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A B S T R A C T

The µ-opioid receptor (µ-OR) is the key target for morphine in the treatment of (chronic) pain. Endogenous 
opioids at the µ-OR have been implicated in multiple physiological processes, including pain relief. However, the 
extent to which µ-OR occupancy of morphine is influenced by endogenous opioids and µ-OR internalization is 
unclear. The aim of this study was to investigate the impact of endogenous opioids and µ-OR internalization on 
morphine µ-OR occupancy. To this end we developed a mathematical binding kinetic model incorporating in
formation on binding kinetic parameters, µ-OR expression, µ-OR internalization rates, and levels of multiple 
endogenous opioids, in rat hypothalamus. µ-OR occupancies were simulated using morphine brain extracellular 
fluid concentration data, for different static levels of the endogenous opioids, including beta-endorphin, 
Dynorphin-A 1–17, Endomorphin-2, Leu-enkephalin, and Met-enkephalin. Simulations were performed in 
absence or presence of µ-OR internalization. We show that beta-endorphin has a strong impact on morphine µ-OR 
occupancy, followed by limited impact of met-enkephalin. Other endogenous opioids did not demonstrate any 
significant effect. µ-OR internalization reduced the impact of beta-endorphin on morphine µ-OR occupancy to a 
limited extent. We conclude that beta-endorphin plays an important role in morphine µ-OR occupancy, which 
could therefore play a key role in explaining interindividual variability in the analgesic effects of morphine. 
Finally, this study demonstrates the utility of a mathematical model workflow in deciphering the role of 
endogenous ligands in morphine’s µ-OR occupancy.

Introduction

Morphine is an essential agent for the treatment of (chronic) pain 
(Berland and Dodgers 2012; Dowell et al., 2022). The analgesic effects of 
morphine are mediated by the µ-opioid receptor (µ-OR), which is 
abundant in several CNS regions responsible for sensory, emotional and 
cognitive processing of pain, referred to collectively as the pain matrix 
(Garcia-Larrea and Peyron 2013; Goel M et al., 2024).

Endogenous opioids such as enkephalins, endorphins, endomorphins 
and dynorphins are naturally occurring opioid peptides in the body. 
Endogenous opioids have a role in both emotional control and sensory 
pain relief, primarily mediated through the µ-OR (Zubieta et al., 2005). 
The role of endogenous opioids in morphine analgesia (Bergmann et al. 
1978) and cross-tolerance with morphine (Székely et al., 1977; 

Waterfield et al., 1976) suggests a potential role of competitive binding 
of endogenous opioids with morphine at the µ-OR. Endogenous opioids 
levels can vary between individuals and may depend on patient’s age 
and sex (Corder et al., 2018; Fricker et al., 2020), based on their pre
cursors pro-dynorphin (PDYN), pro-enkephalin (PENK) in hypothala
mus (Sjöstedt et al., 2020). Studying the impact of endogenous opioid 
levels on morphine’s µ-OR occupancy may improve our understanding 
of factors that might underlie the substantial variability in treatments 
effects of morphine.

Morphine or any endogenous opioids present in the brain extracel
lular fluid (brainECF) can bind and activate the µ-OR. The resulting 
ligand-receptor complex will undergo internalization, which is a crucial 
step in regulating the receptor function (Williams et al., 2013). Inter
nalization involves endocytosis of the ligand-receptor complex via 
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endosomes, removing it from the cell surface and allowing for receptor 
resetting and recycling to the membrane for subsequent binding and 
activation cycles (Williams et al., 2013). This affects the available µ-OR 
for binding and thereby signal transduction, as was shown by enhanced 
internalization of morphine preventing development of analgesia 
attenuation (Sternini et al., 2000). While multiple studies (Bronstein 
et al., 1990 &1993; Nieto et al., 2002; Przewŀocki et al., 1979; Rattan 
and Tejwani, 1996 & 1997; Takemori et al., 1993; Tejwani and Rattan 
1997; Turchan et al., 1997; Yukhananov et al., 1993) have examined 
morphine’s effect on endogenous opioid levels, the competitive binding 
between endogenous opioids and morphine, as well as their µ-OR 
internalization role in µ-OR occupancy, has not been explored.

Investigating the role of endogenous opioids and morphine in µ-OR 
receptor binding kinetics presents significant methodological challenges 
for in vivo studies. In humans, non-invasive imaging techniques 
including positron emission tomography (PET) and functional magnetic 
resonance imaging (fMRI) can be used. PET studies using [11C]-Car
fentanil have been used to indirectly measure a stimulus-induced 
endogenous opioid release (Mick et al., 2014), but not morphine brai
nECF concentrations, nor µ -OR expression. In animals, quantifying 
changes in morphine pharmacokinetics (PK) in brain extracellular fluid 
(ECF) is possible by microdialysis (Groenendaal et al., 2007). This 
technique can also be used to monitor brainECF endogenous opioids 
(Al-Hasani et al., 2018; Mikati et al., 2025; Nieto et al., 2002). However, 
obtaining additional information on µ-OR expression, endogenous 
opioid levels, and endogenous opioid specific internalization fractions of 
µ-OR is challenging, resource-intensive, and requires extensive animal 
use. Mathematical modelling can be used to provide a “digital twin” of 
the in vivo setting, simulating mechanistic processes across treatment 
conditions and biological or pharmacological conditions to explain their 
interrelationships. Model-based approaches represent a relevant strat
egy to address questions around the role of endogenous opioids and 

morphine in µ-OR receptor binding kinetics.
The possible competition of endogenous opioids in morphine µ-OR 

binding, and potential implications for their impact on the analgesic 
effect of morphine, motivated us to evaluate the role of endogenous 
opioids competition and their specific µ-OR internalization factors on 
µ-OR occupancy, using a mathematical binding kinetic modelling 
approach.

Methods

The impact of endogenous opioids competition and µ-OR internali
zation on morphine’s µ-OR occupancy was simulated using a mathe
matical modeling framework. Model parameter values for binding 
kinetics, µ-OR expression, endogenous opioid levels in specific CNS re
gions, as well as information for morphine brain ECF concentrations, 
were derived from literature.

Comprehensive literature search

A comprehensive literature search (Table S1) was conducted to 
identify the endogenous opioid concentrations (amounts per gram brain 
tissue) in the pain matrix, or broader representative regions, i.e. cerebral 
cortex, thalamus, hypothalamus, midbrain, pons, medulla, spinal cord, 
and their corresponding binding kinetic parameters. The literature 
search was conducted for humans, rats, and mice, and is summarized in 
detail in Table S2. We found that rat hypothalamus data was most 
comprehensive, and therefore this region was selected for further ana
lyses, with the exception of bovine endomorphin-2 levels information 
that was lacking in rats, and assumed to be equal to that in bovine. 
Table 1 summarizes key information used for mathematical modelling, 
including the levels of endogenous opioids, binding kinetic parameters, 
µ-opioid receptor expression and ligand -µ-opioid receptor complex 

Table 1 
µ -OR endogenous opioids binding kinetic model information.

Compound Parameter Value Units Species Location Reference

Endogenous opioid levels (E)
Beta-endorphin Concentration 4941a ng. g-1 Rats Hypothalamus Ogawa et al., 1979
Dynorphin-A 1–17 Concentration 10.3 pmol. g-1 Rats Hypothalamus Corbett et al., 1982
Endomorphin-2 Concentration 12.4 pmol. g-1 Bovine Hypothalamus Zadina et al., 1997
Leu-enkephalin Concentration 220 pmol. g-1 Rats Hypothalamus Giraud et al., 1983
Met-enkephalin Concentration 2169 pmol. g-1 Rats Hypothalamus Giraud et al., 1983
Dissociation rate constants (Koff)
Beta-endorphin Koff_1 0.077 min-1 Rats Brain membranes Ferrara et al., 1981
Beta-endorphin Koff_2 0.018 min-1 Rats Brain membranes Ferrara et al., 1981
Dynorphin-A 1–17 Koff 7.6 s-1 Rats Trigeminal neurons Chen et al., 1995
Endomorphin-2 Koff 0.085 min-1 Rats Brain membranes Spetea et al., 1998
Morphine Koff 1.388 min-1 Flp-In T-REx293 cells Flp-In T-REx293 cells Pedersen et al., 2020
Leu-enkephalin Koff_1 0.063 min-1 Rats Brain membranes Ferrara et al., 1981
Leu-enkephalin Koff_2 0.014 min-1 Rats Brain membranes Ferrara et al., 1981
Met-enkephalin Koff_1 0.091 min-1 Rats Synaptosomes Nagy et al., 1983
Met-enkephalin Koff_2 0.016 min-1 Rats Synaptosomes Nagy et al., 1983
Association rate constants (Kon), Equilibrium dissociation constant (Kd)
Beta-endorphin Kon 330,000,000 mol-1. min-1 Rats Brain membranes Ferrara et al., 1981
Dynorphin-A 1–17 Kon 4900,000 mol-1. s-1 Rats Trigeminal neurons Chen et al., 1995
Endomorphin-2 Kon 0.088 nmol-1. min-1 Rats Brain membranes Spetea et al., 1998
Morphine Kon 17,800,000 mol-1. min-1 In vitro Cell membranes Pedersen et al., 2020
Leu-enkephalin Kon 9300,000 mol-1. min-1 Rats Brain membranes Ferrara et al., 1981
Met-enkephalin Kd 8.33 nmol Rats Synaptosomes Deliconstantinos et al., 1995
Ligand bound µ-OR internalization rates (proportions ( %))
Beta-endorphin Kint 89.25 % Rats Spinal cord slices Song and Marvizón, 2003
Dynorphin-A 1–17 Kint 21.51 % Rats Spinal cord slices Song and Marvizón, 2003
Endomorphin-2 Kint 100 % Rats Spinal cord slices Song and Marvizón, 2003
Leu-enkephalin Kint 8.82 % Rats Spinal cord slices Song and Marvizón, 2003
Met-enkephalin Kint 1.08 % Rats Spinal cord slices Song and Marvizón, 2003
Morphine Kint 13 % AtT20 cells AtT20 cells Borgland et al., 2003
Unbound µ-OR Kint 6.022 % Rats Spinal cord slices Song and Marvizón, 2003

Kon: association rate constant; Koff: dissociation rate constant; Kd: Equilibrium dissociation constant; Kint: Internalization rate; µ-OR: µ-Opioid receptor. a: Baseline value 
was selected due to the microwave fixation method’s superior preservation of endogenous opioid peptides (Che et al., 2005 ; Juras et al., 2023 ;Murphy, 2010 ;
Nylander et al., 1997)
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internalization.

Data transformation & parameter derivation for the model

µ-OR expression in rat hypothalamus
µ-OR expression in the rat hypothalamus (Table 1) was obtained 

from literature as 197 fmol/mg (Piva et al., 1987), which was then 
scaled by the weight of the hypothalamus region, being 0.38 g (Welniak 
et al., 2019) resulting in a final value of 0.075 nM. The µ-OR expression 
was assumed to be constant without fluctuations in synthesis and 
degradation.

Endogenous opioid amounts in the rat hypothalamus
Endogenous opioid levels (Table 1) were calculated for the total 

hypothalamus weight of the rat (0.38 g (Welniak et al., 2019)). 
Endogenous opioid amounts were assumed to be constant. Data on the 
levels of endomorphin-2 in rats were unavailable, and only available for 
bovine species. Assuming comparable levels in bovine and rats, 
endomorphin-2 concentrations in the rat hypothalamus were calculated 
using bovine values and adjusted for rat hypothalamus weight.

Binding kinetic parameters
For the endogenous opioids, binding kinetic model information was 

only available for leu-enkephalin, met-enkephalin, beta-endorphin, 
dynorphin-A 1–17 and endomorphin-2 (Table S2). Dynorphin-A 1–17 
and endomorphine-2 have monophasic dissociation constants while 
Leu-enkephalin, Met-enkephalin, and beta-endorphin were reported to 
have biphasic dissociation rate constants, represented by Koff,1 and Koff,2. 
The bi-phasic dissociation of the endogenous opioid-µ-OR (ER) complex 
has a magnitude of A for phase 1 and magnitude of B for phase 2. The net 
dissociation of the ER complex [ER] at time t, relative to time 0, can be 
described based on (Witt and McConnell, 1994; and Anderson and 
McConnell, 1999) as: 

[ER]diss
t

[ER]diss
0

= A. e− Koff ,1 . t + B. e− Koff ,2 . t (1) 

Information about the magnitude of phases of dissociation was not 
available for Leu-enkephalin, Met-enkephalin, and beta-endorphin 
having this bi-phasic dissociation. Hence, to model the dissociation of 
the complex, we used an overall dissociation rate constant (Koff): 

[ER]diss
t

[ER]diss
0

= e− Koff . t (2) 

where Koff is the sum of Koff,1 and Koff,2. For Met-enkephalin, only Koff 
and Kd were available. Kon was calculated as follows: 

Kon =
Koff

Kd
(3) 

Internalization rate constants

Internalization rate constants (Kint) were derived from the fraction 
internalized (Fint) after exposing ligand for a duration of time “t” to the 
µ-OR using the Eq. 4 below based on first-order reaction rate constants. 
The complete derivation can be found in supplementary section 6.3. 

KInt =
− [ln(1 − Fint)]

t
(4) 

Morphine rat brain ECF concentrations
The population pharmacokinetic (PopPK) model on nonlinear brain 

distribution of morphine was based on plasma and microdialysis data 
obtained from rats (Groenendaal et al., 2007). It was used to predict 
morphine brainECF concentrations for a time-period of 18 h (~ 
steady-state) following intravenous infusion dose ranges of 0 – 40 
mg/kg/h. This range fully covers the dose ranges used for morphine 
analgesia in rats (5–10 mg/kg/h) (Cox et al., 1968; Jacquet and Lajtha 
1973; Johanneson et al., 1972).

Binding kinetic model and simulations

Binding kinetic models were developed to predict μ-OR occupancy 
using the morphine brainECF concentrations, incorporating competition 
with endogenous opioids (see section 2.3.1). To analyse the competitive 
impact of each endogenous opioid with morphine at the µ-OR, models 
were developed with: (1) a single ligand: either morphine or an 
endogenous opioid (i.e. no competition), (2) two ligands: morphine and 
an endogenous opioid (pairwise competition), and (3) all ligands: 
morphine and all endogenous opioids (i.e. Full competition). The 
internalization rate of the ligand-µ-OR complex (for all ligands) was also 
used to understand its role in the µ-OR occupancy of morphine. The 
value used for the μ-OR internalization rate (Table 1) reflects the ligand 
+ µ-OR complex internalized (i.e. μ-OR removed from the cell mem
brane surface, reducing the μ-OR available for binding. The ordinary 
differential equations combining rat brainECF concentrations with 
competitive binding kinetic model are described in section 2.3.1.

Binding kinetic model equations
The nonlinear morphine blood-brain barrier (BBB) transport model 

equations based on plasma and brainECF concentrations as determined 
from rat microdialysis data ((Groenendaal et al., 2007), (Eq (5)), along 
with competitive binding kinetics for each endogenous opioid as used in 
the model, are presented in the Eqs. (5)–12 below. 

d
(
Cecf

)

dt
=

[
Kdiff

]
.
[
Cblood − Cecf

]
−

⎡

⎢
⎢
⎣

Nmax
Vecf

. Cblood

C50 + Cblood

⎤

⎥
⎥
⎦.

[
Keff

]
.
[
Cecf

]
(5) 

d(MR)
dt

= [KOnM ].
[
Cecf

]
.[R] −

[
KOffM

]
.[MR] − [KIntM ].[MR] (6) 

d(ERi)

dt
=

[
KOni

]
.[Ei].[R] −

[
KOffi

]
.[ERi] −

[
KInti

]
.[ERi] (7) 

d(Ei)

dt
= −

( [
KOni

]
.[Ei].[R] −

[
KOffi

]
.[ERi] −

[
KInti

]
.[ERi]

)
(8) 

Rtotal = R + MR +
∑5

i=1
ERi (10) 

ROi =
ERi

Rtotal
∗ 100% (11) 

d(R)
dt

= −
(
[KOnM ].

[
Cecf

]
.[R] −

[
KOffM

]
.[MR] − [KIntM ].[MR]

)
−

∑5

i=1

( [
KOni

]
.[Ei].[R] −

[
KOffi

]
.[ERi] −

[
KInti

]
.[ERi]

)
(9) 
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ROM =
MR
Rtotal

∗ 100% (12) 

where subscript i stands for each individual endogenous opioid (Leu- 
enkephalin, met-enkephalin, dynorphin-A 1–17, beta-endorphin, and 
endomorphin–2); Kdiff represents the rate constant for passive BBB 
diffusion between blood and brain ECF; Keff represents the rate constant 
for active BBB efflux by Pgp out of brain ECF; Nmax represents the 
maximum active BBB influx from blood into brain ECF; Vecf represents 
the volume of the brain ECF compartment; C50 represents morphine’s 
blood concentration at which 50 % of maximum active influx is reached; 
Cblood represents morphine’s total blood concentration in rats; Cecf rep
resents morphine’s unbound brainECF concentration; KonM represents 
morphine’s association rate constant for the µ-OR; KoffM represents 
morphine’s dissociation rate constant from the µ-OR; MR represents 
morphine bound µ-OR; KIntM represents the internalization rate constant 
for morphine + µ-OR complex; Koni represents the endogenous opioid’s 
association rate constant for the µ-OR; Koffi represents the endogenous 
opioid’s dissociation rate constant from the µ-OR; ERi represents the 
endogenous opioid’s bound to the µ-OR; Ei represents the endogenous 
opioid’s concentration in rat hypothalamus; KInti represents the endog
enous opioid + µ-OR complex internalization rate constant; R represents 
the unbound µ-OR concentration; Rtotal represents the unbound + bound 
µ-OR; and RO represents the µ-OR occupancy.

Simulations
Simulations for 300 g rats modeled a 2-hour baseline period with 

static endogenous opioids concentrations to mimic a chronic pain state, 
followed by an 18-hour constant-rate intravenous morphine infusion 
(0–40 mg/kg/h). This design assesses steady-state morphine competi
tion with endogenous opioids at constant µ-opioid receptor expression 
(no turnover), isolating binding dynamics in chronic pain. To that end, 
all levels of endogenous opioids, binding kinetic rate constants, and 
morphine brainECF concentrations were converted into nanomoles and 
rate constants to per minute values for simulations. Median values of the 
simulated µ-OR occupancies at steady state i.e., at 18 h, were used for 
the analysis of the simulation results. Furthermore, a sensitivity analysis 
was also performed in order to evaluate the impact of variability in 
endogenous opioid levels between 0 % (complete absence) to 300 % (3 
times the baseline value) for their effect on µ-OR occupancies for the 
three competition modes (none, pairwise, full).

Results

Beta-endorphin shows the highest µ-OR occupancy in absence of 
competition

We evaluated µ-OR occupancy of each individual endogenous opioid 
alone. These simulations showed that, in the rat hypothalamus, beta- 
endorphin has the highest µ-OR occupancy (63 %), followed by met- 
enkephalin (9 %) (Fig. 2). µ-OR occupancy of leu-enkephalin, endo
morphin-2, and dynorphin-A 1–17 were insignificant (0.98 %, 0.45 %, 
and 0.00025 %, respectively). Morphine’s µ-OR occupancy was ~93 % 
for the 5mg/kg/h dose when used alone. Based on the significant µ-OR 
occupancy of beta-endorphin and met-enkephalin and the insignificant 
role of other endogenous opioids, further results and visualizations were 
focused only on beta-endorphin and met-enkephalin. (Results for all 
endogenous opioids can be found in the Figure S1 & S2). Plasma, brai
nECF steady state concentrations corresponding to each dose, and used 
as input for µ-OR occupancies were shown in Table 2.

Beta-endorphin shows highest µ-OR occupancy in both pairwise 
competition with morphine and full competition with morphine and 
endogenous opioids

To determine the impact of endogenous opioid competition, we 
simulated multiple competition conditions and compared with no 
competition setting. When endogenous opioids compete with morphine 
(IV infusion of 5 mg/kg/h), beta-endorphin µ-OR occupancy decreased 
to 12 % in both pairwise and full competition, underlining the strength 
of beta-endorphin binding to µ-OR (Fig. 3). Met-enkephalin µ-OR oc
cupancy was reduced to ~0.5 % in pairwise competition and full 
competition compared to no competition (9 %). Finally, morphine µ-OR 
occupancy decreased from 93 % in no competition to 92 % in pairwise 
competition with met-enkephalin, whereas it has become 82 % in 
pairwise competition with beta-endorphin and 81 % in full competition. 
In summary, beta-endorphin is the primary endogenous opioid driving 
µ-OR occupancy when competing with exogenously administered 
morphine as well as other endogenous opioids.

Internalization of µ-OR reduced beta-endorphin µ-OR occupancy

The impact of internalization rate of µ-OR ligand-receptor com
plexes, and µ-OR on µ-OR occupancy, was simulated in full competition 
condition for all endogenous opioids. The internalization rate of beta- 
endorphin was quite high compared to that of morphine and led to a 
decrease in beta-endorphin µ-OR occupancy by 8 % (Fig. 4). Due to an 
increased internalization rate, beta-endorphin µ-OR occupancy gradu
ally decreased with increased morphine doses, leading to an increase in 
morphine µ-OR occupancy by 96 % at dose of 40 mg/kg/h compared to 
89 % at a dose of 5 mg/kg/h. The internalization rate did not affect Met- 
enkephalin and other endogenous opioids (Figure S1).

Sensitivity analysis of endogenous opioid concentrations

To evaluate the impact of endogenous opioid level changes on 
morphine µ-OR occupancy, endogenous opioid levels were varied be
tween 0 % to 300 % (where 100 % is baseline) (see section 2.4). Beta- 
endorphin μ-OR occupancy was ~95 % without internalization, 
compared to ~85 % in the presence of internalization (Figure S2). Other 
endogenous opioid level changes did not result in any observable dif
ferences in µ-OR occupancy of morphine/beta-endorphin/met- 
enkephalin (Figure S3).

When including internalization, beta-endorphin remained the major 
endogenous opioid affecting morphine µ-OR occupancy (Fig. 5). Beta- 
endorphin μ-OR occupancy was ~4 % at its baseline level (100 %) 
and increased to ~11 % for 3 times its baseline levels (300 %). For 
morphine, the μ-OR occupancy was ~ 92 % in the absence of beta- 

Table 2 
Nonlinear saturable influx transporter mediated plasma (ng/ml) and brainECF 
(ng/ml) steady state concentration of morphine in rats across multiple doses 
(mg/kg/h).

Morphine continuous infusion rate (mg/kg/h) Morphine steady state 
concentration (ng/mL)

Plasma Brain ECF

0 0 0
2.5 147.8 169.5
5 295.7 216.8
10 591.3 305.4
12.5 739.1 348.9
17.5 1034.8 435.8
20 1182.6 479.2
22.5 1330.4 522.5
25 1478.3 565.8
32.5 1921.7 695.5
35 2069.6 738.8
37.5 2217.4 781.9
40 2365.2 825.2
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endorphin (0 %), 88 % for the baseline beta-endorphin level (100 %), 
and ~82 % at 3 times higher beta-endorphin levels (300 %).

Discussion

The possible competition of endogenous opioids in morphine µ-OR 
binding, and potential implications for their impact on the analgesic 
effect of morphine, motivated us to evaluate the role of endogenous 
opioids competition on morphine’s µ-OR occupancy. Using a binding 
kinetic mathematical modeling approach, we have shown that beta- 
endorphin has a high impact on morphine’s µ-OR occupancy. We have 
also shown the impact of changes in endogenous opioid levels, and µ-OR 
receptor-ligand complex internalizations, further supporting observa
tions on the important role of beta-endorphin on morphine’s µ-OR 
occupancy.

Our simulations indicated that beta-endorphin is a particularly 
important endogenous opioid. Its µ-OR occupancy at endogenous levels 
is substantially higher than that of other endogenous opioids used at 
clinically relevant morphine exposures. Simulations exploring various 
endomorphin-2 levels did not significantly affect morphine µ- µ-OR oc
cupancy, suggesting a minimal impact of endomorphin-2 on µ-OR oc
cupancy of morphine or other endogenous opioids, in the presence of 
morphine. Beta-endorphin’s high µ-opioid receptor (µ-OR) occupancy is 
primarily attributed to its substantially higher concentration (in the 
range of 0.66 - 138 times greater than other endogenous opioids 
(Table 1)) and its significantly higher association rate constant (Kon), 
which is in the range of 1.1 – 36 times greater than that of other opioids 
(Table 1). This high Kon value underscores the importance of beta- 
endorphin in µ-OR binding compared to other endogenous opioids 
(though met-enkephalin has higher concentration). In contrast, 
dynorphin-A 1–17, despite having a high Kon, exhibits very low µ-OR 
occupancy due to its very high dissociation rate constant (Koff), which is 
in the range of 328 - 5900 times greater than that of other opioids 
(Table 1). Altogether, our simulations show that in the absence of beta- 
endorphin, morphine µ-OR occupancy is highest (90 %), and that beta- 
endorphin dominates the competition with morphine, no matter the 
level of endogenous opioids. This suggests a possible vital role of beta- 
endorphin in analgesia.

Furthermore, our simulations showed that morphine exhibits high 
µ-OR occupancy, which is aligned with reports of strong µ-OR binding 
affinity (Eshleman et al., 2020) and analgesic effects (Berland and 
Dodgers, 2012; Dowell et al., 2022). However, two factors needs to be 
considered: firstly, the simulations were based on rat models; secondly, 
the focus on the hypothalamus, where data was most complete, may not 
fully account for significant regional variations in endogenous opioid 
levels (Giraud et al., 1983; Law et al., 1979) and µ-OR expression (Kuhar 
et al., 1973; Piva et al., 1987).

Our evaluation of internalization rates demonstrated a reduction in 
beta-endorphin’s µ-OR occupancy with increasing morphine doses, 
driven by its higher internalization rate (Table 1). Endogenous opioids 
can enhance morphine internalization, suggesting synergistic in
teractions that influence receptor availability (Sternini et al., 2000). 
Quantifying internalization rate constants under combined and isolated 
conditions could refine µ-OR occupancy estimates, providing deeper 
insights into receptor dynamics. These findings emphasize the critical 
role of endogenous opioids in modulating morphine analgesia.

We hypothesize that inter-individual differences in beta-endorphin 
levels in humans might be the most important driver in variability in 
morphine experienced analgesia, as observed among different human 
subjects, with higher levels of beta-endorphin in morphine treatment 
results in improved analgesic action (Chapman et al., 1980), while it 
could also be possible that beta-endorphin mediates analgesia inde
pendently if present at elevated levels (Akil et al., 1978; Loh et al., 
1976). The role of beta-endorphin is also implicated in electrical 
stimulation-induced analgesia (Akil et al., 1978; Hosobuchi et al., 1979; 
Misra et al., 2017; Taylor et al., 2012), suggesting beta-endorphin’s role 

in both morphine-dependent and morphine-independent analgesia. Be
sides analgesia, cross-tolerance between beta-endorphin and morphine 
(Székely et al., 1977; Waterfield et al., 1976., Tseng et al., 1976), pro
longed morphine exposure reducing beta-endorphin levels (Bronstein 
et al., 1993; Przewŀocki et al., 1979) further highlights the importance of 
beta-endorphin in morphine tolerance development. Furthermore, the 
role of beta-endorphin in analgesia is further supported by age related 
changes in sensitivity to pain (Hess et al., 1981; Zhang and Pasternak 
et al., 1981), with age associated changes in beta-endorphin levels in 
CSF (Almay et al., 1978;von Knorring et al., 1978; Terenius and 
Wahlström 1975) and plasma (Bruehl et al., 2017; Gudehithlu et al., 
1991). Although quantitative validation of these observations is 
currently lacking, literature highlights the critical role of beta-endorphin 
(Loh et al. 1976; Tseng et al., 1976 in various analgesic contexts, 
including non-pharmacological (Choh Hao Li., 1977; Foley et al., 1979; 
von Knorring et al., 1978; Moroni et al., 1977; von Knorring et al., 2008, 
electrical stimulation-based (Akil et al., 1978; Hosobuchi et al., 1979; 
Taylor et al., 2012; Misra et al., 2017), and morphine-based (Bergmann 
et al., 1978) therapies. Research indicates that beta-endorphin is more 
potent than other endogenous opioids and morphine (Klee and Niren
berg 1976; Loh et al., 1976; Tseng et al., 1976), Endorphins release 
during nociceptive stimuli (Zangen et al., 1998), changes in endorphin 
levels with age and exercise (Marano et al., 2025), pain (Martikainen 
et al., 2013), emotional state (5-HT levels) (Soliman et al., 1986), 
morphine treatment (Przewŀocki et al., 1979; Rattan and Tejwani, 
1996), further highlights the importance of considering beta-endorphin 
levels for efficient therapy with morphine.

With the important impact of beta-endorphin on µ-OR of morphine, 
we also feel that the interpretation of PET data on µ-OR occupancy need 
to be reconsidered. This is because PET imaging only measures the 
administered PET ligands, assuming that only these bind to a receptor, 
without consideration of the binding of endogenous ligand competition. 
Changes in receptor occupancy of the PET ligands are thereby implicitly 
assumed to reflect changes in receptor expression. So, as an example, we 
question if the changes in 11C-Carfentanil µ-OR occupancy in PET studies 
in thalamic pain patients compared to controls using 11C-Carfentanil, 
that were interpreted as changes in µ-OR receptor density due to the pain 
condition (Jones et al., 2004), might have been brought about by 
changes in beta-endorphin levels (and/or other endogenous opioids), 
aside from possible µ-OR internalization or downregulation (van 
Waarde et al., 2014). Interestingly, this has been shown in PET studies 
using 11C-Carfentanil and an amphetamine challenge to indirectly 
measure endogenous opioid release (Mick et al., 2014).

All parameters used in our simulations were derived from real-time 
measurements in rats, with the exception of endomorphin-2 levels, 
which were based on bovine data due to a lack of rat-specific informa
tion, with the explicit assumption that these bovine data are a rather 
good indication for rats. Furthermore, morphine brainECF concentra
tions used in our simulations were directly based on our previous in- 
house measurements using microdialysis in rats, as described by 
(Groenendaal et al., 2007), which give us confidence in the value our 
simulations.

Our study incorporated multiple factors influencing µ-OR occupancy, 
but did not account for the role of morphine’s main metabolites, M6G 
and M3G, at the µ-OR. The impact of these metabolites were the focus of 
a parallel study, that addressed the impact of morphine’s nonlinear BBB 
transport on the relative concentrations of morphine, M3G and M6G in 
brainECF, being different from those in plasma in a dosing regimen 
dependent fashion (Gülave et al., 2023), and their relative µ-OR binding, 
in which their binding affinities as well as receptor expression differ
ences in different regions of the CNS are important (Budda et al., 2024). 
We have demonstrated that M6G have higher µ-OR occupancy than 
morphine in human simulation studies (Budda et al., 2024), while 
morphine shows greater occupancy than beta-endorphin in present 
study in rats (µ-OR occupancy: M6G > morphine > beta-endorphin). 
Including M6G (Ki = 63 nM; Frölich et al., 2011) in a competitive 
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binding model with morphine and endogenous opioids, such as 
beta-endorphin (Ki = 0.28 nM; Ferrara et al., 1981), may alter µ-OR 
occupancy dynamics. Beta-endorphin’s ~225-fold stronger binding af
finity suggests it could dominate µ-OR occupancy. Morphine requires at 
least 18 % µ-opioid receptor occupancy for analgesia in rats (Takai et al., 
2018), whereas beta-endorphin, a more potent full agonist with higher 
binding affinity, achieves analgesia at lower occupancy levels (Klee and 
Nirenberg, 1976; Loh et al., 1976; Tseng et al., 1976). This further 

highlights beta-endorphin role in analgesia, however further modeling is 
required to confirm these effects.

A second limitation in our study is the absence of connected 
comprehensive, species-specific data. Rat hypothalamus data was used 
as it offered the most complete dataset, yet still required certain as
sumptions. This reflects a broader issue: despite extensive studies on 
morphine’s µ-OR occupancy and effects, most research addresses iso
lated aspects, limiting direct cross-comparisons (De Lange 2013). As 

Fig. 1. Schematic illustration of endogenous opioids binding competition with morphine at µ-OR in rat hypothalamus.(Created in BioRender. Budda, D. (2025)
https://BioRender.com/h90c703).

Fig. 2. Beta-endorphin shows the highest µ-OR occupancy among all endogenous opioids and morphine shows the highest -OR occupancy overall. µ-OR occupancy ( 
%) of each sole ligand (endogenous opioid or morphine (5mg/kg/h IV infusion) at the µ-OR in the rat hypothalamus.
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Fig. 3. Beta-endorphin shows the highest µ-OR occupancy across all endogenous opioids in competition with morphine. Morphine’s µ-OR occupancy in rat hypo
thalamus in the absence (no competition), or presence of single endogenous opioid (i.e. pairwise), or presence of all endogenous opioids (full competition), for 5 mg/ 
kg/h IV infusion.

Fig. 4. Beta-endorphin µ- OR decreased due to its high internalization rate, leading to higher morphine µ- OR occupancy at higher doses**. Effect of µ- OR receptor- 
ligand complex internalization rate on µ- OR occupancy in rat hypothalamus by morphine and endogenous opioids across 0–40 mg/kg/h intravenous infusion doses 
of morphine.*Other compounds internalization rates did not affect morphine or the endogenous opioid’s µ- OR occupancy.
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noted in our introduction, the complexity of studying such multidi
mensional processes in vivo underscores the value of mathematical 
modeling. Our binding kinetic model offers a foundation to explore the 
dependency of µ-OR occupancy across various conditions, minimizing 
animal use laying a strong basis for future validation studies, before 
clinical application.

To gain deeper insights into role of endogenous opioids competition, 
development of a detailed neurochemical map combined with systems 
pharmacology modeling is essential. This can be achieved in multiple 
steps: first, the release patterns of endogenous opioids in response to 
pain or opioids needs to be captured using techniques such as MRI, fMRI, 
molecular fMRI (wei et al., 2021), or specific sensor based imaging (Li 
et al., 2022). Secondly integrating the endogenous opioid level, i.e., 
beta-endorphin levels, with drug pharmacokinetics, physiological 
changes in target regions (such as receptor availability) using a systems 
pharmacology model would improve endogenous ligands and pharma
cological PKPD analysis, paving path towards explaining interindividual 
differences in analgesia. Finally, PET imaging(Mick et al., 2014,van 
Waarde et al., 2014), MRI, or fMRI based receptor occupancy mea
surements can be used to validate the systems pharmacology models, 
providing strong basis for clinical applications.

Conclusion

We conclude that beta-endorphin has a strong impact on the µ-OR 
occupancy of morphine in the rat hypothalamus, whereas the impact of 
other endogenous opioids studied was negligible. Our findings suggest 
that beta-endorphin, met-enkephalin and variability in their levels in 
different subjects can be useful as a guide the optimization of morphine 
dose for improved analgesia. However, our results serve as a good 
foundation and must be corroborated through human studies before 
considering clinical application.
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Székely, J.I., Rónal, A.Z., Dunai-Kovács, Z., Miglécz, E., Bajusz, S., Gráf, L., 1977. Cross 
tolerance between morphine and β-endorphin in vivo. Life Sci. 20 (7), 1259–1264. 
https://doi.org/10.1016/0024-3205(77)90500-8.

Takai, N., Miyajima, N., Tonomura, M., Abe, K., 2018. Relationship between receptor 
occupancy and the antinociceptive effect of mu opioid receptor agonists in male rats. 
Brain Res. 1680, 105–109. https://doi.org/10.1016/j.brainres.2017.12.014.

Takemori, A.E., Loh, H.H., Lee, N.M., 1993. Suppression by dynorphin A and [des-Tyr1] 
dynorphin A peptides of the expression of opiate withdrawal and tolerance in 
morphine-dependent mice. J. Pharmacol. Exp. Ther. 266 (1), 121–124.

Taylor, J.J., Borckardt, J.J., George, M.S., 2012. Endogenous opioids mediate left 
dorsolateral prefrontal cortex rTMS-induced analgesia. PAIN 153 (6), 1219. https:// 
doi.org/10.1016/j.pain.2012.02.030.

Tejwani, G.A., Rattan, A.K., 1997. Met-enkephalin alteration in the rat during chronic 
injection of morphine and/or midazolam. Brain Res. 775 (1), 119–126. https://doi. 
org/10.1016/S0006-8993(97)00875-5.

Terenius, L., Wahlström, A., 1975. Morphine-like ligand for opiate receptors in human 
CSF. Life Sci. 16 (12), 1759–1764. https://doi.org/10.1016/0024-3205(75)90269-6.

Tseng, L.F., Loh, H.H., Li, C.H., 1976. beta-endorphin: cross tolerance to and cross 
physical dependence on morphine. Proc. Natl. Acad. Sci. 73 (11), 4187–4189. 
https://doi.org/10.1073/pnas.73.11.4187.
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