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Introduction: The atypical antipsychotic olanzapine is approved for the treatment of schizophrenia and bipolar I disorder; however, 
weight gain and metabolic dysregulation associated with olanzapine therapy have limited its clinical utility. In clinical studies, 
treatment with the combination of olanzapine and the opioid receptor antagonist samidorphan (OLZ/SAM) mitigated olanzapine- 
associated weight gain while providing antipsychotic efficacy similar to that of olanzapine. Although samidorphan is structurally 
similar to the opioid receptor antagonist naltrexone, the two differ in their pharmacokinetics and in vitro binding affinities to mu, delta, 
and kappa opioid receptors (MOR, DOR, and KOR, respectively). The objective of this series of nonclinical studies was to compare 
the in vivo binding profiles of samidorphan and naltrexone and their receptor occupancies at MOR, DOR, and KOR in rat brains.
Methods: Male rats were injected with samidorphan or naltrexone to obtain total and unbound plasma and brain concentrations 
representing levels observed in humans at clinically relevant oral doses. Subsequently, samidorphan and naltrexone brain receptor 
occupancy at MOR, DOR, and KOR was measured using ultra-performance liquid chromatography and high-resolution accurate-mass 
mass spectrometry.
Results: A dose-dependent increase in samidorphan occupancy was observed at MOR, DOR, and KOR (EC50: 5.1, 54.7, and 42.9 nM, 
respectively). Occupancy of naltrexone at MOR (EC50: 15.5 nM) and KOR was dose dependent; minimal DOR occupancy was 
detected. At the clinically relevant unbound brain concentration of 23.1 nM, samidorphan bound to MOR, DOR, and KOR with 
93.2%, 36.1%, and 41.9% occupancy, respectively. At 33.5 nM, naltrexone bound to MOR and KOR with 79.4% and 9.4% occupancy, 
respectively, with no binding at DOR.
Discussion: At clinically relevant concentrations, samidorphan occupied MOR, DOR, and KOR, whereas naltrexone occupied only 
MOR and KOR. The binding profile of samidorphan differs from that of naltrexone, with potential clinical implications.
Keywords: ALKS 3831, bipolar I disorder, Lybalvi, olanzapine, opioid receptor, schizophrenia

Plain Language Summary
Olanzapine is a medication for treating schizophrenia and bipolar I disorder that can cause substantial weight gain as an unwanted side 
effect. Treatment with a combination of olanzapine and another drug, samidorphan, results in less weight gain than treatment with 
olanzapine alone.

Samidorphan is an opioid receptor blocker that binds to receptors in the opioid receptor system, which is involved in the regulation 
of weight and metabolism. Samidorphan has a structure similar to that of naltrexone, another opioid receptor blocker. However, 
samidorphan and naltrexone differ in how they are processed in the body. They also differ in their binding to the mu, delta, and kappa 
opioid receptors (MOR, DOR, and KOR, respectively) in cell-based experiments.

In this study, we evaluated the differences in samidorphan and naltrexone binding to opioid receptors in a live organism as opposed 
to cells in a dish. Using rats as a whole-organism model of humans, we identified doses of samidorphan and naltrexone that mimic 
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those associated with clinical efficacy in humans. We then used these doses to evaluate how each drug bound to MOR, DOR, and KOR 
in the brain.

Samidorphan bound to all three opioid receptors tested, while naltrexone bound only to MOR and KOR, but not DOR.
Based on these data, samidorphan has a unique binding profile at opioid receptors that distinguishes it from naltrexone and that can 

result in different clinical effects.

Introduction
Treatment with atypical antipsychotics can result in weight gain and metabolic dysregulation, which often leads to 
discontinuation and/or hospitalization.1 Olanzapine, one of the most efficacious atypical antipsychotics, is associated with 
a high risk for extreme weight gain, which has limited its clinical utility.2 A combination of olanzapine and the opioid 
receptor antagonist samidorphan (OLZ/SAM; Lybalvi, Alkermes, Inc.) was approved in the United States in May 2021 
for the treatment of schizophrenia and bipolar I disorder in adults.3 Although samidorphan alone is not a weight-loss 
agent,4 in clinical trials, treatment with OLZ/SAM mitigated olanzapine-associated weight gain while maintaining the 
antipsychotic efficacy of olanzapine.1,5,6 OLZ/SAM therefore may provide a treatment option for patients who would 
benefit from olanzapine, with a reduced risk of significant weight gain.7,8

The opioid receptor system consists of mu, delta, and kappa receptors (MOR, DOR, and KOR, respectively), and each 
plays a distinct role in the regulation of weight and metabolism.9–12 In studies examining the effects of OLZ/SAM in rats 
and nonhuman primates, the addition of samidorphan to olanzapine attenuated olanzapine-associated weight gain, 
increases in adiposity, and insulin insensitivity.5 Additionally, in a double-blind, Phase 3 study of OLZ/SAM versus 
olanzapine in patients with schizophrenia, treatment with OLZ/SAM resulted in a significant mitigation of olanzapine- 
associated weight gain.1 Treatment with OLZ/SAM was also associated with smaller increases in waist circumference 
compared with olanzapine. Waist circumference increases as a marker for central adiposity is consistently associated with 
an increased risk of developing diabetes mellitus and coronary heart disease.1,13

Samidorphan was synthesized as a 3-carboxamido-4-hydroxy analog of naltrexone,14 and the two opioid receptor 
antagonists are structurally similar.15 However, they are differentiated by their distinct receptor-binding characteristics 
(Table 1)15 and pharmacokinetic profiles (Table 2).14,16,17 In vitro, samidorphan binds to human MOR, DOR, and KOR 

Table 1 In vitro Binding Affinity and IC50 for Samidorphan and 
Naltrexone

Receptor Parametera,b Samidorphan Naltrexone

MOR Ki, nM 0.05 (0.004) 0.11 (0.006)

IC50, nM 0.88 (0.14) 4.8 (0.42)

DOR Ki, nM 2.6 (0.26) 60.0 (3.2)

IC50, nM 6.9 (2.1) 130.0 (30.0)

KOR Ki, nM 0.23 (0.018) 0.19 (0.005)

IC50, nM 38 (8.8) 130 (15.0)

Notes: Data from Wentland et al (2009).15 a Values are mean (SEM) calculated from ≥3 
experiments performed in triplicate. bOpioid receptor–binding affinity and inhibition 
were assessed using agonist-stimulated [35S]GTPγS binding assays. For binding affinity 
assays, membrane protein from CHO cells that stably expressed 1 type of the human 
opioid receptor was incubated with samidorphan or naltrexone in the presence of the 
agonists [3H]DAMGO (MOR), [3H]naltrindole (DOR), or [3H]U69,593 (KOR). For IC50 

calculations, CHO cells expressing 1 type of the human opioid receptor were co- 
incubated in the presence of their respective agonists and the antagonists DAMGO 
(MOR), SNC 80 (DOR), or U50,488 (KOR). 
Abbreviations: CHO, Chinese hamster ovary; DAMGO, (D-Ala2, MePhe4, Gly-ol5) 
enkephalin; DOR, delta opioid receptor; IC50, concentration of drug producing 50% 
inhibition; Ki, receptor binding affinity; KOR, kappa opioid receptor; MOR, mu opioid 
receptor; SEM, standard error of the mean; SNC 80, 4-(alpha-(4-allyl-2,5-dimethyl- 
1-1-piperazinyl)-3-methoxybenzyl)-N,N-diethylbenzamide.
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and is an antagonist at MOR and a partial agonist at DOR and KOR.16 Samidorphan binds with higher affinity to MOR 
and DOR than naltrexone, and functionally is a more potent antagonist at MOR.16 In vitro, the half-maximal inhibitory 
concentration (IC50) of samidorphan at human MOR is 5-fold lower than naltrexone and is approximately 20-fold lower 
at DOR and 3-fold lower at KOR (Table 3).14,16

Naltrexone is used for the treatment of patients with alcohol and opioid dependence and has been assessed, albeit in 
a limited capacity, for its potential to attenuate olanzapine-associated weight gain.18 Neither naltrexone nor any other 
pharmacologic treatment is approved to prevent and/or treat antipsychotic-associated weight gain or metabolic dysfunc
tion. Although samidorphan and naltrexone have differentiated in vitro binding affinities and pharmacokinetic properties, 
their in vivo binding characteristics, especially at clinically relevant concentrations, have not been assessed. Here, we 
present receptor occupancy studies designed to determine the relationship between compound dose, plasma and brain 
concentrations, and fractional occupancy at receptor targets for samidorphan and naltrexone.

In vivo receptor occupancy studies have used liquid chromatography/mass spectrometry (LC-MS) to quantify low 
doses of MOR, DOR, and KOR antagonist tracers to measure receptor occupancy of those antagonists in rodent brain 
tissue19–21 and to determine their in vivo target engagement profiles. Receptor occupancy studies may also be used to 
estimate and compare receptor occupancy of drugs at clinically relevant concentrations. To explore the in vivo binding 
profile of samidorphan and naltrexone in greater detail, a series of nonclinical studies in rats was designed to determine 
the unbound brain concentrations of samidorphan and naltrexone at clinically relevant plasma concentrations observed in 
humans. The samidorphan concentration of 46.1 ng/mL targeted for these studies corresponds to the maximum plasma 
concentration (Cmax) of samidorphan at its therapeutic oral dose of 10 mg in OLZ/SAM.22 Likewise, the targeted 
naltrexone concentration of 16.1 ng/mL for these studies corresponds to the Cmax of naltrexone at its therapeutic oral dose 
of 50 mg.23 Calculated unbound brain concentrations were used to estimate receptor occupancies at MOR, DOR, and 
KOR in the brain to characterize the binding profiles of samidorphan and naltrexone at those concentrations.

Materials and Methods
Animals
Male Sprague Dawley rats aged approximately 10 weeks (Charles River Laboratories; Kingston, NY, USA) were used for 
all studies, which were conducted at Alkermes, Inc.

Table 2 Comparison of the Human Pharmacokinetics of 
Samidorphan and Naltrexone

Parameter Samidorphan17,33 Naltrexone35

Oral bioavailability, % 69 5–40

Half-life, hours 7–9 4

Table 3 In vivo Target Occupancies for Samidorphan and 
Naltrexone at Clinically Relevant Unbound Brain 
Concentrationsa

Parameter Occupancy, %

Samidorphan Naltrexone

MOR 93.2 79.4

DOR 36.1 9.4

KOR 41.9 –

Notes: aClinically relevant unbound brain concentration of 23.1 nM 
for samidorphan and 33.5 nM for naltrexone, calculated via linear 
regression on total plasma and unbound brain fraction curves.
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All rats used in these studies were housed, managed, and cared for in accordance with the Guide for the Care and Use 
of Laboratory Animals,24 and experiment protocols were approved by the Alkermes Institutional Animal Care and Use 
Committee. Rats were housed 3 per cage and were maintained on a 12:12-hour light/dark cycle (lights off at 18:00 hours) 
in a temperature- and humidity-controlled environment (22° ± 2°C; 45% ± 10% relative humidity). Rats were fed 
standard chow (Rodent Diet 5001; Lab Diets, St Louis, MO, USA) and tap water, and were allowed to eat and drink ad 
libitum.

Test Compounds
Samidorphan was synthesized as a salt (L-malate) by Siegfried USA (Pennsville, NJ, USA) and dissolved in sterile saline 
for injection (B. Braun Medical Inc., Bethlehem, PA, USA). Naltrexone was synthesized by Oxygen Healthcare 
(Cambridge, UK) and dissolved in sterile saline for injection. GR103545 was synthesized by Pharmaron Beijing Co., 
Ltd (Beijing, China). Naltrexone-D3 (Cayman Chemical, Ann Arbor, MI, USA) and naltriben (Sigma Aldrich, St. Louis, 
MO, USA) were obtained commercially. Each of the tracers was prepared as a 1-mg/mL stock in dimethyl sulfoxide and 
was further diluted as a mixture in saline that contained naltrexone-D3 10 µg/mL, GR103545 1.5 µg/mL, and naltriben 10 
µg/mL to selectively target MOR, KOR, and DOR, respectively.

Determination of Total and Unbound Samidorphan and Naltrexone Concentrations in 
Rat Plasma and Brain Tissues
Pharmacokinetic studies were conducted to relate the plasma and unbound brain concentrations in rats to plasma 
concentrations in humans. Doses were chosen to bracket clinically relevant plasma concentrations of samidorphan or 
naltrexone as described above. Briefly, 10 groups of rats were used: 5 groups of rats (n=6 per group) were injected 
subcutaneously with samidorphan at 0.03, 0.1, 0.3, 1.0, or 3.0 mg/kg at a dose volume of 1 mL/kg, whereas 5 groups of rats 
(n=6 per group) were injected subcutaneously with naltrexone at 0.01, 0.03, 0.1, 0.3, or 1.0 mg/kg at a dose volume of 1 mL/ 
kg. Thirty minutes after dosing (coinciding with the Cmax of these compounds),22 blood was collected via direct cardiac 
puncture following anesthesia using carbon dioxide. Blood samples were centrifuged (3500 rpm, 10 minutes at 5°C) within 
30 minutes of collection to obtain plasma. Brains were collected, rinsed, weighed, and homogenized. Plasma and brain 
samples were stored at −80°C until analysis. Aliquots of plasma and homogenized brain samples were transferred into 96- 
well plates and extracted with 4 volumes of acetonitrile containing an internal standard (naltrexone-D3 20 ng/mL; 
Cerilliant, Round Rock, TX, USA). After centrifugation, supernatants were transferred into a 96-well plate and analyzed. 
The total concentration of samidorphan and naltrexone in plasma and brain samples was measured using a liquid 
chromatography with tandem mass spectrometry (LC-MS/MS) system consisting of a Shimadzu SIL 30 AC autosampler 
(Columbia, MD, USA), two Shimadzu LC-30AD pumps, and a Shimadzu DGU-20A degasser (Columbia, MD, USA) 
connected to a SCIEX API 5500 mass spectrometer (Framingham, MA, USA). Positive electrospray ionization was used 
with the mass spectrometer in multiple reaction monitoring acquisition mode. The m/z mass transitions used for samidor
phan, naltrexone, and internal standard (naltrexone-D3) were 371.00 >336.10, 342.00 >324.00, and 345.20 >327.20, 
respectively. The columns used were Phenomenex, Kinetix, C18, column (2.1 × 30 mm, 2.7 µm particle size) and 
Restek, Raptor FluoroPhenyl column (2.1 × 50 mm, 2.7 µm particle size) for samidorphan and naltrexone, respectively. 
Samples were run on a linear AB gradient (A: 0.1% formic acid in water; B: 0.1% formic acid in acetonitrile) at a flow rate 
of 1.0 mL/min. A calibration curve was constructed by plotting the peak area ratio of analyte to internal standard versus 
nominal concentration for all standards to quantify the concentration of samidorphan and naltrexone. Analyst 1.4.2 software 
(SCIEX) was used to fit a curve to the plot using a weighted (1/X2) linear least squares regression. The unbound 
concentrations of samidorphan and naltrexone in plasma and brain homogenate were obtained by normalizing with 
in vitro plasma and brain binding measured using a rapid equilibrium dialysis.

In vivo Receptor Occupancy
The ability of samidorphan or naltrexone to engage MOR, DOR, or KOR in brain tissue was assessed in male Sprague 
Dawley rats using the in vivo receptor occupancy method19 at doses that result in plasma concentrations that bracketed 
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clinically relevant plasma concentrations of samidorphan or naltrexone as described above. Briefly, 12 groups of rats 
were used: 6 groups of rats (n=6 per group) were injected subcutaneously with vehicle or samidorphan at 0.03, 0.1, 0.3, 
1.0, or 3.0 mg/kg at a dose volume of 1 mL/kg, and 6 groups of rats (n=6 per group) were injected subcutaneously with 
vehicle or naltrexone at 0.01, 0.03, 0.1, 0.3, or 1.0 mg/kg at a dose volume of 1 mL/kg. For both cohorts of rats, receptor 
occupancy was measured 30 minutes after test compound administration by measuring the displacement of the non- 
radioactive tracers by ultra-performance liquid chromatography (UPLC) and high-resolution accurate-mass (HRAM) 
mass spectrometry. Low-dose antagonist tracers were naltrexone-D3 (MOR), naltriben (DOR), and GR103545 (KOR) at 
10 µg/kg, 10 µg/kg, and 1.5 µg/kg, respectively, and were simultaneously administered as a single intravenous injection 
via the tail at a volume of 1 mL/kg. In previously published studies, non-labeled naltrexone was validated and utilized as 
a tracer for MOR.19–21 Based on in-house method validation studies, naltrexone-D3 binding was equivalent in the 
thalamus (specific binding) and cerebellum (nonspecific binding) (data not shown). In addition, HRAM mass spectro
metry was able to resolve the masses of naltrexone and naltrexone-D3. As a result, naltrexone-D3 was selected as the 
tracer for MOR occupancy measurement. In pilot experiments, no difference was seen between ratios of total to 
nonspecific binding when tracers were administered individually or in a simultaneous injection (data not shown). 
Thirty minutes later, rats were sacrificed and brains were rapidly dissected. Tissues were stored at −80°C until analysis. 
To target areas of high neuroanatomical expression levels of MOR, DOR, and KOR in the brain, total binding to MOR 
was determined from thalamus tissue samples, whereas total binding for DOR and for KOR was determined from striatal 
tissue.25 Nonspecific binding was determined from tracer recovery in the cerebellum, which has very low expression of 
MOR, DOR, and KOR and does not have appreciable opioid ligand-receptor binding.19,25–27 Tissues were weighed and 
homogenized in 4 volumes of acetonitrile containing 0.1% (v/v) formic acid. The supernatant containing recovered 
tracers was diluted with an equal volume of internal standard (labetalol; Sigma Aldrich) in water containing 0.1% (v/v) 
formic acid. Analysis of tracers was performed on a Vanquish Ultimate 3000 LC system coupled to a Q Exactive 
Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The separation was performed on an 
Acquity BEH shield RP 18 column (50 × 2.1 mm, 1.7 µm; Waters, Milford, MA, USA) maintained at 40°C. Samples 
were run on a linear AB gradient (A: ammonium acetate 10 mM in water; B: formic acid 0.1% in acetonitrile) from 10% 
to 98% B. The total UPLC run time was 3.1 minutes, with a 0.9-minute re-equilibration time at a flow rate of 0.2 mL/ 
min. Analyses were performed on a Thermo Q Exactive mass spectrometer with an electrospray ion source, with 
capillary temperature at 250°C and voltage at 3.00 kV. Full mass range was set to m/z 100 to 1000, with positive polarity. 
For the targeted analytes (m/z 345.1888, 416.1856, and 414.1346 for naltrexone-D3, naltriben, and GR103545, respec
tively), the theoretical exact masses were used with mass accuracy of ± 5 ppm.

The resulting extracted ion chromatograms were integrated and the area under the curve was used for quantification. 
Calibration curves were generated by preparing a series of known quantities of analytes along with labetalol 50 ng/mL as 
an internal standard. Receptor occupancy was calculated using the following formula:19

% occupancy = 100×(1−[(Ratiot−1)/(Ratioc−1)])
in which “ratio” refers to the ratio of the test area (thalamus, striatum) relative to its nonspecific binding (cerebellum). 

Further, Ratiot refers to rats dosed with test compound, whereas Ratioc refers to the average ratio from rats dosed with 
vehicle.

Data Analysis
Data were compiled and analyzed in Prism 8 (GraphPad Software, La Jolla, CA, USA) and presented as means ± 
standard error. Linear regressions were performed on total plasma and unbound brain concentrations to interpolate 
unbound brain concentration relative to clinically relevant plasma concentrations of samidorphan (46.1 ng/mL) and 
naltrexone (16.1 ng/mL). Percent receptor occupancy was also expressed as a function of unbound brain concentration 
and as a 4-parameter nonlinear regression curve fit with upper and lower bounds not constrained. Hill slope for DOR and 
KOR curves were constrained to 1 as the curve did not reach linearity. The half-maximal effective concentration (EC50) 
values (where possible) and occupancy at the calculated clinically relevant brain concentrations were interpolated using 
these curve fits.
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Results
Total and Unbound Plasma and Brain Concentrations
Total and unbound plasma and brain concentrations of samidorphan and naltrexone in rats are shown in Figure 1A and B, 
respectively. Unbound plasma fractions were 53.1% and 65.6% for samidorphan and naltrexone, respectively, whereas 
unbound brain fractions were 26.1% and 22.3% for samidorphan and naltrexone, respectively. The doses used bracketed 
the targeted clinically relevant plasma concentrations for samidorphan (Cmax of 46.1 ng/mL) and naltrexone (Cmax of 
16.1 ng/mL). To determine the unbound brain concentration corresponding to these clinically relevant plasma concen
trations, linear regressions were performed on total plasma and unbound brain fraction curves, resulting in calculated 
unbound brain concentrations of 23.1 nM and 33.5 nM for samidorphan and naltrexone, respectively.

In vivo Receptor Occupancy
For samidorphan, there was a dose-dependent increase in occupancy at MOR, DOR, and KOR (Figure 2A), saturating 
MOR at the highest doses. The EC50 values for samidorphan were 5.1, 54.7, and 42.9 nM for MOR, DOR, and KOR, 
respectively. For naltrexone, there was a dose-dependent increase in occupancy at MOR and KOR; minimal DOR 
occupancy was detected at the highest dose utilized (1 mg/kg) (Figure 2B). The EC50 for naltrexone at MOR was 15.5 
nM. Receptor occupancies for samidorphan and naltrexone were plotted against unbound brain concentrations (Figure 3). 
At the clinically relevant unbound brain concentration of 23.1 nM, samidorphan bound to MOR, DOR, and KOR with 
93.2%, 36.1%, and 41.9% occupancy, respectively. In comparison with samidorphan, at the clinically relevant unbound 
brain concentration of 33.5 nM, naltrexone occupied MOR (79.4%) and KOR (9.4%), with no binding at DOR (Table 3).

Discussion
The endogenous opioid system is involved in the regulation of weight and metabolism,9–12,28 and opioid antagonism is 
a potential treatment pathway for mitigating antipsychotic-associated weight gain and metabolic dysregulation.18 

Naltrexone, an opioid antagonist, was used in combination with olanzapine in a small clinical study in patients with 
schizophrenia or schizoaffective disorder. While the study noted small differences in body fat mass, there were no 
differences in body mass index or body weight after treatment with the naltrexone/olanzapine combination versus 
olanzapine plus placebo.18 To date, no further clinical trials with naltrexone have explored the combination to address 
olanzapine-associated weight gain. In contrast, samidorphan, a new opioid receptor antagonist, mitigated olanzapine- 
associated weight gain in both preclinical and clinical studies,1,5 and the combination of samidorphan and olanzapine is 
now approved in the United States for the treatment of schizophrenia and bipolar I disorder.3 Samidorphan and 
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naltrexone, while structurally similar, have distinct in vitro binding properties at human opioid receptors. While the two 
antagonists exhibit similar activity for KOR in agonist-stimulated binding assays, samidorphan has a greater affinity for 
MOR and DOR compared with naltrexone.14–16

Results from the current study indicate an important distinction between samidorphan and naltrexone with respect to 
binding at DOR in vivo in that, at clinically relevant concentrations, samidorphan binds to MOR, DOR, and KOR, 
whereas naltrexone binds only to MOR and KOR. In addition to the differences in receptor binding profile, samidorphan 
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lines represent the clinically relevant unbound brain concentration for naltrexone at 33.5 nM for 16.1 ng/mL total plasma. At these concentrations, samidorphan occupied 
MOR (93.2%), DOR (36.1%), and KOR (41.9%), whereas naltrexone occupied only MOR (79.4%) and KOR (9.4%). Samidorphan had a leftward shift relative to naltrexone 
when comparing occupancy/brain concentration relationships, suggesting that samidorphan has higher affinity for these receptors. 
Abbreviations: DOR, delta opioid receptor; KOR, kappa opioid receptor; MOR, mu opioid receptor.
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Figure 2 Dose-occupancy relationship for subcutaneously administered samidorphan (A) and naltrexone (B) at MOR, DOR, and KOR in male Sprague Dawley rats, as 
determined using an in vivo triple-tracer assay. (A) For samidorphan, there were dose-dependent increases in occupancy, saturating MOR at the higher doses (1–3 mg/kg). 
(B) For naltrexone, there were dose-dependent increases in occupancy, saturating MOR at the higher doses (0.3–1 mg/kg), whereas DOR occupancy was detected only at 
the highest doses. Data are expressed as means ± standard error of the mean. N=5–6 rats per group. 
Abbreviations: DOR, delta opioid receptor; KOR, kappa opioid receptor; MOR, mu opioid receptor.
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has higher binding affinity in vivo for all three opioid receptors relative to naltrexone. Furthermore, although equally 
saturating MOR and reaching similar KOR binding in vitro (Table 1), increasing the dose of naltrexone to 10 times the 
therapeutic dose in vivo would still not achieve the same extent of binding at DOR as samidorphan at therapeutic doses.29

Evidence from opioid receptor gene deletion studies using murine knockout models indicates that MOR, DOR, 
and KOR each contribute to the regulation of weight and metabolism, with differing effects of deletion for each 
receptor type,30,31 and in humans, the MOR gene has been associated with dietary fat intake, adiposity,12 and 
susceptibility to type 2 diabetes mellitus.11 As samidorphan is differentiated from naltrexone by its DOR binding 
at clinically relevant concentrations, it is notable that central DOR mechanisms are involved in palatable food intake 
and reward32 and that DOR knockout mice have higher energy expenditure and greater thermogenesis in brown 
adipose tissue.10 Indeed, co-administration of samidorphan with olanzapine in rats at steady-state samidorphan 
concentrations similar to those used in this study (total plasma concentration of 46.1 ng/mL) attenuated olanzapine- 
associated weight gain and adiposity. In addition, samidorphan attenuated alterations in glucose utilization and insulin 
insensitivity that were observed in rats treated with olanzapine alone.5 However, these metabolic effects were not 
seen in rats treated with samidorphan alone, suggesting that the effects of samidorphan may manifest only in the 
context of olanzapine-induced metabolic sequelae.

In addition to having higher occupancy for the three opioid receptors relative to naltrexone, samidorphan also has 
a distinct pharmacokinetic profile (Table 2). Samidorphan has high oral bioavailability (69%)17 and an elimination half- 
life of 7 to 9 hours,33 making it suitable for once-daily dosing in combination with olanzapine (which has an extended 
half-life of 30 hours and is also dosed once daily34). In comparison, naltrexone has lower and highly variable oral 
bioavailability (5% to 40%) and a shorter half-life (4 hours).35

It should be noted that the receptor occupancy results reported here were performed in rats to best correlate receptor 
occupancy with unbound brain concentration in humans, and that these studies only indicate target engagement (ie, 
binding) but not any subsequent functional downstream activity (if any) at these receptors. Although an analogous human 
imaging study has yet to be conducted, our data are consistent with the rank order potencies observed in previous in vitro 
studies on human opioid receptors, especially at clinically relevant concentrations.14,16 Finally, future research would be 
needed to better evaluate the impact on functional activity and/or pharmacodynamic effects (in vivo) of the binding 
profiles at MOR, DOR, and KOR.

Conclusions
While both samidorphan and naltrexone bind to MOR and KOR at clinically relevant doses, samidorphan binds to DOR 
whereas naltrexone does not. These data further support the hypothesis that samidorphan, in combination with olanza
pine, likely functions as an MOR and DOR antagonist to mitigate olanzapine-associated weight gain.

Abbreviations
Cmax, maximum plasma concentration; DOR, delta opioid receptor; EC50, half-maximal effective concentration; HRAM, 
high-resolution accurate-mass; IC50, half-maximal inhibitory concentration; KOR, kappa opioid receptor; LC-MS, liquid 
chromatography/mass spectrometry; LC-MS/MS, tandem mass spectrometry; MOR, mu opioid receptor; OLZ/SAM, 
a combination of olanzapine and samidorphan; UPLC, ultra-performance liquid chromatography.
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