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Abstract
Xylazine exacerbates the respiratory depression induced by fentanyl. Because xylazine is a non-opioid, it is

resistant to reversal by opioid receptor antagonists such as naloxone (e.g., Narcan®), thereby complicating
attempts at treatment of fentanyl overdose. Antagonists of large-conductance potassium BK (big potassium)
channels (BKCa) in the carotid bodies reverse drug-induced hypoxia (decreased pO 2) and hypercapnia

(increased pCO2). In animals and human volunteers, the selective BK antagonist ENA-001 reverses the

respiratory depression induced by opioids and non-opioids, i.e., it is an "agnostic" respiratory reversal agent.
Given the seriousness of xylazine plus fentanyl combination (XFC) overdose, the present pilot study in rats
was designed to evaluate the potential of a single intravenous bolus of ENA-001 to mitigate the acute
respiratory depression induced by a prior intravenous bolus infusion of an XFC. XFC-induced respiratory
depression was manifested as a decrease in pO2 and an increase in pCO2. ENA-001, but not the vehicle,

rapidly reversed these XFC-induced changes. Based on the results of this pilot study, the "agnostic" nature of
ENA-001 respiratory stimulation appears to extend to XFC-induced overdose. Given the urgent clinical need,
additional study seems warranted.
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Introduction
In recent years, the opioid crisis has taken an even deadlier turn with the increasing use of a combination of
the veterinary tranquilizer xylazine with fentanyl [1,2]. According to the Drug Enforcement Administration
(DEA), xylazine was detected in more than 25% of fentanyl-related overdose deaths in some parts of the U.S.
in 2021, with numbers continuing to rise [3,4]. The combination ("tranq dope") has raised serious overdose
concerns for two reasons: (i) its lethal potential and (ii) its resistance to standard overdose treatments
[5]. While the synthetic opioid fentanyl alone is already a leading cause of drug overdose deaths, the
addition of xylazine exacerbates the risk by introducing complex challenges [6-8].

Xylazine is a non-opioid used in veterinary medicine as an animal tranquilizer, but it is not approved for use
in humans [9]. It is an alpha2-adrenoceptor agonist, which depresses the central nervous system, producing
sedation and muscle relaxation [10]. Xylazine is not approved for human use because it causes adverse
cardiovascular effects and respiratory depression [11]. However, it is increasingly found mixed with illicit
drugs, particularly fentanyl and heroin [12]. Although the exact nature of its appeal is not known, its
sedative effects might intensify or prolong the euphoric effects produced by opioids [13].

One of the most significant challenges of an overdose with a xylazine plus fentanyl combination (XFC) is the
limited effectiveness of opioid receptor antagonists such as naloxone [14]. Because xylazine is not an opioid,
naloxone does not counter its sedative or respiratory-depressive effects [15]. The presence of xylazine in
fentanyl-related overdoses is associated with increased mortality rates because it complicates the typical
overdose-reversal protocol [14].

ENA-001 is a selective antagonist of large-conductance potassium BK (big potassium) channels (BK Ca),

which are located within the carotid bodies [16,17]. In animals and human volunteers, ENA-001 reverses the
respiratory depression induced by opioids and non-opioids, i.e., it is an "agnostic" respiratory reversal agent
[18,19]. The objective of this study was to evaluate the potential of a single intravenous bolus of ENA-001 to
reverse the augmented respiratory depression of acute intravenous infusion of XFC to rats.

Materials And Methods
Xylazine, fentanyl, and vehicle/diluent (saline) were obtained from commercial sources. ENA-001 (2-N,O-
dimethylhydroxylamino-4,6-bispropylamino-s-triazine) was supplied by Enalare Therapeutics (Princeton,
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NJ). Doses were prepared on the day of dosing. Fentanyl and xylazine were prepared in a single solution
delivered as a single intravenous bolus infusion of 2.5 mL/kg containing 20 µg/kg fentanyl and 3 mg/kg
xylazine. For the formulation, 0.8 mL fentanyl citrate (50 µg/mL stock) was combined with 0.3 mL xylazine
hydrochloride (20 mg/mL stock) and diluted with 3.9 mL of saline to make 5 mL of cocktail solution (1.2
mg/mL xylazine, 8 µg/mL fentanyl) delivered as 2.5 mL/kg. ENA-001 was delivered as an intravenous bolus
infusion of 2.5 mL/kg containing 3.0 mg/kg ENA-001. For the formulation, 0.5 mL ENA-001 stock solution
(10 mg/mL stock) was diluted to 1.2 mg/mL by adding 4.17 mL of saline. The final prepared dose formulation
was adjusted to a pH of 4.1 ± 0.2 and filtered.

Male Sprague Dawley rats (approximately nine weeks of age, 241 - 373 g) were obtained from Charles River
Laboratories, Inc. (Wilmington, NC). They were surgically implanted with cannulas, and then acclimated for
seven to eight days before dosing in individual polycarbonate "shoebox" caging with absorbent
bedding. Food (Harlan Teklad Rodent Diet #2018C) and water were available ad libitum. Conditions: room
temperature approximately 20 - 26°C (68 - 79°F), relative humidity approximately 30 - 70%, a minimum of
10 air changes per hour, and a 12-h light/12-h dark cycle. All housing and handling procedures involving
animals were in accordance with the Guide for the Care and Use of Laboratory Animals (The Animal Care
and Use Program (ACUP) number was 230204). The number of animals used in the study was the minimum
necessary for scientific validity (N = 5 per group), and the animals were euthanized by CO2 asphyxiation. To

the knowledge of the authors, the conduct of this study resulted in no unnecessary duplication of existing
data with regard to test species, test article, dose(s), route, or duration of administration. The rats were
randomly allocated into two groups: (A) XFC challenge followed by ENA-001 rescue and (B) XFC challenge
followed by saline control. The doses of the XFC were based on previous studies involving respiratory
depressant effects of fentanyl in rats and published literature on the doses of xylazine that produce
respiratory depression in rats. The dose of ENA-001 was based on a dose that produces respiratory
stimulation in rats. The infusions of XFC and ENA-001 were stagger-started over an approximate one-hour
period to facilitate study procedures. The experimental design is summarized in Figure 1.

FIGURE 1: Experimental design
XFC was administered by slow bolus intravenous infusion (≤15-s push) into the tail vein at Time = 0 min, followed
by catheter flush with saline. ENA-001 or vehicle (Ringers lactate) was administered by intravenous infusion into
the tail vein at Time = 5 min, followed by catheter flush with saline. XFC = xylazine (1.2 mg/mL; 3.0 mg/kg) plus
fentanyl (8.0 µg/mL; 20 µg/kg). N = 5 per group. Image credit: licensed from iStock.com/ttsz.

XFC, xylazine plus fentanyl

Results
The XFC induced tail rigidity in the rats immediately upon infusion (which was initiated at T = 0), and
respiratory depression, as assessed by blood gas parameters, starting at the first measurement (T = 4 min),
persisting to subsequent measurements (T = 10, 15, and 30 min). Respiratory depression was primarily
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reflected by notable decreases in pO2 and increases in pCO2. The greatest respiratory depression was

observed at the T = 4 min measurement, with gradual recovery thereafter, approaching recovery to baseline
values by the T = 30 min time point. Because no measurements were made prior to the 4 min measurement,
it is not known if the greatest respiratory depression occurred between T = 0 and 4 min.

ENA-001, infused as a rescue bolus at T = 5 min after infusion of XFC attenuated XFC-induced respiratory
depression in rats, noted at 5 minutes after the rescue bolus was administered (i.e., at the T = 10-min
measurement) and persisting at the T = 15 min time point. Because no measurements were made between
the 5 min and 10 min measurements, it is not known if more rapid attenuation of respiratory depression
occurred between T = 5 and 10 min. The time course of respiratory depression parame was similar for pO2

and pCO2 (Figure 2).

FIGURE 2: Reversal of XFC respiratory depression by ENA-001
Bolus intravenous infusion of XFC was initiated at Time = 0, and ENA-001 and vehicle were administered by
bolus intravenous infusion 5 min later. Respiratory depression was measured by decreases in oxygen (pO2) and
increases in carbon dioxide (pCO2).  

XFC, xylazine plus fentanyl combination

Discussion
An XFC creates a particularly unpredictable and dangerous drug mixture [20,21]. Both fentanyl and xylazine
are central nervous system depressants that diminish brain activity, including in structures related to
breathing [22]. When taken together, the combined effects can result in exacerbated respiratory depression
(preprint), the leading cause of opioid overdose deaths [23]. Xylazine’s effects on muscle relaxation and
sedation can exacerbate the respiratory suppression caused by fentanyl [21,24]. While fentanyl induces
respiratory depression by acting on opioid receptors in the brainstem, xylazine depresses the central nervous
system through its independent action on alpha2-adrenoceptors, compounding the effects and leading to a
higher risk of fatal overdose [21,25]. Because xylazine is a non-opioid, it adds an additional component of
risk to fentanyl overdose, because as a non-opioid, xylazine is resistant to reversal by opioid receptor
antagonists such as naloxone (e.g., Narcan®). Combined intravenous injection of xylazine with fentanyl thus
complicates attempts at treatment of fentanyl overdose [26]. The present study suggests that a selective BK
channel antagonist might reverse respiratory depression induced by the combination. A limitation of such
a pilot study, however, is the small number of animals and lack of numerical values or statistical measures
(e.g., mean ± SEM for pO2 and pCO2, percentage changes, or p-values), which limits the ability to assess the

magnitude and significance of the effects for the clinical setting.

Conclusions
Since the combination of xylazine with fentanyl is a difficult societal and medical challenge, the availability
of new pharmacotherapeutic options seems desirable. The present pilot study in rats was designed to
evaluate the potential of a single intravenous bolus of an investigational BK channel antagonist in clinical
development (ENA-001) to mitigate the acute respiratory depression induced by prior intravenous bolus
infusion of an XFC to rats. ENA-001, but not vehicle, reversed XFC-induced changes (decrease in pO2 and

increase in pCO2) within 5 minutes and possibly sooner. Based on the results of this pilot study, the
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"agnostic" nature of ENA-001 appears to extend to XFC-induced respiratory depression, suggesting that
additional study of the clinical implications is warranted.

Additional Information
Author Contributions
All authors have reviewed the final version to be published and agreed to be accountable for all aspects of the
work.

Concept and design:  Robert B. Raffa, Thomas L. Miller, Jeanette Mathews, George C. Dungan, Joseph V.
Pergolizzi

Acquisition, analysis, or interpretation of data:  Robert B. Raffa, Thomas L. Miller, Jeanette Mathews,
George C. Dungan

Drafting of the manuscript:  Robert B. Raffa

Critical review of the manuscript for important intellectual content:  Robert B. Raffa, Thomas L. Miller,
Jeanette Mathews, George C. Dungan, Joseph V. Pergolizzi

Supervision:  Joseph V. Pergolizzi

Disclosures
Human subjects: All authors have confirmed that this study did not involve human participants or tissue.
Animal subjects: Frontage Animal Care and Use Program (ACUP) Issued protocol number 230204. Conflicts
of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the following:
Payment/services info: All authors have declared that no financial support was received from any
organization for the submitted work. Financial relationships: All authors declare(s) personal fees,
employment, stock/stock options and support for attending meetings and travel from Enalare Therapeutics.
Intellectual property info: Patent application(s) for the subject material. Other relationships: All authors
have declared that there are no other relationships or activities that could appear to have influenced the
submitted work.

References
1. Jain L, Kaur J, Ayub S, Ansari D, Ahmed R, Dada AQ, Ahmed S: Fentanyl and xylazine crisis: crafting

coherent strategies for opioid overdose prevention. World J Psychiatry. 2024, 14:760-6.
10.5498/wjp.v14.i6.760

2. Kariisa M, O'Donnell J, Kumar S, Mattson CL, Goldberger BA: Illicitly manufactured fentanyl-involved
overdose deaths with detected xylazine - United States, January 2019-June 2022. MMWR Morb Mortal Wkly
Rep. 2023, 72:721-7. 10.15585/mmwr.mm7226a4

3. Zhu DT: Public health impact and harm reduction implications of xylazine-involved overdoses: a narrative
review. Harm Reduct J. 2023, 20:131. 10.1186/s12954-023-00867-x

4. Rodríguez N, Vargas Vidot J, Panelli J, Colón H, Ritchie B, Yamamura Y: GC-MS confirmation of xylazine
(Rompun), a veterinary sedative, in exchanged needles. Drug Alcohol Depend. 2008, 96:290-3.
10.1016/j.drugalcdep.2008.03.005

5. Dahan A, Franko TS, Carroll JW, et al.: Fact vs. fiction: naloxone in the treatment of opioid-induced
respiratory depression in the current era of synthetic opioids. Front Public Health. 2024, 12:1346109.
10.3389/fpubh.2024.1346109

6. O'Donnell J, Tanz LJ, Gladden RM, Davis NL, Bitting J: Trends in and characteristics of drug overdose deaths
involving illicitly manufactured fentanyls - United States, 2019-2020. MMWR Morb Mortal Wkly Rep. 2021,
70:1740-6. 10.15585/mmwr.mm7050e3

7. Zhu DT, Friedman J, Bourgois P, Montero F, Tamang S: The emerging fentanyl-xylazine syndemic in the
USA: challenges and future directions. Lancet. 2023, 402:1949-52. 10.1016/S0140-6736(23)01686-0

8. Lynch SE, Mulford CF, Wiley TR, Blanco C: Fentanyl-related substance use patterns, morbidity, and
mortality among adolescents and young adults: implications for behavioral health services research. J Am
Acad Child Adolesc Psychiatry. 2024, 63:1072-4. 10.1016/j.jaac.2024.04.012

9. Rubin R: Here’s what to know about xylazine, aka tranq, the animal tranquilizer increasingly found in illicit
fentanyl samples. J Am Med Assoc. 2023, 329:1904-6. 10.1001/jama.2023.8625

10. Zhao J, Zhang Y, Liu W, et al.: Molecular mechanisms of the sedation and analgesia induced by xylazine on
Wistar rats and PC12 cell. Exp Anim. 2019, 68:351-60. 10.1538/expanim.18-0167

11. Mai T, Zhang Y, Zhao S: Xylazine poisoning in clinical and forensic practice: analysis method,
characteristics, mechanism and future challenges. Toxics. 2023, 11:1012. 10.3390/toxics11121012

12. Edinoff AN, Sall S, Upshaw WC, et al.: Xylazine: a drug adulterant of clinical concern . Curr Pain Headache
Rep. 2024, 28:417-26. 10.1007/s11916-024-01211-z

13. Pergolizzi J Jr, LeQuang JA, Magnusson P, Miller TL, Breve F, Varrassi G: The new stealth drug on the street:
a narrative review of xylazine as a street drug. Cureus. 2023, 15:e40983. 10.7759/cureus.40983

14. Alexander RS, Canver BR, Sue KL, Morford KL: Xylazine and overdoses: trends, concerns, and
recommendations. Am J Public Health. 2022, 112:1212-6. 10.2105/AJPH.2022.306881

 
Published via NEMA Research
Group

2024 Miller et al. Cureus 16(11): e74826. DOI 10.7759/cureus.74826 4 of 5

https://dx.doi.org/10.5498/wjp.v14.i6.760
https://dx.doi.org/10.5498/wjp.v14.i6.760
https://dx.doi.org/10.15585/mmwr.mm7226a4
https://dx.doi.org/10.15585/mmwr.mm7226a4
https://dx.doi.org/10.1186/s12954-023-00867-x
https://dx.doi.org/10.1186/s12954-023-00867-x
https://dx.doi.org/10.1016/j.drugalcdep.2008.03.005
https://dx.doi.org/10.1016/j.drugalcdep.2008.03.005
https://dx.doi.org/10.3389/fpubh.2024.1346109
https://dx.doi.org/10.3389/fpubh.2024.1346109
https://dx.doi.org/10.15585/mmwr.mm7050e3
https://dx.doi.org/10.15585/mmwr.mm7050e3
https://dx.doi.org/10.1016/S0140-6736(23)01686-0
https://dx.doi.org/10.1016/S0140-6736(23)01686-0
https://dx.doi.org/10.1016/j.jaac.2024.04.012
https://dx.doi.org/10.1016/j.jaac.2024.04.012
https://dx.doi.org/10.1001/jama.2023.8625
https://dx.doi.org/10.1001/jama.2023.8625
https://dx.doi.org/10.1538/expanim.18-0167
https://dx.doi.org/10.1538/expanim.18-0167
https://dx.doi.org/10.3390/toxics11121012
https://dx.doi.org/10.3390/toxics11121012
https://dx.doi.org/10.1007/s11916-024-01211-z
https://dx.doi.org/10.1007/s11916-024-01211-z
https://dx.doi.org/10.7759/cureus.40983
https://dx.doi.org/10.7759/cureus.40983
https://dx.doi.org/10.2105/AJPH.2022.306881
https://dx.doi.org/10.2105/AJPH.2022.306881


15. Ruiz-Colón K, Chavez-Arias C, Díaz-Alcalá JE, Martínez MA: Xylazine intoxication in humans and its
importance as an emerging adulterant in abused drugs: a comprehensive review of the literature. Forensic
Sci Int. 2014, 240:1-8. 10.1016/j.forsciint.2014.03.015

16. Kumar P, Prabhakar N: Sensing hypoxia: carotid body mechanisms and reflexes in health and disease . Respir
Physiol Neurobiol. 2007, 157:1-3. 10.1016/j.resp.2007.02.003

17. Gonzalez C, Almaraz L, Obeso A, Rigual R: Carotid body chemoreceptors: from natural stimuli to sensory
discharges. Physiol Rev. 1994, 74:829-98. 10.1152/physrev.1994.74.4.829

18. Pergolizzi J Jr, Miller TL, Mathews J, Raffa RB, Colucci R, Diana FJ, Gould E: A single ascending-dose study
of the safety, tolerability, pharmacokinetics, and pharmacodynamics of the novel respiratory stimulant
ENA-001. Cureus. 2024, 16:e55057. 10.7759/cureus.55057

19. Jansen SC, van Lemmen M, Olofsen E, et al.: Reversal of propofol-induced depression of the hypoxic
ventilatory response by BK-channel blocker Ena-001: a randomized controlled trial. Anesthesiology. 2024,
140:1076-87. 10.1097/ALN.0000000000004915

20. Kacinko SL, Mohr AL, Logan BK, Barbieri EJ: Xylazine: Pharmacology review and prevalence and drug
combinations in forensic toxicology casework. J Anal Toxicol. 2022, 46:911-7. 10.1093/jat/bkac049

21. Smith MA, Biancorosso SL, Camp JD, Hailu SH, Johansen AN, Morris MH, Carlson HN: "Tranq-dope"
overdose and mortality: lethality induced by fentanyl and xylazine. Front Pharmacol. 2023, 14:1280289.
10.3389/fphar.2023.1280289

22. Malaca S, Pesaresi M, Kapoor A, Berretta P, Busardò FP, Pirani F: Pharmacology and toxicology of xylazine:
quid novum?. Eur Rev Med Pharmacol Sci. 2023, 27:7337-45. 10.26355/eurrev_202308_33305

23. Demery-Poulos C, Moore SC, Levitt ES, Anand JP, Traynor JR: Xylazine exacerbates fentanyl-induced
respiratory depression and bradycardia. bioRxiv. 2024, 10.1101/2024.08.16.608310

24. Gupta R, Holtgrave DR, Ashburn MA: Xylazine - medical and public health imperatives. N Engl J Med. 2023,
388:2209-12. 10.1056/NEJMp2303120

25. Schwartz DD, Clark TP: Affinity of detomidine, medetomidine and xylazine for alpha-2 adrenergic receptor
subtypes. J Vet Pharmacol Ther. 1998, 21:107-11. 10.1046/j.1365-2885.1998.00113.x

26. Ayub S, Parnia S, Poddar K, et al.: Xylazine in the opioid epidemic: a systematic review of case reports and
clinical implications. Cureus. 2023, 15:e36864. 10.7759/cureus.36864

 
Published via NEMA Research
Group

2024 Miller et al. Cureus 16(11): e74826. DOI 10.7759/cureus.74826 5 of 5

https://dx.doi.org/10.1016/j.forsciint.2014.03.015
https://dx.doi.org/10.1016/j.forsciint.2014.03.015
https://dx.doi.org/10.1016/j.resp.2007.02.003
https://dx.doi.org/10.1016/j.resp.2007.02.003
https://dx.doi.org/10.1152/physrev.1994.74.4.829
https://dx.doi.org/10.1152/physrev.1994.74.4.829
https://dx.doi.org/10.7759/cureus.55057
https://dx.doi.org/10.7759/cureus.55057
https://dx.doi.org/10.1097/ALN.0000000000004915
https://dx.doi.org/10.1097/ALN.0000000000004915
https://dx.doi.org/10.1093/jat/bkac049
https://dx.doi.org/10.1093/jat/bkac049
https://dx.doi.org/10.3389/fphar.2023.1280289
https://dx.doi.org/10.3389/fphar.2023.1280289
https://dx.doi.org/10.26355/eurrev_202308_33305
https://dx.doi.org/10.26355/eurrev_202308_33305
https://dx.doi.org/10.1101/2024.08.16.608310
https://dx.doi.org/10.1101/2024.08.16.608310
https://dx.doi.org/10.1056/NEJMp2303120
https://dx.doi.org/10.1056/NEJMp2303120
https://dx.doi.org/10.1046/j.1365-2885.1998.00113.x
https://dx.doi.org/10.1046/j.1365-2885.1998.00113.x
https://dx.doi.org/10.7759/cureus.36864
https://dx.doi.org/10.7759/cureus.36864

	ENA-001 Reverses Xylazine/Fentanyl Combination-Induced Respiratory Depression in Rats: A Qualitative Pilot Study
	Abstract
	Introduction
	Materials And Methods
	FIGURE 1: Experimental design

	Results
	FIGURE 2: Reversal of XFC respiratory depression by ENA-001

	Discussion
	Conclusions
	Additional Information
	Author Contributions
	Disclosures

	References


