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Abstract

:

Synthetic opioids such as fentanyl are key drivers of the opioid crisis, contributing to approximately 68% of the nearly 108,000 deaths linked to drug overdose in 2022 (CDC). Though fentanyl is a μ opioid receptor agonist, it demonstrates enhanced lipophilicity, heightened potency to induce respiratory depression, and more rapid central nervous system entry compared to certain other opioids, i.e., morphine. However, there are relatively few biodistribution comparison studies of fentanyl and classical opioids like morphine in mice, despite the use of mice as preclinical models of opioid effects, i.e., respiratory depression. Therefore, the current study compared acute fentanyl (0.3 mg/kg) and morphine (30 mg/kg) biodistribution in blood and 12 tissues at doses causing respiratory depression in male Swiss Webster mice. Whole-body plethysmography was used to select fentanyl and morphine doses producing comparable respiratory depression, and an LC/MS-MS protocol was developed to quantify fentanyl, morphine, and metabolites in diverse tissue samples. Drug distribution time courses varied by tissue, with fentanyl and morphine displaying similar time courses in the lung, stomach, and small intestine, but differing in the brain and spleen. Fentanyl exhibited greater distribution out of the blood and into the brain, liver, lung, and heart than morphine early after administration and out of the blood into fat at later time points after administration. The ratios of total drug distribution (area under the curve) in tissue–blood over time suggest that fentanyl accumulation in tissue relative to blood in several areas, such as lung, heart, kidney, spleen, fat, and small intestine, is greater than morphine. These findings indicate that fentanyl administration may affect several organs to a larger degree than morphine.
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1. Introduction


The synthetic opioid fentanyl was first produced by Janssen in 1960 as part of an initiative to develop high-potency, rapidly acting analgesics serving as viable alternatives to morphine [1,2,3]. Since 2013, however, fentanyl and other synthetic opioids have emerged as key drivers of the ongoing opioid crisis, playing an increasing role in the rise in overdose fatalities [1,4]. Out of the nearly 108,000 drug overdose deaths reported by the CDC in 2022, around 68% (73,838 deaths) were linked to synthetic opioids other than methadone, primarily fentanyl, constituting a 7.5-fold increase from 2015 [5]. Clearly, there is an urgent need to gain a better understanding of fentanyl’s physiological and pharmacological properties.



Notably, fentanyl possesses several distinctive characteristics compared to other, more traditional μ opioid receptor agonists such as morphine, a natural alkaloid whose isolation from opium, a product of the opium poppy (Papaver somniferum), in the nineteenth century is generally credited to German apothecary Friedrich Sertürner [6]. For instance, fentanyl’s elongated chemical structure and rotatable bonds confer greater flexibility than morphine’s interconnected rings [7]. Moreover, in contrast to most other opioids, fentanyl’s protonated nitrogen (which interacts with Asp1473.32 within the μ opioid receptor) is positioned in the middle of the molecule [7]. This may permit multiple binding poses for fentanyl within the orthosteric binding pocket of the μ opioid receptor [8,9,10,11], while morphine only appears to adopt one binding pose within the μ opioid receptor [12]. Structural differences between fentanyl and morphine are illustrated in Figure 1.



Fentanyl also exhibits greater lipophilicity than morphine [7,13]. This could contribute to fentanyl’s rapid central nervous system entry (thus, the rapid onset of centrally mediated effects) compared to morphine [14] and also supports intriguing findings in silico which suggest that fentanyl may penetrate the cell membrane to a greater depth than morphine and enter the μ opioid receptor orthosteric binding pocket through a lipid route (the cell membrane) as well as the conventional aqueous route [15].



Studies in mice have found other pharmacokinetic differences between fentanyl and morphine, including lower absorption rate constant and brain equilibration half-life for fentanyl [16]. In contrast to morphine, a two-compartment model was required to adequately describe fentanyl systemic pharmacokinetics based on brain and serum data [16].



Moreover, several characteristics of fentanyl enhance its impact on respiratory depression, contributing to its increased lethality. For instance, fentanyl is 50–100 times more potent than morphine [17]. As stated above, fentanyl also enters the brain more quickly, driving the rapid onset of central nervous system effects such as respiratory depression [14]. Fentanyl overdose death can, depending on the route, occur within 2 min after administration [2], leaving a dangerously narrow window of intervention. This problem is further compounded by fentanyl’s reduced sensitivity to naloxone antagonism [14,18,19,20,21,22], which impedes responders’ ability to reverse an overdose. In addition, subjects that have been rendered tolerant to other opioids, such as chronic morphine, exhibit reduced cross-tolerance to fentanyl-induced respiratory depression [14]. Yet another unique attribute of fentanyl is its ability to promote skeletal muscle rigidity [23,24], including sustained diaphragm/intercostal muscle contractions [25] and the obstruction of the glottic and supraglottic airway [26,27]. This phenomenon, dubbed ‘wooden chest syndrome,’ exacerbates fentanyl-induced respiratory depression [7].



Mice are a common model for studying fentanyl-induced respiratory depression [14,28,29], but little extensive research has been carried out on widespread fentanyl distribution in murine tissue at doses relevant to respiratory depression or comparing said distribution with that of traditional opiates. Although one whole-body radiography study reported greater fentanyl distribution in the central nervous system, gallbladder, and intestines relative to dihydromorphine in mice [30], mouse research comparing equipotent doses of fentanyl and morphine typically limits sample collection to the blood and brain [16].



As summarized in Table 1, various analytical methods have been developed to quantify fentanyl and morphine in mouse blood and tissue. However, these protocols are often intended to measure either fentanyl or morphine rather than both opioids simultaneously and may not include their metabolites. Also, barring a few exceptions [31,32,33], these analytical methods only quantify fentanyl and/or morphine in a limited number of matrices, such as the blood and brain. Thus, the development of a bioanalytical protocol quantifying both fentanyl and morphine in multiple murine tissues would represent a useful contribution to the literature.



It is worth noting that fentanyl biodistribution studies across multiple tissues have been performed in rats. Fentanyl infusion in male rats resulted in higher concentrations being observed in fat compared to the kidney, liver, and muscle [50], as well as higher steady-state tissue–blood partition coefficients in fat compared to the brain, heart, and lungs [51]. Meanwhile, time-course autoradiography [52] and high-performance thin-layer chromatography studies [53] on the biodistribution of fentanyl infusions in female rats showed that fentanyl concentration was highest in the brain, heart, and lungs shortly after administration, while fentanyl redistribution into the stomach, intestines [52,53], and/or fat [53] occurred at later time points. However, besides the species difference between rats and mice, these studies did not compare fentanyl biodistribution with the biodistribution of equivalent doses of traditional opioids such as morphine. Some of these experiments also used routes of administration, i.e., continuous infusion [50,51] more in line with fentanyl’s clinical use as an anesthetic than abuse within the context of recreational drug seeking [54].



Thus, there is a need for a more comprehensive examination of fentanyl and morphine biodistribution in multiple tissues within a preclinical mouse model at doses inducing respiratory depression. The present experiments sought to address this gap in the literature, thereby contributing to the knowledge of fentanyl’s differences from traditional opiates. It was hypothesized that fentanyl would undergo more rapid distribution than morphine, with greater accumulation in fat (and, potentially, other tissues) due to its greater lipophilicity. A bioanalytical method was validated for quantifying fentanyl, morphine, and select metabolites in diverse murine matrices, including the blood, brain, liver, lung, heart, kidney, spleen, small and large intestine, stomach, muscle, fat, and skin. This permitted the simultaneous assessment of fentanyl and morphine concentrations in mice to a more thorough extent than much of the prior literature. Pilot studies using whole-body plethysmography, an established respiratory depression assay, identified 0.3 mg/kg fentanyl and 30 mg/kg morphine sc as doses producing comparable respiratory depressant effects. These doses were subsequently used in acute biodistribution studies, in which drug-naïve mice were sacrificed and tissues collected at four different time points (5, 15, 60, and 240 min) after fentanyl or morphine injection. Fentanyl, morphine, and metabolite concentrations were quantified via liquid chromatography–tandem mass spectrometry, generating a profile for acute fentanyl and morphine biodistribution in mouse tissues over time. The ratios of the area under the curve (AUC) data in tissue–blood indicated that fentanyl accumulated out of the blood into the tissue to a greater extent than morphine in the brain, liver, lung, heart, kidney, spleen, small intestine, stomach, and fat, suggesting potential for deleterious fentanyl effects across multiple organs.




2. Materials and Methods


2.1. Drugs


Fentanyl hydrochloride and morphine sulfate pentahydrate were provided by the National Institute on Drug Abuse (Bethesda, MD, USA) Drug Supply Program. The drugs were dissolved in sterile saline and administered sc at a volume of 10 mL/kg body weight.




2.2. Standards and Reagents


Certified reference materials and internal standards for mass spectroscopy studies, including 100 μg/mL fentanyl (N-Phenyl-N-[1-(2-phenylethyl)-4-piperidinyl]propanamide; CAS No. 437-38-7) in methanol, 100 μg/mL fentanyl-d5 (N-(Pentadeuterophenyl)-N-[1-(2-phenylethyl)-4-piperidinyl]propanamide; CAS No. 118357-29-2) in methanol, 1 mg/mL norfentanyl oxalate (N-Phenyl-N-(4-piperidinyl)propanamide oxalate; CAS No. 1211527-24-0) in methanol, 1 mg/mL norfentanyl-d5 oxalate (N-(4-Piperidinyl)-N-pentadeuterophenylpropionamide oxalate; CAS No. 1435933-84-8) in methanol, 100 μg/mL 4-ANPP (N-Phenyl-1-(2-phenethyl)-4-piperidinamine; CAS No. 21409-26-7) in methanol, 100 μg/mL 4-ANPP-d5 (N-phenyl-D5-1-(2-phenethyl)-4-piperidinamine; CAS No. 1189466-15-6) in methanol, 1 mg/mL morphine ((5α,6α)-7,8-Didehydro-4,5-epoxy-17-methylmorphinan-3,6-diol; CAS No.57-27-2) in methanol, 100 μg/mL morphine-d3 (7,8-Didehydro-4,5-epoxy-17-trideuteromethylmorphinan-3,6-diol; CAS No. 67293-88-3) in methanol, 1 mg/mL morphine-3-β-d-glucuronide ((5α,6α)-7,8-didehydro-4,5-epoxy-6-hydroxy-17-methylmorphinan-3-yl-β-D-glucopyranosiduronic acid; CAS No. 20290-09-9) in methanol with 0.05% NaOH, 100 μg/mL morphine-3-β-d-glucuronide-d3 (7,8-Didehydro-4,5-epoxy-17-trideuteromethylmorphinan-6-ol-3beta-glucuronic acid; CAS No. 136765-44-1) in methanol with 0.05% NaOH, 1 mg/mL morphine-6-β-d-glucuronide ((5α, 6α)-7,8-didehydro-4,5-epoxy-3-hydroxy-17-methylmorphinan-6-yl-β-D-glucopyranosiduronic acid; CAS No. 20290-10-2) in water–methanol (80:20), and 100 μg/mL morphine-6-β-d-glucuronide-d3 ((5α,6α)-7,8-didehydro-4,5-epoxy-3-hydroxy-17(methyl-D3)morphinan-6-yl-β-D-glucopyranosiduronic acid; CAS No. 219533-69-4) in water–methanol (50:50) were purchased from the Cerilliant Corporation (Round Rock, TX, USA).



HPLC (high-performance liquid chromatography)-grade water, HPLC-methanol, and formic acid were purchased from Fisher Chemical (Waltham, MA, USA).




2.3. Subjects


For respiratory depression studies, 80 adult (at least 10 weeks of age) male Swiss Webster mice (Envigo) weighing between 27 and 44 g (mean ± standard deviation = 33.1 ± 3.72 g) were group housed (4–5/cage) in Association for Assessment and Accreditation of Laboratory Animal Care-accredited facilities at Virginia Commonwealth University. The animals were kept on a 12 h reverse light/dark cycle and allowed at least one week to acclimate to vivarium conditions prior to the experiments. The mice had access to food (Teklad 7012 Rodent Diet; Envigo, Madison, WI, USA) and tap water ad libitum in the home cage. Assays were run during the dark period when mice were more likely to be active. To avoid confounding effects of previous drug history, all the mice remained drug-naïve until the day of testing, and each mouse was only used once for a single study.



For acute opioid biodistribution studies, 48 drug-naïve adult male Swiss Webster mice (Envigo) weighing between 27 and 41 g (mean ± standard deviation = 33.7 ± 3.15 g) were used. The mice were kept on a standard 12 h light/dark cycle. The housing conditions were otherwise identical to those for the respiratory depression studies.



All the experiments were performed in accordance with the National Research Council’s Guide for Care and Use of Laboratory Animals (2011), and the animal study protocol was approved by the Institutional Animal Care and Use Committee of Virginia Commonwealth University (protocol code AM10322).




2.4. Whole-Body Plethysmography


2.4.1. Apparatus


Lighting for the laboratory space was provided by custom 660 nM-emitting T8-style ceiling-mounted light tubes, each with 96 0.2-watt Epistar 2835 SMD LEDs (Shenzhen Benwei Electronics Co., Ltd., Longhua District, Shenzhen, China). Since mice demonstrate reduced sensitivity to this wavelength compared to humans [55], these lights ensured minimal disruption of the dark cycle while providing visibility for the research personnel. The mice were placed in individual whole-body plethysmograph chambers (FinePointe WBP Chamber with Halcyon Technology, Data Sciences International, St. Paul, MN, USA) with a volume of 0.5 L (adjustable 0.5 L/min room air bias flow) that allowed unrestrained movement. To enhance the assay’s ability to measure drug-induced respiratory effects and reduce variation caused by ambient air conditions, a standardized gas mixture comprising 5% carbon dioxide, 21% oxygen, and balance nitrogen was continuously delivered into the chambers [28,29].




2.4.2. Three-Phase Whole-Body Plethysmography Protocol


The animals were run on a 3-phase protocol lasting a total of 90 min (modified from [28]). During the Baseline Phase (20 min), the animals were placed in the plethysmography chambers to acclimate to the novel environment, and baseline respiration (in the absence of drug treatment) was monitored. At the conclusion of the Baseline Phase, the mice were removed from the chamber; given a subcutaneous (sc) injection of either saline, fentanyl (0.03–1 mg/kg), or morphine (1–30 mg/kg); and immediately returned to the chamber to record respiration during the second phase, or Agonist Phase (35 min). At the end of the Agonist Phase, the mice were removed from the chamber, given a sc injection of saline, and immediately returned to the chamber to record respiration during the Reversal Phase (35 min). Ordinarily, a μ opioid receptor (MOR) antagonist such as naloxone would be administered at the start of the Reversal Phase [28]. However, since the main purpose of the above pilot was to compare fentanyl and morphine dose response in respiratory depression, all the mice received saline for the Reversal Phase. A schematic of this protocol is provided in Figure S1. Frequency (f; respiratory rate, or the number of breaths per minute), tidal volume (TVb; the volume of air displaced from the lungs between inspiration and expiration), and minute volume (MVb; the volume of air inhaled or exhaled from the lungs in a minute, defined as the product of frequency x tidal volume) were recorded with the FinePointe software (version 2.7.0.11788).





2.5. Tissue Collection


The mice were randomly sorted into three treatment groups: saline (vehicle control), 0.3 mg/kg fentanyl, or 30 mg/kg morphine. These groups were further divided based on the time of sacrifice post-injection (5, 15, 60, or 240 min; n = 4/treatment/time point). All the injections were delivered sc. The above doses of fentanyl and morphine were chosen based on the ~100-fold difference in potency between these drugs [17] and their ability to produce robust respiratory depression in whole-body plethysmography studies. After the designated time had elapsed, the mice were decapitated by guillotine, and trunk blood and tissue samples (the brain, liver, lung, heart, kidney, spleen, small intestine, large intestine, stomach, muscle, fat, and skin) were harvested on ice. Upon collection, all the samples were transferred to microcentrifuge tubes and immediately stored at −80 °C.




2.6. Solid-Phase Extraction


The tissue samples were homogenized in a 1:4 dilution in water (except for muscle and skin, which were diluted 1:8). In total, 100 μL aliquots of homogenate were placed in a glass culture tube along with 50 μL of internal standard solution (0.2 μg/mL morphine-d3, 1 μg/mL morphine-3-β-D-glucuronide-d3, and morphine-6-β-D-glucuronide-d3; 0.02 μg/mL fentanyl-d5, 0.1 μg/mL norfentanyl-d5, and 4-ANPP-d5) and 300 μL HPLC water. The samples were then centrifuged (Allegra X-15R centrifuge, Beckman Coulter, Inc., Indianapolis, IN, USA) at 3000 RPM for 10 min.



Extraction was performed with a 48-position positive pressure manifold (United Chemical Technologies, Inc., Bristol, PA, USA) connected to a nitrogen gas tank. SPE-Phenomenex Strata-x 33 μ Polymeric Reversed Phase columns (Phenomenex Inc., Torrance, CA, USA) were conditioned with 1 mL of methanol followed by 1 mL of water, and the samples were subsequently loaded. This was followed by a 5% methanol wash (1 mL). The samples were then eluted with 0.400 mL (2×) of 95% methanol.



The eluted samples were transferred to a 96 deep-well plate, evaporated under nitrogen (25 psi) for 30–45 min at 55 °C on an SPE Dry 96 (Biotage), and reconstituted with 65 μL methanol. In addition to the experimental samples, each run also included a calibration curve (in mouse serum), blanks, and quality controls for the tissue types being analyzed. The calibrators were prepared at 1, 2, 5, 10, 20, 50, and 100 ng/mL (fentanyl and 4-ANPP); 5, 10, 20, 50, 100, 200, and 500 ng/mL (norfentanyl); 10, 20, 50, 100, 200, 500, and 1000 ng/mL (morphine); and 50, 100, 200, 500, 1000, 2000, and 5000 ng/mL (morphine-3 and morphine-6-β-D-glucuronide).




2.7. Liquid Chromatography–Tandem Mass Spectrometry


Chromatographic separation was performed with a SCIEX ExionLC 2.0 liquid chromatograph using an Agilent Polaris SI-A column (180 Å, 5 μm, 50 × 3.0 mm). The autosampler injection volume was 5 μL with a duration of 5.50 min. Mobile phases were kept on an isocratic gradient (90% Mobile Phase A: 1% formic acid in water; 10% Mobile Phase B: 1% formic acid in acetonitrile). The column oven temperature was maintained at 40 °C.



Mass spectrometry was performed by a SCIEX (Framingham, MA, USA) QTRAP 6500+ high-throughput mass spectrometer run on the Analyst 1.7.2 analytical software. The source temperature was set to 600 °C, while the curtain gas and Gases 1 and 2 flow rates were set to 40 mL/min. The electrospray voltage was 5500 eV, and the dwell time was 100 ms.



Ion mass/charge ratios (m/z) for Q1 (Quadrupole 1) and Q3 (Quadrupole 3), as well as collision energy and declustering potential, are listed in Table S1.



The analytical method was validated in accordance with version M10 of the guidelines laid out by the International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use [56]. The summary tables of the method validation criteria for each analyte are listed in Tables S2–S7. Further detail on the absolute between- and within-run accuracy (Table S8–S9.3) and precision (Tables S10–S11.3), recovery of analytes (Table S12) and internal standards (Table S13), matrix effects (Tables S14 and S15), analyte stability under different storage conditions (Table S16) and over time (Tables S17.1–S18.3), and quality controls (Tables S19.1–S19.6) and accuracy (Tables S20.1–S20.6) for each analyte in the 13 experimental matrices can also be found in Supplementary Materials.



Morphine-6-β-D glucuronide is not typically produced at readily detectable levels in mice treated with morphine [57,58,59]. However, it was included in the bioanalytical method to serve as a control, i.e., if tissue samples had returned sizable readings for morphine-6-β-D glucuronide, this would be indicative of the potential technical errors that might otherwise confound the results.




2.8. Statistics


Statistical analysis was performed with the GraphPad Prism software (version 6.01). Whole-body plethysmography data (MVb, f, and TVb) was normalized within-subject to percent baseline to control for potential variation from differences in the raw baseline values. Specifically, the raw data for these parameters from individual subjects was grouped into five-minute bins, and these five-minute averages were divided by the average MVb, f, or TVb measured during the Baseline Phase, then multiplied by 100%. Afterwards, the normalized individual averages were used to calculate the normalized average MVb, f, and TVb for each treatment group during each five-minute bin. The normalized group averages underwent two-way analysis of variance (ANOVA) with time as the within-subjects factor and treatment as the between-subjects factor, followed by Holm–Šídák post hoc for multiple comparisons as needed.



Acute biodistribution data were analyzed using two-way ANOVA and, if significant differences were detected between the analytes, Šídák’s post hoc for multiple comparisons was performed (Supplementary Materials). Unpaired 2-tailed T-tests were used to compare AUC tissue–blood ratios.



Significance was defined as p < 0.05 for all the statistical tests.





3. Results


3.1. Dose Response of Fentanyl- and Morphine-Induced Respiratory Depression


In order to identify the doses of fentanyl and morphine that produced comparable respiratory depressant effects for use in biodistribution studies, the dose response of fentanyl- and morphine-induced respiratory depression was evaluated using whole-body plethysmography as described in Section 2.4. The two-way repeated-measures ANOVA revealed significant effects of dose and time (p < 0.0001) on MVb, f, and TVb in the drug-naïve mice treated with a range of acute fentanyl (0–1.0 mg/kg sc) and morphine (0–30 mg/kg sc) doses. For the sake of brevity, average MVb (Figures S2 and S5), f (Figures S3 and S6), and TVb (Figures S4 and S7) over time (organized in 5 min bins) are displayed in Supplementary Materials.



As illustrated in the Supplemental Figures referenced above, 0.3 mg/kg fentanyl and 30 mg/kg morphine (doses with a 100-fold difference in concentration) induced similar significant respiratory depression compared to the vehicle control. The direct comparison of MVb (Figure S8), f (Figure S9), and TVb (Figure S10) at these two doses further emphasized their similarities of effect, barring moderate (though statistically significant) differences in MVb at 25 and 45–55 min (Figure S8) and TVb at 45–90 min (Figure S10). Based on the above findings, as well as the established 50–100-fold difference in potency between these opioids [17], these doses were selected for acute biodistribution comparison studies.




3.2. Comparison of Fentanyl, Morphine, and Metabolite Biodistribution over Time after Acute Injection


The acute biodistribution of fentanyl, morphine, and select metabolites (norfentanyl, 4-ANPP, and morphine-3-β-D-glucuronide) was quantified and compared in the mice. Following the sc injection with vehicle control (saline), 0.3 mg/kg fentanyl, or 30 mg/kg morphine (doses demonstrated to induce equivalent levels of respiratory depression), the mice were sacrificed at 5 min, 15 min, 60 min, or 240 min after administration and tissues harvested for bioanalytical analysis as described in Section 2.5. Since it was confirmed that the tissues from the control mice did not contain detectable levels of any of the target analytes, all the data shown were obtained from the samples collected from fentanyl- or morphine-treated mice. As anticipated [57,58,59], morphine-6-β-D-glucuronide was not detected at appreciable concentrations in the morphine-treated mice, which strengthened confidence in the data obtained with the analytical protocol.



Analyte tmax (time at which maximal concentration was observed) and Cmax (maximal concentration observed) for each tissue are summarized in Table 2. Although fentanyl and morphine had the same tmax in the whole blood (15 min), liver (15 min), lung (15 min), small intestine (60 min), stomach (60 mix), and fat (60 min), tmax for the two drugs differed in the brain (fentanyl tmax = 15 min, morphine tmax = 60 min), heart (fentanyl tmax = 15 min, morphine tmax = 5 min), kidney (fentanyl tmax = 15 min, morphine tmax = 60 min), spleen (fentanyl tmax = 60 min, morphine tmax = 15 min), large intestine (fentanyl tmax = 60 min, morphine tmax = 240 min), muscle (fentanyl tmax = 15 min, morphine tmax = 60 min), and skin (fentanyl tmax = 60 min, morphine tmax = 5 min). This indicates that although the time course for the two opioids was similar in certain tissues, the maximal concentrations of fentanyl and morphine were sometimes reached at different rates depending on the body region.



In the fentanyl-treated mice, the ranking of fentanyl Cmax from least to greatest concentration was liver < muscle < whole blood < large intestine < small intestine < skin < stomach < brain < fat < heart < spleen < lung < kidney. In the morphine-treated mice, however, the ranking of morphine Cmax from least to greatest concentration was heart < liver < brain < fat < muscle < small intestine < whole blood < stomach < large intestine < spleen < lung < kidney < skin. This implies that the pattern of fentanyl distribution among the different tissue types was somewhat distinct from morphine distribution among those tissues.



Another aspect of biodistribution in which the two opioids differed was their relative time course and pattern of tissue distribution compared to their respective metabolites. Specifically, fentanyl tmax was the same as norfentanyl tmax in the spleen (60 min), stomach (60 min), and fat (60 min) and the same as 4-ANPP tmax in the heart (15 min). Meanwhile, morphine tmax was the same as morphine-3-β-D glucuronide tmax in the brain (60 min), kidney (60 min), stomach (60 min), muscle (60 min), and fat (60 min). Conversely, fentanyl tmax differed from norfentanyl tmax in the whole blood (15 min vs. 60 min), brain (15 min vs. 5 min), liver (15 min vs. 60 min), lung (15 min vs. 60 min), heart (15 min vs. 240 min), kidney (15 min vs. 60 min), large intestine (60 min vs. 240 min), and muscle (15 min vs. 60 min), while fentanyl tmax differed from 4-ANPP tmax in the whole blood (15 min vs. 5 min), brain (15 min vs. 60 min), liver (15 min vs. 60 min), and kidney (15 min vs. 240 min), and morphine tmax differed from morphine-3-β-D glucuronide tmax in the whole blood (15 min vs. 60 min), liver (15 min vs. 60 min), lung (15 min vs. 60 min), heart (5 min vs. 60 min), spleen (15 min vs. 60 min), small intestine (60 min vs. 15 min), and skin (5 min vs. 60 min). However, there were also certain similarities in the time at which parent compound concentration peaked vs. metabolite (i.e., fentanyl tmax and morphine tmax in the lung were both 15 min, while tmax for their metabolites, norfentanyl and morphine-3-β-D-glucuronide, was 60 min). Both opioids demonstrated greater Cmax than their metabolites in the brain, lung, spleen, stomach, and fat, but metabolite Cmax (norfentanyl and morphine-3-β-D-glucuronide) was greater than that of fentanyl and morphine in the liver. In contrast to morphine, fentanyl Cmax was greater than that of at least one of its metabolites in the whole blood, heart, kidney, and small intestine. 4-ANPP was not detected in the spleen, small intestine, large intestine, stomach, muscle, or fat, and neither norfentanyl nor 4-ANPP was detected in the skin. Morphine-3-β-D-glucuronide was not detected in the large intestine. In brief, while there were similarities in fentanyl and morphine metabolism in some of the tissues studied, they were not identical across all the matrices.



However, it is worth noting that there was a 100-fold difference in dose between fentanyl and morphine, and that limiting comparisons to single time points or concentrations (tmax and Cmax) could only provide an incomplete assessment of the two opioids’ biodistribution. Therefore, to compare the biodistribution of fentanyl and morphine at the four time points, the drug tissue–blood concentration ratios, displayed in Table 3, were calculated from the average drug concentrations found in each tissue type at each time point.



The fentanyl tissue–blood concentration ratios were strikingly greater compared to morphine in several tissues, including the brain (~32.3-fold difference at 5 min, ~41.7-fold difference at 15 min, ~9.2-fold difference at 60 min), liver (~5.1-fold difference at 5 min, ~5.4-fold difference at 15 min), lung (~3.8-fold difference at 5 and 15 min, ~4.95-fold difference at 60 min), heart (~47-fold difference at 5 min, ~93.9-fold difference at 15 min, ~84.5-fold difference at 60 min), and fat (~7.5-fold difference at 5 min, ~12.4-fold difference at 15 min, ~22.2-fold difference at 60 min, ~7.2-fold difference at 240 min). However, the tissue–blood concentration ratios were similar at most time points in the kidney, spleen (except at 60 min, when the tissue–blood concentration ratio for fentanyl was ~3.8-fold greater than for morphine), stomach, small intestine, large intestine (except at 240 min, when the tissue–blood concentration ratio for morphine was ~26.8-fold greater than that for fentanyl), and skin (except at 5 min, when the tissue–blood concentration ratio for morphine was ~2.9-fold greater than that for fentanyl). Although the fentanyl tissue–blood concentration ratio for muscle was ~10.3-fold greater than the morphine tissue–blood concentration ratio at 15 min, comparisons should be made with caution due to the lack of morphine data from the muscle samples collected at 5 and 240 min. By 240 min, the magnitude of these differences in the tissue–blood concentration ratio had noticeably decreased (i.e., the fentanyl tissue–blood concentration ratio at this time point was only ~2-fold greater than morphine in the lung and ~3.5-fold greater in the heart), while morphine tissue–blood concentration ratio in the brain (~1.5-fold difference) and the liver (~2.6-fold difference) was slightly greater than that for fentanyl at 240 min. However, while the difference in the tissue–blood concentration ratio between fentanyl and morphine in fat had also been reduced by 240 min, the fentanyl tissue–blood concentration ratio was still ~7.2-fold greater at this time point.



The above data demonstrate that fentanyl moved out of the blood and accumulated into various tissues to a greater extent than morphine. These differences tended to be most prominent early after administration, with the exception of fat, in which the difference between the fentanyl and morphine tissue–blood concentration ratios was greatest at 60 min.



As another means of biodistribution comparison, the noncompartmental calculations of drug concentration over the total acute time course studied, namely, the AUC (area under the curve) values, were determined (see Tables S21 and S22 in Supplementary Materials for the original AUC values [individual subjects and treatment group averages] for fentanyl and morphine, respectively), and the ratio of drug AUC in tissue–AUC in blood was calculated for each tissue type to account for the 100-fold dose difference. The detailed breakdowns of these tissue–blood AUC ratios for individual subjects (Table 4), as well as group averages (Table 5), are provided below, while the statistical comparisons of fentanyl vs. morphine tissue–blood AUC ratios are summarized in Table 6.



As shown in Table 6 above, the ratio of fentanyl AUC in tissue to fentanyl AUC in blood was significantly greater than the tissue–blood AUC ratio for morphine in the brain, liver, lung, heart, kidney, spleen, small intestine, stomach, and fat, while there was no significant difference in fentanyl tissue AUC–blood AUC vs. morphine tissue AUC–blood AUC in the large intestine, muscle, or skin. The data, therefore, indicate that within a 240 min time period after injection, fentanyl accumulation in tissue relative to blood was greater in several body regions compared to morphine.



These findings for AUC tissue–AUC blood comparisons align with the previously mentioned differences observed between the fentanyl and morphine tissue–blood concentration ratios in the brain, liver, lung, heart, and fat (see Table 3), while revealing additional differences between the fentanyl and morphine distribution in the kidney, spleen, stomach, and small intestine not detected in the initial approaches to evaluating the results.





4. Discussion


4.1. Fentanyl and Morphine Dose Response in Respiratory Depression


Previous findings on the dose response of fentanyl- or morphine-induced respiratory depression in mice lend credibility to the whole-body plethysmography fentanyl and morphine dose–response pilot data, as well as the fentanyl and morphine doses chosen for the biodistribution comparison. Thus, the literature strengthens the claim that the acute biodistribution data presented here are applicable to fentanyl and morphine tissue distribution in the murine models of opioid-induced respiratory depression.



For example, in a recent study using the same mouse strain and sex (male Swiss Webster) and route of administration (sc) as the respiratory depression pilot described in Section 2.4 and Section 3.1, the doses of 0.1 mg/kg fentanyl or higher (up to 10 mg/kg) significantly decreased MVb starting 5 min after administration in a dose-dependent manner [28]. Maximal respiratory depression tended to occur between 10 and 15 min after injection, and 0.3 mg/kg fentanyl was the lowest dose that consistently induced respiratory depression 20 min after injection and sustained respiratory depression for at least 30 min [28]. Similarly, in the present study, the fentanyl doses that induced significant respiratory depression did so within 5 min (0.1, 0.3, and 1 mg/kg). Pilot data, likewise, revealed maximal respiratory depression at 10 min after injection with 0.1, 0.3, or 1 mg/kg fentanyl, with 0.3 mg/kg being the lowest dose that sustained respiratory depression for over 30 min.



Previous research also justifies the use of 30 mg/kg morphine for studying the biodistribution of these opioids at doses relevant to respiratory depression. For example, 1–32 mg/kg morphine sc induced dose-dependent respiratory depression in male Swiss Webster mice, although cumulative dosing was used rather than single acute injections [29], while male CD-1 mice given 3–30 mg/kg morphine ip displayed dose-dependent respiratory depression that was detected at 5 min and persisted for 30 min [60]. These findings corroborate the current morphine pilot, in which dose-dependent MVb and f depression occurred over a similar dose range (1–30 mg/kg sc), with depressant effects observed at 5 min and lasting for over 30 min at the highest tested doses (10 and 30 mg/kg).



Overall, the dose response of fentanyl- and morphine-induced respiratory depression observed in pilot studies seems to align with the established literature, thus supporting the use of 0.3 mg/kg fentanyl and 30 mg/kg morphine in biodistribution comparison studies.




4.2. Quantification of Fentanyl, Morphine, and Select Metabolites


Though the bioanalytical method described above is not the first to compare fentanyl and morphine, it presents a relative degree of novelty by quantifying these opioids and select metabolites (norfentanyl, 4-ANPP, and morphine-3-β-D glucuronide) in thirteen matrices in the mouse: the whole blood, brain, liver, lung, heart, kidney, spleen, small intestine, large intestine, stomach, muscle, fat, and skin. In contrast, other analytical methods may be intended to compare fentanyl and morphine in human samples rather than preclinical models [61,62,63,64] or tailored to murine samples that only contain one of these two opioids, such as morphine [65] or morphine plus its glucuronides [31,66,67], often with limited sample types. For example, a UPLC-MS/MS method for quantifying morphine, morphine-3-β-D-glucuronide, and morphine-6-β-D-glucuronide in mouse plasma, brain, spleen, kidney, small intestine, and liver did not include fentanyl, nor were all of the tissues processed in the present experiments analyzed [31]. One liquid chromatography–atmospheric pressure ion spray-mass spectrometry technique only measured morphine and its glucuronides in serum [67], while an examination of morphine and its metabolites in mice through LC-MS/MS was limited to the blood, brain, and lumbar spinal cord [66]. Furthermore, solid-phase extraction, which is included in the current analytical method, presents certain advantages compared to liquid–liquid extractions (i.e., a UPLC–MS/MS method for comparing morphine and fentanyl in human blood [63]) due to smaller sample volumes and the production of less solvent waste [62]. However, this method has its flaws. Compared to techniques like dried blood spot analysis, which can be run with only 15 μL of blood [61], the solid-phase extraction protocol required larger aliquots (100 μL) of homogenate for a successful analysis.




4.3. Biodistribution of Fentanyl and Morphine after Acute Administration


Some differences in the fentanyl and morphine tissue–blood concentration ratios appear consistent with the prior literature. For example, the fentanyl tissue–blood concentration ratios (see Table 3) in the brain at 5 and 15 min were ~32.3-fold and ~41.7-fold higher than those for morphine, which reflects fentanyl’s rapid central nervous system uptake compared to other abused opioids like heroin [14]. Furthermore, noticeably higher fentanyl tissue–blood concentration ratios in fat at 60 and 240 min are consistent with fentanyl’s greater lipophilicity relative to morphine [7], while the gradual accumulation of fentanyl in fat has also been observed in other rodent models of fentanyl biodistribution [53,68]. Moderately greater fentanyl tissue–blood concentration ratios compared to morphine in the liver at 5 and 15 min could be indicative of fentanyl’s rapid metabolism [69], though the observed time course in this organ was similar for both opioids.



That being said, the current data, including the tissue–blood concentration ratios and tissue AUC–blood AUC ratios (see Table 3, Table 4, Table 5 and Table 6), enhance the knowledge of fentanyl and morphine biodistribution by providing comparisons of relative fentanyl and morphine disposition throughout the body. For example, fentanyl AUC tissue–blood ratios encompassing distribution over 240 min were significantly greater than morphine ratios in the brain, liver, lung, heart, kidney, spleen, small intestine, stomach, and fat. This implies greater fentanyl accumulation into these tissues out of the blood compared to morphine, which suggests potential for deleterious fentanyl effects not only in organs directly involved in respiration, such as the lungs, but also on cardiac function, the removal of metabolic waste/blood filtration (the kidney and spleen), and gastrointestinal activity (the stomach and small intestine). For example, though the fentanyl dose studied (0.3 mg/kg) was well below the lethal range in mice [70,71], evidence from other laboratories points to the injurious cardiac effects of high fentanyl doses. Upon receiving an LD10 fentanyl dose (110 mg/kg sc), SKH1 mice displayed reduced cardiac glucose uptake 40 min and 6 h later, which illustrates fentanyl’s potential to modify normal cardiac function [71]. Moreover, the myocardium expresses α1A and α1B adrenergic receptors [72], for which fentanyl, but not morphine, has been shown to have an affinity [73], highlighting a potential way in which the greater fentanyl AUC tissue–blood ratio and tissue–blood concentration ratios observed in the heart could translate to ramifications for the cardiac health effects of fentanyl vs. morphine. Meanwhile, fentanyl accumulation in fat, implied by increasing tissue–blood concentration ratios over time and higher AUC tissue–blood ratios compared to morphine, points to sequestration in adipose tissue after administration. This could entail the release of fentanyl from fat in the hours after initial use. However, since fentanyl concentration in fat was already starting to decline at 240 min, such storage would not likely persist long-term. Gradual release from fat would also pose less of an immediate health risk than the predominately centrally mediated respiratory depression that can occur within minutes after fentanyl use [2].



Despite striking differences between acute fentanyl and morphine biodistribution, these disparities were not universal. No significant differences were observed between the AUC tissue–blood ratios for the large intestine or skin, which may suggest similarities in the effects on gastrointestinal function. In addition, while the tissue–blood concentration ratios for fentanyl in the liver, lung, heart, and kidney at 5 and 15 min appear higher than those for morphine, indicating more rapid sequestration into these tissues out of the blood, the tissue–blood concentration ratios also demonstrated both fentanyl and morphine accumulation in tissue over the 240 min period, with the concentrations in the spleen, small intestine, large intestine, and stomach steadily increasing relative to the concentration in the blood. Fentanyl and morphine also exhibited the same tmax in blood, liver, lung, small intestine, stomach, and fat, showing similar time courses even with their differences in distribution.



In brief, the acute fentanyl and morphine biodistribution differed in both the central nervous system and the periphery. As a whole, the aim to compare the acute fentanyl and morphine biodistribution in diverse murine tissues was accomplished. The data support the hypothesis that fentanyl would demonstrate more rapid uptake in central tissues and greater accumulation in adipose tissue compared to morphine.




4.4. Acute Biodistribution of Fentanyl in Rodent Models


Although several fentanyl biodistribution studies have been conducted in rats, the present findings augment such work by providing information on both fentanyl and morphine disposition in mice, another common model for studying opioid abuse. This contributes to the mouse literature on fentanyl distribution while enabling comparison with morphine, a traditional opiate. For example, male Charles River F344 rats sacrificed after 6 h of 0.15–0.30 μg/min·kg fentanyl iv displayed higher fentanyl concentrations in fat compared to the kidney, liver, and muscle [50]. The tissue–blood fentanyl concentration ratio in fat in the present study also exceeded that in the kidney, liver, and muscle at the last time point studied (240 min), though the average tissue–blood fentanyl ratio in the kidney also appeared higher than in the liver and muscle (Table 3). Meanwhile, the morphine tissue–blood concentration ratio at 240 min was greatest in the kidney, followed by fat and the liver, and was not detected in muscle (Table 3). This highlights fentanyl’s observed tendency to accumulate in fat to a greater extent than morphine, though both opioids were continuing to undergo processing in the kidney at the last time point included.



In another study, male F1 hybrid rats received 13 μg/kg/h fentanyl iv for 6 h, after which the brain, heart, lungs, stomach, small intestine, large intestine, liver, pancreas, spleen, kidneys, testes, muscle, and fat were harvested, and steady-state tissue/blood partition coefficients were determined [51]. High fentanyl tissue/blood partition coefficients were observed in fat and the spleen compared to the other tissues, while partition coefficients for the lung, stomach, and kidneys were higher than in the brain, heart, small and large intestines, liver, and muscle. Meanwhile, in the present study, the tissue–blood fentanyl concentration ratio in the spleen at 240 min was noticeably less than in fat (see Table 3). Although the tissue–blood fentanyl concentration ratio in mouse lung was similar to the heart, intestine, etc. at 240 min, the tissue–blood concentration ratios for the stomach and kidney tended to be higher than in the brain, heart, muscle, liver, etc. (see Table 3). In contrast, the morphine tissue–blood concentration ratios at 240 min were highest for the large intestine, stomach, and kidney, and lower for the small intestine, spleen, brain, lung, heart, fat, and liver (see Table 3). The fentanyl tissue–blood ratio in fat at 240 min was noticeably higher than morphine, suggesting greater sequestration. Interestingly, the morphine tissue–blood ratio in the large intestine was greater than fentanyl at 240 min, pointing to differences in excretion at this time point. (see Table 3).



In male Sprague Dawley rats receiving a 5.25 μg/kg/min iv fentanyl infusion for 5 min, drug concentration in the plasma, brain, and lung peaked at ~5 min [74]. Meanwhile, fentanyl reached Cmax at 15 min in the whole blood, brain, and lung in the present study, though fentanyl concentration in the blood at 5 and 15 min was almost identical. This may point to a need to assess additional time points between 5 and 15 min to better determine the time of peak fentanyl concentration, though differing administration routes should also be taken into account. Meanwhile, morphine Cmax was observed at 15 min in blood and lung but at 60 min in brain, emphasizing that fentanyl and morphine distribution time course differs in certain central areas but displays similarities in other tissues.



In a fentanyl time course study, male Sprague Dawley rats received 50 μg/kg (tritium-labeled) iv followed by sacrifice at 1.5, 5, 15, 30, 60, 120, or 240 min, a similar range to the current study [68]. Fentanyl uptake in the lung, heart, and brain achieved maximal concentration at or before 1.5 min, with elimination following a similar time course to plasma [68]. Fentanyl uptake into and elimination from fat and muscle occurred at a slower rate than in the aforementioned tissues, and concentration was greater in muscle (2–4×) and fat (30×) compared to plasma [68]. However, the fentanyl concentration peaked at 15 min in the lung, heart, and brain in the current study, while the morphine concentration peaked at 15 min in the lung but 5 min in the heart and 60 min in the brain, indicating a more diverse time course among these tissues contrasting with the fentanyl results. However, the broad pattern of fentanyl distribution in the whole blood, brain, heart, and lung in the current cohort (Cmax observed at 15 min, followed by a decline at 60 and 240 min) is similar across tissue types (see Table 2 and Figures S11, S12, S14 and S15). Meanwhile, the morphine distribution exhibited Cmax at 15 min, followed by a sharp decline at 60 and 240 min in the whole blood and lung, while the heart morphine Cmax was observed at 5 min and declined after, and the brain morphine concentration gradually increased to Cmax at 60 min before tapering off, thus illustrating a disparity in the cardiac and whole brain morphine accumulation compared to fentanyl (see Table 2 and Figures S11, S12, S14 and S15). While fentanyl Cmax in muscle (15 min) was the same as in the brain, lung, and heart, and fentanyl muscle concentration in the current study was generally lower than in whole blood, slower fentanyl accumulation was observed in fat than in the brain, liver, heart, and kidney, as well as markedly higher fentanyl concentrations in fat than blood at 60 and 240 min. On the other hand, morphine Cmax in muscle in the present study was the same as in the brain but later than in the heart and lung, while the morphine concentrations in muscle (when detected) were lower than in blood. The morphine accumulation time course in fat (Cmax of 60 min) was similar to the brain and kidney but slower than the heart and liver, with lower morphine fat concentrations than blood at 60 min but higher morphine concentrations in fat than blood at 240 min. This underscores morphine’s lesser tendency to accumulate in fat due to being more hydrophilic than fentanyl.



The autoradiography studies of fentanyl biodistribution in rats also share certain commonalities, though the present data provide a broader perspective by comparing fentanyl and morphine disposition in mice. For example, in female Wistar rats injected with 3H-phenethyl-fentayl iv, 5.96 μg/100 g body weight or 14C-anilino-fentanyl iv, 6 μg/100 g body weight, fentanyl was most prominent in the central nervous system, heart, and lungs immediately after infusion [52]. After 10 min, fentanyl had redistributed to the kidney, stomach, and liver, though its presence in these organs and redistribution to the small intestine and skeletal muscle was more pronounced at 30 min. By 90 min, fentanyl was found in the small intestine and kidney, and, at 270 min, was primarily found in the large intestine/colon, though trace amounts remained in the stomach and kidney [52]. In the current study, fentanyl reached Cmax at 15 min in the whole blood, brain, liver, lung, heart, kidney, and muscle and at 60 min in the spleen, small and large intestine, stomach, fat, and skin, thus showing a similar pattern of initial high brain, lung, and heart concentrations followed by distribution to the stomach and the intestines at later time points. However, fentanyl reached Cmax in the liver and kidney sooner after injection (15 min) than 3H-phenethyl- or 14C-anilino-fentanyl, as did the observed Cmax in muscle (15 min). Meanwhile, the morphine concentration in the current study peaked at 5 min in the heart and skin; 15 min in the whole blood, liver, lung, and spleen; 60 min in the brain, muscle, kidney, small intestine, stomach, and fat; and 240 min in the large intestine. Initial high morphine concentrations in the lung and later distribution to the stomach and small intestine are similar to fentanyl time course, although the time to peak concentration in other organs like the kidney and large intestine appeared delayed compared to fentanyl. Meanwhile, in a whole-body radiography study comparing fentanyl and dihydromorphine (a semisynthetic opioid derived from morphine) distribution in male and female mice, fentanyl was present in larger quantities in the central nervous system and intestinal contents [30]. The large intestine fentanyl tissue–blood AUC ratios in the current study did not significantly differ from morphine, but the fentanyl tissue–blood AUC ratios in the small intestine and brain were significantly higher compared to morphine (Table 4).



The protocol used in the present experiments offers a few advantages over the rat literature. First, it enabled a thorough assessment of acute fentanyl biodistribution in mice, another widely used preclinical model in opioid research. Second, unlike the techniques from these prior experiments, the analytical method quantified morphine alongside fentanyl. Distribution studies in rats often featured iv fentanyl administration over a protracted time period, which more closely resembles administration during anesthesia [3]. In contrast, the sc route in the present experiments was more in keeping with respiratory depression studies [28,29] and may share similarities with intranasal administration, one route of recreational or pathological fentanyl use [54], which increases the current study’s relevance. Unlike autoradiography [52], the analytical method does not require radiolabeled compounds; fentanyl, morphine, and metabolites are reliably detected via mass spectrometry. However, comparisons between the current and previous studies must be conservative due to differences in species, dose, the route of administration, and time course.




4.5. Acute Biodistribution of Morphine in Rodent Models


Previous studies also lend support to the findings on morphine biodistribution, although, once again, the current data contribute additional insights due to the quantification of fentanyl alongside morphine following acute administration. In male Swiss Webster mice given 10 mg/kg morphine sc and sacrificed 60 min later, the highest morphine concentrations were observed in the kidney, followed by the lung and spleen, liver, serum, and brain [37]. Another study in which male Swiss Webster mice were sacrificed 60 min after receiving 10 mg/kg morphine sc reported similar relative morphine concentrations, with the greatest amounts in the kidney, approximately equal concentrations in the lung and spleen, and the lowest concentrations in the liver [36]. Since a 3-fold higher dose was used in the present study, the samples from these tissues contained higher absolute morphine concentrations 60 min after injection. However, examining the morphine tissue–blood concentration ratios among this subset of tissues, morphine accumulation was also observed to be highest in the kidney and lowest in the liver at 60 min, though morphine tissue–blood concentration ratio was higher in the spleen than in the lung (highest to lowest tissue–blood concentration ratio: kidney > spleen > lung > brain > liver) (see Table 3). In comparison, the fentanyl tissue–blood concentration ratios at 60 min, highest to lowest, also ranked kidney > spleen > lung > brain > liver, which suggests similar distribution patterns for fentanyl and morphine in these tissues 60 min after administration. In addition to using a lower morphine concentration than the current study, the researchers quantified morphine by radioimmunoassay rather than LC-MS/MS, which could account for these discrepancies [36,37].



In male C57BL/6 mice administered 15 mg/kg morphine i.p., morphine concentration steadily declined in plasma up to 60 min after injection and in the liver from 10 to 60 min post-injection [45]. In the current study, the morphine concentration peaked in the whole blood and liver at 15 min, as did fentanyl (see Table 2). In another study, C57BL6/J mice received 1.45 mg/kg morphine i.p. and were sacrificed 30 min later [44]. Morphine concentration in the kidney appeared higher than in the liver and plasma. At the nearest time point in the present study, 15 min, similarly heightened tissue–blood morphine concentration ratios in the kidney compared to the liver were observed, despite the sizable difference in dose (see Table 3). The tissue–blood fentanyl concentration ratio in the kidney was also noticeably higher than in the liver at 15 min (see Table 3). This indicates that for both fentanyl and morphine, the parent compound was exiting the blood for distribution into tissues, undergoing metabolism in the liver (hence the relatively low concentration of parent compounds), and undergoing appreciable filtration through the kidneys 15 min after administration.



In wild-type FVB/NRj mice given 90 μmol/kg morphine by oral gavage and sacrificed 120 min later, the relative morphine concentrations, greatest to least, were kidney > small intestine > spleen > liver > brain [31]. Though this exact time point was not included in the current study, the relative morphine concentrations in these tissues at 240 min, greatest to least, were kidney > small intestine > spleen > brain > liver (see Figures S12, S13 and S16–S18). The observed morphine distribution in this subset of tissues was, thus, similar to previous findings. Meanwhile, the relative fentanyl concentrations in these tissues at 240 min, greatest to least, were kidney > spleen > small intestine > brain > liver. Thus, the patterns of fentanyl and morphine distribution within these tissues appear similar at this time point.



The current acute biodistribution studies build upon the prior literature by comparing morphine and fentanyl disposition, and doing so in a wider range of murine tissue matrices (13 in total) than those analyzed by certain previous groups. As stated in Section 4.4, the LC-MS/MS method is advantageous compared to techniques such as radioimmunoassay [36] since it does not require radioactive isotopes to quantify target analytes.




4.6. Clinical Context


The above studies have contributed a novel bioanalytical method for quantifying fentanyl and morphine in several murine tissues that was used to generate a detailed profile of acute fentanyl and morphine biodistribution in a preclinical mouse model. While drug elimination occurs more quickly in rodents than in higher-order species [68], and the lethal dose of fentanyl has been observed to be higher in mice [70,71] than in humans [75], fentanyl demonstrates dramatically greater potency relative to morphine in both species [17,29]. Thus, mice remain a valuable model for examining mechanisms that contribute to fentanyl’s heightened potency and toxicity. For example, as mentioned in Section 4.3, the AUC fentanyl tissue–blood ratio in the heart was significantly greater than morphine. Considering the impact of a fentanyl LD10 on cardiac glucose uptake in other mouse models [71] and the fact that fentanyl could have nonspecific effects on the heart, i.e., via α1A and α1B receptors in the myocardium [72,73], such data point to potential concerns about the cardiovascular ramifications of fentanyl abuse. The present acute biodistribution studies also highlighted a greater AUC fentanyl tissue–blood ratio in the lung compared to morphine. Depending on the route of administration, a limited number of case studies indicate a risk of diffuse alveolar hemorrhage [76] or pulmonary alveolar proteinosis [77] after fentanyl use, emphasizing potential noxious pulmonary effects. By adding to the current body of knowledge of fentanyl disposition in mice at doses known to cause respiratory depression, as well as elucidating the similarities and differences in fentanyl disposition compared to traditional opiates such as morphine, this research has played a role in investigating the unique properties of fentanyl, a compound that is central to the ongoing public health threat posed by the opioid crisis.





5. Conclusions


In summary, a novel bioanalytical protocol for quantifying fentanyl, morphine, and select metabolites in 13 matrices (whole blood, brain, lung, heart, kidney, spleen, small intestine, large intestine, stomach, muscle, fat, and skin) was used to analyze the acute biodistribution of fentanyl (0.3 mg/kg sc) and morphine (30 mg/kg sc) in male Swiss Webster mice at doses producing comparable respiratory depression. Based on the tissue–blood AUC ratios, fentanyl accumulation out of blood into tissue significantly exceeded that of morphine in the brain, liver, lung, heart, kidney, spleen, small intestine, stomach, and fat. However, no differences in the AUC tissue–blood ratios were observed in the large intestine or skin. The data, thus, underscore the potential for deleterious fentanyl effects relative to classical opioids in several organs, including both those involved and not directly involved in respiratory depression. Drug distribution time course between the two opioids varied by tissue, i.e., peak morphine concentration accumulated later than fentanyl in the brain but at the same time as fentanyl in the lung, stomach, and small intestine. Though the rapidity of fentanyl distribution depended on tissue type, and fentanyl and morphine biodistribution appeared similar in certain organs, the results support the hypothesis that the more lipophilic opioid, fentanyl, would accumulate to a greater extent in fat. However, the fentanyl fat concentration had already declined by 240 min, which raises the possibility of fentanyl being released from adipose tissue at later time points after administration, though such re-exposure would not necessarily be lethal.



Future directions could include the replications of the above experiments in females to investigate sex differences. Additional doses and time points could also be incorporated to elucidate the potential dose–response of fentanyl and morphine tissue distribution and to aid in more accurately calculating parameters such as drug clearance.
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Figure 1. Chemical structures of fentanyl and morphine. Made with Marvin software version 24.3.0 (Chemaxon). 
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Table 1. Analytical methods for quantifying fentanyl and morphine in mice.
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	Mouse Strain/Sex
	Matrices
	Analytes Measured
	Method
	LOQ/LOD





	Both sexes (strain not stated) [30]
	Brain, gall bladder, intestine, placental barrier, and urine
	3H-labeled fentanyl and dihydromorphine
	Whole-body autoradiography
	N/A



	Male ICR [34]
	Brain
	Morphine
	HPLC-ECD
	Not stated



	Not specified [35]
	Blood, lung, heart, kidney, brain, liver, and fat
	3-methyl[carbonyl-14C]fentanyl
	Radioimmunoassay
	N/A



	mdr1a(+/+) & (−/−) [32]
	Plasma, brain, muscle, heart, kidney, liver, gall bladder, lung, stomach, small intestine, colon, testis, spleen, and thymus
	[3H]Morphine
	Liquid scintillation counting
	N/A



	Male Swiss Webster [36]
	Lung, liver, kidney, spleen, and urine
	Morphine
	Radioimmunoassay
	LOD: 0.8 ng/mL



	Male Swiss Webster [37]
	Serum, brain, spinal cord, lung, liver, kidneys, spleen, and urine
	Morphine
	Radioimmunoassay
	LOD: 0.8 ng/mL



	Male BALB/c [38]
	Hair
	Fentanyl
	GC/MS
	LOQ: 0.2 ng/mL



	Mrp3(+/+) and (−/−) [33]
	Plasma, lung, brain, liver, gall bladder, kidney, urine bladder, stomach, stomach contents, small intestine, colon + cecum, and intestinal contents
	[3H]Morphine
	Liquid scintillation counting
	N/A



	C57 (both sexes) [39]
	Serum
	Fentanyl
	LC-MS/MS
	LOQ: 2.0 ng/mL



	Male CF-1 mdr1a(+/+) [16]
	Serum and brain
	Fentanyl and Morphine
	HPLC-MS/MS
	Not stated



	C59BL/6J-Bom [40]
	Blood and brain
	Morphine, M3G, and M6G
	Reversed-phased LC-MS/MS
	Blood LOQ: 0.0012 (morphine) mg/L, 0.019 (M3G) mg/L, 0.0014 mg/L (M6G); Brain LOQ: 0.0036 μg/g (morphine), 0.059 μg/g (M3G), 0.004 μg/g (M6G)



	Male ICR [41]
	Brain
	Morphine, M3G, and M6G
	UHPLC-MS/MS
	LLOQ: 0.05 ng/mL (all analytes)



	Male Swiss Webster [42]
	Serum and brain
	Fentanyl
	LC-MS
	Not stated



	Male C57BL/6 mice [43]
	Plasma, brain, urine, and liver
	Morphine and M3G
	LC-MS/MS
	Plasma LOQ: 130.13 ± 39.93 fmol (morphine), 7.12 ± 0.98 (M3G)

Brain LOQ: 10.02 ± 3.45 fmol (morphine), 8.32 ± 0.44 fmol (M3G)

Liver LOQ: 92.13 ± 4.12 fmol (morphine), 6.19 ± 0.01 fmol (M3G)

Urine LOQ: 2.02 ± 0.29 fmol (morphine), 5.44 ± 0.36 fmol (M3G)



	C57BL/6J [44]
	Plasma, liver, and kidney
	Morphine
	[3H]Morphine
	N/A



	Male C57BL/6 [45]
	Plasma and liver
	Morphine and M3G
	UPLC-QTOF/MS
	Not stated



	Male BALB/c [46]
	Serum and brain
	Fentanyl
	GC-MS
	Not stated



	Male Swiss Webster [47]
	Plasma
	Fentanyl
	LC-MS/MS
	LOD: 1.6 ng/mL



	Female BALB/c [48]
	Blood and brain
	Fentanyl
	LC-MS/MS
	LOQ: 0.25 ng/mL



	Wild-type FVB/NRj mice [31]
	Plasma, brain, spleen, kidney, small intestine, and liver
	Morphine, M3G, and M6G
	UPLC-MS/MS
	LLOQ: 1 ng/mL (morphine), 10 ng/mL (M3G), 0.5 ng/mL (M6G) (human plasma)



	Female BALB/c [49]
	Serum and brain
	Fentanyl
	LC-MS/MS
	Not stated







Abbreviations: GC/MS: gas chromatography–tandem mass spectrometry; HPLC-ECD: high-performance liquid chromatography with electrochemical detection; HPLC-MS/MS: high-performance liquid chromatography–tandem mass spectrometry; LC-MS/MS: liquid chromatography–tandem mass spectrometry; LOQ: limit of quantification; LLOQ: lower limit of quantification; LOD: limit of detection; M3G: morphine-3-β-D-glucuronide; M6G: morphine-6-β-D-glucuronide; N/A: not applicable (i.e., not directly stated by authors); UHPLC-MS/MS: ultra high-performance liquid chromatography–tandem mass spectrometry; UHPLC-QTOF/MS: ultra high-performance liquid chromatography quadrupole time-of-flight mass spectrometry.













 





Table 2. Observed tmax and Cmax of acute fentanyl and morphine in blood and 12 tissues.
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Tissue

	
Analyte

	
tmax (min)

	
Cmax ± SD (ng/mL or ng/g)






	
Whole blood

	
Fentanyl

	
15

	
47 ± 17




	
Norfentanyl

	
60

	
6.63 ± 2.0




	
4-ANPP

	
5

	
1.12 ± 0.47




	
Morphine

	
15

	
17,825 ± 6628




	
Morphine-3-β-D-glucuronide

	
60

	
19,900 ± 2033




	
Brain

	
Fentanyl

	
15

	
158 ± 45




	
Norfentanyl

	
5

	
9.9 ± 0.89




	
4-ANPP

	
60

	
11.4 ± 8.7




	
Morphine

	
60

	
1880 ± 478




	
Morphine-3-β-D-glucuronide

	
60

	
1561.5 ± 860




	
Liver

	
Fentanyl

	
15

	
19.1 ± 6.6




	
Norfentanyl

	
60

	
21 ± 3.5




	
4-ANPP

	
60

	
2.7 ± 1.5




	
Morphine

	
15

	
1280 ± 297




	
Morphine-3-β-D-glucuronide

	
60

	
12,202.5 ± 5955




	
Lung

	
Fentanyl

	
15

	
398.5 ± 122




	
Norfentanyl

	
60

	
14.5 ± 6.2




	
4-ANPP

	
60

	
2.5 ± 1.5




	
Morphine

	
15

	
38,200 ± 8055




	
Morphine-3-β-D-glucuronide

	
60

	
15,570 ± 2069




	
Heart

	
Fentanyl

	
15

	
202 ± 55




	
Norfentanyl

	
240

	
21.1 ± 12




	
4-ANPP

	
15

	
10.6 ± 11




	
Morphine

	
5

	
782 ± 226




	
Morphine-3-β-D-glucuronide

	
60

	
5490 ± 168




	
Kidney

	
Fentanyl

	
15

	
413.5 ± 92




	
Norfentanyl

	
60

	
33.9 ± 17




	
4-ANPP

	
240

	
21.1 ± 16




	
Morphine

	
60

	
59,390 ± 23,448




	
Morpine-3-glucuronide

	
60

	
203,900 ± 95,857




	
Spleen

	
Fentanyl

	
60

	
282.4 ± 40




	
Norfentanyl

	
60

	
19.03 ± 6.0




	

	
4-ANPP

	
N/A

	
N/A




	

	
Morphine

	
15

	
30,588 ± 9099




	

	
Morphine-3-β-D-glucuronide

	
60

	
2623.2 ± 581




	
Small Intestine

	
Fentanyl

	
60

	
90.7 ± 31




	
Norfentanyl

	
60

	
30.1 ± 7.6




	
4-ANPP

	
N/A

	
N/A




	
Morphine

	
60

	
14,170 ± 5194




	
Morphine-3-β-D-glucuronide

	
15

	
32,790 ± 20,371




	
Large Intestine

	
Fentanyl

	
60

	
88.9 ± 14




	
Norfentanyl

	
240

	
40.5 ± 13




	
4-ANPP

	
N/A

	
N/A




	
Morphine

	
240

	
22,534 ± 24,290




	
Morphine-3-β-D-glucuronide

	
N/A

	
N/A




	
Stomach

	
Fentanyl

	
60

	
105.7 ± 13




	
Norfentanyl

	
60

	
18.35 ± 5.9




	
4-ANPP

	
N/A

	
N/A




	
Morphine

	
60

	
20,350 ± 2423




	
Morphine-3-β-D-glucuronide

	
60

	
8835 ± 4521




	
Muscle

	
Fentanyl

	
15

	
30.8 ± 26




	