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Abstract

Background and Purpose: Morphine is important for treatment of acute and chronic

pain. However, there is high interpatient variability and often inadequate pain relief

and adverse effects. To better understand variability in the dose-effect relationships

of morphine, we investigated the effects of its non-linear blood–brain barrier (BBB)

transport on μ-receptor occupancy in different CNS locations, in conjunction with its

main metabolites that bind to the same receptor.

Experimental Approach: CNS exposure profiles for morphine, M3G and M6G for

clinically relevant dosing regimens based on intravenous, oral immediate- and

extended-release formulations were generated using a physiology-based pharmaco-

kinetic model of the CNS, with non-linear BBB transport of morphine. The simulated

CNS exposure profiles were then used to derive corresponding μ-receptor occupan-

cies at multiple CNS pain matrix locations.

Key Results: Simulated CNS exposure profiles for morphine, M3G and M6G, associ-

ated with non-linear BBB transport of morphine resulted in varying μ-receptor occu-

pancies between different dose regimens, formulations and CNS locations. At lower

doses, the μ-receptor occupancy of morphine was relatively higher than at higher

doses of morphine, due to the relative contribution of M3G and M6G. At such higher

doses, M6G showed higher occupancy than morphine, whereas M3G occupancy was

low throughout the dose ranges.

Conclusion and Implications: Non-linear BBB transport of morphine affects the

μ-receptor occupancy ratios of morphine with its metabolites, depending on dose
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and route of administration, and CNS location. These predictions need validation in

animal or clinical experiments, to understand the clinical implications.

K E YWORD S

competitive receptor binding kinetics, morphine, morphine-3-glucuronide, morphine-
6-glucoronide, pain matrix, μ-opioid receptor

1 | INTRODUCTION

Morphine is an important drug used to treat moderate to severe acute

and chronic pain. The analgesic effects of morphine are mediated by

the μ opioid receptor, with involvement of CNS regions such as the

periaqueductal grey (Tsou K & Jang CS, 1964), amygdala, hypothala-

mus, rostral anterior cingulate cortex, rostroventromedial medulla,

medullary dorsal horns, which are collectively is referred to as the

‘Pain matrix’ (Garcia-Larrea & Peyron, 2013; Melzack, 2001). The nar-

row therapeutic index of morphine and high interpatient variability in

drug effects are associated with inadequate pain relief and adverse

effects. Morphine's short-term use leads to sedation and life-

threatening conditions such as respiratory depression, while its long-

term use leads to cognitive impairment and abuse liability

(Bachmutsky et al., 2020; Cohen et al., 2021). Enhancing our under-

standing of factors which contribute to the dose-effect relationships

of morphine is therefore clinically relevant.

Morphine is metabolized mainly into morphine-3-glucuronide

(M3G) and morphine-6-glucuronide (M6G). The metabolite M3G has

pro-nociceptive effects (Gong et al., 1991; Morley et al., 1992; Qian-

Ling et al., 1992), while M6G has anti-nociceptive effects (Hanna

et al., 1990; Osborne et al., 1992; Peterson et al., 1990; Regnard &

Twycross, 1984) and may contribute to tolerance development and

abuse liability (Abbott & Franklin, 1991). M6G has a higher intrinsic

potency than morphine, and the potency ratio of M6G:morphine

differs markedly between administration routes, such that intra-

cerebroventricular administration and intrathecal administration are

associated with 90- and 650-fold potency ratios, respectively (Paul

et al., 1989). The variations in potency across different administration

routes may be attributed to the concentrations, at the target site, of

these agents, which is influenced by the pharmacokinetics of

morphine, M3G and M6G. It can also be due to competitive binding

of morphine and metabolites at μ-receptors .

Exposure of the CNS to morphine and its metabolites is modu-

lated by their respective transporters across the blood-brain barrier

(BBB). For example, morphine is moderately lipophilic, and more

readily crosses the BBB compared to either M3G or M6G which are

hydrophilic. In addition, for morphine, transport across the BBB is

non-linear, which results in different relative exposure profiles of

morphine, M3G and M6G (Gülave et al., 2023). In terms of μ-receptor

binding, morphine has the highest binding affinity, followed by M6G

and then M3G. However, M6G is more potent than morphine, despite

its low binding affinity (Abbott & Franklin, 1991). The relative μ-

receptor binding of morphine, M3G and M6G may therefore influence

the balance between pro and anti-nociceptive effects.

To date there have been no pharmacodynamic models or studies

which analysed competitive binding of morphine with M3G and M6G.

To address this, we aimed to quantify role of M3G and M6G by quan-

titatively characterizing the relative μ-receptor occupancy between

morphine, M3G and M6G in different pain matrix regions, affected by

morphine's non-linear BBB transport. We did this using multiple

routes of administration, using dosing schedules that can influence

the non-linear BBB transport, using an innovative physiologically-

based modelling approach.

2 | METHODS

To simulate μ-receptor occupancy of morphine, M3G and M6G we

first simulated CNS target site concentrations. We subsequently used

μ-receptor expression in different CNS pain matrix regions to simulate

μ-receptor occupancy across different clinically relevant dose regi-

mens. All simulations were conducted using R Project for Statistical

Computing (RRID:SCR_001905) (Dessau and Pipper, 2008).

What is already known?

• Morphine is metabolized mainly into its glucuronide

derivatives M3G and M6G. .

• Transport of morphine across the blood brain barrier

(BBB) is non-linear.

What does this study add?

• Morphine non-linear BBB transport affects competitive

binding with M3G, M6G and relative occupancy ratios.

What is the clinical significance?

• Changes in occupancy ratios of morphine and metabo-

lites can influence their pharmacodynamic effects.
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2.1 | Simulation of CNS concentrations for
different dosing schedules and formulations

The μ-receptors in the pain matrix are facing either the brain

extracellular fluid (BrainECF) or, for the spinal cord dorsal horn, the

subarachnoid cerebrospinal fluid (CSFSAS). The relevant target site

concentrations are therefore the BrainECF and CSFSAS. We predicted

these concentrations using a validated comprehensive physiologically-

based pharmacokinetic model of the CNS (Saleh et al., 2021), which

was extended with a non-linear BBB transport function for morphine

(Gülave et al., 2023). As previously described by Gülave et al., (2023),

we simulated CNS pharmacokinetic profiles for a range of clinically

relevant dose regimens including IV bolus (�28–56 mg per day)

(CDER & FDA, 2016), oral immediate and oral extended-release

(�60–120 mg per day) (CDER & FDA, 2021) formulations for the

dosing regimens, as shown in Table 1.

2.2 | Expression of μ-receptors in human CNS
locations associated with pain perception and control

Data on the expression of μ-receptor protein in human brain is not

available in the public domain. To this end, mRNA expression data of

the gene OPRM1 (μ-receptor type 1), as copies per μg) was used

from the Human Protein Atlas (HPA) V22.0 (Sjöstedt et al., 2020) to

compare relative expression of the μ-receptor at different CNS

locations. As pain matrix region-specific expression information was

not available, broader representative regions were selected

(Figure 1a), including the cerebral cortex, medulla oblongata, mid-

brain, pons, thalamus and spinal cord. The weights of each brain

region obtained from literature (Azevedo et al., 2009; Pakkenberg &

Gundersen, 1997; Brain Facts and Figures, n.d.) (Table 2) were com-

bined with expression values of one region cerebral cortex, spinal

cord (Peng et al., 2012) in order to determine differences between

mRNA expression values (Figure 1b) for other regions (Figure 1c).

TABLE 1 Morphine sulphate clinical dose regimens used for
simulations of PK profiles.

Dose (mg) Frequency Route/formulation

0.25, 0.5, 0.75, 1, 2.5, 5,

7.5, 10, 15, 20, 25, 30,

40, 50, 75, 100, 125,

150

1, 2, 4, 6

times a

day

Intravenous bolus, Oral

immediate release, Oral

extended-release

F IGURE 1 (a) Locations of μ-receptors in the pain matrix of the human CNS. (b) Human OPRM1 mRNA expression from Human Protein Atlas
(HPA) V22.0 nTPM (normalized tags per million). (c) Expression of μ-receptors (in nanomoles) calculated from HPA normalized tags per million
(nTPM) values (created with BioRender.com). Due to unavailability of μ-receptor expression in specific pain matrix regions, broader regions
representing pain matrix regions were selected. The Figure shows the broader regions selected for calculation of receptor expression and
simulation of receptor occupancy profiles.
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Briefly, the following steps were followed to calculate the expression

of the μ-receptor protein.

mRNAregion ¼mRNA�Wt ð1Þ

CF ¼mRNAregion

nTPMregion
ð2Þ

R¼nTPM�CF ð3Þ

mRNAregion is mRNA expression of specific CNS region, mRNA is

the mRNA expression of OPRM1 in copies per μg of the specific

region, Wt is weight of the region, nTPMregion is the Human Protein

atlas mRNA expression expressed in normalized tags per million and

CF is the conversion factor and R is the final receptor expression

calculated for each region.

2.3 | Binding kinetic parameters

No information of the association rate constants (Kon) and dissociation

rate constants (Koff) for morphine, M3G, M6G could be found while

being obtained within the same study (Table 3). Therefore, we used

the Stokes-Einstein's law of diffusion to determine Kon values using

equilibrium dissociation constant (Kd), based on assumption of diffu-

sion limited binding to the μ-receptors at the synaptic cleft

(Cruickshank, 1924). Kd values for morphine, M3G, and M6G deter-

mined under same experimental conditions by Frölich et al. (2011)

were used for Kon and Koff values approximation.

Kon values for morphine, M3G and M6G were determined using

principles of diffusion limited binding (Cruickshank, 1924; Gudowska-

Nowak et al., 2017; Smoluchowski, 1918; Spiros et al., 2010). Briefly,

the following steps were followed:

The effective diffusion limited association rate (Kon) for a particle

attaching to specific point with contact radius σ (Smoluchowski,

1918) is given by

Kon ¼4πDσ
V

ð4Þ

where D = translational diffusion coefficient, V = volume of container

of reaction, whereas according to Stokes–Einstein's law of diffusion,

diffusion coefficient (D)

D¼RT
N

:
1

6πZr
ð5Þ

where R = gas constant (J�mol�1�K�1), T = the absolute temperature

(kelvins), N = Avogadro's number, Z = the viscosity of the diffusion

medium and r = the radius of the diffusing particle (picometers).

From Equations (4) and (5), diffusion coefficient and Kon can be

related to radius of the molecule as

D/1
r

ð6Þ

Kon ¼ a:
1
r

ð7Þ

From Ernest Rutherford's Gold foil experiment

(Rutherford, 1911), the radius (r) of a nucleus for a spherical molecule

can be calculated by

r¼Ro:
ffiffiffiffiffi

M3
p

ð8Þ

where Ro = 1.2 � 10�15 m, and M = the atomic mass.

From Equations (7) and (8) we can derive that

TABLE 2 Expression of μ-receptors in human CNS regions.

CNS region Parameter Value Reference

Cerebral cortex mRNA expression 648,479 (copies per μg) (Peng et al., 2012)

Spinal cord mRNA expression 5,002,216 (copies per μg) (Peng et al., 2012)

Cerebral cortex Region weight 1232.93 g (Azevedo et al., 2009)

Spinal cord Region weight 35 g (Brain Facts and Figures, n.d.)

Thalamus Factor for mRNA 3.77E�9 Deriveda

Midbrain Factor for mRNA 3.77E�9 Deriveda

Pons Factor for mRNA 3.77E�9 Deriveda

Medulla oblongata Factor for mRNA 3.77E�9 Deriveda

aRatio of cerebral cortex total expression with its nTPM value from HPA.

TABLE 3 Mean binding kinetic (BK) parameters for morphine, M3G and M6G for binding kinetic rate constants.

Kd (μM)

Cell line Drug Assay ReferenceMorphine M6G M3G

0.022 0.063 6.1 HEK-293T (RRID:CVCL_0063) 3H-naloxone Radioligand binding assay (Frölich et al., 2011)
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Kon ¼ a:
1
ffiffiffiffiffi

M3
p ð9Þ

The proportionality constant a can be determined by regressing

the reciprocal of cubic root of molecular mass of ligand (i.e., 1
ffiffiffi

M3
p )

against Kon. This regression analysis is conducted using data presented

in a patent ((Geerts & Spiros, 2006), page 7, Table 1). The regression

plot (Figure S6) gives a line that described by

y¼ axþb ð10Þ

Knowing Kon, Koff is calculated from the Kd values of morphine,

M3G and M6G, determined in the same study under same experimen-

tal conditions, as shown in Table 3.

Koff ¼ Kd½ �: Kon½ � ð11Þ

Standard ODE binding equations were used, including

competitive binding between morphine, M3G, and M6G (de Witte

et al., 2017; Moss et al., 2020). Briefly, for these ligands (L):

d RLMð Þ
dt

¼ Kon_M½ �: LM½ �: R½ �� Koff_M½ �: RLM½ � ð12Þ

d RLM3Gð Þ
dt

¼ Kon_M3G½ �: LM3G½ �: R½ �� Koff_M3G½ �: RLM3G½ � ð13Þ

d RLM6Gð Þ
dt

¼ Kon_M6G½ �: LM6G½ �: R½ �� Koff_M6G½ �: RLM6G½ � ð14Þ

d Rð Þ
dt

¼ � Kon_M½ð �: LM½ �: R½ �� Koff_M½ �: RLM½ �f Þ
� Kon_M3G½ �: LM3G½ �: R½ �� Koff_M3G½ �: RLM3G½ �ð Þ
� Kon_M6G½ �: LM6G½ �: R½ �� Koff_M6G½ �: RLM6G½ �ð Þg

ð15Þ

Morphine μ� receptor occupancy %ð Þ ¼RLM
Rtot

:100% ð16Þ

M3G μ� receptor occupancy %ð Þ ¼RLM3G

Rtot
:100% ð17Þ

M6G μ� receptor occupancy %ð Þ ¼RLM6G

Rtot
:100% ð18Þ

where LM is the morphine concentration as a function of time pre-

dicted from LeiCNS PK 3.0 model, LM3G is the M3G concentration as

a function of time predicted from LeiCNS PK 3.0 model, LM6G is M6G

concentration as a function of time predicted from LeiCNS PK 3.0

model, Kon_M is the Kon value of morphine, Kon_M3G is the Kon value of

M3G, Kon_M6G is the Kon value of M6G, Koff_M is the Koff value of mor-

phine, Koff_M3G is the Koff value of M3G, Koff_M6G is the Koff value of

M6G, RLM is the bound morphine- μ-receptor complex, RLM3G is the

bound M3G- μ-receptor complex, RLM6G is the bound M6G-

μ-receptor complex, R is the unbound μ-receptor, Rtot is the total

μ-receptor. For this, receptor expression, binding kinetic rate con-

stants and ligand concentrations were converted into micromoles.

2.4 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, and

are permanently archived in the Concise Guide to PHARMACOLOGY

2023/2024 (Alexander, Christopoulos et al., 2023; Alexander, Fabbro

et al., 2023a;2023b).

3 | RESULTS

3.1 | M3G showed the lowest μ-receptor
occupancy despite high target site concentrations

We first simulated human CNS target site concentrations for

morphine, M3G and M6G based on the analysis described by Gülave

et al., (2023).

For example, the pharmacokinetic profiles in BrainECF, as obtained

following a once daily oral immediate release dose of 30 mg (Figure 2a),

shows relatively high and highly fluctuating M3G concentrations,

while morphine and M6G showed similar peak and trough values, but

with slower elimination for M6G. In contrast to BrainECF concentra-

tions, the resulting μ-receptor occupancy (Figure 2b) for M3G is

relatively low and that for M6G is the highest. Then, also in contrast

to BrainECF concentrations, the μ-receptor occupancies of morphine

and M6G did not reach steady state within the period of 7 days.

3.2 | Non-linear BBB transport affected the
concentrations of morphine and its metabolites and
μ-receptor occupancy

The effects of non-linearity across doses are shown with steady-state

CNS target site concentrations on day 6–7 across 0.25–50 mg once

daily doses (Table 3) for oral immediate release, oral extended release

and IV bolus formulations (Figure 3a). CSFSAS shows lower concentra-

tions than BrainECF, with morphine's BBB non-linearity showing

effects at higher doses than BrainECF. Figure 3b displays the resulting

μ-receptor occupancy in midbrain and spinal cord. These μ-receptor

occupancies increased with dose for all compounds. In the midbrain,

μ-receptor occupancy of M3G was always the lowest, while M6G was

often the highest. In the spinal cord, M3G μ-receptor occupancy was

also the lowest, morphine μ-receptor occupancy was the highest at

the lower morphine doses, whereas at higher doses, the M6G

μ-receptor occupancy becomes the highest.

Morphine's proportion (fraction) relative to the total

(i.e., morphine + M3G + M6G) in CNS target site concentration and

occupancy is shown in Figure 4. Relative BrainECF concentrations of

BUDDA ET AL. 5
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morphine, M3G and M6G, are different from the corresponding

relative CSFSAS concentrations, while both are clearly different from

average plasma concentrations (Figure 4a). The resulting μ-receptor

occupancy fractions for morphine were highest at low doses, while at

higher doses, occupancies by M3G and especially M6G, increased

(Figure 4b).

F IGURE 2 (a) Brain extracellular fluid (BrainECF) concentration, (b) μ-receptor occupancy of morphine, M3G, M6G in human midbrain, after
dosing with the oral immediate release form of morphine (30 mg once daily). A typical profile of concentration and μ-receptor occupancy against
time were simulated.

F IGURE 3 Simulation results for morphine, M3G and M6G for different once daily dosing regimens and formulations for (a) plasma, brain
extracellular fluid (BrainECF) and cerebrospinal fluid–subarachnoid space (CSFSAS) concentrations and (b) μ-receptor occupancies in the midbrain
and spinal cord of human CNS. CNS target site concentrations and μ-receptor occupancies on day 6–7 were captured with the measure of
median to show the trend across different doses and routes of administration. CNS target site BrainECF concentrations are used as input for the
midbrain, whereas the CSFSAS concentrations were used for the spinal cord; hence the panels correspond to each other, whereas plasma profile is
shown for making comparisons.

6 BUDDA ET AL.
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3.3 | All pain matrix locations, except the spinal
cord, showed similar μ-receptor occupancy ratios

All brain locations included in our simulations showed similar trends

of μ-receptor occupancy, except for the spinal cord which has the

lowest receptor expression, and the lowest target site concentrations

(CSFSAS) (Figure 5). Furthermore, the doses at which the effects of the

non-linear BBB transport of morphine was observed, differed

between spinal cord and other locations. It should be noted that the

values for μ-receptor occupancy % values are extremely low. From

Figure 5, it is also apparent that receptor occupancy is more sensitive

to CNS target site concentration than differences in receptor expres-

sion, as shown by receptor occupancy profiles in the spinal cord, com-

pared with those in other regions in the CNS.

3.4 | Formulation and dose regimen differences
were reflected in μ-receptor occupancy

Morphine showed higher μ-receptor occupancy after IV dosing, com-

pared with that after oral dosing (Figure 3). Particularly, the effects of

morphine's non-linear BBB transport were observed at higher doses

in IV bolus for midbrain μ-receptor occupancy, whereas for the occu-

pancy in spinal cord, the effects of non-linear BBB transport were

observed at higher doses in oral extended-release formulation. Partic-

ularly, the receptor occupancy for morphine was greater at higher

doses after IV dosing, in the brain regions exposed to BrainECF

concentrations, whereas in the spinal cord, increased μ-receptor occu-

pancy by morphine was observed for higher doses for the oral

extended-release formulation.

The μ-receptor occupancy fractions of morphine/M3G/M6G

ratio in the BrainECF and CSFSAS varies between IV, oral extended-

release and oral immediate release formulations. In particular, after

oral immediate release formulations, higher morphine occupancies in

spinal cord than in midbrain were observed, compared to those of

M3G. Furthermore, the dose at which non-linear morphine BBB trans-

port affected BrainECF, CSFSAS concentrations and μ-receptor occu-

pancy also differed between formulations.

The ratio of fractions of morphine/M3G/M6G concentrations at

CNS target sites changes with larger dosing intervals (Figure 6).

Interestingly, with increase in dosing interval (24 hours) the effects

of the non-linearity of morphine transport was observed at higher

doses in BrainECF while the non-linearity effect was observed at

lower doses in CSFSAS. Differences in μ-receptor occupancy between

morphine and metabolites in midbrain were less influenced by dose

interval changes, while the differences were reduced with more fre-

quent administrations (6 h) compared to less frequent administra-

tions (24 h).

4 | DISCUSSION

To better understand variability in the exposure-response relation-

ships of morphine, we investigated the effects of its non-linear BBB

F IGURE 4 (a) Relative plasma, brain extracellular fluid (BrainECF) and cerebrospinal fluid–subarachnoid space (CSFSAS) concentration fractions
(b). Corresponding μ-receptor occupancy fractions in midbrain and spinal cord, for morphine, M3G and M6G for once daily dosing regimens and
formulations. Here the same proportions of each ligand compared to the total, that is, sum of all ligands (morphine + M3G + M6G) to show how

the proportions are changing with respect to increased dose due to non-linearity is shown in this figure.
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F IGURE 5 Relative μ-receptor occupancies of morphine, M3G, M6G in pain matrix representative locations (on top of panel), for IV
bolus across once daily dose regimens on Days 6–7. All pain matrix regions having the BrainECF concentrations showed similar occupancy
ratios, whereas the spinal cord which has both lower μ-receptor expression as well the CSFSAS concentration, showed a different
pattern as shown in this figure. This figure is to explain the importance of considering the specific target site concentrations for PKPD
analyses.

F IGURE 6 (a) Effect of dose interval (on top of panel) on non-linear morphine transport on CNS target site concentrations, (b) μ-receptor
occupancies of morphine, M3G, M6G across 0.25–50 mg doses of intravenous bolus at Days 6–7. Median CNS target site concentrations and
μ-receptor occupancy profiles on Days 6–7 are shown in this figure, against the dose interval (shown in the top panel), it shows the influence of
non-linearity changing with dose interval, as opposed to the expected concentration differences.
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transport on μ-receptor occupancy in different CNS locations,

together with its main metabolites M3G and M6G. We simulated

μ-receptor occupancy by morphine, M3G and M6G for a range of

clinically relevant dose regimens including IV bolus (�28–56 mg per

day) (CDER & FDA, 2016), oral immediate and oral extended-release

(�60–120 mg per day) (CDER & FDA, 2021) formulations, including

high and low doses for sensitivity analysis. We found that mor-

phine's μ-receptor occupancy was clearly affected by its non-linear

transport across BBB. Also, M3G, although it was the dominating

metabolite in plasma, exhibited the lowest μ-receptor occupancy. In

other words, the plasma pharmacokinetic profiles are not good pre-

dictors of μ-receptor occupancy in the CNS. Moreover, the effects

of non-linearity of morphine BBB transport depends on the dose

regimen, the target site location and μ-receptor binding kinetics.

Based on these predictions we expect that morphine might be

following non-linear dose-target μ-receptor occupancy relationship.

This may improve the understanding of variability in morphine's

dose–response relationships, as differences in μ-receptor occupancy

are strongly correlated with the analgesic effect observed (Takai

et al., 2018).

In human CNS, the target site concentrations of morphine, M3G

and M6G are predicted by the LeiCNS-PK3.0 model with non-linear

morphine BBB transport (Gülave et al., 2023). Gülave's predictions in

rats were in line with reported observations of Stain-Texier et al.

(1999), with relatively low morphine and high M6G concentrations in

BrainECF, as measured by microdialysis (Stain-Texier et al., 1999)

(note: rats do not produce M3G). For the human situation, we lack

CNS target site measurements on morphine, M3G and M6G, and

therefore Gülave et al., (2023) scaled from rats to humans, using the

BBB P-gp expression ratios between rats and human (i.e., scaling fac-

tor fAFBBB) (Gülaveet al., 2023). The CNS target site concentrations

were influenced by morphine non-linear BBB transport, the BBB

transport characteristics of M3G and M6G, as well as dosing regimens

and formulations. Here we took this information one step further and

investigated the resulting μ-receptor occupancy. To that end we

assumed that the μ-receptors are located on the brain cell membrane

(Consortium et al., 2023) facing the BrainECF, and on the spinal cord

cells membranes, facing the CSFSAS. Potential μ-receptors inside the

CNS cell cytoplasm (Gris et al., 2010) were not considered in these

simulations. The results from our analysis are primarily focused on the

steady state exposure and prolonged use of morphine. When consid-

ering the short-term use of morphine, the relative distribution of mor-

phine and its metabolites could be expected to be different, but this

was considered outside the scope of the current work.

Our predictions found that morphine has a higher μ-receptor

occupancy, compared with that of M3G or M6G, at doses below

10 mg, while for higher and clinically relevant doses, M6G has higher

μ-receptor occupancy than morphine at the CNS target sites. PKPD

models (Sverrisdóttir et al., 2015), (plasma) concentration-effect stud-

ies using hysteresis loop (Ekblom et al., 1993) or indirect transfer func-

tion (Dahlström et al., 1978), highlighted the unexplained differences

in inter-individual patient response to morphine, hence we were inter-

ested to study this with competitive binding between morphine, M3G

and M6G. The superior potency of M6G, its role in reinforcing behav-

iour, and other side effects (Abbott & Franklin, 1991; Abbott &

Palmour, 1988; Frances et al., 1992; Gong et al., 1991; K. Shimomura

et al., 1971; Massi et al., 1994; P. B. Osborne et al., 2000; Pasternak &

Wood, 1986; Paul et al., 1989; Stain et al., 1995), become more rele-

vant for future pharmacodynamic analyses, given that the μ-receptor

occupancy for M6G is higher than that for morphine, at clinically

relevant doses. Also, our simulations showed that irrespective of dose

or route of administration, M3G has relatively lower μ-receptor

occupancy than morphine or M6G. M3G has been shown to antago-

nize the effect of morphine or M6G (Gong et al., 1991; Morley

et al., 1992; Qian-Ling et al., 1992), with newly proposed mechanisms,

such as those involving the toll-like receptor 4 (TLR4) (Due

et al., 2012) or the interplay between μ-receptors and TLR4 (Zhang

et al., 2020). Thus, studying M3G in combination with morphine and

M6G might provide new insights.

Our predictions found that non-linear BBB transport of morphine

can and does affect the brain μ-receptor occupancy, across formula-

tions, as shown by comparison between IV and oral routes. Multiple

dose regimens lead to more fluctuating μ-receptor occupancies at

CNS target sites, as shown in this simulation, which might explain dif-

ferences in response between in vitro or PKPD analyses and real-time

chronic pain treatment requiring multiple dose regimens. Depending

on the route of administration, the time to reach specific target site

varies, and then the relative competitive binding affinities between

the compounds for the μ-receptor determines the μ-receptor occu-

pancy. We show in this simulation that differences each in metabolite

and morphine fractions (compared to the total) in a dose regimen-,

and/or administration route-dependent manner, on top of morphine

BBB transport non-linearity. The target site concentration is shown to

be dependent on administration route in terms of metabolite forma-

tion, as reported as 0.48/0.08/0.10 for subcutaneous (Christian

Mignat et al., 1995) and 0.53/0.16/0.11 for IV (Sjøgren et al., 1993)

for morphine/M3G/M6G respectively in CSF to plasma ratios, which

highlights the importance of route of administration. Furthermore, the

morphine/metabolite ratios are associated with more analgesia (for

more morphine/M6G plasma ratio in humans) (Portenoy et al., 1992)

or less analgesia (with more M3G/morphine ratio independent of

plasma concentration in rats) (Smith & Smith, 1995). Our simulations

did not include inter-individual variability in systemic pharmacokinet-

ics, as we specifically aimed to investigate the contribution of adminis-

tration route, non-linear transport and competitive binding effects on

receptor occupancy.

In our analysis, the binding kinetics rate constants Kon and Koff

were determined using the Kd values and diffusion-limited binding

(association) principles of Stokes Einstein's law (Cruickshank, 1924).

We presume first that diffusion-limited binding is a valid assumption

given that morphine, M3G, M6G are small molecules (<500 Da) with-

out long side chains. Secondly, viscous BrainECF fluid due to presence

of drug molecules, and hindered access to the binding site due to the

location of μ-receptors at the synaptic cleft, all of which adheres to

the rules of diffusion-limited binding (Cruickshank, 1924). For M3G

and M6G, which have the same molecular weight, we believe that
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their binding affinities measured in the same experiment (Frölich

et al., 2011) drives their dissociation rate and can be used for reason-

able approximation of their relative competitive binding. However,

while considering Kd values for simulations, we have not accounted

for possible ligand depletion in these values (Hoare, 2021), but we

consider the current methodology is reasonable, by using the target

site concentrations to address the research question of competitive

binding.

In the current simulations, competition at the same binding site of

the μ-1 subtype (OPRM1, role in analgesia) was considered. The sub-

types μ-2 (role in respiratory depression) (Andoh et al., 2008; Ling

et al., 1985; Paul & Pasternak, 1988) and μ-3 (role in nitric oxide path-

way) (Stefano et al., 1995, 2000) were outside the scope of our work.

Supplementary Table S1 provides an overview on reported values for

binding kinetic data for morphine, M3G and M6G, and the experimen-

tal conditions in which those were obtained. Overall, it can be seen

that these data are highly variable. Among those studies, there were

three in which Kd values for morphine, M3G and M6G were deter-

mined within the same experiment and, in our view, are more valu-

able. Chen et al., (1991) showed relative binding affinities of morphine

and M6G that were extremely high compared to other results. Then,

Lambert et al., (1993) used a non-selective μ-receptor antagonist

[3H]-diprenorphine. Frölich et al., (2011), however, used a selective

μ-receptor antagonist [3H]-naloxone, while also measuring the Kd

values, with the same (one) binding site model. Therefore, the data of

Frölich et al. (2011) were considered to be best for use in our work. It

is important, though, to also investigate the results that would be

obtained by using the other binding kinetic data sets. Therefore, addi-

tional simulations for the binding kinetics data sets of Chen et al.

(1991) and Lambert et al. (1993) were performed and are presented in

Supplementary Figure S1, showing comparable results. Surprisingly,

the μ-receptor occupancies resulting from our simulations are very

low. There are no other published values for μ-receptor occupancy, so

no comparisons can be made. Still, we believe that our predictions

provide useful insights into relative μ-receptor occupancies of mor-

phine, M3G and M6G.

We used mRNA expression due to lack of human protein expres-

sion levels and such protein expression could be different from mRNA

expression, due to loss during post translational modifications.

Furthermore, μ-receptor expression for brain regions was calculated

from the mRNA expression ratios, but the HPA normal consensus

data (Sjöstedt et al., 2020) is based on the concept of highest expres-

sion found in the subregion of each location. Hence, the true absolute

receptor mRNA expression for each region could differ from the

values we have considered. But we believe that mRNA expression can

still provide valuable insights into the distribution and relative binding

in the brain (Koussounadis et al., 2015). There were also suggestions

of OPRM1 subtypes (Dietis et al., 2011) based on splice variants,

which was out of scope for this simulation study. We have accounted

up until the event of drug-target interaction, however upon receptor

binding, ligand and receptor go through a cascade of events such as

phosphorylation, arrestin binding, desensitization, followed by recy-

cling of receptor by internalization (for ex: endocytosis) (Williams

et al., 2013). These molecular level sub-processes depend on the

receptor-ligand complex, and thus can be different for morphine,

M3G, and M6G at the μ-receptor, and can drive long-term use effects

such as tolerance (Morley et al., 1992; Williams et al., 2013).

Many factors affecting the μ-receptor can influence the competi-

tive binding and were not completely accounted for in the model. For

example, μ-receptor expression was assumed to be constant, while

the μ-receptor has an intrinsic recycling ability (Medrano et al., 2017),

which is independent of the ligand-receptor complex. The availability

of μ-receptors at brain target sites has been shown to depend on

(patho-)physiological conditions, such as neuropathic pain (Jones

et al., 2004), as well as age and sex (Kantonen et al., 2020). Also, we

only considered metabolism of morphine into M3G and M6G in the

periphery, and resulting plasma profiles, but published data also sug-

gest that metabolism of morphine is also possible inside the CNS

(Wahlström et al., 1988). Interestingly (Gabel et al., 2022) showed that

differences in analgesia among sexes are driven by metabolism and

these differences are mainly driven by morphine derivatives that are

conjugates of 3-glucuronide metabolites (Peckham & Traynor 2006).

Furthermore, the endogenous opioids, though probably present only

in the picomolar ranges in rats (Donnerer et al., 1986) and humans

(Cardinale et al., 1987), exhibit differences in strength of binding and

more importantly sub-cellular signalling pathways from those of exog-

enous opioids (Corder et al., 2018), differences which could have

implications in the responses observed. Thus, information about the

receptor levels dependent on age, sex and (patho-)physiological condi-

tions, along with any competition with endogenous opioids, should

also be included to provide deeper insights into the mechanisms of

inter-individual differences and to help in designing better personal-

ized treatments.

In conclusion, our simulations on the μ-receptor occupancy by

morphine, M3G and M6G, despite some uncertainties, provide initial

insights into the differences in their relative μ-receptor occupancy,

being dependent on the dose, the dosing route, dosing formulation

and dosing frequency, and the role of non-linearity of morphine trans-

port across the BBB. This may be part of the explanation for the inter-

individual differences in response to morphine treatment, while

emphasizing the need for additional studies on the binding kinetics of

morphine and its metabolites. We believe these results could provide

a new basis for experimental investigations of morphine, M3G and

M6G together, to explain interindividual differences in morphine

analgesia. The next step would be to validate the predictions with

published pain biomarkers and receptor occupancy data in future

research.
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