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Introduction: The recreational use of fentanyl in combination with xylazine (i.e., “tranq-dope”) represents a rapidly emerging public health threat characterized by significant toxicity and mortality. This study quantified the interactions between these drugs on lethality and examined the effectiveness of potential rescue medications to prevent a lethal overdose.
Methods: Male and female mice were administered acute doses of fentanyl, xylazine, or their combination via intraperitoneal injection, and lethality was determined 0.5, 1.0, 1.5, 2.0, and 24 h after administration. Both fentanyl and xylazine produced dose-dependent increases in lethality when administered alone.
Results: A nonlethal dose of fentanyl (56 mg/kg) produced an approximately 5-fold decrease in the estimated LD50 for xylazine (i.e., the dose estimated to produce lethality in 50% of the population). Notably, a nonlethal dose of xylazine (100 mg/kg) produced an approximately 100-fold decrease in the estimated LD50 for fentanyl. Both drug combinations produced a synergistic interaction as determined via isobolographic analysis. The opioid receptor antagonist, naloxone (3 mg/kg), but not the alpha-2 adrenergic receptor antagonist, yohimbine (3 mg/kg), significantly decreased the lethality of a fentanyl-xylazine combination. Lethality was rapid, with death occurring within 10 min after a high dose combination and generally within 30 min at lower dose combinations. Males were more sensitive to the lethal effects of fentanyl-xylazine combinations under some conditions suggesting biologically relevant sex differences in sensitivity to fentanyl-xylazine lethality.
Discussion: These data provide the first quantification of the lethal effects of “tranq-dope” and suggest that rapid administration of naloxone may be effective at preventing death following overdose.
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1 INTRODUCTION
Opioid misuse and addiction represent an ongoing public health crisis. In the United States, the annual number of deaths attributed to opioids now exceeds the annual number of deaths from firearms and motor vehicle accidents (Center for Disease Control, 2023a). Because nonlethal overdoses are much more common than lethal overdoses, annual mortality rates significantly underestimate the proportion of the population who experience clinically significant but nonlethal consequences of an acute overdose (Center for Disease Control, 2023b). Complicating matters further, ∼80% of opioid overdoses in the United States are characterized by polysubstance use involving a non-opioid drug (Jones et al., 2018). Many of these drugs increase the lethal effects of opioids, making lethal overdoses more common and less sensitive to reversal by traditional rescue medications.
The fully synthetic mu opioid receptor agonist, fentanyl, has driven the most recent wave of the opioid overdose epidemic, partly because of its increased availability and greater potency relative to heroin (Gladden et al., 2016; O’Donnell et al., 2017). Between 2019 and 2022, the monthly percentage of fentanyl-related overdose deaths increased across 21 jurisdictions in the United States by over 200% (Kariisa et al., 2023). Concomitant with this increase in fentanyl-related mortality, seizures of xylazine-adulterated fentanyl (“tranq-dope”) increased by a similar amount across many of these jurisdictions (United States Drug Enforcement Agency, 2023). Xylazine is an alpha-2 adrenergic receptor agonist used as a general anesthetic in veterinary medicine but not approved for use in humans.
We are not aware of any prospective clinical research reports describing the effects of xylazine-adulterated fentanyl in human populations. Regardless, a number of case reports have described clinical manifestations of fatal overdoses (Gill et al., 2022; Rock et al., 2023), as well as clinically significant but nonlethal pathological conditions with this drug combination (Rose et al., 2023; Wei et al., 2023). Recently, several retrospective and a few prospective studies in forensic medicine have described the increasing prevalence of this drug combination in clinical (Holt et al., 2023; Love et al., 2023) and postmortem (Kacinko et al., 2022; Delcher et al., 2023; Korona-Bailey et al., 2023; Potoukian et al., 2023) populations. These reports have confirmed the clinical impact that xylazine-adulterated fentanyl is having on emergency departments, prompting several recent commentaries on its immediate threats to medicine (Gupta et al., 2023), hospitals (Shreyas and Rakasi, 2023), community health (Zhu et al., 2023), nursing (O’Malley, 2023), and emergency medicine (Friedman et al., 2023).
Both the Center for Disease Control and the US Drug Enforcement Administration have identified fentanyl-xylazine combinations as a significant public health threat (Center for Disease Control, 2023c; United States Drug Enforcement Agency, 2023), and reports of the human impact of this deadly drug combination have been described in both scientific (Gipson and Strickland, 2023) and lay (Hoffman, 2023) publications. The rapid increases in lethal drug overdoses attributed to this drug combination recently prompted the White House Office of National Drug Control Policy to declare xylazine combined with fentanyl an emerging threat to the United States (Office of National Drug Control Policy, 2023). Although evidence suggesting xylazine increases fentanyl-related morbidity and mortality is rapidly growing, no studies have quantified the interactions between these drugs on lethality.
The purpose of this study was to quantify the lethal effects of fentanyl and xylazine, alone and in combination with one another, in male and female mice. To this end, acute doses of fentanyl and xylazine were administered alone or in various dose combinations, and lethality was determined at several time points over the course of 24 h. Lethality was quantified by calculating estimated LD20, LD50, and LD80 values (i.e., the dose estimated to produce lethality in 20%, 50%, and 80% of the population, respectively) for each drug alone and in combination with one another. Drug interactions were characterized as greater-than-additive (i.e., synergistic), additive, or subadditive via isobolographic analysis. Additional tests were conducted to determine whether a mu opioid receptor antagonist (naloxone) and an alpha-2 receptor antagonist (yohimbine), both of which are available for use in humans, could prevent fentanyl-xylazine lethality when administered immediately after a potentially lethal dose combination. Finally, tests were conducted to measure the time course of lethality following a high dose combination of fentanyl and xylazine, and biologically relevant sex differences in sensitivity to fentanyl-xylazine lethality were determined.
2 MATERIALS AND METHODS
2.1 Subjects
Male and female C57BL/6 mice were obtained at 42 days of age from Charles River Laboratories (Raleigh, NC, United States) and housed in same-sex groups of five mice. Food, water, and enrichment items were continuously present in the home cage. Mice habituated to the vivarium for a minimum of 5 days before testing. All procedures were approved by the Davidson College Institutional Animal Care and Use Committee.
2.2 Procedure
A total of 347 mice (male = 172; female = 175) were used in this study. All tests were conducted in 6–18 mice, with equal numbers of males and females represented at each dose or dose combination, except in two instances in which the number of males and females differed by no more than two mice.
Lethality was defined as the a priori dependent measure of this study. This necessitated the testing of high doses that suppressed all behavior; doses that did not produce lethality generally produced deep anesthesia. Consequently, no species-specific behavior was measured or analyzed.
Initial doses of xylazine and fentanyl were selected for testing based on a literature search of their potency to produce maximal effects on measures of analgesia and anesthesia in rodents, and then moving in quarter log units upward or downward until at least four doses were tested, with at least one dose producing greater than 80% lethality and at least one dose producing less than 20% lethality. For drug combination tests, doses of fentanyl (56 mg/kg) and xylazine (100 mg/kg) were selected that represented the lowest dose of each drug that did not produce lethality (0% lethality; 100% survival) when tested alone.
On the day of testing, mice were transferred to individual cages with food, water, and bedding. Approximately 1 h after transfer, mice were randomized and injected intraperitoneally with fentanyl, xylazine, or a combination of fentanyl and xylazine. Mice were checked for lethality 0.5, 1.0, 1.5, 2.0, and 24 h after administration by unblinded observers. Lethality was operationally defined as the absence of 1) movement, 2) respiration, and 3) heartbeat. Any mouse remaining alive after 24 h was euthanized according to procedures approved by the American Veterinary Medical Association.
Rescue tests measuring prevention of lethality produced by 32 mg/kg fentanyl + 56 mg/kg xylazine were conducted with 3 mg/kg naloxone, 3 mg/kg yohimbine, and 3 mg/kg naloxone + 3 mg/kg yohimbine. In these tests, a single intraperitoneal injection of naloxone, yohimbine, or a combination of naloxone and yohimbine was given immediately following the fentanyl-xylazine dose combination. Lethality was then measured as described above.
To characterize the time course of lethality, we determined, a priori, that lethality checks would be scheduled 0.5, 1.0, 1.5, 2.0, and 24 h after administration; however, in the majority of instances, lethality occurred within the first 30 min. Consequently, we conducted an additional time-course test in which lethality was measured at 2-min intervals, beginning immediately after administration. In this test, we administered a dose combination of 56 mg/kg fentanyl + 100 mg/kg xylazine, doses that were not lethal when administered individually, but produced 100% lethality when administered in combination during pilot testing. In this time-course test, we measured lethality as described above every 2 min until lethality was observed.
2.3 Drugs
Fentanyl HCl was generously supplied by the National Institute on Drug Abuse (Research Triangle Institute, Research Triangle Park, NC, United States). Naloxone HCl, xylazine HCl, and yohimbine HCl were purchased from Sigma Chemical Co. (St. Louis, MO, United States). All drugs were dissolved in sterile saline and administered via intraperitoneal injection in a volume of 10 mL/kg, with pH values ranging from 6.9 to 7.6.
2.4 Data analysis
The primary dependent measure of this study was the percentage of mice dead 24 h after drug administration (% lethality). These data were used to determine the estimated lethal dose (LD) of fentanyl, xylazine, and fentanyl-xylazine combinations. Estimated LD1–LD99 values and their ±95% confidence limits (±95% CL) were determined via probit analysis (Finney, 1952) using an open-source calculator (Mekapogu, 2021). Differences between estimated LD50 values served as the primary outcome variable when comparing lethality across conditions, with differences in estimated LD20 and LD80 values serving as secondary outcome variables. Differences in estimated LD values were considered statistically significant when 95% confidence limits did not overlap.
Data from the drug combination tests were also analyzed via isobolographic analysis. Isobolograms are derived from the dose-addition model, a quantitative but non-mechanistic model of drug interactions (Loewe, 1953; Tallarida, 2001; Tallarida, 2006; Tallarida, 2011). By plotting experimentally obtained values obtained in drug combination tests on an isobologram, deviations greater than additive (i.e., drug synergy) and less than additive can be determined. The LD50 values for fentanyl and xylazine were used to create a straight line of additivity in Cartesian coordinates that were obtained by connecting their X and Y intercepts on an isobologram. The LD50 and ±95% CL of the curves for 1) 56 mg/kg fentanyl + xylazine and 2) 100 mg/kg xylazine + fentanyl were then plotted. In an isobolographic analysis, points falling below the line of additivity reflect synergistic interactions, whereas points falling above the line reflect subadditive interactions.
Data from rescue tests were analyzed via a χ2 test using % lethality obtained in males and females after 24 h. This analysis was not powered to detect differences across conditions within each sex.
Latency to produce lethality was determined visually using heat maps depicting the % lethality at each observed time point after drug administration.
All data are available with no restrictions at Mendeley Data (Smith, 2023).
3 RESULTS
3.1 Fentanyl-xylazine lethality
Xylazine produced dose-dependent increases in lethality characterized by a steep dose-effect curve in which 0%–100% lethality was observed within 0.5 log unit (Figure 1). Lethality was rapid, with death occurring within 30 min in all instances in which lethality was observed (Supplementary Figure S1). A dose of fentanyl representing the highest dose that did not produce lethality when administered alone (56 mg/kg) shifted the xylazine dose-effect curve to the left. The estimated LD50 value (±95% CL) of xylazine was 157.2 mg/kg (138.2–178.7 mg/kg) alone versus 32.0 mg/kg (23.2–44.1 mg/kg) in the presence of fentanyl, representing a significant 4.9-fold increase in potency (Table 1). This dose of fentanyl also flattened the xylazine dose-effect curve as revealed by greater decreases in its estimated LD20 value relative to its estimated LD80 value (8.5- vs. 2.9- fold increases in potency, respectively). Lethality was not as rapid at lower unit doses of xylazine in the presence of fentanyl, with death occurring after 60 min in some mice (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | Lethal effects of xylazine alone and in combination with 56 mg/kg fentanyl in male and female mice. Left: Lethality produced by various doses of xylazine alone (circles) and in combination with 56 mg/kg fentanyl (triangles). Left axis depicts percentage (%) of mice dead after 24 h. Bottom axis depicts doses of xylazine in mg/kg. All points represent data obtained from 6 to 18 mice. Spline curves represent curves of best fit (±95% CL) for points representing the estimated LD1–LD99 for xylazine alone and xylazine in combination with 56 mg/kg fentanyl. Upper Right: Lethal effects of xylazine alone and in combination with 56 mg/kg fentanyl in male mice. All points represent data from 3 to 9 mice. Lower Right: Lethal effects of xylazine alone and in combination with 56 mg/kg fentanyl in female mice. All data points represent data from 3 to 9 mice.
TABLE 1 | Estimated LD20, LD50, and LD80 values (±95% CL) for xylazine, fentanyl, and fentanyl/xylazine combinations in male and female mice.
[image: Table 1]Males and females did not differ in sensitivity to xylazine-induced lethality when it was administered alone (Figure 1), and estimated LD20, LD50, and LD80 values were identical between the two sexes (Table 1). Males were more sensitive than females to xylazine in the presence of 56 mg/kg fentanyl as revealed by significantly lower estimated LD20 and LD50, values; however, these differences were relatively small, and estimated LD values only differed 3-fold between males and females at their most extreme.
Similar to xylazine, fentanyl produced dose-dependent increases in lethality characterized by a steep dose-effect curve in which 0%–100% lethality was observed within 0.75 log unit (Figure 2). Lethality was not as rapid as that observed with xylazine alone, with some rats dying more than 60 min after administration (Supplementary Figure S2). A dose of xylazine representing the highest dose that did not produce lethality (100 mg/kg) shifted the fentanyl dose-effect curve markedly to the left. The estimated LD50 value (±95% CL) of fentanyl was 131.3 mg/kg (107.8–159.9 mg/kg) alone versus 1.27 mg/kg (0.74–2.16 mg/kg) in the presence of xylazine, representing a significant, 103.3-fold increase in potency (Table 1). This dose of xylazine also flattened the fentanyl dose-effect curve as revealed by greater decreases in its estimated LD20 value relative to its LD80 value (381.9- vs. 28.0- fold increases in potency, respectively). Lethality was rapid at all dose combinations, occurring in less than 30 min on all but one occasion in which death occurred (Supplementary Figure S2). Males were slightly more sensitive than females to fentanyl-induced lethality when administered alone and in combination with xylazine (Figure 2); however, these differences were not significant, and confidence limits for all estimated LD values for males overlapped those for females (Table 1).
[image: Figure 2]FIGURE 2 | Lethal effects of fentanyl alone and in combination with 100 mg/kg xylazine in male and female mice. Left: Lethality produced by various doses of fentanyl alone (circles) and in combination with 100 mg/kg xylazine (triangles). All points represent data obtained from 6 to 16 mice. All other details are as described in Figure 1. Upper Right: Lethal effects of fentanyl alone and in combination with 100 mg/kg xylazine in male mice. All points represent data obtained from 3 to 8 mice. Lower Right: Lethal effects of fentanyl alone and in combination with 100 mg/kg xylazine in female mice. All points represent data obtained from 3 to 8 mice.
3.2 Isobolographic analysis
The estimated LD50 values (±95% CL) for each drug alone were used to construct anchors for a line of additivity on an isobologram. The estimated LD50 values (±95% CL) for 1) xylazine in the presence of 56 mg/kg fentanyl and 2) fentanyl in the presence of 100 mg/kg xylazine were then plotted on the isobologram to determine where they fell in the Cartesian plane relative to the line of additivity (Figure 3). Both points fell significantly below the line of additivity, which indicates a synergistic interaction between the two drugs. The same pattern of effects was observed when males and females were examined separately.
[image: Figure 3]FIGURE 3 | Isobolographic analysis of fentanyl-xylazine interactions. Left: Isobologram derived from male and female mice in Figures 1, 2. Points reflects LD50 (±95% CL) of xylazine alone (plum circle), fentanyl alone (grape circle), 56 fentanyl + xylazine (plum triangle), and 100 xylazine + fentanyl (grape triangle). Points falling below the line of additivity (±95% CL) reflect synergistic interactions; points falling above the line of additivity reflect subadditive interactions. Both combinations of fentanyl and xylazine interacted synergistically. Upper Right: Isobologram derived from male mice in Figures 1, 2. Lower Right: Isobologram derived from female mice in Figures 1, 2.
3.3 Effects of potential rescue medications
We next determined the effectiveness of the opioid receptor antagonist, naloxone, and the alpha-2 adrenergic receptor antagonist, yohimbine, to prevent fentanyl-xylazine lethality. To this end, mice were administered a combination of 32 mg/kg fentanyl and 56 mg/kg xylazine, doses that were 0.5 log unit lower than those required to produce lethality when administered alone. Mice were then immediately administered a second injection of either 3 mg/kg naloxone, 3 mg/kg yohimbine, or a combination of 3 mg/kg naloxone + 3 mg/kg yohimbine. The dose combination of fentanyl + xylazine produced 60% lethality in the absence of any rescue medication (Figure 4), with most mice dying in the first 30 min (Supplementary Figure S3). Naloxone significantly decreased the lethality of this dose combination to approximately 20%, which was significantly different from both vehicle (χ2 = 5.60, p = 0.018, d = 0.86) and yohimbine (χ2 = 9.47, p = 0.002, d = 1.24). Lethality was not altered by yohimbine. Naloxone in combination with yohimbine marginally reduced lethality of fentanyl + xylazine, but this effect was not statistically significant. No sex differences were observed for any drug condition. The latency to lethality varied across mice, occurring greater than 60 min after administration in a small percentage of mice (Supplementary Figure S3). Rescue tests were not powered to detect differences across drug conditions within each sex; however, patterns of lethality were very similar between males and females (Figure 4).
[image: Figure 4]FIGURE 4 | Prevention of fentanyl/xylazine lethality by naloxone and/or yohimbine in male and female mice. Left: Lethality produced by 32 mg/kg fentanyl + 56 mg/kg xylazine in combination with vehicle, 3 mg/kg naloxone, 3 mg/kg yohimbine, and 3 mg/kg naloxone + 3 mg/kg yohimbine. Left axis depicts percentage (%) of mice dead after 24 h. Bottom axis depicts doses of fentanyl, xylazine, naloxone, and yohimbine. Numbers in circles indicate number of mice tested. Asterisks (*) indicate significant differences between groups (p < 0.05). Upper Right: Prevention of fentanyl/xylazine lethality by naloxone and/or yohimbine in male mice. Lower Right: Prevention of fentanyl/xylazine lethality by naloxone and/or yohimbine in female mice.
3.4 Lethality time course
The primary outcome measure of this study was % lethality 24 h after fentanyl-xylazine administration. To characterize the time course of lethality, we determined, a priori, that lethality checks would be scheduled 0.5, 1.0, 1.5, 2.0, and 24 h after administration; however, in the majority of instances, lethality occurred within the first 30 min. Specifically, in the 116 instances in which a mouse died, lethality was observed within the first 30 min on 100 occasions (86.2%). Consequently, we conducted an additional test in which lethality was measured at 2-min intervals, beginning immediately after administration. To this end, we administered a dose combination of 56 mg/kg fentanyl + 100 mg/kg xylazine, doses that were not lethal when administered alone, to eight mice (four male, four female). This dose combination produced 100% lethality within 10 min of administration (Figure 5), and males died significantly faster than females [t(6) = 4.02, p = 0.007, d = 2.85]. Notably, all males died within 2–6 min, whereas all females died between 8 and 10 min, suggesting males may be more vulnerable to the effects of a high dose combination.
[image: Figure 5]FIGURE 5 | Heat maps depicting time course of lethality produced by 56 mg/kg fentanyl + 100 xylazine. Lethality was determined 2, 4, 6, 8, and 10 min after administration. Color depicts % lethality from 0 (dark blue) to 100 (dark red). Data are depicted for male and female mice (top; n = 8), male mice only (lower left; n = 4), and female mice only (lower right; n = 4).
4 DISCUSSION
The principal findings of this study are that 1) fentanyl and xylazine each produce lethality characterized by steep dose-effect curves, 2) fentanyl and xylazine significantly increase the lethal effects of one another in a synergistic manner, 3) lethality produced by this drug combination is generally more rapid than high doses of fentanyl administered alone, 4) naloxone significantly decreases fentanyl-xylazine lethality when administered immediately after exposure, 5) yohimbine does not alter fentanyl-xylazine lethality and does not increase (and may decrease) the effectiveness of naloxone, and 6) males are more sensitive than females to fentanyl-xylazine lethality under some conditions.
The ability of fentanyl and xylazine to increase the lethality of the other was substantial, reflecting a synergistic (i.e., greater than additive) interaction at both drug combinations tested. A nonlethal dose of fentanyl shifted the midpoint of the xylazine lethality curve 5-fold to the left, meaning that the median lethal dose of xylazine was 5-fold smaller in the presence of fentanyl. Notably, this shift was greater at lower doses of xylazine due to the nonparallel shift in the dose-effect curve. A markedly greater shift was observed when a nonlethal dose of xylazine was combined with fentanyl. This dose of xylazine shifted the midpoint of the fentanyl lethality curve ∼100 fold to the left, representing an increase in potency of two orders of magnitude. Again, this increase in potency was greatest for the most sensitive quintile, with the LD20 shifting ∼380 fold to the left. The magnitude of this potency increase represents a significant public health threat when considered at a population level and is largely unprecedented.
The opioid receptor antagonist, naloxone, is the primary rescue medication for suspected opioid overdose; however, naloxone is less effective against fentanyl than heroin (Pergolizzi et al., 2021), and similar reports have noted its reduced effectiveness for fentanyl-xylazine combinations (Pergolizzi et al., 2023). The dose of naloxone used in this study (3 mg/kg) is fully effective at reversing fentanyl-induced respiratory depression in fentanyl-treated mice (Hill et al., 2020). In the present study, this dose of naloxone was significantly but only partially effective at preventing fentanyl-xylazine lethality, despite using doses of fentanyl and xylazine that were 0.5 log unit lower (i.e., ∼3.2 fold lower) than those required to produce lethality when administered alone. The alpha-2 adrenergic receptor antagonist, yohimbine, is used in veterinary medicine to reverse xylazine anesthesia, and it was selected for this study as a potential rescue medication because it is available for use in humans, due to its legacy as a treatment for erectile dysfunction. Unfortunately, yohimbine showed no evidence of effectiveness at preventing fentanyl-xylazine lethality and may have attenuated the effectiveness of naloxone when administered as part of a combination treatment. We do not know why yohimbine was ineffective or may have reduced the effectiveness of naloxone. Yohimbine is known to produce hypertension, tachycardia, and cardiac arrhythmias (Cimolai and Cimolai, 2011), and this may have contributed to its failure to prevent lethality in animals that were pharmacologically compromised by fentanyl; however, this is speculative and further studies are warranted.
Lethality was rapid in almost all cases. We initially determined lethality 0.5, 1.0, 1.5, 2.0, and 24 h after administration to characterize the time course. In the majority of instances in which lethality was observed, it occurred within 30 min. An additional time-time course test in which lethality was determined at 2-min intervals using high doses of fentanyl and xylazine produced lethality in all mice within 10 min. This time course is concerning given the combination was administered via intraperitoneal injection, whereas human populations typically self-administer this combination intravenously. Given that pharmacokinetic parameters related to onset of action and time to peak plasma/tissue concentrations are an order of magnitude faster for intravenous versus intraperitoneal administration (Zhao et al., 2012), these data imply that rescue medications may be needed within 60 s of an overdose to be effective.
Age-adjusted rates of drug overdose deaths for males are approximately twice those for females, and these differences have been apparent throughout the opioid epidemic (Center for Disease Control, 2022). Males and females were equally represented in this study to characterize biological sex differences in sensitivity to fentanyl-xylazine lethality and pharmacological rescue. Findings were generally similar between sexes, but males were more sensitive than females on some measures. Specifically, males were more sensitive to fentanyl-induced leftward shifts in the xylazine dose-effect curve, but this shift was only ∼3-fold greater than that observed in females at its most extreme. Lethality was more rapid in males than females following a high dose combination, with all males and no females dying within the first 6 min of administration. Although naloxone was equally effective in males and females at preventing lethality, these data suggest that the time frame for reversing an overdose may be significantly shorter for males than females.
Strengths of the study include the determination of full dose-response curves for fentanyl and xylazine lethality, the inclusion of both males and females, the inclusion of rescue tests by readily available pharmacological antagonists, and the inclusion of time course determinations in all tests of lethality. Important limitations of the study include the single dose design of the rescue tests and the single dose of fentanyl (56 mg/kg) and xylazine (100 mg/kg) used in the drug combination experiments to determine changes in LD values. Testing additional doses of rescue medications is particularly important because fentanyl is 100 times more potent than heroin, and naloxone doses currently in use may be below threshold to show efficacy, especially in the new context of xylazine. This is translationally relevant because empirical evidence is needed to support medications development of more potent naloxone analogues, or at the least, higher doses of naloxone. Another limitation is the absence of intravenous testing, which is the typical route of administration for individuals who inject drugs non-medically. We selected the intraperitoneal route because of practical concerns related to determining time course measurements across large numbers of animals, as well as increasing the likelihood that rescue medications would be capable of preventing overdose if they were effective. Finally, all tests were conducted in naïve animals, which limits the translational appeal of these data for human populations with an extensive pharmacological history and hence a potential for tolerance.
Data from this study address the call from the White House to mobilize a National Response Plan to produce “a 15% reduction (compared to 2022 as the baseline year) of xylazine positive drug poisoning deaths in at least three of four U.S. census regions by 2025” (The White House, 2023). Findings derived from this study suggest that widespread screening for xylazine in seizures by law enforcement and in clinical samples obtained by emergency departments are needed to better quantify the relative frequency in which street-level fentanyl is adulterated with xylazine, as well as the concentrations of xylazine relative to fentanyl in these adulterated products. Finally, these data also support the need for the widespread availability of high-dose formulations of naloxone.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: Mendeley Data: https://doi.org/10.17632/mcjjn9z5w5.
ETHICS STATEMENT
The animal study was approved by the Davidson College Institutional Animal Care and Use Committee. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
MS: Conceptualization, Funding acquisition, Writing–original draft. SB: Data curation, Writing–review and editing. JC: Data curation, Writing–review and editing. SH: Data curation, Writing–review and editing. AJ: Data curation, Writing–review and editing. MM: Data curation, Writing–review and editing. HC: Data curation, Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Institutes of Health (grant numbers DA045364 and DA031725 to MS).
ACKNOWLEDGMENTS
The authors thank William Fantegrossi and Drake Morgan for comments on a previous version of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1280289/full#supplementary-material
REFERENCES
 Center for Disease Control (2022). Drug overdose deaths in the United States, 2001–2021. Avaliable at: https://www.cdc.gov/nchs/products/databriefs/db457.htm (Accessed February 8, 2023). 
 Center for Disease Control (2023a). All injury mortality. Avaliable at: https://www.cdc.gov/nchs/fastats/injury.htm (Accessed April 8, 2023). 
 Center for Disease Control (2023b). Understanding drug overdoses and deaths. Avaliable at: https://www.cdc.gov/drugoverdose/epidemic/index.html (Accessed April 8, 2023). 
 Center for Disease Control (2023c). What you should know about xylazine. Avaliable at: https://www.cdc.gov/drugoverdose/deaths/other-drugs/xylazine/faq.html (Accessed April 8, 2023). 
 Cimolai, N., and Cimolai, T. (2011). Yohimbine use for physical enhancement and its potential toxicity. J. Diet. Suppl. 8, 346–354. doi:10.3109/19390211.2011.615806
 Delcher, C., Anthony, N., and Mir, M. (2023). Xylazine-involved fatal overdoses and localized geographic clustering: cook County, IL, 2019-2022. Drug Alcohol Depend. 249, 110833. doi:10.1016/j.drugalcdep.2023.110833
 Finney, D. J. (1952). Probit analysis. By D. J. Finney, M.A., Sc.D., [2nd ed. Pp. xiv + 318. Cambridge university press, 1952. 35s.]. J. Inst. Actuar. 78, 388–390. doi:10.1017/s0020268100052938
 Friedman, N. M. G., Molina, C. A., and Glenn, M. J. (2023). Harm reduction and emergency medical services: opportunities for evidence-based programming. Am. J. Emerg. Med. 72, 85–87. doi:10.1016/j.ajem.2023.07.025
 Gill, E. L., Mack, E. A., Osterhoudt, K. C., Shaw, L. M., and Milone, M. C. (2022). An epidemic within a pandemic: an 8-year-old boy with xylazine-complicating fentanyl poisoning, and drug detection challenges. J. Appl. Lab. Med. 7, 1492–1495. doi:10.1093/jalm/jfac083
 Gipson, C. D., and Strickland, J. C. (2023). Integrating public health and translational basic science to address challenges of xylazine adulteration of fentanyl. Neuropsychopharmacology . doi:10.1038/s41386-023-01680-7
 Gladden, R. M., Martinez, P., and Seth, P. (2016). Fentanyl law enforcement submissions and increases in synthetic opioid–involved overdose deaths — 27 states, 2013–2014. MMWR Morb. Mortal. Wkly. Rep. 65, 837–843. doi:10.15585/mmwr.mm6533a2
 Gupta, R., Holtgrave, D. R., and Ashburn, M. A. (2023). Xylazine - medical and public health imperatives. N. Engl. J. Med. 388, 2209–2212. doi:10.1056/NEJMp2303120
 Hill, R., Santhakumar, R., Dewey, W., Kelly, E., and Henderson, G. (2020). Fentanyl depression of respiration: comparison with heroin and morphine. Br. J. Pharmacol. 177, 254–266. doi:10.1111/bph.14860
 Hoffman, J. (2023). Animal sedative puts new peril in street drugs. N. Y. Times . 
 Holt, A. C., Schwope, D. M., Le, K., Schrecker, J. P., and Heltsley, R. (2023). Widespread distribution of xylazine detected throughout the United States in healthcare patient samples. J. Addict. Med. 17, 468–470. doi:10.1097/ADM.0000000000001132
 Jones, C. M., Einstein, E. B., and Compton, W. M. (2018). Changes in synthetic opioid involvement in drug overdose deaths in the United States, 2010-2016. JAMA 319, 1819–1821. doi:10.1001/jama.2018.2844
 Kacinko, S. L., Mohr, A. L. A., Logan, B. K., and Barbieri, E. J. (2022). Xylazine: Pharmacology review and prevalence and drug combinations in forensic toxicology casework. J. Anal. Toxicol. 46, 911–917. doi:10.1093/jat/bkac049
 Kariisa, M., O’Donnell, J., Kumar, S., Mattson, C. L., and Goldberger, B. A. (2023). Illicitly manufactured fentanyl-involved overdose deaths with detected xylazine - United States, january 2019-june 2022. MMWR Morb. Mortal. Wkly. Rep. 72, 721–727. doi:10.15585/mmwr.mm7226a4
 Korona-Bailey, J., Onyango, E., Hall, K. F., Jayasundara, J., and Mukhopadhyay, S. (2023). Xylazine-Involved fatal and nonfatal drug overdoses in Tennessee from 2019 to 2022. JAMA Netw. Open 6, e2324001. doi:10.1001/jamanetworkopen.2023.24001
 Loewe, S. (1953). The problem of synergism and antagonism of combined drugs. Arzneimittelforschung 3, 285–290.
 Love, J. S., Levine, M., Aldy, K., Brent, J., Krotulski, A. J., Logan, B. K., et al. (2023). Opioid overdoses involving xylazine in emergency department patients: a multicenter study. Clin. Toxicol. (Phila) 61, 173–180. doi:10.1080/15563650.2022.2159427
 Mekapogu, A. (2021). Finney’s probit analysis spreadsheet calculator. Available at: https://probitanalysis.wordpress.com/author/alpharajm/. 
 O’Donnell, J. K., Gladden, R. M., and Seth, P. (2017). Trends in deaths involving heroin and synthetic opioids excluding methadone, and law enforcement drug product reports, by census region — United States, 2006–2015. MMWR Morb. Mortal. Wkly. Rep. 66, 897–903. doi:10.15585/mmwr.mm6634a2
 Office of National Drug Control Policy (2023). Biden-harris administration designates fentanyl combined with xylazine as an emerging threat to the United States. Avaliable at: https://www.whitehouse.gov/ondcp/briefing-room/2023/04/12/biden-harris-administration-designates-fentanyl-combined-with-xylazine-as-an-emerging-threat-to-the-united-states/ (Accessed February 8, 2023). 
 O’Malley, P. A. (2023). Rising xylazine drug Abuse in humans: a deep and lingering high with wounds, amputations, and death. Clin. Nurse Spec. 37, 164–165. doi:10.1097/NUR.0000000000000758
 Pergolizzi, J. J., LeQuang, J. A. K., Magnusson, P., Miller, T. L., Breve, F., and Varrassi, G. (2023). The new stealth drug on the street: a narrative review of xylazine as a street drug. Cureus 15, e40983. doi:10.7759/cureus.40983
 Pergolizzi, J. V. J., Dahan, A., Ann LeQuang, J., and Raffa, R. B. (2021). Overdoses due to fentanyl and its analogues (F/FAs) push naloxone to the limit. J. Clin. Pharm. Ther. 46, 1501–1504. doi:10.1111/jcpt.13462
 Potoukian, R. B., Gonyea, J., Shoff, E. N., Hime, G. W., and Moore, D. M. (2023). Prevalence of xylazine in overdose cases: an analysis of Miami-Dade County medical examiner case data. J. Forensic Sci. Online ahead of print. doi:10.1111/1556-4029.15375
 Rock, K. L., Lawson, A. J., Duffy, J., Mellor, A., Treble, R., and Copeland, C. S. (2023). The first drug-related death associated with xylazine use in the UK and Europe. J. Forensic Leg. Med. 97, 102542. doi:10.1016/j.jflm.2023.102542
 Rose, L., Kirven, R., Tyler, K., Chung, C., and Korman, A. M. (2023). Xylazine-induced acute skin necrosis in two patients who inject fentanyl. JAAD Case Rep. 36, 113–115. doi:10.1016/j.jdcr.2023.04.010
 Shreyas, G., and Rakasi, R. (2023). Emerging threat: illicit drugs adulterated with xylazine. Hoboken, New Jersey: Wiley. 
 Smith, M. (2023). Tranq-dope overdose and mortality: lethality induced by fentanyl and xylazine. Version 1. doi:10.17632/mcjjn9z5w5.1
 Tallarida, R. J. (2001). Drug synergism: its detection and applications. J. Pharmacol. Exp. Ther. 298, 865–872.
 Tallarida, R. J. (2006). An overview of drug combination analysis with isobolograms. J. Pharmacol. Exp. Ther. 319, 1–7. doi:10.1124/jpet.106.104117
 Tallarida, R. J. (2011). Quantitative methods for assessing drug synergism. Genes. Cancer 2, 1003–1008. doi:10.1177/1947601912440575
 The White House (2023). FACT SHEET: in continued fight against overdose epidemic, the white House releases national response plan to address the emerging threat of fentanyl combined with xylazine. Avaliable at: https://www.whitehouse.gov/briefing-room/statements-releases/2023/07/11/fact-sheet-in-continued-fight-against-overdose-epidemic-the-white-house-releases-national-response-plan-to-address-the-emerging-threat-of-fentanyl-combined-with-xylazine/ (Accessed April 8, 2023). 
 United States Drug Enforcement Agency (2023). DEA reports widespread threat of fentanyl mixed with xylazine. Avaliable at: https://www.dea.gov/alert/dea-reports-widespread-threat-fentanyl-mixed-xylazine (Accessed April 8, 2023). 
 Wei, J., Wachuku, C., Berk-Krauss, J., Steele, K. T., Rosenbach, M., and Messenger, E. (2023). Severe cutaneous ulcerations secondary to xylazine (tranq): a case series. JAAD Case Rep. 36, 89–91. doi:10.1016/j.jdcr.2023.04.016
 Zhao, L., Yin, R., Wei, B., Li, Q., Jiang, Z., Chen, X., et al. (2012). Comparative pharmacokinetics of cefuroxime lysine after single intravenous, intraperitoneal, and intramuscular administration to rats. Acta Pharmacol. Sin. 33, 1348–1352. doi:10.1038/aps.2012.99
 Zhu, D. T., Friedman, J., Bourgois, P., Montero, F., and Tamang, S. (2023). The emerging fentanyl-xylazine syndemic in the USA: challenges and future directions. Lancet S0140-6736 (23), 01686. doi:10.1016/S0140-6736(23)01686-0
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Smith, Biancorosso, Camp, Hailu, Johansen, Morris and Carlson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-14-1280289-g005.gif
SR A P
56 Fontant + 100 Kyazine

IR
R v——






OPS/images/fphar-14-1280289-t001.jpg
Xylazine alone

Males and females

Xylazine +56 fentanyl

Fentanyl alone

| +100 xylazine

LDso 139.7 (122.9-158.8) 165 (120-22.9)" 993 (81.5-120.9) 0.26 (0.15-0.44)"
LDs, 157.2 (138.2-178.7) 320 (232-44.17 131.3 (107.8-159.9) 127 (0.74-2.16)"
LDgo 1769 (155.5-201.1) 61.8 (44.7-85.2) 1735 (142.5-211.3) 620 (3.64-1056)"
Males only
LDy 137.9 (120.6-157.7) 80 (5.1-12.5) 964 (79.9-116.2) 0.12 (0.06-0.25)"
LDso 156.1 (136.5-178.5) 218 (13.9-34.3)" 1224 (101.5-147.5) 1.09 (0.55-2.18)°
LDy 1767 (154.5-202.1) 597 (38.0-93.7) 155.4 (128.9-187.4) 9.60 (4.80-19.19)*
Females only
0 LD, | 137.9 (120.6-157.7) 329 (262-41.6) 974 (78.4-121.1) 0.30 (0.19-0.63)"
LDs, 156.1 (136.5-178.5) 51.6 (40.9-65.0)* 138.1 (111.1-171.7) 1.43 (0.93-2.20)"
LDy, | 176.7 (154.5-202.1) 80.6 (64.0-101.6)* 195.8 (157.6-243.4) 6.87 (4.46-10.58)"

Note: All values expressed in mg/kg.
“Indicate significant difference from drug alone.
bIndicate significant difference from males.
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