Optimized self nano-emulsifying
systems of ezetimibe with enhanced bioavailability potential using long chain and
medium chain triglycerides, Colloids Surfaces B Biointerfaces. 100 (2012) 50-61.
https://doi.org/10.1016/j.colsurfb.2012.05.019.

[200] S. fei Han, T. ting Yao, X. xin Zhang, L. Gan, C. Zhu, H. zhen Yu, Y. Gan, Lipid-
based formulations to enhance oral bioavailability of the poorly water-soluble drug

anethol trithione: Effects of lipid composition and formulation, Int. J. Pharm. 379
(2009) 18-24. https://doi.org/10.1016/j.ijpharm.2009.06.001.

[201] D. Izgelov, E. Shmoeli, A.J. Domb, A. Hoffman, The effect of medium chain and
long chain triglycerides incorporated in self-nano emulsifying drug delivery

184



[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

systems on oral absorption of cannabinoids in rats, Int. J. Pharm. 580 (2020)
119201. https://doi.org/10.1016/j.ijpharm.2020.119201.

K. Mohsin, Design of lipid-based formulations for oral administration of poorly
water-soluble drug fenofibrate: Effects of digestion, AAPS PharmSciTech. 13
(2012) 637-646. https://doi.org/10.1208/512249-012-9787-2.

A. Dahan, A. Hoffman, Rationalizing the selection of oral lipid based drug
delivery systems by an in vitro dynamic lipolysis model for improved oral
bioavailability of poorly water soluble drugs, J. Control. Release. 129 (2008) 1-10.
https://doi.org/10.1016/j.jconrel.2008.03.021.

C.J.H. Porter, A.M. Kaukonen, A. Taillardat-Bertschinger, B.J. Boyd, J.M.
O’Connor, G.A. Edwards, W.N. Charman, Use of in Vitro Lipid Digestion Data to
Explain the in Vivo Performance of Triglyceride-Based Oral Lipid Formulations of
Poorly Water-Soluble Drugs: Studies with Halofantrine, J. Pharm. Sci. 93 (2004)
1110-1121. https://doi.org/10.1002/jps.20039.

D.L. Boggs, T. Surti, A. Gupta, S. Gupta, M. Niciu, B. Pittman, A.M.
Schnakenberg Martin, H. Thurnauer, A. Davies, D.C. D’Souza, M. Ranganathan,
The effects of cannabidiol (CBD) on cognition and symptoms in outpatients with

chronic schizophrenia a randomized placebo controlled trial, Psychopharmacology
(Berl). 235 (2018) 1923-1932. https://doi.org/10.1007/s00213-018-4885-9.

J. Hardy, A. Haywood, G. Gogna, J. Martin, P. Yates, R. Greer, P. Good, Oral
medicinal cannabinoids to relieve symptom burden in the palliative care of patients
with advanced cancer: A double-blind, placebo-controlled, randomised clinical
trial of efficacy and safety of 1:1 delta-9-tetrahydrocannabinol (THC) and
cannabidiol (, Trials. 21 (2020) 1-7. https://doi.org/10.1186/s13063-020-04541-6.

C.M. White, A Review of Human Studies Assessing Cannabidiol’s (CBD)
Therapeutic Actions and Potential, J. Clin. Pharmacol. 59 (2019) 923-934.
https://doi.org/10.1002/jcph.1387.

D.J. Sholler, L. Schoene, T.R. Spindle, Therapeutic Efficacy of Cannabidiol
(CBD): a Review of the Evidence From Clinical Trials and Human Laboratory
Studies, Curr. Addict. Reports. 7 (2020) 405—412. https://doi.org/10.1007/s40429-
020-00326-8.

.M. Linares, A.W. Zuardi, L.C. Pereira, R.H. Queiroz, R. Mechoulam, F.S.
Guimaraes, J.A. Crippa, Cannabidiol presents an inverted U-shaped dose-response

curve in a simulated public speaking test, Rev. Bras. Psiquiatr. 41 (2019) 9-14.
https://doi.org/10.1590/1516-4446-2017-0015.

A.W. Zuardi, N.P. Rodrigues, A.L. Silva, S.A. Bernardo, J.E.C. Hallak, F.S.
Guimaraes, J.A.S. Crippa, Inverted U-shaped dose-response curve of the anxiolytic
effect of cannabidiol during public speaking in real life, Front. Pharmacol. 8
(2017) 1-9. https://doi.org/10.3389/fphar.2017.00259.

185



[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

A. Zgair, Intestinal lymphatic transport of cannabinoids: implications for people
with autoimmune diseases and immunocompromised individuals, University of
Nottingham, 2017.
https://search.proquest.com/docview/2022985464?accountid=26642%0Ahttp://link
.periodicos.capes.gov.br/sfxlcl41?url ver=739.88-

2004&rft val fmt=info:ofi/fmt:kev:mtx:dissertation&genre=dissertations+%26+th
eses&sid=ProQ:ProQuest+Dissertations+%?26+Theses+Globa.

S. Reagan-Shaw, M. Nihal, N. Ahmad, Dose translation from animal to human
studies revisited, FASEB J. 22 (2008) 659—-661. https://doi.org/10.1096/1].07-
95741sf.

C. Granger, P. Barey, N. Combe, P. Veschambre, M. Cansell, Influence of the fat
characteristics on the physicochemical behavior of oil-in-water emulsions based on

milk proteins-glycerol esters mixtures, Colloids Surfaces B Biointerfaces. 32
(2003) 353-363. https://doi.org/10.1016/j.colsurtb.2003.07.003.

A. Speranza, M.G. Corradini, T.G. Hartman, D. Ribnicky, A. Oren, M.A. Rogers,
Influence of emulsifier structure on lipid bioaccessibility in oil-water
nanoemulsions, J. Agric. Food Chem. 61 (2013) 6505-6515.
https://doi.org/10.1021/jf401548r.

P.M. Reis, T.W. Raab, J.Y. Chuat, M.E. Leser, R. Miller, H.J. Watzke, K.
Holmberg, Influence of surfactants on lipase fat digestion in a model gastro-
intestinal system, Food Biophys. 3 (2008) 370-381.
https://doi.org/10.1007/s11483-008-9091-6.

J.F. Cuiné, W.N. Charman, C.W. Pouton, G.A. Edwards, C.J.H. Porter, Increasing
the proportional content of surfactant (Cremophor EL) relative to lipid in self-
emulsifying lipid-based formulations of danazol reduces oral bioavailability in
beagle dogs, Pharm. Res. 24 (2007) 748-757. https://doi.org/10.1007/s11095-006-
9194-z.

A. Christiansen, T. Backensfeld, W. Weitschies, Effects of non-ionic surfactants
on in vitro triglyceride digestion and their susceptibility to digestion by pancreatic
enzymes, Eur. J. Pharm. Sci. 41 (2010) 376-382.
https://doi.org/10.1016/j.ejps.2010.07.005.

K.J. MacGregor, J.K. Embleton, J.E. Lacy, E.A. Perry, L.J. Solomon, H. Seager,
C.W. Pouton, Influence of lipolysis on drug absorption from the gastro-intestinal
tract, Adv. Drug Deliv. Rev. 25 (1997) 33—46. https://doi.org/10.1016/S0169-
409X(96)00489-9.

J.B. Lee, T.H. Kim, W. Feng, H.G. Choi, A. Zgair, S. Shin, S.D. Yoo, P.

Gershkovich, B.S. Shin, Quantitative Prediction of Oral Bioavailability of a

Lipophilic Antineoplastic Drug Bexarotene Administered in Lipidic Formulation

Using a Combined In Vitro Lipolysis/Microsomal Metabolism Approach, J.

Pharm. Sci. 108 (2019) 1047—-1052. https://doi.org/10.1016/j.xphs.2018.09.025.
186



[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

P. Benito-Gallo, M. Marlow, V. Zann, P. Scholes, P. Gershkovich, Linking in
Vitro Lipolysis and Microsomal Metabolism for the Quantitative Prediction of
Oral Bioavailability of BCS II Drugs Administered in Lipidic Formulations, Mol.
Pharm. 13 (2016) 3526-3540.
https://doi.org/10.1021/acs.molpharmaceut.6b00597.

B.T. Griffin, C.M. O’Driscoll, A comparison of intestinal lymphatic transport and
systemic bioavailability of saquinavir from three lipid-based formulations in the
anaesthetised rat model, J. Pharm. Pharmacol. 58 (2006) 917-925.
https://doi.org/10.1211/jpp.58.7.0006.

S. Kalepu, M. Manthina, V. Padavala, Oral lipid-based drug delivery systems — an
overview, Acta Pharm. Sin. B. 3 (2013) 361-372.
https://doi.org/10.1016/j.apsb.2013.10.001.

C.J.H. Porter, H.D. Williams, N.L. Trevaskis, Recent advances in lipid-based
formulation technology, Pharm. Res. 30 (2013) 2971-2975.
https://doi.org/10.1007/s11095-013-1229-7.

O.H. Chan, B.H. Stewart, Physicochemical and drug-delivery considerations for
oral drug bioavailability, Drug Discov. Today. 1 (1996) 461-473.
https://doi.org/10.1016/1359-6446(96)10039-8.

J.M. Odeberg, P. Kaufmann, K.G. Kroon, P. Hoglund, Lipid drug delivery and
rational formulation design for lipophilic drugs with low oral bioavailability,
applied to cyclosporine, Eur. J. Pharm. Sci. 20 (2003) 375-382.
https://doi.org/10.1016/j.ejps.2003.08.005.

J.B. Dixon, Mechanisms of chylomicron uptake into lacteals, Ann. N. Y. Acad.
Sci. 1207 (2010) 1-8. https://doi.org/10.1111/.1749-6632.2010.05716.x.

P.J. Nestel, R.J. Havel, A. Bezman, Sites of Initial Removal of Chylomicron
Triglyceride Fatty Acids From the Blood*, J. Clin. Invest. 41 (1962) 1915-1921.
https://doi.org/10.1172/jc1104648.

J.H. Bragdon, A. Karmen, The fatty acid composition of chylomicrons of chyle
and serum following the ingestion of different oils, J. Lipid Res. 1 (1960) 167-170.
https://doi.org/10.1016/s0022-2275(20)39079-9.

C. Xiao, P. Stahel, G.F. Lewis, Regulation of Chylomicron Secretion: Focus on
Post-Assembly Mechanisms, Cmgh. 7 (2019) 487-501.
https://doi.org/10.1016/j.jcmgh.2018.10.015.

D.D. Black, Development and Physiological Regulation of Intestinal Lipid
Absorption. I. Development of intestinal lipid absorption: Cellular events in
chylomicron assembly and secretion, Am. J. Physiol. - Gastrointest. Liver Physiol.
293 (2007) 519-524. https://doi.org/10.1152/ajpgi.00189.2007.

187



[231] S. Dash, C. Xiao, C. Morgantini, G.F. Lewis, New Insights into the Regulation of
Chylomicron Production, Annu. Rev. Nutr. 35 (2015) 265-294.
https://doi.org/10.1146/annurev-nutr-071714-034338.

[232] A.L. Carreiro, K.K. Buhman, Chapter 3 - Absorption of Dietary Fat and Its
Metabolism in Enterocytes, in: V.B. Patel (Ed.), Mol. Nutr. Fats, Academic Press,
2019: pp. 33-48. https://doi.org/https://doi.org/10.1016/B978-0-12-811297-
7.00003-2.

[233] G.R. Bayly, Lipids and disorders of lipoprotein metabolism, Third Edit, Elsevier
Ltd., 2014. https://doi.org/10.1016/B978-0-7020-5140-1.00037-7.

[234] C.M. Mansbach, Fat Digestion and Absorption, in: L.R. Johnson (Ed.), Encycl.
Gastroenterol., Elsevier, New York, 2004: pp. 23-30.
https://doi.org/https://doi.org/10.1016/B0-12-386860-2/00263-X.

[235] N.L. Trevaskis, C.L. McEvoy, M.P. Mcintosh, G.A. Edwards, R.M. Shanker, W.N.
Charman, C.J.H. Porter, The role of the intestinal lymphatics in the absorption of
two highly lipophilic cholesterol ester transfer protein inhibitors (CP524,515 and
CP532,623), Pharm. Res. 27 (2010) 878-893. https://doi.org/10.1007/s11095-010-
0083-0.

[236] A. Zambelli, A. Ledn, R. Garcés, 2 - Mutagenesis in Sunflower, in: E. Martinez-
Force, N.T. Dunford, J.J. Salas (Eds.), Sunflower, AOCS Press, 2015: pp. 27-52.
https://doi.org/https://doi.org/10.1016/B978-1-893997-94-3.50008-8.

[237] Z. Zhang, Y. Lu, J. Qi, W. Wu, An update on oral drug delivery via intestinal
lymphatic transport, Acta Pharm. Sin. B. 11 (2021).
https://doi.org/10.1016/j.apsb.2020.12.022.

[238] D.J. Hauss, S.E. Fogal, J. V. Ficorilli, C.A. Price, T. Roy, A.A. Jayaraj, J.J. Keirns,
Lipid-based delivery systems for improving the bioavailability and lymphatic
transport of a poorly water-soluble LTB4 inhibitor, J. Pharm. Sci. 87 (1998) 164—
169. https://doi.org/10.1021/js970300n.

[239] S.M. Caliph, W.A. (Fried) Faassen, G.M.V. and C.J.H. Porter, Oral Bioavailability
Assessment and Intestinal Lymphatic Transport of Org 45697 and Org 46035, Two

Highly Lipophilic Novel Immunomodulator Analogues, Curr. Drug Deliv. 6
(2009) 359-366. https://doi.org/http://dx.doi.org/10.2174/156720109789000500.

[240] D. Ollivier, J. Artaud, C. Pinatel, J.P. Durbec, M. Guérére, Differentiation of
French virgin olive oil RDOs by sensory characteristics, fatty acid and
triacylglycerol compositions and chemometrics, Food Chem. 97 (2006) 382—-393.
https://doi.org/10.1016/j.foodchem.2005.04.024.

[241] T.H. Sanders, Fatty acid composition of lipid classes in oils from peanuts differing
in variety and maturity, J. Am. Oil Chem. Soc. 57 (1980) 12—15.
https://doi.org/10.1007/BF02675517.

188



[242] A.Kamal-Eldin, L.A. Appelqvist, Variation in fatty acid composition of the
different acyl lipids in seed oils from four Sesamum species, J. Am. Oil Chem.
Soc. 71 (1994) 135-139. https://doi.org/10.1007/BF02541547.

[243] T.L. Mounts, K. Warner, G.R. List, R. Kleiman, W.R. Fehr, E.G. Hammond, J.R.
Wilcox, Effect of altered fatty acid composition on soybean oil stability, J. Am. Oil
Chem. Soc. 65 (1988) 624—628. https://doi.org/10.1007/BF02540691.

[244] G.C. Gervajio, Fatty Acids and Derivatives from Coconut Oil, Bailey’s Ind. Oil
Fat Prod. (2005) 1-38. https://doi.org/10.1002/047167849x.b10039.

[245] D.R. Webb, R.A. Sanders, Caprenin 1. Digestion, Absorption, and Rearrangement
in Thoracic Duct-Cannulated Rats, Int. J. Toxicol. 10 (1991) 325-340.
https://doi.org/10.3109/10915819109079813.

[246] R. Holm, A. Miillertz, E. Christensen, C.E. Hoy, H.G. Kristensen, Comparison of
total oral bioavailability and the lymphatic transport of halofantrine from three

different unsaturated triglycerides in lymph-cannulated conscious rats, Eur. J.
Pharm. Sci. 14 (2001) 331-337. https://doi.org/10.1016/S0928-0987(01)00186-5.

[247] K.K. Carroll, J.F. Richards, Factors Affecting Digestibility of Fatty Acids in the
Rat, J. Nutr. 64 (1958) 411-424. https://doi.org/10.1093/jn/64.3.411.

[248] N.D. Gallagher, M.R. Playoust, Absorption of saturated and unsaturated fatty acids
by rat jejunum and ileum., Gastroenterology. 57 (1969) 9—18.
https://doi.org/10.1016/s0016-5085(19)33954-x.

[249] A. Dahan, A. Hoffman, Rationalizing the selection of oral lipid based drug
delivery systems by an in vitro dynamic lipolysis model for improved oral
bioavailability of poorly water soluble drugs, J. Control. Release. 129 (2008) 1-10.
https://doi.org/10.1016/j.jconrel.2008.03.021.

[250] N.J. Greenberger, J.B. Rodgers, K.J. Isselbacher, Absorption of medium and long
chain triglycerides: factors influencing their hydrolysis and transport., J. Clin.
Invest. 45 (1966) 217-227. https://doi.org/10.1172/JCI1105334.

[251] C.. Williams, P.. Bateman, K.. Jackson, P. Yaqoob, Dietary fatty acids and
chylomicron synthesis and secretion, Biochem. Soc. Trans. 32 (2004) 55-58.
https://doi.org/10.2217/clp.09.75.

[252] F.J. Field, E. Albright, S.N. Mathur, Regulation of triglyceride-rich lipoprotein
secretion by fatty acids in CaCo-2 cells., J. Lipid Res. 29 (1988) 1427-1437.
https://doi.org/10.1016/s0022-2275(20)38423-6.

[253] M.K.A. Khan, F. Shahidi, Photooxidative stability of stripped and non-stripped
borage and evening primrose oils and their emulsions in water, Food Chem. 79
(2002) 47-53.

189



[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

M. Abbas Ali, M. Anowarul Islam, N.H. Othman, A.M. Noor, Effect of heating on
oxidation stability and fatty acid composition of microwave roasted groundnut
seed oil, J. Food Sci. Technol. 54 (2017) 4335-4343.
https://doi.org/10.1007/s13197-017-2904-1.

J. Terao, S. Matsushita, Analysis of photosensitized oxidation products of
unsaturated triglycerides and vegetable oils by gas chromatographymass
spectrometry, Agric. Biol. Chem. 45 (1981) 601-608.
https://doi.org/10.1080/00021369.1981.10864582.

T. Miyazawa, H. Kunika, K. Fujimoto, Y. Endo, T. Kaneda, Chemiluminescence
detection of mono-, bis-, and tris-hydroperoxy triacylglycerols present in vegetable
oils, Lipids. 30 (1995) 1001-1006. https://doi.org/10.1007/BF02536284.

S.H. Bai, P. Brooks, R. Gama, T. Nevenimo, G. Hannet, D. Hannet, B. Randall, D.
Walton, E. Grant, H.M. Wallace, Nutritional quality of almond, canarium, cashew

and pistachio and their oil photooxidative stability, J. Food Sci. Technol. 56 (2019)
792-798. https://doi.org/10.1007/s13197-018-3539-6.

D.B. Zilversmit, The composition and structure of lymph chylomicrons in dog, rat,
and man., J. Clin. Invest. 44 (1965) 1610-1622.
https://doi.org/10.1172/JC1105267.

E. Levy, C. C. Roy, R. Goldstein, H. Bar-On, E. Ziv, Metabolic fate of
chylomicrons obtained from rats maintained on diets varying in fatty acid
composition, J. Am. Coll. Nutr. 10 (1991) 69-78.
https://doi.org/10.1080/07315724.1991.10718129.

LI.J. Cartwright, J.A. Higgins, Increased dietary triacylglycerol markedly enhances
the ability of isolated rabbit enterocytes to secrete chylomicrons: An effect related
to dietary fatty acid composition, J. Lipid Res. 40 (1999) 1858-1866.
https://doi.org/10.1016/s0022-2275(20)34902-6.

S.W. Sakr, N. Attia, M. Haourigui, J.L. Paul, T. Soni, D. Vacher, A. Girard-Globa,
Fatty acid composition of an oral load affects chylomicron size in human subjects,
Br. J. Nutr. 77 (1997) 19-31. https://doi.org/10.1017/s0007114500002853.

R. Fraser, W.J. Cliff, F.C. Courtice, The Effect of Dietary Fat Load on the Size and
Composition of Chylomicrons in Thoracic Duct Lymph, Q. J. Exp. Physiol. Cogn.
Med. Sci. 53 (1968) 390-398. https://doi.org/10.1113/expphysiol.1968.sp001984.

H.J. KAYDEN, A. KARMEN, A. DUMONT, Alterations in the Fatty Acid
Composition of Human Lymph and Serum Lipoproteins By Single Feedings., J.
Clin. Invest. 42 (1963) 1373—1381. https://doi.org/10.1172/JCI1104821.

H.C. Lai, D.M. Ney, Gastric digestion modifies absorption of butterfat into lymph
chylomicrons in rats, J. Nutr. 128 (1998) 2403-2410.
https://doi.org/10.1093/jn/128.12.2403.

190



[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

L.L. Swift, J.O. Hill, J.C. Peters, H.L. Greene, Medium-chain fatty acids: evidence
for incorporation into chylomicron triglycerides in humans, Am. J. Clin. Nutr. 52
(1990) 834-836.

B. Jenkins, J.A. West, A. Koulman, A review of odd-chain fatty acid metabolism
and the role of pentadecanoic acid (C15:0) and heptadecanoic acid (C17:0) in
health and disease, Molecules. 20 (2015) 2425-2444.
https://doi.org/10.3390/molecules20022425.

B.J. Jenkins, K. Seyssel, S. Chiu, P.H. Pan, S.Y. Lin, E. Stanley, Z. Ament, J.A.
West, K. Summerhill, J.L. Griffin, W. Vetter, K.J. Autio, K. Hiltunen, S.
Hazebrouck, R. Stepankova, C.J. Chen, M. Alligier, M. Laville, M. Moore, G.
Kraft, A. Cherrington, S. King, R.M. Krauss, E. De Schryver, P.P. Van Veldhoven,
M. Ronis, A. Koulman, Odd Chain Fatty Acids; New Insights of the Relationship
between the Gut Microbiota, Dietary Intake, Biosynthesis and Glucose Intolerance,
Sci. Rep. 7 (2017) 1-8. https://doi.org/10.1038/srep44845.

S. Venn-Watson, R. Lumpkin, E.A. Dennis, Efficacy of dietary odd-chain
saturated fatty acid pentadecanoic acid parallels broad associated health benefits in
humans: could it be essential?, Sci. Rep. 10 (2020) 1-14.
https://doi.org/10.1038/s41598-020-64960-y.

C. Caselli, A. Bernard, J.P. Blond, P. Besnard, H. Carlier, Intestinal conversion of
linoleic acid to arachidonic acid in the rat, J. Nutr. Biochem. 4 (1993) 655—658.
https://doi.org/10.1016/0955-2863(93)90039-Y.

M.G. Johnston, J.L. Gordon, Regulation of lymphatic contractility by arachidonate
metabolites, Nature. 293 (1981) 294-297. https://doi.org/10.1038/293294a0.

C. Pavero, A. Bernard, H. Carlier, Administration Modalities and Intestinal Lymph
Absorption of Arachidonic Acid in Rats, J. Nutr. 122 (1992) 1672—1681.
https://doi.org/10.1093/jn/122.8.1672.

A.A. Spector, Arachidonic acid cytochrome P450 epoxygenase pathway, J. Lipid
Res. 50 (2009) S52-S56. https://doi.org/10.1194/j1r.R800038-JLR200.

S.A. Martin, A.R. Brash, R.C. Murphy, The discovery and early structural studies
of arachidonic acid, J. Lipid Res. 57 (2016) 1126-1132.
https://doi.org/10.1194/jlr.R068072.

N. Ueda, K. Tsuboi, T. Uyama, Metabolism of endocannabinoids and related N-
acylethanolamines: Canonical and alternative pathways, FEBS J. 280 (2013)
1874—1894. https://doi.org/10.1111/febs.12152.

H. Cadas, E. Di Tomaso, D. Piomelli, Occurrence and biosynthesis of endogenous
cannabinoid precursor, N- arachidonoyl phosphatidylethanolamine, in rat brain, J.
Neurosci. 17 (1997) 1226—1242. https://doi.org/10.1523/jneurosci.17-04-
01226.1997.

191



[276] H.C. Lu, K. Mackie, Review of the Endocannabinoid System, Biol. Psychiatry
Cogn. Neurosci. Neuroimaging. 6 (2021) 607-615.
https://doi.org/10.1016/j.bpsc.2020.07.016.

[277] V. Di Marzo, M. Bifulco, L. De Petrocellis, The endocannabinoid system and its
therapeutic exploitation, Nat. Rev. Drug Discov. 3 (2004) 771-784.
https://doi.org/10.1038/nrd1495.

[278] M. Kano, T. Ohno-Shosaku, Y. Hashimotodani, M. Uchigashima, M. Watanabe,
Endocannabinoid-Mediated Control of Synaptic Transmission, Physiol. Rev. 89
(2009) 309-380. https://doi.org/10.1152/physrev.00019.2008.

[279] N. Battista, M. Di Tommaso, M. Bari, M. Maccarrone, The endocannabinoid
system: An overview, Front. Behav. Neurosci. 6 (2012) 1-7.
https://doi.org/10.3389/fnbeh.2012.00009.

[280] K. Tsuboi, T. Uyama, Y. Okamoto, N. Ueda, Endocannabinoids and related N-
acylethanolamines: Biological activities and metabolism Makoto Murakami,
Inflamm. Regen. 38 (2018) 1-10. https://doi.org/10.1186/s41232-018-0086-5.

[281] J. Corroon, J.F. Felice, The endocannabinoid system and its modulation by
cannabidiol (CBD), Altern. Ther. Health Med. 25 (2019) 6-14.

[282] J.M. McPartland, M. Duncan, V. Di Marzo, R.G. Pertwee, Are cannabidiol and
A9-tetrahydrocannabivarin negative modulators of the endocannabinoid system? A
systematic review, Br. J. Pharmacol. 172 (2015) 737-753.
https://doi.org/10.1111/bph.12944.

[283] H.S. Hansen, A. Artmann, Endocannabinoids and nutrition, J. Neuroendocrinol. 20
(2008) 94-99. https://doi.org/10.1111/j.1365-2826.2008.01687.x.

[284] A. Artmann, G. Petersen, L.I. Hellgren, J. Boberg, C. Skonberg, C. Nellemann,
S.H. Hansen, H.S. Hansen, Influence of dietary fatty acids on endocannabinoid and
N-acylethanolamine levels in rat brain, liver and small intestine, Biochim.
Biophys. Acta - Mol. Cell Biol. Lipids. 1781 (2008) 200-212.
https://doi.org/10.1016/j.bbalip.2008.01.006.

[285] J. Fagionato Masiero, E.J. Barbosa, L. de Oliveira Macedo, A. de Souza, M.
Nishitani Yukuyama, G.J. Arantes, N.A. Bou-Chacra, Vegetable oils in
pharmaceutical and cosmetic lipid-based nanocarriers preparations, Ind. Crops
Prod. 170 (2021). https://doi.org/10.1016/j.indcrop.2021.113838.

[286] P. Ratnaparkhi, G.P. Jyoti, Mukesh, Sustained Release Oral Drug Delivery System
-An Overview, Int. J. Pharma Res. Rev. IJPRR. 2 (2013) 11-21.

[287] H. van de Waterbeemd, D.A. Smith, B.C. Jones, Lipophilicity in PK design:
Methyl, ethyl, futile, J. Comput. Aided. Mol. Des. 15 (2001) 273-286.
https://doi.org/10.1023/A:1008192010023.

192



[288] F.G.J. Poelma, R. Breds, J.J. Tukker, Intestinal Absorption of Drugs. III. The
Influence of Taurocholate on the Disappearance Kinetics of Hydrophilic and
Lipophilic Drugs from the Small Intestine of the Rat, Pharm. Res. 7 (1990) 392—
397. https://doi.org/10.1023/A:1015827624296.

[289] W.N. Charman, V.J. Stella, Transport of lipophilic molecules by the intestinal
lymphatic system, Adv. Drug Deliv. Rev. 7 (1991) 1-14.
https://doi.org/10.1016/0169-409X(91)90046-F.

[290] F.G.J. Poelma, R. Breis, J.J. Tukker, D.J.A. Crommelin, Intestinal Absorption of
Drugs. The Influence of Mixed Micelles on on the Disappearance Kinetics of
Drugs from the Small Intestine of the Rat, J. Pharm. Pharmacol. 43 (1991) 317-
324. https://doi.org/10.1111/5.2042-7158.1991.tb06697 x.

[291] M. Noriyuki, K. Mariko, N. Yasuko, M. Shozo, S. Hitoshi, Mechanism for the
inducement of the intestinal absorption of poorly absorbed drugs by mixed
micelles 1. Effects of various lipid-bile salt mixed micelles on the intestinal
absorption of streptomycin in rat, Int. J. Pharm. 4 (1980) 271-279.
https://doi.org/10.1016/0378-5173(80)90002-2.

[292] P. Tso, J.A. Balint, Formation and transport of chylomicrons by enterocytes to the
lymphatics, Am. J. Physiol. - Gastrointest. Liver Physiol. 250 (1986).
https://doi.org/10.1152/ajpgi.1986.250.6.g715.

[293] T.G. Redgrave, Formation of cholesteryl ester-rich particulate lipid during
metabolism of chylomicrons., J. Clin. Invest. 49 (1970) 465-471.
https://doi.org/10.1172/JC1106255.

[294] P. Tso, A. Nauli, C.M. Lo, Enterocyte fatty acid uptake and intestinal fatty acid-
binding protein, Biochem. Soc. Trans. 32 (2004) 75-78.
https://doi.org/10.1042/BST0320075.

[295] W. Feng, C. Qin, Y. Chu, M. Berton, J.B. Lee, A. Zgair, S. Bettonte, M.J. Stocks,
C.S. Constantinescu, D.A. Barrett, P.M. Fischer, P. Gershkovich, Natural sesame
oil is superior to pre-digested lipid formulations and purified triglycerides in
promoting the intestinal lymphatic transport and systemic bioavailability of
cannabidiol, Eur. J. Pharm. Biopharm. 162 (2021) 43-49.
https://doi.org/10.1016/j.ejpb.2021.02.013.

[296] T. Porsgaard, C.E. Hoy, Lymphatic transport in rats of several dietary fats differing
in fatty acid profile and triacylglycerol structure, J. Nutr. 130 (2000) 1619-1624.
https://doi.org/10.1093/jn/130.6.1619.

[297] R.C. Zambiazi, The role of endogenous lipid components on vegetable oil stability,
in: 1997.

[298] N. Frega, M. Mozzon, G. Lercker, S11746-999-0239-4, 76 (1999) 325-329.

193



[299]

[300]

[301]

[302]

[303]

[304]

[305]

[306]

[307]

[308]

[309]

[310]

A. Kumar, S. Sharma, R. Kamble, Self emulsifying drug delivery system
(SEDDS): Future aspects, Int. J. Pharm. Pharm. Sci. 2 (2010) 7-13.

I. Cherniakov, A.J. Domb, A. Hoffman, Self-nano-emulsifying drug delivery
systems: an update of the biopharmaceutical aspects, Expert Opin. Drug Deliv. 12
(2015) 1121-1133. https://doi.org/10.1517/17425247.2015.999038.

W. Feng, C. Qin, Y. Chu, M. Berton, J.B. Lee, A. Zgair, S. Bettonte, M.J. Stocks,
C.S. Constantinescu, D.A. Barrett, P.M. Fischer, P. Gershkovich, Natural sesame
oil is superior to pre-digested lipid formulations and purified triglycerides in
promoting the intestinal lymphatic transport and systemic bioavailability of
cannabidiol, Eur. J. Pharm. Biopharm. 162 (2021) 43-49.
https://doi.org/https://doi.org/10.1016/j.ejpb.2021.02.013.

T. Gershanik, S. Benita, Self-dispersing lipid formulations for improving oral
absorption of lipophilic drugs, Eur. J. Pharm. Biopharm. 50 (2000) 179-188.
https://doi.org/https://doi.org/10.1016/S0939-6411(00)00089-8.

P.D. Bates, S. Stymne, J. Ohlrogge, Biochemical pathways in seed oil synthesis,
Curr. Opin. Plant Biol. 16 (2013) 358-364.
https://doi.org/10.1016/j.pbi1.2013.02.015.

D.J. Murphy, I. Cummins, Seed oil-bodies: Isolation, composition and role of oil-
body apolipoproteins, Phytochemistry. 28 (1989) 2063-2069.
https://doi.org/10.1016/S0031-9422(00)97921-4.

A.H.C. Huang, Oleosins and oil bodies in seeds and other organs, Plant Physiol.
110 (1996) 1055-1061. https://doi.org/10.1104/pp.110.4.1055.

J.T.C. Tzen, A.H.C. Huang, Surface structure and properties of plant seed oil
bodies, J. Cell Biol. 117 (1992) 327-335. https://doi.org/10.1083/jcb.117.2.327.

D.A. White, 1.D. Fisk, J.R. Mitchell, B. Wolf, S.E. Hill, D.A. Gray, Sunflower-
seed oil body emulsions: Rheology and stability assessment of a natural emulsion,
Food Hydrocoll. 22 (2008) 1224—1232.
https://doi.org/10.1016/j.foodhyd.2007.07.004.

C. V. Nikiforidis, Structure and functions of oleosomes (oil bodies), Adv. Colloid
Interface Sci. 274 (2019) 102039. https://doi.org/10.1016/j.cis.2019.102039.

D.J. Murphy, I. Hernandez-Pinzon, K. Patel, Role of lipid bodies and lipid-body
proteins in seeds and other tissues, J. Plant Physiol. 158 (2001) 471-478.
https://doi.org/10.1078/0176-1617-00359.

Abdullah, J. Weiss, H. Zhang, Recent advances in the composition, extraction and
food applications of plant-derived oleosomes, Trends Food Sci. Technol. 106
(2020) 322-332. https://doi.org/10.1016/}.tifs.2020.10.029.

194



[311]

[312]

[313]

[314]

[315]

[316]

[317]

[318]

[319]

[320]

[321]

S. De Chirico, V. di Bari, T. Foster, D. Gray, Enhancing the recovery of oilseed
rape seed oil bodies (oleosomes) using bicarbonate-based soaking and grinding
media, Food Chem. 241 (2018) 419—-426.
https://doi.org/10.1016/j.foodchem.2017.09.008.

W. Qiang, T. Zhou, X. Lan, X. Zhang, Y. Guo, M. Noman, L. Du, J. Zheng, W. Li,
H. Li, Y. Lu, H. Wang, L. Guan, L. Zhang, X. Li, J. Yang, H. Li, A new nanoscale
transdermal drug delivery system: Oil body-linked oleosin-hEGF improves skin
regeneration to accelerate wound healing, J. Nanobiotechnology. 16 (2018) 1-18.
https://doi.org/10.1186/s12951-018-0387-5.

M. Kirimlidou, A. Matsakidou, E. Scholten, C. V. Nikiforidis, V. Kiosseoglou,
Composite gels structured by a gelatin protein matrix filled with oil bodies, Food
Struct. 14 (2017) 46-51. https://doi.org/10.1016/j.foostr.2017.06.003.

C. V. Nikiforidis, A. Matsakidou, V. Kiosseoglou, Composition, properties and
potential food applications of natural emulsions and cream materials based on oil
bodies, RSC Adv. 4 (2014) 25067-25078. https://doi.org/10.1039/c4ra00903g.

D.G. Fatouros, B. Bergenstahl, A. Mullertz, Morphological observations on a
lipid-based drug delivery system during in vitro digestion, Eur. J. Pharm. Sci. 31
(2007) 85-94. https://doi.org/10.1016/j.ejps.2007.02.009.

D.S. Lee, B.S. Noh, S.Y. Bae, K. Kim, Characterization of fatty acids composition

in vegetable oils by gas chromatography and chemometrics, Anal. Chim. Acta. 358
(1998) 163—175. https://doi.org/10.1016/S0003-2670(97)00574-6.

S.C. Bhatla, V. Kaushik, M.K. Yadav, Use of oil bodies and oleosins in
recombinant protein production and other biotechnological applications,
Biotechnol. Adv. 28 (2010) 293-300.
https://doi.org/10.1016/j.biotechadv.2010.01.001.

S. Gallier, H. Tate, H. Singh, In vitro gastric and intestinal digestion of a walnut oil
body dispersion, J. Agric. Food Chem. 61 (2013) 410-417.
https://doi.org/10.1021/jf303456a.

S. Gallier, H. Singh, Behavior of almond oil bodies during in vitro gastric and
intestinal digestion, Food Funct. 3 (2012) 547-555.
https://doi.org/10.1039/c2f010259%.

S. Maurer, G. Waschatko, D. Schach, B.1. Zielbauer, J. Dahl, T. Weidner, M.
Bonn, T.A. Vilgis, The role of intact oleosin for stabilization and function of
oleosomes, J. Phys. Chem. B. 117 (2013) 13872—13883.
https://doi.org/10.1021/jp403893n.

S.H. He, C.H. Liu, R.C. Wang, S.J. Zhou, W.Y. Guo, Y.H. Wang, Comparison of
two different natural oil body emulsions: In vitro gastrointestinal digestion, J. Oleo
Sci. 69 (2020) 1609-1618. https://doi.org/10.5650/jos.ess20194.

195



[322]

[323]

[324]

[325]

[326]

[327]

[328]

[329]

[330]

[331]

S. Makkhun, A. Khosla, T. Foster, D.J. McClements, M.M.L. Grundy, D.A. Gray,
Impact of extraneous proteins on the gastrointestinal fate of sunflower seed
(Helianthus annuus) oil bodies: A simulated gastrointestinal tract study, Food
Funct. 6 (2015) 125-134. https://doi.org/10.1039/c4f000422a.

L.D. Fisk, R. Linforth, G. Trophardy, D. Gray, Entrapment of a volatile lipophilic
aroma compound (d-limonene) in spray dried water-washed oil bodies naturally
derived from sunflower seeds (Helianthus annus), Food Res. Int. 54 (2013) 861—
866. https://doi.org/10.1016/j.foodres.2013.08.024.

S. Maurer, Spray drying of soybean oleosomes, Technische Universitét Berlin,
2014. https://doi.org/10.14279/depositonce-4139.

S. Maurer, M. Ghebremedhin, B.1. Zielbauer, D. Knorr, T.A. Vilgis,
Microencapsulation of soybean oil by spray drying using oleosomes, J. Phys. D.
Appl. Phys. 49 (2015). https://doi.org/10.1088/0022-3727/49/5/054001.

K. Pathak, S.W. Rahman, S. Bhagawati, B. Gogoi, Sesame (Sesamum indicum L.),
an underexploited oil seed crop: Current status, features and importance — A
review, Agric. Rev. 38 (2017). https://doi.org/10.18805/ag.v38i103.8982.

A.-R. Ilie, B.T. Griffin, M. Vertzoni, M. Kuentz, F. Cuyckens, K. Wuyts, R.S.
Kolakovic, R. Holm, Toward simplified oral lipid-based drug delivery using
mono-/di-glycerides as single component excipients, Drug Dev. Ind. Pharm. 46
(2020) 2051-2060.

V. Risovic, K. Sachs-Barrable, M. Boyd, K.M. Wasan, Potential Mechanisms by
Which Peceol® Increases the Gastrointestinal Absorption of Amphotericin B,
Drug Dev. Ind. Pharm. 30 (2004) 767-774. https://doi.org/10.1081/DDC-
120039793.

Y. Chu, C. Qin, W. Feng, C. Sheriston, Y. Jane Khor, C. Medrano-Padial, B.E.
Watson, T. Chan, B. Ling, M.J. Stocks, P.M. Fischer, P. Gershkovich, Oral
administration of tipranavir with long-chain triglyceride results in moderate
intestinal lymph targeting but no efficient delivery to HIV-1 reservoir in
mesenteric lymph nodes, Int. J. Pharm. 602 (2021).
https://doi.org/10.1016/j.ijpharm.2021.120621.

C. Qin, Y.J. Chu, W. Feng, C. Fromont, S. He, J. Ali, J.B. Lee, A. Zgair, M.
Berton, S. Bettonte, R. Liu, L. Yang, T. Monmaturapoj, C. Medrano-Padial,
A.AR. Ugalde, D. Vetrugno, S.Y. Ee, C. Sheriston, Y. Wu, M.J. Stocks, P.M.
Fischer, P. Gershkovich, Targeted delivery of lopinavir to HIV reservoirs in the
mesenteric lymphatic system by lipophilic ester prodrug approach, J. Control.
Release. 329 (2021) 1077-1089. https://doi.org/10.1016/j.jconrel.2020.10.036.

K. Mohsin, M.A. Long, C.W. Pouton, Design of Lipid-Based Formulations for
Oral Administration of Poorly Water-Soluble Drugs: Precipitation of Drug after

196



[332]

[333]

[334]

[335]

[336]

[337]

[338]

[339]

[340]

[341]

Dispersion of Formulations in Aqueous Solution, J. Pharm. Sci. 98 (2009) 3582—
3595. https://doi.org/https://doi.org/10.1002/jps.21659.

C.M. O’Diriscoll, B.T. Griffin, Biopharmaceutical challenges associated with drugs
with low aqueous solubility-The potential impact of lipid-based formulations, Adv.
Drug Deliv. Rev. 60 (2008) 617—624. https://doi.org/10.1016/j.addr.2007.10.012.

B.T. Griffin, M. Kuentz, M. Vertzoni, E.S. Kostewicz, Y. Fei, W. Faisal, C.
Stillhart, C.M. O’Driscoll, C. Reppas, J.B. Dressman, Comparison of in vitro tests
at various levels of complexity for the prediction of in vivo performance of lipid-

based formulations: Case studies with fenofibrate, Eur. J. Pharm. Biopharm. 86
(2014) 427-437. https://doi.org/10.1016/j.ejpb.2013.10.016.

B.K. Nanjwade, D.J. Patel, R.A. Udhani, F. V. Manvi, Functions of lipids for
enhancement of oral bioavailability of poorly water-soluble drugs, Sci. Pharm. 79
(2011) 705-727. https://doi.org/10.3797/scipharm.1105-09.

J.M. Odeberg, A. Lignell, A. Pettersson, P. Hoglund, Oral bioavailability of the
antioxidant astaxanthin in humans is enhanced by incorporation of lipid based
formulations, Eur. J. Pharm. Sci. 19 (2003) 299-304.
https://doi.org/10.1016/S0928-0987(03)00135-0.

C.Yang, T. Wu, Y. Qi, Z. Zhang, Recent advances in the application of vitamin E
TPGS for drug delivery, Theranostics. 8 (2018) 464—-485.
https://doi.org/10.7150/thno.22711.

I. Cherniakov, D. Izgelov, A.J. Domb, A. Hoffman, The effect of Pro
NanoLipospheres (PNL) formulation containing natural absorption enhancers on
the oral bioavailability of delta-9-tetrahydrocannabinol (THC) and cannabidiol
(CBD) in a rat model, Eur. J. Pharm. Sci. 109 (2017) 21-30.
https://doi.org/10.1016/j.ejps.2017.07.003.

Y. Tanaka, H. Doi, T. Katano, S. Kasaoka, Effects of Lipid Digestion and Drug
Permeation/Re-Dissolution on Absorption of Orally Administered Ritonavir as
Different Lipid-Based Formulations, Eur. J. Pharm. Sci. 157 (2021) 105604.
https://doi.org/10.1016/j.ejps.2020.105604.

P. Sundari, P. Mounika, Formulation and evaluation of SMEDDS containing
febuxostat by employing coconut oil and labrasol as oil and surfactant system, 7
(2018) 13-21. https://doi.org/10.20959/wjpr201811-11662.

B.S. Rett, J. Whelan, Increasing dietary linoleic acid does not increase tissue
arachidonic acid content in adults consuming Western-type diets: A systematic
review, Nutr. Metab. 8 (2011) 1-15. https://doi.org/10.1186/1743-7075-8-36.

B. Wang, L. Wu, J. Chen, L. Dong, C. Chen, Z. Wen, J. Hu, 1. Fleming, D.W.
Wang, Metabolism pathways of arachidonic acids: mechanisms and potential

197



[342]

[343]

[344]

[345]

[346]

[347]

[348]

[349]

[350]

[351]

[352]

[353]

therapeutic targets, Signal Transduct. Target. Ther. 6 (2021).
https://doi.org/10.1038/s41392-020-00443-w.

J. Balsinde, M. V. Winstead, E.A. Dennis, Phospholipase A2 regulation of
arachidonic acid mobilization, FEBS Lett. 531 (2002) 2—6.
https://doi.org/10.1016/S0014-5793(02)03413-0.

D.C. Zeldin, Epoxygenase Pathways of Arachidonic Acid Metabolism, J. Biol.
Chem. 276 (2001) 36059-36062. https://doi.org/10.1074/jbc.R100030200.

V.S. Hanna, E.A.A. Hafez, Synopsis of arachidonic acid metabolism: A review, J.
Adv. Res. 11 (2018) 23-32. https://doi.org/10.1016/j.jare.2018.03.005.

L.J. Marnett, S.W. Rowlinson, D.C. Goodwin, A.S. Kalgutkar, C.A. Lanzo,
Arachidonic acid oxygenation by COX-1 and COX-2. Mechanisms of catalysis
and inhibition, J. Biol. Chem. 274 (1999) 22903-22906.
https://doi.org/10.1074/jbc.274.33.22903.

S.H. Hong, 1. Avis, V. Michele D, A. Martinez, A.M. Treston, J.L. Mulshine,
Relationship of arachidonic acid metabolizing enzyme expression in epithelial
cancer cell lines to the growth effect of selective biochemical inhibitors, Cancer
Res. 59 (1999) 2223-2228.

S.L. Dorris, R.S. Peebles, PGI 2 as a regulator of inflammatory diseases, Mediators
Inflamm. 2012 (2012) 1-10. https://doi.org/10.1155/2012/926968.

A. Morel, E. Miller, M. Bijak, J. Saluk, The increased level of COX-dependent
arachidonic acid metabolism in blood platelets from secondary progressive
multiple sclerosis patients, Mol. Cell. Biochem. 420 (2016) 85-94.
https://doi.org/10.1007/s11010-016-2770-6.

M. Hoxha, E. Spahiu, E. Prendi, B. Zappacosta, A Systematic Review on the Role
of Arachidonic Acid Pathway in Multiple Sclerosis., CNS \& Neurol. Disord. Drug
Targets. (2020).

S. Palumbo, Chapter 7: Pathogenesis and Progression of Multiple Sclerosis : The
Role of Arachidonic Acid — Mediated Neuroinflammation, in: Mult. Scler., 2017:
pp. 111-123.

S.E. Lakhan, M. Rowland, Whole plant cannabis extracts in the treatment of
spasticity in multiple sclerosis: A systematic review, BMC Neurol. 9 (2009) 1-6.
https://doi.org/10.1186/1471-2377-9-59.

T. Rudroff, J. Sosnoff, Cannabidiol to improve mobility in people with multiple
sclerosis, Front. Neurol. 9 (2018) 1-3. https://doi.org/10.3389/theur.2018.00183.

M. Mecha, A. Feliu, P.M. Iiigo, L. Mestre, F.J. Carrillo-Salinas, C. Guaza,
Cannabidiol provides long-lasting protection against the deleterious effects of

198



[354]

[355]

[356]

[357]

[358]

[359]

[360]

[361]

[362]

[363]

inflammation in a viral model of multiple sclerosis: A role for A2A receptors,
Neurobiol. Dis. 59 (2013) 141-150. https://doi.org/10.1016/j.nbd.2013.06.016.

R.W. Owen, W. Mier, A. Giacosa, W.E. Hull, B. Spiegelhalder, H. Bartsch,
Identification of lignans as major components in the phenolic fraction of olive oil,
Clin. Chem. 46 (2000) 976-988. https://doi.org/10.1093/clinchem/46.7.976.

D. Sukumar, R. Arimboor, C. Arumughan, HPTLC fingerprinting and
quantification of lignans as markers in sesame oil and its polyherbal formulations,
J. Pharm. Biomed. Anal. 47 (2008) 795-801.
https://doi.org/10.1016/j.jpba.2008.03.018.

M. V. Reshma, C. Balachandran, C. Arumughan, A. Sunderasan, D. Sukumaran, S.
Thomas, S.S. Saritha, Extraction, separation and characterisation of sesame oil
lignan for nutraceutical applications, Food Chem. 120 (2010) 1041-1046.
https://doi.org/10.1016/j.foodchem.2009.11.047.

Y. Fukuda, M. Nagata, T. Osawa, M. Namiki, Contribution of lignan analogues to
antioxidative activity of refined unroasted sesame seed oil, J. Am. Oil Chem. Soc.
63 (1986) 1027—-1031. https://doi.org/https://doi.org/10.1007/BF02673792.

M. Nose, T. Fujimoto, T. Takeda, S. Nishibe, Y. Ogihara, Structural
transformation of lignan compounds in rat gastrointestinal tract., Planta Med. 58 6
(1992) 520-523.

S. Heinonen, T. Nurmi, K. Liukkonen, K. Poutanen, K. Wihél4, T. Deyama, S.
Nishibe, H. Adlercreutz, In vitro metabolism of plant lignans: New precursors of

mammalian lignans enterolactone and enterodiol, J. Agric. Food Chem. 49 (2001)
3178-3186. https://doi.org/10.1021/;f010038a.

E. Eeckhaut, K. Struijs, S. Possemiers, J.P. Vincken, D. De Keukeleire, W.
Verstraete, Metabolism of the lignan macromolecule into enterolignans in the
gastrointestinal lumen as determined in the simulator of the human intestinal
microbial ecosystem, J. Agric. Food Chem. 56 (2008) 4806—4812.
https://doi.org/10.1021/;£800101s.

R.W. Owen, A. Giacosa, W.E. Hull, R. Haubner, B. Spiegelhalder, H. Bartsch, The
antioxidant/anticancer potential of phenolic compounds isolated from olive oil,
Eur. J. Cancer. 36 (2000) 1235-1247. https://doi.org/10.1016/S0959-
8049(00)00103-9.

N. Hirose, T. Inoue, K. Nishihara, M. Sugano, K. Akimoto, S. Shimizu, H.
Yamada, Inhibition of cholesterol absorption and synthesis in rats by sesamin, J.
Lipid Res. 32 (1991) 629-638. https://doi.org/10.1016/s0022-2275(20)42050-4.

N.J. Fox, G.W. Stachowiak, Vegetable oil-based lubricants-A review of oxidation,
Tribol. Int. 40 (2007) 1035-1046. https://doi.org/10.1016/j.triboint.2006.10.001.

199



[364]

[365]

[366]

[367]

[368]

[369]

[370]

[371]

Q. Shao, X. Liu, T. Su, C. Ma, P. Wang, New Insights Into the Role of Seed Oil
Body Proteins in Metabolism and Plant Development, Front. Plant Sci. 10 (2019)
1-14. https://doi.org/10.3389/1pls.2019.01568.

V. Parthibane, S. Rajakumari, V. Venkateshwari, R. Iyappan, R. Rajasekharan,
Oleosin is bifunctional enzyme that has both monoacylglycerol acyltransferase and
phospholipase activities, J. Biol. Chem. 287 (2012) 1946—1954.
https://doi.org/10.1074/jbc.M111.309955.

V. Parthibane, R. Iyappan, A. Vijayakumar, V. Venkateshwari, R. Rajasekharan,
Serine/threonine/tyrosine protein kinase phosphorylates oleosin, a regulator of
lipid metabolic functions, Plant Physiol. 159 (2012) 95-104.
https://doi.org/10.1104/pp.112.197194.

A.M. Ehlers, M. Rossnagel, B. Brix, M.A. Blankestijn, T.M. Le, W. Suer, H.G.
Otten, A.C. Knulst, Sesame oleosins are minor allergens, Clin. Transl. Allergy. 9
(2019) 1-5. https://doi.org/10.1186/s13601-019-0271-x.

C. Schwager, S. Kull, J. Behrends, N. Rockendorf, F. Schocker, A. Frey, A.
Homann, W.M. Becker, U. Jappe, Peanut oleosins associated with severe peanut
allergy—importance of lipophilic allergens for comprehensive allergy diagnostics,
J. Allergy Clin. Immunol. 140 (2017) 1331-1338.e8.
https://doi.org/10.1016/j.jaci.2017.02.020.

S.A. Rieder, A. Chauhan, U. Singh, M. Nagarkatti, P. Nagarkatti, Cannabinoid-
induced apoptosis in immune cells as a pathway to immunosuppression,
Immunobiology. 215 (2010) 598-605.
https://doi.org/10.1016/j.imbio.2009.04.001.

N. Peyravian, S. Deo, S. Daunert, J.J. Jimenez, <p>Cannabidiol as a Novel
Therapeutic for Immune Modulation</p>, ImmunoTargets Ther. Volume 9 (2020)
131-140. https://doi.org/10.2147/itt.s263690.

N.S. Salemis, S. Gourgiotis, E. Tsiambas, G. Karagkiouzis, G. Nakos, V.
Karathanasis, Diffuse large B cell lymphoma of the mesentery: An unusual
presentation and review of the literature, J. Gastrointest. Cancer. 40 (2009) 79-82.
https://doi.org/10.1007/s12029-009-9114-7.

200



