Development and Characterization of a Swine Model of Non-lethal Critical Respiratory Depression Induced by Opioid Overdose
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Abstract
This study characterized a swine model of fentanyl- and heroin-induced non-lethal apnea to support development of translational strategies for opioid overdose interventions. Spontaneously breathing, isoflurane-anesthetized Hanford swine (n=18; 4–25 kg) received intravenous fentanyl (n=12) or heroin (n=6) via constant rate infusion (fentanyl: 30 µg/kg/h; heroin: 1 mg/kg/h) until apnea. Fentanyl-treated pigs were either sexually immature (~2 months) or mature (~4 months); heroin-treated pigs were immature. Statistical comparisons used unpaired two-tailed Mann-Whitney and Gehan-Breslow-Wilcoxon tests (p<0.05). Data are median (IQR). Fentanyl doses to induce apnea were 17 (15–36) µg/kg (immature) and 8 (7–10) µg/kg (mature), while heroin dose was 360 (290–502) µg/kg. Serum fentanyl concentrations at apnea were 4 (3–7) and 6 (4–8) ng/mL, with norfentanyl levels of 1.5 (0.8–2.2) and 0.1 (0.1–0.2) ng/mL, respectively. Heroin exposure produced 6-acetylmorphine and morphine levels of 57 (44–91) and 34 (29–61) ng/mL. Return to spontaneous breathing occurred at reduced serum concentrations. In conclusion, this reproducible model enables evaluation of opioid-induced respiratory depression and supports therapeutic development. Sexual maturity, not sex, influenced opioid sensitivity. This model offers a foundation for assessing long-term effects of opioid exposure, including impacts on brain function and clinical treatment strategies.
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Introduction
[bookmark: _qtw11f70to9r]Opioid use disorder (OUD) and opioid-related fatalities have reached epidemic levels, driven largely by the proliferation of potent synthetic opioids such as fentanyl (Englander, et al., 2024; Mattson, et al., 2021). Opioid-induced respiratory depression (OIRD), marked by reduced respiratory rate and tidal volume, is the leading cause of death in opioid overdoses and can result in fatal hypoxia if not promptly treated (Baldo, B. A., 2025; Bateman, Saunders & Levitt, 2023). While heroin remains a concern, fentanyl's potency and rapid onset make it particularly lethal (Averick, et al., 2024), a risk magnified by its growing presence in the illicit drug supply and the unpredictability of street formulations (Clark, Kral & Zibbell, 2022).
Despite progress in opioid research, critical gaps remain in understanding how factors like sex, age, and genetics influence opioid effects and overdose risk (Nielsen, et al., 2015; Smith, 2009). Evidence suggests sex-based differences in susceptibility to OIRD, likely due to hormonal, metabolic, and receptor-level variations (Dahan et al., 2024; Marchette, et al., 2023; Frazure, et al., 2023). Alarming increases in fentanyl-related deaths have also emerged among youth, with mortality rising more than 30-fold in children and adolescents from 2013 to 2021, and even further from 2018 onward (Sandelich, et al. 2024; Temple & Hendrickson, 2024; Gaither. 2023). Heroin has also contributed to overdose deaths in this population (Queeneth, et al., 2019) Given that age-related physiological differences can impact drug response (Hu, 2015; Zhao, et al., 2012), there is a need for animal models that can better capture opioid effects across age and sex. 
Naloxone remains the first-line treatment for overdose, but its limitations, including delayed onset and the need for repeated dosing, highlight the need for improved strategies (Dahan, et al., 2024; van Lemmen, et al., 2023; Abdelal et al., 2022; van der Schrier, et al., 2022). Novel therapies such as opioid-targeting vaccines and monoclonal antibodies show promise for long-term protection against synthetic opioids (Martinez, et al., 2023; Crouse, et al., 2023; Pravetoni & Comer, 2019).
Large animal models like miniature swine offer translational relevance due to their physiological similarities to humans, especially in respiratory and cardiovascular systems (Stricker-Krongrad, et al., 2016; Schomberg, et al., 2016; Swindle, et al., 2012). In this study, we characterize a Hanford mini-pig model of non-lethal OIRD induced by fentanyl and heroin to characterize dose-dependent respiratory effects and correlate them with plasma drug levels, apnea duration, and recovery. By including sex and age as biological variables, we aim to deepen the understanding of opioid PK/PD and support the development of targeted interventions for OIRD.

Materials and Methods
Animals
Eighteen Hanford miniature swine (Sinclair BioResources, Auxvasse, MO) of two age groups were used in the study, representing sexually immature (~2 months old) and mature (~4 months old) animals. Twelve pigs (n=6 of each sex) were challenged with fentanyl (n=5 immature and n=7 mature) and 6 immature pigs were challenged with heroin (n=3 of each sex). All experimental procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of Minnesota Institutional Animal Care and Use Committee. The study is reported in accordance with the ARRIVE guidelines for reporting animal research.
Anesthesia and instrumentation
Pigs were anesthetized with isoflurane (Isospire, Dechra Pharmaceuticals, Northwich, UK) delivered using an agent-specific, calibrated vaporizer in 100% oxygen. Isoflurane was administered initially via facemask for induction of anesthesia, and then via a cuffed, Murphy-type orotracheal tube for maintenance of a light plane of anesthesia sufficient to prevent spontaneous movement and allowing the pigs to breathe spontaneously while positioned in lateral recumbency. Auricular veins were aseptically cannulated bilaterally with 22- or 24-gauge, 1.0-1.5-inch-long over-the-needle catheters for fluid (lactated Ringer's solution, 5 mL/kg/h) and opioid administration. To facilitate arterial blood pressure monitoring and blood sampling, the saphenous artery was aseptically cannulated using a 22-gauge, 1.5-inch-long over-the-needle catheter via a small cut-down procedure, and the catheter was secured in place with 2-0 monocryl. Additional instrumentation included lead-II electrocardiogram, core body temperature via an esophageal temperature probe, sidestream capnography and spirometry using a multiparameter monitor Datex-Ohmeda Compact S5 (GE Healthcare, Chicago, IL, USA), and transmittance pulse oximetry probe positioned on the ear (PalmSAT 2500 Series, Nonin Medical Inc., Plymouth, MN, USA).
Opioid-induced critical respiratory depression protocol
Fentanyl (30 µg/kg/h) or heroin (1 mg/kg/h) were administered as continuous intravenous infusions until production of apnea. For the purposes of this study, apnea was quantified as the absence of spontaneous breaths for two consecutive minutes. If the apnea endpoint was not achieved within the hour, the opioid infusion rate was doubled each subsequent hour, up to a maximum of 3 hours. Both the latency and total dose required to produce apnea were recorded. The opioid infusion was discontinued once apnea was confirmed, and the latency to return to regular spontaneous breathing was recorded. Regular spontaneous breathing was defined as the resumption of spontaneous breathing without relapsing into apnea as defined above.

Serum opioid quantification
Serum concentrations of fentanyl and norfentanyl or heroin, 6-acetylmorphine (6-AM), and morphine were determined at relevant timepoints, including the onset of apnea (M1), at 2 minutes of apnea (M2), and when pigs resumed spontaneous breathing after discontinuing opioid infusion (M3). Serum heroin, morphine, and 6-AM concentrations were additionally determined at 1, 2, 4, 8, 16, 32, and 60 minutes after starting drug administration, or until the pigs reached the apnea endpoint, whichever came first. Serum concentrations of both opioids and their metabolites were also determined at 1, 2, 4, 8, 16, 32, and 60 minutes after discontinuation of drug administration. Opioid/metabolite concentrations were determined by liquid chromatography/mass spectrometry (LC-MS) as in our previous studies (Crouse, et al., 2023). The assay’s lower limit of quantification (LLOQ) was 0.5 ng/ml for fentanyl, 0.05 ng/ml for norfentanyl, and 1 ng/ml for heroin, 6-AM, and morphine. 
Respiratory and cardiovascular parameters
Respiratory parameters included respiratory rate (f), end-tidal carbon dioxide tension (EtCO2), tidal volume (TV), minute volume (MV), pulse oximetry (SpO2), arterial tensions of oxygen (PaO2) and carbon dioxide (PaCO2), and arterial oxygen saturation (SaO2). Cardiovascular parameters included heart rate (HR) and rhythm and mean arterial pressure (MAP). Arterial blood samples for gas analysis were collected in commercial blood gas syringes (BD Arterial Blood Gas Syringes, Becton, Dickinson and Company, Franklin Lakes, NJ, USA), kept in ice under anaerobic conditions and analyzed within 30-60 minutes of collection using a calibrated portable blood gas analyzer (i-STAT CG4 test cartridges; Abbott Point Care Inc, NJ, USA). Respiratory rate was recorded every minute during the entire experiment. Arterial blood gas tensions and cardiovascular measurements were obtained before starting opioid infusion (baseline, M0), and at specific respiratory events during and after opioid infusion including at the onset of apnea (M1), at two minutes of apnea (M2), at the return to spontaneous breathing (M3), and at 32 and 60 minutes after the opioid infusion was discontinued.
Opioid reversal with naloxone
At 60 minutes post-infusion, in cases where respiratory rate and/or EtCO2 had not returned to pre-opioid baseline (M0), naloxone was administered intravenously every 2 minutes at cumulative doses of 0.25 mg/kg to achieve effective doses of 0.25, 0.5, and 0.75 mg/kg. The dose required for respiratory rate and/or EtCO2 to return to the pre-opioid infusion baseline was recorded.
Data analysis
Statistical analyses were performed using GraphPad Prism Version 10.3.1 for MAC OS (GraphPad Software, Inc., CA, USA). Normality was assessed by visual observation of QQ plots and the D'Agostino-Pearson omnibus normality test. Within-group comparisons were made to determine if there were significant differences related to age (fentanyl only) and sex (fentanyl and heroin) in latency to apnea, dose required to induce apnea, and breathing recovery latencies. Data were analyzed using two-tailed Mann-Whitney tests, with significance set at p < 0.05. Survival curves illustrating the latency to fentanyl-induced apnea in immature and mature pigs were created and compared with the Gehan-Breslow-Wilcoxon test, p < 0.05. Unless otherwise noted, data are presented as median and IQR.
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The median (ranges) ages of the pigs were 2.5 (2-3.1) months for the sexually immature animals and 4.1 (3.9-5.9) months for the sexually mature animals, and their respective median (range) body weights were 6.7 kg (3.8-9.9) and 14.5 kg (13.7-22). Induction of anesthesia with 4-5% isoflurane delivered in 100% oxygen via a tight-fitting face mask allowed for a calm, smooth, and well-controlled transition to general anesthesia without observable agitation or adverse reactions in all pigs. Following orotracheal intubation with an appropriately sized cuffed tracheal tube, a light plane of anesthesia was maintained with end-tidal isoflurane concentrations between 1.9-2.2% in all animals.

Opioid dose and latency to induce apnea
The doses of fentanyl and heroin required to induce apnea are shown in Figure 1. There were no significant sex-related differences in the doses of fentanyl and heroin required to cause apnea. The dose of fentanyl to induce apnea was significantly higher in immature than mature pigs (median 17 µg kg-1, IQR 14-36 vs. median 8 µg kg-1, IQR 7-10, respectively). The latencies to develop respiratory arrest during the infusions of fentanyl and heroin (Figure 2) showed no significant sex-related differences. However, age had a significant effect. In immature pigs, the latency was significantly shorter with heroin (20 minutes, IQR 15-26) compared to fentanyl (31 minutes, IQR 27-63). Additionally, within the fentanyl group, immature pigs exhibited a significantly longer latency to apnea than mature pigs (31 minutes, IQR 27-63 vs 15 minutes, IQR 13-19).
Serum opioid concentrations at apnea and return to spontaneous breathing
We measured serum concentrations of fentanyl, heroin, and their metabolites at the onset of apnea (M1) and at the return of spontaneous breathing after stopping the infusion (M3). Median serum fentanyl concentrations were not significantly different between immature and mature pigs at M1 (4.4 ng/mL, IQR 3.5-7.1 and 6.2 ng/mL, IQR 4.0-8.1, respectively) and M3 (2.0 ng/mL, IQR 1.2-3.0 and 1.5 ng/mL, IQR 1.2-2.7, respectively). However, within each age group, fentanyl concentrations at M1 (4.4 and 6.2 ng/mL) were significantly higher than at M3 (2.0 and 1.5 ng/mL). Regarding sex, no significant differences in fentanyl concentrations were found between males and females at M1 (6.2 ng/mL, IQR 4.8–9.0 vs. 4.0 ng/mL, IQR 3.7–7.0) or M3 (2.0 ng/mL, IQR 1.5–3.2 vs. 1.8 ng/mL, IQR 1.0–2.6). While there were no significant differences between M1 and M3 in males, females showed a significant reduction from M1 to M3. Serum norfentanyl concentrations were numerically higher in immature pigs compared to mature pigs at both M1 (1.5 ng/mL, IQR 0.8–2.2 vs. 0.12 ng/mL, IQR 0.1–0.2) and M3 (1.7 ng/mL, IQR 0.4–2.7 vs. 0.6 ng/mL, IQR 0.3–0.8), but these differences were not statistically significant. Unlike fentanyl, norfentanyl concentrations did not differ significantly between M1 and M3. No sex-related differences were observed in norfentanyl levels at M1 (1.5 ng/mL, IQR 0.1–2.4 in males; 0.2 ng/mL, IQR 0.2–0.8 in females) or M3 (2.2 ng/mL, IQR 0.6–3.2 in males; 0.7 ng/mL, IQR 0.2–0.8 in females), nor between these time points. Additional time point concentrations are presented in Figure 3.
Serum heroin concentrations remained below the LLOQ throughout all time points. Serum concentrations of the main metabolites of heroin, morphine, and 6-AM, are shown in Figure 4. At the onset of apnea (M1), the concentration of morphine (median 34 ng/mL; IQR 29-61) was 1.7-fold lower than 6-AM (median 57 ng/mL; IQR 44-91). This relationship reversed when pigs returned to spontaneous breathing (M3), such that the median serum concentration of morphine (24 ng/mL; IQR 11-35) was nearly 5-fold higher than that of 6-AM (5 ng/mL; IQR 3-13). Serum concentrations of both morphine and 6-AM were lower at M3 relative to M1, although the reduction was comparatively greater for 6-AM (decreased from 57 to 5 ng/mL, 91% reduction) than morphine (decreased from 34 to 24 ng/mL; 29% reduction). There were no sex-related differences within or between those endpoints. Based on serum concentrations, fentanyl was approximately 6-fold more potent than morphine and 10-fold more potent than 6-AM in causing apnea in our pig model.
Return to spontaneous breathing after apnea
Once apnea was achieved (no breaths for 2 consecutive minutes), the opioid infusion was discontinued and the latency to resume spontaneous breathing, defined as the ability to maintain a respiratory rate without relapsing into apnea, was recorded. Three immature animals from the heroin group (one male and two females) and a single immature male from the fentanyl group did not regain spontaneous breathing as defined within the 60-minute evaluation period. For fentanyl, the latencies to return to spontaneous breathing were 17 min in males (IQR 15-38) and 12 min in females (IQR 7-50). This difference was not statistically significant. In contrast, age (i.e., sexual maturity) had a significant effect on latency to return to spontaneous breathing, with immature animals taking longer (50 min; IQR 30-56) than mature animals (14 min; IQR 7-16). For heroin, the latency to return to spontaneous breathing was 37 min in males (IQR 35-38) and 42 min in the single female who resumed spontaneous breathing during the evaluation period. Pigs challenged with fentanyl recovered respiratory function markedly better than those challenged with heroin, as indicated by superior minute ventilation and arterial CO2 tensions,  and as illustrated in Figure 5 and Table 1. 
Additional respiratory, cardiovascular and metabolic parameters
Table 1 shows several additional respiratory parameters (volumes and gas tensions) determined at five distinct time points before, during, and after fentanyl or heroin infusions. Respiratory rates minute by minute throughout the experiment for both opioids are shown in Figure 6. Baseline respiratory parameters before opioid infusions under a light plane of isoflurane anesthesia are presented in Table 2. Heart rate, mean arterial pressure, arterial blood gas and limited metabolic values before, during, and after fentanyl and heroin exposure are shown in Table 3. 
Naloxone
Intravenous naloxone was administered at 0.25 mg/kg increments every 2 minutes up to a total cumulative dose of 0.75 mg/kg to pigs whose respiratory rate and/or EtCO2 had not returned to pre-opioid baseline (M0) within 60 minutes post-infusion. Accordingly, naloxone was required in only 1 animal from the fentanyl group, an immature male pig (2 months old), who received the full cumulative dose of 0.75 mg/kg. However, this dose was ineffective in restoring spontaneous breathing. In contrast, all 6 animals in the heroin group required naloxone administration after the conclusion of data collection. Respiratory depression was successfully reversed in 2/6 pigs. In the remaining four animals (one male and three females), even the maximum naloxone dose of 0.75 mg/kg failed to restore spontaneous breathing. Among the two animals that responded to naloxone, both male pigs recovered following a 0.25 mg/kg dose. Notably, naloxone was effective in successfully restoring the respiratory rate to pre-opioid infusion baseline only in pigs that showed signs of spontaneous breaths within the stipulated time frame of 60 minutes post-infusion. In contrast, in the four cases where naloxone failed, none of the animals had any signs of spontaneous breathing activity within the stipulated time frame.


Discussion
This study aimed to develop and characterize a non-lethal swine model of opioid-induced critical respiratory depression to facilitate the development of strategies to mitigate the impact of the opioid epidemic. The Hanford miniature swine was chosen for this project due to several advantageous factors, including manageable size, the close similarity of its immunological responses and drug metabolism to humans, and the breed’s docility, which reduces stress and enhances suitability for controlled procedures (Swindle, et al., 2012). This temperament, combined with a dedicated acclimation period, socialization efforts, and positive reinforcement training, made mask induction with isoflurane a smooth process and with minimal stress for the animals and personnel. Additionally, since sexual maturity is known to influence drug pharmacokinetics (Ayuso, et al., 2020) and sexual maturity in Hanford minipigs is known to occur between 4- and 6-months (Almunia, et al., 2019; Peter, et al., 2016), we compared aspects of pharmacokinetics/pharmacodynamics of fentanyl in sexually immature (2-months olds) and mature (4-months olds) animals. 
This study detailed the pharmacokinetics and pharmacodynamics of fentanyl and heroin, revealing that fentanyl requires a significantly lower dose (11 µg/kg vs. 360 µg/kg) to induce apnea, highlighting its 33-fold greater potency in producing respiratory depression. This finding is consistent with research in rats, where fentanyl was found to be 10 times more potent than heroin (Flynn & France, 2021). In addition to greater potency, fentanyl also has a faster onset of respiratory depression in both mice (Hill et al., 2020; Burgraff et al., 2023) and humans (Glenn Burns et al., 2016). The rapid onset is attributed to fentanyl's high lipid solubility and its ability to quickly penetrate the brain (Gill et al., 2019). Regarding sex-related differences, this study found no significant variations in dose or latency to apnea for fentanyl and heroin. However, Marchette, et al. (2023) observed that female rats were more sensitive to heroin than fentanyl, with fentanyl causing shorter episodes of respiratory depression in both sexes. Age differences were also noted, with immature pigs requiring higher doses (17 µg/kg vs. 8 µg/kg) and longer times (31 minutes vs. 15 minutes) to reach apnea relative to mature pigs, which aligns with developmental changes influencing drug metabolism (Hu, 2015). These age-related findings are important because both age ranges are commonly used for biomedical research due to their manageable size, human-like physiology, and developing immune systems (Swindle et al., 2012). However, age plays a crucial role in metabolism and drug responses, as developmental factors influence ADME (Absorption, Distribution, Metabolism, Excretion) processes, making dosing strategies based solely on weight or body surface area less reliable (Hu, 2015; Ayuso et al., 2020). Notably, hepatic metabolism increases with age and maturity in pigs, with CYP450 metabolic capacity peaking between 1.5 to 5.0 months of age (Millecam et al., 2018). While several animals demonstrated extended periods of apnea (e.g., >50 minutes), survival was possible due to the preloading of oxygen from 100% FiO₂, the reduced metabolic demand under general anesthesia, and possible passive oxygen diffusion during apneic oxygenation, as previously shown by Meggs and colleagues (2005). 
Serum concentration data revealed distinct pharmacokinetic profiles for fentanyl and heroin, explaining their differing latencies to apnea and recovery. In our model, fentanyl exhibited a peak concentration of 6.5 ± 2.4 ng/mL two minutes after apnea onset, followed by a rapid decline once the infusion was discontinued. Its primary metabolite, norfentanyl, increased more gradually post-apnea, indicating ongoing metabolism (Varshneya et al., 2022; Li et al., 2022; Smith, 2009). Serum fentanyl concentrations did not differ between sex and age groups, which contrasts with the higher dose associated with apnea in immature compared to mature animals. This finding is likely a result of the higher body water composition in younger pigs, which affects drug distribution and clearance (Ziesenitz, et al., 2018; Hu, 2015). The volume of distribution (Vd), which is calculated by Vd = Dd/Cp​​, where Dd​ is the drug dose and Cp​ is the drug concentration in plasma, plays a crucial role in these differences, as it reflects the extent to which a drug disperses throughout body tissues. Thus, the larger Vd in immature relative to mature pigs explains their similar serum concentrations despite receiving higher doses. This expanded distribution volume in immature pigs reduces the drug’s immediate availability at its target sites, leading to the delayed onset of apnea relative to mature pigs. Conversely, mature pigs, with relatively lower body water content and a smaller Vd, maintain higher plasma concentrations for a given dose, facilitating faster onset of apnea and more efficient drug action. In contrast, heroin was not detected at the different endpoints, with concentrations remaining below the lower limit of quantification (LLOQ = 1 ng/mL) throughout the entire experiment but, was rapidly metabolized to 6-acetylmorphine (6-AM) and morphine (Millela, 2023). A previous pharmacokinetic/pharmacodynamic study in humans administered intravenous and intranasal heroin suggested that morphine, and not 6-AM, is more closely associated with the pharmacodynamic effects of heroin (Comer et al., 1999). However, a more recent study in rats directly injected with heroin, 6-AM and morphine, two doses each, showed that 6-AM, rather than morphine, drives heroin’s immediate neural effects, rapidly altering nucleus accumbens (NAc) oxygen levels (Perekopskiy & Kiyatkin, 2019). In the present investigation, serum 6-AM concentrations were nearly twice as high as that of morphine at the onset of apnea (57 vs. 34 ng/mL), and nearly half that of morphine at return to spontaneous breathing (5 vs. 24 ng/mL). Additionally, the decrease in serum concentrations from apnea to return to spontaneous breathing was 91% for 6-AM and only 29% for morphine. Thus, our results in pigs suggest that 6-AM might represent the main metabolite associated with the respiratory depressant effects of heroin, corroborating prior results in rats (Perekopskiy & Kiyatkin, 2019). The faster rise and fall of 6-AM concentrations correspond to the shorter latency to apnea during heroin infusion (18±11 minutes), with levels decreasing to 7.5±6.8 ng/mL at the return to spontaneous breathing. Meanwhile, morphine persists longer, with concentrations of 24±15 ng/mL at this same endpoint (Boix, Andersen & Morland, 2013).
Age-related differences in fentanyl-induced respiratory depression were evident in our study, with immature pigs (2 months old) requiring higher doses to apnea and experiencing longer latency to recover spontaneous breathing after discontinuing the infusion compared to mature pigs (4 months old). These findings are particularly relevant in light of recent reports highlighting the rising incidence and severity of fentanyl-related overdoses in pediatric populations, including children and adolescents (Sandelich et al., 2024; Temple & Hendrickson, 2024; Gaither, 2023). Consistent with our experimental data, clinical observations suggest that younger individuals may have increased vulnerability to opioid-induced respiratory depression, potentially due to differences in pharmacokinetics, receptor sensitivity, or respiratory system maturity. Our model provides translational insight into these clinical trends, reinforcing the need for age-specific considerations in both opioid dosing and reversal strategies. While no significant sex differences were found in this study, a systematic review suggests gonadal hormones may affect opioid responses, though findings in different studies were somewhat inconsistent (Huhn et al., 2018). In alignment with this data, clinical observations indicate older age and male sex as risk factors for opioid-induced respiratory depression in humans (Jansen & Dahan, 2024). 
Previous studies have reported sex-based differences in opioid metabolism and μ-opioid receptor sensitivity, potentially influenced by hormonal factors (Concato et al., 2024; Sharp et al., 2002). Clinical observations similarly suggest that women may require higher naloxone doses due to differences in metabolism and receptor distribution (Barrachina et al., 2022; Chopra et al., 2008). In the present study, naloxone was administered to all six pigs exposed to heroin and to one pig exposed to fentanyl. The treatment was effective in only two male pigs from the heroin group. In contrast, three female pigs and one male pig from the heroin group, as well as the male pig challenged with fentanyl, showed no response to naloxone, even at the highest dose tested. These findings suggest the possibility of opioid-induced persistent respiratory depression (OIRD), as reported in fentanyl overdose cases requiring repeated naloxone administration (van Lemmen et al., 2023; Liu et al., 2021). These findings suggest the swine model may be useful for investigating sex-specific mechanisms of opioid-induced respiratory depression and for informing more personalized naloxone reversal strategies.
The study's limitations include a relatively small sample size to fully explore sex-related differences, which may reduce the statistical power and hinder the detection of subtle differences in drug response across sex and treatment conditions. While two different age ranges were used for fentanyl (immature and mature animals), only immature animals were used to study heroin, such that no age-related information can be derived for this opioid. The provision of 100% inspired oxygen prevented us from studying opioid-induced hypoxia and lethality, although it enabled the study of apnea as a robust endpoint of non-lethal critical respiratory depression and determination of return to spontaneous breathing, along with measuring serum drug concentrations, that would not have been possible if the pigs were breathing room air (21% inspired oxygen). 
In conclusion, this study successfully developed and characterized a preclinical model of non-lethal critical respiratory depression characterized by apnea induced with fentanyl or heroin in Hanford miniature swine. Our findings provided insights into the pharmacokinetics and pharmacodynamic of fentanyl and heroin, laying the foundation for using this model toward improving therapeutic strategies aimed at mitigating OIRD and enhancing clinical outcomes in opioid overdose treatment. Sexual maturity but not sex appears to be important when utilizing this model to study the respiratory effects of opioids. Future studies with long-term follow-ups are needed to assess the lasting effects of opioid exposure, particularly regarding how opioid-induced respiratory depression impacts brain function in this model.
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Table 1: Respiratory rate (f), arterial blood partial pressures of carbon dioxide (PaCO2) and oxygen (PaO2), hemoglobin-oxygen saturation (SaO2), pH, lactate, tidal volume (TV), minute volume (MV), and end-tidal CO₂ (EtCO2) at five distinct endpoints before, during, and after fentanyl or heroin infusions in isoflurane-anesthetized pigs.  Results are median and interquartile range (IQR). The upper limit of quantification for PaCO2 was 130 mmHg, and the lower limit of quantification for pH was 7.0. UTD = unable to determine, n = indicate the number of animals per endpoint.
	

Variable
	

Group
	Endpoints

	
	
	Before opioid baseline
	Onset of apnea
	Two minutes of apnea
	Return to spontaneous breathing
	32 min after stopping opioid
	60 min after stopping opioid

	f
(breaths/min)
	Fentanyl 
(immature)
	22
(18-28)
n=5
	-
	0
(0-0)
n=5
	1
(1-1)
n=4
	2
(1-15)
n=5
	9
(1-18)
n=5

	
	Fentanyl 
(mature)
	17
(12-18)
n=7
	-
	0
(0-0)
n=7
	8
(4-14)
n=6
	17
(9-18)
n=7
	18
(10-19)
n=7

	
	Heroin (immature)
	29
(26-38)
n=6
	-
	0
(0-0)
n=6
	1
(0-1)
n=3
	1
(0-2)
n=6
	1
(0-2)
n=6

	

PaCO2 (mmHg)
	Fentanyl 
(immature)
	60 
(58-65)
n=5
	112
(106-118)
n=5
	128 
(121-129)
n=5
	>130

n=5
	>130

n=5
	89 
(65-114)
n=2*

	
	Fentanyl 
(mature)
	57 
(51-64)
n=7
	99 
(85-109) 
n=7
	110
(99-118)
n=7
	104 
(100-110)
 n=4*
	68 
(59-78)
n=7
	70 
(62-78)
n=7

	
	Heroin (immature)
	58 
(48-63)
n=6
	92 
(87-118)
n=6
	105 
(91-119) 
n=5
	97 
(97-97)
n=1*
	>130

n=6
	>130

n=6

	PaO2 (mmHg)
	Fentanyl 
(immature)
	452 
(408-480)
n=5
	433 
(367-467)
n=5
	390 
(301-399)
n=5
	309 
(273-337)
n=4
	342
(313-362) 
n=4
	393
 (224-457)
n=5

	
	Fentanyl 
(mature)
	519
(514-584)
n=5
	470 
(464-497)
n=6
	489 
(485-494)
n=7
	460
(334-512)
n=6
	502
(495-510)
n=7
	503 
(500-509)
n=4

	
	Heroin (immature)
	466 
(416-485)
n=6
	427
 (422-444)
n=6
	431 
(372-440)
n=6
	313 
(242-369)
n=6
	310 
(263-358)
n=5
	314
 (246-375)
n=5

	SpO2 (mmHg)
	Fentanyl 
(immature)
	100 
(100-100)
n=5
	100 
(100-100)
n=5
	100 
(100-100)
n=5
	100 
(99-100)
n=2
	100 
(100-100)
n=3
	100 
(100-100)
n=3

	
	Fentanyl 
(mature)
	100 
(100-100)
n=7
	100 
(100-100)
n=7
	100
 (100-100)
n=7
	99 
(95-100)
n=5
	100 
(100-100)
n=5
	100 
(100-100)
n=6

	
	Heroin (immature)
	100 
(100-100)
n=6
	100
(100-100)
n=6
	100 
(100-100)
n=6
	100
 (100-100)
n=6
	99 
(99-99)
n=6
	99 
(98-99)
n=6

	


pH
 
	Fentanyl 
(immature)
	7.3 
(7.3-7.3)
n=5
	7.1
 (7.1-7.2)
n=5
	7.1 
(7.1-7.1)
n=5
	7.1
 (7.0-7.1)
n=2
	7.3 
(7.2-7.3) 
n=3
	7.3 
(7.3-7.3)
n=3

	
	Fentanyl 
(mature)
	7.3
 (7.2-7.3)
n=7
	7.1
 (7.1-7.1)
n=6
	7.1 
(7.0-7.1)
n=7
	7.1
 (7.1-7.1)
n=3
	7.3 
(7.2-7.3)
n=4
	7.3 
(7.2-7.3)
n=6

	
	Heroin (immature)
	7.3 
(7.3-7.3)
n=6
	7.1
 (7.0-7.2)
n=6
	7.1
 (7.0-7.1)
n=6
	7.1 
(7.0-7.1)
n=2
	<7.0

n=6
	<7.0

n=6

	
Lactate
(mmol/L)
 
	Fentanyl 
(immature)
	1.9 
(1.4-2.9)
n=5
	1.2
 (1.1-1.3)
n=5
	1.1 
(1.1-1.2)
n=5
	0.9 
(0.5-1.0)
n=5
	0.7
 (0.7-0.8)
n=5 
	1.3
 (1.0-1.6)
n=5 

	
	Fentanyl 
(mature)
	1.3 
(1.0-1.9)
n=7
	1.3
(1.1-2.0)
n=6
	1.2 
(1.1-2.0)
n=7
	1.0
(0.9-1.9)
n=7
	1.0 
(0.8-1.6)
n=7
	1.1
(0.8-1.5)
n=7

	
	Heroin (immature)
	1.2 
(1.0-1.6)
n=3
	1.1 
(0.8-1.3)
n=6
	0.8 
(0.8-1.2)
n=6
	0.7 
(0.6-0.8)
n=6
	0.6 
(0.4-0.8)
n=6
	0.7 
(0.5-0.9)
n=6

	TV
(ml/Kg)
	Fentanyl 
(immature)
	9
(7-26)
n=5
	0 
(0-0)
n=5
	0 
(0-0)
n=5
	20
(14-42)
n=5
	0
 (0-26)
n=1
	9 
(0-12)
n=3

	
	Fentanyl 
(mature)
	8
(7-9)
n=7
	0 
(0-0)
n=7
	0 
(0-0)
n=7
	0 
(0-23)
n=2
	9 
(7-11)
n=7
	8
(7-8)
n=7

	
	Heroin (immature)
	10
(9-15)
n=6
	0 
(0-0)
n=6
	0 
(0-0)
n=6
	0 
(0-3)
n=1
	UTD 
(0-0)
n=6
	UTD 
(0-0)
n=6

	


MV
(mL/Kg/min)

	Fentanyl 
(immature)
	207
(187-473)
n=5
	0
 (0-0)
n=5
	0 
(0-0)
n=5
	100 
(50-200)
n=3
	0 
(0-0)
n=5
	92
 (0-176)
n=3

	
	Fentanyl 
(mature)
	130
(100-137)
n=7
	0 
(0-0)
n=7
	0
 (0-0)
n=7
	0
 (0-22)
n=2
	118 
(95-149)
n=7
	128 
(77-137)
n=7

	
	Heroin (immature)
	336
(249-519)
n=6
	0
 (0-0)
n=6
	0 
(0-0)
n=6
	0
 (0-25)
n=1
	0 
(0-0)
n=6
	0 
(0-8)
n=1

	EtCO2 (mmHg)
	Fentanyl 
(immature)
	60
(58-61)
n=5
	0
 (0-0)
n=5
	0 
(0-0)
n=5
	97 
(91-131)
n=6
	230 
(221-237)
n=5
	188
 (93-228)
n=4

	
	Fentanyl 
(mature)
	53
(52-57)
n=7
	0 
(0-0)
n=7
	0
 (0-0)
n=7
	125
 (98-201)
n=4
	72 
(60-72)
n=7
	70 
(62-72)
n=7

	
	Heroin (immature)
	54
(45-60)
n=6
	0 
(0-0)
n=6
	0
 (0-0)
n=6
	105
 (81-170)
n=4
	66 
(0-194)
n=3
	49
 (0-102)
n=3


* Values for the remaining pigs were above the upper limit of quantification (i.e., > 130 mmHg)
Table 2: Baseline respiratory parameters obtained before opioid infusions in immature (~2 months old) and mature (~4 months old) pigs lightly anesthetized with isoflurane. Median and interquartile range (IQR) respiratory rate (f), tidal volume (TV), arterial blood partial pressures of carbon dioxide (PaCO2) and oxygen (PaO2), hemoglobin saturation (SaO2), pH, lactate, P values indicate between-age comparisons with both sexes combined (unpaired, two-tailed, Mann-Whitney test).
	Variable
	Age Group
	Both sexes
	Females 
	Males 
	P value (both sexes)

	f (breaths/min)
	 Immature
	22 (20-33); n=11
	25 (21-39); n=5
	25 (18-32); n=6
	0.0012

	
	 Mature
	17 (12-18); n=7
	18 (17-18); n=4
	12 (9-13); n=3
	

	PaCO2 (mmHg)
	Immature
	60 (55-62); n=11
	60 (53-63) n=5
	59 (53-64) n=6
	0.9298

	
	 Mature
	57 (52-64) n=7
	57 (53-62) n=4
	60 (51-73) n=3
	

	PaO2 
(mmHg)
	 Immature
	454 (416-480) n=11
	429 (422-467) n=5
	429 (397-445) n=6
	0.0005

	
	Mature
	519 (514-584) n=6
	471 (469-507) n=3
	468 (455-494) n=3
	

	
pH
 

	 Immature
	7.3 (7.3-7.3) n=11
	7.3 (7.2-7.3) n=5
	7.3 (7.3-7.4) n=6
	0.8771

	
	 Mature
	7.3 (7.2-7.3) n=7
	7.3 (7.2-7.3) n=3
	7.3 (7.2-7.3) n=4
	

	
TV 
(ml/Kg)

	 Immature
	10 (8-12) n=11
	10 (9-12) n=5
	9 (8-30) n=6
	0.1041

	
	Mature
	8 (7-9) n=7
	8 (7-9) n=4
	8 (8-15) n=3
	

	
MV
(mL/Kg/min)

	 Immature
	265 (201-410) n=11
	292 (193-395) n=5
	238b (204-762) n=6
	0.0001

	
	 Mature
	130 (100-137) n=7
	131 (127-136) n=4
	100 (136-183) n=3
	

	
EtCO2 (mmHg)

	Immature
	55 (52-61) n=11
	55 (51-58) n=5
	57 (51-63) n=6
	0.4914

	
	 Mature
	58 (57-60) n=7
	59 (51-63) n=4
	58 (57-60) n=3
	

	
Lactate
(mmol/L)
	 Immature
	1.7 (1.1-2.1) n=8
	2.2 (1.6-3.6) n=3
	1.2 (1.0-1.8) n=5
	0.6126

	
	 Mature
	1.3 (1.0-1.9) n=7
	1.4 (1.1-1.8) n=4
	1.2 (0.9-3.1) n=3
	








Table 3: Heart rate (HR) and mean arterial pressure (MAP) measured at five distinct endpoints before, during, and after discontinuation of fentanyl or heroin infusions in isoflurane-anesthetized pigs. Results median and interquartile range (IQR). n = indicates the number of animals per endpoint.
	Variable
	Opioid
(Age group)
	Endpoints

	
	
	Before opioid baseline
	Onset of apnea
	Two minutes of apnea
	Return spontaneous breathing
	32 min after stopping opioid
	60 min after stopping opioid

	 
HR
(beats/min)
 
	Fentanyl 
(immature)
	131
(122-144)
n=6
	125 
(110-127)
n=6
	117 
(112-146)
n=6
	189
(176-194)
n=6
	204 
(219-193)
n=6
	198 
(157-200)
n=6

	
	Fentanyl 
(mature)
	119 
(99-133)
n=6
	84 
(75-87)
n=6
	82 
(75-89)
n=6
	107 
(89-151)
n=6
	117 
(98-149)
n=6
	101
(97-139)
n=6

	
	Heroin (immature)
	136
 (114-167)
n=6
	136 
(114-153)
n=6
	141 
(110-152)
n=6
	156 
(105-194)
n=6
	208 
(182-214)
n=6
	203 
(182-224)
n=6

	
MAP (mmHg)
	Fentanyl 
(immature)
	72 
(64-77)
n=6
	66 
(63-73)
n=6
	70 
(60-76)
n=6
	121 
(109-140)
n=6
	130
 (108-133)
n=6
	65
 (62-85)
n=6

	
	Fentanyl 
(mature)
	78 
(72-83)
n=6
	76
 (50-80)
n=6
	76 
(71-79)
n=6
	86 
(72-99)
n=6
	76 
(75-85)
n=6
	74 
(67-84)
n=6

	
	Heroin (immature)
	60
 (60-67)
n=6
	62
 (58-77)
n=6
	62 
(58-67)
n=6
	89 
(82-100)
n=6
	99
 (78-111)
n=6
	73
 (66-90)
n=6





Figure 1: Fentanyl induces apnea more potently than heroin and exhibits age-related differences in potency. Doses of fentanyl and heroin associated with apnea aggregated and separated by sex and age (fentanyl only) were determined using fentanyl or heroin infusions in Hanford minipigs lightly anesthetized with isoflurane. a) Doses of fentanyl separated by age and heroin associated with apnea with all sexes combined; b) Dose of fentanyl to reach apnea in male and female pigs. c) Dose of heroin to reach apnea in male and female pigs. Data are median (also shown numerically within the bars), interquartile range (IQR) and individual values and were analyzed with two-tailed Mann-Whitney test (ns = not significant; * p < 0.05, ** p < 0.01).
[image: ]
Figure 2: Latency to apnea induced by fentanyl infusion was age-dependent. Latency to apnea in the fentanyl and heroin infusions aggregated and separated by sex and age (fentanyl only) were determined in Hanford minipigs lightly anesthetized with isoflurane.  a) Latency to reach apnea by fentanyl separated by age and heroin with all sexes combined (two-tailed Mann-Whitney test, * p < 0.05); b) Latency to reach apnea by fentanyl in male and female pigs; c) Latency to reach apnea by heroin in male and female pigs. Data are median (also shown numerically within the bar), interquartile range (IQR) and individual values and were analyzed with two-tailed Mann-Whitney test (ns = not significant); d) Age-related difference in a survival curve of the latency to reach apnea by fentanyl (Gehan-Breslow-Wilcoxon test, p < 0.05). 
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Figure 3: Serum concentrations of fentanyl associated with apnea were not age-dependent. Serum concentrations of fentanyl and norfentanyl were determined during fentanyl infusions in immature (2 months old) and mature (4 months old) Hanford minipigs lightly anesthetized with isoflurane. Concentrations were determined at several endpoints of interest, including before starting the infusion (baseline, M0), at onset of apnea (M1), at 2 minutes of apnea (M2), at return to spontaneous breathing after stopping the infusion (M3), and at 1, 2 , 4, 8, 16, 32 and 60 minutes after stopping the infusion. a) Serum concentration of fentanyl at the onset of apnea (M1) and return to spontaneous breathing (M3). b) Serum concentration of norfentanyl at the onset of apnea (M1) and return to spontaneous breathing (M3). c) Serum concentration of fentanyl and norfentanyl in different endpoints after stopping fentanyl infusion. Data are median, interquartile range (IQR) and individual values and were analyzed with two-tailed Mann-Whitney test (ns = not significant; * p < 0.05, ** p < 0.01)
[image: ]
Figure 4: 6-acetylmorphine (6-AM) and morphine are the key heroin metabolites associated with its respiratory depressant effects in pigs. Serum concentration of heroin and its metabolites (6-AM and morphine) during heroin infusions in Hanford minipigs lightly anesthetized with isoflurane. Concentrations were determined at several endpoints of interest, including before starting the infusion (baseline, M0), at onset of apnea (M1), at 2 minutes of apnea (M2), at return to spontaneous breathing after stopping the infusion (M3), and at 1, 2 , 4, 8, 16, 32 and 60 minutes after stopping the infusion. a) Serum concentration of 6-AM and morphine at the onset of apnea (M1). b) Serum concentration of 6-AM and morphine at the recovery to spontaneous breathing (M3). c) Serum concentration of heroin, 6-AM and morphine in different endpoints after stop heroin infusion. Data are median (also shown numerically within the bar), interquartile range (IQR) and individual values. Serum heroin concentrations (blue line/squares) were below the lower limit of quantification (LLOQ = 1ng/mL) at all endpoints of interest. 
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Figure 5: Latency to return to spontaneous breathing after apnea induced by fentanyl was age-dependent. Latency to return to spontaneous breathing after apnea induced by fentanyl and heroin infusions aggregated and separated by sex and age (fentanyl only) were determined in Hanford minipigs lightly anesthetized with isoflurane. a) Latency to return to spontaneous breathing after discontinuing fentanyl infusion separated by age (immature 2 months old and mature 4 months old) and heroin infusion with both sexes combined (note: n=1 animal challenged with fentanyl and n=3 animals challenged with heroin did not resumed spontaneous breathing during the 60-minute observation period); b) Latency to return to spontaneous breathing after discontinuing fentanyl infusion in male and female pigs; c) Latency to return to spontaneous breathing after discontinuing heroin infusion in male and female pigs; Data are median, interquartile range (IQR) and individual values and were analyzed with two-tailed Mann-Whitney test (ns = not significant; * p < 0.05).
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Figure 6: Fentanyl shows age-dependent respiratory depressant effects in pigs. Respiratory rate (f) was recorded every minute in immature (2 months old; fentanyl and heroin) and mature (4 months old; fentanyl only) Hanford minipigs lightly anesthetized with isoflurane and challenged with fentanyl and heroin infusions. a) Respiratory rate during fentanyl and heroin infusions. b) Respiratory rate after fentanyl and heroin infusion. c) Respiratory rate of each pig in the heroin group after naloxone administration. Only the median respiratory rates are shown to improve clarity.
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