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ABSTRACT

ABSTRACT

Lipid-based formulations are commonly used to improve the oral bioavailability
of poorly soluble therapeutics. More recently, these types of formulations have
also been explored more to alter delivery to the brain. Certain fatty acids have
been reported to increase the permeability of the protective blood-brain barrier
(BBB) in a reversible manner following intravascular (i.v.) administration.
However, the effect of fatty acids including oleic, linoleic and myristic acids on
the BBB has not been explored following oral administration. The work in this
thesis explored the delivery of cannabinoids to their site of action within the
brain (for example, the frontal lobe for the treatment of glioblastoma multiforme
(GBM), or the temporal lobe for treatment of epilepsy) following oral
administration in lipid-based formulations. The cannabinoid cannabidiol (CBD)
and a fluorinated derivative of CBD, 4’-fluoro-cannabidiol (4’-F-CBD) were
studied, with the hypothesis that 4’-F-CBD would exhibit similar
pharmacokinetic (PK) properties to CBD but demonstrate higher delivery to the
brain due to the addition of fluorine. The work herein began by exploring the
anti-cancer properties of the cannabinoids against the aggressive brain cancer,
GBM. Both CBD and 4’-F-CBD were shown to inhibit GBM cell growth and
overcome two major resistance mechanisms to the standard treatment of GBM
with temozolomide (TMZ). The cannabinoids also demonstrated a synergistic
response with imidazotetrazine compounds (TMZ and analogue, T25), where
high synergy was observed when cells were exposed to a combination of 4’-F-
CBD with T25. Preliminary studies investigated the mechanism of anti-cancer
activity of CBD, indicating that pathways including DNA-methylation are

involved for the first time.

A hypothesis throughout this work was that oral administration of cannabinoids
in a lipid-based formulation would increase delivery across the BBB, compared
to a lipid-free formulation. This was studied in detail for CBD, with three
different lipid-based formulations. Despite reports in the literature of fatty acids
improving permeability across the BBB, the lipid-free formulation resulted in
the highest delivery of CBD to the whole brain. However, when the individual

anatomical brain regions were studied, significant differences in delivery
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profiles were observed. Administration in the lipid-based sesame oil formulation
resulted in the highest exposure of the rostral anatomical regions of the brain to
CBD, suggesting that the high oleic acid content of the sesame oil could have
contributed to increased delivery of CBD to these regions. On the other hand,
the lipid-free formulation resulted in high delivery to the caudal regions of the
brain. High delivery of CBD to common locations of GBM tumours was
observed following oral administration, demonstrating potential of the

application of orally administered CBD to treat GBM.

The work herein then built on the demonstration of differing delivery of CBD
following oral administration in lipid-based formulations by investigating the
difference in immunosuppressive effects of CBD against multiple sclerosis (MS)
following administration in lipid-based and lipid-free formulations. It was
hypothesised that the high delivery of CBD to the lymphatic system following
oral administration in lipid-based formulations would result in increased efficacy
of CBD. Additionally, correlation of lower severity of MS symptoms with high
delivery of CBD to the anatomical brain regions relevant to the MS model used
(experimental autoimmune encephalomyelitis (EAE)) could also be made. The
results of the preliminary studies indicate that oral administration of CBD in the
olive oil formulation resulted in fewer mice reaching the highest clinical severity
score, compared to the vehicle only control group. This trend was not observed
when CBD was administered in the lipid-free formulation, indicating support for
the hypothesis. This study was preliminary and should be explored further in

order to confirm the results.

Finally, the in vivo PK and biodistribution of 4’-F-CBD are reported for the first
time. It was hypothesised that 4’-F-CBD would behave similarly to CBD in most
cases, but due to the addition of the fluorine atom, higher delivery to the brain
could be expected. Additionally, previously reported high potency of 4’-F-CBD
in in vivo behavioural assays, compared to CBD, suggests a potential difference
in the biodistribution of the cannabinoid. The PK of 4’-F-CBD following oral
administration was similar to that of CBD in both lipid-free and lipid-based
formulations. However, study of the biodistribution indicated that the brain was
exposed to higher levels of 4’-F-CBD than CBD, supporting the hypothesis that
fluorination of CBD has increased the delivery to the brain. The detailed
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biodistribution of 4’-F-CBD to anatomical brain regions and other tissues is
reported for the first time to the best of our knowledge, which is essential for the
physiological based PK (PBPK) modelling of 4’-F-CBD, and its potential future

applications.

Overall, this thesis demonstrates that the systemic biodistribution of
cannabinoids following oral administration differs with the oral formulation.
With the example of the anti-cancer application of cannabinoids, this thesis
highlights the necessity to investigate the delivery to the specific anatomical

brain regions of interest.
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Figure 1.1. Schematic diagram of the structure of the BBB showing the blood
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movement through tight junctions and active transport by P-glycoprotein
(P-gp). Reproduced from Lalatsa et al [26] with permission from Elsevier.

Figure 1.2. Different routes of transport across the BCECs of the BBB depicted
by A) paracellular transport via tight junctions, B) passive diffusion, C)
transport proteins such as P-gp, D) receptor-mediated transcytosis and E)
adsorptive transcytosis. Reproduced from Lalatsa et al [26] with

permission from Elsevier.

Figure 1.3. The biopharmaceutics classification system (BCS) showing class I-

IV by aqueous solubility and membrane permeability.

Figure 1.4. Schematic diagram describing the sequential steps in the digestion of
lipids and subsequent absorption following oral administration. Short and
medium chain fatty acids are shown to enter the systemic circulation
directly. Long chain fatty acids undergo re-esterification and associate into
chylomicrons to enter the lymphatic system and then the systemic
circulation via the thoracic duct. Reproduced from Brookes et al [62], with

permission from Elsevier.

Figure 1.5. Common locations of GBM tumours in the brain. Produced using
data from Brodbelt et al [90].

Figure 1.6. Chemical structure of TMZ (194.12 g/mol).

Figure 1.7. The ring-opening of TMZ at physiological pH to release the active
methyldiazonium cation, based on explanation by Singh et al [91].

Figure 1.8. Chemical structure of T25 (258.3 g/mol), a TMZ analogue.

Figure 1.9. Chemical structures of A) THC (314.5 g/mol) and B) CBD (314.5
g/mol).
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Figure 1.10. Molecular targets of CBD in vivo. CBD is depicted to interact
agonistically with Al receptors, 5-hydroxytryptamine 1A receptor (5-
HT1a) and transient receptor potential cation channel subfamily V member
1 (TRPV-1), partially agonistically with dopamine receptor 2 (D2),
antagonistically with G-protein receptor 55 (GPR55), CB1 and CB2 and
FAAH. CBD is a negative allosteric modulator of p-opioid receptor
(MOR) and inhibitor of equilibrate nucleotide transporter (ENT),
endocannabinoid membrane transporter (EMT) and Na® and Ca?
channels. Reproduced from Almeida et al [112], with permission from
John Wiley and Sons.

Figure 1.11. Plasma PK profiles of CBD following oral administration in lipid-
free (propylene glycol:ethanol:water, 80:10:10 v/v/v) and lipid-based
formulations at 12 mg/Kg to rats. Figure reproduced from Feng et al [151],

with permission from Elsevier.
Figure 1.12. Chemical structure of 4’-F-CBD (332.5 g/mol).
Figure 2.1. Synthesis of 4’-fluoro-cannabidiol.

Figure 3.1. Dose-response curves of MRC-5 (non-tumourigenic control) cell line
treated with test agents TMZ, T25, CBD and 4’-F-CBD after A) 3 and B)
6 days exposure. Cell growth represented as % of control (non-treated).
Data measured by MTT assay and confirmed by cell count assay
(Appendix 3.2). Data are presented as mean * standard deviation (SD),

three independent repeats of n = 5.

Figure 3.2. Glsp of cannabinoids CBD and 4’-F-CBD compared to DNA-
alkylating agents TMZ and T25 against A) U373-V (GBM control, -
MGMT, +MMR), B) U373-M (GBM, +MGMT, +MMR) and C) HCT116
(-MGMT, -MMR) after 3- and 6-days exposure. Data measured by MTT
assay and confirmed by cell count assay (Appendix 3.3). Data are
presented as mean + SD, three independent repeats of n = 5. One-way
ANOVA with Dunnett’s multiple comparisons performed, comparing test
agents to TMZ, a = 0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.

The data are also presented in Table 3.1.
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Figure 3.3. Isobolograms representing the combined effect of TMZ and CBD
against U373-V (GBM control, -MGMT, +MMR) for A) 3 and B) 6 days
exposure, U373-M (GBM, +MGMT, +MMR) for C) 3 and D) 6 days
exposure and HCT116 (-MGMT, -MMR) for E) 3 and F) 6 days exposure.
The blue line represents an additive response, data points above the line
indicate an antagonistic response and points below the line indicate a
synergistic response. Data measured by MTT assays and confirmed by cell
count assays (Appendix 3.7). Dose-response curves are shown in
Appendix 3.8 and 3.9. Data presented as mean + SD, three independent
repeats of n = 5.

Figure 3.4. Isobolograms representing the combined effect of TMZ and 4’-F-
CBD against U373-V (GBM control, -MGMT, +MMR) for A) 3 and B) 6
days exposure, U373-M (GBM, +MGMT, +MMR) for C) 3 and D) 6 days
exposure and HCT116 (-MGMT, -MMR) for E) 3 and F) 6 days exposure.
The blue line represents an additive response, data points above the line
indicate an antagonistic response and points below the line indicate a
synergistic response. Data measured by MTT assay and confirmed by cell
count assay (Appendix 3.7). Dose-response curves are shown in Appendix
3.10 and 3.11. Data presented as mean + SD, three independent repeats of
n=>5.

Figure 3.5. Isobolograms representing the combined effect of T25 and CBD
against A) U373-V (GBM control, -MGMT, +MMR), B) U373-M (GBM,
+MGMT, +MMR) and C) HCT116 (-MGMT, -MMR) after 3 days
exposure. The blue line represents an additive response, data points above
the line indicate an antagonistic response and points below the line indicate
a synergistic response. Data measured by MTT assays and confirmed by
cell count assays (Appendix 3.7). Dose-response curves are shown in
Appendix 3.12. Data presented as mean + SD, three independent repeats

of n=5.

Figure 3.6. Isobolograms representing the combined effect of T25 and 4’-F-CBD
against A) U373-V (GBM control, -MGMT, +MMR), B) U373-M (GBM,
+MGMT, +MMR) and C) HCT116 (-MGMT, -MMR) after 3 days
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exposure. The blue line represents an additive response, data points above
the line indicate an antagonistic response and points below the line indicate
a synergistic response. Data measured by MTT assays and confirmed by
cell count assays (Appendix 3.7). Dose-response curves are shown in
Appendix 3.13. Data presented as mean + SD, three independent repeats
of n=5.

Figure 3.7. Targeted analysis of 3D OrbiSIMS data from U373-V cells exposed
to CBD, TMZ or a combination of CBD with TMZ or CBD with T25 for
3-72 h. Graphs show data as peak intensity (secondary ion counts)
normalised to TIC for A) methyl-guanine, B) methyl-cytosine, C) methyl-
adenine and D) methyl-thymine. ND = not detectable. Data presented as
an average of n = 3 technical repeats. One-way ANOVA with Dunnett’s

multiple comparisons was performed, a = 0.05, * = p<0.05, ** = p<0.01,

**** = p<0.0001.

Figure 3.8. Targeted analysis of 3D OrbiSIMS data from U373-V cells treated
with CBD, TMZ or a combination of CBD with TMZ or CBD with T25
for 3-72 h. Graphs show data as peak intensity (secondary ion counts)
normalised to TIC for A) propargyl-guanine, B) propargyl-cytosine, C)
propargyl-adenine and D) propargyl-thymine. ND = not detectable. Data
presented as an average of n = 3 technical repeats. One-way ANOVA with
Dunnett’s multiple comparisons was performed, comparing treatment to

the non-treated control, a. = 0.05, no significant differences were found.

Figure 4.1. CBD concentration in the whole brain vs. plasma after oral
administration to rats (12 mg/Kg) in various lipid-based vehicles. Tissues
were collected at plasma Tmax. Multiple t-tests were performed, o = 0.05.
Data are presented as mean * standard deviation (SD), brain n = 3, plasma
n = 6 (collected in previous pharmacokinetics (PK) studies (Feng et al
[151, 155])).

Figure 4.2 CBD concentration in anatomical brain regions A) olfactory bulb, B)
frontal lobe, C) temporal lobe and D) brainstem vs. plasma following oral
administration to rats (12 mg/Kg) in various lipid-based vehicles. Tissues

were collected at plasma Tmax. Multiple t-tests were performed, o = 0.05,
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* = p<0.05, ** = p<0.01, *** = p<0.001. Data are presented as mean *
SD, brain n = 3, plasma n = 6 (collected in previous PK studies (Feng et al
[151, 155])).

Figure 4.3. CBD concentration in the whole brain vs. plasma after oral
administration to rats (12 mg/Kg) in the A) lipid-free, B) sesame oil, C)
coconut oil and D) rapeseed oil formulations. Multiple t-tests were
performed, o = 0.05, **** = p<(.0001. Data are presented as mean + SD,
brain n = 3, plasma n = 6 (collected in previous PK studies (Feng et al
[151, 155])). The PK parameters are presented in Table 4.1.

Figure 4.4. CBD concentration in anatomical brain regions vs. plasma after oral
administration to rats (12 mg/Kg) in the A) lipid-free, B) sesame oil, C)
coconut oil and D) rapeseed oil formulations. One-way ANOVA with
Dunnett’s multiple comparisons was performed, a = 0.05, * = p<0.05, **
= p<0.01, *** = p<0.001. Data presented as mean = SD, brain n = 3,
plasma n = 6 (collected in previous PK studies (Feng et al [151, 155])).

Figure 4.5. CBD concentration in anatomical brain regions A) olfactory bulb, B)
frontal lobe, C) striatum, D) hippocampus, E) temporal lobe, F) parietal
lobe, G) occipital lobe, H) medulla pons and 1) cerebellum after oral
administration to rats (12 mg/Kg) in lipid-free, sesame oil, coconut oil and
rapeseed oil formulations. One-way ANOVA with Dunnett’s multiple
comparisons performed, a = 0.05, * =p<0.05, ** =p<0.01, *** =p<0.001,
**** = p<0.0001. Differences of lipid-based formulations to the lipid-free

formulation are shown. Data are presented as mean + SD, n = 3.

Figure 4.6. The expected and measured CBD [M-H]" peak intensity (secondary
ion counts) normalised to TIC in anatomical brain regions of rats 2 h
following oral administration in a sesame oil formulation (12 mg/Kg). The
expected CBD [M-H] intensities were calculated from HPLC-UV
analysis. ND = not detectable. Multiple t-tests were performed, o = 0.05,
* = p<0.05. The data are presented as mean + SD. The expected intensities
were calculated from triplicate biological repeats, the measured intensities

were performed once.
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Figure 4.7. CBD [M-H] peak intensity (secondary ion counts) normalised to the
TIC in anatomical brain region homogenate tissues and brain sections of
rats 2 h following oral administration in a sesame oil formulation (12
mg/Kg). ND = not detectable. Multiple t-tests were performed, o = 0.05.
The data are presented as mean = SD, n = 1, apart from the frontal lobe

section where n = 2.

Figure 5.1. CBD concentration in the whole brain vs. serum following oral
administration to mice (30 mg/Kg) in the A) lipid-free, B) sesame oil and
C) olive oil formulations. Multiple t-tests were performed, a = 0.05, * =
p<0.05, *** = p<0.001. Data are presented as mean + standard deviation
(SD), n = 4. The PK parameters of the data are presented in Table 5.1.

Figure 5.2. CBD concentration in anatomical brain regions vs. serum following
oral administration to mice (30 mg/Kg) in the A) lipid-free, B) sesame oil
and C) olive oil formulations. One-way ANOVA with Dunnett’s multiple
comparisons were performed, o= 0.05, * = p<0.05, ** = p<0.01. The data
are presented as mean £ SD, n = 4.

Figure 5.3. CBD concentration in anatomical brain regions A) hippocampus, and
B) cerebellum following oral administration to mice (30 mg/Kg) in the
lipid-free, sesame oil and olive oil formulations. One-way ANOVA with
Dunnett’s multiple comparisons were performed, a = 0.05, * = p<0.05, **
= p<0.01. The data are presented as mean + SD, n = 4. PK parameters of
the data are presented in Table 5.2.

Figure 5.4. Progression of EAE as clinical score after no administration (control:
no dose) or oral administration of the CBD in lipid-free or olive oil
formulations, or vehicle only. When administered, CBD was dosed at 50
mg/Kg in formulations of 50 mg/mL. Animals were dosed once daily for

8-days. The data are presented as the mean clinical score.

Figure 6.1. Plasma PK profile of 4’-F-CBD following oral administration at 12.7
mg/Kg (38 pM/Kg) to rats in lipid-free and sesame oil formulations.
Multiple t-tests were performed, a = 0.05, * = p<0.05, ** = p<0.01, *** =
p<0.001. The data are presented as mean + standard deviation (SD), where

plasma n = 6. The PK parameters are presented in Table 6.1.
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Figure 6.2. Plasma PK profiles of 4’-F-CBD compared to CBD following oral
administration at 38 uM/Kg (12.7 mg/Kg 4°-F-CBD, 12 mg/Kg CBD) to
rats in A) lipid-free and B) sesame oil formulations. The PK data for CBD
was calculated from samples collected in previous study (Feng et al [155]).
Multiple t-tests were performed, a = 0.05, * = p<0.05. The data are
presented as mean + SD, n = 6. The PK parameters are shown in Table 6.1.

Figure 6.3. 4’-F-CBD concentration in the whole brain vs. plasma following oral
administration to rats at 38 pM/Kg (12.7 mg/Kg) in A) lipid-free and B)
sesame oil formulations. Multiple t-tests were performed, o = 0.05, * =
p<0.05, *** = p<0.001, **** = p<0.0001. The data are presented as mean
+ SD, plasma n = 6, brain n = 3. The PK parameters are shown in Table
6.2.

Figure 6.4. 4’-F-CBD concentration in anatomical brain regions vs. plasma
following oral administration to rats at 38 uM/Kg (12.7 mg/Kg) in A)
lipid-free and B) sesame oil formulations. One-way ANOVA with
Dunnett’s multiple comparisons was performed, a = 0.05, * = p<0.05, **
= p<0.01, *** = p<0.001, **** = p<0.0001. The data are presented as

mean £ SD, plasma n = 6, brainn = 3.

Figure 6.5. 4’-F-CBD concentration in anatomical brain regions A) olfactory
bulb, B) frontal lobe, C) striatum, D) hippocampus, E) temporal lobe, F)
parietal lobe, G) occipital lobe, H) medulla pons and 1) cerebellum
following oral administration to rats at 38 uM/Kg (12.7 mg/Kg) in lipid-
free and sesame oil formulations. Multiple t-tests were performed, o =
0.05. The data are presented as mean + SD, n = 3. The data are also shown

in Figure 6.4 and the PK parameters are presented in Table 6.3.

Figure 6.6. Cannabinoid concentration in the whole brain following oral
administration to rats at 38 pM/Kg (12.7 mg/Kg 4’-F-CBD, 12 mg/Kg
CBD) in A) lipid-free and B) sesame oil formulations. Multiple t-tests
were performed, a = 0.05, * = p<0.05, ** = p<0.01, *** = p<0.001. Data
are presented as mean + SD, n = 3. The PK parameters are presented in
Table 6.4.
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Figure 6.7. Cannabinoid concentration in anatomical brain regions A) olfactory
bulb, B) frontal lobe, C) striatum, D) hippocampus, E) temporal lobe, F)
parietal lobe, G) occipital lobe, H) medulla pons and 1) cerebellum
following oral administration to rats at 38 uM/Kg (12.7 mg/Kg 4’-F-CBD,
12 mg/Kg CBD) in lipid-free and sesame oil formulations. Multiple t-tests
were performed, a = 0.05, * = p<0.05, ** = p<0.01, *** = p<0.001. The
data are presented as mean = SD, n = 3. The PK parameters of 4’-F-CBD
are shown in Table 6.3, and of CBD in Chapter 4, Table 4.2.

Figure 6.8. 4’-F-CBD concentration in lymph nodes vs. plasma following oral
administration to rats at 38 uM/Kg (12.7 mg/Kg) in A) lipid-free vehicle
and B) sesame oil formulation. One-way ANOV A with Dunnett’s multiple
comparisons was performed, o = 0.05, * = p<0.05, ** = p<0.01, *** =
p<0.001, **** = p<0.0001. The data are presented as mean = SD, plasma

n = 6, lymph nodes n = 3. The PK parameters are presented in Table 6.5.

Figure 6.9. 4’-F-CBD concentration in the A) kidneys, B) liver, C) lungs and D)
spinal cord vs. plasma following oral administration to rats at 38 puM/Kg
(12.7 mg/Kg) in lipid-free and sesame oil formulations. Multiple t-tests
were performed, a = 0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, ****
= p<0.0001. The data are presented as mean * SD, plasma n = 6, tissue n

= 3. The PK parameters are presented in Table 6.6.
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Table 1.1. The lipid formulation classification system (LFCS) as described by
Pouton in 2000 and 2006 [54, 55].

Table 2.1. Concentrations of test agents used in MTT assay.

Table 2.2. Combinations of test agents assessed against U373-V, U373-M and
HCT116 cell lines by MTT.

Table 2.3. Concentrations of test agents used for combination MTT assays.
Table 2.4. Concentration range of test agents used for cell count assays.

Table 2.5. Combinations of test agents assessed against U373-V, U373-M and
HCT116 cell lines by cell count.

Table 2.6. Concentrations of test agents used for combination cell count assays.
Table 2.7. Administration groups of mice for EAE model efficacy study.

Table 2.8. Concentration of test agent exposed to cells for preparation of cells

dosed in combination for 3D OrbiSIMS analysis.

Table 3.1. Glso values of test agents TMZ, T25, CBD and 4’-F-CBD individually
assessed against U373-V, U373-M and HCT116 cell lines after 3- and 6-
days exposure. Data calculated from MTT assays and presented as mean
+ SD, three independent repeats of n = 5. The data are also presented in

Figure 3.2.

Table 3.2. A summary of Cls of cannabinoids CBD and 4’-F-CBD administered
in combination with TMZ or analogue, T25 after 3- or 6-days exposure
against U373-V, U373-M and HCT116 cell lines. Data represented as a
range for the different combination concentrations tested; full data can be

found in Appendix 3.6.

Table 3.3. Targeted search for anti-cancer mechanism of action of CBD by 3D
OrbiSIMS. U373-V cells were treated with CBD for 3, 6, 24 and 72 h and
are compared to a non-treated control. The table shows the peak intensity

(secondary ion counts) normalised to the TIC and deviation below in ppm.
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Data presented as an average of n = 3 technical repeats. One-way ANOVA
with Dunnett’s multiple comparisons performed, o = 0.05, * = p<0.05. The

data are also shown in Figure 3.7.

Table 3.4. Targeted search for anti-cancer mechanism of action of CBD and
evidence of T25 activity by 3D OrbiSIMS. U373-V cells were exposed to
CBD alone or with T25 for 3 h and are compared to a non-treated control.
The table shows the peak intensity (secondary ion counts) normalised to
the TIC and deviation below in ppm. Data presented as an average of n =
3 technical repeats. One-way ANOVA with Dunnett’s multiple
comparisons was performed, a = 0.05, no significant differences were

found. The data are also shown in Figure 3.8.

Table 4.1. PK parameters of CBD concentration-time profiles in plasma and
whole brain after oral administration to rats (12 mg/Kg). One-way
ANOVA with Dunnett’s multiple comparisons was performed to compare
lipid-based formulations to the lipid-free vehicle, a = 0.05, * = p<0.05,
**** = p<0.0001. Data are presented as mean £ SD, brain n = 3, plasma n
=6 (collected in previous PK studies (Feng et al [151, 155])). The data are

also presented in Figure 4.3.

Table 4.2. PK parameters of CBD concentration-time profiles for the anatomical
brain regions following oral administration to rats (12 mg/Kg). One-way
ANOVA with Dunnett’s multiple comparisons were performed, a = 0.05,
* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. Differences of
lipid-based formulations to the lipid-free formulation are shown. Data are

presented as mean £ SD, n = 3. The data are also presented in Figure 4.5.

Table 4.3. CBD concentration of anatomical rat brain region homogenates 2 h
following oral administration (12 mg/Kg) in a sesame oil formulation
(determined by means of HPLC-UV) and expected [M-H] peak intensity
(secondary ion counts) normalised to TIC. The data are presented as mean
+ SD, HPLC-UV analysis was performed in biological triplicates.

Table 4.4. Fatty acid composition of the oils selected for the lipid-based
formulations for in vivo CBD biodistribution studies, taken from the
literature [151, 232].

Page | 29



LIST OF TABLES

Table 5.1. PK parameters of CBD concentration-time profiles in serum and
whole brain following oral administration to mice (30 mg/Kg). One-way
ANOVA with Dunnett’s multiple comparisons was performed for
differences between the lipid-free and lipid-based formulations, o. = 0.05.

Data are presented as mean + SD, n = 4, and are shown in Figure 5.1.

Table 5.2. PK parameters of CBD concentration-time profile in serum, whole
brain and anatomical brain regions following oral administration (30
mg/Kg) to mice in lipid-free, sesame and olive oil formulations. One-way
ANOVA with Dunnett’s multiple comparisons were performed, o = 0.05,
no significant differences were found. The data are presented as mean +
SD, n=4.

Table 5.3. EAE severity as percentage of mice reaching score 4.0 after no
administration (control: no dose) or oral administration of CBD in lipid-
free or olive oil formulations, or vehicle only. When administered, CBD
was dosed at 50 mg/Kg in formulations of 50 mg/mL. Animals were dosed
once daily for 8-days.

Table 5.4. Fatty acid composition of the oils selected for the lipid-based
formulations for in vivo CBD biodistribution studies, taken from the
literature [151].

Table 6.1. PK parameters of 4’-F-CBD and CBD concentration-time profiles in
plasma following oral administration at 38 pM/Kg (12.7 mg/Kg 4’-F-
CBD, 12 mg/Kg CBD) to rats. One-way ANOV A with Dunnett’s multiple
comparisons was performed, o = 0.05, * = p<0.05, ** = p<0.01, *** =
p<0.001. Differences are shown between the lipid-free and lipid-based
formulations of the same cannabinoid, no differences were found between
4’-F-CBD and CBD administration in the same formulation. The data are
also presented in Figures 6.1 and 6.2. The CBD PK data was calculated
from plasma samples collected in a previous study (Feng et al [155]). The
data are presented as mean + SD, n = 6.

Table 6.2. PK parameters of 4’-F-CBD concentration in the plasma and whole
brain following oral administration at 38 uM/Kg (12.7 mg/Kg) to rats. The
data are also presented in Figure 6.3. One-way ANOVA with Dunnett’s
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multiple comparisons was performed, o = 0.05, ** = p<0.01, *** =
p<0.001, differences between the lipid-free and lipid-based formulations

are shown. The data are presented as mean + SD, plasma n = 6, brainn = 3.

Table 6.3. PK parameters of 4’-F-CBD concentration-time profiles in anatomical
brain regions following oral administration to rats at 38 uM/Kg (12.7
mg/Kg) in lipid-free and sesame oil formulations. Multiple t-tests were
performed, a = 0.05, * = p<0.05. The data are presented as mean = SD, n

= 3. The data are also presented in Figure 6.5.

Table 6.4. PK parameters of cannabinoid delivery to the whole brain following
oral administration at 38 pM/Kg (12.7 mg/Kg 4’-F-CBD, 12 mg/Kg CBD)
to rats in both lipid-free and sesame oil formulations. The data are also
presented in Figure 6.6. One-way ANOVA with Dunnett’s multiple
comparisons was performed, comparisons of 4’-F-CBD to CBD are

shown, o = 0.05, * = p<0.05. The data are presented as mean = SD, n = 3.

Table 6.5. PK parameters of 4’-F-CBD concentration-time profiles in lymph
nodes following oral administration to rats at 38 uM/Kg (12.7 mg/Kg) in
lipid-free and sesame oil formulations. Multiple t-tests were performed, a
= 0.05, no significant differences between formulations were observed.
The data are presented as mean = SD, n = 3. The data are also presented in

Figure 6.8.

Table 6.6. PK parameters of 4’-F-CBD concentration-time profiles in organs
following oral administration to rats at 38 uM/Kg (12.7 mg/Kg) in lipid-
free and sesame oil formulations. Multiple t-tests were performed, o =
0.05, no significant differences between formulations were observed. The
data are presented as mean + SD, n = 3. The data are also presented in

Figure 6.9.
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CHAPTER 1: General introduction

The review of the literature in this Chapter, section 1.1 (Drug delivery to the
brain) was published in the European Journal of Pharmaceutics and
Biopharmaceutics: A. Brookes, L. Ji, T. D. Bradshaw, M. Stocks, D. Gray, J.
Butler, P. Gershkovich, Is oral lipid-based delivery for drug targeting to the brain
feasible?, Eur. J. Pharm. Biopharm. 172 (2022) 112-122.

1.1 Drug delivery to the brain

1.1.1 The need for brain targeting

Drugs must reach their pharmacological site of action to be effective. If the target
tissue is in the brain, the drug needs to penetrate the blood-brain barrier (BBB).
Conditions such as Alzheimer’s disease (AD), traumatic brain injury (TBI) and
multiple sclerosis (MS), as well as many other illnesses such as brain tumours
or human immunodeficiency virus (HIV) reservoirs, are examples where the

drug is required to reach the brain tissue for effective treatment.

Treatment for cancers (including brain tumours) usually includes a combination
of surgery, radiotherapy and chemotherapy [1]. However, surgery is not always
possible, and in many cases, treatment leads to only modest survival
improvements (e.g., several months to a year for glioblastoma multiforme
(GBM) patients) [1]. Brain surgery to remove a tumour often allows for a one-
off direct injection of chemotherapeutics into the surrounding tissue, which is
advantageous compared to systemic delivery, as many chemotherapeutic agents
struggle to cross the BBB [1]. There has been some development in drug delivery
to brain tumours by alternative administration, including biodegradable wafers
inserted during surgery for the slow release of chemotherapeutics [1].
Alternative methods of drug delivery to the brain, such as nanocarriers, naturally
occurring ‘cages’ (e.g. apoferritin to transport agents across the BBB) [2], or the
convection-enhanced approach to deliver chemotherapeutics across the BBB [3]
are also being explored. Continual release by the neurosurgically placed

microcatheters allows transfusion of drug through 95% of the tumour, something
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not possible with systemic administration [2]. However, overall progress of new
treatment approaches is slow and the prognosis for brain cancer patients

unfortunately remains very poor.

HIV is treated with combination antiretroviral therapy (CART), but a complete
cure cannot currently be achieved [4]. Often, during treatment, HIV ribonucleic
acid (RNA) is not detectable in blood, but once treatment is stopped, viral RNA
is detected in the blood again within weeks [4]. This is due to reservoirs of HIV-
infected cells remaining, even under effective CART treatment. These reservoirs
are present in a number of difficult to reach tissues including bone marrow, the
lymphatic system, the genital tract, and the brain [4, 5]. Since many CART agents
do not efficiently penetrate the BBB, it is difficult to achieve effective
concentrations of antiretrovirals in the brain reservoir [4, 6]. Approaches to
improve the delivery of CART agents to the brain include drug delivery systems
such as liposomes, micelles, and nanoparticles. However, delivery of cART
agents to the brain is only part of the problem. It is also important to ensure
CART agents are effective at eradicating HIV from central nervous system
(CNS)-residing cells [4]. Asahchop et al (2017) compared the ECso (half
maximal effective concentration) values of several cART agents including
darunavir, etravirine and dolutegravir in human foetal microglia and bone
marrow derived macrophages [7]. They found that the ECso was significantly
higher for human foetal microglia than bone marrow derived macrophages,

indicating a decreased efficacy of the agents against infected microglial cells [7].

Alzheimer’s Disease (AD) is an incurable, age-related neurodegenerative
disorder. Much research focuses on early diagnosis for the best management of
symptoms. The two main hallmarks of AD, f-amyloid plaque deposition and
neurofibrillary tangles, are the focus of diagnosis [8, 9]. There has also been
increased research into multi-target strategies to manage symptoms [9].
However, as most, if not all, AD treatments would need to reach the brain,
appropriate drug formulation and administration should be an integral part of the

drug development programme.

Traumatic brain injury (TBI) is usually the result of a blow to the head, and

varies greatly in how it presents itself, from mild, temporary brain alterations to
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a comatose state and even death in severe cases [10]. The desired localisation of
treatment is sometimes only a small area of torn tissues but can cover the whole
brain in extreme cases [11]. Depending on the extent of the damage, treatment
can include daily cognitive therapy and surgery as well as preventative measures,
such as anti-epileptics [11]. The future of TBI treatment looks to therapeutic
neuroprotectors, administered within hours of damage, to minimise the need for
invasive surgery, and prevent some of the secondary damage caused by TBI [11].
The effectiveness of such agents would rely on good BBB penetration, as well

as drug potency.

MS is an autoimmune disease, in which the immune system attacks axons and
myelin in the spinal cord and the brain. Symptoms include problems with
movement, balance, and vision [12, 13]. Treatments help to manage symptoms,
as there is currently no cure. MS is an example where improving delivery of
therapeutics across the BBB is important in the treatment of symptoms and

progression towards a cure [2].

As highlighted above, enhancing the delivery of therapeutic agents across the
BBB is beneficial for the treatment of many diseases. Sometimes, the need to
deliver drugs to tissues within the brain leads to extremely invasive approaches,
such as convection-enhanced delivery, as discussed above, and direct trans-
cranial injection [1, 14]. Another invasive method used is the deposition of an
implant, commonly comprised of genetically engineered cells or polymeric
matrices containing drug [15]. Implants need to be deposited close to the site of
action, as drug diffusion decreases exponentially with distance (generally a 90%
reduction in drug concentration at 500 uM distance)[14, 15]. This leads to
inconsistencies in drug concentrations across the cells, with cells closest to the
implant experiencing very high concentrations [15]. This also sometimes leads
to the situation in which multiple implants are required at the same time for drug
to reach all of the target tissues. Other potential options for administration
include intrathecal injection [15] and the exploitation of temporary disruption to
the CNS protective BBB [15]. For chronic, long-term illnesses these are not

sustainable treatment options, as ideally the patient would be able to administer
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their own treatments at home [15]. Two main options for non-invasive delivery
are oral administration and intranasal spray, both of which are easily self-

administered.

Trans-nasal delivery can lead to direct movement of drugs from the submucosal
layer in the nasal cavity to the cerebrospinal fluid (CSF), entering predominantly
via the olfactory bulb [14, 16-18]. For example, trans-nasal delivery of
progesterone resulted in CSF concentrations of the drug exceeding
concentrations in plasma [14, 19]. It is unclear whether many drugs could be
delivered to the brain efficiently using this route due to the delivery method
limitations. For instance, large doses cannot be administered this way. High
variability in the amount of delivered drug can also be expected, especially as it
is difficult to deliver drug consistently to the olfactory bulb. Induced minor local
injury by trans-nasal delivery could also occur, meaning some molecules that
would not be expected to enter the CSF are eventually able to do so via trans-
nasal delivery, such as vitamin B12 [14]. However, this often requires delivery
of high volumes, which can cause local injury at volumes >100 pL in adults [14,
20].

Intranasal delivery appears to be a convenient option for patients to self-
administer treatment at home for long-term illnesses. However, problems arise
both in formulation development, and delivery itself. Drugs for intranasal
delivery are usually formulated as nanoparticles, rather than as a solution [16].
As mentioned above, there is also a challenge when trying to deliver high doses
via the intranasal route, as this could require larger volumes than are feasible, or
extensive repeated administration with potential damage to tissues [14, 16, 20].
There are also limitations due to nasal-mucociliary clearance, a natural defence
mechanism that is variable across humans, and in disease states [16, 17].
Therefore, whilst intranasal delivery is attractive from the perspective of patient
compliance, only highly potent molecules can be delivered this way at present

and there are many challenges that still need to be overcome.
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1.1.2 The blood-brain barrier

The main hurdle to overcome for any approach aimed to deliver the drugs to
therapeutic targets within the brain is the BBB. The BBB is a protective barrier,
present in all organisms with a developed CNS, preventing the majority of
compounds crossing from the blood into the CNS [14, 21, 22]. A secondary
barrier, the blood-cerebrospinal fluid barrier (BCSFB), with larger openings
between junctions for fluid transfer, is also able to protect the CNS from some
blood-borne substances [21, 23].

The BBB protects the brain from potentially neurotoxic substances including
metabolites and proteins [21]. Although cells in the CNS in early life are able to
repair themselves and replicate during growth, in adults they have lower capacity
for replication [21]. The CNS protective barriers deteriorate at a steady rate, as
cells and neurons die without being replaced [21]. This occurs naturally in

healthy brains, but the deterioration could be accelerated in disease states [21].

The structure of the BBB, shown in Figure 1.1, consists of a monolayer of brain
capillary endothelial cells (BCECSs) surrounding the blood capillaries [24]. The
BCECs create the largest blood-brain interface for molecular exchange, with a
total average area of 12 - 18 m? in adult humans [21]. BCECs have small
numbers of fenestrations (pores) and much denser content of glycocalyx than
other vessels (40% compared to 15% in cardiac and 3% in pulmonary vessels).
This structure creates the extensive tight junctions characteristic of the BBB,
preventing most large or hydrophilic molecules from interacting with, and
therefore penetrating, the BBB [21, 22, 24, 25]. This results in a much lower
protein content in the CSF compared to the plasma [21, 25]. Small non-ionisable
molecules, including Oz and CO., can easily diffuse across the barrier [22].
Transporters and receptor-mediated endocytosis are responsible for the
movement of most nutrients, e.g., amino acids, glucose, insulin and iron into the
brain [22, 25].
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Figure 1.1. Schematic diagram of the structure of the BBB showing the
blood vessel surrounded by BCECs, supported by pericytes and astrocytes.
Movement across the BBB is depicted via transcellular diffusion, movement
through tight junctions and active transport by P-glycoprotein (P-gp).

Reproduced from Lalatsa et al [26] with permission from Elsevier.

Transcellular permeation is high in peripheral endothelial cells but limited across
BCECs. BCECs form a more continuous lining, limiting gaps between the cells.
BCECs also have low levels of transcytosis, which is the main pathway for larger
molecules to cross the BBB [21, 24]. However, some large molecules are able
to cross by receptor-mediated or adsorptive-mediated transcytosis, with a small
number of non-specific large molecules being able to cross by non-receptor
mediated mechanisms [14, 21]. A detailed depiction of the BBB and possible

transport pathways across the barrier are shown in Figure 1.2.
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Figure 1.2. Different routes of transport across the BCECs of the BBB
depicted by A) paracellular transport via tight junctions, B) passive
diffusion, C) transport proteins such as P-gp, D) receptor-mediated
transcytosis and E) adsorptive transcytosis. Reproduced from Lalatsa et al

[26] with permission from Elsevier.

Surrounding the BCECs are astrocytes and pericytes, forming the basement
membrane, which acts as a supportive structure [21, 22]. The basement
membrane is essential to the key structures allowing movement across the BBB.
For example, astrocytes have been shown to tighten the endothelium in leaky
vessels and are suggested to be responsible for inducing BBB properties in
endothelial cells [22, 27].

Tight junctions, shown in Figure 1.2 (A), are one of the first BBB features to
develop, forming in the cell adhesions, creating tight gaps for very small, water-
soluble molecules to move through via paracellular transport [21]. Tight

junctions are unique in their structure and molecular composition (proteins
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present in the gaps link the two cells together), creating a high-resistance
electrical barrier [21, 24]. Tight junction proteins consist mainly of claudin,
occludin and junction adhesion molecules, all of which are variable in number
across the junctions [22]. Claudins are essential to the barrier function as they
maintain the seal, or ‘tightness’, of the junction [22]. Passive diffusion across

BCECs of the BBB is also possible for nonpolar molecules.

Transporters can both aid molecules entering the brain, as well as remove
substances from endothelial cells back into the blood. Solute transporters carry
substrates such as glucose, amino acids, and fatty acids down the concentration
gradients [21, 24, 25]. Efflux, or adenosine triphosphate (ATP)-binding cassette
(ABC) transporters, consume ATP to remove small molecules from the brain
into the blood [21, 24]. Of particular note is drug efflux pump P-glycoprotein
(P-gp; ABCBL1; multidrug resistance protein-1), where enhanced expression is
induced by chemotherapeutic agents, and it is therefore largely responsible for
multi-drug resistance [28]. The presence of P-gp on BCEC exports and blocks
the retention of many potentially efficacious drugs.

Figure 1.2 (D) and (E) describe the limited transcytosis across the BBB.
Receptor-mediated transcytosis transports specific peptides and proteins, such
as insulin, across the BBB. Reduced intracellular degradation is thought to be a
functional feature of BCECs, allowing the transport of specific molecules
through the cells. This feature is an important homeostatic requirement [26].
Absorptive-mediated transcytosis describes the uptake of cationic molecules into

the brain, such as albumin.

Low-density lipoprotein receptors (LDLR) are another important aspect of the
BBB, allowing transcytosis across the BBB [29]. Such receptors have led to the
approach of administering statins with a LDLR targeting, encapsulated, poorly
BBB-permeable drug, in order to increase permeability via LDLRs [30]. Low-
density lipoprotein receptor-related protein 1 (LRP-1) is of particular interest,
playing an important role in physiological and pathological conditions. LRP-1 is
reported to regulate certain tight junction proteins, and is responsible for
inducing BBB opening after ischemic attack [31].
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There are some empirical rules describing which molecules are likely to
permeate the BBB, similar in principle to Lipinski’s rule of five for intestinal
absorption [14]. A molecule should be non-polar, or have a low polar surface
area (<90 A?) with a maximum of 5 hydrogen bond donors and 10 hydrogen
bond acceptors (reducing the free energy requirement of moving from aqueous
to lipid environments) [14, 21]. The molecule should also be <500 Da and should
not have many rotatable bonds (<5 as the presence of rotatable bonds appears to
limit permeability across the BBB) [14, 15, 21, 32]. In addition, it has been
demonstrated that weak bases penetrate the BBB more readily than neutral
molecules and zwitterions, with acidic molecules having the lowest CNS
penetration [21, 33]. This is partly due to the interaction with the negatively
charged glycocalyx as well as other factors, such as P-gp efflux [21, 33, 34].
These parameters quite successfully describe the limitation of BBB permeation
for almost 98% of small molecules (and almost all large molecule) drugs [35].

As mentioned above, certain diseases, such as AD and MS, can alter the structure
and integrity of the BBB [21, 36, 37]. BBB disruption from brain tumours is
highly variable and is not well characterised in many disease states [36].
Disruption of the BBB is central to pathologies such as MS and epilepsy, but is
often a secondary effect of disease, such as in brain cancers [24]. Therefore,
barrier disruption is frequently disease dependent. For example, MS has been
reported to lead to BBB breakdown by tight junction abnormalities, loss of
claudin-3 and downregulation of laminin. On the other hand, HIV is reported to
cause tight junction disruption as a result of leukocyte migration into the brain
[21, 22]. In most cases of BBB disruption in disease states, there are changes to
the tight junctions, causing their opening and allowing the permeation of larger
molecules across the barrier [21]. As expected, a number of abnormalities can
occur when the BBB is disrupted, leading to a range of effects [24]. For instance,
disruption of glucose transporter GLUTL1 leads to seizures, whereas disruption

in LAT1 amino acid transporter can lead to autism spectrum-type effects [24].

BBB disruption in AD is an ongoing area of research, including as a potential

early biomarker and target for treatment [24, 37]. Certain disruptions in AD
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patients, such as synaptic dysfunction, are shown to be the result of pathway
activation by B-amyloid [22]. Other disruptions, such as alterations in white
matter lesions, have been observed but have no known definitive cause yet [23].
However, research is still ongoing into what stage in the disease progression
BBB dysfunction occurs, and a full understanding of the barrier properties
affected [24].

In patients with glioblastoma multiforme (GBM), the most aggressive brain
cancer, loss of claudin-1 and claudin-3 from tight junctions leads to reduced
BBB integrity and some functional loss of the barrier [1, 21, 22]. Exploring the
possibility of exploitation of BBB disruption in cancer patients has been ongoing
to selectively target chemotherapeutics to tumours [15]. For example,
administration of bradykinin further increases the permeability of BBB
capillaries in patients with brain tumours, with the greatest effect seen close to
the tumour site, but not in healthy brains [38, 39]. This process is thought to
occur by activation of B2 receptors on endothelial cells to open ATP-sensitive

potassium channels [39, 40].

During a stroke, BBB disruption follows a biphasic time course, visible within
hours before decreasing, and increasing again the following day [41, 42]. Stroke
causes structural changes to tight junctions via loss of claudin-1 and increased
transcytosis [22, 43]. The second phase of disruption is a result of increased cell
death that occurs in the days following the stroke [24]. Approaches to reduce
cell death during the second phase include poly(ADP-ribose) polymerase
(PARP) inhibition (where over-activation leads to deoxyribonucleic acid (DNA)
damage, ATP-depletion and necrosis), or inducing therapeutic hypothermia [44-
46]. However, there are still many unknowns in the mechanism of BBB
disruption during stroke, including the differences in disruption between the first

and second wave.

It is important to recognise that in disease states the BBB is often disrupted, and
often in different and sometimes unpredictable ways by the same disease [24].
Although some research is underway to exploit BBB disruption in disease states
in order to enhance drug permeability, this is not a straight-forward option and

would likely require patient- and disease stage-specific approaches [14].
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Inducing reversible BBB disruption as a treatment enhancer, for example by
mannitol, is also under investigation [15]. The BBB is complex, and even more
so when disrupted, leaving many unanswered questions. Transport across the
BBB is an important area of research, where the understanding of a molecule’s

interaction with the barrier is key [24].

1.1.3 Oral lipid-based drug delivery

Oral delivery of drugs is considered the easiest administration for patients,
allowing convenient at home treatment, and therefore high compliance [47].
There are several other advantages associated with oral drug delivery, such as
reduced costs to healthcare systems, pre-defined doses and dosing times, and the
non-invasive nature of this delivery method [48]. Therefore, as highlighted
above, oral administration is ideal for chronic illnesses. However, successful oral
administration presents many hurdles. Firstly, as with all administrations, the
delivery system needs to be biocompatible and not alter the drug’s activity [47].
Factors such as low water solubility, molecular size (i.e., oral delivery of
peptides and proteins is more challenging) high first-pass metabolic loss and low
membrane permeability can all limit a molecule’s oral bioavailability [48, 49].
Secondly, for good patient compliance, it is important that oral formulations do
not have unpleasant taste. Often, taste-masking agents are used for this purpose
[50].

Oral lipid-based delivery systems are a well-studied formulation approach first
reported in the 1970s, with the use of lipids to enhance drug absorption [49, 51].
It is important to understand the many mechanisms leading to enhanced
bioavailability of drugs administered with lipid-based delivery systems. These
include: increased absorption from the gastrointestinal tract (by a combination
of prolonged exposure and increased wall permeability); altered enterocyte-
based transport; avoiding first-pass metabolism; and, enhanced transport to the

systemic circulation by the intestinal lymphatic system [52, 53].

Most of the recently discovered drugs are classified into biopharmaceutics
classification system (BCS) class I, i.e., poor aqueous solubility and high
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membrane permeability, as shown in Figure 1.3 [52]. In order to improve the
poor solubility of a drug, a lipid-based formulation may be used. In 2000, Pouton
reported a lipid formulation classification system (LFCS) to group the different
lipid-based systems used for drug delivery [54]. Formulations were divided into
categories with increasing hydrophilic content from type | to type IV (type IV
being added in 2006 to describe formulations not containing oils), summarised
in Table 1.1 [54, 55]. Briefly, Type | formulations use 100% oils, triglycerides,
or mixed mono- and di-glycerides. Type Il use a combination of oils and water-
insoluble surfactants. Type I11A use predominantly oils and a mixture of water-
soluble surfactants and hydrophilic co-solvents, i.e., polyethylene glycol (PEG)
or propylene glycol. Type I1IB contains the same excipients as type I11A but less
oils (<20% content). Finally, type IV contains both water-soluble and water-

insoluble surfactants and hydrophilic co-solvents.
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o & High permeability E High permeability
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Figure 1.3. The biopharmaceutics classification system (BCS) showing class

I-1V by aqueous solubility and membrane permeability.
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Table 1.1. The lipid formulation classification system (LFCS) as described
by Pouton in 2000 and 2006 [54, 55].

Content of formulation (%, w/w)

Excipients in formulation Type Type Type Type Type

I I A B v
Oils 100 40-80 40-80 <20 -
Water-insoluble - 20 - 60 - - 0-20
surfactants
Water-soluble surfactants - - 20-40 20-50 30-80
Hydrophilic cosolvents - - 0-40 20-50 0-50

Lipid-based drug delivery systems can be advantageous not only to increase the
solubility of poorly soluble molecules, but also to increase permeability, avoid
fist-pass metabolism and decrease food effects [49-52]. As the formulation
already contains lipids, the further effects of lipids in the diet are usually limited.
However, this does vary depending on the lipid formulation and drug solubility
[51-53]. Birnbaum et al showed this with oral cannabidiol (CBD) delivery,
showing 14 times higher Cmax (maximum concentration) and 4 times higher area
under the curve (AUC) in the fed state compared to control [56]. Another
advantage of oral lipid-based delivery is the relative ease in the scaling-up of the
product. Usually, the same (or very similar) liquid formulation that is given to

animals in early pre-clinical studies can be scaled up for clinical trials [49].

Surfactants are often added excipients in lipid-based formulations, which can
lead to the creation of micelles (with both hydrophobic and hydrophilic regions)
in aqueous environments [50]. Surfactants are usually a secondary addition,
when the use of water-insoluble oils only (such as peanut and soybean oil) does
not improve bioavailability [50]. For example, the addition of d-a-tocopheryl
polyethylene glycol 1000 succinate (vitamin E-TPGS) to poorly water-soluble
antiretroviral drug amprenavir created micelles to stabilise the molecule, which
enhanced the solubility and permeability of the drug [57]. Commonly used
surfactants include Cremophor EL (polyoxyl 35 castor oil), Cremophor RH 40
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(polyoxyl 40 hydrogenated castor oil), Tween 20 and 80 (polysorbate 20 and
80), TPGS, Solutol HS-15 and a number of polyglycolysed glycerides [50].
Polyglycolysed glycerides include fatty acids such as oleic acid, linoleic

glycerides and mono-, di- and triglycerides [50].

Lipid nanocarriers have gained much interest in recent years as a delivery
method to overcome the poor bioavailability of certain drug molecules. Some
examples include the development of nanocarriers for antihyperlipidaemic drug
simvastatin, which led to a 4-fold increase in oral bioavailability compared to a
simvastatin suspension. Another example is polymer-lipid nanoparticles of
enoxaparin, which showed a 4 - 5-fold increase in oral bioavailability, compared
to an enoxaparin solution [58, 59]. Lipid liposomes have also been shown to aid
in the delivery of peptides by oral administration. For example, lipid
glycerylcaldityltetraether (GCTE) liposomes of antibiotic vancomycin protected
the peptide structure and integrity in vivo after oral delivery [60]. Lipid
nanocarriers are also used as new approaches against MS, showing promise in

in vitro and in vivo evaluation [61].

1.1.3.1 Lipid Digestion and Transport

Oral lipid-based drug delivery systems utilise lipid digestion and transport
processes. Therefore, a brief description of these processes is provided here for
background (Figure 1.4).
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Figure 1.4. Schematic diagram describing the sequential steps in the
digestion of lipids and subsequent absorption following oral administration.
Short and medium chain fatty acids are shown to enter the systemic
circulation directly. Long chain fatty acids undergo re-esterification and
associate into chylomicrons to enter the lymphatic system and then the
systemic circulation via the thoracic duct. Reproduced from Brookes et al

[62], with permission from Elsevier.

Most dietary lipids are in the form of triglycerides, and after a series of digestive
processes, the triglycerides are broken down into fatty acids and
monoglycerides, which are then absorbed by enterocytes [63]. Subsequently, the
triglyceride chain length determines the intracellular processing. In general,
short- and medium-chain fatty acids (carbon chain length <12) diffuse through
the enterocyte and then enter the blood circulation through the portal vein and
liver. Longer chain fatty acids (carbon chain length >12) are re-acylated into
triglycerides and assembled into chylomicrons (CMs), which are secreted into
the mesenteric lymph and enter the blood circulation via the thoracic duct. CMs
entering blood capillaries of certain tissues will activate the lipoprotein lipase on
the surface of BCECs to generate fatty acids. These fatty acids then enter
muscles and adipose tissues for storage or use. The CM remnants (mainly
containing cholesteryl esters) will be recognised by the apoE receptor on the

liver cell membrane and enter the liver cells.
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Due to the hydrophobic nature of lipids, their transportation in the body requires
lipoprotein vehicles. Lipoproteins circulate in the blood until their triglycerides
are consumed by the surrounding tissues, or the lipoproteins themselves are
eliminated by the liver. CMs are the largest lipoproteins found in the body,
synthesised in the intestinal wall. Other lipoproteins are characterised as either
very-low-density lipoproteins (VLDL), low-density lipoproteins (LDL) or high-
density lipoproteins (HDL) [64]. VLDL are predominantly synthesised in the
liver. VLDL’s surface Apo C-Il activates lipoprotein lipase, which, as described
above, hydrolyses triglycerides into free fatty acids and glycerol to be absorbed
by cells. LDL are rich in cholesterol and are mainly generated following VLDL
metabolism in the plasma. A small proportion of LDL is synthesised by the liver
and secreted directly into the blood. LDL function is mainly to transport
cholesterol to peripheral tissue cells. Between 40 - 60% of LDL can be cleared
by the liver (mediated by apo B and hepatic LDL receptors), and the rest is
absorbed through hepatic LDL or non-hepatic non-LDL receptors. HDL is
synthesised by the liver and enterocytes, and newly generated HDL does not
contain cholesterol. HDL function is to obtain cholesterol from peripheral tissues
and lipoproteins in order to transport it to tissues where cholesterol is needed.
Additionally, long-chain fatty acids tend to exist in the form of triglyceride in
lipoproteins, whereas short- or medium-chain lipids remain in the fatty acid form
in the blood [65].

1.1.4 Effects of lipids on delivery to the brain

Due to the physiological characteristics of the BBB, lipophilic substances can
enter the brain relatively easily. This suggests that lipids could potentially be
used to facilitate the delivery of drugs to the brain. However, as the chain length
of lipids and their metabolic pathways differ, not all lipids are suitable for oral

administration for these purposes.
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1.1.4.1 Long-chain lipids

Oleic acid (C18:1 cis-9) is abundant in human adipose tissue and is also present
in animal and vegetable fats. Oleic acid circulating in the systemic blood in the
free form has been shown to increase BBB permeability (the suggested
mechanism of this is via albumin binding) [66, 67]. Sztrlha and Betz examined
the effects of oleic acid infusion on BBB permeability in 1991. A sodium oleate
solution was injected into the right internal carotid artery of adult rats (6 mL/min
for 30 seconds) and uptake of a-aminoisobutyric acid into the brain was studied
[66]. Uptake was found to be facilitated by a 1 x10™° M oleic acid formulation.
Interestingly, and encouragingly, the effect was reversible. At 80 - 90 minutes
post injection, BBB permeability had returned to normal. Kim et al observed a
similar phenomenon when administering an oleic acid emulsion (0.05 mL oleic
acid and 20 mL saline) into the carotid artery of cats (4 mL/min for 5 mins) [68].
The oleic acid emulsion was found to reversibly increase BBB permeability. The
effects of oleic acid are proposed to be the result of interaction of lipids with
BCEC membranes. Oleic acid allows the incorporation of fatty acids into the
lipid membrane, affecting the properties and functions of the cell membrane
[66]. However, there is not sufficient evidence to prove this hypothesis at this
stage and further research is necessary.

In order to consider oleic acid as a vehicle for oral lipid-based delivery to the
brain, it is important to take into consideration the digestion of orally
administered oil. The saturation of fatty acids plays a role in their absorption,
with mono-saturated oleic acid resulting in good digestion, regardless of the oil
form administered. Oleic acid is transported via the lymphatic system, and as
discussed above, stored as triglycerides in tissues until use [69]. Studies
examining the biodistribution of oleic acid have traced radiolabelled molecules
to a wide range of tissues including the heart, liver, lungs, spleen, kidneys, and
brain [69, 70]. Several studies have already utilised this pathway to design oral
formulations for lipophilic compounds. For instance, Caliph et al observed a
significantly higher systemic exposure of highly lipophilic substance Org 49209
using oleic acid-based formulations compared with a lipid-free vehicle in rats
[71]. This substance has also been detected in the brains of rats that were orally
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administered with oleic acid-based formulations, although it is not yet clear

whether the presence of oleic acid increases the brain's uptake of Org 49209 [71].

Triolein emulsion (a symmetrical triglyceride containing 3 units of oleic acid) is
another lipid that has been shown to increase the permeability of the BBB when
administered directly into the blood circulation. Kim et al demonstrated that a
doxorubicin loaded triolein emulsion (0.10 - 0.20 mL triolein with 10 mL saline)
injected into the right carotid artery in rabbits increased BBB permeability [72].
At 2 h following administration, doxorubicin concentration in ipsilateral
hemispheres increased several-fold, compared to the control of administration
without triolein emulsion. Drug concentration changes in the ipsilateral brain
over time were also investigated in cisplatin-treated rats after injection into the
right carotid artery [72]. The highest cisplatin concentration in the ipsilateral
brain was achieved 6 h post injection of 20 pL/mL triolein emulsion (0.67
mL/Kg dose). Additionally, Ryu et al determined that the lowest dose of triolein
emulsion that can increase the BBB permeability by intra-arterial injection in
cats is 3 mL/Kg (5 pL/mL triolein emulsion in saline) [73]. Choi et al repeated
the study to confirm the minimal dose to increase BBB permeability is 3 mL/Kg

(5 pL/mL triolein emulsion in saline) [74].

Based on nutrition literature [75-77], it appears feasible to achieve appropriate
triolein levels to affect BBB permeability in the systemic blood circulation by
oral administration. Ryu et al calculated that the lowest dose required to increase
BBB permeability in cats by intracarotid injection is ~13.73 mg/Kg [73]. BBB
permeability was shown to still be altered 2 h post intracarotid injection of
triolein [72-74]. This could indicate that the initial high plasma concentration
resulted in a prolonged increase in BBB permeability, or alternatively, that a
lower concentration than the Cmax Is effective in altering the BBB permeability.
Triolein is well absorbed in humans [78, 79], therefore converting this dose to
humans based on body weight and body surface area (human equivalent dose),
the lowest dose required to increase the BBB permeability in an average adult
by intra-arterial injection would be ~5.47 mg/Kg [80, 81]. For an adult weighing
60 Kg, as little as 330 mg triolein might be sufficient to effect BBB permeability.
However, as the plasma Cmax after oral administration is likely to be substantially

lower, and some triolein would be broken down and re-assembled into different
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triglycerides post absorption, it is sensible to assume a higher dose of triolein
should be administered.

It should be noted that these calculations are preliminary, as additional data will
be needed to prove the theoretical calculations made here. The behaviour of
triolein in plasma after intracarotid vs. intravenous injection is thought to differ,
and the rate of change of triolein concentration in plasma after intracarotid
injection is still unclear. In addition, triolein levels in the blood following oral
administration are not conclusive from reported literature. Also noteworthy is
that all calculations reported here use the lowest triolein levels we found in the

literature, to prevent any underestimation.

The mechanism by which triolein increases BBB permeability is not yet
completely clear. To investigate the phenomenon, Sol et al infused triolein
emulsion (3 mL of 5 pL/mL triolein with saline) into the carotid artery of rats
[82]. They report that 2 h after injection, transcellular vesicles in the BBB
endothelium increased in number ~ 5-fold, compared to the control group of
infusion without triolein emulsion. Paracellular transport via tight junctions,
which did not occur in the control group, was also observed after infusion with
triolein. Based on this, Lee et al speculated that the increase in BBB permeability
caused by triolein emulsion can be partially explained by enhancement of
paracellular and transcellular pathways [83].

1.1.4.2 Short-chain lipids

In comparison to long-chain lipids, there are not as many studies investigating
the effects of short-chain lipids on BBB, although short-chain alkylglycerols (an
ether lipid abundant in shark liver oil) have been shown to increase BBB
permeability after systemic administration. Erdlenbruch et al co-injected
alkylglycerol (0.01 - 0.3 M) with cisplatin or methotrexate into the carotid artery
in rats and measured drug levels in the ipsilateral brain. They found that drug
concentrations increased in an alkylglycerol concentration-dependent manner
(cisplatin concentration range was from 2 to 230-fold higher) [84]. Importantly,
the effect was reversible, and the BBB returned to the original state within
several minutes [84].
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Erdlenbruch et al also demonstrated that different alkylglycerol chain structures
affected BBB permeability in different manners after systemic administration.
The increased permeability induced by 100 mM 1-O-pentylglycerol in rats
returned to normal within 3 minutes, while the permeability increase caused by
50 mM 1-O-hexylglycerol remained 1 h post injection. In addition, the increased
BBB permeability caused by alkylglycerols is effective for both small molecules
(e.g. fluorescein and sodium) and large molecules (e.g. lissamine-rhodamine
B200-albumin) [85]. Tight junction changes were observed through confocal
microscopy and it was found that at least part of the enhanced BBB permeability
Is the result of increased paracellular transport [85].
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1.2 Glioblastoma multiforme

Glioblastoma multiforme (GBM) is a highly aggressive and common cancer of
the brain. Designated as a grade IV astrocytoma by the World Health
Organisation (WHO), GBM is a type of glioma originating from glial cells such
as astrocytes [86, 87]. As mentioned above, and illustrated in Figure 1.1,
astrocytes support the structure of the BBB, and are therefore highly abundant
in the brain [21, 22]. GBM can occur as either primary or secondary tumours,
typically heterogeneous in their makeup [88]. GBM are fast growing cancers,
which contribute towards the poor prognosis of 5% 5-year survival in England
[89]. GBM occurs more frequently in males, and is the most common

astrocytoma in adults, occurring more often in adults aged 70 - 80 years [86, 87].

Parietal lobe

Frontal lob
rontal lobe Occipital lobe

Temporal lobe Cerebellum

Figure 1.5. Common locations of GBM tumours in the brain. Produced

using data from Brodbelt et al [90].

GBM tumours are most commonly located in the parietal, temporal and frontal
lobes, shown in Figure 1.5 [90]. Reports of cases in England show that GBM
tumours are most commonly located in the frontal lobe, making up 24.9% of
GBM cases [90]. The temporal and parietal lobes are also common locations

accounting for 21.8% and 16.7% of cases, respectively [90]. While the exact
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estimations vary across reports, these three brain regions are consistently
reported as the most common locations of GBM tumours. Symptoms of GBM
depend on the tumour size and location but commonly include headaches, loss

of memory and appetite, vomiting and changes to vision [86].

The standard of care treatment of GBM begins with maximal medically possible
surgical resection to remove as much of the tumour as possible [87, 91]. The
patient would then receive radiotherapy, followed by chemotherapy [86, 87]. 3D
conformal radiotherapy is commonly used to target any remaining GBM cells
post-surgery [87]. Standard post-surgical chemotherapy is 6 weeks of
temozolomide (TMZ) (75 mg/m?/day), followed by TMZ (150 - 200 mg/m?) for
5 days every 28 days, for 6 cycles [87].

1.2.1 Glioblastoma multiforme treatment with temozolomide

Contributing to the poor prognosis is the common resistance of GBM to the
standard of care chemotherapy treatment, TMZ. The synergistic response of
TMZ with cannabinoids (discussed below in section 1.3) against GBM was
studied in this work and will be discussed further in Chapter 3. TMZ (under the
brand names Temodar® and Temodal®) is currently given orally to GBM
patients following surgery and radiotherapy [87, 91]. TMZ is an
imidazotetrazine and the structure is shown in Figure 1.6. TMZ has near 100%
bioavailability following oral administration, with low protein binding of 15%.
TMZ is a small, hydrophilic drug (logP of -1.15) with the ability to successfully
permeate the BBB [91, 92].
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Figure 1.6. Chemical structure of TMZ (194.12 g/mol).

TMZ is a DNA-alkylating agent, predominantly methylating DNA at N3-
adenine, N’- and OS-guanine positions. N-methylation is generally repaired
quickly by base excision repair (BER), whereas O-methylation is not [93, 94].
O%-methylation leads to a mis-pair of guanine with thymine (rather than
cytosine) during DNA replication, damaging the cells and triggering the pathway
to cell death via apoptosis or autophagy [87, 95]. The mismatch is recognised by
DNA mismatch repair (MMR) and thymine is removed before guanine is mis-
paired with thymine again, and thymine is reinserted [87]. This futile cycle
continues until it eventually triggers a DNA strand break, inducing cell cycle
arrest at G2/M and leading to cell death by apoptosis or autophagy [87, 88, 91,
94].

DNA-alkylation by TMZ occurs following ring opening of the molecule at
physiological pH to release the active methyldiazonium cation, shown in Figure
1.7 [91]. First, base-catalysed hydrolytic attack occurs at physiological pH at the
C*-position. Then, the intermediate is protonated at the N*-position, opening the
ring. The unstable carbamic acid decarboxylates to form the intermediate 5-(3-
methyltriazen-1-yl)imidazole-4-carboxamide (MTIC), which then undergoes
proteolytic degradation to form AIC and release the methyldiazonium cation
[91].
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Figure 1.7. The ring-opening of TMZ at physiological pH to release the

active methyldiazonium cation, based on explanation by Singh et al [91].

A contributing factor to the poor prognosis for GBM patients is the common
resistance to treatment with TMZ, occurring in >50% of cases [88, 91].
Resistance of GBM to TMZ is thought to be driven by glioma stem cells (GSCs)
- a population of undifferentiated, tumourigenic stem cells [88, 91]. GSCs have
the ability to regenerate tumour heterogeneity, allowing for resistance to the
chemotherapy to develop [91].

There are two major resistance mechanisms to TMZ demonstrated in GBM.
Firstly, an over-expression of O°-methylguanine-DNA methyltransferase
(MGMT). MGMT is a DNA repair enzyme that allows the cells to repair DNA-
methylation at the O%-guanine position [87, 91]. MGMT is a suicide protein,
whereby for every repair of O5-methylguanine to guanine, a MGMT protein is
destroyed. The methylation status of the MGMT promotor is an important factor
in resistance to TMZ treatment. Methylation of the cytosine-phosphate-guanine
(CpG) island of the promoter prevents expression of MGMT, and is therefore
correlated with improved survival following treatment with TMZ [87, 91]. It has
been demonstrated that the methylation status of the MGMT promotor can
change during treatment, and is suggested that a reduction in methylation

(leading to MGMT expression) is a method of acquired resistance to TMZ [91].
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Secondly, a deficiency of MMR allows O°-methylguanine to be tolerated [87,
94]. MMR is an essential component of the pathway of DNA-methylation, as
described above. The MMR deficiency allows the mis-pairing of O°-
methylguanine with thymine, meaning the futile cycle of thymine removal and
insertion does not occur. Therefore, DNA strand breaks do not occur and
ultimately, cell death is avoided. MMR proficiency has been demonstrated to be

inversely correlated with MGMT expression [91, 96].

There is ongoing research into chemotherapeutic alternatives to TMZ in order to
overcome the common resistance mechanisms and improve outcomes.
Biodegradable wafers (often containing carmustine (BCNU)) can be implanted
to the tumour site during surgery for the slow release of the chemotherapeutic.
As the name suggests, BCNU is a mustard compound that alkylates DNA,
creating crosslinks between guanine and cytosine bases [87, 91]. However, there
are other risks associated with implanting wafers, such as infection, and the

diffusion distance of the chemotherapeutic agent into the tissue.

There are also alternative approaches such as targeting vascular endothelial
growth factors (VEGF) by binding with bevacizumab [88]. This monoclonal
antibody inhibits vascular growth within the tumour with the aim to limit the
tumour growth. The combination of bevacizumab and TMZ showed no survival
benefit in randomised clinical trials, however there was an observed

improvement in quality of life [97, 98].

As discussed above, convection enhanced delivery (CED) is another option
being researched. CED directly infuses therapeutics into the tumour localised
areas, bypassing the BBB [2]. There are also new approaches for cancer
treatment including immunotherapy and tumour treating fields (TTF) which are

being explored for GBM treatment [88].
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1.2.2 Temozolomide analogue, T25

The development of analogues of TMZ are one approach to overcome the
common resistances to GBM treatment. One such analogue is T25, also referred
to as N3PC8T, shown in Figure 1.8. The synergistic response in GBM cells to
treatment with T25 and cannabinoids (discussed below in section 1.3) is studied
herein and compared to that of combinations with TMZ. This work will be

discussed further in Chapter 3 of this thesis.

T25 is a N3-propargyl analogue of TMZ. The addition of the propargyl group
can overcome resistance by MGMT over-expression. The DNA is alkylated with
a propargyl group, rather than the methyl group with TMZ, and therefore,
MGMT is not able to recognise and remove the propargyl group. This effect has
been evidenced in vitro against GBM cell lines representing the over-expression
of MGMT [95, 99, 100]. Whilst efficacy work on T25 is currently unpublished,

the molecule shows promise as an alternative GBM treatment to TMZ.

| S
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T

Figure 1.8. Chemical structure of T25 (258.3 g/mol), a TMZ analogue.
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1.3 Cannabidiol

The Cannabis sativa plant has a long history of recreational and medicinal use.
The most abundant cannabinoids of the plant are A°-tetrahydrocannabinol (THC)
and cannabidiol (CBD), shown in Figure 1.9. Both THC and CBD exhibit
therapeutic potential for a range of applications, however, the psychoactivity of
THC has encouraged more work to focus on the non-psychoactive CBD [101,
102]. CBD has demonstrated vast activity including anti-inflammatory, anti-
anxiety, anti-depressant, and anti-cancer effects [103-107]. Therefore, there is
work to develop CBD treatments for diseases including MS, cancer,

inflammatory bowel disease, anxiety and arthritis [103-109].

A)

Figure 1.9. Chemical structures of A) THC (314.5 g/mol) and B) CBD (314.5
g/mol).

The endocannabinoid system is a complex network responsible for maintaining
internal temperature, mood, the immune and other biological systems [110, 111].
The endocannabinoid system comprises of endocannabinoids (such as
anandamide (AEA) and 2-AG), enzymes (such as fatty acid amide hydrolase
(FAAH)), receptors (including cannabinoid receptors CB1 and CB2) and
transport proteins [110, 111].

CB1 and CB2 are part of the G protein-coupled receptor (GPCR) membrane
receptor family, distributed throughout the body. While CB1 receptors are
predominantly present in the CNS, and CB2 receptors in peripheral tissues, there
is also evidence of CB2 receptor expression in the brain stem [112, 113]. CBD
has been shown to bind antagonistically to both CB1 and CB2 receptors,
although with low affinity (inhibition constants (Kj) of 4350 — 10000 nM for
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CB1 and 2860-10000 nM for CB2 receptors) [112, 114-116]. The low
antagonistic binding to CB1 receptors is thought to be behind the non-
psychoactivity of CBD, as agonistic binding of THC to CBL1 is responsible for
the psychoactivity of THC [112]. CBD has also demonstrated inhibition of
FAAH, which is involved in AEA hydrolysis and uptake, therefore increasing
the free endogenous cannabinoids [112, 117, 118]. A complete understanding of
the interactions of CBD in vivo have not yet been reached, however Almeida et

al (2020) have summarised the known interactions, shown in Figure 1.10 [112].
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Figure 1.10. Molecular targets of CBD in vivo. CBD is depicted to interact
agonistically with Al receptors, 5-hydroxytryptamine 1A receptor (5-HT1a)
and transient receptor potential cation channel subfamily V member 1
(TRPV-1), partially agonistically with dopamine receptor 2 (D2),
antagonistically with G-protein receptor 55 (GPR55), CB1 and CB2 and
FAAH. CBD is a negative allosteric modulator of p-opioid receptor (MOR)
and inhibitor of equilibrate nucleotide transporter (ENT), endocannabinoid
membrane transporter (EMT) and Na* and Ca?* channels. Reproduced

from Almeida et al [112], with permission from John Wiley and Sons.
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1.3.1 Activity of cannabidiol for multiple sclerosis

There is evidence CBD induces immunosuppressive effects against MS. This
activity is investigated within this thesis following oral administration of CBD
in lipid-free and lipid-based formulations and will be discussed in Chapter 5 of
this thesis.

MS is a chronic autoimmune disease, affecting the CNS, and is one of the most
common causes of disability in younger adults. In MS, the immune system
attacks the myelin and axons in the brain and spinal cord [12, 13]. Due to the
disease location in the CNS, the symptoms associated with MS include problems
with balance, movement, vision, and cognition. It is thought that there are several
potential causes of MS including both environmental and genetic factors [13].
Currently, there is no cure for MS, however, some treatments such as

corticosteroids can help to manage symptoms [12].

CBD exhibits therapeutic effects against MS, often demonstrated in the in vivo
experimental autoimmune encephalomyelitis (EAE) mouse model [119-123].
CBD has been shown to increase immunosuppressive myeloid-derived
suppressor cells (MDSCs), inhibiting the T cell migration that drives the disease
[120, 124]. CBD also resulted in reduced clinical scoring severity, demyelination
and reduced inflammation in mice [123]. Administration of CBD after
symptoms were first observed suppressed the immune response to EAE that
causes neuroinflammation, demonstrated by reduced myelin oligodendrocyte
protein (MOGss.s5) specific T cells [119]. MS progression, specifically
inflammation, has been associated with CB1 and CB2 activity [111].
Intraperitoneal (i.p.) administration of CBD with THC has also been
demonstrated to alter the gut microbiome - a change which reduced the
lipopolysaccharide (LPS) levels in the brain that are usually seen in EAE mice
[121].
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1.3.2 Anti-cancer properties of cannabidiol

CBD is reported to exhibit anti-cancer properties in in vitro and in vivo animal
models against a range of cancers including breast, colorectal, glioma, cervical
and lung cancers [103, 125, 126]. The anti-cancer activity of CBD against GBM
was investigated in this work and will be discussed in Chapter 3 of this thesis.
The anti-cancer activity of CBD is often studied in combination with THC, and
sometimes in combination with other anti-cancer agents. For example, the anti-
cancer activity of CBD against GBM s reported in combination with THC or
TMZ [103, 127-130]. The combination of CBD and TMZ has been reported as

both an additive and synergistic response in vitro [131, 132].

When CBD was administered as a combination with THC and TMZ in a U87TMG
GBM mouse xenograft model, tumour growth was reduced by a larger extent
than after administration of TMZ alone [127]. CBD has also been shown to be
effective in other in vivo GBM models (U87, U251, GSC3832 and GSC387) in
combination with THC and TMZ after intravenous (i.v.), i.p., subcutaneous (s.c.)
and oral administration [103, 127, 133-136]. CBD has also been investigated in
combination with radiotherapy against GBM in mice, showing almost 90%

apoptotic levels reached [126, 137].

The reports of anti-cancer activity of CBD have led to initial clinical trials of the
application against GBM. Phase I/1l clinical trials in GBM patients found that
Sativex® (a 1:1 mixture of CBD and THC) was safe to administer, where no
drug-drug interactions with TMZ were identified [138-140]. Further clinical
trials with GBM patients are currently underway to study the efficacy of
combinations of radiotherapy and chemotherapy with TMZ and a 1:1 mixture of
CBD and THC, as well as daily administration of CBD with TMZ [141, 142].

The molecular mechanisms through which CBD exerts its anti-cancer activity
are thought to be many, due to the rich and diverse pharmacology of the
cannabinoid [130, 143-145]. The role of the endocannabinoid system in cancer
development is not yet fully understood, however it has been demonstrated that
CB1 and CB2 receptor expression can be altered in cancers, and can be
correlated with cancer cell invasion, proliferation and apoptosis [103, 129].
Inhibition of CB1 and CB2 receptors was shown to reverse some, but not all, of
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the anti-cancer effects of CBD, however the pathways involved are not yet fully
elucidated [103, 130].

Other suspected pathways include via transient receptor potential cation channel
subfamily VV member 2 (TRPV-2), increased reactive oxygen species (ROS) and
endoplasmic reticulum (ER) stress [103, 125, 130, 143-145]. DNA-methylation
is not reported as a mechanism of anti-cancer activity of CBD as far as we are
aware. However, methylation of C°-cytosine in CpG islands is a reported
mechanism in the behavioural activity of CBD, indicating a potential DNA-
methylation pathway in the anti-cancer activity of the cannabinoid [146, 147].

1.3.3 Cannabidiol in vivo pharmacokinetics

The metabolism and pharmacokinetics (PK) of CBD has previously been studied
previously in vivo in animals and humans. CBD is often administered orally, and
as oral administration was used in this work, the oral in vivo properties of CBD
are discussed here. Generally, CBD is considered to be safe, following
administration at up to 6000 mg/Kg with no adverse side effects observed in

safety clinical trials [148].

In humans, CBD absorption has been studied following oral doses from 2 to 800
mg. While the Cmax generally changes with the dose, the time of maximum
concentration (Tmax) iS not affected by dose [149]. In animal studies, the
bioavailability of CBD is reported to be low, between 10 — 20% [149, 150].
However, as discussed above, the bioavailability of CBD following oral
administration can be increased by using a lipid-based formulation,

demonstrated in Figure 1.11 from Feng et al [151].
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Figure 1.11. Plasma PK profiles of CBD following oral administration in
lipid-free (propylene glycol:ethanol:water, 80:10:10 v/v/v) and lipid-based
formulations at 12 mg/Kg to rats. Figure reproduced from Feng et al [151],

with permission from Elsevier.

The full CBD biodistribution is not yet understood, however, reports suggest that
CBD that does reach the systemic circulation is distributed throughout the body,
including the brain and lymphatic system [149, 152-156].

The metabolism of CBD in vivo continues to be studied. For example, it has been
suggested that CBD can be converted to THC under the conditions of gastric
fluid [157]. However, this has not been evidenced in vivo, and the in vitro
methods used to make this suggestion are not representative of in vivo conditions
[158]. It is well understood, however, that CBD undergoes extensive first-pass
metabolism [149]. Predominantly, CBD undergoes allylic hydroxylation by
cytochrome P450 enzymes, where 7-hydroxy-cannabidiol is a major product of
this metabolism [159]. In vivo receptor activity of CBD metabolites has not yet
been reported [149].

Despite the high first-pass metabolism of CBD, and in line with the low
bioavailability of the molecule, a good portion of CBD is excreted unchanged.

CBD metabolites can also be detected in the urine. Following oral
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administration, CBD elimination is generally fast (several h) than i.v. injection
or inhalation (smoking), where the t1» can be over 1 day [149, 151, 154, 160].

1.3.4 Cannabidiol formulations

Oral lipid-based formulations of CBD were used in this work and compared to
lipid-free formulations to investigate differences in biodistribution following
administration in the different vehicles. This will be discussed in Chapters 4 and
5 of this thesis.

Despite the vast therapeutic potential of CBD, there are few approved
formulations. Epidyolex® is a U.S. Food and Drug Administration (FDA)
approved oral treatment of seizures associated with rare forms of epilepsy
(Lennox Gastaut syndrome (LGS) and Dravet syndrome (DS)). Epidyolex® is a
lipid-based formulation of CBD containing sesame oil [161, 162]. Sativex® is
an oral spray formulation of 1:1 CBD:THC, approved in the UK to treat muscle
stiffness and spasticity associated with MS [163-165].

As discussed above in section 1.1.3, oral administration is preferred over other
routes [47, 48], however CBD has low bioavailability following oral
administration [166, 167]. CBD oral formulations are limited by its highly
lipophilic nature and low water solubility. However, CBD is solubilised well in
lipids, and administration of CBD in various oral lipid-based formulations has
been reported [151, 155, 166, 168]. Our group has previously reported that
administration in a sesame oil formulation resulted in a 3-fold higher
bioavailability of CBD, compared to a lipid-free vehicle, and a 250-fold higher
lymph fluid concentration compared to the plasma [155, 169]. Comparing
different lipid-based formulations of CBD, the selection of lipid for oral
administration was found to effect the lymphatic transport and bioavailability of
CBD [151].
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1.3.5 4’-Fluoro-cannabidiol

Fluorination of molecules is a strategy used to enhance the activity of a
compound [170-172]. Fluorinated molecules are often reported to exhibit
improved delivery across the BBB, compared to their parent compounds, due to
the high electronegativity of the fluorine atom [173-175]. Fluorination also
provides additional benefits including metabolic stability, and imaging potential
is conferred by fluorinating molecules [170]. Such potential of fluorinated
molecules means their use in medicinal chemistry is well recognised, with

increasing fluorinated drugs in development.

4’-Fluoro-cannabidiol (4’-F-CBD), shown in Figure 1.12, is a fluorinated
derivative of the cannabinoid CBD that is studied in this work. The anti-cancer
properties of the molecule will be discussed in Chapter 3, and the in vivo
investigation in Chapter 6 of this thesis. 4’-F-CBD was first reported in 2016 by
Breuer et al [176]. Fluorination of CBD in three locations was demonstrated, at
the C*-, C1°- and C®®-positions [176]. However, fluorination at the C*-position
resulted in the only molecule to demonstrate significantly increased activity over
CBD in in vivo behavioural models [176, 177].

Figure 1.12. Chemical structure of 4’-F-CBD (332.5 g/mol).
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Activity of 4’-F-CBD has been investigated in in vivo models of anxiety,
depression, psychotic and compulsive behaviour. In all cases, 4’-F-CBD resulted
in higher efficacy than CBD after i.p. injection at up to 10x lower doses [176,
177]. 4-F-CBD was also reported to exhibit anti-nociceptive and
neuroprotective effects in vivo [177, 178]. Potential anti-cancer activity of 4’-F-
CBD (due to the properties of CBD) have not yet been investigated, however 4°-
F-CBD has been demonstrated to prevent chemotherapy-induced pain [179].

The anti-compulsive and anti-nociceptive effects of 4’-F-CBD were
demonstrated to occur via interaction with CB1 and CB2 receptors of the
endocannabinoid system [176, 177]. Activity is also reported to involve the
adenosine 2A (A2A) receptor (Figure 1.10) [180]. There have been no further
reports thus far on the mechanisms of 4’-F-CBD activity, although reports to
date suggest mechanisms could be similar to that of CBD.

Despite the therapeutic potential of the molecule demonstrated in vivo, the
pharmacokinetics (PK) and biodistribution of 4’-F-CBD have not yet been
investigated to the best of our knowledge. Previous reports in the literature of 4’-
F-CBD activity have called for these in vivo properties to be investigated [176,
177].
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1.4 3D OrbiSIMS

Mass spectrometry is commonly employed for label-free imaging of biological
samples, in particular, secondary ion mass spectrometry (SIMS) and matrix-
assisted laser desorption/ionisation (MALDI) are the most widely used. Imaging
mass spectrometry allows for the detection and visualisation of the distribution
of multiple molecules simultaneously throughout a sample. This provides the
opportunity to monitor a drug's movement within a cell and also the pathology
of the cell, as the metabolites expressed are indicative of a cell's health. In 2012,
a MALDI system was reported to approach single cell resolution, visualising
large metabolites inside cells [181]. High resolution, sensitivity and chemical
coverage in imaging are essential to understand the behaviours of a therapeutic

at the cellular level.

SIMS surface analysis was greatly advanced by the introduction of the use of
gas cluster ion beams (GCIB) in 2001 by Yamada et al [182]. GCIBs produce
less fragmentation than the traditionally used liquid metal ion gun (LMIG),
allowing the detection of higher molecular signals, such as larger lipids and
proteins [182].

In 2017, SIMS analysis underwent another huge advancement with the
introduction of the 3D orbitrap secondary ion mass spectrometry (3D OrbiSIMS)
for label-free imaging on the subcellular scale [183]. The hybrid instrument
combines time-of-flight (ToF) and Orbitrap detectors for analysis with high
speed, mass accuracy, spatial resolution and mass resolving power (240,000 at
m/z 200) [183]. The 3D OrbiSIMS provides the capabilities of subcellular
imaging with low signal-to-noise ratio [183]. The ToF analyser can acquire fast
survey images with the LMIG, often used to identify areas in the sample for
further analysis with the Orbitrap GCIB. Depth profiling is also possible with
the Orbitrap, controlled by the GCIB sputter gun [183]. Data from the 3D
OrbiSIMS can be visualised as 3D images, showing the distribution of each
molecule, or fragment, within a sample. 3D images are made by measuring a set

of 2D images which are reconstructed and visualised in 3D.

Sample manipulation and preparation is key to 3D OrbiSIMS analysis of

biological samples. Instruments allow analysis from cryogenic to room
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temperature, typically under a strong vacuum. To best retain the structures within
samples, the sample should be kept hydrated, as it would be in vivo. Hydrated
samples also don't need to go through the process of freeze-drying, which can be
harsh and could cause some molecules to move, such as migration of lipids such
as cholesterol to the surface. This type of migration alters the distribution of
molecules within the sample and can generate over-bearing peaks in surface
analysis, as well as not truly representing the structure within the sample [184].
Analysing a sample in the hydrated state, under cryogenic conditions, is
considered the gold standard of sample preparation [185]. However, preparing
samples as “frozen-hydrated” presents some difficulties in sample handling and
loading. This type of preparation can also effect the sample aside form molecule
migration. Zhang et al reported water crystal formation (a layer of ice on the
surface) after preparing samples as “frozen-hydrated”, effecting the ion yield of
their analysis [184]. Therefore, a compromise should be reached in sample
preparation, taking extra care in what the sample is exposed to, often conducting

analysis at RT, or on dehydrated samples.

The applications of the 3D OrbiSIMS continue to be investigated. So far, the
instrument has successfully been used to study ions present in a sample, and their
distribution within the sample and ion characterisation by mass spectrometry-

mass spectrometry analysis in both in vivo and in vitro cell samples [186-188].
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1.5 Project hypotheses and aims

There are several hypotheses tested in this thesis. Firstly, that the fluorinated
CBD derivative, 4’-F-CBD, will exhibit similar anti-cancer properties as CBD.
The anti-cancer properties of CBD against GBM will be investigated to
understand the potential of the molecule to overcome resistance mechanisms to
treatment with TMZ. Secondly, that the potential synergy of CBD with TMZ for
GBM treatment that has previously been reported [131, 132], might also be
observed with the TMZ analogue, T25.

It has previously been demonstrated that oral lipid-based formulations result in
increased bioavailability of CBD [155, 169]. Additionally, there are reports that
certain fatty acids could increase delivery of molecules across the BBB and into
the brain [62, 66, 189]. Therefore, it is hypothesised that using a lipid-based CBD
formulation would increase delivery to the brain following oral administration,
compared to a lipid-free formulation. It is also predicted that the lipid-based
formulations containing high compositions of fatty acids reported to impact BBB
permeability, including oleic and myristic acids, would demonstrate high

delivery to the brain.

The immunosuppressive effects of CBD in MS are documented in the literature
[119-123]. As the role of the lymphatic system in the development of disease
becomes increasingly better understood, our approach to treatment
administration also develops. As oral lipid-based formulations of CBD have
been shown to demonstrate high delivery to the lymphatic system [151], it is
hypothesised that this would result in increased potency of CBD, compared to
formulations with lower delivery to the lymphatic system, such as a lipid-free
formulation. Due to the location of MS, it is also predicted that a formulation
exhibiting high delivery of CBD to the brain could also demonstrate high
potency against MS.

Finally, the properties of 4’-F-CBD are only beginning to be explored. The
cannabinoid has demonstrated potential in in vivo behavioural models, but the
PK of the molecule has not yet been investigated. Previous work on the molecule
has resulted in calls for the PK properties of the cannabinoid to be studied,

demonstrating the need for this in the development of potential applications of
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the molecule. It is hypothesised that the PK properties of 4’-F-CBD would be
similar to that of CBD, due to the small difference in the structures of the
molecules. However, the addition of the fluorine atom is predicted to increase
the permeation across the BBB, resulting in higher delivery of the molecule to

the brain, as compared to CBD.

The aims of this thesis can be separated in the results chapters, and are

summarised below:

Chapter 3: This chapter aims to investigate the anti-cancer properties of
cannabinoids CBD and 4’-F-CBD. The ability of the cannabinoids to overcome
two major resistance mechanisms to GBM treatment with TMZ (MGMT over-
expression and MMR deficiency) will be investigated. Potential synergy of the
cannabinoids with imidazotetrazine compounds TMZ and T25 will also be

examined.

Chapter 4: This chapter aims to demonstrate the delivery of CBD to the brain
after oral administration in lipid-free and lipid-based formulations. The brain is
a complex organ responsible for a vast range of activity, and therefore the organ
will be dissected to investigate potential differential delivery of CBD to specific

anatomical brain regions.

Chapter 5: This chapter will examine the neuroprotective effects of CBD against
MS in vivo. Activity of CBD against MS has previously been demonstrated, but
it is hypothesised that increased delivery to the lymphatic system by oral
administration in a lipid-based formulation could improve the therapeutic effects

observed.

Chapter 6: This chapter will study the in vivo PK and biodistribution of 4’-F-
CBD for the first time. It is hypothesised that in vivo properties could be similar
to CBD, although the reported increased potency of the fluorinated derivative
suggests potentially different biodistribution that is important to understand in
the development of the molecule for therapeutic application.

Overall, the aim of this PhD is to investigate the in vitro and in vivo properties
of cannabinoid CBD and derivative, 4’-F-CBD. The work focuses on the anti-

cancer application of the cannabinoids. However, the work to investigate
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differential biodistribution following oral administration in lipid-free and lipid-
based formulations can be expanded to other applications, as will be shown for
the application of CBD against MS. The in-depth study of the biodistribution of
cannabinoids to anatomical brain regions following oral administration aims to
demonstrate the importance of formulation selection for each potential

application and progress the understanding of cannabinoids’ complexity in vivo.
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CHAPTER 2: Methods

2.1 Materials and instruments

Natural and synthetic cannabidiol (CBD) were obtained from THC Pharm
(Frankfurt, Germany). 1-Fluoropyridinium triflate was purchased from
Fluorochem (Derbyshire, UK). Isolute HM-N was purchased from Biotage
(Hengoed, UK). Cell lines U373-V and U373-M were supplied by Schering
Plough (NJ, U.S.A.). Cell lines HCT116 and MRC-5 were supplied from ATCC
(VA, U.S.A). RPMI-1640, minimum essential medium (MEM), foetal bovine
serum (FBS), non-essential amino acids (NEAA), geneticin G418, gentamicin,
L-glutamine, penicillin/streptomycin (pen/strep), sterile Hepes buffer, sterile cell
culture sodium bicarbonate, ethylenediaminetetraacetic acid (EDTA), 10x
trypsin-EDTA solution, temozolomide (TMZ), sesame oil, coconut oil, rapeseed
oil, olive oil, 4,4-dichlorodiphenyltrichloroethane (DDT), ammonium formate,
indium tin oxide (ITO) coated glass slides, dry dichloromethane (DCM),
deuterated chloroform (CDClz) and sterile dimethyl sulfoxide (DMSO) were
purchased from Sigma Aldrich (Dorset, UK). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was purchased from Alfa Aesar (Heysham,
UK). Rat plasma was purchased from Sera Laboratories International (West
Sussex, UK). Optimal cutting temperature compound (OCT) and high purity
grade propylene glycol were obtained from VWR (Poole, UK). T25 was
synthesised within the University of Nottingham by Helen Summers. All other
chemicals and reagents used were of high performance liquid chromatography
(HPLC) grade or higher, purchased from ThermoFisher Scientific
(Leicestershire, UK).
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2.2 Chemical synthesis of 4’-fluoro-cannabidiol

This method was used to synthesise 4’-fluoro-cannabidiol (4’-F-CBD) that was
used to generate data reported in Chapters 3 and 6.

The synthesis of 4’-F-CBD was reported by Breuer et al (also referred to as
HUF-101 and PECS-101), and this method was followed, with modifications to
improve the separation of the product from any unreacted CBD [176].

2.2.1 General Procedures

A Buchi Rotavapor consisting of a V-850 vacuum controller, R-210 rotavapor

and B-491 heating bath was used for drying.

A Biotage SP4 flash chromatography system was used for separation with a
normal phase puriFlash (PF-15SIHP-F0004, Interchim, Montlucon, France)
column cartridge. A flow rate of 5 mL/min was used with line A (hexane) and
line B (20% ether in hexane). The column cartridge was equilibrated with 5%
line B for 3 column volumes (CV) first. After equilibration, the product was
loaded onto the column. The gradient used was 0 — 2 CV 5% line B, 2 — 12 CV
5-10% line B, 12 — 22 CV 10% line B, 22 — 32 CV 10 — 20% line B, 32 — 35
CV 20% line B.

Separation was confirmed with thin layer chromatography (TLC) on silica
precoated aluminium backed 60 F2s4 plates (Merck, Darmstadt, Germany) using
6% ether in hexane. Compounds were visualised by an ultraviolet (UV) lamp at
254 nm.

Liquid chromatography mass spectrometry (LC-MS) was used to verify the
product. A Shimadzu UFLCXR system was used with an Applied Biosystems
API2000 to visualise spectra at 220 nm. Separation was achieved using a
Phenomenex Gemini-NX C18 110A column (50 mm x 2 mm x 3 um) at 40 °C.
A flow rate of 0.5 mL/min was used with 0.1% formic acid in water in line A
and 0.1% formic acid in acetonitrile (ACN) in line B. The gradient used was 0.0
— 1.0 min 5% line B, 1.0 — 3.0 mins 5 — 98% line B, 3.0 — 5.0 mins 98% line B,
5.0 — 5.5 mins 98 — 5% line B, 5.5 — 6.5 mins 5% line B.
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A Bruker 400 Ultrashield nuclear magnetic resonance (NMR) was used to assess
the product by hydrogen (*H) NMR at 400 MHz. Deuterated chloroform (CDCls,
0 =7.26) (~0.5 mL) was added to dissolve a small amount (~5 mg) of product,
which was then transferred to an NMR tube for analysis. MestReNova software
version 14.2.2 (Mestrelab Research, Santiago de Compostela, Spain) was used
to process the data. Chemical shifts (8) are reported in parts per million (ppm).
Coupling constants (J) are recorded in Hz, and the multiplicities are described
as singlet (s), doublet (d), triplet (t), multiplet (m) or broad (br).

2.2.2 #-Fluoro-cannabidiol

Synthetic CBD was used for the synthesis. 1-Fluoropyridinium triflate (79 mg,
0.3 mmol), CBD (100 mg, 0.3 mmol) and 4.5 mL dry DCM were stirred
overnight in a nitrogen environment at room temperature. The yellow product
was washed with (3 x 5 mL) aqueous sodium bicarbonate (NaHCO3). The
organic layer was then dried over sodium sulphate (Na2S0O4) anhydrous, filtered

and dried onto isolute (1 - 2 spatulas).

CBD

Reagents and conditions: (a) [-fluoropyridinium triflate, DCM, room temperature, overnight.

Figure 2.1. Synthesis of 4’-fluoro-cannabidiol.

Separation of 4’-F-CBD from any unreacted CBD was confirmed by TLC.

Characterisation reported by Breuer et al [176]: total yield (27%), *H NMR (300
MHz, CDCl3) § = 6.17 (s, 1H, Ar), 5.52 (s, 1H), 4.56 (s, 1H), 4.44 (s, 1H), 3.92
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(s, 1H), 2.50 (br, 2H), 2.19 — 2.05 (br, 2H), 1.77 (s, 3H), 0.86 (t, 3H), LC-MS
[M+H]* m/z = 332.

Characterisation found: total yield (42%), this is higher than reported due to
improved separation by flash chromatography. *H NMR (400 MHz, CDCls) & =
6.20 (d, J = 6.3, 1H, Ar), 5.72 (br, s, 1H, OH), 5.56 (d, J = 2.6, 1H, CH=C) ,
5.03 (br, s, 1H, OH), 4.60 (s, 1H, CH=C), 4.47 (s, 1H, CH=C), 3.94 (d, J = 10.1,
1H, Ar-CH), 2.69 — 2.40 (m, 3H, CH3-C=C), 2.28 — 2.20 (br, m, 1H, CH-C=C),
2.17 — 2.07 (m, 1H, CH-C=C), 1.88 — 1.75 (m, 2H, CH>), 1.71 (d, J = 1.3, 3H,
CH2-CH), 1.63—-1.54 (m, 5H, CHs, CH2), 1.35 (dd, J =7.3, 2.0, 2H, CH), 1.35
—1.23 (m, 2H, CH2), 0.91 (t, J = 6.8, 3H, CHz3). Whilst Breuer et al [176] did
not report all *H NMR peaks, those they did report match those found, and the
additional peaks could all be assigned to the structure as described. LC-MS:
[M+H]" calculated m/z = 332.5, found m/z = 332.9, retention time: 3.26 mins,
purity 95%. The LC-MS characterisation matches that reported.
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2.3 Cell culture

The cell culture methods were used to generate data reported in Chapter 3.

Human glioblastoma multiforme (GBM) cell lines U373-V and U373-M were
cultured in RPMI-1640 medium supplemented with 10% FBS, 1% NEAA, 50
png/mL gentamycin and 400 pg/mL G418. Human colorectal cancer HCT116
cells were cultured in RPMI-1640 medium supplemented with 10% FBS and 1%
penicillin/streptomycin. Non-tumourigenic foetal lung fibroblasts (MRC-5)
were cultured in MEM medium supplemented with 10% FBS, 1% NEAA, 1%
pen/strep, 2 mM L-glutamine, 10 mM Hepes buffer and 0.075% sodium
bicarbonate.

2.3.1 Reviving cell stocks

Cell lines were handled under sterile conditions and work was carried out inside
a BioMat?MDH Class Il microbiological safety cabinet with a laminar flow
system. The cabinet interior and all materials entering the cabinet were
decontaminated with 70% industrial methylated spirits (IMS). Cell batches were
retrieved from liquid nitrogen storage (-196 °C). Cell vials were defrosted
immediately and quickly using a 37 °C water bath. Once thawed, cells were
transferred to a T25 cm? culture flask containing 6 mL of pre-warmed growth
medium with 20% FBS. Cell flasks were examined for signs of infection under
the Nikon Eclipse TS100 inverted light microscope and if infection free, flasks
were maintained in the Sanyo carbon dioxide (CO-) incubator (MCO-19AIC
(UV)) at 5% CO, 37 °C. The following day, flasks were again inspected for
infection and cell viability, and the medium was replaced with fresh pre-warmed
medium to remove DMSO and any dead cells. Following this, medium was
replaced every 2 - 3 days until cell coverage reached 70 - 80% confluency, after

which time, medium with 10% FBS was used.
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2.3.2 Cell passaging

Cell lines were cultured in T25 cm? culture flasks. Passaging to maintain cell
growth was carried out when cells reached 70 - 80% confluency: ~once a week
for U373-V and U373-M and ~twice a week for HCT116 and MRC-5. To
passage cells, medium was aspirated, and cells were washed with phosphate
buffered saline (PBS) before adding 0.5 mL 1x trypsin-EDTA solution to detach
cells. The trypsin-EDTA solution was evenly spread across the flask surface to
cover all cells and the flasks were placed in the incubator for 3 - 5 min. The
trypsin was then neutralised with 4.5 mL medium, then 300 pL cell suspension
for U373-V and U373-M, and 0.5 mL for HCT116 and MRC-5 were transferred
to a new flask containing 6 mL of fresh pre-heated medium. Once reaching
passage 30, cell flasks were disposed of, and fresh cells were revived from the
liquid nitrogen storage.

2.3.3 Cell freezing for storage

To prepare cells for freezing, medium was aspirated, and cells were washed with
PBS before adding 0.5 mL 1x trypsin-EDTA solution to detach cells. Trypsin
was evenly spread across the flask surface to cover all cells and the flasks were
placed in the incubator for 3 - 5 min. Then, 1 mL freezing medium (90% FBS,
10% DMSO) was added and the cell solutions were transferred to sterile
cryogenic vials. Cells were gradually frozen in a three-step process. First, vials
were placed in -20 °C storage overnight, they were then transferred to -80 °C for

24 h, and finally placed in liquid nitrogen (-196 °C) for long term storage.

2.3.4 MTT assay — 3- and 6-days exposure

The assessment of cell viability after exposure to test agents was assessed by
MTT assay. MTT is readily taken up by viable cells and reduced by the
mitochondria, and therefore, measurement of the formazan product can be used
to assess cell viability [190, 191].
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Cells were seeded into tissue culture, flat bottom polystyrene 96-well plates at
the following densities: 3 days exposure: all cell lines: 3 x10° cells/well, 6 days
exposure: U373-V and U373-M cells: 650 cells/well, HCT116 and MRC-5 cells:
400 cells/well. Five replicates of each test agent concentration, ten for cell only
controls and twelve for TO control were performed on at least three separate
occasions. Medium only (200 pL) was placed in all outer cells as an additional
control to minimise medium evaporation. Cells were seeded into wells at a
volume of 180 pL/well and kept in the incubator at 5% CO,, 37 °C, for the
duration of the assay. At 24 h after seeding, cells were treated with 20 L test
agent and a MTT assay was performed to measure absorbance at the time of test
agent addition (T0). Stock test agent solutions were prepared in DMSO at 50
mM, which were diluted in medium immediately before adding to cells at a
concentration 10x greater than the final required concentration in the well.
Controls of DMSO only were also tested to assess any effect on cell viability
from the solvent alone. The range of concentrations of each test agent used are

summarised in Table 2.1.

Table 2.1. Concentrations of test agents used in MTT assay.

Test agent Concentration range exposed to cells (UM)
u373-v U373-M HCT116 MRC-5
TMZ 1-1000 1-1000 1-1000 1-1000
T-25 1-100 1-100 1-1000 1-1000
CBD 1-100 1-100 1-1000 1-1000
4’-F-CBD 1-100 1-100 1-1000 1-1000

DMSO 0.02-2.00% 0.02-2.00% 0.02-2.00% 0.02-2.00%

After 3- or 6-days exposure, or at 24 h post-seeding for TO control, cell viability
was assessed. MTT reagent prepared in PBS at 2 mg/mL was added to the
medium in each well (50 pL) to give a final concentration of 400 pg/mL. The
plates were then placed in the incubator for 2 h at 5% CO3, 37 °C. The medium

and any non-metabolised MTT was aspirated, and the remaining formazan
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crystals were dissolved in 150 uL DMSO. The plates were placed on an orbital
shaker for 5 mins and absorbance was read at A = 570 nm on a PerkinElmer

EnVision plate reader.

Absorbance data was obtained by Wallac Envision Manager software version
1.12 (PerkinElmer Informatics, MA, U.S.A.). The concentration required to
inhibit cell growth by 50% (Glso) was calculated for each test agent using
Equations (1) and (2).

GI50A = (@) +TO0 Equation (1)
E-D .
Glso = <(EX—Y§) * (X — GISOA)> +D Equation (2)

Where:

GI50A = Absorbance at Glso

C = Mean absorbance of control (cells only)

TO = Mean absorbance of control (TO)

X = High absorbance (absorbance at data point just above GI50A)
Y = Low absorbance (absorbance at data point just below GI50A)

D = High concentration (concentration at absorbance data point just above
GI50A)

E = Low concentration (concentration at absorbance data point just below
GI50A)
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2.3.5 MTT combination assay — 3- and 6-days exposure

Combinations of treatments were also tested for synergistic, additive, or
antagonistic responses following the same MTT assay explained above in
section 2.3.1 with the following change: cells were seeded into wells at a volume
of 160 pL/well. Cells were treated with 20 puL of each test agent, or 40 uL

medium for control wells.

The combinations of test agents assessed are shown in Table 2.2, with the
concentrations of test agents used in Table 2.3. The combination index (CI) was

calculated using Equation (3).

Table 2.2. Combinations of test agents assessed against U373-V, U373-M
and HCT116 cell lines by MTT.

Dosing time Test agent A Test agent B
T™MZ CBD
CBD T™MZ
T25 CBD
CBD T25
3 days
T™MZ 4’-F-CBD
4’-F-CBD T™Z
T25 4’-F-CBD
4’-F-CBD T25
T™Z CBD
CBD T™Z
6 days
T™MZ 4’-F-CBD

4’-F-CBD

T™MZ
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Table 2.3. Concentrations of test agents used for combination MTT assays.

Test agent Test agent B
A (UM) (% Glso)
0.5 0 1.25 2.5 5 10 20 50
1 0 1.25 2.5 5 10 20 50
5 0 1.25 25 5 10 20 50
10 0 1.25 2.5 5 10 20 50
25 0 1.25 2.5 5 10 20 50
50 0 1.25 25 5 10 20 50
Cl = (%) + (%) Equation (3)
Where:

Cl = Combination index

D1 = Glg of test agent A when in combination with test agent B
DX1 = Glso of test agent A alone

D2 = Glg of test agent B when in combination with test agent A

DX2 = Gls of test agent B alone

2.3.6 Cell count assay — 3- and 6-days exposure

Cell viability measured by MTT assay should also be confirmed by a second

assay. Cell count assays were used as a confirmation of cell growth [192].

Cells were seeded into tissue culture, flat bottom polystyrene 6-well plates at the
following densities: U373-V and U373-M cells: 4 x10* cells/well, HCT116 and
MRC-5 cells: 2 x10* cells/well. Three replicates of each test agent concentration
and cell only controls were performed on at least three separate occasions. Cells
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were seeded into wells at a volume of 1 mL/well and stored in the incubator at
5% CO., 37 °C, for the duration of the assay. At 24 h after seeding, cells were
exposed to 1 mL test agent at concentrations described in Table 2.4. Stock test
agent concentrations were prepared in DMSO at 50 mM, which were diluted in
medium immediately before adding to cells at a concentration 2x greater than
the final required concentration in the well.

Table 2.4. Concentration range of test agents used for cell count assays.

Concentration range cells exposed to (LM)

Test agent
U373-V U373-M HCT116 MRC-5
T™Z 1-25 100 - 500 300 - 1000 50 - 1000
T-25 5-100 5-100 5-100 5-100
CBD 5-100 5-100 5-50 1-20
4’-F-CBD 5-100 5-100 5-50 1-100

After 3- or 6-days exposure, medium was aspirated, and cells were washed with
0.5 mL PBS. Trypsin was added (0.25 mL/well of 1x trypsin-EDTA solution)
and the flasks were placed in the incubator for 3 - 5 min. The trypsin was then
neutralised with 0.25 mL medium. Cells were counted using a haemocytometer
under a Nikon Eclipse TS100 microscope.

2.3.7 Cell count combination assay — 3- and 6-days exposure

Combinations of treatments were also tested by cell count assay to corroborate
any synergistic, additive, or antagonistic responses following the MTT assay.
The cell count assay explained above in section 2.3.3 was followed. The
combinations assessed are shown in Table 2.5, with the concentrations and

volumes of test agent used described in Table 2.6.
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Table 2.5. Combinations of test agents assessed against U373-V, U373-M
and HCT116 cell lines by cell count.

Dosing time Test agent A Test agent B

T™MZ CBD
T25 CBD

3 days
T™MZ 4’-F-CBD
T25 4’-F-CBD
T™Z CBD

6 days
T™MZ 4’-F-CBD

Table 2.6. Concentrations of test agents used for combination cell count

assays.
Volume of test agent )
) Concentration cells
stock solution added per
Test agent exposed to
well (mL)
1 100% Glso
B 1 100% Glso
Combined A 0.75 25% Glso
well B 0.75 25% Glsg
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2.4 In vivo studies

All experimental procedures and animal welfare were reviewed and authorised
by the United Kingdom Home Office and the University of Nottingham Ethical
Review Committee in accordance with the Animals [Scientific Procedures] Act
1986. Unless stated otherwise, all animals were housed in the University of
Nottingham Bio-Support Unit under regulated temperature and humidity, 12 h
light-dark cycles and unrestricted access to food and water. Power calculations
were used to determine the sample size for each experiment based on a Cohen’s
d effect size of 0.7 (moderate difference). The dosing of animals could not be
masked for these experiments, however, all samples collected were numbered
and not labelled by formulation. Therefore, the analysis of samples was masked
and only unmasked after the quantification of cannabinoid in the sample had
been determined.

2.4.1 Jugular vein cannulation

This method was used for the pharmacokinetics (PK) assay that was used to

generate data reported in Chapter 6.

Male Sprague Dawley rats (275 - 300 g, Charles River Laboratories, UK) were
used for in vivo PK studies. In order to reduce the pain experienced by the animal
by multiple blood sampling, jugular vein cannulation is commonly performed
[193-195].

First, the rats were weighed and individually placed into an anaesthetised
chamber (5% isoflurane) until righting reflex was no longer observed. The rat
was then placed on a warming pad with ~2% isoflurane (maintained during
surgery), and the eyes were treated with eye gel to prevent drying during surgery.
Warmed saline (4 mL) and meloxicam (0.01 mL) were administered by
subcutaneous (s.c.) injection. The high chest and neck, back and front, were
shaved and sterilised with 70% ethanol wipes. The rat was then wrapped for

surgery.
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With the rat on its back, a 1 - 1.5 cm incision was made in the neck skin where
the right jugular vein is. Using blunt scissors, the vein was exposed by blunt
dissection and isolated from the surrounding tissue using forceps and cotton tips.
Two lengths of 4-0 surgical silk were placed under the jugular vein, the longer
thread closest to the head. Warmed saline was added to keep the wound moist
and the rat was turned onto its front.

A 0.5 cm incision was made on the back of the neck and the cannula was pulled

through to the front wound using a guide. The rat was placed on its back again.

The longer thread was ligated and held stable, and the shorter thread was tied in
a semi-closed loop. A small incision was made in the jugular vein surface
between the two threads, and the cannula (flushed with heparinised saline) was
inserted 2.5 cm into the jugular vein at the incision. The cannula function was
checked by injecting a small amount of saline and then withdrawing to see blood.
Once checked, the semi-closed loop was ligated. Using the longer thread, the
cannula was secured along the jugular vein and to muscle tissue in the back of
the neck. All open wounds were then closed with 4-0 silk suture. The cannula
was checked again by injecting and withdrawing a small amount of saline. The
cannula on the back of the body was cut to leave 3 - 4 cm, and a metal pin was

placed in the end to prevent any blood leaking.

The rat was left to wake on the heated pad, before being placed in an individually
housed cage with soft, mashed food, on heater pads for ~1 h. Rats were left for
two nights to recover from surgery, where the mashed food was replaced with

hard food after one night.

2.4.2 Pharmacokinetics assay

This method was used to generate data reported in Chapter 6.

PK assays were performed for 4’-F-CBD formulations. The two formulations
were both prepared at 12.7 mg/mL 4’-F-CBD in either sesame oil or a lipid-free
formulation (80:10:10 propylene glycol:ethanol:water). All formulations were

prepared fresh on the morning of the experiment.
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First, a pilot study of n = 2 for sesame oil and n = 1 for lipid-free groups was
conducted to ensure the dose of 4’-F-CBD would be tolerated. The animals were
fasted overnight before administration for a maximum of 16 h. The formulation
was administered by oral gavage at 1 mL/Kg to give a dose of 12.7 mg/Kg 4’-F-
CBD, followed by 1 mL water. Blood (300 pL) was collected from the cannula
at the pre-determined time points of 0.5, 1, 2, 3, 4, 5, 6, 8, 10 and 12 h post
administration. Blood was placed directly into a tube containing 1% EDTA and
placed in ice. After 10 mins, the blood samples were centrifuged at 2000 g, 4 °C,

for 5 mins to isolate the plasma, which was stored at -80 °C until analysis.

Power calculations determined that a Cohen’s d effect size of 0.7 (moderate
difference) required n = 7 for a power >0.8. This was the target n that could be
reached by combining results of the pilot study with a further n = 6 per group.
The same process described above was followed for the larger study of n = 6 per
group. For PK data, Phoenix WinNonlin 6.3 Professional (Certera, NJ, U.S.A.)
was applied for non-compartmental analysis of the obtained plasma

concentrations.

2.4.3 Biodistribution assay in rats

This method was used to generate data reported in Chapters 4 and 6.

Male Sprague Dawley rats (275 - 300 g, Charles River Laboratories, UK) were
used for in vivo biodistribution studies. Studies were performed using natural
CBD in the following formulations; sesame oil, coconut oil, rapeseed oil and
lipid-free (80:10:10 propylene glycol:ethanol:water) at 12 mg/mL. Formulations
of 4’-F-CBD at 12.7 mg/mL in sesame oil and lipid-free (80:10:10 propylene
glycol:ethanol:water) were also assessed. All formulations were prepared fresh
on the day of the experiment.

Biodistribution of CBD was assessed at 1, 2, 3, 5, 8, 12, 15 and 18 h post
administration. For each group, a Cohen’s d effect size of 0.8 (moderate
difference) required n = 3 for a power >0.8. The animals were fasted overnight
before administration for a maximum of 16 h. Formulations were administered

by oral gavage at 1 mL/Kg, followed by 1 mL water. At the pre-determined end
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points, animals were humanely sacrificed. Brain tissue was harvested and
dissected based on Spijker (2011) [196]. With the ventral side of the brain facing
down, the olfactory bulb was removed before removing the cerebral stem and
isolating the cerebellum from the medulla pons. The cortex was opened from the
midline by placing closed forceps between the two cortex halves and gently
opening, as depicted in Spijker (2011) [196]. The cortex was moved aside to
allow the removal of the hippocampus from both the left and right sides. The
cortex was folded back into place and the front section of the brain was removed
as the frontal lobe. This allowed the striatum to be located and part of it isolated
from the frontal lobe [196]. The remaining tissue was separated into the parietal

lobe, temporal lobe, and occipital lobe.

The biodistribution of 4’-F-CBD was assessed at 1, 2, 3, 5, 8, 15 and 18 h,
following the procedure described for the assessment of CBD biodistribution.
Brain tissues were harvested by the same method and the following other tissues
were also harvested; spinal cord, heart, spleen, kidneys, liver, lungs, testes, and
mesenteric, iliac, axillary, brachial, popliteal and cervical lymph nodes [197].
Additionally, after the completion of 4’-F-CBD PK studies at 12 h post
administration, brain tissues and mesenteric lymph nodes (MLN) were

harvested. All tissues were frozen at -80 °C until analysis.

2.4.4 Biodistribution assay in mice

This method was used to generate data reported in Chapter 5.

Male CD-1 mice (28 - 30 g, Charles River Laboratories, UK) were used for in
vivo biodistribution studies. Studies were performed using natural CBD in the
following formulations; sesame oil, olive oil and lipid-free (80:10:10 propylene
glycol:ethanol:water) at 30 mg/mL. All formulations were prepared fresh on the

day of the experiment.

Biodistribution of CBD was assessed at 0.5, 1 and 2 h post administration. For
each group, a Cohen’s d effect size of 0.8 (moderate difference) required n = 4
for a power >0.8. The animals were fasted overnight before administration for a
maximum of 16 h. Formulations were administered by oral gavage at 1 mL/Kg,
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followed by 0.1 mL water. At the pre-determined end points, animals were
humanely sacrificed. Brain tissue was harvested and dissected as described
above in section 2.5.3. Additionally, blood samples (~0.8 mL) were collected
from the posterior vena cava. Serum was isolated from the blood samples by
centrifugation at 3000 g for 10 mins. All tissues were frozen at -80 °C until

analysis.

2.4.5 Efficacy study in experimental autoimmune encephalomyelitis
(EAE) mouse model

This method was used to generate data reported in Chapter 5.

The effect of oral administration of a lipid-based formulation of CBD on the
development and severity of symptoms of multiple sclerosis (MS) was assessed
in an experimental autoimmune encephalomyelitis (EAE) mouse model [198,
199]. The experimental procedure and animal welfare were reviewed and
authorised by the United Kingdom Home Office, the University of Nottingham
Ethical Review Committee, and the University of Edinburgh Ethical Review
Body in accordance with the Animals [Scientific Procedures] Act 1986. Animals
were housed at the University of Edinburgh animal facility under regulated
temperature and humidity, 12 h light-dark cycles and unrestricted access to food

and water.

Female C57BI1/6 mice (18 - 20 g) were used for the in vivo efficacy study. On
day 0, EAE was induced in mice by s.c. injection in both hind legs with 140 ug
myelin oligodendrocyte protein (MOGss55) in complete Freund’s adjuvant
(CFA) [200]. Pertussis toxin (100 pL of 50 ng/mL solution) was administered
by intraperitoneal (i.p.) injection on day 0 and day 1 to open the blood-brain

barrier (BBB) to immune cell access.

Mice were split into the groups described in Table 2.7. CBD formulations were
prepared at 50 mg/mL. All formulations were prepared on the morning of dosing.
Starting on day 1, mice were administered the formulation by oral gavage at 1
mL/Kg, followed by 0.1 mL water, once daily for 8 days.
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Table 2.7. Administration groups of mice for EAE model efficacy study.

Group Formulation

1 Control: no dose

Control: lipid-free vehicle only

Control: olive oil vehicle only

o A~ OO OO O O

2
3
4 CBD in lipid-free formulation
5

CBD in olive oil formulation

The mice were monitored every other day for the first 6 days after induction, and
every day following this. Mice were weighed and their clinical scoring graded,
including a record of any hunched appearance, reduced activity, and pilo-
erection. Clinical scoring was done on a scale of 1.0 to 7.0, as described below.
Mice were allowed to reach a score of 4.0, considered moderate disease, but once
reaching this score were humanely killed as a pre-determined end point. Once
mice reached a score of 2.0, they were provided with hydrated food on the floor
of the cage and were monitored twice daily. Weight was also used as a measure
from a score of 3.0. When mice reached 20% loss of starting body weight they
were humanely killed as a pre-determined end point. The end point for any

surviving animals was one month after induction.
1.0 = Healthy

2.0 = Flaccid tail

3.0 = Impaired gait and/or impaired righting reflex
4.0 = Partial hind limb paralysis

5.0 = Total hind limb paralysis

6.0 = Any sign of fore limb paralysis

7.0 = Moribund
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2.5 Ex vivo studies

2.5.1 Detection of cannabidiol by HPLC-UV

This method was used to generate data reported in Chapters 4 and 5.

The method to detect CBD in plasma by HPLC-UV is reported in Zgair et al
(2015) [195]. This method was assessed to also be suitable for detecting CBD in

tissues.

For the preparation of tissue samples, excluding the following samples: iliac,
axillary, brachial, popliteal and cervical lymph nodes, the tissues were first
homogenised using a POLYTRON PT 10-35 GT (Kinematica AG, Luzern,
Switzerland). To tissues weighing at least 75 mg, water was added at 500 mg/mL
in a plastic tube. For smaller tissues, water was added at a concentration to reach
a minimum volume of 150 pL. The tissues were then homogenised whilst held

in a beaker of ice water to remain cold.

lliac, axillary, brachial, popliteal, and cervical lymph nodes were homogenised
using a Bullet Blender 24 Gold homogeniser. Lymph node tissue was added to
1.5 mL RINO tubes, and water was added at a concentration to reach a minimum
volume of 175 L. The tubes were placed in the bullet homogeniser for 2 mins
on maximum speed. The homogenised sample could then be carefully removed

from to a fresh Eppendorf tube.

Once tissues were homogenised, the preparation of samples was the same for
plasma, serum, or tissues. To a glass tube, 100 puL sample was added, along with
10 uL DDT (internal standard (IS), 50 pg/mL in ACN). Cold ACN (450 uL, -20
°C) was added for protein precipitation and the sample was vortex-mixed,
followed by the addition of 450 pL water and further vortex-mixing. Liquid-
liquid extraction was performed with 3 mL hexane by vortex-mixing for 5 mins.
The samples were centrifuged (Eppendorf centrifuge 5810 R) at 3500 rpm, 10
°C, for 10 mins before the organic phase was evaporated until dry under nitrogen
at 37 °C. The residual in the tube was reconstituted in 100 uL ACN.

With each analysis, a standard calibration curve was prepared using 100 pL

blank (untreated) tissue or plasma, spiked with 10 pL stock solution (CBD in
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ACN at a concentration 10x higher than the final required concentration) and 10
pL IS. Calibration curve samples were then prepared the same as the samples,
as described above. Calibration curves were prepared at final concentrations of
10 - 1500 ng/mL.

A Waters HPLC system with 2695 separation module and 2996 photodiode array
detector was used for analysis. Separation was achieved using an ACE 3 C18-
PFP 150 mm x 4.6 mm, 3 um particle, 100 um pore size column with an ACE
C18-PFP 4.0 x 4.6 mm, 3 um particle, 100 um pore size guard cartridge at 55
°C. The mobile phase was 62% ACN in water at a flow rate of 1 mL/min. The
sample injection volume was 40 pL. Absorbance was monitored at A = 220 nm.
Data were processed using Empower 2 software (Waters, MA, U.S.A.). The
retention times of CBD and IS (DDT) were 9 and 24 mins, respectively. The
lower limit of quantification (LLOQ) of CBD was previously determined at 10
ng/mL [195].

2.5.2 Validation of the detection of 4’-fluoro-cannabidiol by HPLC-
uv

This method was used to generate data reported in Chapter 6.

The same method reported by Zgair et al (2015) [195] could be used to detect
4’-F-CBD, which was validated as described below, following the U.S. Food
and Drug Administration (FDA) Bioanalytical Method Validation Guidance for
Industry [201]. The LLOQ, low quality control (LQC), medium quality control
(MQC) and high quality control (HQC) samples were prepared at concentrations
of 10, 20, 200 and 1000 ng/mL, respectively. DDT was used as the IS, and the

retention time of 4’-F-CBD was 10.5 mins.
Selectivity

The selectivity of the method was assessed by comparing chromatograms of
blank rat plasma and spiked samples at the LLOQ from six different batches of
plasma. The method is considered to have acceptable selectivity if the blank rat
plasma has no interfering peaks at the retention times of 4’-F-CBD or the IS

(measured previously [195]).
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Intra- and inter-day precision and accuracy

The precision and accuracy were assessed both intra- and inter-day by relative
standard deviation (RSD) and relative error (RE). Intra-day precision and
accuracy was assessed by analysing five replicates of blank rat plasma spiked
with 4’-F-CBD at the LLOQ, LQC, MQC and HQC. Inter-day precision and
accuracy was assessed by analysing five replicates of the LLOQ, LQC, MQC
and HQC on three separate occasions. The acceptable limits of RSD and RE for

intra- and inter-day runs are <15% [201].
Recovery

Recovery during the extraction step of the sample preparation was assessed by
comparing chromatograms of rat plasma spiked pre-extraction and post-
extraction. Two replicates of the LLOQ, LQC, MQC and HQC were assessed.
Recovery does not need to be 100%, but should be consistent and reproducible
[201]. Recovery of the internal standard by this method has been assessed

previously [195].
Stability

The storage stability of 4’-F-CBD in rat plasma was assessed after 6 h at room
temperature and at both 24 h and 30 days at -80 °C. Freeze-thaw stability was
also assessed for 3 cycles from -80 °C to room temperature. Three replicates of
the LLOQ, LQC, MQC and HQC were assessed for each storage condition. The
acceptable limits for storage stability are £ 15% [201].

2.5.3 Preparation of tissue samples for analysis by 3D OrbiSIMS

This method was used to generate data reported in Chapter 4.

Two types of tissue samples were assessed by 3D Orbitrap secondary ion mass

spectrometry (3D OrbiSIMS); homogenate tissues and tissue sections [183].

To prepare homogenate tissue samples, brain tissue was homogenised as
described in section 2.5.1. For tissues from dosed animals, samples were then
placed (2 uL) onto a glass slide. Spiked homogenate samples were prepared by
taking 10 pL stock (CBD or 4’-F-CBD in methanol) into 90 pL blank
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homogenate tissue, before placing 2 pL on the slide. Slides were left in a fume
hood overnight to dehydrate. Homogenate samples were prepared on ITO coated
glass cover slides. Conductive ITO slides were used to improve charge
compensation, and therefore detection, during analysis by the 3D OrbiSIMS
[183].

Tissue sections were prepared from tissue collected during in vivo
biodistribution studies. At the pre-determined end point of the study when tissues
were collected, brain tissue was harvested and placed as a whole brain into a
plastic mould with a few drops of OCT at the bottom. OCT was then carefully
added to ensure the tissue was entirely covered. The mould was subsequently
stored at -80 °C prior to sectioning. A Leica CM3050 S research cryostat was
used to prepare the tissue sections from brain samples frozen in OCT. Using
OCT, the sample was attached to the chuck and placed in the holder. Excess
OCT was removed from the sample using a razor. The cryostat chamber
temperature was set to -20 °C. An ultramicrotome blade (Accu-Edge Sakura,
Osaka, Japan) was used to cut sections at 16 pm thickness and collected on ITO
coated glass slides by holding the slides just above the tissue, allowing the
section to adhere to the slide. Slides of sectioned tissue were subsequently stored

at -80 °C prior to analysis.

2.5.4 Preparation of cell samples for analysis by 3D OrbiSIMS

This method was used to generate data reported in Chapter 3.

Slides of cell samples were prepared for analysis by 3D OrbiSIMS following a
method based on Newman et al (2017) [188]. U373-V cells were cultured as
described in section 2.3.2. ITO coated glass slides were used for cell samples,
which were prepared by placing the ITO slide in a petri dish and seeding cells at
a density of 160,000 cells/well into the dish with a total of 13.5 mL medium.
Petri dishes were placed in the incubator at 5% CO>, 37 °C.

The cells were monitored daily, and once confluency reached ~70%, the cells
were treated with test agent. Cells were exposed to test agent from stock
solutions prepared at x10 higher concentration than the Glso of the test agent in
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medium from stocks of 50 mM in DMSO. The test agent was added to the petri
dish (1.5 mL) and swirled to mix. The dish was placed back in the incubator until
ready to harvest. Samples were also prepared of cells dosed in combination with
CBD and TMZ or CBD and T25. These were prepared by dosing 750 pL of each
test agent stock, concentrations shown in Table 2.8, and gently mixing before
returning to the incubator. Combined test agent concentrations were chosen

based on combination MTT assays to represent ~75% growth inhibition.

Table 2.8. Concentration of test agent exposed to cells for preparation of

cells dosed in combination for 3D OrbiSIMS analysis.

Test Test agent A Test Test agent B
agent A concentration (UM) agent B concentration (UM)

T™Z 2 CBD 11

T25 14 CBD 7

Slides were harvested at 3, 6, 24 and 72 h post dosing. The method used to
harvest slides was based on Newman et al (2017) [188]. Petri dishes were
removed from the incubator and the medium was aspirated. The slides were
washed (3 x 1 mL) with 150 mM ammonium formate solution at pH 7.4. The
slides were then dipped into liquid nitrogen for 10 s and placed in a benchtop
freeze dryer (VirTis SP Scientific Sentry 2.0) at -50 °C for a minimum of 1 h.
Once removed from the freeze drier, the slides were sealed in petri dishes with

parafilm and stored at -80 °C until analysis.

2.5.5 Analytical conditions for analysis of samples by 3D OrbiSIMS

The 3D OrbiSIMS uses a Q Exactive HF for Orbitrap mass spectrometry. For
acquisition of the single ion beam Orbitrap depth profile, a 20 keV Arsooo* gas

cluster ion beam (GCIB) of 20 um diameter was used with a duty cycle of 4%
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to produce positive and negative mode ion spectra with a mass range of m/z 75
- 1125. The profile was run on a focal area of 200 x 200 um using random raster
mode. The injection time was set to 500 ms and 80 scans were taken for each
analysis over an average of 120 s. The pressure in the main chamber was
regulated using Ar gas to 9 x10” mbar to enhance the charge compensation. The
mass resolution was 240,000 at m/z 200.

3D OrbiSIMS data were collected using SurfaceLab 7 software (IONTOF
GmbH, Munster, Germany). Peak lists were generated with minimum counts of
10,000 and combined using the ‘union’ function with a catch mass radius of 2
ppm. All data were normalised to the total ion count (TIC) of that analysis. Data
were chemically filtered using molecular formula prediction (MFP) software,
SIMS-MFP version 1.1 (University of Nottingham, Nottingham, UK) [202], into
groups containing fatty acids (CnHnO), sulfatides (CnHnN1011-12S1) and
glycerophospholipids (CnHnOg/13P or ChHnNO7.10P) [183]. Data groups were
then analysed using multivariate analysis (MVA) software, simsMVA
(University of Nottingham, Nottingham, UK) [203]. The data groups were
mean-centred, and the principal component analysis (PCA) function was used in
algorithm mode, retaining all components. The Scores and Variance were used
to find principal components (PCs) exhibiting differences between the groups,

and Loadings allowed visualisation of the PCs.
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2.6 Software and statistical analysis

Chemical structures and schemes were prepared using ChemDraw version
21.0.0 (PerkinElmer Informatics, MA, U.S.A.). One-way ANOVA with
Dunnett’s multiple comparisons, and multiple t-tests were performed in Prism
version 9.3.1 (GraphPad, CA, U.S.A)) to assess the significant differences
between sample groups. Differences were considered statistically significant
when the p-value was < 0.05 (o= 0.05). All data (n > 3) are represented as mean

+ standard deviation (SD).
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CHAPTER 3: Anti-cancer properties of cannabinoids

3.1 Introduction

It is reported in the literature that cannabinoids exhibit anti-cancer properties
[103, 125, 126]. Most activity of cannabinoids in general is a result of interaction
with CB1 and CB2 receptors of the endocannabinoid system. It has been
demonstrated that CB1 and CB2 receptor expression can be altered in cancers,
often upregulated (for example in hepatocellular carcinoma) and can be
correlated with cancer cell invasion, proliferation and apoptosis [103, 129].
However, the role of cannabinoid receptor regulation in cancers is not yet fully
understood. In particular, cannabidiol (CBD) and A°-tetrahydrocannabinol
(THC) are often studied [125, 126, 145]. The cannabinoids are usually assessed
in combination at a ratio of 1:1 CBD:THC, and sometimes in combination with
other anti-cancer agents, such as temozolomide (TMZ). Cannabinoids are
reported to exhibit effects against several cancers. CBD itself has demonstrated

activity against colorectal, breast, glioma, cervical and lung cancers [103, 130].

There are varied reports on the anti-cancer mechanism of action of CBD [130,
143-145]. Whilst CBD is understood to have multiple targets, with a rich and
diverse pharmacology, most of the pathways involved are only hypothesised.
The suspected pathways involved are via transient receptor potential cation
channel subfamily V member 2 (TRPV-2), increased reactive oxygen species
(ROS) and increased endoplasmic reticulum (ER) stress, with some of the effects
thought to be as a result of interaction with the endocannabinoid system [103,
125, 130, 143-145]. Additionally, the behavioural effects of CBD have been
evidenced to involve deoxyribonucleic acid (DNA)-methylation, predominantly
at the CP-cytosine in cytosine-phosphate-guanine (CpG) islands [146, 147].
DNA-methylation is not reported as a mechanism of anti-cancer activity of CBD,
as far as we are aware. However, the methylation of cytosine in CpG islands
indicates that nucleotide base methylation does occur as a result of CBD
exposure, and therefore, DNA-methylation may be a possible mechanism of
CBD anti-cancer activity [146, 147]. Inhibition of CB1, CB2 and TRPV-2
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receptors has also been shown to reverse some of the anti-cancer effects of CBD,
however the pathways involved are not yet fully understood [103, 130].

4’-Fluoro-cannabidiol (4’-F-CBD), also referred to as HUF-101 and PECS-101
in the literature, is a recently synthesised CBD derivative [176, 179]. 4’-F-CBD
Is reported to exhibit increased potency over CBD in in vivo behavioural assays
[176, 177, 204]. Additionally, there is a recent report of 4’-F-CBD preventing
chemotherapy-induced pain [179]. However, to the best of our knowledge, the

anti-cancer properties of 4’-F-CBD have not yet been studied.

Glioblastoma multiforme (GBM) is an aggressive grade IV brain cancer with a
poor prognosis of 5% 5-year survival [89]. Contributing to the poor prognosis is
the common resistance of GBM to the standard of care chemotherapy treatment,
TMZ. TMZ is a DNA-alkylating agent, predominantly methylating DNA
purines at N3-adenine, N’- and O®-guanine positions. N-methylation is generally
repaired quickly by base excision repair (BER), but O-methylation is not [93,
94]. O-methylation leads to a mis-pair of guanine with thymine (rather than
cytosine) during DNA replication, triggering DNA mismatch repair (MMR),
leading to cell death via apoptosis or autophagy [95]. There are two major
resistance mechanisms to TMZ demonstrated in GBM. Firstly, an over-
expression of O°-methylguanine-DNA methyltransferase (MGMT) allows the
cells to repair DNA-methylation at the O°-guanine position. Secondly, MMR
deficiency allows O8-methylguanine to be tolerated [87, 94].

GBM is additionally hard to treat due to the location, as the physical blood-brain
barrier (BBB) protects the brain, restricting the movement of most therapeutics
into the brain [87]. CBD is known to cross the BBB, as many of the observed
effects of CBD are a result of interaction with the endocannabinoid system in
the brain [112, 113, 152, 168, 205]. There are reports of CBD anti-cancer activity
against GBM, although these are usually in combination studies with THC or
TMZ [103, 127-130]. The combination of CBD and TMZ has been reported to
cause both an additive and synergistic response in vitro [131, 132]. However,
the few reports of CBD activity alone demonstrate a good response, with the

concentration required to inhibit cell growth by 50% (Glso) ranging from 10.67
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+ 0.58 uM against GL216 [206] and 12.75 + 9.7 uM against US7MG [128, 132,
134, 137, 207] to 21.6 £ 3.5 uM against U373MG [134].

In an in vivo U87TMG GBM mouse model, when CBD, THC and TMZ were
administered in combination, tumour growth was reduced by a larger extent than
after administration of TMZ alone [127]. CBD has also been shown to be
effective in in vivo GBM models U87, U251, GSC3832 and GSC387 at 15 - 20
mg/Kg, in combination treatments with THC and TMZ [103, 127, 133-136].
This has been demonstrated after intravenous (i.v.), intraperitoneal (i.p.),
subcutaneous (s.c.) and oral administration [126, 134]. CBD has also been
investigated in combination with radiotherapy in a mouse GL216 model,

showing almost 90% apoptotic levels reached [126, 206].

The reports of anti-cancer activity of CBD in combination with other agents both
in vitro and in vivo have led to initial clinical trials. Firstly, phase I/1l clinical
trials in GBM patients, which found Sativex® (a 1:1 mixture of CBD and THC,
approved to treat symptoms of multiple sclerosis (MS)) to be safe, with no drug-
drug interactions with TMZ identified [138-140]. Further clinical trials are
underway to study the efficacy of combinations of radiotherapy and
chemotherapy with TMZ and a 1:1 mixture of CBD and THC [141], as well as
daily administration of CBD with TMZ [142], both in patients with GBM.

To the best of our knowledge, there are no reports investigating the activity of
CBD alone against TMZ-resistant GBM. However, there is a report of CBD
activity against colorectal cancer cell line, HCT116 [143]. As mentioned in
Chapter 2, colorectal cancer cell line HCT116 exhibits a deficiency of MMR and
is therefore used in this work as a model to represent this resistance mechanism
(or tolerance) to TMZ treatment. In the study, CBD was administered alone and
found to inhibit cell growth with a Glso of 10.8 puM after 24 h exposure [143].
The common resistance mechanisms to GBM treatment with TMZ prevent the
conversion of DNA-methylation to cell death [87, 94]. As discussed, CBD is
thought to act via multiple pathways [103, 125, 130, 143-145], and therefore
may be able to overcome the two major resistance mechanisms to GBM

treatment, MGMT over-expression and MMR deficiency.
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The aims of the work in this chapter start with investigating the anti-cancer
activity of 4’-F-CBD against GBM. Then, the activity of cannabinoids CBD and
4’-F-CBD against GBM and colorectal cell lines resistant to the standard of care
treatment, TMZ, (over-expression of MGMT and MMR deficiency) will be
studied. As a synergistic response of CBD treatment with TMZ has been reported
in the literature, combination treatments of cannabinoids (CBD and 4’-F-CBD)
and TMZ or analogue, T25, will be studied. Finally, a new method to investigate
the mechanism of anti-cancer action of CBD by 3D Orbitrap secondary ion mass

spectrometry (3D OrbiSIMS) analysis will be investigated.

3.2 Experimental design

The results discussed in this chapter were generated using methods described in
Chapter 2. For the assessment of effects of test agents on cell growth, methods
described in sections 2.2 and 2.3 were used. For the analysis of cells by 3D
OrbiSIMS, methods described in sections 2.5.4 and 2.5.5 were used. Statistical
analysis was performed by one-way ANOVA with Dunnett’s multiple
comparisons using GraphPad version 9.3.1 (GraphPad, CA, U.S.A).
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3.3 Results

3.3.1 Growth inhibitory activity of cannabinoids on non-tumourigenic

cells

First, the test agents were assessed for activity against non-tumourigenic foetal
lung fibroblast cell line, MRC-5. TMZ, T25, CBD and 4’-F-CBD were assessed,
as well as equivalent concentrations of dimethyl sulfoxide (DMSQO) vehicle by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
The test agents were then also assessed by cell count assay. Figure 3.1 shows the
results of the MTT assay after both 3- and 6-days exposure. Cell count assay and
DMSO control results can be found in Appendix 3.1. The addition of equivalent
concentrations of DMSO to the cells was not found to impact cell growth or
viability. TMZ was found to be the least active, only exhibiting cell growth
inhibition at concentrations >100 uM. CBD was demonstrated to be the most
active, causing cell growth inhibition at 10 uM. T25 and 4’-F-CBD behaved
similarly, both inhibiting cell growth at 50 - 100 puM concentrations. The length

of exposure, 3 or 6 days, did not appear to impact the results.
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Figure 3.1. Dose-response curves of MRC-5 (non-tumourigenic control) cell
line treated with test agents TMZ, T25, CBD and 4’-F-CBD after A) 3 and
B) 6 days exposure. Cell growth represented as % of control (non-treated).
Data measured by MTT assay and confirmed by cell count assay (Appendix
3.2). Data are presented as mean + standard deviation (SD), three

independent repeats of n = 5.

3.3.2 Cancer cell growth inhibition by cannabinoids

The cell growth inhibition caused by the test agents alone was assessed at both
3- and 6-days exposure first against human GBM control cell line, U373-V (-
MGMT, +MMR), shown in Figure 3.2 and Table 3.1. Once administered, TMZ
must undergo ring opening to the active monomethyl triazene 5-(3-

methyltriazen-1-yl)-imidazole-4-carboxamide (MTIC), which reacts with water
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in vivo to release the DNA-methylating compound and 5-aminoimidazole-4-
carboxamide (AIC) [94]. Once the DNA is methylated at the O°®-guanine
position, it causes a mismatch of guanine with thymine (rather than cytosine).
The mismatched thymine is removed and reinserted in the cell before triggering
a DNA strand break, leading to cell death [94]. This process takes time, at least
one cell cycle, and is why TMZ requires 6 days exposure to exhibit its full effect.
After only 3 days exposure, the Glso is much higher, and therefore significant
differences between the test agents and TMZ were observed only after 3 days
exposure. All three test agents, T25, CBD and 4’-F-CBD, were found to exhibit
a Glso significantly (p<0.01) lower than TMZ.

Following successful inhibition of U373-V cells, all four test agents were
assessed against TMZ resistant human GBM cell line, U373-M (+MGMT,
+MMR) and colorectal cancer cell line, HCT116 (-MGMT, -MMR) after both
3- and 6-days exposure (Figure 3.2 and Table 3.1). Against both cell lines, T25,
CBD and 4’-F-CBD were all found to exhibit Glso values significantly (p<0.001)
lower than TMZ, at both treatment times. These data were also confirmed by cell

count assays, shown in Appendix 3.3.
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Glso (8M)

Figure 3.2. Glso of cannabinoids CBD and 4’-F-CBD compared to DNA-
alkylating agents TMZ and T25 against A) U373-V (GBM control, -MGMT,
+MMR), B) U373-M (GBM, +MGMT, +MMR) and C) HCT116 (-MGMT,
-MMR) after 3- and 6-days exposure. Data measured by MTT assay and
confirmed by cell count assay (Appendix 3.3). Data are presented as mean
+ SD, three independent repeats of n = 5. One-way ANOVA with Dunnett’s
multiple comparisons performed, comparing test agents to TMZ, a = 0.05,
** = p<0.01, *** = p<0.001, **** = p<0.0001. The data are also presented in

Table 3.1.
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Table 3.1. Glso values of test agents TMZ, T25, CBD and 4’-F-CBD
individually assessed against U373-V, U373-M and HCT116 cell lines after
3- and 6-days exposure. Data calculated from MTT assays and presented as
mean + SD, three independent repeats of n = 5. The data are also presented

in Figure 3.2.
Exposure Glso (LM)
Test agent )
time (days) u373-v U373-M HCT116
3 147 £ 55 663 + 106 610 + 101
T™™Z
6 10+2 332+ 36 609 + 112
3 43+ 7 31+8 39+13
T25
6 60+2 41 +11 3716
3 33+6 305 13+5
CBD
6 43 +13 23118 15+8
3 295 25+12 2711
4’-F-CBD
6 49+9 25+14 60

3.3.3 Synergy of cannabinoids and imidazotetrazine anti-cancer

agents against GBM

Once the test agents were studied alone, they were then administered in
combination at concentrations equivalent to fractional Glsg values (1.25 — 50%)
to assess any potential synergy. The combinations assessed are shown in Table
2.2 but briefly, CBD was assessed in combination with TMZ after 3- and 6-days
exposure. CBD was also assessed in combination with T25 after 3-days
exposure. Similarly, 4’-F-CBD was studied in combination with TMZ after 3-
and 6-days exposure, and 4’-F-CBD was assessed in combination with T25 after
3-days exposure. Table 2.3 in Chapter 2, section 2.3.5 demonstrates how the

concentrations of test agents used for combination studies were calculated.
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A summary of the concentrations used for each test agent in the combination
studies after 3- and 6-days exposure are shown in Appendix 3.4 and 3.5,
respectively. The combinations were assessed against cell lines U373-V, U373-
M and HCT116. The combined effect was measured by combination index (CI)
(calculated using Equation (3), shown in Chapter 2, section 2.3.5), a summary
of which is shown in Table 3.2, and the full data can be seen in Appendix 3.6.
Cl values equal to 1 demonstrate an additive response between the two test
agents, suggesting their effects are simply added together. CI values <1 indicate
a synergistic response, suggesting that the test agents’ effects are enhanced by
administering them together. Finally, a Cl value >1 indicates an antagonistic
response, indicating that the two test agents are less effective when administered

in combination.

Table 3.2. A summary of Cls of cannabinoids CBD and 4’-F-CBD
administered in combination with TMZ or analogue, T25 after 3- or 6-days
exposure against U373-V, U373-M and HCT116 cell lines. Data represented
as a range for the different combination concentrations tested; full data can

be found in Appendix 3.6.

o Exposure Combination Index (CI)

Combination )
time (days) U373-v U373-M HCT116
3 0.10-0.89 0.23-0.74 0.11-1.06

TMZ/CBD

6 0.12-0.76 0.21-0.74 0.05-0.95
TMZ/4’-F- 3 0.16-1.01 0.13-059 0.37-0.74
CBD 6 0.09-053 0.05-0.50 0.48-0.79
T25/CBD 3 0.33-0.65 0.22-0.57 0.53-0.93
T25/4’-F-CBD 3 0.21-052 0.19-0.75 0.37-0.79

The synergy between two test agents can also be demonstrated by isobolograms,
generated using the same data as that used to calculate the CI values in Table
3.2. Glsp values are plotted, with the individual Glso connecting line

demonstrating where data points with an additive response would lie. Any data
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points lying below this connecting line demonstrate a synergistic response, with
data points above the line showing an antagonistic response.

Figure 3.3 shows the isobolograms of TMZ administered in combination with
CBD. For both U373-V and U373-M cell lines, the combined Glso values fall
below the line, demonstrating a synergistic response. For the HCT116 cell line,
most of the combined Glso values are below the line, except for the high
concentrations of TMZ, where the response is additive, or slightly antagonistic.
It should also be noted that when assessing combinations against the HCT116
cell line, cell growth inhibition was not observed at CBD concentrations <0.75

KM, even when the highest combined concentration of TMZ (50 uM) was added.
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Figure 3.3. Isobolograms representing the combined effect of TMZ and
CBD against U373-V (GBM control, -MGMT, +MMR) for A) 3 and B) 6
days exposure, U373-M (GBM, +MGMT, +MMR) for C) 3 and D) 6 days
exposure and HCT116 (-MGMT, -MMR) for E) 3 and F) 6 days exposure.
The blue line represents an additive response, data points above the line
indicate an antagonistic response and points below the line indicate a
synergistic response. Data measured by MTT assays and confirmed by cell
count assays (Appendix 3.7). Dose-response curves are shown in Appendix
3.8 and 3.9. Data presented as mean + SD, three independent repeats of n =
5.
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Figure 3.4 shows the isobolograms of TMZ administered in combination with
4’-F-CBD. The combination resulted in a synergistic response against all three
cell lines. Against U373-V, high concentrations of TMZ resulted in an additive
response with 4’-F-CBD at both 3- and 6-days exposure. As was exhibited for
the combined treatment of HCT116 with TMZ and CBD, low concentrations of
4’-F-CBD (<0.68 pM) did not result in an inhibition of cell growth with any
concentration of TMZ tested against the HCT116 cell line.
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Figure 3.4. Isobolograms representing the combined effect of TMZ and 4°-
F-CBD against U373-V (GBM control, -MGMT, +MMR) for A) 3 and B) 6
days exposure, U373-M (GBM, +MGMT, +MMR) for C) 3 and D) 6 days
exposure and HCT116 (-MGMT, -MMR) for E) 3 and F) 6 days exposure.
The blue line represents an additive response, data points above the line
indicate an antagonistic response and points below the line indicate a
synergistic response. Data measured by MTT assay and confirmed by cell
count assay (Appendix 3.7). Dose-response curves are shown in Appendix
3.10 and 3.11. Data presented as mean + SD, three independent repeats of n
=5.
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All test agents other than TMZ were found to be as effective at inhibiting cell
growth alone after 3 days exposure as after 6 days. Therefore, combined
treatments of T25 with cannabinoids were only assessed after 3 days exposure.
Figures 3.5 (T25 and CBD) and 3.6 (T25 and 4’-F-CBD) demonstrate the
synergistic responses observed after treating cells with T25 combined with
cannabinoids. Unlike combinations tested with TMZ, all tested combinations

resulted in inhibition of cell growth.
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Figure 3.5. Isobolograms representing the combined effect of T25 and CBD
against A) U373-V (GBM control, -MGMT, +MMR), B) U373-M (GBM,
+MGMT, +MMR) and C) HCT116 (-MGMT, -MMR) after 3 days
exposure. The blue line represents an additive response, data points above
the line indicate an antagonistic response and points below the line indicate
a synergistic response. Data measured by MTT assays and confirmed by
cell count assays (Appendix 3.7). Dose-response curves are shown in
Appendix 3.12. Data presented as mean + SD, three independent repeats of

n=>=.
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Figure 3.6. Isobolograms representing the combined effect of T25 and 4°-F-
CBD against A) U373-V (GBM control, -MGMT, +MMR), B) U373-M
(GBM, +MGMT, +MMR) and C) HCT116 (-MGMT, -MMR) after 3 days
exposure. The blue line represents an additive response, data points above
the line indicate an antagonistic response and points below the line indicate
a synergistic response. Data measured by MTT assays and confirmed by
cell count assays (Appendix 3.7). Dose-response curves are shown in
Appendix 3.13. Data presented as mean * SD, three independent repeats of

n=>5.

3.3.4 Indications of anti-cancer mechanism of cannabidiol

The anti-cancer mechanisms of action of CBD observed herein were investigated
by 3D OrbiSIMS. U373-V cells were treated with either CBD alone, CBD and
T25, CBD and TMZ, or TMZ alone. Control cells were not treated, but medium
was added at the time of treatment instead, and samples were prepared for
analysis 3 days later. As mentioned above, the anti-cancer mechanism of action

of CBD is thought to be complex, involving multiple pathways. The suspected
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pathways involved include via TRPV-2, increased ROS, and increased ER
stress, although many effects are thought to be a result of interaction with the
endocannabinoid system (Figure 1.10) [125, 143-145]. Additionally, the
behavioural effects of CBD have been evidenced to involve DNA-methylation
at the C®-cytosine in CpG islands [146, 147]. Therefore, methylated-DNA was
also included as a possible pathway of anti-cancer activity to investigate.

3.3.4.1 Exposure of the cells to cannabidiol alone

U373-V cells were exposed to CBD, then collected for analysis at 3, 6, 24 and
72 h. Cells treated with CBD were compared to the non-treated control cells.
First, a search for molecules indicative of the suspected mechanism was
conducted. These included methylated-DNA, glutathione, glucose, ceramide,
and anandamide. The compounds found consistently across samples were the
methylated-DNA bases. The other indicators of mechanistic pathways were not
found. The peak intensity (secondary ion counts) normalised to the total ion
count (TIC) of the ions detected are shown in Table 3.3. Significant differences

to the non-treated control were found only after 24 h exposure.

Treatment of cells with CBD alone led to an increase in the fatty acid content,
as found by principal component analysis (PCA) investigation (shown in
Appendix 3.14 to 3.17). It has been reported that treatment of GBM with TMZ
induces increased fatty acid uptake into GBM cells [208]. Cells treated with
CBD for 3and 6 h demonstrated increased palmitic, stearic and octatriacontanoic
acids, and a decrease in oleic acid, compared to the non-treated control. Cells
treated for 72 h also demonstrated increased palmitic acid compared to the

control.
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Table 3.3. Targeted search for anti-cancer mechanism of action of CBD by
3D OrbiSIMS. U373-V cells were treated with CBD for 3, 6, 24 and 72 h and
are compared to a non-treated control. The table shows the peak intensity
(secondary ion counts) normalised to the TIC and deviation below in ppm.
Data presented as an average of n = 3 technical repeats. One-way ANOVA
with Dunnett’s multiple comparisons performed, a = 0.05, * = p<0.05. The

data are also shown in Figure 3.7.

Methyl- Methyl- Methyl- Methyl-
guanine cytosine adenine thymine
Sample
Formula CgHeNsO™  CsHsN3O" CsHsNs CsHsN202
m/z 164.0577 124.0516 148.0628 125.0357
142 x10%+ 6.47 x10°+ 1.94x10°+  3.09 x10*=*
Control 9.29 x10° 2.02 x10° 8.28 x10° 4.99 x10°
0.3 -0.2 0.1 0.1
3.19 x10°+ 4.96 x10“+
CBD3h 0 2.36 x10° 0 3.95 x10*
- -04 - -0.3
7.86 x10%+
CBD6h 0 0 0 4.68 x10°®
- - - 0.3
3.16 x10%+ 479 x10°% 477 x10%+  1.32 x10°%+
CBD 24 h 3.26 x10%*  1.03x10%* 392 x10°* 297 x10**
0.2 -0.2 0.2 -0.1
6.69 x10%+
CBD 72 h 0 0 0 1.44 x10®
- - - -0.4

Page | 114



CHAPTER 3: Anti-cancer properties of cannabinoids

3.3.4.2 Exposure of cells to a combination of cannabidiol with

imidazotetrazine anti-cancer agents

Exposure to the combination of CBD with TMZ or T25 was also assessed by 3D
OrbiSIMS at 3 h after treatment as a preliminary study. The same peak list was
used as for the cells treated with CBD alone. Methylated-DNA was detected in
the samples of cells exposed to TMZ alone and TMZ with CBD at similar levels
to the control sample (Figure 3.7). As with the cells exposed to CBD alone, the
peaks indicating other mechanistic pathways that were searched for were not
found in the samples. However, the data were also analysed by PCA, and
differences in the fatty acid composition of the samples were found (Appendix
3.18). Samples exposed to TMZ and CBD in combination for 3 h were found to

contain increased arachidonic acid, compared to the non-treated control.

Page | 115



CHAPTER 3: Anti-cancer properties of cannabinoids

Z

Methyl-guanine Methyl-cytosine

=z

0.01= 0.01=
0.001 0.001
0.0001- 0.0001

0.00001 - 0.00001

Counts normalised to TIC

Counts normalised to TIC

ND ND
0.000001~ ND D s 0.000001~
OIIPA P G NSRS PR AN S X N 0
ORI NP AU AR A A R N U - S A
SR N AN VA S R LSS
¢ ETEF ST RGNS N R &
PN PR

o

Methyl-adenine

g
-

Methyl-thymine
0.01 0.01

0.001 0.001

0.0001 0.0001

0.00001

Counts normalised to TIC
Counts normalised to TIC

0.00001 -
0.000001 PP P
: NI Tl < 0.000001
& 5 ) D v ) %) %)
BRI CLR AF R & 2 S ot et S oS
RS O S P Q VT P
@ XL LSS
N [SNe P
< & F

Figure 3.7. Targeted analysis of 3D OrbiSIMS data from U373-V cells
exposed to CBD, TMZ or a combination of CBD with TMZ or CBD with
T25 for 3-72 h. Graphs show data as peak intensity (secondary ion counts)
normalised to TIC for A) methyl-guanine, B) methyl-cytosine, C) methyl-
adenine and D) methyl-thymine. ND = not detectable. Data presented as an
average of n = 3 technical repeats. One-way ANOVA with Dunnett’s
multiple comparisons was performed, o. = 0.05, * = p<0.05, ** = p<0.01, ****
= p<0.0001.

The samples exposed to both CBD and T25 were searched for propargylated-
DNA, expected to occur from DNA-alkylation by T25. These data are shown in
Figure 3.8 and Table 3.4. It appears that more propargylated-DNA was found in
the samples exposed to T25 and CBD than the non-treated control, however this
is not statistically significant. Interestingly, propargyl-guanine and propargyl-
adenine were not found to be present in the non-treated control but were detected
following exposure of the cells to T25 and CBD. Methylated-DNA was also
detected in samples exposed to CBD and T25, where all apart from methyl-

adenine were significantly higher than the non-treated control (Figure 3.7).
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Figure 3.8. Targeted analysis of 3D OrbiSIMS data from U373-V cells
treated with CBD, TMZ or a combination of CBD with TMZ or CBD with
T25 for 3-72 h. Graphs show data as peak intensity (secondary ion counts)
normalised to TIC for A) propargyl-guanine, B) propargyl-cytosine, C)
propargyl-adenine and D) propargyl-thymine. ND = not detectable. Data
presented as an average of n = 3 technical repeats. One-way ANOVA with
Dunnett’s multiple comparisons was performed, comparing treatment to

the non-treated control, a = 0.05, no significant differences were found.

Data from the samples of cells exposed to a combination of CBD and T25 were
also compared to the non-treated control by PCA analysis (Appendix 3.19).
Following 3 h exposure the samples were found to contain increased palmitic

and octatriacontanoic acid content compared to the non-treated control.
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Table 3.4. Targeted search for anti-cancer mechanism of action of CBD and
evidence of T25 activity by 3D OrbiSIMS. U373-V cells were exposed to
CBD alone or with T25 for 3 h and are compared to a non-treated control.
The table shows the peak intensity (secondary ion counts) normalised to the
TIC and deviation below in ppm. Data presented as an average of n = 3
technical repeats. One-way ANOVA with Dunnett’s multiple comparisons
was performed, a = 0.05, no significant differences were found. The data are

also shown in Figure 3.8.

Propargyl- Propargyl- Propargyl- Propargyl-
guanine cytosine adenine thymine
Sample
Formula CgHsNsO~  C7HeN3O" CgHsNs C7HsN202
m/z 188.1675 148.1431 172.1685 149.1276
0 1.09 x10° + 7.56 x10% +
Control 2.70 x10°® 2.65 x10°
- 04 - -0.3
CBD 3h ° ° ° °
416 x10%+ 1.77 x10*+ 3.48 x10%+ 1.16 x10*“+
CBD/T253h 0 1.47 x10* 0 9.82 x10°
-0.1 0.1 0.1 -0.4
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3.4 Discussion

The exploration of the anti-cancer effects of cannabinoids is a growing area of
research. CBD has been shown to exhibit anti-cancer properties against cancers
including breast, colorectal, lung and GBM [143, 145]. The ability of CBD to
inhibit GBM cell growth in vitro is usually studied in combination with either
THC or TMZ [127, 128]. This has led to phase I/11 clinical trials in GBM patients
[138-140]. Further clinical trials are underway to study the efficacy of
combinations of radiotherapy and chemotherapy with TMZ and a mixture of
CBD and THC, against GBM [141], as well as daily administration of CBD with
TMZ [142].

The anti-cancer activity of CBD alone against GBM has been studied in cell lines
including US7MG (Glso = 12.75 £+ 9.7 uM) [128, 132, 134, 137, 207], GL216
(Glso = 10.67 £ 0.58 uM) [206] and U373MG (Glso = 21.6 £ 3.5 uM) [134].
These cell lines do not possess the over-expression of MGMT or deficiency of
MMR that result in the major GBM resistance mechanisms to TMZ, represented
in this work by human GBM cell line U373-M and colorectal cancer cell line
HCT116, respectively. CBD anti-cancer activity has been studied against the
HCT116 cell line previously for its effects against colorectal cancer [143]. In
this work, HCT116 is used to represent the second major resistance mechanism
to GBM treatment by TMZ, a deficiency of MMR. To the best of our knowledge,
the anti-cancer properties of 4’-F-CBD have not been studied before. The
potential advantages of treating GBM with 4’-F-CBD, compared to CBD, are,
briefly, that 4’-F-CBD is reported to have increased potency in in vivo
behavioural assays compared to CBD [176, 177, 204]. There is also the
opportunity that the fluorine atom on 4’-F-CBD provides, for imaging and
potentially theranostic purposes [209, 210].

First, the activity of the cannabinoids, as well as TMZ and analogue T25, were
assessed against the non-tumourigenic MRC-5 cell line to indicate any cancer-
selectivity. Figure 3.1 demonstrates that activity was the same after both 3- and
6-days exposure. Controls of the equivalent DMSO concentration were also

assessed, finding that at 1% DMSO exposure (equivalent to the 500 uM test
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agent concentration) the cell growth began to be inhibited, and cell growth was
reduced by 50% at 2% DMSO exposure (equivalent to the 1000 uM test agent
concentration) (Appendix 3.1). Figure 3.1 shows TMZ to be the least active test
agent, only beginning to inhibit cell growth at 500 uM, although this may be
from the 1% DMSO concentration in the formulation. CBD was shown to be the
most active, showing a reduction in cell growth at 10 uM. 4’-F-CBD and T25
fall in the middle, inhibiting the cell growth by 100% at 50 and 100 pM,

respectively.

Once the effect of the test agents on the non-tumourigenic cell line was
established, their antitumour activity could be investigated against GBM cell
lines. Figure 3.2 shows the calculated Glso values of each test agent alone against
the cell lines tested. Studying the U373-V cell line, the TMZ Gls falls from 147
+ 55 uM after 3 days to 10 £ 2 uM after 6 days exposure. This is consistent with
reported literature [3]. TMZ must undergo ring opening to the active MTIC
compound, before it is able to methylate the DNA, most impactfully at the O°-
guanine position [93, 94]. O-methylation leads to a mis-pair of guanine with
thymine (rather than cytosine) during DNA replication, damaging the cells and
triggering the pathway to cell death via apoptosis or autophagy [95]. This process
takes time and is why 6 days exposure is required to see the full effect of TMZ
treatment. Interestingly, this is not true of the other test agents studied, all of
which showed inhibitory effects on the cell growth after 3 days exposure. The
Glso values were similar after both 3- and 6-days exposure and were similar
across the test agents. The TMZ Glsg is high for the two cell lines representing
the common resistance mechanisms. U373-M represents the over-expression of
MGMT, able to recognise and repair O8-methyl-guanine, and HCT116 exhibits
MMR deficiency, where MMR is required to recognise the mis-pair triggered by
methylated-DNA to result in cell death. The high Glso values for TMZ against
these cells lines is expected and also demonstrated in the literature [94].

The Glso values of T25, CBD and 4’-F-CBD were consistent across the cell lines
studied (Table 3.1). All values were significantly smaller than that of TMZ
against the two cell lines displaying TMZ resistance (Figure 3.2). This has been
demonstrated previously within our group for T25 (unpublished work), as the

molecule was designed to overcome resistance mechanisms associated with
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TMZ treatment by creating larger DNA adducts that escape MGMT-mediated
removal and tolerance following MMR-loss. The activity of CBD alone against
HCT116 is consistent with that reported in the literature, supporting that CBD
can overcome resistance to TMZ conferred by MMR deficiency [143]. However,
this is the first time CBD has been shown to overcome the often-seen inherent
resistance mechanism to TMZ treatment (although there are a few cases where
this resistance has been acquired [211]) by an over-expression of MGMT. These
are encouraging data, as the poor outcomes for patients diagnosed with GBM

demonstrate the need for new treatments.

The mechanism of action of CBD was investigated by 3D OrbiSIMS analysis.
First, a targeted approach was taken by collating information on the pathways
suggested in the literature and identifying suitable targets [130, 143-145]. For
example, a decrease in glutathione was searched for to demonstrate oxidative
stress. Also, anandamide and oleamide were searched for to demonstrate an
interaction with the endocannabinoid system. This targeted search approach
yielded the finding of methylated-DNA in the samples, at significantly higher
levels than the non-treated control (Figure 3.7, Table 3.3). Of particular interest
is methyl-cytosine. Methyl-cytosine at the C°-position of CpG islands is reported
in the literature to occur after CBD exposure, however the role of CpG
methylation in CBD activity is not yet clear [146, 147]. Additionally, CpG
islands are abundant in promoter genes, including MGMT promoter [212].
Methylated-MGMT promoter is an evidenced indicator of the prognosis of GBM
[213]. MGMT promoter methylation silences the gene, meaning resistance to
TMZ treatment by MGMT over-expression does not occur, and the tumours are
more sensitive to TMZ treatment [214]. The methyl-cytosine evidenced herein
by exposure of GBM cells to CBD could potentially occur at CpG islands on
MGMT promoters. If so, this could effectively silence MGMT, possibly
contributing to the synergy observed in exposure of the cells to CBD with TMZ
(Table 3.2, Figure 3.3).

The presence of methylated-DNA at high intensities suggests this is one pathway
of the anti-cancer action of CBD. DNA damage by methylation can result in
mismatched pairs during replication and ultimately, lead to cell death [215-217].

To the best of our knowledge, this is the first report of evidence of methylated-
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DNA as a potential anti-cancer mechanism of action of CBD. Although, this is
not the only mechanism of action of CBD. The synergy of CBD demonstrated
herein with TMZ and T25 indicates that CBD acts via a pathway other than DNA
alkylation (as this is the mechanism of action of imidazotetrazine compounds).
Combined with the presence of methylated-DNA after exposure of the cells to
CBD alone, this indicates the anti-cancer activity of CBD involves a rich and
diverse pharmacology, as is suggested in the literature [143-145]. The U373-M
cell line exhibits MGMT over-expression, repairing methylated-DNA,
specifically in the Of-guanine position [94]. Whilst the 3D OrbiSIMS analysis
demonstrates that CBD methylates the DNA, the equivalent anti-cancer activity
of CBD against U373-M to U373-V (Figure 3.2) demonstrates that other
mechanisms are also perturbed, possibly including those suggested in the
literature, such as ER stress, increased ROS as well as activity via interaction
with the endocannabinoid system [126, 144].

Analysis of the 3D OrbiSIMS data by PCA also revealed some differences in the
fatty acid content in the samples. Brain tissues taken from patients with GBM
exhibit lipid droplets (formed predominantly of a phospholipid layer surrounded
by perilipin family proteins), whereas healthy brain tissues do not [218]. Cells
treated with CBD demonstrated increased palmitic, stearic and octatriacontanoic
acids. An increase in palmitic acid content is shown in the literature to be
associated with a decrease in GBM cell line U87 viability [219]. There is no
evidence in the literature to suggest an association between stearic and
octatriacontanoic acids and GBM. Cells treated with CBD were also found to
contain decreased oleic acid compared to the non-treated control. Oleic acid has
been shown to increase glucose utilisation and stimulate GBM cell growth [218].
As discussed in Chapter 1, oleic acid is thought to increase the permeability of
the BBB, by interacting with the membranes of brain capillary endothelial cells
(BCECs), which form the BBB [62, 66]. BBB opening could potentially
contribute to the increased GBM growth observed when present, due to the

increased access to the blood circulation.
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As discussed above, synergy has previously been demonstrated between CBD
and TMZ against GBM cell lines U87MG and U251 [131, 132, 220]. However,
Deng et al reported that only certain concentrations resulted in a synergistic
combination, whilst others resulted in an additive response [132]. The work
reported herein confirms the reports of synergy for the U373-V cell line and
investigates further in the two cell lines representing clinical resistance
mechanisms to TMZ, the standard GBM treatment. Against TMZ resistant cell
lines, the combination of CBD with TMZ demonstrated a synergistic response,
with CI values as low as 0.21 and 0.05 against U373-M and HCT116,
respectively (Table 3.2, Figure 3.3). Against the HCT116 cell line, representing
a MMR deficiency, at high concentrations of TMZ, the combination resulted in
an additive response, supporting the findings of Deng et al [132]. This is also
evident in the dose-response curves, demonstrated in Appendix 3.8 and 3.9.
Here, it is shown that the concentration of TMZ added does not affect the growth
inhibition, and that the concentration of CBD added is driving the response. This
suggests that the effects of CBD are the predominant cause of the growth

inhibition, rather than equal effects from both test agents.

There have been reports that CBD enhances the uptake of TMZ into cells via the
TRPV-2 pathway, therefore enhancing the effect of TMZ [131]. This may be
true, however the mechanisms underpinning this activity cannot be determined
from growth inhibition assays. These were investigated in the 3D OrbiSIMS
analyses of the cells. However, the TMZ molecular ion ([M-H]"), or an obvious
fragment of TMZ, was not found in the treated samples, even when TMZ alone
was administered. This may be a result of the short treatment time of only 3 h.
Additionally, the 3D OrbiSIMS parameters used herein were optimised to detect
CBD in complex matrices, and as the structures of the two molecules are quite
different, it is likely the instrument was not set to the optimum conditions to
detect TMZ. Therefore, it could not be confirmed if CBD aided the uptake of
TMZ into the cells in this work. Analysis of the data by PCA did reveal that cells
exposed to TMZ and CBD exhibited higher levels of arachidonic, cinnamic and
palmitic acids than the non-treated control. As discussed above for CBD,
palmitic acid is associated with decreased GBM cell viability [219]. Arachidonic

acid is demonstrated in the literature to induce oxidative stress [221]. Cinnamic
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acid has been demonstrated to reverse malignant invasive properties in cancer
cells in vitro [222]. Taken together, these indications of fatty acid content
suggest that an oxidative stress pathway is initiated when GBM cells are treated
with TMZ and CBD. Additionally, as cell viability is known to be lower,
demonstrated in Figure 3.3, this work is consistent with reports in the literature
stating that reduced GBM cell viability is associated with palmitic and cinnamic

acids.

The effects of exposure of the cells to CBD in combination with T25 were also
investigated, as shown in Figure 3.5. As discussed, T25 can overcome the two
major resistance mechanisms to treatment with TMZ, and a synergistic
combination of CBD with T25 would likely demonstrate enhanced activity (in
TMZ resistant models). The combination yielded a synergistic response at all
concentrations tested. Table 3.2 also shows that the CI values are lower (<0.57
in U373-M) for this combination than the combined CBD and TMZ treatment
(<0.74 in U373-M). This demonstrates enhanced synergy of this combination,
likely due to the increased activity of T25 over TMZ. This combination has not
been studied before, and the low CI values demonstrate promise of the

combination for GBM treatment.

The combined treatment of T25 with CBD was investigated further by 3D
OrbiSIMS analysis. The same markers searched for in the samples of CBD
administered alone were investigated as well as propargylated-DNA, expected
to occur following exposure to T25. Propargylated-DNA was found in the
samples treated with T25 and CBD. Intensities of propargyl-cytosine and
propargyl-thymine were not found to differ significantly from the non-treated
control. However, propargyl-guanine and propargyl-adenine were not found to
be present in the control. This provides evidence of the activity of T25. Evidence
of other mechanisms were also searched for, and methylated-DNA was found to
be present. Methyl-adenine was not found to differ from the control, whereas
methyl-guanine, methyl-cytosine and methyl-thymine all were significantly
higher than in the non-treated control sample. As T25 is expected, and shown

here, to deposit propargyl groups on the DNA, the methylated-DNA is assumed
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to be a result of CBD activity. This is also in line with the methylated-DNA seen
when cells were exposed to CBD alone. Much like the samples exposed to TMZ
and CBD, and CBD alone, exposure to T25 in combination with CBD led to an
increase in palmitic acid present in the sample. This supports the findings from
the other treated samples and reports in the literature that increased palmitic acid
Is associated with decreased GBM cell viability [219].

To the best of our knowledge, this work demonstrates that 4’-F-CBD exhibits
anti-cancer properties for the first time. Like CBD, 4’-F-CBD is also shown to
overcome the two major resistance mechanisms to the standard GBM treatment
with TMZ, MGMT over-expression and MMR deficiency (Figure 3.2). While
no significant differences were observed in the Glso of 4’-F-CBD and CBD
against cancerous cells, 4’-F-CBD requires a higher dose to inhibit non-
tumourigenic cell growth than CBD, and therefore, may provide a safer
treatment option to obtain the same therapeutic results (Figure 3.1). The
mechanism of action of 4’-F-CBD was not investigated, however the Glso values
are not significantly different to CBD. As the molecular structure of the
cannabinoids is similar, it is likely the activity of 4’-F-CBD is a result of similar

pathway activation to that of CBD.

As the activity of 4’-F-CBD is similar to CBD when administered alone,
combination treatments involving 4’-F-CBD were also investigated. Figure 3.4
demonstrates the synergistic response to 4’-F-CBD in combination with TMZ
after both 3- and 6-days exposure. Only the highest concentration of TMZ tested
in the U373-V cell line resulted in an additive response, all other concentrations
demonstrated a synergistic response. Therefore, apart from the U373-V line, the
combination of TMZ with 4’-F-CBD produced increased synergy over TMZ
with CBD, (CI values as low as 0.05 with 4’-F-CBD and 0.21 with CBD, Table
3.2). The combination of 4’-F-CBD with T25 demonstrated similarly high
synergistic responses. The calculated CI values are not significantly different to
the combination of T25 with CBD.
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The analysis of cells by 3D OrbiSIMS to investigate the mechanisms taking
place in this work is a new technique adapted from the few reports in the
literature [186-188]. The experiments conducted herein demonstrate the
technique as useful in this scenario. The targeted analysis approach is relevant
when a suspected mechanism is known, and analyses by MFP and PCA allow
differences in the overall chemistries between samples to be identified, such as
in the fatty acid content in samples analysed herein. This work demonstrates the
use of the technique optimised for the detection of CBD in complex matrices, in
this case within cells. However, there is work still to be done, as the samples
analysed in this work form a preliminary study using this technique.
Additionally, as mentioned, the methodology was optimised for the detection of
CBD, and there are likely ions that were not detected because of this, for
example, TMZ. Analysis in positive mode and with different ion source beam
energies could yield different information. However, the method did allow
identification of evidence of mechanisms of action, and differences between the

samples, demonstrating the utility of this application.
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3.5 Conclusions

The ability of CBD alone to overcome the major resistance mechanism to
standard GBM treatment, MGMT over-expression, is demonstrated for the first
time to the best of our knowledge. The anti-cancer properties of 4’-F-CBD are
discovered to be as effective as CBD at inhibiting GBM cell growth and
overcoming the two major resistance mechanisms to TMZ. Both molecules were
effective after only 3 days treatment at significantly lower concentrations than
TMZ. 4’-F-CBD was also demonstrated for the first time to be less active against
non-tumourigenic cells than CBD.

In addition, T25 was shown to overcome the two major resistance mechanisms,
MGMT over-expression and MMR deficiency. The activity of T25 was further
investigated by 3D OrbiSIMS and the presence of propargylated-DNA is

evidence of the mechanism of action of the molecule.

Synergy was found in combined treatments of the cannabinoids (both CBD and
4’-F-CBD) with TMZ and T25. The synergistic combination of CBD and TMZ
confirms that reported in the literature and demonstrates that CBD is driving this
synergy by the additional TMZ concentration not causing a significant change
in the response. Lower CI values were found in combinations with T25,
demonstrating increased synergy compared to TMZ across all three cell lines.
This is encouraging as T25 itself can overcome the two major resistance
mechanisms to TMZ treatment, and therefore treatment could be enhanced
further by this combination.

The mechanism of action of CBD was also investigated by 3D OrbiSIMS
analysis. The pathway of DNA-methylation was demonstrated after treatment
with CBD alone. Although there is also evidence that this is not the only pathway
activated, CBD activity is complex, as suggested in the literature [126, 144].
Whilst mechanisms could not be identified in cells treated with combinations,
evidence of activity was demonstrated by the change in chemistries observed.
The change in specific fatty acids are indicators of the treatment effectiveness,
and therefore, putative biomarkers of efficacy in vivo. This technique to study
the cells by 3D OrbiSIMS provided new insights into activity, and this

preliminary work demonstrates scope for future studies.
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CHAPTER 4: Delivery of cannabidiol to the whole brain
and anatomical regional brain distribution following

oral administration to rats

4.1 Introduction

Cannabidiol (CBD) is the most abundant non-psychoactive cannabinoid of the
Cannabis sativa plant. CBD has high therapeutic potential, with reports of
activity against conditions including anxiety, multiple sclerosis (MS) and cancer
[103-107]. Chapter 3 investigated the anti-cancer properties of CBD,
demonstrating its ability to overcome two common resistance mechanisms to the
standard of care treatment for glioblastoma multiforme (GBM). To the best of
our knowledge, this is the first time this activity has been reported for CBD. The
anti-cancer properties of CBD, particularly against GBM, are promising [144].
The next quest in the development of CBD as a treatment for GBM is the in vivo

delivery of the molecule.

Many of the therapeutic effects of CBD are likely the result of interaction with
the endocannabinoid system (Figure 1.10), particularly in the brain. However,
reports of quantified CBD delivery to the brain are limited, and even more so
following oral administration. As discussed in Chapter 1, oral administration is
a preferred route for a number of reasons including the improved patient
experience, compared to other administration routes such as intravenous (i.v.)
injection. The delivery of CBD to the brain following oral administration has
been studied in vivo in rats [152, 168, 205]. These studies report the delivery of
CBD to the whole brain as one tissue and at one or few time points. Therefore,
the brain exposure to CBD after oral administration over time is not well

understood.

The delivery of CBD to anatomical brain regions has not yet been studied in
detail. It is important to consider brain delivery to specific anatomical regions,
as it is known that the different regions have differing structures and chemistries,
responsible for the physiological activity taking place [223, 224]. It would be

reasonable to assume the biological differences between anatomical regions
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could result in different delivery. Therefore, it is important to study and
understand delivery to certain regions, as it is likely that delivery is not
homogenous across the whole brain. The techniques usually used to study
biodistribution in brain regions are various types of in vivo imaging. Although
imaging techniques offer visual understanding, they are usually qualitative [66,
189, 225-227]. Gaining a quantitative understanding of delivery is beneficial for
developing new therapeutics, in order to understand whether an effective dose
reaches the site of action. A new technique with the potential to provide both
visual biodistribution and quantification is the 3D Orbitrap secondary ion mass
spectrometry (3D OrbiSIMS). The 3D OrbiSIMS allows for accurate mass
spectrometry analysis with 240,000 resolving power at m/z 200, and spatial

resolution for imaging the distribution of ions in the sample [183].

The brain is a particularly difficult area to deliver therapeutics to, due to the
blood-brain barrier (BBB). The BBB is a physical, protective barrier limiting
movement between the blood and the central nervous system (CNS) [14, 22,
228]. The barrier is formed of tightly packed brain capillary endothelial cells
(BCECs) that surround the blood capillaries in the brain, and are supported by
astrocytes [21]. Tight junctions exist between the BCECs, and the presence of
specific transporters, amongst other functions, block transport of most large or
hydrophobic molecules [21, 22, 24, 25]. The BBB exists to protect the brain from
potentially neurotoxic substances including metabolites and proteins, but the
majority of small molecule therapeutics (>97%) are also unable to penetrate the
barrier [35, 228].

Lipid-based formulations are a common choice to improve the systemic
availability, and possibly brain delivery, of therapeutics. Certain lipids are
reported to interact with, and open, the BBB. The effects of lipids on the BBB
are generally studied after i.v. administration. Following oral administration,
lipid digestion becomes another factor to consider, which is different for
different lipids. After digestion of the triglycerides, short and medium chain fatty
acids (carbon chain length <12) enter the systemic circulation via the portal vein.
Long chain fatty acids (carbon chain length >12) are assembled into

chylomicrons following re-synthesis of triglycerides and enter the lymphatic
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system before reaching the systemic circulation via the mesenteric and thoracic

lymph duct.

Two fatty acids pertinent to this work that have been reported to increase BBB
permeability are oleic and myristic acids. Oleic acid (C18:1 cis-9) is reported to
impact BBB permeability by interacting with BCEC membranes [62, 66]. The
effect has been found to be reversible 80 - 90 mins after i.v. injection. Sztriha et
al suggested that at high concentrations, oleic acid monomers aggregate into
micelle structures which can be incorporated into the cell membrane, physically
disrupting the lipid-bilayer [66]. Oleic acid has also been demonstrated to
interact with protein kinase C [66]. Such interactions in the BCECs can lead to
BBB permeability changes in a reversible manner. Myristic acid (C14:0) is also
reported to impact BBB permeability. There are reports that the C14 chain length
is long enough for sufficient hydrophobic interaction with the barrier, but short
enough to prevent strong binding [189]. This chain length is reported to be
optimal for interaction with the BBB to increase permeability [62, 189].

There are reports in the literature of oral administration of CBD to rats in lipid-
based formulations. Hlozek et al reported the oral administration of CBD in
sunflower oil, resulting in high CBD adsorption and brain delivery, in
comparison to other administration routes [168]. Additionally, our group have
previously reported the oral administration of CBD in various lipid-based
formulations [151, 155, 166]. Administration in a sesame oil formulation was
found to result in 3-fold higher bioavailability than a lipid-free vehicle, and 250-
fold higher lymph fluid concentration, compared to the plasma [155, 169]. It was
then reported after comparing different lipid-based vehicles, that the selection of
lipid for oral administration affected the lymphatic transport and bioavailability
of CBD [151].

To the best of our knowledge, there have been no reports comparing lipid-based
formulations for the delivery of CBD to the brain, or the biodistribution of CBD
to specific anatomical brain regions following oral administration. This chapter
describes the delivery of CBD to specific anatomical brain regions following
oral administration to rats in lipid-based and lipid-free vehicles. The lipid-based

vehicles that were selected for the biodistribution studies were chosen based on
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the CBD concentration delivered to the brain at the time of maximum
concentration (Tmax) in the plasma (brain tissues collected from previous studies
(Feng et al [151, 155])). The vehicles that exhibited high delivery of CBD to the
brain or certain anatomical brain regions were chosen. Vehicles that contained
different fatty acid chain lengths and degree of saturation, resulting in a different
plasma Tmax, Were also selected. The CBD determination in tissues following
biodistribution studies were conducted using a validated high performance liquid
chromatography-ultraviolet (HPLC-UV) method [195], and selected samples
were also analysed by 3D OrbiSIMS in order to compare the techniques and
assess the potential application of the 3D OrbiSIMS in biodistribution studies.

4.2 Experimental design

The results discussed in this chapter were generated using methods described in
Chapter 2. The biodistribution of CBD was assessed in rats by the method
described in section 2.4.3. The determination of CBD concentrations was
performed by means of HPLC-UV, as described in section 2.5.1, based on Zgair
et al [195]. Statistical analysis was performed by multiple-tests or one-way
ANOVA with Dunnett’s multiple comparisons using GraphPad version 9.3.1
(GraphPad, CA, U.S.A).

Page | 132



CHAPTER 4: Delivery of cannabidiol to the whole brain and anatomical regional brain
distribution following oral administration to rats

4.3 Results

4.3.1 Biodistribution of cannabidiol to the brain in rats

4.3.1.1 Delivery of cannabidiol to the brain at the plasma Tmax following

oral administration in different formulations

To select the oil formulations for biodistribution studies, rough dissection was
performed on tissues that were collected in previous in vivo studies at the time
of plasma Tmax (Feng et al [151, 155]), and the CBD concentrations were
determined by means of HPLC-UV. Tissues were dissected roughly because it
was not possible to carry out full dissection of all anatomical brain regions
reliably on frozen tissues. Delivery of CBD to the whole brain (Figure 4.1) was

compared to the plasma concentrations at the plasma Tmax.

Bm Plasma (ng/mL) mE Whole brain

1000

100

CBD (ng/g)

Formulation (plasma T4

Figure 4.1. CBD concentration in the whole brain vs. plasma after oral
administration to rats (12 mg/Kg) in various lipid-based vehicles. Tissues
were collected at plasma Tmax. Multiple t-tests were performed, a = 0.05.
Data are presented as mean = standard deviation (SD), brain n = 3, plasma
n = 6 (collected in previous pharmacokinetics (PK) studies (Feng et al [151,
155])).
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Figure 4.1 demonstrates that concentrations in the plasma and whole brain were
similar following oral administration in each formulation, and no significant
differences were observed. As described, the whole brain samples were also

dissected and analysed by specific anatomical brain region, shown in Figure 4.2.

Following administration in the sesame oil formulation, the CBD concentration
was significantly higher in each anatomical brain region than the plasma. The
soybean oil formulation also produced higher CBD concentrations in all
anatomical brain regions studied, apart from the temporal lobe. The temporal
lobe was an area of particular interest because it is one of the most common
locations of GBM [90, 229, 230]. As discussed above, Chapter 3 demonstrated
the anti-cancer properties of CBD against GBM. The formulations that resulted
in increased delivery to the temporal lobe, compared to the plasma, were the

sesame, olive, sunflower, coconut and rapeseed oil formulations.

Based on the data shown in Figure 4.2, and that reported in the literature by our
group of high delivery of CBD to the lymphatic system following oral
administration in a sesame oil formulation [155, 166], the sesame oil formulation
was chosen for full biodistribution studies. The coconut and rapeseed oil
formulations were also chosen as they represent different plasma Tmax times and
contain different fatty acids, representing shorter chain lengths (coconut oil) and
decreased saturation (rapeseed oil). Additionally, both formulations also resulted
in higher CBD concentrations in the temporal lobe than the plasma. The olive
and sunflower oil formulations were not selected to take forward as the oils have
similar fatty acid compositions to sesame oil. The aim was to investigate the
effects of different lipid-based formulations on delivery to the brain, therefore

oils with different fatty acid compositions were chosen.
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D) B Brainstem
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Figure 4.2 CBD concentration in anatomical brain regions A) olfactory
bulb, B) frontal lobe, C) temporal lobe and D) brainstem vs. plasma
following oral administration to rats (12 mg/Kg) in various lipid-based
vehicles. Tissues were collected at plasma Tmax. Multiple t-tests were
performed, a = 0.05, * = p<0.05, ** = p<0.01, *** = p<0.001. Data are
presented as mean + SD, brain n = 3, plasma n =6 (collected in previous PK

studies (Feng et al [151, 155])).

4.3.1.2 Biodistribution of cannabidiol following oral administration to the

brain

Once the lipid-based vehicles were selected, the biodistribution of CBD to the
whole brain was assessed at 1 - 18 h following oral administration at 12 mg/Kg
to rats. The CBD concentration in the whole brain, compared to the plasma PK
profile, of each formulation is shown in Figure 4.3. For all vehicles, the whole
brain Tmax is 1 h, as much as 2 - 4 h earlier than the plasma Tmax. The maximum
concentration (Cmax) observed in the whole brain is significantly higher than the

plasma concentration at that time (1 h) in oil formulations.
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The whole brain concentrations did not fall below the plasma concentrations
over the 12 h in any formulation, and no significant differences were observed
after 1 h. At 12 h following administration in all vehicles, plasma CBD
concentrations were close to the lower limit of quantification (LLOQ) (10

ng/mL), whereas in the whole brain, CBD was detected above 20 ng/g at 18 h.
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Figure 4.3. CBD concentration in the whole brain vs. plasma after oral
administration to rats (12 mg/Kg) in the A) lipid-free, B) sesame oil, C)
coconut oil and D) rapeseed oil formulations. Multiple t-tests were
performed, a = 0.05, **** = p<0.0001. Data are presented as mean + SD,
brain n = 3, plasma n = 6 (collected in previous PK studies (Feng et al [151,
155])). The PK parameters are presented in Table 4.1.

The data presented in Figure 4.3 was used to calculate the PK parameters
presented in Table 4.1. Significant differences were found in the whole brain
Cmax and area under the curve (AUCo...) between the lipid-free and lipid-based
coconut and rapeseed oil formulations. The sesame oil formulation resulted in a
significantly different whole brain Cmax than the lipid-free vehicle. The lipid-free
vehicle produced the highest Cmax (2712 + 2365 ng/g), and AUCo-». (3270 + 1890
h*ng/g), however most striking is the high brain-plasma ratio of 9.2. Of the lipid-
based vehicles, the sesame oil formulation exhibited the highest Cmax (1836
473 ng/g). The AUCo- after administration in the sesame oil formulation (3061
* 242 h*ng/g) was higher than that of the coconut oil formulation. However, the
sesame oil formulation resulted in the lowest brain-plasma ratio (3.5). The
rapeseed oil formulation produced the highest brain-plasma ratio of the lipid-
based vehicles at 4.6. The half-lives of CBD were longer in brain tissue than

plasma, more so for the lipid-free and rapeseed oil vehicles.
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Table 4.1. PK parameters of CBD concentration-time profiles in plasmaand
whole brain after oral administration to rats (12 mg/Kg). One-way ANOVA
with Dunnett’s multiple comparisons was performed to compare lipid-
based formulations to the lipid-free vehicle, a = 0.05, * = p<0.05, **** =
p<0.0001. Data are presented as mean £ SD, brain n = 3, plasma n = 6
(collected in previous PK studies (Feng et al [151, 155])). The data are also

presented in Figure 4.3.

Tmax Cmax ti2 AUCo-» Brain-
Formulation (h) (ng/mL (h) (h*ng/mL  plasm
or ng/g) or h*ng/g) aratio
Plasma 5 55+ 39 2.3 356 + 83
Lipid-free  Whole 9.2
_ 1 2712 £2365 9.6 3270 £ 1890
brain
Plasma 3 164 + 142 15 865 + 342
Sesame
] Whole 1836 + 473 3.5
oil _ 1 46 3061 +242
brain *
Plasma 5 8472 15 413 £ 164
Coconut
] Whole 876 + 338 1794 + 373 4.3
oil 1 3.9
brain Fkkk *
Plasma 5 118 + 54 1.7 587 + 287
Rapeseed
] Whole 539 + 341 2726 + 1635 4.6
oil 1 10.1
brain Fkxk *

The CBD delivery to specific anatomical brain regions is compared to the plasma
PK profile for each vehicle in Figure 4.4. In each anatomical brain region, the
CBD concentrations are higher than or similar to the plasma concentrations. All
brain regions exhibited a Tmax at 1 h, the same as the whole brain. The highest
CBD concentrations were observed in the olfactory bulb and striatum after
administration in every formulation. Prolonged delivery at 18 h following
administration was observed in different regions for each formulation. For

example, after administration in the sesame oil formulation, only the medulla
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pons had CBD concentrations that could be quantified at 18 h, whereas after

administration in the coconut oil formulation, only the temporal lobe had

quantifiable CBD concentrations.
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Figure 4.4. CBD concentration in anatomical brain regions vs. plasma after
oral administration to rats (12 mg/Kg) in the A) lipid-free, B) sesame oil, C)
coconut oil and D) rapeseed oil formulations. One-way ANOVA with
Dunnett’s multiple comparisons was performed, a = 0.05, * = p<0.05, ** =
p<0.01, *** = p<0.001. Data presented as mean + SD, brain n = 3, plasma n

= 6 (collected in previous PK studies (Feng et al [151, 155])).

The data presented in Figure 4.4 are also shown in Figure 4.5, separated by
anatomical brain region, rather than administration vehicle. The lipid-free
vehicle was found to exhibit the highest Cmax compared to lipid-based vehicles

in the olfactory bulb, occipital lobe, medulla pons and cerebellum. There were
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also statistically significant differences seen in the frontal lobe, hippocampus,
temporal lobe, and parietal lobe, where the sesame oil formulation resulted in
the highest Cmax. In the striatum, both the sesame and coconut oil formulations
resulted in a significantly higher Cmax than the lipid-free vehicle. The PK
parameter data for the anatomical brain regions following administration in all

formulations is shown in Table 4.2.
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Figure 4.5. CBD concentration in anatomical brain regions A) olfactory
bulb, B) frontal lobe, C) striatum, D) hippocampus, E) temporal lobe, F)
parietal lobe, G) occipital lobe, H) medulla pons and I) cerebellum after oral
administration to rats (12 mg/Kg) in lipid-free, sesame oil, coconut oil and
rapeseed oil formulations. One-way ANOVA with Dunnett’s multiple

comparisons performed, o = 0.05, * = p<0.05, ** = p<0.01, *** = p<0.001,
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**** = p<0.0001. Differences of lipid-based formulations to the lipid-free

formulation are shown. Data are presented as mean + SD, n = 3.

Table 4.2. PK parameters of CBD concentration-time profiles for the
anatomical brain regions following oral administration to rats (12 mg/Kg).
One-way ANOVA with Dunnett’s multiple comparisons were performed, o
=0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. Differences
of lipid-based formulations to the lipid-free formulation are shown. Data
are presented as mean + SD, n = 3. The data are also presented in Figure
4.5.

Brain Tmax Cmax tie AUCo-18 AUCo-»

Formulation _
region  (h)  (ng/g) (h) (h*ng/g) (h*nglg)
Olfactory . 27542 » 53785 £
bulb 47390 85988
1206 + 2066 * 2747
Frontal lobe 1 6.2
1858 1279 1003
4373 + 14291+ 23480+
Striatum 1 5.7
5637 6280 2210
) 1674 + 2270 + 3062 +
Hippocampus 1 6.0
2467 1589 1683
o Temporal 874 + 12. 1473 + 2184 +
Lipid-free 1
lobe 1388 0 1041 1045
) 662 + 1644 + 2120 £
Parietal lobe 1 4.8
1098 1411 1188
Occipital . 10792 + 10. 8157 8593 +
lobe 17103 8 11677 11560
1525+ 14 2109 = 2633 =
Medullapons 1
2421 0 1819 2383
1742 + 2296 * 3597 +
Cerebellum 1 7.7
2895 2373 3875
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Olfactory 19126 + - 31368 + 32556 +
bulb 8473 ' 18452 17785
2413 + 3759 + 4505 +
Frontal lobe 6.1
234 *** 1498 1527
) 34751 + 27831 + 33792 +
Striatum 7.2
26284 ** 16151 15254
) 2873 + 4599 + 5574 +
Hippocampus 5.3
1434 * 636 876
Sesame Temporal 1979 ’ 6 4005 + 4256 +
oil lobe 378 *xxx 1155 1025
) 1891 + 2660 + 2963 +
Parietal lobe 51
383 **** 188 265
Occipital 1163 + 46 2532 + 2839 +
lobe 1966 *** 1989 1914
1371 + 2429 + 5929 +
Medulla pons 6.6
474 301 3133
1669 + 2699 + 3110 +
Cerebellum 6.8
495 ** 892 875
Olfactory 6213+ 17. 9214 + 28113 +
bulb 3494 ** 1 4330 6108
1355 + 2565 + 3112 +
Frontal lobe 5.2
1008 775 818
) 36810 + 40475 + 44372 +
Striatum 2.8
60180 ** 4715 * 1205 **
Coconut ) 737 1326 + 1482 +
] Hippocampus 2.9
oil 267 633 577
Temporal 455 + - 1270 = 10327 £
lobe 282 ' 105 15426
918 + 15. 1719 + 2215 +
Parietal lobe
383 2 1023 1264
Occipital 837 + 1556 + 1953 +
lobe 646 *** 916 913
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720 + 1308 + 1662 +
Medullapons 1 59
383 * 192 263
806 + 17. 1165 + 1919 +
Cerebellum 1
459 **** 3 319 277
Olfactory . 2013 + 1785 +
bulb 1422 *** 1212
893 + 1746 + 2163 +
Frontal lobe 1 7.8
724 606 519
_ 20176 + 60381 +
Striatum 1 - -
30471 74716
) 1215 + 3287 + 4271 +
Hippocampus 1 3.4
998 859 1063
Rapeseed Temporal . 611 + 17 1883 + 1965 +
oil lobe 433 ' 242 241
) 293 + 15. 1749 + 3180 +
Parietal lobe 1
263 7 737 1445
Occipital 3 461 + . 3589 + 4636 +
lobe 571 **** ' 2544 4173
319+ 87 1167 + 1393 +
Medullapons 1 7.6
*x 164 1897
665 + 1717 + 2738 +
Cerebellum 1 9.4
636 **** 592 1475

Page | 147



CHAPTER 4: Delivery of cannabidiol to the whole brain and anatomical regional brain
distribution following oral administration to rats

4.3.2 Biodistribution of cannabidiol to the brain assessed by 3D
OrbiSIMS analysis

4.3.2.1 Biodistribution in rat brain homogenates

For the CBD biodistribution studies in rats, discussed above, tissue samples were
analysed by HPLC-UV after they were homogenised (described in Chapter 2,
section 2.5.1). Some of the tissue homogenates were also analysed by 3D
OrbiSIMS to compare the information gathered from the two techniques. The
samples were prepared from the cerebellum, temporal lobe and frontal cortex
anatomical brain regions and the whole brain, collected at 2 h following
administration in the sesame oil formulation. In order to streamline the
assessment, the analysis was performed on only certain anatomical brain regions
as this was a preliminary study to examine this applicability of the 3D OrbiSIMS
technique to this sample type. The anatomical brain regions chosen were limited
to sample homogenates large enough to perform both analyses.

First, construction of a calibration curve of rat brain homogenate tissues spiked
with CBD was undertaken using the 3D OrbiSIMS. The calibration curve was
made using the CBD molecular ion [M-H] peak intensity (m/z 313.2187,
Ca1H2002) expressed as the peak intensity (secondary ion counts) normalised to
the total ion count (TIC). This would allow for calculation of the expected CBD
[M-H] peak intensity (normalised to the TIC) from the concentration determined
by HPLC-UV. The calculated expected normalised peak intensities are shown in
Table 4.3.
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Table 4.3. CBD concentration of anatomical rat brain region homogenates
2 h following oral administration (12 mg/Kg) in a sesame oil formulation
(determined by means of HPLC-UV) and expected [M-H]™ peak intensity
(secondary ion counts) normalised to TIC. The data are presented as mean

+ SD, HPLC-UV analysis was performed in biological triplicates.

CBD concentration Expected [M-H] intensity

Brain region
(ng/g) normalised to TIC (a.u.)
Whole brain 152 + 95 1.52 x10* + 9.5 x10°
Frontal lobe 133 £ 64 1.33 x10* + 6.4 x10°
Temporal lobe 142 + 53 1.42 x10* +5.3 x10°
Cerebellum 139 + 68 1.39 x10* + 6.8 x10°

The measured CBD [M-H] peak intensities (normalised to TIC) are shown in
Figure 4.6, compared to the expected areas calculated from the HPLC-UV
determined concentration, in Table 4.3. The only significant difference between
the expected and measured peak intensity was found in the temporal lobe sample,
where the measured intensities were significantly smaller than that expected.
Additionally, the CBD [M-H] was not detected in the frontal lobe or cerebellum
homogenate samples, although known to be present based on detection by means
of HPLC-UV. The data was also searched for fragments of CBD, the major fatty
acids in sesame oil, and other indications of CBD activity. These were described
in Chapter 3 including methylated-DNA, ceramide, and anandamide. However,
these were either not found in the samples, or not found to differ to a blank

reference sample (non-treated rat brain tissue).
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Figure 4.6. The expected and measured CBD [M-H] peak intensity
(secondary ion counts) normalised to TIC in anatomical brain regions of
rats 2 h following oral administration in a sesame oil formulation (12
mg/Kg). The expected CBD [M-H]" intensities were calculated from HPLC-
UV analysis. ND = not detectable. Multiple t-tests were performed, a = 0.05,
* = p<0.05. The data are presented as mean + SD. The expected intensities
were calculated from triplicate biological repeats, the measured intensities
were performed once.
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4.3.2.2 Biodistribution in a rat brain section

3D OrbiSIMS analysis of a section of a dosed rat brain was performed, in
addition to the analysis of tissue homogenates discussed above. As mentioned,
the 3D OrbiSIMS is capable of producing images of samples, so that the
distribution of an ion can be visualised. However, this can be a long process
when the sample is large. When using the instrument with the Orbitrap,
collecting an image takes longer than when using the liquid metal ion gun
(LMIG) analyser. As discussed in Chapter 2, the Orbitrap was used for this work
due to the high resolving power of the analyser. The rat brain sections were
several cm in length and width, and therefore to collect an image of the section
using the Orbitrap would have taken several days, which unfortunately, was not
feasible for this work. Instead, “spot” analysis was performed in certain locations

on the section.

The purpose of performing “spot” analysis on sections was to investigate the
feasibility of biodistribution analysis by this approach, compared to the
homogenate tissue samples. The section sample size is a lot larger than a 2 puL
drop of homogenate tissue, which can affect the noise levels in the instrument.
With more noise in the instrument, it could be harder to detect certain ion peaks,
especially those that may be small, such as the CBD [M-H]. However, the
reduction in sample manipulation before analysis of tissue sections, compared to
homogenate samples, makes analysis of tissue sections an attractive option.
Therefore, “spot” analysis of a rat brain section, compared to the homogenate

tissue samples was performed, shown in Figure 4.7.

Figure 4.7 shows that in the frontal lobe and cerebellum regions of the brain, the
CBD [M-H] was detected in the section, but not in the homogenate sample. In
the temporal lobe region, the peak intensities were similar in both the
homogenate and section sample, with no significant difference found. The
expected peak intensities, shown in Table 4.3, are in the range of 1 x10%, and the
intensities measured in both the section and homogenate samples are in the range
of 1 x10". However, when statistical analysis was performed, no differences
were found between the expected and measured section intensities in the frontal

lobe or the cerebellum.
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Figure 4.7. CBD [M-H] peak intensity (secondary ion counts) normalised
to the TIC in anatomical brain region homogenate tissues and brain sections
of rats 2 h following oral administration in a sesame oil formulation (12
mg/Kg). ND = not detectable. Multiple t-tests were performed, a = 0.05. The

data are presented as mean = SD, n = 1, apart from the frontal lobe section
where n = 2.
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4.4 Discussion

The lipid-based oil formulations used for the study of the in vivo biodistribution
of CBD in rats were selected by the whole brain concentrations at the plasma
Tmax, IN Figure 4.1. No significant differences were observed between the whole
brain and plasma concentrations at the plasma Tmax. However, when separated
by brain region, in Figure 4.2, statistically significant differences were observed.
Administration in the sesame oil formulation resulted in significantly higher
concentrations in all brain regions, and so was taken forward to biodistribution
studies. The coconut and rapeseed oil formulations resulted in higher
concentrations in the temporal lobe, a region of particular interest due to the
prevalence of GBM tumours there [90, 229, 230]. These two formulations were
also selected for biodistribution studies as the oils contain different fatty acids to
sesame oil, as shown in Table 4.4. Of particular interest are myristic and oleic
acids, both of which are reported to increase BBB permeability [66, 189].
Coconut oil contains myristic acid, and both sesame and rapeseed oils contain
predominantly oleic and linoleic acids, with rapeseed oil containing more oleic
acid. Table 4.4 also shows that coconut oil contains more short and medium
chain fatty acids than sesame and rapeseed oils. Fatty acid chain length is
possibly a contributing factor to BBB permeability, due to the interactions at the
barrier but also the digestion of the lipid after oral administration, as discussed
in section 4.1 [63].

Previous reports in the literature suggest that CBD delivery to the rat brain is
slow following oral administration, exhibiting a Tmax Substantially later than in
the plasma [149, 152, 231]. However, Hlozek et al demonstrated a brain Tmax at
the same time as the plasma Tmax after oral administration to rats in a sunflower
oil formulation [168]. The data in Figures 4.1 and 4.2 show that at the sunflower
oil formulation plasma Tmax, the CBD concentration in the whole brain is similar
to the plasma. Whereas the concentration in the olfactory bulb and temporal lobe
are higher than in the plasma. The work herein cannot be compared to Hlozek et
al’s exactly, as only one time point was studied in this work following
administration in the sunflower oil formulation. However, Hlozek et al did report
a Cmax 0f ~250 ng/g at 2 h after oral administration to rats (10 mg/Kg) [168]. The

plasma Tmax after administration in the sunflower oil formulation used in this

Page | 153


https://www.sciencedirect.com/science/article/pii/S0924977X17309835?casa_token=XairpBvnaDIAAAAA:2EOJbxaeHgwqMTp7c1EVIqlHMxI9-6h4nI5uKVgj1MKJZAhksX44z42ymRF_gB0MEwoiJiLtcw#!

CHAPTER 4: Delivery of cannabidiol to the whole brain and anatomical regional brain
distribution following oral administration to rats

work was previously determined to be 3 h [151] (3 h was not used in Hlozek et
al’s study). Hlozek et al used a lower dose of 10 mg/Kg, compared to 12 mg/Kg
in this work, therefore, to corroborate with the Cmax reported by Hlozek et al, a
concentration of ~300 ng/g would be expected. Figure 4.1 shows a whole brain
concentration of 180 + 75 ng/g at 3 h. The variation in delivery was not reported
in Hlozek et al’s work, however, the CBD concentrations are similar, accounting

for the likely range, this concentration would be similar to Hlozek et al.

Table 4.4. Fatty acid composition of the oils selected for the lipid-based
formulations for in vivo CBD biodistribution studies, taken from the
literature [151, 232].

Sesame Coconut Rapeseed

Fatty acid ) ) )
oil oil oil
Octanoic acid C8:0 4%
Decanoic
) C10:0 3%
acid
Saturated  Lauric acid C12:0 29%
Myristic acid C14.0 21%
Palmitic acid C16:0 13% 18% 4%
Stearic acid C18:0 8% 8% 2%
) _ Ci18:1
Oleic acid ) 44% 14% 63%
cis-9
_ _ ) C18:2
Unsaturated Linoleic acid ) 30% 3% 20%
cis-9,12
Linolenic C18:3
) ) <1% 10%
acid cis-9,12,15

Based on reports in the literature, and as discussed in Chapter 1, the brain Tmax
of CBD was expected to be between 5 - 8 h (at or slightly after the plasma Tmax)
[149, 152, 168, 231]. Interestingly, the observed Tmax for all vehicles herein was
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1 h post administration (Table 4.1). This fast delivery to the rat brain suggests
that high levels in the plasma (at the plasma Tmax) are not required for efficient
delivery to the brain. Additionally, the ti» was longer in the whole brain than

plasma (Table 4.1), demonstrating prolonged exposure of the brain to CBD.

The expected CBD delivery to the whole brain could be made based on Hlozek
et al’s reported Cmax Of ~250 ng/g following oral administration to rats in
sunflower oil (10 mg/Kg) [168]. Sesame oil is similar to sunflower oil in fatty
acid composition, with slightly more oleic acid and less linoleic acid [151]. As
discussed, the dose administered in this work was higher (12 mg/Kg), therefore,
a Cmax ~300 ng/g in the whole brain would demonstrate similar brain delivery by
sesame and sunflower oil-based formulations. However, the Cmax following
administration in the sesame oil formulation was earlier than Hlozek et al (Tmax
=1 h) at 1836 = 473 ng/g (Table 4.1), 6x higher than expected. The differences
between the two oil’s fatty acid compositions are small but could be at least

partly behind the difference in efficiency of brain delivery.

Following oral administration, the brain-plasma ratios are all >3.5 (Table 4.1),
whereas previously these are reported in the literature at <1 for cannabinoids,
apart from cannabidiolic acid (CBDA), which had a ratio of 1.9 after
intraperitoneal (i.p.) injection [231]. A ratio >1 demonstrates increased
accumulation of CBD in brain tissue, compared to the plasma. The highest brain-
plasma ratio was observed following oral administration in the lipid-free
formulation (9.2), a result of the low plasma AUCo- (356 + 83 h*ng/mL). Both
the AUCo.» and Cmax in the whole brain are highest after administration in the
lipid-free vehicle (3270 = 1890 h*ng/g and 2712 + 2365 ng/g, respectively). The
sesame oil formulation produced the second highest AUCo.. and Cmax (3061 +
242 h*ng/g and 1836 + 473 ng/g, respectively), after the lipid-free formulation.
However, the brain-plasma ratio is the lowest for the sesame oil formulation
(3.5), due to the high plasma exposure (AUCo-» = 865 + 342 h*ng/mL).

When studying the lipid-based formulations, the Cmax and AUCs of the whole
brain would suggest that the sesame oil formulation results in the highest brain
exposure to CBD. However, the brain-plasma ratios of the coconut and rapeseed

oil formulations are higher (4.6 and 4.3, respectively), compared to 3.5 for the
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sesame oil formulation (Table 4.1). This suggests that the coconut and rapeseed
oil formulations resulted in higher BBB permeability than the sesame oil
formulation. A possible explanation for the high brain-plasma ratio of the
coconut oil formulation is the myristic acid presence in coconut oil [151]. As
discussed, myristic acid is reported to increase the permeability of the BBB by
interacting with the membrane [189]. A possible reason for the high ratio for the
rapeseed oil formulation is the high oleic acid content (63%, compared to 44%
in sesame oil and 14% in coconut oil, Table 4.4) [151, 232]. Oleic acid is also
reported to increase BBB permeability [66]. Studying the whole brain, the
delivery profiles of each formulation are similar following administration to rats
over the 18 h studied (Figure 4.3). Each formulation resulted in a Tmax 0f 1 h and
significantly higher concentration in the brain at 1 h than the plasma. Prolonged
delivery up to 18 h was also observed for all formulations. However, when the
brain is studied by anatomical region, different delivery profiles were observed.
Figures 4.4 and 4.5 demonstrate the distribution of CBD in anatomical brain
regions comparing to the plasma PK profile and each formulation, respectively.
Table 4.2 shows the PK parameters of the CBD concentration-time profiles in
each brain region. These data are discussed below for each of the anatomical

brain regions studied.

4.4.1 Olfactory bulb

The olfactory system is an important region of study, it is effected in several
neurodegenerative diseases, where dysfunction is an early symptom of both
Alzheimer’s disease (AD) and Parkinson’s disease [233, 234]. Understanding
delivery to the olfactory bulb is necessary in order to treat this dysfunction.
Whilst targeting the olfactory system is possible via nose-to-brain delivery with
a nasal spray, oral administration is also a favourable route for good patient
experience [235, 236].

Following oral administration, the highest delivery of CBD in the brain was
observed in the olfactory bulb and the striatum (Figure 4.4). After the Tmax (1 h)
in the olfactory bulb, the concentrations dropped significantly at 2 h (Figure 4.5).

Second concentration peaks were observed after administration in the sesame oil
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formulation (5 h), the coconut oil formulation (12 h) and the lipid-free
formulation (12 h). The presence of two concentration peaks, most noticeable
following administration in the sesame oil formulation, are possibly indicative
of two mechanisms of CBD delivery to the olfactory bulb. The time of the second
peak varies by the formulation, this was the fastest for the sesame oil formulation
and not present at all for the rapeseed oil formulation, suggesting the second
peak is determined by the formulation. This could potentially be a result of the
digestion of the lipids or later, the interaction of the fatty acids with the BBB
[62].

The highest CBD Cmax in the olfactory bulb was observed following
administration in the lipid-free vehicle and sesame oil formulations at 27542 +
47390 ng/g and 19126 + 8473 ng/g, respectively. The lipid-free vehicle also
resulted in a high AUCo.1s of 53785 + 85988 h*ng/g, although large variation
was associated with administration in the lipid-free formulation. CBD delivery
to the olfactory bulb was not prolonged, as CBD could not be detected at 18 h
post administration.

4.4.2 Frontal lobe

As the largest brain region, the frontal lobe is an area of interest, responsible for
a variety of functions including movement, language and attention [237]. Motor
neuron disease and dementia result from brain damage located in the frontal lobe,
as well as Parkinson’s disease and other neurodegenerative disorders [238, 239].
In Chapter 3, the anti-cancer properties of CBD against GBM cell lines were
investigated, demonstrating the ability of CBD to inhibit GBM cell growth. As
well as the temporal lobe, as discussed above, GBM tumours are also commonly
located in the frontal lobe, and therefore understanding delivery of CBD to the
region is important [90, 229, 230].

The delivery of CBD to the frontal lobe resulted in a Tmax at 1 h. Following this,
delivery was consistent across the formulations up to 5 h post administration
(Figure 4.5). After this time, the formulations produced different profiles. The
sesame oil formulation produced a second concentration peak at 12 h, while the
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coconut oil and lipid-free formulations produced two additional concentration
peaks (at 8 and 15 h). The time of the second concentration peaks is different in
the frontal lobe and olfactory bulb. This suggests that while digestion of the
lipids may impact the delivery, there are also differences in reaching specific
anatomical regions. The second concentration peaks at later time points resulted
in higher exposure of the region to CBD. The highest AUCo.1s was observed
following administration in the sesame oil formulation (3759 + 1498 h*ng/g),
where the highest second concentration peak (12 h) was observed. The highest
Cmax Was also seen after administration in the sesame oil formulation at 2413 +
234 ng/g. The rapeseed oil formulation resulted in the lowest exposure of the
frontal lobe to CBD, with an AUCo.1s of 1746 + 606 ng/g. As shown in Table
4.4, the two oils contain fatty acids with similar chain lengths, although with

different degrees of saturation, possibly effecting the delivery [151, 232].

4.4.3 Striatum

The striatum is involved in many brain functions such as habits and decision
making [240, 241]. The striatum is therefore important in many brain located
diseases, including Huntington’s disease, which is reported to primarily start in
the striatum before eventually effecting all brain regions [242]. There are also
high levels of cannabinoid receptors located within the striatum [243, 244], and

CBD neuroprotective effects are reportedly linked to activity there [245].

As mentioned, the striatum exhibits the highest CBD concentrations along with
the olfactory bulb (Figure 4.4). Again, the Tmax was observed at 1 h for all
formulations. The highest Cmax Was observed after administration in the coconut
and sesame oil formulations. These two lipid-based formulations produced
higher exposure of the striatum to CBD than the lipid-free formulation (AUC,.
18 of 1919 + 277 and 27831 + 16151 h*ng/g, respectively). Again, the CBD
concentrations increased at later time points following administration in the
sesame (15 h), coconut (8 h) and rapeseed (12 h) oil formulations. The increase
observed in the rapeseed oil formulation group was significant enough to result
in the highest AUCo.18 at 60381 + 74716 h*ng/g.
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4.4.4 Hippocampus

The hippocampus is a brain region of interest for many reasons. It is where AD
usually begins destroying neurons and is associated with a number of brain
functions including memory processing and storage, stimulus response and
behaviour [246-249]. With the hippocampus involved in so many processes, it
is important to understand drug delivery to the region. In addition, CBD is often
associated with the hippocampus. CBD is demonstrated to negatively correlate
with the grey matter reduction in the hippocampus of cannabis users (whereas
THC positively correlates), suggesting a neuroprotective effect of CBD in this
region [250]. CBD is also demonstrated to activate CB1 and CB2 receptors in
the hippocampus to interrupt fear memory consolidation [251]. Additionally, the
anti-depressant effects of CBD are reported to be a result of activity in the
hippocampus [252].

Considering the association of CBD with the hippocampus, delivery to the
region was not particularly high. The sesame oil formulation resulted in the
highest delivery with a Cmax 0f 2873 + 1434 ng/g and AUCo.1s of 4599 + 636
h*ng/g. Whereas the coconut oil formulation resulted in the lowest delivery, with
a Cmax Of 737 £ 267 ng/g and AUCo.1g of 1326 * 633 h*ng/g. The difference in
delivery of these two lipid-based formulations is evident in Figure 4.5, where
CBD was not detected after 8 h following administration in the coconut oil
formulation but was detected at 15 h after administration in the sesame oil
formulation. The rapeseed oil formulation resulted in the longest exposure of the
hippocampus to CBD, with detection at 18 h post administration. Prolonged
exposure can be an important factor for activity, and Table 4.3 shows a trend that
the AUCo.1s in the hippocampus was larger than other regions, particularly in the
sesame and rapeseed oil formulations. Perhaps this is a result of the high oleic
acid content of these two oils (Table 4.4) [151].
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4.4.5 Temporal lobe

The work in Chapter 3 of this thesis described the anti-cancer properties of CBD
against GBM, which is commonly located in the temporal lobe of the brain [90,
229, 230], demonstrating the need to understand delivery of CBD to the region.
The temporal lobe is also a site associated with epilepsy [162]. An oral spray of
CBD in a sesame oil formulation, Epidyolex®, is a current treatment of rare
forms of epilepsy [161]. Therefore, high delivery of CBD to the temporal lobe
is expected, due not only to products associated with the region, such as
Epidyolex®, but also the high levels of cannabinoid receptors present in this
region of the brain [243, 244].

The highest Cmax in the temporal lobe was observed following administration in
the sesame oil formulation at 1979 + 378 ng/g, where the highest AUCo.1g was
also observed (4005 + 1155 h*ng/g). The other three formulations produced
similar Cmax and AUCo.1g to each other. The sesame oil formulation appears to
exhibit two smaller CBD concentration peaks at 3 and 8 h, contributing to the
high exposure. Whilst prolonged exposure was observed following
administration in the lipid-free and coconut oil formulations (up to 18 h), the
sesame oil formulation produced fast, high delivery and resulted in high
exposure of the region to CBD. This work supports the choice of a sesame oil-
based CBD formulation for epilepsy treatment.

4.4.6 Parietal lobe

The parietal lobe plays a critical role in both movement and behavioural response
to stimuli, and therefore a number of conditions are associated with the region
including AD and stroke [253-255]. Additionally, GBM tumours can also be
found in the parietal lobe, along with the temporal and frontal lobes [90, 141,
229, 230]. As discussed above, Chapter 3 demonstrated the anti-cancer activity
of CBD against GBM, which highlights the need to understand delivery to this

region.

The delivery concentration-time profiles of CBD to the parietal lobe (Figure 4.5)

appear similar across the formulations studied. The sesame oil formulation
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produced the highest Cmax and AUCo.1s. The other three formulations appear to
result in similar delivery to each other. The rapeseed oil formulation resulted in
a low Cmax, but delivery remained consistent up to 15 h, resulting in an AUCo.18

similar to the lipid-free and coconut oil formulations.

4.4.7 Occipital lobe

Much like other regions, epilepsy can also be linked to structures in the occipital
lobe [256, 257]. As discussed above, there are current CBD treatments for
epilepsy symptoms, so understanding the delivery of CBD to epilepsy-related
brain regions is extremely important. The delivery of CBD to the occipital lobe
was particularly interesting. It is the only brain region where the lipid-free
vehicle showed much higher initial delivery, to then drop drastically at 2 h. Due
to the high initial delivery of CBD from the lipid-free vehicle, this formulation
produced a high AUCo.1g in the occipital lobe (8157 + 11677 h*ng/g), compared
to other regions. The rapeseed oil formulation showed a similar trend, with
delivery to the occipital lobe higher than other regions in the caudal area of the
brain (Table 4.3). The rapeseed oil formulation produced an AUCy.1s of 3589 +
2544 h*nglg, a result of the prolonged delivery to the region (CBD could only
be detected at 18 h after administration in the rapeseed oil formulation).

4.4.8 Medulla pons

The medulla pons is the direct connection of the brain to the spinal cord, and is
therefore a site involved in paralyses, as well as sleep cycles [258-260]. The
reported therapeutic effects of CBD include delayed paralysis and improved
sleep-related behaviours [261, 262]. Therefore, it is important to understand the
delivery of CBD to the region. Similar to the occipital lobe, high delivery was
initially observed after administration in the lipid-free vehicle, but in the medulla
pons this was also observed in the sesame oil formulation. Again, the lipid-free
formulation delivery profile showed a drop in concentration to be similar to the
lipid-based formulations from 2 h onwards. The sesame oil and lipid-free

formulations deliver similarly high exposure of the region to CBD too (AUCo.1s
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of 2429 + 301 and 2109 + 1819 h*ng/g, respectively). This is also observed in
Figure 4.5, which demonstrates that only the sesame oil and lipid-free

formulations resulted in detection of CBD at 18 h.

4.4.9 Cerebellum

The cerebellum is the region of the brain responsible for processing motor
function including sensory recognition, coordination and timing [263, 264].
CBD is reported to normalise connectivity in resting-state within the cerebellum,
inducing some neuroprotective activity [265]. Similar to the medulla pons and
occipital lobe, the lipid-free vehicle initially delivers the highest CBD levels,
with a Cmax of 1742 = 2895 ng/g. Again, this drops at 2 h so that the
concentration-time profiles of all formulations are similar from this time (Figure
4.5). Prolonged exposure is again seen following administration in the rapeseed

oil formulation, and also the lipid-free vehicle.

It is important to study delivery to specific anatomical brain regions, as
information can be obtained that otherwise would be missed from studying the
whole brain as one tissue. For example, Chapter 3 described the anti-cancer
properties of CBD against GBM. The most common locations of GBM tumours
are in the frontal, temporal and parietal lobes of the brain [90, 141, 229, 230].
As the delivery to all three regions is described above, the sesame oil formulation
resulted in the highest exposure of the regions to CBD. Therefore, for a CBD
formulation to treat GBM, a sesame oil formulation would be the best choice.

Another potential application of CBD is for MS, where CBD is reported to
exhibit immunosuppressive effects [119-123]. The application of CBD to slow
MS progression will be explored in an in vivo experimental autoimmune
encephalomyelitis (EAE) model in Chapter 5. Anatomical brain regions of
interest for the study of MS are the hippocampus and cerebellum, where disease
often localises [266, 267]. The sesame oil formulation resulted in high delivery
to the hippocampus, whereas the lipid-free formulation demonstrated high

delivery to the cerebellum. The rapeseed oil formulation showed prolonged
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exposure in both anatomical brain regions. Therefore, the formulation choice
may be dependent on the particular symptoms observed that could indicate
disease location. Also, Figure 4.3 shows that when studying the whole brain,
administration by the different formulations appears to produce similar
concentration-time delivery profiles, with no second concentration peaks and
detection of CBD in all vehicles up to 18 h post administration. However, as
discussed here, studying the anatomical brain regions individually gives
additional insight into the biodistribution of CBD and the effects of the

formulation, outlined below.

Firstly, the regions that produced second concentration peaks were those in the
rostral area of the brain (olfactory bulb, frontal lobe, striatum), whereas regions
towards the caudal area of the brain (occipital lobe, medulla pons, cerebellum)
resulted in a more consistent exposure of the region to CBD, after the initial Cmax.

The time of these second concentration peaks varied with the formulation.

Secondly, prolonged exposure of tissue to CBD was observed in the caudal area
of the brain, where CBD was detected at up to 18 h, but only up to 15 h in regions
in the rostral area of the brain. It is not known from this study whether long
exposure is a result of constant movement into the brain, i.e. permeability across
the BBB, or of retention in the tissue. What can be taken from this work is that
the rapeseed oil formulation often produces longer exposure of brain regions to
CBD than the other formulations. It was discussed above that rapeseed oil
contains a high oleic acid content (Table 4.4), which is known to interact with
and increase the permeability of the BBB [62, 66, 232]. It is possible the oleic
acid may be contributing to the prolonged exposure following administration in
the rapeseed oil formulation. Alternatively, something else in the formulation
could be the cause, such as other fatty acids or the degree of saturation of the
oils. The oil composition is complex [151], and it is therefore likely that a

combination of factors lead to the observed effect.

Another observation is that the sesame oil formulation often produced the
highest Cmax and AUC of CBD in the anatomical brain regions, for example in
the frontal lobe, striatum, hippocampus, temporal and parietal lobes. However,

in the caudal region of the brain (occipital lobe, medulla pons and cerebellum),
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the lipid-free formulation resulted in the highest CBD concentrations. As
discussed above, sesame oil contains a high content of oleic acid (Table 4.4
[151]), which could be contributing to the high delivery [62, 66], as was
discussed for the prolonged exposure of regions to CBD that was observed

following administration in the rapeseed oil formulation.

Finally, the coconut oil formulation often resulted in low CBD delivery, and did
not produce the highest Cmax, AUC or longest exposure in any of the anatomical
brain regions. Coconut oil contains 21% myristic acid (Table 4.4) [151]. Myristic
acid is reported to interact with the BBB to increase permeability [62, 189].
However, increased delivery of CBD was not observed in the coconut oil
formulation (compared to the lipid-free vehicle). It is possible that coconut oil
does not contain enough myristic acid to induce an obvious effect, as mentioned,
the oil compositions can be complex. Therefore, it should be investigated in
future studies the effect of specific fatty acids on delivery to the brain and
anatomical brain regions, as this work demonstrates that the lipid-based

formulation does impact CBD distribution within the brain.

4.4.10 Assessment of biodistribution by 3D OrbiSIMS analysis

The biodistribution of CBD in the brain was also studied by 3D OrbiSIMS
analysis at 2 h following oral administration in the sesame oil formulation. The
brain distribution was assessed by homogenate samples, to compare to HPLC-
UV analysis, and brain sections. Firstly, Figure 4.6 shows a comparison of the
two analytical techniques. The whole brain was the only sample that
demonstrated no difference between the expected CBD [M-H] peak intensity,
and that measured in the homogenate sample. In the temporal lobe sample, the
measured peak intensity was lower than expected, and in the frontal lobe and
cerebellum the CBD [M-H] peak was not detected at all.

The calibration curve of CBD [M-H] peak intensities demonstrated detection by
the 3D OrbiSIMS with a CBD limit of detection (LOD) of 10 ng/g. Therefore,
as the CBD concentration in the tissue samples was around 100 - 150 ng/g (Table
4.3), it was expected the CBD [M-H] peak would have been detected. The
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inconsistency of detection by 3D OrbiSIMS between the calibration curve
analysis and samples, and between the samples themselves, suggest that this
technique is not a good choice for biodistribution studies. Additionally, the
differences in the brain regions between the expected CBD [M-H] peak
intensities and that measured, demonstrate that the technique should not be used
to quantify CBD presence in tissue samples. The performance could be different
in other matrices, for example quantification in cells may be possible, and with
other therapeutics, as the instrument can be optimised to detect the molecule of

choice.

Figure 4.7 demonstrates the difference in the CBD [M-H]" peak intensities
between the homogenate and section brain samples. When the peak was detected
in both samples (in the temporal lobe), there was no difference between the peak
intensities. Therefore, the CBD [M-H] peak intensity in the temporal lobe region
of the brain section was also significantly smaller than expected. In the frontal
lobe and cerebellum regions of the brain section, the CBD [M-H] was detected,
at similar intensities to the temporal lobe region. For the frontal lobe, the peak
intensities in the tissue section were smaller than expected. However, for the
cerebellum, the measured peak intensity was not significantly different to that

expected.

The analysis by 3D OrbiSIMS performed herein was inconsistent between the
tissue types, and with the HPLC-UV analysis. HPLC-UV is a reliable method to
quantify CBD in animal samples [195], and therefore, it can be concluded that
the inconsistencies reflect on the performance of the 3D OrbiSIMS in this
setting. Chapter 3 demonstrated the use of 3D OrbiSIMS analysis to investigate
the anti-cancer mechanism of action of CBD. In this scenario, the technique was
not used to quantify CBD, and was therefore useful in gaining an understanding
of the activity. There are useful applications of the technique, however this work
suggests that quantifying biodistribution is not a strength of the instrument.

Page | 165



CHAPTER 4: Delivery of cannabidiol to the whole brain and anatomical regional brain
distribution following oral administration to rats

4.5 Conclusions

The work presented in this chapter demonstrates the differences in delivery
concentration-time profiles between the specific anatomical brain regions. This
highlights the need to study the delivery of a molecule to the desired tissue
region, as information could be missed from studying the tissue as one sample.
In this work, CBD was found to be delivered in high concentrations for short
periods of time to certain regions (olfactory bulb, striatum), and delivered at
lower concentrations consistently over a long time to others (medulla pons,

cerebellum).

High, prolonged delivery of CBD to the rat brain was observed following oral
administration in both lipid-free and lipid-based formulations. A Tmax of only 1
h was observed for all formulations in all brain regions, to the best of our
knowledge this is the first time such fast delivery of CBD to the brain has been
reported. All formulations studied resulted in brain-plasma ratios >3.5,
demonstrating the high delivery to the brain, compared to the plasma
concentrations. The second concentration peaks in concentration-time profiles
of tissues towards the rostral area of the brain suggest that there could be two

mechanisms of CBD delivery to this region.

This chapter also demonstrates that the lipid of choice for the formulation does
impact the delivery. The sesame oil formulation often produced the highest
delivery and exposure of CBD in the rostral area of the brain, whereas the lipid-
free formulation produced higher delivery towards the caudal area of the brain.
As discussed, the fatty acid content of the lipids may impact their delivery. Oleic
acid is reported to increase the permeability of the BBB, possibly contributing
to the high and prolonged delivery observed following administration in the
sesame and rapeseed oil formulations. The coconut oil formulation often resulted
in the lowest CBD delivery, suggesting that the myristic acid content of the oil
did not aid delivery. However, any impact of fatty acids on delivery is
speculative, and studies of administration in the fatty acid alone should be

performed to investigate these effects further.

The application of the 3D OrbiSIMS to study the biodistribution of CBD in brain

tissue was found to not be a reliable technique to use for this therapeutic. The
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peak intensities could not be used to quantify the CBD present in the sample, as
they were inconsistent with that expected from the reliable HPLC-UV analysis.
However, the 3D OrbiSIMS can be useful for qualitative analysis, and proved so

in the work in Chapter 3 to investigate the anti-cancer activity of CBD.
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CHAPTER 5: Delivery of cannabidiol to anatomical

brain regions for the treatment of multiple sclerosis

5.1 Introduction

Cannabidiol (CBD) is the most abundant non-psychoactive phytocannabinoid of
the Cannabis sativa plant. CBD has a vast therapeutic potential with reports
including anti-inflammatory, anti-anxiety, anti-depressant, and anti-cancer
activity  [103-107]. The most abundant phytocannabinoid, A°-
tetrahydrocannabinol (THC), also exhibits extensive therapeutic potential,
however the psychoactivity of the molecule has encouraged research to focus on
CBD [101, 102].

Chapter 3 demonstrated the anti-cancer properties of CBD against glioblastoma
multiforme (GBM) in vitro. CBD effectively inhibited the GBM cell growth both
alone and in combination with imidazotetrazine agents. CBD was also
demonstrated to overcome the major resistance mechanism to the standard of
care treatment for GBM (temozolomide (TMZ)), over-expression of O°-
methylguanine-deoxyribonucleic acid (DNA) methyltransferase (MGMT), to

the best of our knowledge, this is the first time this has been reported [94].

CBD is also reported to exhibit immunosuppressant effects potentially beneficial
for the treatment of multiple sclerosis (MS). MS is a complex, chronic,
autoimmune disease that affects the central nervous system (CNS) and is one of
the most common causes of disability in younger adults. In MS, the immune
system attacks the myelin and axons in the brain and spinal cord [12, 13]. Due
to the location of the disease in the CNS, there are a range of symptoms
associated with MS including problems with balance, movement, vision, and
cognition. The cause of MS is not entirely understood, although it is thought
there are several potential causes including both environmental and genetic
factors, and there is mounting evidence supporting the role of Epstein-Barr virus
as a trigger of MS [13, 268]. Currently, there is no cure for MS, however, some

treatments (such as corticosteroids) can help to manage the symptoms [12].

Page | 168



CHAPTER 5: Delivery of cannabidiol to anatomical brain regions for the treatment of
multiple sclerosis

Many of the observed effects of CBD in vivo are a result of activity in the brain,
and therefore delivery to the brain is understood to occur. However, there are
few reports assessing CBD delivery to the brain in vivo following oral
administration [152, 168, 231]. To the best of our knowledge, Chapter 4 of this
thesis is the first to report CBD delivery to specific anatomical brain regions in
vivo. It was demonstrated that oral administration of CBD resulted in high
delivery to all brain regions as rapidly as 1 h post administration to rats (Figure
4.4). Delivery to distinct brain regions varied depending on the formulation used,
and the lipid chosen also impacted the delivery concentration-time profile and
exposure of the tissue to CBD. Both the lipid-free and sesame oil formulations

resulted in high delivery to several anatomical brain regions.

The biodistribution of CBD to the brain following oral administration in an olive
oil formulation has not been studied in detail. One time point of CBD
administered in the olive oil formulation to rats was analysed (plasma Tmax, 2 h),
shown in Chapter 4, Figures 4.1 and 4.2. The olive oil formulation was found to
deliver a high concentration (compared to the plasma) to the temporal lobe, but
not to other brain regions, and so was not selected for the full biodistribution
studies in rats. However, recent work from our group shows the high
bioavailability of CBD after oral administration to rats in an olive oil formulation
[151]. The work also showed high delivery to the lymphatic system following
administration in the olive oil formulation ([151], unpublished work).

MS is commonly studied in vivo in mice models. Experimental autoimmune
encephalomyelitis (EAE) is a commonly used model in female mice. Females
are used due to reports that the symptoms exhibited are more severe than in male
mice [269, 270]. The in vivo MS model used and the method of induction in the
mice, affects how the disease progresses. The method used for EAE induction in
this work is described in Chapter 2, section 2.4.5, but briefly, myelin
oligodendrocyte protein (MOGss.s5) in complete Freund’s adjuvant (CFA) and
pertussis toxin were administered by subcutaneous (s.c.) injection. Induction by
MOGss.s5 results in consistent infiltration to the brain throughout the disease,

with localisation in the hippocampus and cerebellum [266, 267].
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CBD has been reported to exhibit therapeutic effects against the in vivo EAE
model in mice [119-123]. CBD has been shown to increase immunosuppressive
myeloid-derived suppressor cells (MDSCs), inhibiting T cell migration [120,
124]. Additionally, administration of CBD resulted in reduced clinical scoring
severity, demyelination and inflammation [123]. After oral administration of
CBD in corn oil to EAE mice once symptoms were observed, a suppressed
neuroinflammatory immune response was reported, demonstrated by reduced
MOGss.ss5 specific T cells [119]. Reduced MOGs3-s5 specific T cell movement to
the spinal cord was not found to be dependent on CB1 and CB2 receptors [122,
124]. Intraperitoneal (i.p.) administration of CBD with THC has also been
demonstrated to alter the gut microbiome, a change which reduced the
lipopolysaccharide (LPS) levels in the brain that are usually seen in EAE mice
[121]. These reports study the effects of CBD after administration from the onset
of symptoms. The disease would begin progressing before symptoms are
observed, and it is not yet known what the immunosuppressive effects of CBD

would be before the onset of symptoms.

The lymphatic system is involved in the development of EAE in mice, as Th17
cells and neutrophils move from the lymphatic system into the CNS, driving the
disease [271-273]. Therefore, it could be beneficial to consider targeted
treatment to the lymphatic system. The delivery of CBD to the lymphatic system
following oral administration has previously been demonstrated in rats, where
high delivery was observed after administration in lipid-based vehicles [151,
155, 156, 169].

The work in this chapter investigates the effect of increased lymphatic and brain
delivery of CBD has on the development and progression of the clinical
symptoms in the in vivo EAE model. The delivery of CBD to the mouse brain
was first studied following oral administration in lipid-based and lipid-free
vehicles. This is also studied in the anatomical regions of the hippocampus and
the cerebellum, prominent regions adversely affected in the EAE model. The
immunosuppressive effects of CBD in the in vivo MS model were then studied.
It is hypothesised that increased delivery of CBD to the lymphatic system
following administration in the lipid-based formulations could enhance the

immunosuppressive effects.
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5.2 Experimental design

The results discussed in this chapter were generated using methods described in
Chapter 2. The biodistribution of CBD was assessed in mice by the method
described in section 2.4.4. The determination of CBD concentrations in the tissue
was performed by means of HPLC-UV, as described in section 2.5.1, based on
Zgair et al [195]. The efficacy of CBD against an in vivo mouse MS model, EAE,

was assessed as described in section 2.4.5.
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5.3 Results

5.3.1 Biodistribution of cannabidiol to the brain in mice

Before assessing the immunosuppressive effects of CBD in the in vivo MS
model, the biodistribution of CBD to the brain was first studied in mice. Chapter
4 demonstrated the delivery of CBD to the brain of rats, but this preparatory
study in mice was performed in order to confirm delivery to mouse brains. The
dose was higher in mice, at 30 mg/Kg (compared to 12 mg/Kg in rats) in
preparation for the higher dose administered to the mice in the EAE study. The
human equivalent dose (HED) of 30 mg/Kg in mice, for a 62 Kg human adult
would be 2.4 mg/Kg, shown in Equations (4) and (5) [274, 275]. CBD is
generally considered safe and has been reportedly administered to humans safely
at doses of 6000 mg/Kg in safety clinical trials [148]. Therefore, the 30 mg/Kg
dose in mice is a low range dose of CBD when scaled up to humans (HED 2.4

mg/Kg).

Animal Weight)0'33
Human weight

HED = Animal dose X ( Equation (4)

0.33
HED = 30mg/Kg X (%) = 24mg/Kg Equation (5)

The sesame and olive oil vehicles were the lipid-based formulations chosen to
compare to the lipid-free vehicle. As discussed, the sesame oil formulation
produced high delivery of CBD to the rat brain, demonstrated in Chapter 4. The
olive oil formulation was used due to the high delivery of CBD to the lymphatic
system that was observed after oral administration to both rats [151] and mice
(unpublished work) in our recent studies, compared to other lipid-based vehicles.
Due to the mechanism of EAE development in the model [271-273], it was
hypothesised that increased delivery to the lymphatic system could enhance the
effects of CBD.

The biodistribution of CBD to the whole brain was compared to serum

concentrations, rather than plasma, as the blood samples were collected after the
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animals were sacrificed. While the blood was collected as quickly as possible,
there are reported changes in distribution post-mortem [276-279]. Few and short
time points were used for this work, as the aim was to establish delivery to the
brain tissue, therefore it was not necessary to use more animals for further studies

once delivery had been demonstrated.

Figure 5.1 shows the comparison of CBD concentration in the whole brain to the
serum concentration, and the pharmacokinetic (PK) parameters of this data are
shown in Table 5.1. Figure 5.1 shows that the lipid-free vehicle is the only
formulation to produce increased CBD concentrations in the whole brain, in
comparison to the serum. Both the sesame and olive oil formulations resulted in
whole brain CBD concentrations not significantly different to the serum levels
at most time points, and lower than the serum concentration at 0.5 h after
administration in the olive oil formulation. This is highlighted particularly by the
brain-serum ratio, both the sesame and olive oils formulations resulted in ratios
<1, whereas the lipid-free formulation resulted in a ratio of 7.1 (Table 5.1).
However, this is likely the result of low levels of CBD in the serum following
administration in the lipid-free formulation, as the Cmax and AUCo.-2 in the whole
brain were similar for all formulations. All three formulations appear to produce
similar concentration-time profiles in the whole brain, with a relatively

consistent CBD concentration.
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Figure 5.1. CBD concentration in the whole brain vs. serum following oral
administration to mice (30 mg/Kg) in the A) lipid-free, B) sesame oil and C)

olive oil formulations. Multiple t-tests were performed, a = 0.05, * = p<0.05,

*** = p<0.001. Data are presented as mean + standard deviation (SD), n =

4. The PK parameters of the data are presented in Table 5.1.
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Table 5.1. PK parameters of CBD concentration-time profiles in serum and
whole brain following oral administration to mice (30 mg/Kg). One-way
ANOVA with Dunnett’s multiple comparisons was performed for
differences between the lipid-free and lipid-based formulations, o = 0.05.

Data are presented as mean = SD, n =4, and are shown in Figure 5.1.

Tmax Crmax tie AUCo-2 Brain-

Formulation (h) (ng/mL  (h) (h*ng/mL serum
or ng/g) or h*ng/g) ratio
Serum 2.0 25+ 13 - 38+24
Lipid-free - 7.1
Whole brain 0.5 226+294 14 271+254
Serum 20 225+82 - 305+ 51
Sesame oil 0.7
Whole brain 20 163+59 - 219 + 41
o Serum 1.0 381+420 - 536102
Olive oil 0.3
Whole brain 1.0 137+80 - 164 + 89

Chapter 4 demonstrated that the CBD concentration-time profiles in rats are
different in anatomical regions of the brain, compared to the whole brain. As
discussed, EAE infiltration into the mouse brain is seen particularly in the
hippocampus and cerebellum in this model [266, 267]. Therefore, it was
important to assess the delivery of CBD to these anatomical brain regions, as
well as the whole brain. Figure 5.2 shows the comparison of the CBD
concentration in the anatomical brain regions to the serum concentration. CBD
concentrations were found to be higher in the striatum than in the serum 2 h
following administration in all formulations. Concentrations were also found to
be higher in the hippocampus, frontal lobe, medulla pons and occipital lobe 2 h
after administration in the lipid-free vehicle. At 2 h following administration in
the sesame and olive oil formulations, the CBD concentrations in the olfactory
bulb were also higher than in the serum. However, concentrations in the parietal
lobe and cerebellum were found to be below those in the serum after

administration in the sesame and olive oil formulations. The concentration in the
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occipital lobe was also lower than the serum at 2 h post administration in the

olive oil formulation.
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Figure 5.2. CBD concentration in anatomical brain regions vs. serum
following oral administration to mice (30 mg/Kg) in the A) lipid-free, B)
sesame oil and C) olive oil formulations. One-way ANOVA with Dunnett’s
multiple comparisons were performed, a = 0.05, * = p<0.05, ** = p<0.01.

The data are presented as mean £ SD, n = 4.

Figure 5.3 shows the same data as Figure 5.2 but comparing delivery in each
formulation to the anatomical brain regions relevant to EAE progression.
Delivery in all formulations was similar to both the hippocampus and cerebellum
anatomical brain regions. The only difference was found 0.5 h post
administration to the cerebellum, where the lipid-free vehicle resulted in the
highest CBD concentration. The Tmax was clearly 0.5 h in the cerebellum
following administration in the lipid-free formulation. Administration in the
other vehicles and to the hippocampus produced consistent exposure of the tissue
to CBD.
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Figure 5.3. CBD concentration in anatomical brain regions A)

hippocampus, and B) cerebellum following oral administration to mice (30

mg/Kg) in the lipid-free, sesame oil and olive oil formulations. One-way

ANOVA with Dunnett’s multiple comparisons were performed, a = 0.05, *

= p<0.05, ** = p<0.01. The data are presented as mean + SD, n = 4. PK

parameters of the data are presented in Table 5.2.
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Table 5.2. PK parameters of CBD concentration-time profile in serum,
whole brain and anatomical brain regions following oral administration (30
mg/Kg) to mice in lipid-free, sesame and olive oil formulations. One-way
ANOV A with Dunnett’s multiple comparisons were performed, a = 0.05, no

significant differences were found. The data are presented as mean £ SD, n

=4,

Tmax Cmax tie AUCo-2
Formulation (h) (ng/mL (h) (h*ng/mL
or ng/g) or h*ng/g)
Serum 2.0 25+ 13 - 38+24
o Whole brain 0.5 226 =294 1.4 271 +254
Lipid-free i
Hippocampus 0.5 376 £ 402 2.5 541 + 243
Cerebellum 0.5 347 £515 0.9 245 £ 222
Serum 2.0 225 + 82 - 305 +51
~ Wholebrain 2.0 163 £59 - 219 +41
Sesame oil i
Hippocampus 2.0 234 + 130 - 360 + 117
Cerebellum 0.5 98 + 101 - 152 + 56
Serum 1.0 381 £ 420 - 536 £+ 102
Whole brain 1.0 137+ 80 - 164 + 89
Olive ail :
Hippocampus 1.0 291 + 129 - 289 + 152
Cerebellum 1.0 110 £ 65 - 131+ 72
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5.3.2 Efficacy of cannabidiol in experimental autoimmune

encephalomyelitis (EAE) mice model

The potential of the immunosuppressive effects of CBD to reduce or delay the
progression of MS symptoms was studied in an EAE mouse model. EAE was
induced by s.c. injection of MOGasss in CFA and pertussis toxin into female
mice. Differences between male and female mice have been reported, with
female mice reported to exhibit more spinal cord infiltration of the disease and
demyelination than male mice [269, 270]. The dose of CBD was raised to 50
mg/Kg in the ~20 g mice in which EAE was induced, in order to maximise the
immunosuppressive effects of CBD that may be observed in this preliminary
study. The HED of 50 mg/Kg in 20 g mice for a 62 Kg human adult would be
3.5 mg/Kg, shown in Equation (6), using Equation (4) [274, 275]. As mentioned
above, this is still a low range dose, considered safe in humans [280].

0.33
HED =50mg/Kg X (%) =3.5mg/Kg Equation (6)

The clinical scoring of the mice was measured as reported in Chapter 2, section
2.4.5 over 28-days until the end of the study, or until animals reached the
maximum allowed disease severity and were humanely sacrificed. The average
clinical scoring of the mice for each dosing group is shown in Figure 5.4. Figure
5.4 shows that symptoms begun to appear at day 9 — 11. Figure 5.4 also shows
that the CBD in olive oil group had a lower average clinical score than the olive
oil only control group at the end of the study (day 28). However, presenting the
data in this way does not demonstrate the number of mice surviving, and
therefore the scores can be misleading. This is shown in Table 5.3, as the mice
were not allowed to exceed clinical severity 4.0 and were therefore humanely

killed as the predetermined study endpoint when they reached this score.
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Progression of EAE
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—-e— Control: no dose

° -=— Control: lipid-free vehicle only
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E 90 CBD in olive oil formulation
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Figure 5.4. Progression of EAE as clinical score after no administration
(control: no dose) or oral administration of the CBD in lipid-free or olive oil
formulations, or vehicle only. When administered, CBD was dosed at 50
mg/Kg in formulations of 50 mg/mL. Animals were dosed once daily for 8-

days. The data are presented as the mean clinical score.

Table 5.3 shows the percentage of mice in each group that reached the highest
clinical score, 4.0. The CBD in the lipid-free formulation group had the highest
percentage of mice reaching clinical score 4.0, however there was a reduced
sample number in this group due to traumatic oral gavages. In the olive oil
vehicle only control group, 66.7% mice reached score 4.0. For the CBD in olive
oil formulation group, only 16.7% mice reached score 4.0. Comparing the
percentage of animals surviving, only 33.3% of mice survived to day 28 in the
olive oil vehicle control, but 83.3% survived in the CBD in olive oil formulation

group.
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Table 5.3. EAE severity as percentage of mice reaching score 4.0 after no
administration (control: no dose) or oral administration of CBD in lipid-
free or olive oil formulations, or vehicle only. When administered, CBD was
dosed at 50 mg/Kg in formulations of 50 mg/mL. Animals were dosed once

daily for 8-days.

Percentage of animals Sample
reaching the highest number (n)

clinical severity score

(4.0
Control: no dose 16.7% 6
Control: lipid-free vehicle only 16.7% 6
CBD in lipid-free formulation 75.0% 4
Control: olive oil vehicle only 66.7% 6
CBD in olive oil formulation 16.7% 6
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5.4 Discussion

This chapter demonstrates the investigation of the immunosuppressive effects of
CBD in an in vivo MS model. First, the biodistribution of CBD to the mouse
brain following oral administration in lipid-based and lipid-free formulations
was studied. MS is a condition of the CNS, located in the spinal cord and brain
in humans, including the cerebellum and hippocampus [12, 13]. The location
varies with in vivo models, for the model used in this work, EAE, the disease
begins in the spinal cord and progresses into the brain. Therefore, it was
important to demonstrate delivery to the mouse brain following oral
administration, and specifically to the hippocampus and cerebellum brain

regions, where the disease is predominantly located in this model [266, 267].

Chapter 4 demonstrated the difference in the delivery concentration-time
profiles of CBD to the brain and anatomical brain regions following oral
administration to rats in different lipid-based formulations. Therefore, it was
considered that the sesame and olive oil formulations may produce different
delivery profiles. Table 5.4 shows that the fatty acid composition of the two oils
is similar in terms of chain length, but olive oil contains more oleic acid and less
linoleic acid than sesame oil. If the oleic acid content impacts the delivery, as is
suggested by the reports in the literature [66], then it would be expected that the
olive oil formulation would result in higher CBD delivery to the brain than the
sesame oil formulation. Additionally, there are reports of a role for n-3 and n-6
fatty acids, such as linoleic acid, in treating MS [281]. The doses used herein
may be too small to see effects of the linoleic acid content of the formulations
(doses of >5 mg/day were given to humans in clinical trials [281]), but there is
potential the lipid-based formulations may offer additional therapeutic benefit

against MS.

Page | 183



CHAPTER 5: Delivery of cannabidiol to anatomical brain regions for the treatment of
multiple sclerosis

Table 5.4. Fatty acid composition of the oils selected for the lipid-based
formulations for in vivo CBD biodistribution studies, taken from the
literature [151].

Fatty acid Sesame oil  Olive oil
Octanoic acid C8:0
Decanoic acid C10:0
Saturated Lauric acid C12:0
Myristic acid C14:.0
Palmitic acid C16:0 13% 12%
Stearic acid C18:0 8% 8%
Oleic acid C18:1 cis-9 44% 72%
Unsaturated Linoleic acid C18:2 cis-9,12 30% 5%
Linolenic acid C18:3 cis-9,12,15 <1% <1%

Following oral administration, it is interesting that only the lipid-free
formulation resulted in a brain-serum ratio >1 (7.1, Table 5.1). The sesame and
olive oil formulations both resulted in brain-serum ratios <1, with the ratio the
smallest for the olive oil formulation at 0.3. However, it is important to note here
that the length of the study was only 2 h, as it is not known what happens at later

time points, the findings only apply to the first 2 h following oral administration.

Table 5.1 shows the PK parameters for the data from studying the brain as one
tissue. The Cmax and AUCs in the whole brain are not significantly different
across the formulations. This suggests that no immediate effect of oleic acid
content in the formulation is observed, unlike that reported by Sztriha et al
following intravenous (i.v.) injection, where the effect on the BBB had occurred
and reversed back to normal after 90 mins [66]. As discussed in Chapter 4, the
work in this thesis used oral administration, and therefore, due to the digestion
process, any effects observed from fatty acids in the formulation are likely to be

seen later than those reported after i.v. injection.
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The lipid-free vehicle was the only formulation to produce a CBD concentration
in the whole brain significantly higher than in the serum, observed at 2 h post
administration, likely the result of low levels of CBD in the serum (Figure 5.1).
The olive oil formulation resulted in a CBD concentration lower than the serum
at 0.5 h following administration. The sesame oil formulation and other time
points showed CBD concentrations in the brain not significantly different to the
serum. Chapter 4 demonstrated the need to study biodistribution to specific

anatomical brain regions, and therefore this was also performed herein.

Figure 5.2 demonstrates that at 2 h after administration in the lipid-free vehicle,
CBD concentrations were higher than the serum in the striatum, hippocampus,
frontal lobe, medulla pons and occipital lobe. Following administration in the
sesame and olive oil formulations, this was only true of the olfactory bulb and
striatum. In fact, CBD concentrations in the parietal lobe and cerebellum were
below the serum at 2 h following administration in both lipid-based
formulations. However, comparing the actual concentrations, these are similar
for the brain regions in all formulations, demonstrated in Figure 5.3. Therefore,
although the lipid-free vehicle produced higher delivery of CBD to the brain,
compared to the serum, this did not result in higher concentrations of CBD in

the brain.

Figure 5.3 highlights the delivery of CBD to the hippocampus and cerebellum
following oral administration in the lipid-based and lipid-free formulations. In
the hippocampus, delivery by all formulations is consistent up to 2 h, and no
significant differences in CBD concentrations were observed after
administration in the different formulations. In the cerebellum, administration in
the lipid-free formulation resulted in the highest CBD concentration 0.5 h post
administration but was then similar to the lipid-based vehicles at 1 and 2 h. This
is similar to the concentration-time profiles observed following oral
administration to rats, shown in Chapter 4, Figure 4.5. In rats, the lipid-free
formulation produced the highest Cmax at 1 h, and then was similar to the lipid-
based formulations at the later time points. It was observed in Chapter 4 that
following oral administration to rats, the lipid-free formulation produced the
highest CBD AUC in the caudal regions of the brain. This may also be true in

mice, as Figure 5.3 suggests, however the time points in mice are too few and
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too short to reliably draw this conclusion, and more studies should be conducted

to do so.

EAE was induced in the mice by s.c. injection of MOGss.s5 in CFA and pertussis
toxin into the hind legs, as described in Chapter 2, section 2.4.5. Th17 cells play
an important role in the development of EAE. They can move from the lymph
nodes, particularly the inguinal nodes which drain the injection stie, into the
CNS, driving the disease as well as influencing neutrophil movement into the
CNS [271-273]. The method used to induce EAE in mice has been shown to
affect the movement of the disease into the brain. Induction by MOGs3s.s5 results
in consistent infiltration to the brain throughout the disease, localised in the
hippocampus and cerebellum, similar to common localisation observed in
humans [266, 267].

The lipid-free and olive oil formulations were selected for the study of CBD
efficacy in the in vivo EAE model due to the high delivery of CBD to the
lymphatic system following administration in the olive oil formulation in rats
[151, 169] and mice (unpublished work). As mentioned, in the EAE model, Th17
cells migrate from lymph nodes into the CNS to drive the disease [271-273].
Therefore, it was hypothesised that higher delivery to the lymphatic system
could increase the immunosuppressive effects of CBD [120, 122]. Additionally,
Figures 5.1 and 5.3 show that delivery of CBD to the brain and anatomical brain
regions, the hippocampus and cerebellum, was similar following administration

in both the sesame and olive oil formulations.

Figure 5.4 shows the clinical scoring of the mice over the duration of the study,
demonstrating that symptoms began to appear at day 9 - 11 in all groups.
Comparing the day symptoms were first observed in each group, the olive oil
vehicle only control group exhibited symptoms 1-day before the not dosed
control, and CBD in olive oil 2-days later. To account for any effect of the
vehicle, it is most beneficial to compare the CBD dosed groups with the vehicle
dosed groups. The CBD in lipid-free group ended the study with a higher clinical
score than the lipid-free vehicle dosed group. However, it is important to note
the reduced n number in this group, as two mice were sacrificed before the onset

of symptoms due to complications with oral gavage dosing. Therefore, it may be
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more representative to compare the groups by the percentage of mice reaching
the highest clinical score, 4.0, as shown in Table 5.3.

The group that showed the highest percentage of mice to reach clinical score 4.0
(75%) received CBD in the lipid-free formulation. However, as stated, the low
n number in this group could affect these results. The olive oil formulation
demonstrated promising immunosuppressive effects. Following administration
of the olive oil vehicle control, 66.7% of mice reached clinical score 4.0, whereas
for the CBD in olive oil group this was only 16.7%. This can also be represented
by the percentage of animals surviving until day 28, 33.3% of the olive oil
vehicle control group and 83.3% of the CBD in olive oil formulation group. This
difference is indicative of the immunosuppressive effect of CBD following
administration in the lipid-based olive oil formulation before the onset of
symptoms [120, 122]. This difference was not observed after administration in
the lipid-free formulation. Administration of low concentrations of CBD does
not result in the immunosuppressive effects observed at higher concentrations
[282]. Therefore, the reason the effect of CBD is not observed following
administration in the lipid-free formulation could be because of low delivery to
the lymphatic system ([151], unpublished work). Therefore, this work supports
the hypothesis that higher delivery to the lymphatic system could demonstrate
increased immunosuppressive effects. However, as mentioned, the n number in
the CBD in lipid-free formulation group was smaller (n = 4), and the study would

need to be repeated to report conclusive results.

Table 5.2 demonstrates that there were no significant differences in the PK
parameters of the delivery of CBD to the mouse brain between the lipid-free and
olive oil formulations. The only difference found is shown in Figure 5.3 where
the lipid-free vehicle produced the highest CBD concentration in the cerebellum
0.5 h after administration. However, this did not result in a higher AUC (Table
5.2). Table 5.2 does show that the lipid-free formulation resulted in CBD
delivery with higher variation than the olive oil formulation. It is important to
note that the biodistribution was studied over 2 h, but the mice in the EAE study
were dosed daily for 8-days. Additionally, in the EAE study, the mice were given
pertussis toxin in order to increase BBB permeability. This likely means very

different delivery to the brain occurred in these mice. This should not negate the
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possible effect of increased lymphatic delivery of CBD on the
Immunosuppressive effects observed in this work. Rather, this demonstrates the
need for further studies of the biodistribution of CBD in mice induced with EAE.

The mice numbers used in this study were low (n = 6), as this was preliminary
work to study any effects of CBD as well as determine the dose and methods.
The study should be repeated to confirm the differences observed. This could
involve higher doses of CBD so that the effects may be observed more clearly,
as discussed, the 50 mg/Kg is still well within the low dose range for humans
when allometrically scaled (Equation (6)), and reports in the literature have
safely orally administered CBD at 3500 mg/Kg to mice [283]. It could also be
interesting to study the effects of administration in the sesame oil formulation in

future work, to compare any differences between the two lipid-based vehicles.
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5.5 Conclusions

The delivery of CBD to the mouse brain following oral administration is
demonstrated in both lipid-free and lipid-based formulations. Administration in
the lipid-free vehicle was the only formulation to produce a brain-serum ratio
>1. However, biodistribution was only studied between 0.5 h and 2 h post
administration to demonstrate a level of delivery. Chapter 4 demonstrated high
exposure of some regions of the rat brain to CBD over 18 h after oral
administration, and therefore, the PK parameters of CBD delivery to the brain in
mice could be different if additional, later time points were used.

The MS model used herein, EAE in mice, causes constant infiltration of disease
into the brain, with prominence in the hippocampus and cerebellum. Delivery of
CBD to these anatomical brain regions following oral administration in the lipid-
based and lipid-free formulations was demonstrated. Delivery was consistent in
all formulations over the time period studied, apart from at 0.5 h, where the lipid-
free formulation resulted in high delivery to the cerebellum.

The preliminary EAE study is indicative of the immunosuppressive effects of
CBD. This can be seen in the differences between the olive oil formulation
groups, where the group dosed with CBD had a lower percentage of animals that
reached the highest clinical score, 4.0. This reduced clinical symptom severity
was not observed following administration in the lipid-free formulation. If the
immunosuppressive effects observed were a result of delivery of CBD to the
brain, no difference between the formulations would be observed, as delivery to
the brain was similar in both formulations. The olive oil formulation has
previously been shown to result in increased lymphatic delivery of CBD,
compared to the lipid-free formulation. Therefore, the work herein supports the
hypothesis that high lymphatic delivery could increase the immunosuppressive
effects of CBD. However, additional studies would be required to confirm this,
including longer biodistribution studies in mice induced with EAE to further
study the delivery of CBD to the brain and any correlation with the

immunosuppressive effects observed.

Page | 189



CHAPTER 5: Delivery of cannabidiol to anatomical brain regions for the treatment of
multiple sclerosis

Page | 190



CHAPTER 6: Biodistribution of 4’-fluoro-cannabidiol to the whole brain, anatomical
brain regions, and other tissues following oral administration to rats

CHAPTER 6: Biodistribution of 4’-fluoro-cannabidiol
to the whole brain, anatomical brain regions, and other

tissues following oral administration to rats

6.1 Introduction

4’-Fluoro-cannabidiol (4’-F-CBD) is a fluorinated derivative of the
phytocannabinoid cannabidiol (CBD), first reported in 2016 by Breuer et al
[176]. Breuer et al described the fluorination of cannabidiol (CBD) in three
locations, at the C*-, C1°- and C*®-positions (Figure 1.12) [176]. Fluorination at
the C*-position (4’-F-CBD, or HUF-101) resulted in significantly increased
activity compared to CBD [176, 177]. In tests for anti-anxiety, antidepressant,
antipsychotic and anti-compulsive activities, 4’-F-CBD resulted in higher effects
than CBD after intraperitoneal (i.p.) injection at up to 10x lower dose. Breuer et
al also reported that the anti-compulsive effects of 4’-F-CBD were prevented by
pre-treatment with CB1 and CB2 antagonists, demonstrating that at least some

activity is via the endocannabinoid system [176].

In 2017, Silva et al reported similar anti-nociceptive effects of 4’-F-CBD (HUF-
101) to CBD after i.p. injection at a lower dose than CBD [177]. They also
confirmed reports of the mechanism of 4°-F-CBD activity via the
endocannabinoid system. Their findings corroborated with that of Breuer et al
that some of the observed anti-nociceptive effects appeared to involve the CB1
and CB2 receptors, in the hot plate and carrageenan-induced inflammatory
hyperalgesia tests [176, 177]. The difference in in vivo activity suggests that
either 4’-F-CBD has increased efficacy at a molecular level, more 4’-F-CBD is
delivered to the active site (the central nervous system (CNS) in these cases), or
there is slower elimination of 4’-F-CBD [176, 177]. There has been one reported
study of 4’-F-CBD in vitro, by Mithner et al, who reported a higher potency of
4’-F-CBD (HUF-101) compared to CBD in an Alzheimer’s disease (AD) model
[204]. Increased permeability of fluorinated compounds across the blood-brain
barrier (BBB) and into the brain has previously been demonstrated for other
molecules [173-175].
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In 2021, Stollenwerk et al investigated the contribution of the adenosine 2A
(A2A) receptor to CBD and 4’-F-CBD (PECS-101) activity in vivo following
i.p. injection [180]. They found that 4’-F-CBD reduced exploratory behaviour in
an elevated plus maze assay, and potentiated the cataleptic response to THC in
a manner consistent with increased adenosine signalling [180]. In addition, 4’-
F-CBD is reported to exhibit neuroprotective effects in vivo after i.p. injection
[178].

To the best of our knowledge, the data described in Chapter 3 demonstrate the
anti-cancer properties of 4’-F-CBD for the first time. 4’-F-CBD was found to
inhibit glioblastoma multiforme (GBM) cell growth in vitro. 4’-F-CBD could
also overcome the two common resistance mechanisms to the standard of care
treatment, temozolomide (TMZ): O°®-methylguanine- deoxyribonucleic acid
(DNA) methyltransferase (MGMT) over-expression, and a deficiency of DNA
mismatch repair (MMR). Like CBD, 4’-F-CBD also demonstrated synergy with
TMZ and its analogue, T25. 4’-F-CBD (PECS-101) has also recently been
reported to prevent chemotherapy-induced neuropathic pain following i.p.
injection to mice [179]. Activity was found to be peroxisome proliferator-
activated receptor gamma (PPARY) dependent, protective activity was exhibited
in vivo if 4’-F-CBD was administered at the same time as the chemotherapeutic
agent paclitaxel. Interestingly, 4’-F-CBD was found not to interfere with the
anti-cancer activity of paclitaxel, and importantly, did not exhibit abuse potential
[179].

The findings of Chapter 3, along with the reports of 4’-F-CBD activity in vivo in
the literature [176-180], indicate vast therapeutic potential of 4’-F-CBD. The
anti-cancer properties reported in Chapter 3 demonstrate similar activity of 4’-
F-CBD to CBD in vitro, with no significant differences between the
concentrations required to inhibit cell growth by 50% (Glso). This suggests that
the increased efficacy seen in vivo is likely a result of increased delivery to the
brain, or slower elimination of 4’-F-CBD. However, the in vivo assays were
behavioural, and in vivo biodistribution of 4’-F-CBD has not yet been reported.
Therefore, the higher delivery of 4’-F-CBD to the site of action (the brain)
compared to CBD has only been hypothesised.
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Despite the therapeutic potential of the molecule, to the best of our knowledge,
in vivo pharmacokinetics (PK) and biodistribution of 4’-F-CBD have not yet
been reported. These are important to study for a potential therapeutic in order
to understand the exposure in the circulation and delivery throughout the body
following administration. Previous reports in the literature of 4’-F-CBD activity
have called for the PK and biodistribution to be investigated in comparison to
CBD, in order to understand if 4’-F-CBD exhibited increased efficacy, or if
another factor, such as increased delivery, underlies the increased potency of the
molecule [176, 177].

The work in this chapter will study the PK and biodistribution of 4’-F-CBD
following oral administration. Biodistribution will be studied to anatomical brain
regions, as well as other potentially therapeutically important organs and tissues.
Chapter 4 describes the biodistribution of CBD to the brain following oral
administration in lipid-free and lipid-based vehicles, where differences in
delivery were observed between the formulations. The sesame oil formulation
resulted in high delivery of CBD to the frontal, temporal and parietal lobes of
the brain, all anatomical regions where GBM tumours are commonly located
[90, 229, 230]. This was potentially a result of high oleic acid content of the
sesame oil formulation, in comparison to other lipid-based formulations studied
[151]. Therefore, the sesame oil formulation was selected, along with the lipid-
free vehicle, for investigation of the PK and biodistribution of 4’-F-CBD
following oral administration. The delivery of 4’-F-CBD to other tissues was
also studied in order to understand the full body biodistribution of the molecule
after oral administration. Additionally, comprehensive biodistribution data will
be needed for physiological based PK (PBPK) modelling.

6.2 Experimental design

The results discussed in this chapter were generated using methods described in
Chapter 2. In vivo studies were carried out in rats by oral gavage administration
of 4’-F-CBD in both lipid-free and sesame oil formulations. The PK of 4’-F-
CBD was assessed after its administration to rats by methods described in
sections 2.4.1 and 2.4.2. The biodistribution was assessed by the method laid out
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in section 2.4.3. The quantification of 4’-F-CBD in the plasma and tissues was
assessed by a validated HPLC-UV method adapted from Zgair et al [195], as
described in section 2.5.2. Non-compartmental analysis of the PK data was
performed using Phoenix WinNonlin 6.3 Professional (Certera, NJ, U.S.A.). All
other statistical analysis was performed using Prism version 9.3.1 (GraphPad,
CA,USA).
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6.3 Results

6.3.1 Pharmacokinetics study of 4’-fluoro-cannabidiol

The PK of 4’-F-CBD was studied up to 12 h following oral administration to
rats. The time points were selected based on previous CBD PK studies [151,
155], as the PK profile of 4’-F-CBD was expected to be similar to that of CBD,
and so that a comparison between the two cannabinoids could be made. A molar
equivalent dose of 4’-F-CBD to that of CBD in previous studies [155] and
Chapter 4 of this thesis (12 mg/Kg), 38 uM/Kg, was used so that comparisons

could be made directly.

Figure 6.1 shows the PK profile of 4’-F-CBD following oral administration in
lipid-free and sesame oil formulations. Higher concentrations were observed
after administration in the sesame oil formulation from 0.5 — 4 h. From 5 h
onwards, the profiles for both formulations appeared similar, with
concentrations close to the lower limit of quantification (LLOQ, 10 ng/mL) of
the method at 12 h. The time to the maximum concentration (Tmax) was observed
to be similar for both formulations, at 3 - 4 h. The PK parameters, including the
maximum concentration (Cmax) and area under the curve (AUC) for both 4’-F-
CBD and CBD are reported in Table 6.1.
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Figure 6.1. Plasma PK profile of 4’-F-CBD following oral administration at

12.7 mg/Kg (38 pM/Kg) to rats in lipid-free and sesame oil formulations.
Multiple t-tests were performed, a = 0.05, * = p<0.05, ** = p<0.01, *** =
p<0.001. The data are presented as mean + standard deviation (SD), where

plasma n = 6. The PK parameters are presented in Table 6.1.

Table 6.1. PK parameters of 4’-F-CBD and CBD concentration-time
profiles in plasma following oral administration at 38 puM/Kg (12.7 mg/Kg
4-F-CBD, 12 mg/Kg CBD) to rats. One-way ANOVA with Dunnett’s
multiple comparisons was performed, o = 0.05, * = p<0.05, ** = p<0.01, ***
= p<0.001. Differences are shown between the lipid-free and lipid-based
formulations of the same cannabinoid, no differences were found between
4’-F-CBD and CBD administration in the same formulation. The data are
also presented in Figures 6.1 and 6.2. The CBD PK data was calculated from
plasma samples collected in a previous study (Feng et al [155]). The data are

presented as mean = SD, n = 6.

i Tmax Cmax T2 AUCo-
Formulation
(h) (nM/mL) (h) (h*nM/mL)
Lipid-free 4 0.21 +£0.09 3.6 1.01+0.44
4’-F-CBD .

Sesame oil 3 084+£0.23*** 25 276+0.86**

CBD Lipid-free 5 0.26 £0.01 2.3 1.13+0.26
Sesame oil 3 0.66 £0.38* 15 275+1.09%*
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For both cannabinoids, the sesame oil formulation produced the higher Cmax and
AUCo... However, comparing the two cannabinoids, the PK parameters were
not significantly different. Figure 6.2 shows the data used to calculate the PK
parameters in Table 6.1. Figure 6.2 demonstrates that significant differences in
the plasma cannabinoid concentrations were only observed at 1 h post

administration in the sesame oil formulation.

A) Lipid-free
1_
'4-F-CBD
,_ET -= CBD
2 L LAY
o | '\n/
g Ol- 1 I\
£ 1
g
= T
O 73
001 1 1 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 11 12
Time (h)
B) Sesame oil
1—.
- -«
0
£E
=
S 1
E 0.1 g
o]
g 1
=
(@]
0.01 T T T T T T T T T T T 1

Time (h)

Figure 6.2. Plasma PK profiles of 4’-F-CBD compared to CBD following
oral administration at 38 puM/Kg (12.7 mg/Kg 4°-F-CBD, 12 mg/Kg CBD)
to ratsin A) lipid-free and B) sesame oil formulations. The PK data for CBD
was calculated from samples collected in previous study (Feng et al [155]).
Multiple t-tests were performed, o = 0.05, * = p<0.05. The data are

presented as mean + SD, n = 6. The PK parameters are shown in Table 6.1.
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6.3.2 Biodistribution of 4’-fluoro-cannabidiol

6.3.2.1 Biodistribution of 4’-fluoro-cannabidiol to the brain

The PK studies demonstrated that 4’-F-CBD had similar plasma exposure to
CBD (Table 6.1). The time points for the study of 4’-F-CBD biodistribution were
therefore selected as the same as for the study of CBD biodistribution in rats
(investigated in Chapter 4). This would allow comparison of delivery and
exposure in tissues between the cannabinoids. This time range (1 — 18 h) was
also expected to cover the Tmax, based on the Tmax 0f CBD in the brain at 1 h

(Chapter 4), and the similar PK profiles of the molecules (Table 6.1).

Figure 6.3 shows the whole brain concentration of 4’-F-CBD following oral
administration, compared to the plasma PK profile. The PK parameter data of
4’-F-CBD delivery to the whole brain is also presented in Table 6.2. Figure 6.3
shows that following administration in the lipid-free vehicle, the concentration
of 4’-F-CBD in the whole brain was higher than the plasma concentration at all
time points where plasma was collected (up to 12 h). After administration in the
sesame oil formulation, a significantly higher 4’-F-CBD concentration was
observed in the whole brain compared to the plasmaat 1, 5, 8 and 12 h. At 2 and
3 h after administration in the sesame oil formulation, the 4’-F-CBD
concentration was similar in the whole brain and plasma. Table 6.2 demonstrates
that the Tmax after administration in both formulations was 5 h. Also, there were
no significant differences in the whole brain exposure to 4’-F-CBD or Cmax

following administration in both formulations (Table 6.2).
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Figure 6.3. 4’-F-CBD concentration in the whole brain vs. plasma following
oral administration to rats at 38 uM/Kg (12.7 mg/Kg) in A) lipid-free and
B) sesame oil formulations. Multiple t-tests were performed, a = 0.05, * =
p<0.05, *** = p<0.001, **** = p<0.0001. The data are presented as mean +

SD, plasma n =6, brain n = 3. The PK parameters are shown in Table 6.2.
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Table 6.2. PK parameters of 4’-F-CBD concentration in the plasma and
whole brain following oral administration at 38 uM/Kg (12.7 mg/Kg) to rats.
The data are also presented in Figure 6.3. One-way ANOVA with Dunnett’s
multiple comparisons was performed, o. = 0.05, ** = p<0.01, *** = p<0.001,
differences between the lipid-free and lipid-based formulations are shown.
The data are presented as mean + SD, plasma n =6, brain n = 3.

Trmax Crmax tie AUCo-» Brain-
(h) (ng/mL (h) (h*ng/mL  plasma
or ng/g) or h*ng/g) ratio
Plasma 4 69 £ 31 3.6  335+147
Lipid-free  Whole 14.7

_ 5 490 + 169 51 4910+634
brain

Plasma 3 271876 *** 25 916 +285**

Sesame oil  Whole 9.9
5 352 +77 7.3 9100 + 6757

brain

Chapter 4 demonstrated the need to study the delivery of a molecule to different
anatomical brain regions of interest. In order to compare the cannabinoids, the
brain regions isolated and analysed following administration of 4’-F-CBD were
the same as those isolated after administration of CBD. Figure 6.4 shows the 4°-
F-CBD concentration in the anatomical brain regions in comparison to the
plasma PK profiles. After administration in both formulations, the olfactory bulb
and striatum exhibited higher 4’-F-CBD concentrations than the plasma at every
time point. At 2 and 12 h after administration in the lipid-free vehicle, the
hippocampus demonstrated 4’-F-CBD concentrations higher than the plasma, as
well as at 5 h following administration in the sesame oil formulation.
Additionally, at 5 h after administration in the lipid-free formulation, the medulla
pons, and frontal and parietal lobes also exhibited higher 4’-F-CBD

concentrations than the plasma.
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Figure 6.4. 4-F-CBD concentration in anatomical brain regions vs. plasma
following oral administration to rats at 38 uM/Kg (12.7 mg/Kg) in A) lipid-
free and B) sesame oil formulations. One-way ANOVA with Dunnett’s
multiple comparisons was performed, o = 0.05, * = p<0.05, ** = p<0.01, ***
= p<0.001, **** = p<0.0001. The data are presented as mean + SD, plasma

n =6, brainn=3.

Figure 6.5 demonstrates the data shown in Figure 6.4 but separated into
anatomical brain regions in order to compare the delivery following
administration in the different formulations. In all anatomical brain regions, the
delivery of 4’-F-CBD was similar after administration in both formulations at all

time points. The only difference observed was in the olfactory bulb at 15 h
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following administration, where no 4’-F-CBD was detected following
administration in the lipid-free formulation. The PK parameter data for delivery
to the anatomical brain regions following administration in both the lipid-free

and lipid-based formulations is shown in Table 6.3.
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Figure 6.5. 4’-F-CBD concentration in anatomical brain regions A)
olfactory bulb, B) frontal lobe, C) striatum, D) hippocampus, E) temporal
lobe, F) parietal lobe, G) occipital lobe, H) medulla pons and I) cerebellum
following oral administration to rats at 38 uM/Kg (12.7 mg/Kg) in lipid-free
and sesame oil formulations. Multiple t-tests were performed, a = 0.05. The
data are presented as mean + SD, n = 3. The data are also shown in Figure

6.4 and the PK parameters are presented in Table 6.3.

Table 6.3. PK parameters of 4’-F-CBD concentration-time profiles in
anatomical brain regions following oral administration to rats at 38 uM/Kg
(12.7 mg/Kg) in lipid-free and sesame oil formulations. Multiple t-tests were
performed, o = 0.05, * = p<0.05. The data are presented as mean + SD, n =

3. The data are also presented in Figure 6.5.

. . . Tmax Cmax t2 AUCo-18 AUCo-
Formulation Brain region
(h) (ng/g) (h) (h*ng/g) (h*ng/g)

Olfactory 6 1367 + 118 7169+ 20093 £
bulb 281 ' 2259 3111
1294 + 5124+ 10568 +
Frontal lobe 5 14.8
1468 2267 8632
Lipid-free 1428394
2676 + 16522 +
Striatum 5 659.7 +
910 7551
1972407
) 522 + 4497 + 5670 +
Hippocampus 4.9

58 ' 215 1633

Page | 203



CHAPTER 6: Biodistribution of 4’-fluoro-cannabidiol to the whole brain, anatomical
brain regions, and other tissues following oral administration to rats

Temporal A 351+ . 4381+ 6084 +
lobe 33 ' 336 519
) 477 + 3081+ 3399 +
Parietal lobe 5 4.2
237 583 673
o 261 + 2442 + 3675+
Occipital lobe 7 7.0
35 328 970
572 + 4515+ 7754 +
Medullapons 4 114
304 826 2454
377 3813+ 5081+
Cerebellum 6 6.9
49 376 967
Olfactory 1 1982 + 53 10222 + 10192
bulb 525 ' 2229 2507 *
541 + 3954+ 7283+
Frontal lobe 7 11.0
430 1345 3589
310948
_ 5300 + 25231 +
Striatum 4 96.2 +
2781 12259
391769
) 994 + 6296 + 8345+
Hippocampus 10 6.0
739 1291 1853
Sesame oil Temporal A 531 + 342 4744 + 15083 £
lobe 258 ' 600 7375
) 324 + 2679+ 8554 +
Parietal lobe 8 21.8
112 666 9080
o 330 + 3053+ 3724 +
Occipital lobe 7 4.4
159 491 350
389 + 4274+ 6268 +
Medullapons 16 8.9
89 379 422
355 + 4046+ 5875+
Cerebellum 8 7.1
54 542 2235
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6.3.2.2 Comparison of biodistribution of 4’-fluoro-cannabidiol and
cannabidiol to the brain

Direct comparisons of the delivery of cannabinoids 4’-F-CBD and CBD to the
whole brain and anatomical brain regions were made. As for the PK analysis,
this comparison is made using the units nM/g, as the dose was 38 uM/Kg for
both cannabinoids. The comparison of cannabinoid delivery to the whole brain
Is shown in Figure 6.6, and the PK parameters of this delivery are shown in Table
6.4.

Figure 6.6 shows that at 1 h following administration in the sesame oil
formulation, the CBD concentration in the whole brain was higher than that of
4’-F-CBD. At 3,8 and 18 hand 1, 8 and 12 h after administration in the sesame
oil and lipid-free formulations, respectively, the cannabinoid concentrations
were not significantly different. At all other time points following administration
in both formulations, the 4’-F-CBD concentration in the whole brain was higher
than CBD. Table 6.4 shows that the Cmax of CBD was significantly higher than
4’-F-CBD following administration in the sesame oil formulation. However, the
AUC.18 of 4’-F-CBD was higher than CBD.
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Figure 6.6. Cannabinoid concentration in the whole brain following oral
administration to rats at 38 pM/Kg (12.7 mg/Kg 4’-F-CBD, 12 mg/Kg CBD)
in A) lipid-free and B) sesame oil formulations. Multiple t-tests were
performed, a = 0.05, * = p<0.05, ** = p<0.01, *** = p<0.001. Data are
presented as mean + SD, n = 3. The PK parameters are presented in Table
6.4.
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Table 6.4. PK parameters of cannabinoid delivery to the whole brain
following oral administration at 38 pM/Kg (12.7 mg/Kg 4’-F-CBD, 12
mg/Kg CBD) to rats in both lipid-free and sesame oil formulations. The data
are also presented in Figure 6.6. One-way ANOVA with Dunnett’s multiple
comparisons was performed, comparisons of 4’-F-CBD to CBD are shown,

o = 0.05, * = p<0.05. The data are presented as mean + SD, n = 3.

Trmax Crmax tw2 AUCo-18 AUCo-»
(h) (nM/g) (h) (h*nM/g) (h*nM/g)

Lipid-free 5 1505 52 120+19 148%19

4-F-CBD  sesame 1.1+0.2 11.9+1.1
) 4 17.9 27.4+20.3
oil * *
Lipid-free 1 86+75 96 9559 104%6.0
CBD Sesame
0 58+15 46 9.4+0.8 9.7+0.8
Ol

Delivery of the two cannabinoids to the specific anatomical brain regions are
compared in Figure 6.7. Following administration in the lipid-free formulation,
no differences were observed between the cannabinoid concentrations in the
olfactory bulb, frontal lobe, striatum, parietal lobe and cerebellum. In the
hippocampus and occipital lobe, the 4’-F-CBD concentration was higher than
CBD at 2, 5 and 12 h following administration. The temporal lobe again showed
higher 4’-F-CBD concentrations at 2, 5, 12 and 18 h. In the medulla pons, the
concentration of 4’-F-CBD was consistent over the 18 h, and resulted in higher

concentrations than CBD at 2, 3, 12 and 18 h post administration.

Following administration in the sesame oil formulation, differences were not
observed between the cannabinoid concentrations in the olfactory bulb, striatum,
hippocampus, and cerebellum. In the frontal, temporal and parietal lobes and the
medulla pons, the CBD concentration was higher than 4’-F-CBD at the CBD
Tmax (1 h). In the temporal and parietal lobes and medulla pons, the 4’-F-CBD

concentration was higher than CBD at 12 and 15 h following administration. In
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the occipital lobe, the 4’-F-CBD concentration was higher than CBD only at 12
h post administration.
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Figure 6.7. Cannabinoid concentration in anatomical brain regions A)
olfactory bulb, B) frontal lobe, C) striatum, D) hippocampus, E) temporal
lobe, F) parietal lobe, G) occipital lobe, H) medulla pons and 1) cerebellum
following oral administration to rats at 38 pM/Kg (12.7 mg/Kg 4’-F-CBD,
12 mg/Kg CBD) in lipid-free and sesame oil formulations. Multiple t-tests
were performed, a = 0.05, * = p<0.05, ** = p<0.01, *** = p<0.001. The data
are presented as mean + SD, n = 3. The PK parameters of 4’-F-CBD are
shown in Table 6.3, and of CBD in Chapter 4, Table 4.2.

6.3.2.3 Biodistribution of 4’-fluoro-cannabidiol to other tissues

To the best of our knowledge, the biodistribution of 4’-F-CBD has not previously
been reported in the literature. Therefore, the biodistribution was studied to other
tissues as described in Chapter 2, section 2.4.3. The biodistribution of 4’-F-CBD
to the isolated lymph nodes in comparison to the plasma PK profile is shown in
Figure 6.8. Following administration in both formulations, the mesenteric lymph
nodes (MLN) exhibited higher 4’-F-CBD levels than the plasma at 1 - 8 h
following administration. At 15 and 18 h, only the MLN and cervical lymph
nodes had quantifiable 4’-F-CBD concentrations. The PK parameters of delivery
of 4’-F-CBD to the lymph nodes are shown in Table 6.5.
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Figure 6.8. 4’-F-CBD concentration in lymph nodes vs. plasma following
oral administration to rats at 38 uM/Kg (12.7 mg/Kg) in A) lipid-free vehicle
and B) sesame oil formulation. One-way ANOVA with Dunnett’s multiple
comparisons was performed, a = 0.05, * = p<0.05, ** = p<0.01, *** =
p<0.001, **** = p<0.0001. The data are presented as mean + SD, plasma n

= 6, lymph nodes n = 3. The PK parameters are presented in Table 6.5.
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Table 6.5. PK parameters of 4’-F-CBD concentration-time profiles in lymph
nodes following oral administration to rats at 38 uM/Kg (12.7 mg/Kg) in
lipid-free and sesame oil formulations. Multiple t-tests were performed, a =
0.05, no significant differences between formulations were observed. The
data are presented as mean = SD, n = 3. The data are also presented in
Figure 6.8.

Lymph  Tmax Crmax tiz  AUCo-8 AUCo-»

Formulation
node  (h) (ng/g) (h)  (h*ng/g)  (h*ng/g)
_ 16326 + 104392 + 287484 +
Mesenteric 5 11.8
4654 49694 338856
1441 + 4251 + 8341 +
Axillary 2 7.3
1243 1097 1781
1376 + 7231 +
Brachial 2 641+ 265 14.2
Lipid- 419 4411
free 1587 + 9609 + 12977 +
Cervical 4 9.7
1191 4761 2266
2010 + 7032 + 29775 +
lliac 4 13.3
870 591 14881
_ 3722 + 7014 +
Popliteal 2 871+182 538
178 1739
) 17539 + 87704 + 176818 +
Mesenteric 4 8.2
444 21053 100931
) 3498 + 15591 +
Axillary 3 793+£99 140
545 16208

1290 + 2463 +
Brachial 1 584 +241 3.9

Sesame 388 255
oil ) 1328 + 7570 14964 +
Cervical 4 15.5
778 1323 2352
) 1744 + 5932 + 14890 +
Iliac 3 4.8
975 1797 9445
_ 1325 + 3309 + 5375 +
Popliteal 1 4.0
613 708 1264
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Figure 6.9 demonstrates the biodistribution of 4’-F-CBD to the kidneys, liver,
lungs and spinal cord. Biodistribution was also studied to the heart and testes,
where 4’-F-CBD was not detected. The PK parameters of the 4’-F-CBD
concentration-time profiles are shown in Table 6.6. Delivery of 4’-F-CBD to the
kidneys resulted in higher concentrations than the plasma 1 - 8 h following
administration in the lipid-free formulation. 4’-F-CBD concentrations were only
higher in the kidneys after administration in the sesame oil formulation at 1, 5
and 8 h. In the liver, following administration in both formulations, the 4’-F-
CBD concentration was similar to the plasma, apart from at 2 h post
administration in the sesame oil formulation. At 1 and 2 h following
administration in both vehicles, and 8 h in the sesame oil formulation, the 4’-F-
CBD concentration in the lungs was higher than the plasma. The concentration
of 4’-F-CBD in the spinal cord was consistent over the 18 h, with higher
concentrations than the plasma observed at 1, 2, 5 and 8 h post administration in

the lipid-free vehicle and at 5 h for the sesame oil formulation.
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Figure 6.9. 4’-F-CBD concentration in the A) kidneys, B) liver, C) lungs and
D) spinal cord vs. plasma following oral administration to rats at 38 uM/Kg
(12.7 mg/Kg) in lipid-free and sesame oil formulations. Multiple t-tests were
performed, a = 0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, **** =
p<0.0001. The data are presented as mean + SD, plasma n = 6, tissue n = 3.

The PK parameters are presented in Table 6.6.
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Table 6.6. PK parameters of 4’-F-CBD concentration-time profiles in
organs following oral administration to rats at 38 uM/Kg (12.7 mg/Kg) in
lipid-free and sesame oil formulations. Multiple t-tests were performed, a =
0.05, no significant differences between formulations were observed. The
data are presented as mean = SD, n = 3. The data are also presented in

Figure 6.9.

; A T max Cmax tie AUCO-18 AUCO-oo
Formulation Tissue

(h)y  (ngig)  (h)  (h*ng/g)  (h*ng/g)

Heart - - - - -
. 15642 +
Kidneys 3 36736 34.0 2025143
19536
3935+
Liver 4 320+ 61 10.6 1873236
. 3130
Lipid-free
1055 + 8881 + 10734 +
Lungs 3 7.0
393 2508 1753
Spinal 552 + 13326 +
10 12.0 7028 + 851
cord 112 4119
Testes - - - - -
Heart - - - - -
] 479 £ 4431 +
Kidneys 2 7.6 2198 267
133 1788
_ 482 + 2621 +
Liver 2 55 1949 + 645
Sesame 145 1224
oil 1000 6894 + 12569 +
Lungs 3 16.1
355 1873 1940
Spinal 1 599 + 6085 *
cord 135 1283
Testes - - - - -
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6.4 Discussion

Some of the in vivo effects of 4’-F-CBD (also named HUF-101 and PECS-101)
have been investigated in the literature [176-180]. In addition, Chapter 3
demonstrated the anti-cancer properties of 4’-F-CBD against GBM for the first
time to the best of our knowledge, and high synergy of the molecule with
imidazotetrazine agents. However, to the best of our knowledge the in vivo PK
and biodistribution of the molecule have not yet been reported. Herein, the PK
of 4’-F-CBD was investigated following oral administration in both lipid-free
and lipid-based formulations. Sesame oil was selected as the lipid-based
formulation based on the in vivo biodistribution assessment of CBD (discussed
in Chapter 4). The delivery of CBD to common locations of GBM tumours (the
temporal, frontal and parietal lobes [90, 229, 230]) was observed to be the
highest following oral administration in the sesame oil formulation. The sesame
oil formulation also resulted in improved delivery of CBD to the whole brain
compared to the other lipid-based formulations studied (coconut and rapeseed
oils). Therefore, based on this work and that reported in the literature of the
superior bioavailability of CBD following administration in a sesame oil
formulation [155, 166], sesame oil was selected as the lipid-based vehicle for

this work.

The PK concentration-time profiles, shown in Figure 6.1, demonstrate that the
4’-F-CBD concentration in the plasma was higher following administration in
the lipid-based sesame oil formulation at 0.5 - 4 h post administration. After 4 h,
the concentrations were similar for both formulations, falling close to the LLOQ
of the method (10 ng/mL) by 12 h. Lipid-based formulations have previously
been reported to increase cannabinoid plasma concentrations compared to lipid-
free formulations [155, 166, 168, 169]. Table 6.1 shows that the lipid-based
sesame oil formulation produced higher Cmax than the lipid-free formulation at
0.84 + 0.23 nM/mL, compared to 0.21 + 0.09 nM/mL. The sesame oil
formulation also resulted in a higher AUCo. of 4’-F-CBD than the lipid-free
formulation (2.76 + 0.86 h*nM/mL, compared to 1.01 + 0.44 h*nM/mL).

It was anticipated that the PK profile of 4’-F-CBD would be similar to CBD, due
to the reports of similar in vivo activity of the two cannabinoids. Therefore, the
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PK profiles observed in this work are in support of the hypothesis, which was
based on the profiles of CBD following oral administration in the same
formulations in previous work (Feng et al [155]). Figure 6.2 shows that the only
difference in the plasma PK profile between 4’-F-CBD and CBD was found at 1
h following administration in the sesame oil formulation, where the 4’-F-CBD
concentration was higher. Table 6.1 also demonstrates that the PK parameters,

including AUC, were not significantly different between the two cannabinoids.

Silva et al reported a potentially improved pharmacological profile of 4’-F-CBD
over CBD following i.p. injection [177]. This could be as a result of increased
bioavailability (investigated in this work by PK profile), improved
biodistribution to the site of action (the brain), or increased activity of the
molecule due to the addition of the fluorine atom. Interestingly, this work shows
that the PK profile following oral administration of 4’-F-CBD is not significantly
different to that of CBD. However, the biodistribution of 4’-F-CBD to the brain
was found to be different to CBD (Figures 6.6 and 6.7).

Chapter 3 demonstrated the anti-cancer activity of 4’-F-CBD against the
aggressive brain cancer GBM in vitro. There are reports of in vivo activity of 4’-
F-CBD in the brain including anti-anxiety and anti-compulsive behaviour, but
not anti-cancer activity previously [176, 177]. These reports do however
demonstrate the need to understand the delivery of 4’-F-CBD to brain tissue,
which was explored in the work herein following oral administration to rats. The
biodistribution to the whole brain was first studied and is shown in Figure 6.3.
Following oral administration in the lipid-free formulation, the 4’-F-CBD
concentration in the whole brain was consistently higher than in the plasma.
After administration in the sesame oil formulation, the 4’-F-CBD concentration
in the brain was consistent up to 18 h post administration. The brain and plasma
4’-F-CBD concentrations were similar at 2 and 3 h post administration, and
higher in the brain at 1, 5, 8 and 12 h. Similar 4’-F-CBD concentrations in the
whole brain were observed following administration in both formulations, as is
shown in Table 6.2. However, the brain-plasma ratio was higher after
administration in the lipid-free formulation (14.7, compared to 9.9 for the sesame
oil formulation), a result of the low plasma AUCo... observed for the lipid-free

formulation.
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The delivery of 4’-F-CBD to the whole brain was compared to that of CBD
following oral administration in the same formulations in Figure 6.6. After
administration in both formulations, the difference in the profiles of the
cannabinoids can be observed: the CBD Tmax was at 1 h, with a sharp fall,
whereas the 4’-F-CBD concentration remained consistent from 1 - 18 h.
Following administration in the lipid-free formulation, the 4’-F-CBD
concentration was higher than CBD at 2, 3, 5, 12 and 18 h post administration.
This was also observed after administration in the sesame oil formulation at 5,
12 and 15 h. However, in the sesame oil formulation, the CBD concentration
was higher than 4’-F-CBD at 1 h post administration (the CBD Tmax). Table 6.4
shows that differences between the PK parameters of cannabinoids were
observed following administration in the sesame oil formulation. The higher
Cmax Was observed for CBD, but the higher AUCo.1g was observed for 4’-F-CBD,

a result of the similar concentrations of 4’-F-CBD over time seen in Figure 6.6.

Chapter 4 demonstrated the importance of studying the biodistribution to
individual anatomical brain regions, as well as to the whole brain. The
concentration-time profile of CBD in the anatomical brain regions was shown to
be different to the whole brain. The formulations used also showed differences
in the delivery, highlighting that certain vehicles would provide the optimal
delivery of CBD, depending on the desired site of delivery. Therefore, the
distribution of 4’-F-CBD to specific anatomical brain regions was studied

herein.

4’-F-CBD has been reported to exhibit some of the same in vivo behavioural
effects as CBD, at higher potency [176, 177]. There are also reports of activity
of 4’-F-CBD to reduce chemotherapy-induced pain [179]. The behavioural
effects observed are often associated with the hippocampus, temporal lobe and
frontal lobe regions of the brain. Additionally, Chapter 3 described the anti-
cancer properties of 4’-F-CBD for the first time against aggressive brain cancer,
GBM. GBM is most commonly located in the temporal, frontal and parietal lobes
of the brain [90, 229, 230]. As described for CBD in Chapter 4, it is important
to understand the delivery of 4’-F-CBD to these brain regions. Therefore, the
brain regions that were isolated in Chapter 4 for the study of CBD biodistribution
were also isolated to study 4’-F-CBD biodistribution.
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Figure 6.4 demonstrates that the 4’-F-CBD concentration in all brain regions was
above or not significantly different to the plasma concentration following oral
administration in both formulations. The 4’-F-CBD concentrations in the
olfactory bulb and striatum were consistent up to 12 h post administration in the
lipid-free formulation, and 15 h for the olfactory bulb in the sesame oil
formulation. This can also be seen in Figure 6.5, which demonstrates that there
were no significant differences in the 4’-F-CBD concentration in any anatomical
brain regions following administration in the two formulations. The only
perceived difference was in the olfactory bulb, where after administration in the
sesame oil formulation, 4’-F-CBD was detected at 15 h, but only up to 12 h after

administration in the lipid-free vehicle.

The olfactory bulb, striatum and parietal lobe were the only anatomical brain
regions where 4’-F-CBD was not detected at all time points studied (up to 15 h,
12 hand 15 h, respectively). The delivery of 4’-F-CBD was consistent over time
across all brain regions, where the frontal lobe was the only region to appear to
demonstrate a concentration peak at 5 h post administration. The highest 4’-F-
CBD concentrations were observed in the olfactory bulb and striatum, similar to
that observed for CBD in Chapter 4, Figure 4.5. The biodistribution of the

cannabinoids to the brain was compared in Figure 6.7.

6.4.1 Olfactory bulb

The delivery of the cannabinoids to the olfactory bulb was not significantly
different at any of the time points studied. However, there were differences in
when the cannabinoids were detected. Following administration in the lipid-free
vehicle, CBD was detected at 1, 8, 12 and 15 h, but not detected at 2, 3, and 5 h,
whereas 4’-F-CBD was detected at all time points up to 12 h. After
administration in the sesame oil formulation, CBD was detected at 1, 2, 5 and 15
h, and again 4’-F-CBD was detected at all time points up to 15 h. Administration
in both formulations resulted in consistent 4’-F-CBD concentrations over time.
The 4’-F-CBD Tmax Was observed later after administration in the sesame oil
formulation (11 h, compared to 6 h for the lipid-free formulation), and a shorter
tio (5.3 h, compared to 11.8 h for the lipid-free formulation). However, the Cmax
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and AUCo.18 of 4’-F-CBD were similar following administration in both
formulations. Delivery of CBD demonstrated a clear peak at 1 h, and inconsistent
delivery over the 15 h. Whilst 4’-F-CBD demonstrated similar concentrations
over time, the higher AUCo.18 was observed for CBD following administration

in both formulations.

6.4.2 Frontal lobe

In the frontal lobe, the CBD Tmax Was observed at 1 h following administration,
whereas the 4’-F-CBD Tmax Was 5 h, for both formulations. The Cmax of the two
cannabinoids were not significantly different to each other. However, Figure 6.7
shows again the consistent 4’-F-CBD concentrations in the frontal lobe over the
18 h studied. CBD was detected up to 15 h post administration, but not at 12 h
or 8 h in the lipid-free and sesame oil formulations, respectively. The consistent
delivery of 4’-F-CBD following administration in both formulations resulted in
higher AUCo.1s than CBD.

As mentioned, GBM is commonly located in the frontal lobe, as well as the
parietal and temporal lobes [90, 229, 230]. Chapter 3 demonstrated the anti-
cancer properties of both cannabinoids against GBM, where significant
differences in the activity of the cannabinoids were not observed (Figure 3.2).
Additionally, compulsive behaviour is often associated with the prefrontal cortex
in the frontal lobe [284], and 4’-F-CBD has demonstrated anti-compulsive
behaviour effects [176]. The increased exposure of the frontal lobe to 4’-F-CBD,
over CBD, shows that a lower dose of 4’-F-CBD could be used to reach the same
cannabinoid concentration in the brain region, demonstrating that 4’-F-CBD
would be a preferential treatment for GBM, compared to CBD. The improved
anti-compulsive behaviour activity of 4’-F-CBD over CBD could be at least
partially explained by the increased delivery of the cannabinoid to the frontal
lobe. The fluorine atom also provides additional options including imaging and

theranostic potential, that were not explored in this work.
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6.4.3 Striatum

Delivery of the cannabinoids to the striatum showed no significant differences
in the concentrations observed at each time point. The 4’-F-CBD concentration
was consistent at each time point up to 12 h following administration in both
formulations. This resulted in a long t12 of 4’-F-CBD after administration in both
formulations (Table 6.3). CBD was detected at 1, 8 and 15 h following
administration in the lipid-free vehicle, and 1, 2, 3, 5 and 15 h after
administration in the sesame oil formulation. While CBD was detected at a later
time point, 4’-F-CBD concentrations were similar at all time points up to 12 h.
The AUCo.1s of the cannabinoids were similar, with the AUCo.15 of both higher

following administration in the sesame oil formulation.

As mentioned previously, there is a high density of cannabinoid receptors
located in the striatum [243, 244], and the neuroprotective effects of CBD are
linked to activity there [245]. Additionally, A2A receptors are also located in the
striatum [180]. 4’-F-CBD activity is reported to be at least partially via an
adenosine signalling dependent pathway, and 4’-F-CBD was also reported to
exhibit neuroprotective effects in vivo [178, 180]. To the best of our knowledge,
whether 4’-F-CBD demonstrates higher activity via the A2A pathway than CBD
has not yet been reported. 4’-F-CBD demonstrated more consistent delivery to
the striatum than CBD, which could suggest potentially higher activity of 4’-F-
CBD. However, this did not translate into a higher AUCo.1s. Therefore, it would
not be surprising to observed similar activity of the cannabinoids via the A2A

pathway.

6.4.4 Hippocampus

As discussed, 4’-F-CBD is reported to exhibit anti-anxiety, antidepressant and
anti-nociceptive effects in vivo, all of which are commonly associated with
activity in the hippocampus [176, 177, 252, 285]. Therefore, as investigation into
these effects of 4’-F-CBD continues, it is important to understand the delivery

of the cannabinoid to the region. Additionally, comparing 4’-F-CBD delivery to
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CBD, will further understanding, as 4’-F-CBD is reported to have increased
potency over CBD [176, 177].

Following oral administration of CBD, the Tmax in the hippocampus was
observed at 1 h, and CBD was detected up to 15 h post administration. 4’-F-CBD
was detected at 18 h following oral administration in both formulations.
Administration in the sesame oil formulation resulted in similar concentrations
of CBD and 4’-F-CBD at the time points where both cannabinoids were detected.
Following administration in the lipid-free vehicle, the 4’-F-CBD concentration
was found to be higher than CBD at 2, 5 and 12 h post administration. The Cmax
of CBD was higher than 4°-F-CBD for both formulations, however the consistent
concentrations of 4’-F-CBD over the 18 h resulted in the higher AUCo.15 being
observed for 4’-F-CBD. This is interesting, as it indicates that at least part of the
increased potency of 4’-F-CBD could be due to the increased exposure of the
brain to the cannabinoid. As discussed, it is understood that fluorinated
compounds often result in increased permeation across the BBB into the brain
[173-175]. However, the exposure of the hippocampus to 4’-F-CBD is 1.4x
higher than to CBD, whereas the reported in vivo activity of 4’-F-CBD was
found to be the same as CBD at 10x lower dose than CBD [176]. This suggests
that while the increased activity of 4’-F-CBD observed may be partly due to
increased delivery of the cannabinoid to the hippocampus, this does not fully
account for this increase observed, which may in part be due to increased activity

of the molecule at the receptor level.

6.4.5 Temporal lobe

As for all anatomical brain regions, and discussed in Chapter 4, oral
administration of CBD led to a Tmax at 1 h in the temporal lobe. Oral
administration of 4’-F-CBD resulted in a Tmax 0f 5 h for both formulations.
Following administration in the sesame oil formulation, the CBD concentration
was higher than 4’-F-CBD at 1 h. While the cannabinoids exhibited similar
concentrations at 1 h following administration in the lipid-free vehicle, at 2, 5,
12 and 18 h the 4’-F-CBD concentration was higher than CBD. This was also
true at 12 and 15 h after administration in the sesame oil formulation. Much like
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other regions, CBD shows an obvious Cmax at 1 h, whereas the 4’-F-CBD
concentration is similar at all time points. Like other brain regions, the consistent
delivery of 4’-F-CBD over time resulted in a higher AUCo.1s than CBD
following administration in the lipid-free formulation. Interestingly, differences
in the exposure of the temporal lobe to cannabinoids were only observed
following administration in the lipid-free formulation, as administration in the

sesame oil formulation resulted in similar AUCy.1s for both cannabinoids.

As discussed above, GBM is commonly located in the temporal lobe [90, 229,
230], and Chapter 3 demonstrated the anti-cancer properties of the cannabinoids.
The improved delivery of 4’-F-CBD over CBD following administration in the
lipid-free vehicle suggests that this would be a good formulation choice for GBM
treatment. However, the 4’-F-CBD AUCy.1s in the lipid-free vehicle was not
significantly higher than for the sesame oil formulation, or of CBD in the sesame

oil formulation.

6.4.6 Parietal lobe

Delivery to the parietal lobe was one of the few anatomical brain regions where
4’-F-CBD was not detected at 18 h (as well as the olfactory bulb and striatum).
Again, the 4’-F-CBD concentration was consistent over time, whereas CBD was
not detected at 12 h following administration in the lipid-free vehicle, or at 8 h
for the sesame oil formulation. At 1 h, the CBD concentration in the parietal lobe
was higher than 4’-F-CBD after administration in the sesame oil formulation,
but at the later time points (12 and 15 h) the 4’-F-CBD concentration was higher.
As for other brain regions, the Cmax of CBD was higher than 4’-F-CBD following
administration in the sesame oil formulation, but the AUCo1s of the
cannabinoids were similar. GBM is also commonly located in the parietal lobe
[90, 229, 230], but as for the temporal lobe, the choice of cannabinoid for
treatment could be based on other factors than the exposure of the brain region
to the cannabinoids, as this was similar. It could be that other treatment options,
such as combination treatment (also investigated in Chapter 3) are be more
important, where 4’-F-CBD showed increased synergy with TMZ analogue,
T25, compared to CBD.
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6.4.7 Occipital lobe

The delivery of CBD resulted in an obvious Cmax at 1 h post oral administration,
however the 4’-F-CBD concentrations were consistent over time. CBD was not
detected at 18 h following administration in either formulation, whereas 4’-F-
CBD was, demonstrating a prolonged exposure of the occipital lobe to 4’-F-
CBD, over CBD. The 4’-F-CBD concentration was also higher than CBD at 2,
5 and 12 h following administration in the lipid-free formulation, and at 12 h for
the sesame oil formulation. However, the high Cmax 0of CBD after administration
in the lipid-free vehicle resulted in the highest AUCo.1s of the cannabinoids
observed for this formulation. There were no significant differences observed in

the delivery of 4’-F-CBD following administration in the formulations.

6.4.8 Medulla pons

Following oral administration of CBD, the Tmax Was observed at 1 h in the
medulla pons, where the CBD concentration was significantly higher than the
4’-F-CBD concentration after administration in the sesame oil formulation.
Following this, the CBD concentration was similar up to 18 h, except for at 8 h
after administration in the sesame oil formulation, where CBD was not detected.
The 4’-F-CBD concentration was consistent over the 18 h, resulting in higher
concentrations than CBD in the medulla pons at 2, 3, 12 and 18 h for the lipid-
free vehicle and 12 and 15 h for the sesame oil formulation. Administration in
the sesame oil formulation resulted in a later Tmax of 4’-F-CBD (16 h, compared
to 4 h in the lipid-free formulation). However, Figure 6.7 shows that the
concentrations of 4’-F-CBD were similar over the 18 h following administration
in the two formulations. The consistent delivery of 4’-F-CBD to the medulla

pons resulted in higher exposure of the region to 4’-F-CBD than CBD.
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6.4.9 Cerebellum

The cerebellum was the only brain region where the cannabinoid concentrations
were the same across the 18 h following administration in both formulations.
The one exception is the CBD Cmax observed at 1 h, whereas 4’-F-CBD did not
have an obvious Tmax (Figure 6.7). The clear Tmax 0f CBD did not result in a
significantly higher exposure of the cerebellum to the cannabinoid, as the AUCo.

18 were similar for both cannabinoids.

While the plasma PK profile of 4’-F-CBD was not significantly different to that
of CBD, the biodistribution to the brain was. Oral administration of 4’-F-CBD
resulted in similar concentrations in the whole brain and anatomical brain
regions up to 18 h post administration. The concentration-time profiles of 4’-F-
CBD were similar following administration in both the lipid-free and lipid-based
sesame oil formulations. The similar concentrations of 4’-F-CBD in the whole
brain over the 18 h resulted in higher AUCo.1g than CBD, demonstrating higher
exposure of the brain to the fluorinated cannabinoid. This was also true in the
hippocampus, temporal lobe, medulla pons and cerebellum. Following
administration in both formulations in the frontal lobe, and the occipital lobe
after administration in the sesame oil formulation, the AUCo.., of 4’-F-CBD was
higher than CBD. In the parietal lobe, there were no significant differences in
the exposure of the region to the cannabinoids, and the olfactory bulb and

striatum were the only regions to have a higher exposure to CBD than 4’-F-CBD.

The work herein studying the biodistribution of 4’-F-CBD to the brain
demonstrates the higher exposure of the tissue to the fluorinated cannabinoid
than CBD. Additionally, Chapter 3 demonstrated no significant differences in
the anti-cancer activity of the cannabinoids, showing that 4’-F-CBD was not
more potent than CBD in vitro, at least for the anti-cancer activity. Together, this
suggests that the increased potency of 4’-F-CBD in vivo that has been previously
reported [176-180] could in part be the result of increased delivery of 4’-F-CBD
to the brain, over CBD. Although, as discussed, the factor of increased delivery

to a region is not the same as the reported increased potency, and it is therefore
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possible that 4’-F-CBD is more potent than CBD on a molecular level in some

applications.

6.4.10 Lymphatic system

The delivery of 4’-F-CBD to the lymph nodes, shown in Figure 6.8, showed that
prolonged delivery was observed following oral administration in both the lipid-
free and sesame oil formulations in the cervical and MLN, where 4’-F-CBD was
detected at 18 h following administration. The 4’-F-CBD concentration in the
MLN was significantly higher than the plasma concentration at 1 - 8 h after
administration in both formulations. The 4’-F-CBD concentration in the other
lymph nodes studied was similar to the plasma, showing that the highest
concentrations were observed in the MLN. Our group has previously reported
the CBD concentration in MLN positions following oral administration in a
sesame oil formulation up to 8 h post administration [156]. At 8 h, the CBD
concentration was observed to be falling, and the highest CBD concentration at
8 h was ~3000 ng/g [156]. Figure 6.8 shows increased delivery of 4’-F-CBD,
demonstrating concentrations up to 17539 + 444 ng/g (Table 6.5). Whilst the 4°-
F-CBD concentration in the MLN fell at 12 h, by 15 h it was higher, and similar
to the Cmax. The 4’-F-CBD Cmax in the MLN was higher than that previously
reported for CBD [151, 155, 156].

The prolonged delivery of 4’-F-CBD to the cervical lymph nodes correlates to
drainage from the brain into the lymphatic system (Figure 6.8). This can be seen
by comparing the delivery of 4’-F-CBD to the whole brain (Figure 6.3) and the
cervical lymph nodes. The concentrations were similar at all time points in both
tissues, producing similar concentration-time profiles. This was also true for the
exterior regions of the brain (the olfactory bulb, and frontal, parietal and occipital
lobes, Figure 6.5). The cervical lymph nodes are understood to connect to the
meningeal lymphatic vessels that sit between the brain tissue and the skull,
providing drainage from the brain into the lymphatic system [286]. However, it
can be seen that 4’-F-CBD is not present throughout the lymphatic system at
later time points, as it was only detected in the axillary, iliac and popliteal lymph
nodes up to 8 h post administration. The brachial lymph nodes had the shortest

Page | 226



CHAPTER 6: Biodistribution of 4’-fluoro-cannabidiol to the whole brain, anatomical
brain regions, and other tissues following oral administration to rats

exposure to 4’-F-CBD, detected up to 3 h following administration in the lipid-
free vehicle, and 5 h for the sesame oil formulation. The delivery of CBD to the
iliac lymph nodes has been previously reported by our group, with
concentrations ~2000 ng/g at 8 h following oral administration [156]. This is
similar to the Cmax reported herein for 4’-F-CBD at 2010 £ 870 ng/g and 1744 +
975 ng/g after administration in the lipid-free and sesame oil formulations,

respectively (Table 6.5).

The delivery of 4’-F-CBD to other organs was also investigated. It is important
to understand the full biodistribution of 4’-F-CBD, as investigation of potential
applications in the future will begin with an understanding of the concentration
delivered to the desired site in order to conduct comprehensive PBPK modelling.
Exposure of the liver and kidneys to 4’-F-CBD was found to be short, where 4°-
F-CBD was detected up to 15 and 8 h, respectively. In the kidneys, oral
administration in the lipid-free vehicle resulted in preferential delivery, where
the 4’-F-CBD concentration was consistently higher than in the plasma, resulting
in an AUCo.1s of 2025 + 143 h*ng/g. Delivery to the kidneys following
administration in the sesame oil formulation was similar (AUCo.1s 2198 + 267
h*ng/g), although the concentration was higher than in the plasma only at 1, 5
and 8 h post administration.

4’-F-CBD was not detected in either the heart or testes over the 18 h following
administration. However, prolonged exposure was observed in both the lungs
and spinal cord after oral administration in both formulations, where 4’-F-CBD
was detected at 18 h. At 1 and 2 h following administration in both formulations,
the concentration observed in the lungs was significantly higher than in the
plasma, this was also true at 8 h after administration in the sesame oil

formulation.

In the spinal cord, significantly higher concentrations of 4’-F-CBD than in the
plasma were observed up to 5 h following administration in the lipid-free
vehicle, but only at 5 h for the sesame oil formulation. However, the
concentration-time profiles in the spinal cord were similar after administration

in both formulations The delivery of 4’-F-CBD to the spinal cord followed the
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same profile as delivery to the medulla pons, the point where the spinal cord
connects to the brain (Figures 6.5 and 6.9). This suggests that delivery occurs
simultaneously to the CNS and the brain. As mentioned, 4’-F-CBD has
demonstrated anti-nociceptive effects, which have been linked to activity in the
spinal cord [177]. Therefore, demonstrating the delivery of 4’-F-CBD to the
tissue following oral administration is important for any potential future 4’°-F-

CBD-based anti-nociceptive treatments.
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6.5 Conclusions

The plasma PK profile of 4’-F-CBD following oral administration in both lipid-
free and sesame oil formulations was demonstrated to be similar to that of CBD.
As for the PK of CBD after oral administration [155, 166, 168, 169], 4’-F-CBD
was also found to have a higher Cmax and AUCo-. following administration in
the lipid-based sesame oil formulation. This work demonstrates that the addition
of the fluorine atom to CBD did not significantly alter the plasma PK profile

following oral administration.

The biodistribution studies to the brain tissue herein did demonstrate a difference
between CBD and 4’-F-CBD following oral administration. When the whole
brain was studied as one tissue, the 4’-F-CBD concentrations were consistent
over the 18 h, resulting in ~2x higher exposure of the tissue to the fluorinated
cannabinoid. This was also true in most anatomical brain regions, and the
olfactory bulb and striatum were the only regions with higher exposure to CBD
than 4’-F-CBD. The (1.5 - 3x) higher exposure of the tissue to the fluorinated
cannabinoid is consistent with reports of preferential delivery of fluorinated
molecules across the BBB and into the brain [173-175]. It is likely that the higher
exposure of the brain to the fluorinated cannabidiol is responsible for some of

the increased potency over CBD observed in vivo [176, 177].

Studying the biodistribution of 4’-F-CBD to other tissues demonstrated the high
delivery to the MLN and cervical lymph nodes. As for the delivery to the brain,
the 4’-F-CBD concentrations observed in the MLN were higher than that
previously reported for CBD, demonstrating higher delivery of 4’-F-CBD to the
lymphatic system. Additionally, delivery to the cervical lymph nodes could be
matched to certain anatomical brain regions, demonstrating drainage of 4’-F-
CBD from the brain, via the lymphatic system. Delivery of 4’-F-CBD to the
spinal cord was also shown, demonstrating the exposure of the CNS to the

fluorinated cannabinoid.

The higher exposure of the brain to 4’-F-CBD, compared to CBD, demonstrates
great potential of this molecule, where lower doses could be administered in
order to achieve the same therapeutic effect. Fluorinated molecules also provide
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additional benefits such as the potential for radiolabelling. Also, there is the anti-
cancer theranostic potential of this molecule, briefly discussed in Chapter 3.
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CHAPTER 7: General discussion and conclusions

The work in this thesis aimed to investigate the in vitro and in vivo properties of
the phytocannabinoid cannabidiol (CBD) and its derivative, 4’-fluoro-
cannabidiol (4’-F-CBD). The in vitro investigation explored the anti-cancer
properties of the cannabinoids, while the in vivo work considered application
across the vast therapeutic potential of the molecules, including anti-cancer and
immunosuppressive activity against multiple sclerosis (MS). In-depth
biodistribution of the cannabinoids following oral administration in lipid-free
and lipid-based formulations was also investigated.

7.1 General discussion

The anti-cancer properties of cannabinoids have previously been investigated in
the literature against several cancers [103, 125, 126]. Both CBD and A°-
tetrahydrocannabinol (THC) are reported to exhibit anti-cancer effects against
glioblastoma multiforme (GBM), usually in combination with each other, or
with the standard of care treatment, temozolomide (TMZ) [103, 127-130]. CBD
has previously been reported to demonstrate anti-cancer properties against a
colorectal cancer cell line (HCT116) that exhibits a deficiency of
deoxyribonucleic acid (DNA) mismatch repair (MMR), a common resistance
mechanism to GBM treatment with TMZ [143]. The work in Chapter 3
demonstrated the ability of CBD to also overcome a second major mechanism
of GBM resistance to TMZ, over-expression of O°-methylguanine-DNA
methyltransferase (MGMT). To the best of our knowledge, this is the first time
this has been reported. The ability of CBD to overcome these major resistance

mechanisms demonstrates the potential of the molecule for treating GBM.

As mentioned, CBD anti-cancer activity has been demonstrated in vitro in
combination with TMZ [131, 132]. Chapter 3 confirmed the synergy between
CBD and TMZ that is reported in the literature [131, 132], and also demonstrated
synergy between CBD and a TMZ analogue, T25, for the first time. As an N3-
propargyl analogue of TMZ, T25 was expected to overcome the over-expression
of MGMT resistance mechanism [95, 99, 100]. T25 was also shown to
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overcome GBM resistance to TMZ by deficiency of MMR. Therefore, the
synergy observed between T25 and CBD represents a promising potential new
treatment for GBM.

In order to further investigate the potential of CBD as a treatment for GBM,
Chapter 4 studied the delivery of CBD to the site of action in the brain in vivo
after oral administration. Delivery to the frontal, temporal and parietal lobes was
observed as quickly as 1 h, and up to 18 h, following administration. Taking the
temporal lobe as an example, the highest exposure to CBD was observed
following oral administration in the sesame oil formulation at 4005 + 1155
h*ng/g (0.006 h*uM) (Table 4.2). Chapter 3 showed that the concentration
required to inhibit cell growth by 50% (Glso) of CBD for the non-resistant GBM
cell line to be 33 uM (Table 3.1), and so the exposure of the temporal lobe to
CBD demonstrated herein would not be sufficient to reach the Glso of the
molecule. However, the dose used in this work (12 mg/Kg) is a low range dose,
where the human equivalent dose (HED) is 2.1 mg/Kg (Equation 4). CBD has
been safely administered to humans in clinical trials at doses of 6000 mg/Kg,
more than 2800x higher than the HED used herein. Therefore, theoretically,
concentrations of 17 h*uM could be safely reached in the temporal lobe. This is
not as high as the in vitro Glsp of CBD, however, CBD demonstrated high
synergy with T25 in vitro. CBD concentrations as low as 1.25% the Glsg
demonstrated an inhibition of cell growth by 50% when administered with T25.
Therefore, if CBD was administered with T25, the concentration required at the
site of action (the temporal lobe in this example) could be lowered to 0.4 uM,
well within the safe dose range. Therefore, a low oral dose of CBD could
potentially be used as a treatment for GBM. However, it is important to note
these are basic calculations to estimate concentrations, and do not take the high
protein binding of CBD into account (~90% [287]), or the low serum volume in
the medium used in vitro (10%). There is a further remaining question of the
efficacy of CBD in vivo, which will be discussed further in Chapter 8.

Chapter 4 demonstrated the differences in the delivery of CBD to anatomical
brain regions following oral administration. Anatomical brain regions with
second CBD concentration peaks in the concentration-time profiles following

oral administration were those towards the rostral area of the brain (olfactory
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bulb, frontal lobe, striatum). Regions in the caudal area of the brain (occipital
lobe, medulla pons, cerebellum) exhibited concentrations of CBD that were
consistent over time following the initial maximum concentration (Cmax) at 1 h.
The caudal area of the brain also resulted in prolonged exposure, with CBD
detected up to 18 h.

A hypothesis throughout this work was that oral administration of cannabinoids
in a lipid-based formulation could improve delivery across the protective blood-
brain barrier (BBB). This was based on the previously demonstrated increased
bioavailability, and delivery to the lymphatic system, of CBD following oral
administration in a lipid-based formulation, compared to a lipid-free vehicle
[155, 169]. Additionally, as discussed in Chapter 1, there are reports that fatty
acids, such as oleic and myristic acid, can increase the permeability of the BBB
[62, 66, 189].

The work discussed in Chapters 4 — 6 investigated the in vivo delivery of
cannabinoids to the brain following oral administration in lipid-based and lipid-
free formulations. Chapter 4 demonstrated that the highest concentrations and
exposure of the whole brain to CBD were observed following oral administration
in the lipid-free formulation. The delivery following oral administration in the
sesame oil formulation resulted in the second highest exposure of the brain to
CBD. The rapeseed oil formulation often resulted in longer exposure of an
anatomical brain region to CBD than the other lipid-based formulations.
Additionally, the sesame oil formulations often produced the highest Cmax and
exposure of regions in the rostral region of the brain to CBD (in the caudal region
of the brain, the lipid-free formulation produced the highest CBD
concentrations). Both rapeseed and sesame oils contain high oleic acid content
(Table 4.4 [151]), and it was discussed in Chapter 4 that the presence of the fatty
acid in the formulations may be contributing to the high delivery, as oleic acid
has been reported to increase BBB permeability.

The difference in concentration-time delivery profiles between the whole brain
and anatomical brain regions reported herein demonstrates the need to
investigate delivery to the region of interest within a tissue. The study of CBD

delivery to anatomical brain regions described in Chapter 4 provides a detailed
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understanding of the biodistribution of CBD following oral administration in
lipid-free and lipid-based formulations. The discussion in the chapter shows how
this information is useful, especially for molecules with vast therapeutic
potential such as CBD [103-109]. The importance of in-depth biodistribution
studies was similarly shown in Chapter 5, following oral administration of CBD

to mice, and Chapter 6, following oral administration of 4’-F-CBD to rats.

The immunosuppressive effects of CBD were investigated following oral
administration in a lipid-free and lipid-based formulation in an in vivo MS model
(experimental autoimmune encephalomyelitis (EAE)). As for Chapter 4, the
work in Chapter 5 demonstrated differences in the biodistribution of CBD to the
brain following administration in different formulations in mice. The lipid-free
formulation resulted in the only brain-serum ratio >1, however the exposure of
the brain to CBD was not significantly different to the lipid-based formulations
studied.

Improved delivery of CBD to the lymphatic system following oral
administration in a lipid-based formulation (compared to a lipid-free
formulation) has previously been demonstrated in rats [151] and more recently
in mice (unpublished work). It was hypothesised that increased delivery of CBD
to the lymphatic system could improve the immunosuppressive effects of the
cannabinoid due to the process of MS development and migration into the central
nervous system (CNS) via the lymphatic system [271-273]. The work in Chapter
5 showed that following oral administration of CBD in the lipid-based olive oil
formulation, 16.7% of mice reached the highest clinical score of 4.0. Comparing
this to administration of the olive oil vehicle only, 66.7% of mice reached the
clinical score 4.0. Additionally, following administration of CBD in the lipid-
free formulation, 75% of mice reached clinical score 4.0. This suggests that
administration of CBD either slowed the progression of MS, or reduced the
severity of symptoms, when administered in the olive oil formulation, but not in
the lipid-free formulation. Administration of low doses of CBD does not result
in the same immunosuppressive effects observed following higher doses [282].
Therefore, while the study is regarded as preliminary work as small sample sizes
were used, the results support the hypothesis that high delivery to the lymphatic
system could enhance the immunosuppressive effects of CBD.
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In 2016, Breuer et al reported the synthesis of the fluorinated CBD derivative
4’-F-CBD [176]. Assessment of 4’-F-CBD in in vivo behavioural models has
shown increased potency of the molecule over CBD [176, 177]. However, to the
best of our knowledge, Chapter 6 reported the in vivo pharmacokinetics (PK)
and biodistribution of 4’-F-CBD for the first time. The PK profile of 4’-F-CBD
following oral administration was similar to that of CBD (previously reported
by Feng et al [155]), with no significant differences between the cannabinoids
PK parameters observed (Table 6.1). Administration of 4’-F-CBD in the sesame
oil formulation resulted in a higher Cmax and area under the curve (AUC) than
the lipid-free formulation. However, there were no significant differences in the
biodistribution of 4’-F-CBD to the brain and anatomical brain regions following
administration in the two formulations. This was also true of the biodistribution
to the lymphatic system, kidneys, liver, lungs, and spinal cord. 4’-F-CBD
concentrations observed in the mesenteric lymph nodes (MLN) were higher than
that previously reported for CBD following oral administration at the same
molar dose [156]. Considering this with the results of Chapter 5, that suggest
high delivery of CBD to the lymphatic system could enhance the
immunosuppressive effects of the molecule, if 4’-F-CBD were to demonstrate
similar immunosuppressive effects to CBD, there is potential for even greater
efficacy against MS with 4’-F-CBD.

Following oral administration of 4’-F-CBD in the lipid-free formulation, the
delivery to the whole brain was similar to that of CBD, with no significant
differences observed. However, following administration in the sesame oil
formulation, CBD exhibited a higher Cmax, but there was a higher exposure of
the brain tissue to 4’-F-CBD. This is explained by the concentration-time
profiles (Figure 6.6), where following administration of CBD, the peak in
concentration is well pronounced, whereas for 4’-F-CBD, the concentrations
remain largely the same over time. This resulted in higher exposure of the whole
brain to 4’-F-CBD than CBD. This supports reports of other molecules
demonstrating increased BBB permeability when fluorinated [173-175], and is
likely at least partly responsible for the increased potency of 4’-F-CBD over
CBD observed in in vivo behavioural assays [176, 177]. This pattern was also

observed for the anatomical brain regions studied (Figure 6.7).
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A potential application of 4’-F-CBD that has been investigated herein is against
cancer. Chapter 3 demonstrated that 4’-F-CBD was as potent as CBD in
inhibiting the GBM cell growth in cells sensitive to TMZ, cells exhibiting
MGMT over-expression and cells with a deficiency of MMR. 4’-F-CBD also
demonstrated synergy with TMZ and T25, just like CBD. However, the
combination indices (Cls) of 4’-F-CBD with T25 were lower than for CBD with
T25, suggesting enhanced synergy of T25 with 4’-F-CBD. Similarly, as for
CBD, biodistribution to the anatomical brain regions where GBM tumours
commonly occur (frontal, parietal and temporal lobes [90, 229, 230]) was
studied. Again, using the temporal lobe as an example, the exposure of the region
to 4’-F-CBD was 4744 + 600 h*ng/g (0.007 h*uM). This is slightly higher than
the exposure of the region to CBD (Table 4.2), discussed above. Chapter 3
demonstrated 4’-F-CBD to have a similar Glsp to CBD against GBM cells (29
uM) and a higher CI value with T25, indicating that a sufficient 4’-F-CBD
concentration could be reached in the region of interest (the temporal lobe) to
inhibit GBM cell growth following a lower dose than CBD. However, the safety
of 4’-F-CBD has not been studied in humans, and as for the discussion above for
CBD, in vivo efficacy of 4’-F-CBD has not yet been confirmed.

The work in this thesis has used several traditional techniques such as in vitro 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and high
performance liquid chromatography (HPLC). The 3D Orbitrap secondary ion
mass spectrometry (OrbiSIMS) is a relatively new technique for which the
applications are still being explored [186-188]. In Chapter 3, the 3D OrbiSIMS
was used to investigate the anti-cancer mechanism of action of CBD, a novel
application of the instrument. Chapter 4 also investigated the biodistribution of
CBD in the brain by 3D OrbiSIMS, studying the correlation between the
technique and HPL.C analysis. Whilst the biodistribution study by 3D OrbiSIMS
was inconsistant with the HPLC analysis, the use of the instrument to investigate
differences between treated and non-treated cells, thereby identifying potential
mechanisms of action, did prove beneficial. The analysis was able to provide
information previously unknown about cancer treatment with CBD, and has

provided useful direction for future work (discussed further in Chapter 8).
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7.2 General conclusions

The ability of CBD to inhibit GBM cell growth alone were reported. The ability
of CBD alone to overcome a major mechanism of resistance to the standard
GBM treatment (TMZ), an over-expression of MGMT, was demonstrated for
the first time. Synergy between CBD and TMZ, and T25, were also demonstrated
against GBM TMZ-sensitive cells, and the two major resistance mechanisms
(MGMT over-expression and a deficiency of MMR). This work also begun to
investigate the mechanism of anti-cancer activity of CBD, where DNA-
methylation was indicated as at least one of the pathways of CBD anti-cancer
activity for the first time. Other changes in GBM cells following exposure to
CBD were also observed, including changes in fatty acid content, which can be

indicators of treatment effectiveness in vivo.

The ability to deliver CBD to the common locations of GBM tumours (frontal,
parietal and temporal lobes) was demonstrated following oral administration at
a low range dose in both lipid-based and lipid-free formulations. CBD was
delivered to the brain regions as fast as 1 h following administration. The
biodistribution of CBD to anatomical brain regions was also reported for the first
time. Oral administration in a lipid-based sesame oil formulation often produced
the highest exposure of the rostral regions of the brain to CBD, whereas
administration in a lipid-free formulation resulted in high CBD concentrations
towards the caudal area of the brain. The study of delivery to anatomical brain
regions in this work demonstrates the importance of studying biodistribution to
specific regions of tissues and is the first reporting of detailed biodistribution of
CBD in the brain following oral administration.

The biodistribution of CBD in the brain following oral administration in
different lipid-based formulations demonstrated that the myristic acid-
containing coconut oil formulation did not result in increased delivery of CBD
to the brain, compared to the lipid-free formulation. However, the sesame and
rapeseed oil formulations, both of which contain oleic acid, did demonstrate
increased delivery to some anatomical brain regions. This is in line with reports

in the literature that oleic acid can increase the permeability of molecules across
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the BBB [62, 66], however the oils used herein have complex compositions, and
therefore the impact of fatty acid presence is speculative.

It was demonstrated herein that oral administration of CBD in an olive oil
formulation resulted in a lower percentage of animals reaching the highest
clinical score in an in vivo MS model (EAE) compared to the vehicle only control
group. This trend was not observed when CBD was administered in the lipid-
free formulation. While the work in the MS model was preliminary, it suggests
support for the hypothesis that increased delivery of CBD to the lymphatic
system results in increased immunosuppressive effects during the development
of MS.

Oral administration of 4’-F-CBD in the lipid-based sesame oil formulation
resulted in higher plasma exposure of the cannabinoid, compared to the lipid-
free formulation, similar to CBD [155]. To the best of our knowledge, this is the
first study of 4’-F-CBD PK, demonstrating similar systemic exposure to CBD
following oral administration. The biodistribution of 4’-F-CBD was found to
differ from CBD. The concentrations of 4’-F-CBD in the brain were consistent
over the 18 h studied, resulting in higher exposure of the tissue to 4’-F-CBD,
compared to CBD. This work provides an understanding of the in vivo PK and
biodistribution of 4’-F-CBD for the first time, which will be necessary to further
develop the therapeutic application of the molecule.

The anti-cancer activity of 4’-F-CBD was demonstrated for the first time. 4°-F-
CBD was shown to inhibit GBM cell growth with similar potency to CBD, as
well as overcoming the two major resistance mechanisms to GBM treatment
with TMZ, MGMT over-expression and MMR deficiency. A synergistic
response was observed when cells were treated with 4’-F-CBD in combination
with TMZ or T25. The CIs of 4’-F-CBD with T25 were lower than that of CBD
with T25, indicating increased synergy between T25 and 4’-F-CBD.

Overall, this PhD aimed to study the in vitro and in vivo properties of CBD and
4’-F-CBD, focussing on the anti-cancer application of the molecules. Both
cannabinoids were shown to exhibit high activity against GBM in vitro, and good
delivery to the location of common GBM tumours in vivo. The in-depth

biodistribution of the cannabinoids to anatomical brain regions following oral
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administration highlights the importance of studying biodistribution to the
region of interest within a tissue. The impact of the formulation choice was also
demonstrated, where the application of lipid-based oral formulations for delivery

to the brain was shown to be feasible.
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8.1 Anti-cancer properties of cannabinoids

Chapter 3 discussed the anti-cancer properties of cannabinoids cannabidiol
(CBD) and 4’-fluoro-cannabidiol (4’-F-CBD). While the results in Chapter 3
demonstrate the ability of the cannabinoids to inhibit glioblastoma multiforme
(GBM) cell growth, the mechanism of this activity warrants further
investigation. There are reports of suspected mechanisms of anti-cancer activity
of CBD, including via transient receptor potential cation channel subfamily V
member 2 (TRPV-2), increased reactive oxygen species (ROS), endoplasmic
reticulum (ER) stress and C°-cytosine methylation in cytosine-phosphate-
guanine (CpG) islands, as well as interaction with the endocannabinoid system
[125, 143-147]. Chapter 3 included initial investigations into the mechanism of
anti-cancer action of CBD, indicating activity via methylated- deoxyribonucleic
acid (DNA). Chapter 3 also discussed preliminary studies investigating the
mechanism of combination treatment for GBM with CBD and temozolomide
(TMZ). The fatty acid content of the GBM cells treated with CBD and TMZ in
combination suggest that an oxidative stress pathway is initiated in the cells
[221]. However, the data in Chapter 3 only indicate this pathway, and future
studies could investigate this further. Future work could involve further studies
by 3D Orbitrap secondary ion mass spectrometry (3D OrbiSIMS), where the
instrument could be optimised for the detection of certain fatty acids of interest.
Additionally, investigation by in vitro techniques could demonstrate activity via
the ROS pathway.

The synergistic activity observed for GBM cells treated with CBD and TMZ has
previously been reported in the literature [131, 132]. It has been suggested that
CBD enhances the uptake of TMZ into cells via the TRPV-2 pathway [131]. As
discussed in Chapter 3, the investigation of the anti-cancer mechanism of action
of CBD herein could not study the potential increased uptake of TMZ into cells.
Investigation was conducted by 3D OrbiSIMS analysis, where the instrument
was optimised to detect CBD. CBD is best detected in negative mode analysis,

whereas the differences in the structures of CBD and TMZ (shown in Figures
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1.5 and 1.8) indicate that TMZ is likely best detected in positive mode analysis
[288]. Repeated 3D OrbiSIMS analysis using conditions optimised for the
detection of TMZ could investigate if CBD does enhance the uptake of TMZ
into GBM cells. Alternatively, a more conventionally quantitative technique,

such as liquid chromatography mass spectrometry (LC-MS) could be used.

Chapter 3 focussed on the investigation of anti-cancer activity of CBD, and
therefore, the subsequent study of the mechanism of action also focussed on
CBD. Investigation of the mechanism of CBD activity by 3D OrbiSIMS
discussed in Chapter 3 represents preliminary studies to demonstrate the
potential of this technique in this application. Due to time constraints as a result
of lockdowns during the COVID-19 pandemic, 3D OrbiSIMS analysis of cells
treated with CBD was prioritised. Therefore, analysis of cells treated with T25
alone, to compliment the study of cells treated with a combination of CBD and
T25, could not be included in this work. However, this demonstrates a clear next
step for this work, to compare samples of cells treated with CBD and T25 to
those treated with T25 alone, as well as investigation of the mechanism of
activity, starting with the activity suggested for the combination of CBD with
TMZ [131].

To the best of our knowledge, the anti-cancer properties of 4’-F-CBD had not
been investigated before this work. Chapter 3 demonstrates the ability of 4’-F-
CBD to inhibit GBM cell growth, overcome two common resistance
mechanisms to the standard GBM treatment with TMZ, and showed a synergistic
response when administered with imidazotetrazine agents TMZ and T25. As
mentioned, the focus of Chapter 3 was on cannabidiol activity, and therefore the
work did not investigate the mechanism of 4’-F-CBD activity. Whilst the in vivo
pharmacokinetics (PK) of 4’-F-CBD and CBD were shown to be similar in
Chapter 6, the chapter also demonstrated differences in the in vivo
biodistribution of the cannabinoids. Reports in the literature of 4’-F-CBD
activity in in vivo behavioural assays also demonstrate differences in the activity
of the molecules [176-180], suggesting that 4’-F-CBD is more potent than CBD
[176-180]. This suggests that while it is reasonable to suggest that 4’-F-CBD

acts via similar mechanisms to CBD, it is equally reasonable to suggest that 4’-
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F-CBD activity could be via different mechanisms. Investigation of this could
be studied by techniques including 3D OrbiSIMS and in vitro assays.

The work discussed in this thesis demonstrates the anti-cancer activity of
cannabinoids against GBM, and in vivo biodistribution of cannabinoids to the
anatomical brain regions where GBM tumours are commonly located. In the
development of cannabinoids for treatment of GBM, one of the next studies
would be to investigate anti-cancer activity in an in vivo model. In vivo GBM
models have been used to study activity of CBD activity previously, in
combination with TMZ, A°-tetrahydrocannabinol (THC) or radiotherapy [103,
127, 133-136]. Chapter 3 demonstrated the high levels of synergy between CBD
and T25, and 4’-F-CBD and T25. Therefore, proposed future work includes
study of the activity of combination treatment of cannabinoids CBD or 4’-F-

CBD with T25 in an in vivo model of GBM.

8.2 Oral lipid-based cannabinoid formulations

Chapters 4 — 6 discuss the different biodistribution of cannabinoids following
oral administration in lipid-based formulations, compared to lipid-free vehicles.
Chapter 5 studied a potential application of this for the treatment of multiple
sclerosis (MS). Improved delivery of CBD to the lymphatic system following
oral administration in a lipid-based formulation in mice (unpublished work)
correlated with reduced severity of MS symptoms in an in vivo experimental
autoimmune encephalomyelitis (EAE) model, when compared to the group that
were administered vehicle only (Table 5.3). However, Chapter 4 investigated
different lipid-based formulations further. High delivery of CBD to specific
anatomical brain regions was correlated with fatty acid content of the lipid-based
formulations, suggesting this work may support other reports of fatty acids such
as oleic and linoleic acids increasing permeability of the blood-brain barrier
(BBB) [62, 66, 189, 232]. However, work herein did not study oral
administration of formulations containing only one fatty acid, but rather natural
vegetable oil formulations, which have complex compositions [151]. Therefore,

future work should investigate the different delivery of CBD to the brain in
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formulations containing only the fatty acid of interest (oleic, linoleic or myristic
acid), compared to a lipid-free formulation.

There is growing interest in the differences in in vivo studies between male and
female animals. There are reported differences in the digestion of lipids, effects
of cannabinoids, in vivo MS models and response to TMZ treatment between the
sexes [269, 289-291]. The work in Chapters 4 and 6 were conducted in male rats,
while work in Chapter 5 was conducted in female mice. It would be beneficial
while work continues forwards to also conduct these studies in animals of the
other sex. There is growing support that the inequalities in health research begins
in in vitro and in vivo studies, and therefore change should occur at this point
[292, 293]. Conducting the studies in this thesis in animals of the other sex would
progress understanding in the differences in lipid digestion and biodistribution
between the sexes, as well as efficacy of new treatments, and work towards

reducing the gender health inequalities.

8.3 Oral lipid-based cannabidiol formulation for multiple

sclerosis treatment

Chapter 5 investigated the effect of improved lymphatic delivery on the
immunosuppressive effects of CBD against an in vivo MS model, EAE. The
work in this chapter showed promise that increased lymphatic delivery of CBD
following oral administration in a lipid-based formulation might improve the
immunosuppressive effects of the cannabinoid. However, as discussed in
Chapter 5, the work in the in vivo EAE model was a preliminary study.
Therefore, there is future work to be done here to further understanding of this
potential application of CBD. Firstly, the study could be repeated to increase the
group sizes and confirm the differences observed. Additionally, adverse reaction
to administration by oral gavage was observed, and therefore the control (no
dose) group should receive oral gavage dosing of water to be a true control
group. Secondly, as discussed in Chapter 5, the dose of CBD used in this work
is a low range dose, and therefore, in order to maximise differences between
groups (so that they may be observed more clearly) a higher dose of CBD could

be used. Thirdly, biodistribution is understood to differ in disease state,
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particularly the permeability of the BBB [21, 36, 37]. Therefore, it would
improve understanding of the 1impact of biodistribution on the
immunosuppressive effects of CBD observed, to study the biodistribution in
animals in the disease state. Finally, the work in the in vivo EAE model was
conducted using the lipid-free and lipid-based olive oil formulations. However,
sesame oil formulations have also been demonstrated to result in high delivery
of CBD to the lymphatic system and specific anatomical brain regions [151,
156]. Therefore, it would be interesting to examine the effects of administering

CBD in a sesame oil formulation in the in vivo EAE model.

8.4 Potential of 4°-fluoro-cannabidiol

Previous reports in the literature have demonstrated the therapeutic potential of
4’-F-CBD [176-178, 204]. Chapter 3 demonstrated further potential of 4’-F-
CBD for GBM treatment, and Chapter 6 showed the high exposure of the brain
to 4’-F-CBD, compared to CBD, following oral administration. To the best of
our knowledge, Chapter 6 is the first reporting of the in vivo PK and
biodistribution of 4’-F-CBD, and this is a hugely important step towards
developing the molecule into a therapeutic. However, the work herein
investigated only oral administration of 4’-F-CBD. In order to understand the
bioavailability of the cannabinoid, in vivo studies will need to be conducted
following intravenous (i.v.) administration. When considering the range of
potential applications of 4’-F-CBD (for example for cancer, Alzheimer’s disease
(AD), MS, anxiety, depression), it would also be beneficial to understand in vivo
PK parameters following other administration routes, such as subcutaneous (s.c.)

and intraperitoneal (i.p.).

Chapter 6 demonstrated higher exposure of brain tissue to 4’-F-CBD than CBD
following oral administration. However, it cannot be understood from the studies
herein whether this is a result of increased delivery across the BBB, or increased
retention within the brain tissue of 4’-F-CBD. Studies of the permeability of 4’-
F-CBD and CBD across an in vitro BBB model would begin to progress
understanding of the differences between the cannabinoids, whilst minimising

the in vivo studies that are necessary.
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The potential of the fluorine atom in 4’-F-CBD has not been fully explored in
this work. Fluorine atoms offer the option to radiolabel molecules, and study
biodistribution by positron emission topography (PET) imaging in vivo. Future
in vivo biodistribution studies of radiolabelled 4’-F-CBD could provide

additional understanding of the biodistribution of the cannabinoid.
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Appendix 3.1. Dose-response curve of MRC-5 (non-tumourigenic control)
cell line dosed with an equivalent dimethyl sulfoxide (DMSO)
percentage for the test agent concentrations tested after 3- and 6-days
exposure. Cell growth represented as percentage of control (non-
treated). The data are measured by MTT assay and presented as mean

+ standard deviation (SD), 3 independent repeats of n = 5.

DMSO Control

-o- 3 days
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% Cell Growth
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1 1 10 100 1000
Equivalent DMSO for Test Agent Concentration (pM)

Appendix 3.2. Concentration required to inhibit cell growth by 50% (Glso)
of temozolomide (TMZ), T-25, cannabidiol (CBD) and 4’-fluoro-
cannabidiol (4’-F-CBD) against MRC-5 (non-tumourigenic control)
cell line after 3- and 6-days exposure. The data are measured by cell
count assay and MTT (shown in Figure 3.1). Data presented as mean

+ SD, 3 independent repeats of n = 3.
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Appendix 3.3. Glso of cannabinoids CBD and 4’-F-CBD compared to
deoxyribonucleic acid (DNA)-alkylating agents TMZ and T25 against
A) U373-V (GBM control, -MGMT, +MMR), B) U373-M (GBM,
+MGMT, +MMR) and C) HCT116 (-MGMT, -MMR) after 3- and 6-
days exposure. The data are measured by cell count assay (MTT assay
data shown in Figure 3.2) and presented as mean + SD, 3 independent
repeats of n = 3. One-way ANOVA with Dunnett’s multiple
comparisons performed, comparing test agents to TMZ, o = 0.05, **
= p<0.01, *** = p<0.001, **** = p<0.0001.
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Appendix 3.4. The concentrations of test agents (TMZ, T25, CBD and 4’-F-
CBD) tested in the 3-days combination assays.

Test agent (LM)
% Glso
T™MZ T25 CBD 4’-F-CBD

U373-v
100 147 43 33 29
1.25 1.8 0.5 0.4 0.4
2.5 3.7 1.1 0.8 0.7
5 7.4 2.2 1.7 15
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10 14.7 4.3 3.3 2.9
20 29.4 8.6 6.6 5.8
50 73.5 21.5 16.5 14.5
U373-M
100 663 31 30 25
1.25 8.3 0.4 0.4 0.3
2.5 16.6 0.8 0.8 0.6
5 33.2 1.6 1.5 1.3
10 66.3 3.1 3.0 2.5
20 132.6 6.2 6.0 5.0
50 3315 155 15.0 12.5
HCT116
100 610 39 13 27
1.25 7.6 0.5 0.2 0.3
2.5 15.3 1.0 0.3 0.7
5 30.5 2.0 0.7 1.4
10 61.0 3.9 1.3 2.7
20 122.0 7.8 2.6 5.4
50 305.0 19.5 6.5 13.5

Appendix 3.5. The concentrations of test agents (TMZ, T25, CBD and 4’-F-
CBD) tested in the 6-days combination assays.

% Gl Test agent
T™Z T25 CBD 4’-F-CBD
u373-v
100 10 60 43 49
1.25 0.1 0.8 0.5 0.6
2.5 0.3 15 1.1 1.2
5 0.5 3.0 2.2 2.5
10 1.0 6.0 4.3 4.9
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20 2.0 12.0 8.6 9.8
50 5.0 30.0 21.5 24.5
uU373-M
100 332 41 23 25
1.25 4.2 0.5 0.3 0.3
2.5 8.3 1.0 0.6 0.6
5 16.6 2.1 1.2 13
10 33.2 4.1 2.3 2.5
20 66.4 8.2 4.6 5.0
50 166.0 20.5 115 12.5
HCT116
100 609 37 15 6
1.25 7.6 0.5 0.2 0.1
2.5 15.2 0.9 0.4 0.2
5 30.5 1.9 0.8 0.3
10 60.9 3.7 1.5 0.6
20 121.8 7.4 3.0 1.2
50 304.5 18.5 7.5 3.0

Appendix 3.6. Full combination index (Cl) data of cannabinoids CBD and
4’-F-CBD administered in combination with TMZ or analogue, T25,
after 3- or 6-days exposure against U373-V, U373-M and HCT116 cell
lines. The data are presented as mean, 3 independent repeats of n = 5.

Exposure  Test Test Test Agent B

time Agent Agent Concentration Cell ine

(days) A B (% Glso) U373-V U373-M HCT116
1.25 0.10 - -
2.5 0.12 - -

3 T™MZ CBD 5 0.11 - -
10 0.48 - 0.11
20 0.68 - 0.22
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30 0.34 0.35 -
40 0.44 0.40 -
50 0.54 0.50 0.51
1.25 0.27 0.23 0.83
2.5 0.26 0.24 0.82
5 0.35 0.25 0.67
CBD TMZ
10 0.50 0.33 0.93
20 0.54 0.45 0.91
50 0.89 0.74 1.06
1.25 0.67 - -
2.5 0.76 - -
0.05
5 0.57 -
(1 repeat)
0.10
10 0.34 0.28
T™MZ  CBD (1 repeat)
0.22
20 0.29 0.28 (2
6 repeats)
0.50
50 0.66 0.69
(1 repeat)
1.25 0.12 0.22 0.45
2.5 0.12 0.21 0.49
5 0.14 0.25 0.59
CBD T™MZ
10 0.22 0.30 0.78
20 0.30 0.38 0.74
50 0.61 0.74 0.95
1.25 - - -
2.5 - - -
4°-F- 5 - - -
T™MZ
CBD 10 1.01 0.22 -
3 20 0.24 0.20 -
50 0.54 0.50 0.50
pr 1.25 0.20 0.13 0.37
T™MZ 2.5 0.16 0.13 0.37
CBD
5 0.19 0.16 0.46
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10 0.25 0.20 0.48
20 0.34 0.28 0.65
50 0.56 0.59 0.74
1.25 0.99 - -
2.5 0.11 - -
4’-F- 5 0.09 0.12 -
T™MZ
CBD 10 0.14 0.10 -
20 0.24 0.20 -
6 50 0.54 0.50 0.50
1.25 0.09 0.05 0.48
2.5 0.11 0.06 0.51
4’-F- 5 0.12 0.08 0.51
T™MZ
CBD 10 0.18 0.15 0.56
20 0.28 0.24 0.67
50 0.53 0.53 0.79
1.25 0.33 0.36 0.65
2.5 0.43 0.34 0.76
5 0.41 0.40 0.65
T25 CBD
10 0.59 0.38 0.83
20 0.53 0.43 0.74
3 50 0.51 0.51 0.75
1.25 0.36 0.22 0.53
2.5 0.50 0.31 0.54
5 0.48 0.35 0.57
CBD T25
10 0.52 0.38 0.77
20 0.51 0.46 0.68
50 0.65 0.57 0.93
1.25 0.43 0.75 0.57
2.5 0.41 0.53 0.46
4’-F- 5 0.32 0.41 0.52
T25
3 CBD 10 0.36 0.49 0.46
20 0.26 0.31 0.37
50 0.51 0.51 0.52
4’-F- 1.25 0.21 0.24 0.53
T25
CBD 2.5 0.26 0.20 0.53
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5 0.27 0.23 0.56
10 0.32 0.19 0.62
20 0.33 0.29 0.68
50 0.52 0.52 0.79

Appendix 3.7. Cell growth represented as percentage of control after
treatment with cannabinoids, CBD or 4’-F-CBD, with DNA-

alkylating agent TMZ or analogue, T25, after 3- or 6-days exposure.

The data are measured by cell count assay at concentrations of 25%

Glso and presented as mean + SD, 3 independent repeats of n = 3.

Test Test Dosing time Cell line (% cell growth)
Agent A Agent B (days) U373-v  U373-M HCT116
TMZ CBD 3 32+11 405 31+13
TMZ CBD 6 317 50 + 22 275
TMZ 4’-F-CBD 3 34+3 27+9 19+8
TMZ 4’-F-CBD 6 7%2 84 63+9
T25 CBD 3 34+13 27+8 13+12
T25 4’-F-CBD 3 287 16+8 12+7

Page | 252



APPENDICES

Appendix 3.8. Dose-response curves of A) U373-V (GBM control, -MGMT,
+MMR), B) U373-M (GBM, +MGMT, +MMR) and C) HCT116 (-
MGMT, -MMR) after combination treatment with TMZ and CBD
after 3-days treatment. Cell growth represented as percentage of
control (non-treated). Test agent A shown on the x-axis and test agent
B shown as %Glso. Data measured by MTT assay and presented as

mean x SD, 3 independent repeats of n=>5.
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Appendix 3.9. Dose-response curves of A) U373-V (GBM control, -MGMT,
+MMR), B) U373-M (GBM, +MGMT, +MMR) and C) HCT116 (-
MGMT, -MMR) after combination treatment with TMZ and CBD

after 6-days treatment. Cell growth represented as percentage of

control (non-treated). Test agent A shown on the x-axis and test agent

B shown as %Gls. The data are measured by MTT assay and

presented as mean + SD, 3 independent repeats of n = 5.
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Appendix 3.10. Dose-response curves of A) U373-V (GBM control, -MGMT,
+MMR), B) U373-M (GBM, +MGMT, +MMR) and C) HCT116 (-
MGMT, -MMR) after combination treatment with TMZ and 4’-F-
CBD after 3-days treatment. Cell growth represented as percentage of
control (non-treated). Test agent A shown on the x-axis and test agent
B shown as %Gls. The data are measured by MTT assay and

presented as mean + SD, 3 independent repeats of n = 5.
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Appendix 3.11. Dose-response curves of A) U373-V (GBM control, -MGMT,
+MMR), B) U373-M (GBM, +MGMT, +MMR) and C) HCT116 (-
MGMT, -MMR) after combination treatment with TMZ and 4’-F-
CBD after 6-days treatment. Cell growth represented as percentage of
control (non-treated). Test agent A shown on the x-axis and test agent
B shown as %Gls. The data are measured by MTT assay and

presented as mean + SD, 3 independent repeats of n = 5.
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Appendix 3.12. Dose-response curves of A) U373-V (GBM control, -MGMT,
+MMR), B) U373-M (GBM, +MGMT, +MMR) and C) HCT116 (-
MGMT, -MMR) after combination treatment with T25 and CBD after
3-days treatment. Cell growth represented as percentage of control
(non-treated). Test agent A shown on the x-axis and test agent B shown
as %Glso. The data are measured by MTT assay and presented as

mean + SD, 3 independent repeats of n = 5.
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Appendix 3.13. Dose-response curves of A) U373-V (GBM control, -MGMT,
+MMR), B) U373-M (GBM, +MGMT, +MMR) and C) HCT116 (-
MGMT, -MMR) after combination treatment with T25 and 4’-F-CBD
after 3-days treatment. Cell growth represented as percentage of
control (non-treated). Test agent A shown on the x-axis and test agent
B shown as %Gls. The data are measured by MTT assay and

presented as mean + SD, 3 independent repeats of n = 5.
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Appendix 3.14. Principal component analysis (PCA) of OrbiSIMS data of
U373-V cells treated with CBD (33 uM) for 3 h compared to the non-
treated control. Principal component (PC) 2 is shown to demonstrate
the largest difference between the samples (top right box). PC2 is
shown with the control sample in orange and treated sample in blue.
Key fatty acids are identified and their mass (m/z) and peak deviation

(ppm) are shown.
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Appendix 3.15. PCA of OrbiSIMS data of U373-V cells treated with CBD
(33 uM) for 6 h compared to the untreated control. PC2 is shown to
demonstrate the largest difference between the samples (top right
box). PC2 is shown with the control sample in orange and treated
sample in blue. Key fatty acids are identified and their mass (m/z) and

peak deviation (ppm) are shown.
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Appendix 3.16. PCA of OrbiSIMS data of U373-V cells treated with CBD
(33 uM) for 24 h compared to the untreated control. No PCs showed

large differences between the two samples.
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Appendix 3.17. PCA of OrbiSIMS data of U373-V cells treated with CBD
(33 uM) for 72 h compared to the untreated control. PC2 is shown to
demonstrate the largest difference between the samples (top right
box). PC2 is shown with the control sample in orange and treated
sample in blue. Key fatty acids are identified and their mass (m/z) and

peak deviation (ppm) are shown.
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Appendix 3.18. PCA of OrbiSIMS data of U373-V cells treated with CBD

(11 pM) and TMZ (2 uM) combination for 3 h compared to the
untreated control. PC2 is shown to demonstrate the largest difference
between the samples (top right box). PC2 is shown with the control
sample in orange and treated sample in blue. Key fatty acids are
identified and their mass (m/z) and peak deviation (ppm) are shown.
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Appendix 3.19. PCA of OrbiSIMS data of U373-V cells treated with CBD

(7 uM) and T25 (14 pcombination for 3 h compared to the untreated
control. PC2 is shown to demonstrate the largest difference between
the samples (top right box). PC2 is shown with the control sample in
orange and treated sample in blue. Key fatty acids are identified and

their mass (m/z) and peak deviation (ppm) are shown.
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