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Right now, for the first time in 4 generations, we have a 
unique opportunity to end the opioid overdose epidemic. 
Overdose deaths have declined for 28 consecutive months, and are now -40% lower than peak. 

70% of Overdose Deaths are in Gen X and Millennials. Gen Z has much lower overdose 
rates than their parents & grandparents had at the same age. We need to make it as easy as 
possible for middle-aged adults to reduce illicit opioid use. Rolling back treatment access is 
squandering our gains. The transition in generations can be seen below for Rx fentanyl through 
to illicit fentanyl:  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Xylazine Is Being Replaced with Medetomidine Nationally. 
What you do with xylazine today you will have to do with medetomidine tomorrow. 

Figure: Prevalence of medetomidine and xylazine in fentanyl samples analyzed at UNC 
Medetomidine: N=1,020 from 20 states

Xylazine: N=3,115 from 28 states


However, xylazine is being replaced with medetomidine in fentanyl rapidly. These molecules are 
very similar in structure. While xylazine is only used in veterinary medicine, medetomidine 
(Precedex®) is used widely in hospitals for sedation (e.g., babies on respirators) because 
it is not a controlled substance. It is also an adjunct treatment for bipolar disorder and 
schizophrenia. If xylazine is a precedent, then scheduling medetomidine too restrictively will be 
massively disruptive to human medicine.


Good news: Unlike xylazine, medetomidine does not cause skin wounds.


Bad news: Abruptly stopping medetomidine-fentanyl is causing expensive weeklong hospital 
detox stays. Methadone, buprenorphine, and naltrexone are insufficient. Abstinence-based 
treatment now carries serious heart attack risk not seen with fentanyl alone.
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Medetomidine Emerged Within Weeks of Xylazine Being Put 
In Schedule III in Pennsylvania. 

Permanent scheduling of xylazine to CIII in Pennsylvania on May 15, 2024 is a strong test case 
of what could happen nationally. Immediately following CIII scheduling, medetomidine started 
replacing both xylazine and fentanyl in the illicit drug supply. In Philadelphia, medetomidine 
started emerging a little before scheduling, in line with temporary scheduling in June 2023. In 
Pittsburgh, medetomidine is now more prevalent than fentanyl.


Medetomidine is a very similar molecule to xylazine. 
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Medetomidine Requires Expensive Weeklong Stays in ICU 

Medetomidine in the illicit drug supply is a nightmare. Managing this syndrome requires 
intensive medical support that outpatient and abstinence-based residential treatment 
settings simply aren't equipped to provide. 

Medetomidine withdrawal is unlike anything most emergency physicians have seen before. 
When people use fentanyl that's been laced with medetomidine, abrupt stopping can trigger a 
crisis that hits fast and hard, sometimes within just four to six hours of the last dose. It typically 
starts with intense nausea and vomiting that won't respond to the usual anti-nausea 
medications, then rapidly escalates to a racing heart, dangerously high blood pressure, 
drenching sweats, tremors, and delirium. What makes it so alarming is that the standard tools 
doctors rely on — benzodiazepines, opioids, even common anti-nausea drugs — do 
remarkably little to slow it down. Doctors who have treated it describe a visceral sense of 
encountering something fundamentally different from anything in their experience. In early 
reports from Philadelphia and Pittsburgh, roughly 8 or 9 out of every 10 patients diagnosed 
with this syndrome ended up in the ICU, many needing round-the-clock IV sedation for days. 


The medications that normally anchor 
addiction treatment — buprenorphine, 
methadone, naltrexone — can't address 
medetomidine withdrawal. In fact, 
starting buprenorphine or naltrexone too 
early based on symptoms that look like 
opioid withdrawal but are actually 
medetomidine withdrawal can backfire 
and precipitate opioid withdrawal on top 
of everything else. And because there's no 
routine test for medetomidine, clinicians 
have to recognize it based on the pattern 
alone — a patient swings from deep 
sedation to full-blown crisis in a matter 
of hours, with none of the usual 
treatments making a dent. This also 
makes abstinence-based approaches to 
treatment genuinely dangerous: the 
extreme spikes in heart rate and blood 
pressure — with reports of heart rates 
above 170 and systolic pressures over 240 
— can cause serious cardiac damage, 
including elevated troponin levels and 
acute drops in heart function, essentially 
putting patients at risk for heart attacks 
during unsupervised withdrawal.


Lynch MJ, Pizon AF, Yealy DM. Emergence of 
Medetomidine in the Illicit Drug Supply: Implications 
for Emergency Care and Withdrawal Management. 
Annals of Emergency Medicine. 2026 Jan 23. 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Hospitals in Pittsburgh and Philadelphia Are Overwhelmed 
With Patients Seeking Treatment For Medetomidine-Fentanyl 

Ostrowski SJ, Krotulski AJ, Adams A, Lynch MJ, Perrone J. Operationalizing toxicosurveillance 
medetomidine data for clinical care. Presented at: American College of Medical Toxicology 
(ACMT) 2026 Annual Scientific Meeting + Symposia; Boston, MA. March 19, 2026.
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Xylazine paradoxically reduces fentanyl use and overdoses 
are less severe. 

Our FDA-funded field study in Michigan and Pennsylvania showed that when xylazine is 
mixed into fentanyl, people consume less, use less often, and are more likely to seek 
treatment. 

Hospital data from Philadelphia show xylazine-fentanyl causes less severe overdoses 
than fentanyl alone. 

(Sibley et al., International Journal of Drug Policy, November 2025; Love et al., Clinical 
Toxicology, March 2023)


Our qualitative study of people with recent overdose reversal experience (n=52 ) finds 
that the emergence of xylazine in the unregulated opioid supply—while widely viewed 
as undesirable and harmful—has paradoxically prompted shifts toward safer use 
behaviors. 


Participants consistently reported reducing fentanyl use (in amount and frequency), 
initiating periods of abstinence or treatment, alternating between xylazine-positive and 
negative supplies, and changing routes of administration (e.g., from injecting to 
smoking or snorting) to avoid harms. These changes were driven by a combination of 
diminished desired opioid effects, fear of severe health consequences (especially 
necrotic wounds), impaired day-to-day functioning due to prolonged sedation, and 
concerns about overdose and reversibility. Together, these findings suggest that 
xylazine may be altering risk environments in ways that reduce overall opioid 
consumption and encourage behaviors that mitigate risks from wounds, overdose, and 
over-sedation. These quotes from our study reveal a major dissatisfaction with the 
illicit opioid supply:


“I use a lot less, that's for sure. If you do too much of it, you're just going straight 
to sleep. You waste the whole day.”  

“I'm to the point where I'm like, in 30 years, I have not been able to quit doing dope. 
But I have days where I don't do it. And that's never happened. Never happened out of 
rehab, for 30 years. I've been a hardcore addict for about 30 years. And xylazine scares 
the fuck out of me.”


“There's a lot of things that you will accept, if it was going to be as good as it was 
when you first started. You'll go through a lot of bullshit to get there, but if it's not even 
going to be that, then you're kind of done."
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Nitazenes Have Changed Since July 2025 
Since the Chinese generic ban on nitazene production on July 1, 2025, nitazene species have 
changed substantially. There are fewer one-off variants, and older protonitazene and 
metonitazine have declined -60% to -76%. The new subclass are the desnitazenes, which are 
harder to detect using test strips and in autopsy. The dominant nitazene is N-pyrrolidino 
ethylene isotonitazene. We saw the same market consolidation happen with fentanyl 
analogues in the late 2010s.


According to the Center for Forensic Science Research and Education, “N-Pyrrolidino ethylene 
isotonitazene has not be explicitly studied; however, available data suggest that some 
substitutions and lengthening of the linker group may lower affinity and potency compared to 
their non-substituted counterparts.”
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#1 Adulterants in Fentanyl are Numbing Agents 
The most common adulterant of illicit 
fentanyl are local anesthetics or 
numbing agents: lidocaine, procaine, 
and tetracaine. These are similar to 
what is used by dentists. They have 
been most common in the Northeast 
for years. They started appearing 
around the country in mid-2024, but 
are declining in the South and 
Midwest.


Buprenorphine “diversion” is mostly for pain or withdrawal. 
Data from the street price crowdsourcing website StreetRx.com shows that only 7.1% of 
people reported using buprenorphine (middle graph, blue) for enjoyment.


The reason for using illicit fentanyl has shifted over time (right graph), away from “getting high” 
and towards treating withdrawal. Consistent with the generational analysis above, 53.3% 
people reporting illicit fentanyl use said the primary reason was to to prevent or treat 
withdrawal. 

10



Stimulants now exceed opioids in fatal overdoses. 
From OD Pulse at Northwestern University: “In June 2025, stimulants suppressed opioids as 
the underlying cause of death on US death certificates. For the first time in modern 
surveillance, stimulants are more likely than opioids to be listed as the primary drive of a fatal 
overdose.”
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Stimulant Overdose Deaths Are Also Declining. 

Both cocaine and methamphetamine involvement in overdose deaths are declining.


Source: OD Pulse @ Northwestern University  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The recent decline in U.S. overdose deaths is not 
automatic — it reflects years of public health 
investment that was invisible while fentanyl was 
flooding the drug supply, and will reverse if that 
investment is cut. 

This figure shows overdose mortality over the past decade broken into two components. The 
red area represents the portion of overdose deaths associated with fentanyl taking over the 
illicit drug supply. The green area represents everything else — the baseline level of overdose 
mortality driven by factors like access to treatment, naloxone availability, and the social 
conditions surrounding drug use. The black line on top is total observed mortality — the sum of 
both areas. The dashed red line, read on the right axis, shows how far fentanyl had penetrated 
the drug market at each point in time — its S-shaped rise from near zero in 2015 to over 85% 
by 2023. Two things are visible in this figure. First, the red area grew rapidly as fentanyl took 
over the market, then stopped growing once the takeover was complete — marked by the 
vertical lines at t₅₀ and t₇₀, when fentanyl reached 50% and 70% of the market nationally. 
Fentanyl didn't stop being dangerous at that point — it stopped being new. The market 
stabilized, people and systems adapted, and fentanyl's contribution to excess death 
plateaued. Second, the green area has been shrinking the entire time. That represents the work 
of public health, treatment programs, naloxone, and community-based overdose response. 
These investments were saving lives throughout the crisis — but you couldn't see it in the total 
numbers because fentanyl was adding deaths faster than the public health system could 
prevent them. Once fentanyl saturated the market and stopped adding new deaths, the 
ongoing impact of these programs became visible as falling total mortality. The decline 
we're seeing now is not an accident and it's not automatic. It is the result of sustained public 
health investment that predates the decline by years. If that investment is cut, the green area 
stops shrinking, and mortality flattens at its current level rather than continuing to fall.


Data Sources: DEA NFLIS and CDC WONDER. Courtesy of Dr. Adams Sibley at UNC. 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Recovery From Peak Overdose Reflects When Fentanyl 
Saturated The Market. 

There are 3 clusters of overdose peaks by state. Declines started earliest where fentanyl had 
been around longest and achieved 50-70% saturation, in about ⅓ of states around 2021. 
Another cluster of states peaked in later 2022 and early 2023. A third cluster of West Region 
states peaked later, in later 2023 and 2024.
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There Were Waves of Fentanyl Overdose Acceleration During 
COVID Affecting US Regions Differently. 

Another factor explaining the increase and decline in fentanyl overdose deaths is COVID.


COVID waves (Wild-type, Alpha, Delta, Omicron) are shaded in grey. 
Data source: OD Pulse at Northwestern University  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Key Takeaways 

16

We have a unique opportunity to end opioid overdose deaths. The 
policy changes instituted in recent years are having a major positive 
impact. Rolling them back would risk the United States re-entering 
another phase of opioid overdose. 

1. Provide every possible treatment and naloxone access to Gen X 
and Millennials. Increasing access to medications for opioid use 
disorder in this population is critical. 

2. Help Gen Z stay away from illicit opioids. 

3. In Pennsylvania, CIII Scheduling of xylazine was immediately 
followed by the emergence of the related molecule 
medetomidine, and led to massive increase in hospital ED and 
ICU burden. 

4. Variability of fentanyl accelerated overdose rates until fentanyl 
statured the illicit opioid supply. Once it reached 50-70% 
saturation, public health interventions and behaviors became 
more effective. 

5. Buprenorphine “diversion” is overwhelming used to treat pain 
and withdrawal, not for pleasure. 

6. As fentanyl-deaths fall, stimulants are becoming more of a 
concern. Long-term methamphetamine use becomes more 
lethal as the population ages. Helping middle-aged adults 
decrease stimulant use now is key to reducing overdose deaths. 

7. Drug checking programs like ours can provide rapid and reliable 
data. Funding and support for these programs should be 
expanded immediately. 

8. We need immediate research support to understand nitazenes 
and adulterants in the drug supply. 
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et al., 2021). In the same year in Maryland, 80 % of fentanyl samples 
collected from syringe service programs also contained xylazine 
(Russell, 2023). Prevalence may be lower in the Midwest, where 
one-third of fentanyl samples were recently estimated to contain xyla
zine (Thomas et al., 2024). Its presence has more recently been detected 
in California, though typically in low concentrations (Friedman et al., 
2025).

At least two factors likely explain xylazine’s market emergence. First, 
xylazine can be purchased online from Chinese pharmaceutical dis
tributors for $6–20 per kilogram, making it an affordable and accessible 
cutting agent (Drug Enforcement Agency, 2022). Second, xylazine may 
extend the perceived physiological effects of fentanyl (i.e., give it ‘legs’), 
which typically has a shorter duration of action than heroin (Marshall 
and Nelson, 2025; Montero et al., 2022).

This market shift differs fundamentally from previous transitions 
between opioids (e.g., heroin to fentanyl), as xylazine can exacerbate 
opioid-related complications and introduce entirely new health risks. 
People who use drugs (Carroll, 2024) and medical professionals (Edinoff 
et al., 2024) report that xylazine can intensify bradycardia, hypotension, 
and loss of consciousness, increase the risk of overdose from fentanyl by 
exacerbating respiratory depression, and cause severe skin and soft tis
sue damage that is long-lasting and often necrotic (Demery et al., 2025; 
Semancik, 2024; Yeung & Worrilow, 2024). Current harm reduction 
responses include wound care, education, and drug checking services. 
Further, although debate continues regarding naloxone’s effectiveness 
against xylazine-involved overdoses (Bedard et al., 2024; Choi et al., 
2024; Morris & Hoang, 2024; Shrestha et al., 2025), community re
sponders are now advised to administer naloxone regardless and 
monitor respiration rather than consciousness as a sign of resuscitation, 
given xylazine’s profound sedative effects (Bufanda et al., 2025; Datta 
et al., 2025).

Importantly, among people exposed to xylazine, the vast majority 
find it an undesired constituent of the drug supply (Hochheimer et al., 
2024; Michaels et al., 2024; Salwan et al., 2025; Shrestha et al., 2025). 
This widespread rejection suggests that xylazine’s presence may be 
influencing how people approach drug use. As overdose mortality has 
begun declining in some areas, understanding factors that contribute to 
behavioral changes—including responses to unwanted adulter
ants—becomes crucial for sustaining these improvements (Dyer, 2024).

Understanding how people who use drugs respond to xylazine 
exposure is essential for developing effective interventions. If people are 
already adopting protective behaviors in response to xylazine, in
terventions can support and amplify these changes rather than working 
against them. Conversely, identifying potentially harmful adapta
tions—such as mixing stimulants to counteract unwanted sedation or 
seeking drugs from unfamiliar sources to avoid xylazine—can reveal 
where targeted harm reduction education and services are most urgently 
needed.

Given xylazine’s unique position as a widely rejected supply con
stituent, the purpose of this qualitative study was to understand how 
xylazine exposure influences opioid use, and may motivate behavior 
change, from the perspectives of individuals in two U.S. cities.

Methods

Data were collected as part of a larger mixed methods study on 
community-based naloxone utilization, including quantitative analysis 
of reversal data and analysis of drug samples collected by partner harm 
reduction programs in two mid-sized US cities in Pennsylvania (PA) and 
Michigan (MI). The University of North Carolina-Chapel Hill (UNC) also 
provides mail-in drug checking analysis using gas chromatography-mass 
spectrometry (GCMS) as a service to community programs; both sites 
voluntarily participate in drug checking independently from the current 
research study (PA site since April 16, 2023; MI site since May 4, 2023) 
(Wagner et al., 2023). Drug checking data from both sites are presented 
in the Results to contextualize qualitative findings (drug checking 

methodology, Appendix A).
Participants (N 52) in the present study were recruited by conve

nience from the partner harm reduction programs or by peer referral in 
Pennsylvania (n 27) and Michigan (n 25). Inclusion criteria were: 1) 
aged 18 years or older, 2) administered naloxone in past 12 months, 3) 
currently using drugs with overdose risk or have direct social contacts 
(e.g., intimate partners, family members, or friends) who use drugs with 
overdose risk (participants determined the meaning of ‘current’ and 
‘drugs with overdose risk’). These criteria were intended to be inclusive 
of participants who may have recently reversed an overdose, the pri
mary research question. In interviews, however, all participants re
ported either currently using drugs or having used drugs recently 
enough to be exposed to xylazine.

The partner programs assisted in identifying potential participants. 
Program staff regularly ask clients seeking naloxone if they have 
recently reversed an overdose; these clients were then asked if they 
wanted to learn about a research study. Prospective participants were 
screened on-site and offered to participate immediately or schedule for a 
later date. MI participants were all screened and interviewed at the 
program’s physical location in a private office. PA participants were 
variously recruited from the program’s physical location or one of three 
mobile sites. Interviews were conducted in a program office or in private 
areas near the mobile locations (e.g., library meeting rooms, cars).

Semi-structured in-depth interviews were conducted between 
October-November 2024 by two research team members, including one 
with lived experience of substance use. Topics included: overdose 
reversal experiences, attitudes toward overdose reversal agents, and 
perceptions of the current unregulated drug supply. The interview guide 
was developed in consultation with epidemiologists and behavioral 
scientists from the U.S. Food and Drug Administration, whose role was 
limited to methodological input and ensuring alignment with the parent 
study; they had no role in data collection, analysis, or interpretation. 
UNC researchers independently added questions on xylazine. No data 
ownership or sharing agreements with the FDA were established; 
research outputs will be made publicly available, subject to participant 
confidentiality protections. Community advisory board members from 
the PA site (all of whom have lived or living experience of substance use) 
reviewed the interview guide and provided suggestions on question 
wording and additional probes. Participants were asked about xylazine 
to begin interviews (e.g., “Just to get started, we’re asking folks about 
xylazine – if that’s something you’ve seen around and what your 
thoughts on that are”), with additional prompts added as relevant 
themes emerged in early interviews.

Interviews averaged 45 min and were incentivized with $50 cash. All 
interviews were audio-recorded and transcribed with the whisper pack
age in Python 3.9 then manually corrected by co-author ALS. The study 
was approved by the University of North Carolina-Chapel Hill Institu
tional Review Board (#24-0265). Drug checking data analyses were 
deemed exempt as anonymized secondary data research (#22-2714). A 
waiver of written informed consent for interviews was approved by the 
UNC IRB for interview participants to minimize risks associated with 
creating signed records of sensitive information. Verbal consent was 
obtained and documented by interviewers, with no signatures or iden
tifying information collected.

Data analysis

ALS performed a close reading and memoing of the interview data; 
the analysis team (ALS, CWM, ND) then met to discuss the data, noting 
salience of xylazine to drug consumption behaviors among participants 
and setting the research question: 

How (if at all) have participant drug consumption behaviors shifted in 
light of xylazine, and what factors may explain these shifts?

Data were analyzed using the RADaR (rigorous and accelerated data 
reduction) approach (Watkins, 2017). Transcript excerpts were 
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imported into an all-inclusive data table in Microsoft Excel then reduced 
(i.e., shortening or removing excerpts) and analyzed across three phases. 
In phase one, we memoed on potential themes and divided the data into 
separate tables by topic (changes in use, feelings toward xylazine, 
learning about xylazine). In phase two, we open-coded the excerpts in 
each table and reduced the data further. In phase three, we refined our 
open codes into a final (mixed inductive-deductive) thematic codebook 
which were then applied to each table. Excerpts were collated into code 
reports and interpreted by the analysis team to determine initial themes; 
code reports and thematic conceptual models were then reviewed by 
remaining team members and themes were finalized.

Theoretical framework

Our analysis was framed by Protection Motivation Theory (PMT), 
which is suited to understanding how individuals adapt in response to 
emerging health threats (Boer & Seydel, 1996). Like many theories of 
health behavior, PMT is an expectancy-value model: Individuals make 
behavioral changes based on the expectation that the behavior will lead 
to a desired outcome (e.g., risk reduction) and the value they place on 
the outcome (Wigfield & Cambria, 2010). According to PMT, people 
may be motivated by fear to adopt adaptive responses to health threats. 
Specifically, one performs an appraisal based on perceived severity of 
the threat (e.g., how harmful are the effects of xylazine consumption?) 
and perceived vulnerability to the threat (e.g., how likely am I to 
experience these effects given my current consumption patterns?). This 
is coupled with a coping appraisal based on perceived response efficacy 
(e.g., how likely is a change in behavior, like using less often, to mitigate 
these risks?), self-efficacy (e.g., how confident do I feel that I can make 
this behavior change?), and response costs (e.g., what are the drawbacks 
of adopting this behavior?). One’s protection motivation – their inten
tion to perform the behavior – reflects these appraisals (Boer & Seydel, 
1996). PMT has been used previously to understand harm reduction 
behaviors, including overdose prevention intentions and hepatitis C risk 
reduction strategies, making it well-suited to examine behavioral re
sponses to xylazine adulteration (Lambers et al., 2018; Latkin et al., 
2019; Macmadu et al., 2022).

We selected PMT over alternative frameworks like risk environment 
theory (Rhodes, 2009) because our data highlighted participants’ active, 
individual-level adaptations to perceived xylazine threats, which aligns 
with PMT’s focus on cognitive appraisal and protective behaviors. We 
take the structural constraints of illicit drug markets as a given
—recognizing that individuals cannot control supply composition and 
face competing risks—but our interest was in understanding how people 
make decisions and enact harm reduction strategies within those con
straints. While PMT was developed for general health threats and does 
not fully account for structural vulnerability, it provided the most 
appropriate lens for capturing the fear-motivated behavioral changes 
described by participants. Below, we report new patterns of use in the 
wake of xylazine and motivations for these changes.

Results

Xylazine was entrenched in the drug supply in both regions. Of 641 
fentanyl samples analyzed (April 2023 to November 2024), the unad
justed presence of xylazine across both sites was 53.4 % (n 246/515, 
47.8 % in MI and n 96/126, 76.2 % in PA).

Participants were largely familiar with xylazine’s effects and pres
ence in unregulated opioid markets, having learned about the adulterant 
from harm reduction and treatment providers or through the news. 
Many experienced xylazine’s effects before putting a name to it (“Before 
I knew what it was, I was already seeing the effects, mostly just in ab
scesses that were happening,” Emma, MI). No one shared positive per
ceptions of xylazine, which participants characterized as “scary,” 
“terrible,” “absolutely horrible,” “evil,” and “not normal.” Many 
bemoaned an evolving supply that was becoming “scarier and more 

synthetic” after years of relative stability (“We got used to [fentanyl] a 
long time ago, still not what we’d prefer over actual heroin, but it is what 
it is,” Emma, MI). For some, the adulterant and its effects were 
unprecedented: 

I’ve never had anything like it before … That particular drug, just 
everything about it irritates me. (Peter, MI)

Like I already had bad anxiety and then it’s like times ten. (Kelsey, 
PA)

I’ve seen some of the worst wounds that I’ve ever seen in my life. 
(Kurt, MI)

Many commented on the pervasiveness of xylazine in the supply, 
sharing that it had become effectively unavoidable: 

I would say like middle to the end of like last winter is when it really 
started hitting. And now like you pretty much, you can’t find any
thing without it. And it definitely changes the game. (Mikey, PA)

Yeah, it’s in pretty much every bag, I believe. I don’t like it. Yeah. I’m 
40. I came from like tar heroin, regular heroin. And it’s just like, it’s 
just whack. Like, I don’t like it at all. (Travis, PA)

Participants overwhelmingly noted that the presence of xylazine had 
driven their fentanyl consumption lower. We categorized three pre
dominant consumption patterns in the wake of xylazine: 

1. using less in amount or frequency;
2. using differently (alternating use or changing route of 

administration);
3. quitting or seeking treatment.

Although most participants reported less fentanyl use, there were 
exceptions. Two participants reported using more in recent months, one 
due to increased tolerance to fentanyl, and the other due to perceived 
shorter duration or “legs” of tranq dope; two reported no change in use; 
and two shared a general feeling that some people are seeking out 
xylazine.

Changes in use

Using less
Most participants who reported modifying opioid consumption dis

cussed using less frequently (“At least every two hours” to “three times a 
day,” Angie, MI), in smaller amounts (“You only need like a half of a 
stamp bag,” Devon, PA), or with periods of temporary abstinence: 

I’m to the point where I’m like, in 30 years, I have not been able to 
quit doing dope. But I have days where I don’t do it. And that’s never 
happened. Never happened out of rehab, for 30 years. I’ve been a 
hardcore addict for about 30 years. And xylazine scares the fuck out 
of me. (Kurt, MI)

For participants reporting amount, reductions were substantial: 
Several in Pennsylvania quantified their use as shrinking from a brick 
(50 0.1 g bags) to a bundle (10 0.1 g bags) daily. Participants had mixed 
feelings about these changes: While they bemoaned an increasingly 
unfulfilling and dangerous drug supply, many saw their reduction in use 
as an unlikely “bonus.”

Using differently
Many participants discussed recent transitions from injecting to 

smoking, snorting, or boofing (i.e., ingesting rectally). Some believed 
that alternative routes could reduce the risk of lesions or prevent in
jection complications: 

It’s also like been shutting down veins … It’d be like fucking hours of 
just sitting there trying to hit … I mean, look what it does to your 
fucking, IM [skin pop] it, when you miss. Like, what it does to your 
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tissue. Like, imagine what it’s doing to the inside of your fucking 
veins. (Mikey, PA)

Others felt that changing the route of administration to snorting, 
smoking, or boofing helped them better control their dose to avoid 
sedation: 

Like I never knew hardly anyone that smoked it a couple of years ago. 
And now I know a lot of people…I’ve even snorted…Like I try to, 
like, sometimes I don’t want to just be out. Nodding out. I like to be 
there. (Ben, PA)

Though most participants described finding unadulterated opioids as 
extremely difficult, a few reported occasional access to ostensibly 
xylazine-free substances, which they identified through test strips, 
experimentation, or distinct packaging (’[Xylazine-free opioids] don’t 
come in stamp bags…They’ll put it like in a corner of a plastic bag and 
put it in a balloon,’ Devon, PA)." Among these participants, some 
continued use but alternated between xylazine-positive and xylazine- 
negative bags. One participant, for instance, used adulterated bags 
only to induce sleep at night, while another alternated to alleviate 
xylazine withdrawal symptoms (“I feel sick now from…and I want the 
ones with xylazine. So, how I would do it, would be like, one with 
xylazine and one without xylazine, you know? I would, like, alternate,” 
Jackie, PA).

Quitting or seeking treatment
Several participants reported stopping opioid use because of xylazine 

(“It scared me to the point where I knew I had to get clean,” Trip, PA). 
Some described the cons of continued use outweighing the pros, 
concluding “It ain’t worth it” or “It’s a lot easier to stop because of that.” 
Quitting was often facilitated by medications for opioid use disorder 
(“[Xylazine’s] what made me get on Subs [buprenorphine],” Carly, PA). 
For others who continued use, methadone or buprenorphine were 
accessed to moderate consumption of xylazine-adulterated street drugs 
and reduce the risk of harm. Finally, some participants not yet in 
treatment reported a newfound desire to discontinue use (“It’s been 
getting to the point where, if everything is going to have so much 
xylazine in it, it’s making us want to just not use at all,” Emma, MI), 
although they had not taken steps to do so.

Motivation for changes in consumption

Participants shared multiple reasons for reducing, stopping, or 
altering use. Generally, xylazine elicited emotions ranging from intense 
fear to exasperation, with some reaching a breaking point after years of 
unfulfilling use: 

There’s a lot of things that you will accept, if it was going to be as 
good as it was when you first started. You’ll go through a lot of 
bullshit to get there, but if it’s not even going to be that, then you’re 
kind of done. (Emma, MI)

One participant shared a more optimistic perspective. Roger attri
butes his irregular heartbeat and kidney problems to xylazine, a belief 
that is motivating his recovery efforts: “In a way, I’m kind of trying to 
look at it as a blessing now. I’m at the point, I’ve tried going through 
rehab several times, but I know this is the time, you know what I mean?” 
(Roger, MI). Still, despite attempting to reframe his experience posi
tively, Roger acknowledges the serious harms of xylazine, noting that his 
extensive scars are likely permanent.

The manifestations of xylazine adulteration were well-known to 
participants, almost all of whom reported witnessing or personally 
experiencing its effects. These impacts were often pronounced, e.g., 
necrotizing flesh, burning pain from injection, and cognitive impairment 
(“the xylazine daze”). Participants shared four factors that precipitated 
changes in use: 

1. not experiencing intended effects;
2. physical health risks;
3. functional impacts;
4. overdose beliefs.

Not experiencing intended effects
Participants bemoaned no longer feeling the desired psychoactive 

effects of opioids (“When you do heroin, it feels good. Obviously. That’s 
why we do it. But that shit [xylazine], it doesn’t,” Austin, PA). While 
participants reported missing expected sensations like euphoria and 
pain relief, some also yearned for the emotional numbing they sought in 
drug use. Kurt described using opioids to forget about the physical and 
sexual abuse he experienced as a child. Tranq dope does not provide the 
same reprieve: 

I was self-medicating. But it’s not working anymore. Like, the 
medication that people are whipping up in their kitchen right now 
isn’t heroin. And it’s not even real opiate. You know, it’s a fucking 
tranquilizer. I don’t want to go to sleep. I want the chemicals in my 
brain to make me feel better. And it’s not happening. (Kurt, MI)

More immediately, participants reported tranq dope failed to curb 
opioid withdrawal symptoms, a primary driver of continued use (“It’s 
not even making me right anymore, so I got back into the methadone 
clinic” Roger, MI).

Physical health risks
Skin and soft tissue damage commonly motivated those who reduced 

their use (“Breakfast, lunch, and dinner, I try to do three shots a day and 
just leave it at that because I don’t like having abscesses all over…It 
makes me not want to leave my house,” Angie, MI). Wounds were 
especially worrisome as they might take months to heal, if at all, a 
phenomenon that many participants had not experienced in years of 
drug use. Limb loss was a visceral fear for many who had heard about or 
witnessed xylazine-associated amputations: 

The other people I know…a lot of people, I know their arms are about 
to fall off. (Mikey, PA)

Xylazine scares the fuck out of me. I don’t want to lose limbs. (Kurt, 
MI)

If something like that happens and [my wife] has to get her leg 
amputated or her arm amputated…I feel like it would be my fault. 
(Austin, PA) 

Like, it’s eating my skin. Hell no, it ain’t worth it. (Roger, MI)

Additional health risks participants hoped to avoid that were pre
sumed due to xylazine included hallucinations and injection site com
plications (“Typically if you missed [a vein], it would get itchy and, like, 
red and bumpy. This one [xylazine], as soon as you missed, it was like 
lightning under your skin,” Trip, PA).

Functional impacts
Xylazine can induce hours of unconsciousness or a dissociative state 

to the frustration, embarrassment, or bewilderment of many participants 
(“I even taped myself because I had to see how this was happening,” 
Roger, MI). Undesired and unintended sedation hindered many from 
achieving an expected level of functionality and productivity (“I use a lot 
less, that’s for sure. If you do too much of it, you’re just going straight to 
sleep. You waste the whole day,” Shawn, MI). Participants who used 
opioids for emotional numbing often found xylazine’s tranquilizing ef
fects too extreme: 

The tranq, it’s like, you just fall asleep…But personally, what started 
my use back up in the beginning, and this time, is just my anxiety. So, 
I don’t really want to be sleeping. I just don’t want to be constantly 
freaking out. (Linda, PA/)
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Overdose beliefs
Some participants contended tranq dope was “stronger,” potenti

ating overdose risk (“I’ve almost died off one bag, and I’m a veteran with 
this shit.” Mikey, PA), or made overdoses more difficult to reverse with 
naloxone (“They don’t pop out of it like a Pop-Tart anymore,” Trip, PA). 
The consequent fear of mortality drove some participants to reduce or 
discontinue use: 

I’ve done an awful lot of reversals, and I know [xylazine] affects your 
central nervous system and keeps you—Narcan doesn’t help reviving 
the respiratory part of it. So I had began using less and less until I had 
an intervention, essentially. (Peter, MI)

When I came back [from overdosing], when I woke up…dude was 
telling me what happened, but all I was thinking about was, I still had 
the other half of that bag in my pocket. It’s like, what are you going 
to do? You know, go out and, go buy yourself, overdose again? Like, 
what the fuck? I gave him the rest of that bag. (Trip, PA)

Discussion

In this qualitative study, we explored changes in drug consumption 
behaviors in the wake of xylazine’s appearance in the unregulated drug 
supply. With few exceptions, participants described recent attempts at 
safer use – using less, changing route of administration, or abstaining 
entirely. Participants with decades of experience recalled adapting to 
previous supply transitions, including fentanyl. Xylazine, however, 
represented a novel inflection point, with some resigned that the current 
supply is no longer worth the pleasures of use, nor the pains of 
dependence.

While the human health risks of xylazine consumption – long-lasting 
wounds, deep sedation, and others – are well-documented, participants’ 
accounts indicated that xylazine in the unregulated drug supply may 
play a role in individual decisions to reduce consumption. Findings are 
consistent elsewhere. Reduced self-administration has been documented 
in rodent models, where xylazine coadministration suppresses fentanyl 
consumption (Bedard et al., 2024; Khatri et al., 2024; Sadek et al., 
2024); observational clinical research shows xylazine is associated with 
reduced cardiac arrest, oxygen distress, and fatality in fentanyl poison
ings (Hays et al., 2024; Love et al., 2023); and similar shifts in perception 
and behavior have been discussed by Reddit users (Heidari et al., 2024). 
Collectively, these lines of evidence start to build the case for a para
doxical association between xylazine and reduced risk of overdose along 
multiple causal pathways, both physiological and behavioral.

Xylazine’s appearance is qualitatively different from other major 
supply transitions of the overdose epidemic. The predominant opioid of 
each generation – from prescription pills, to heroin, to fentanyl, and 
perhaps next to nitazenes (Lassi & Jiang, n.d.) – has differed mainly in 
pharmacokinetics, e.g., potency, onset, and duration. The market shift 
toward xylazine and xylazine-adulterated opioids has brought with it 
new risks and largely replaced expected psychoactive effects with un
desirable ones (Hochheimer et al., 2024; Michaels et al., 2024; Salwan 
et al., 2025). Our study suggests that behavioral responses to this most 
recent shift may be qualitatively different, as well.

Fear was a predominant emotion shared by participants. According 
to PMT, behavioral responses to health threats are most likely to occur 
when a threat is appraised as both severe and likely. Severity was 
evident in participants’ responses. Almost all had experienced or wit
nessed xylazine-related wounds, which they described as unprecedented 
– slow to heal, necrotic, and ending in limb loss. There was also a 
widespread belief that xylazine-involved overdoses are more difficult – 
or impossible – to reverse. Susceptibility was apparent in the seeming 
unavoidability of xylazine and its effects. Most participants described 
not being able to find drugs without the adulterant, while personal or 
witnessed experiences of skin and soft tissue damage, unwelcome 
sedation, and intractable overdoses were nearly universal. Taken 

together, it seems reasonable that people at risk for xylazine exposure 
might be motivated to adapt their drug use to mitigate these tangible 
risks.

Yet, per PMT, behavioral adaptation also depends on how confident 
one feels to perform the behavior and the drawbacks of adapting. The 
desired effects of substance use – pain relief, euphoria, emotional 
numbing, withdrawal avoidance – are a clear opportunity cost of 
abstaining. But participants described diminishing returns as the drug 
supply has become more and more adulterated, believing that the ben
efits of use have largely been eroded. Still, even for those motivated for 
change, abstinence can be an unrealistic goal, given the immense 
physical and psychological toll of detoxification and recovery, as well as 
social-structural barriers to treatment access (Cernasev et al., 2021). It is 
unsurprising, then, that while some participants reported discontinuing 
entirely, most engaged in more achievable harm reduction behaviors – 
using less, changing route of administration, or balancing ongoing use 
with prescribed medications. Although research is nascent, one small 
study found a moderate positive association between xylazine severity 
beliefs (risk of overdose) and harm reduction behaviors (e.g., carrying 
naloxone, not using alone) (Salwan et al., 2025).

While our participants expressed widespread dissatisfaction with 
xylazine, prior research has documented that some individuals actively 
seek out xylazine, particularly in Puerto Rico and Philadelphia, where it 
was described as desirable for extending the short duration of fentanyl’s 
effects (Friedman et al., 2022). Our findings, collected more recently, 
may reflect a shift in user perceptions over time as xylazine has lost some 
of its initial novelty and its harms have become more widely recognized. 
Another important contextual difference is that our study does not 
quantify xylazine concentrations; it is possible that contemporary street 
formulations contain higher and more variable levels of xylazine 
compared to earlier markets. In Puerto Rico, for example, xylazine was 
originally sold in separate bundles alongside heroin rather than 
pre-mixed, allowing users to titrate their dose to preference (Torruella, 
2011). In contrast, current drug supplies in the United States often 
contain xylazine mixed at unknown concentrations, reducing user con
trol and increasing the likelihood of unwanted effects. Taken together, 
these findings underscore the dynamic nature of drug preferences, 
which can shift as new psychoactive profiles emerge, evolve, and satu
rate local markets, and highlight the need for harm reduction in
terventions that are adaptive to shifts in user attitudes.

A key area of future investigation pertains to how xylazine-related 
behavioral shifts may influence population-level overdose mortality. 
In mid-2023, overdose deaths in the United States started decreasing, 
with annualized mortality dropping 30 % from 2023–2024 in some 
states (Dyer, 2024). The east-to-west pattern of overdose declines par
allels the spread of xylazine in the unregulated drug supply (Dyer, 
2024). However, the declines in overdose rates are surely more complex 
than the emergence of a single adulterant (Dyer, 2024). We can only 
conclude from our study that xylazine may have changed people’s use of 
drugs sold as fentanyl in the sites we investigated, often in compensatory 
ways to decrease risk of severe skin wounds and overdose fatality. If 
indeed people exposed to xylazine are engaging in safer consumption 
behaviors (Heidari et al., 2024), then harm reduction interventions 
focused on safer use should be redoubled while risk salience is high and 
supply satisfaction remains at its nadir. Such interventions should, at a 
minimum, empower informed consumption decisions (e.g., access to 
xylazine test strips and drug checking services) and minimize the 
adulterant’s physical harms (e.g., education on early wound detection 
and wound care). As importantly, people disillusioned by the supply 
should have adequate opportunity to reduce or eliminate use through 
low threshold methadone and buprenorphine treatment, whether or not 
abstinence is a goal (Jakubowski & Fox, 2020).

From a policy perspective, legislative measures to reduce supply of 
and demand for xylazine should be evaluated in light of these findings 
and with regard to potential unintended consequences. As of April 2024, 
58 relevant state or federal policy initiatives had been proposed or 
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enacted, with most designed to schedule xylazine and create stiffer 
possession penalties (Sugarman et al., 2024). Most recently, the 
Combating Illicit Xylazine Act, introduced by bipartisan Congressional 
sponsors, would classify xylazine as a federal Schedule III substance 
while empowering the U.S. Drug Enforcement Agency to track and 
interdict upon illicit xylazine supply chains (Combating Illicit Xylazine 
Act, 2025). Though well-intentioned, drug enforcement initiatives often 
destabilize local markets and increase drug-related harms (Carroll et al., 
2020; Ray et al., 2023; Zolopa et al., 2021). For instance, heroin 
shortages in five countries over 15 years had consistent population-level 
outcomes: increases in adulteration, transitions to polydrug use, and 
compensatory risk behaviors, like receptive syringe sharing (Zolopa 
et al., 2021). In the U.S., recent local and regional law enforcement 
seizures have been linked with subsequent fatal and non-fatal overdose 
spikes (Mohler et al., 2021; Ray et al., 2023; Zibbell et al., 2019).

We urge caution against reactive policy measures that interrupt the 
unregulated supply of xylazine. Our data, contextualized in this litera
ture, suggest that the abrupt disappearance of these additives has the 
potential to reverse the observed behavioral changes described above, 
and lead to a rebound in street fentanyl or polydrug consumption. We 
also cannot disregard the inevitable appearance of new – and potentially 
more dangerous – adulterants filling the hole left in the supply. Mede
tomidine, a related and more potent alpha-2 adrenergic agonist, has 
supplemented or displaced xylazine in many markets (Palamar & Kro
tulski, 2024). While research is still emerging on its risk profile, early 
evidence highlights that medetomidine withdrawal syndrome is 
life-threatening and unresponsive to opioid and xylazine withdrawal 
medications (Huo, 2025; Ostrowski, 2025).

From a practical perspective, Protection Motivation Theory provides 
a template for encouraging behavior change. Point-of-care drug check
ing supplies (i.e., xylazine test strips) and – when possible – laboratory- 
confirmed drug checking services, can be educational tools to highlight 
xylazine’s local prevalence and raise perceived vulnerability. Education 
should also center the unprecedented nature of xylazine’s risks – from 
recalcitrant wounds to atypical overdose reversals – to raise perceived 
severity. People with low self-efficacy for change can be offered 
achievable steps, like reduced use, different routes of administration, or 
balanced consumption of street drugs with medications like buprenor
phine or methadone. And while recovery is not and should not be a 
requisite endpoint of harm reduction services, the xylazine era presents 
a unique opportunity for practitioners to engage those whose motivation 
has peaked to start conversations about more elusive changes – 
including treatment.

We acknowledge an important ethical tension in our findings and 
recommendations. While we document that xylazine’s harmful effects 
motivated safer consumption practices among our participants, we do 
not suggest that maintaining a toxic drug supply is an acceptable harm 
reduction strategy. Nor do we condone reactive enforcement measures 
(e.g., reclassifying xylazine) or abrupt supply interventions that may 
increase harm through market destabilization, rebound consumption, 
and the emergence of more dangerous adulterants.

Instead, we support supply-side alternatives that respect the dignity 
and agency of people who use drugs while addressing the harms of an 
unpredictable, adulterated market. While all drug use carries inherent 
risks, these risks can be mitigated through appropriate regulation and 
access models—much as medical professionals do when prescribing and 
monitoring medications like fentanyl. The critical question is not 
whether drugs are inherently dangerous, but how their use is managed 
to optimize the balance of benefit and risk (Rieder, 2025). Policy in
terventions can range from more regulated models like heroin-assisted 
treatment programs, which have demonstrated success in reducing 
illicit drug use in Europe and Canada (McNair et al., 2023), to less 
restrictive approaches such as prescribed safer supply programs that 
provide pharmaceutical opioids through integrated medical or harm 
reduction settings (Ivsins et al., 2020; Klaire et al., 2022). These initia
tives recognize that many people will continue using drugs regardless of 

market conditions, and that access to a predictable, regulated supply can 
prevent the harms associated with toxic adulterants like xylazine. Rather 
than accepting a toxic supply as inevitable or relying on 
enforcement-based disruption, these models provide dignified alterna
tives that align with both public health goals and harm reduction prin
ciples. Expanding such programs along this continuum of regulation 
represents a critical long-term strategy for addressing not only the cur
rent xylazine crisis but future adulterant-related harms that will inevi
tably emerge in unregulated markets.

Our findings may not generalize to other geographic locations where 
the unregulated supply looks different, nor to people who do not access 
harm reduction. That almost all of our participants actively sought harm 
reduction services suggests that they may be more amenable to practice 
safer use in light of xylazine compared with other people who use drugs. 
Participants were also recruited from two sites that both offer on-site 
and lab-based drug checking, meaning they were possibly more sensi
tized to supply adulteration. Lack of demographic analysis also pre
cludes insights into the role of social identity in behavioral responses, 
particularly race and gender. Additionally, while participants focused on 
physical and psychological motivations for behavioral change, we did 
not systematically explore the economic and social dimensions that may 
influence responses to xylazine. Future research should examine how 
xylazine affects social relationships and drug-sharing networks, eco
nomic factors such as changes in drug purchasing patterns or costs 
associated with wound care, and how these social and economic con
siderations interact with health concerns to shape consumption 
decisions.

In addition to restricted generalizability, a limitation of this study is 
that we cannot assess whether the behavioral adaptations participants 
described will be sustained over time, particularly as tolerance develops 
or if market conditions change. Nor can we explain the sustained pro
liferation of an additive that customers strongly view as undesirable, 
though there are other ongoing examples (Shover et al., 2024). The 
presence of xylazine in the unregulated drug supply does not conform to 
our understanding of previous drug outbreaks, requiring more nuanced 
investigation.

Conclusion

Our findings should not be interpreted as endorsing xylazine’s 
presence in the drug supply. Rather, they underscore the resilience and 
agency of people who use drugs in adapting to dangerous market con
ditions and highlight the urgent need for interventions that support safer 
choices in unpredictable markets. The current moment demands bold 
harm reduction initiatives that address the immediate crisis of xylazine 
adulteration and the broader structural factors that create vulnerability 
to drug-related harm.
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disfiguring and lingering skin ulcers, a distinctive agitated withdrawal 
syndrome, and lack of approved antidote or withdrawal support medi
cations [14,15]. Ultimately, the limited pharmacological understanding 
of xylazine, in conjunction with the lack of an approved antidote, has 
hampered effective clinical responses to this emerging threat [16]. 

Despite having similar sedative effects, fentanyl and xylazine previ
ously have been thought to act on distinct G protein-coupled receptors 
(GPCRs). Xylazine purportedly acts on the alpha-2-adrenergic receptor 
(α2-AR) whereas fentanyl engages mu, kappa, and delta opioid receptors 
(µOR, κOR, δOR respectively). As xylazine has been increasingly found 
in the unregulated drug supply, there have been reports of worsened 
overdoses attributed to mixtures of fentanyl and xylazine [17–19]. A 
general assumption has been that due to the presence of xylazine, these 
overdoses are not as responsive to naloxone [10,20], an opioid receptor 
antagonist used to alleviate respiratory depression induced by opioids. 
Some evidence has indicated, however, that xylazine may also act on 

other receptors [21], though it has not been thoroughly tested in vitro 
nor in vivo until now. 

Preclinical veterinary research has largely focused on xylazine’s 
sedative effects in combination with ketamine [22,23], and few studies 
have investigated xylazine alone or in the context of reward learning 
[24–26]. Additionally, these studies did not account for locomotor ef
fects and the potential sedation induced by α2-AR agonists which could 
impede learning mechanisms in rodent models. Recently, Khatri et al. 
found that xylazine depressed fentanyl self-administration in male and 
female rats [27]. However, α2-AR agonists (e.g. clonidine), despite being 
commonly used to treat opioid withdrawal, may have reinforcing po
tential themselves [28–36]. Here, we sought to better understand the 
effects of xylazine alone and determine if it alters the 
fentanyl-withdrawal experience in both male and female C57BL/6J 
mice. 

Fig. 1. Effect of acute IP xylazine administration on locomotor activity. (A) Cumulative distance traveled, (B) % ambulatory time, and (C) average velocity of male 
and female mice administered saline or xylazine (0.5, 1.0, or 3.0 mg/kg). (D) Distance traveled, (E) % ambulatory time, and (F) velocity split into 30 min bins. (D-F) 
3-way ANOVAs (Time x Sex x Dose). 
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Results 

Identification of non-sedative doses of xylazine 

Few studies in mice have investigated the sedative effects of xylazine 
administered alone (i.e., without the addition of ketamine or other an
esthetics) [24]. Because sedation alters locomotor activity and learning, 
it is necessary to determine a non-sedative dose for use in behavioral 
experiments. Typically, a 10 mg/kg IP dose of xylazine is used with 
ketamine for anesthesia [22,23]. Previous studies have tested doses as 
low as 2.5–3 mg/kg IP [24,25] We tested a lower range of 0, 0.5, 1, and 3 
mg/kg xylazine on locomotor behaviors. We found that 3 mg/kg IP 
xylazine resulted in decreased distance traveled in both males and fe
males compared to saline (males: p < 0.0001; females: p 0.0003) and 
0.5 mg/kg (males: p 0.0011; females: p < 0.0001), and in females 
compared to 1 mg/kg (p 0.0006; Fig. 1A). A dose of 3 mg/kg IP also 
decreased the % ambulatory time compared to the other three doses in 
both males (3 vs. 0: p < 0.0001; 3 vs. 0.5: p < 0.0001; 3 vs. 1: p < 0.0001) 
and females (3 vs. 0: p < 0.0001; 3 vs. 0.5: p < 0.0001; 3 vs. 1: p <
0.0001; Fig. 1B). In males but not females, the 1 mg/kg dose decreased 
% time ambulating compared to saline (p 0.012; Fig. 1B). Addition
ally, none of the doses resulted in a significant reduction in the average 
velocity for either sex across the full 60 min trial, although there is a 
trend for interaction between sex and dosage (p 0.0915). 

Xylazine’s onset of action is estimated to be about 10–15 min and 
exploratory behavior naturally declines over time due to intrasession 
habituation. To examine the temporal effects of xylazine on locomotor 
activity, we further analyzed the data in both 30 min (Fig. 1D–F) and 10 
min time bins (Fig. S1). As expected, distance traveled, % time ambu
latory, and velocity generally declined across time for both male and 
female mice at all doses (male: F(3.439, 123.8) 86.89 p < 0.0001; female: 
F(3.878, 159.0) 82.40 p < 0.0001; Fig. S1A–C). Males and females 
differed in distance traveled and velocity (Fig 1D and F), possibly due to 
an interaction among time, sex, and dosage in the % ambulatory time 
(F(3, 77) 2.310 p 0.0829). Males were more sensitive to the sedative 
effects of xylazine as their locomotor activity took longer to recover to 
control levels compared to their female counterparts (S1 A-C). These 
data confirm that xylazine can exert sedative effects at doses as low as 1 
mg/kg in male mice and 3 mg/kg in female mice. Our results reveal sex 
differences in the time course and recovery from the sedative effects of 
xylazine. In subsequent experiments, we chose to proceed with 0.5 mg/ 
kg xylazine because it was non-sedative in all measures of both sexes 
(Fig. 1). 

Naloxone- and atipamezole-precipitated withdrawal 

Withdrawal from reinforcing substances is a critical component of 
the addiction cycle [37–39] and xylazine withdrawal has been reported 
to be particularly severe [14,15]. Previously, we and others have used 
repeated precipitated morphine withdrawal models to demonstrate that 
somatic symptoms exacerbate across withdrawal sessions and that 
interrupted opioid exposure drives behavioral and physiological corre
lates of addiction [40–45]. Our model emphasizes that the experience of 
exacerbated withdrawal from low to moderate doses of drug promotes 
physiological and behavioral adaptations. We have shown that this 
model results in sleep disturbances, and promotes long-lasting sex-de
pendent behavioral adaptations in both male and female mice over six 
weeks into forced abstinence [40,46]. Here we adapted our withdrawal 
model to fentanyl withdrawal and explored if fentanyl/xylazine 
co-administration would impact the development and severity of the 
withdrawal syndrome. We hypothesized that xylazine could potentiate 
withdrawal from fentanyl and thus we chose doses of fentanyl and 
xylazine that we did not anticipate would result in maximal withdrawal 
responsivity in an effort to capture potential synergism. Male and female 
mice were administered (IP) either saline (equivolume), fentanyl (0.1 
mg/kg), xylazine (0.5 mg/kg), or a coadministration of 

fentanyl/xylazine (0.1 and 0.5 mg/kg respectively). Two hours later, 
mice received an injection of either naloxone (1 mg/kg SC) or atipa
mezole (1 mg/kg SC, an α2-AR antagonist used by veterinarians to 
reverse xylazine anesthesia; Fig. 2A). We report our data both as z-scores 
(Fig. 2, S2) of withdrawal symptoms to eliminate the weighting of one 
symptom over others, and as individual behaviors (Fig. S7) 

Surprisingly, and in contrast to the conventional concept that 
‘xylazine is not affected by naloxone’, we found that female mice treated 
exclusively with xylazine demonstrated significant global somatic 
withdrawal scores (shown as z-scores, F(1,36) 10.80, p 0.0023, indi
vidual withdrawal behaviors Fig. S7 [47]) following naloxone admin
istration, which sensitized over three days (Fig. 2B and C). Indeed, 
across the 3-day paradigm, xylazine withdrawal was of equal severity to 
fentanyl withdrawal in females (Day 1: p > 0.9999, Day 2: p 0.9948, 
Day 3: p 0.9622; Fig. 2B). Compellingly, female mice showed the most 
exacerbated somatic withdrawal when fentanyl and xylazine were 
combined (Day 3: FX vs. F p 0.0925, FX vs. X p 0.0652, FX vs. S p <
0.0001; Fig. 2B). Male mice, however, demonstrated the highest with
drawal scores to fentanyl alone (Day 3: F vs. X p 0.0026, F vs. S p 
0.0002), and the fentanyl/xylazine coadministration did not alter the 
degree of withdrawal experienced (F vs. FX p 0.9948; Fig. 2). We also 
considered that the sexes and treatment groups might experience 
different types of somatic withdrawal symptoms. To assess this, we 
plotted the average z-score for each individual behavior on withdrawal 
day 3 (Fig. 2, individual scores Fig. S7). Interestingly, the most robust 
withdrawal symptom for both sexes observed was paw tremors in the 
fentanyl/xylazine coadministration group. Regardless, females exhibi
ted multiple withdrawal behaviors that were enhanced in the fenta
nyl/xylazine coadministration group as compared to either the fentanyl 
or xylazine groups. In both sexes, the addition of xylazine decreased the 
fecal boli count relative to the fentanyl group (Female FN vs XN p 
0.0258, Male FN vs. XN p 0.0028; Fig. 2C). Males displayed a more 
robust increase in escape jumps due to the fentanyl/xylazine coadmin
istration than females (Female FXN vs XN p 0.7992 and vs. SN p 
0.6186, Male FXN vs. XN or SN p 0.0160), but females saw increases in 
wet dog shakes and abnormal posture between fentanyl/xylazine and 
fentanyl (Female FN vs XN p 0.0258, Male FN vs. XN p 0.0028; 
Fig. 2C). 

We were surprised to observe that atipamezole was able to induce 
precipitated withdrawal behaviors from animals exposed to fentanyl 
alone although without significant sensitization across days (Males-Day 
1 vs Day 3: p 0.0829; Females-Day 1 vs. Day 3: p 0.2232). Females 
exhibited similar levels of withdrawal in fentanyl, xylazine, and fenta
nyl/xylazine groups in response to atipamezole (Fig. 2D). Males showed 
reduced atipamezole-induced withdrawal overall compared to females. 
Interestingly males responded similarly to xylazine and fentanyl (Day 3: 
p > 0.9999), but the coadministration of the two attenuated the effects. 
Finally, female mice, but not males showed withdrawal symptom 
sensitization to saline-atipamezole over the three days (Fig. 2D). 

These data indicate a hyposensitivity of males to xylazine compared 
to females (at this dose) and that female responses to fentanyl with
drawal can be enhanced by the addition of xylazine. Further, female 
mice exhibited increased sensitivity to the α2-AR antagonist in com
parison to males, indicating a sex difference in adrenergic systems. 
Importantly, the atipamezole data did not replicate the results we 
observed with naloxone (especially in female mice) suggesting that the 
naloxone mediated effects were not due to displacement of xylazine 
from α2-ARs. 

Male and female mice exhibit differential c-Fos expression following 
naloxone-precipitated withdrawal 

To begin to probe which brain regions may be differentially activated 
in the male and female mice following naloxone precipitated with
drawal, we focused on nodes that have been implicated in reward/habit, 
withdrawal related behaviors, negative reinforcement, and those that 
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contain norepinephrine or receive dense norepinephrine innervation 
[37]. 75–90 min following naloxone administration on the final day of 
withdrawal, mice were perfused for immunohistochemistry. Expression 
of the immediate early gene, c-Fos was indexed as a measure of activity 
[48,49]. We analyzed c-Fos levels in brain regions implicated in opioid 
use disorder that receive input from the locus coeruleus, one of the 
largest sources of noradrenaline in the brain[50]. Within the regions 
analyzed, significant differences between treatment groups were 
observed in the pontine locus coeruleus (LC) region, dorsal bed nucleus 
of the stria terminalis (dBNST), dorsal medial striatum (DMS), and 
lateral central nucleus of the amygdala (lCeA) in females, but only in the 
LC region, DMS, and basolateral amygdala (BLA) in males (Fig. 3). 

LC regional c-Fos expression was significantly higher in female mice 
that received fentanyl alone and xylazine alone compared to female 
mice that received saline (Fig. 3A). Intriguingly, male mice that received 
xylazine alone and the fentanyl/xylazine coadministration had signifi
cantly higher c-Fos expression than the male mice that received only 
fentanyl (Fig. 3A). In both sexes, the three treatment groups exhibited 
significantly higher c-Fos expression than the mice that received saline 
(Fig. 3). 

Female mice displayed significant c-Fos expression differences in a 
few additional regions of interest. In the dBNST, the female mice that 
received the coadministration had significantly higher c-Fos expression 
compared to the female mice that received fentanyl alone. Interestingly, 
no differences were observed between the saline mice and those that 
received xylazine, suggesting a dBNST effect that is driven primarily by 
fentanyl administration (Fig. 3A). Differences in c-Fos expression within 

the lCeA were also observed in female mice, wherein the coadminis
tration displayed significantly greater c-Fos expression than saline and 
xylazine groups. In the DMS, the coadministration resulted in increased 
c-Fos compared to all other female treatment groups and compared to 
the male coadministration group (Fig. 3A). 

In the BLA, males that received fentanyl alone displayed significantly 
greater c-Fos expression than those that received any other treatment 
and the coadministration group reduced c-Fos expression to saline levels 
(Fig. 3A). Fentanyl also increased c-Fos in the DMS of males compared to 
saline. 

Characterization of xylazine pharmacology 

Xylazine is canonically believed to be an α2-AR agonist, though its 
binding and functional activity at different receptors have not been 
systematically tested. Because our withdrawal data suggested that 
xylazine may be targeting other receptors we tested xylazine (10 µM) 
across a host of common drug targets for radioligand binding activities. 
Xylazine inhibits radioligand binding by 50 % or more at α2-ARs, as well 
as 5-HT7 serotonin receptor (5-HT7AR), kappa opioid receptor (κOR), 
sigma 1 receptor (σ1R), and sigma 2 receptors (σ2R) (Fig. S3). We also 
tested xylazine in the PRESTO-tango GPCRome screen for potential 
agonist activity at 320+ human GPCRs. These data indicated xylazine 
(10 µM) activates α2-ARs as expected, κOR as well as D2 dopamine re
ceptor (Fig. S4). These binding and functional results at the κOR were 
validated in additional assays. Xylazine was able to completely displace 
a radiolabeled κOR agonist 3H-U69593 with a submicromolar binding 

Fig. 2. Naloxone- and atipamezole-precipitated withdrawal. (A) 3-day precipitated withdrawal paradigm. Global scores are shown as average z-score ± SEM. (B) 
Average z-scores of female and male mice over three days of naloxone-precipitated withdrawal. (C) Heatmap of average z-scores on day three of withdrawal for 
individual behaviors. (D) Average z-scores of female and male mice over three days of atipamezole-precipitated withdrawal. (E) Heatmap of average z-scores on day 
three of atipamezole-precipitated withdrawal for individual behaviors. (B&D) 3-way ANOVAs (Day X Addition of Fentanyl X Addition of Xylazine) P = 0.05*, 0.01**, 
0.001***, 0.0001****. Main effects p-values and Tukey’s post-hoc shown in Fig. S2. (C&E) 2-way ANOVAs (Tx Group X Behavior) with Tukey’s post-hoc, P = 0.05 
where * (vs. saline), # (vs. fentanyl), @ (vs. fentanyl/xylazine), and $ (vs. xylazine). SN=saline-naloxone; FN=fentanyl-naloxone; FXN=fentanyl/xylazine-naloxone; 
XN=xylazine-naloxone; SA=saline-atipamezole; FA=fentanyl-atipamezole; FXA=fentanyl/xylazine-atipamezole; XA=xylazine-atipamezole. 
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affinity (Fig. 4A, pKi 6.33 ± 0.02, Ki 0.47 µM). Xylazine showed 
agonist activity only at the κOR, not the µOR or δOR opioid receptors as 
shown in concentration response curves (Fig. S4 D–F). A Gi-GloSensor 
assay demonstrated that xylazine acts as a full agonist at the κOR with 
a potency of 1.4 µM (pEC50 of 5.86) and was as efficacious (although less 
potent) as the naturally occurring κOR agonist, salvinorin A (Fig. 4C), as 
well as a full agonist with a potency of 34 nM at α2A-AR as expected 
(Fig. 4D: pEC50 of 7.47). The pKi values for all competition binding as
says can be found in Supplemental Table 1. Potency and efficacy values 
can be found in Supplemental Table 2. Xylazine was also screened 
against 97 human kinases in the KINOMEScan™ profiling assays 
(Eurofins) and results showed that at 10 uM it had little or no inhibitory 
activity at any tested kinases (supplementary excel sheet). 

The major metabolites of xylazine, 3-hydroxy- and 4-hydroxy- 
xylazine [51,52], were also tested for activity in GPCRome agonist ac
tivity screening, and at µOR, δOR, κOR, nociception receptor, and D2R 
(Figs. 4 and S4,5). Xylazine and both metabolites showed Gi agonist 
activity at κOR but not the other opioid receptors in these assays. 
3-hydroxy-xylazine was as efficacious, though less potent, as xylazine 

and salvinorin A. 4-hydroxy-xylazine was less efficacious at κOR overall. 
As these functional assays could over-estimate agonist activity due to the 
signal amplification nature of the assays, we turned to Bioluminescence 
Resonance Energy Transfer 2 (BRET2) assays (TRUPATH [53]) to 
identify potential bias activity among inhibitory G proteins (Gi1, GoA and 
Gz) and β-arrestin signaling pathways by xylazine and the metabolites. 
Xylazine and 3-hydroxy-xylazine showed similar activation of κOR, Gi1 
and GoA, Gz pathways while 4-hydroxy showed no activity (Fig. 4E, G, I). 
Xylazine, its metabolites, as well as other relevant adrenergic agonists 
exhibited agonist activity at α2A-AR Gi1, GoA, and Gz (Fig. 4F, H, J). 
Interestingly, xylazine and the metabolites showed no activity in 
ß-arrestin 1 (Fig. S5G) or ß-arrestin 2 recruitment (Fig. 4K). Xylazine and 
the metabolites also had minimal α2A-AR ß-arrestin 2 recruitment ac
tivity, though slightly more efficacious than at κOR (Fig. 4L). Impor
tantly, these are the first findings to our knowledge indicating xylazine 
and 3-hydroxy-xylazine are both G protein biased agonists at κOR and 
α2A-AR. 

Fig. 3. Quantification of c-Fos expression following naloxone-precipitated withdrawal. (A) Female and male c-Fos expression displayed as number of positive cells 
per mm2 in various regions of interest. (B) Representative images of female regions of interest. (C) Representative images of male regions of interests. (A) 2-way 
ANOVAs (Tx group X Sex) with Tukey’s post-hoc. P = 0.05*, 0.01**, 0.001***, 0.0001****. 
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Fig. 4. Xylazine acts as a G-protein biased agonist at κOR and α2A-AR. (A-B) Radioligand competitive binding assay confirms xylazine activity at κOR (A) and α2-AR 
(B), shown with known reference agonists. (C-D) Gi-GloSensor cAMP assays at κOR (C) and α2-AR (D). (E-L) TRUPATH BRET2 assays for Gi1 (κOR (E) and α2-AR (F)), 
GoA (κOR (G) and α2-AR (H)), Gz (κOR (I) and α2-AR (J)), and Barr2 (κOR (K) and α2-AR (L)). 
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Assessment of potential for therapeutic benefit of κOR-antagonism 

Following identification of xylazine as an agonist at the κOR, we 
tested the ability of the κOR-selective antagonist nor-binaltorphimine 
(nor-BNI) to mitigate withdrawal symptoms. Given nor-BNI’s long 
lasting effects due to receptor modification/inactivation [54–56], mice 
were injected with fentanyl, xylazine, the combination, or saline for 
three consecutive days. On the third day only, mice were injected with 
nor-BNI and withdrawal was scored for the next 10 min (Fig. 5A). There 
was a main effect of treatment group regardless of sex (F(3,112) 3.614, p 

0.0155; Fig. 5C). Additionally, there was a main effect of sex in which 
female mice exhibited increased withdrawal z-scores compared to males 
(F(1,112) 38.79, p < 0.0001; Fig. 5C). These differences were significant 
in the saline (p 0.0019), fentanyl (p 0.0004), and fentanyl/xylazine 
(p 0.0001) conditions, but only trending in the xylazine condition (p 
0.0988; Fig. 5C). Female fentanyl mice demonstrated a range of different 
withdrawal behaviors but exhibited increased instances of abnormal 
posture compared to the xylazine alone females (p 0.0262; Fig. 5D). 

Given the sex differences in nor-BNI-precipitated withdrawal, we 
also investigated the ability of nor-BNI to alter the naloxone-precipitated 
withdrawal experience (Fig. 5B). We hypothesized that pretreatment 
with nor-BNI 7-days prior to drug exposure might mitigate the severity 

of xylazine withdrawal we previously saw in female mice. Both sexes 
showed a main effect of day (Females: F(1.563, 26.56) 4.738, p 0.0242; 
Males: F (1.436, 25.85) 47.05, p < 0.0001), while males also showed an 
interaction of day and pretreatment group (F(2, 36) 3.823, p 0.0312; 
Fig. 5E). Surprisingly, female mice who received nor-BNI 7 days prior to 
the withdrawal paradigm had higher withdrawal z-scores by day 3 than 
mice who were pretreated with saline (p 0.0389; Fig. 5E). Despite 
showing cumulative differences in withdrawal z-scores, there were no 
post-hoc differences between pretreatments in specific behaviors 
(Fig. 5F). 

Discussion 

Cycles of drug exposure and withdrawal are critical to the develop
ment of substance use disorders [37,38]. The increase of xylazine in the 
North American drug supply in recent years prompts the need to un
derstand how xylazine may interact both alone and in conjunction with 
fentanyl to alter behavioral and physiological responses. Here, we report 
the first xylazine dose-response locomotor study in male and female 
mice as well as the first assessment of adrenergic- and opioid-receptor 
antagonist-precipitated withdrawal symptoms following, xylazine, fen
tanyl, and xylazine/fentanyl administration in mice. These experiments 

Fig. 5. Female mice exhibit increased responses to kOR antagonism. (A) nor-BNI-precipitated withdrawal paradigm. Mice received agonist injections for 3 days and 
nor-BNI 2 h later only on the 3rd day. (B) nor-BNI pretreated withdrawal paradigm. Mice received nor-BNI or saline 7 days prior to xylazine and naloxone- 
precipitated withdrawal. (C) Average z-score of nor-BNI precipitated withdrawal for female and male mice. 2-way ANOVA (Treatment Group X Sex) (D) Average 
z-score of nor-BNI pretreated naloxone withdrawal for individual behaviors. (E) Average z-score of nor-BNI pretreated naloxone withdrawal for female and male mice 
across 3 days. 2-way ANOVAs (Day X Pretreatment Condition). Tukey’s post-hoc Day 1 vs Day 3: P = P = 0.05+, 0.01++, 0.001+++, 0.0001++++. (F) Average z-score 
of nor-BNI pretreated naloxone withdrawal for individual behaviors on day 3. P = 0.05*, 0.01**, 0.001***, 0.0001****. Main effects p-values and Tukey’s post-hoc 
shown in Fig. S6. (D & F) 2-way ANOVAs (Tx Group X Behavior) with Tukey’s post-hoc, P = 0.05 where * (vs. saline), # (vs. fentanyl), @ (vs. fentanyl/xylazine), and 
$ (vs. xylazine). XN=xylazine-naloxone; SB=saline-nor-BNI; FB=fentanyl-nor-BNI; FXB=fentanyl/xylazine-nor-BNI; XB=xylazine-nor-BNI. 
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show that male and female mice are differentially sensitive to xylazine. 
We find female mice are less sensitive to the motor-suppressing effects of 
xylazine contrary to the recent findings in rats reported by Khatri et al. 
(2023), potentially due to their use of repeated dosing of xylazine or 
species differences [27]. Using a modified version of our 3-day precip
itated withdrawal model [40,41,46], we show xylazine is indeed 
responsive to naloxone, contrary to common assumptions made by both 
health professionals and in the media [7]. Both sexes exhibited some 
level of somatic withdrawal behaviors to xylazine and naloxone, though 
females showed sensitized behavioral responding. Indeed, females 
appear to be as sensitive, if not more sensitive to xylazine withdrawal 
than fentanyl withdrawal at tested doses, while males remain much 
more responsive to fentanyl withdrawal conditions. At the doses tested 
in our study, the effect of naloxone precipitated withdrawal on xylazi
ne/fentanyl combination was synergistic as compared to each drug in 
isolation. This was especially apparent when examining increased bouts 
of paw tremors, which may represent a more passive coping behavior 
that we have previously observed is sexually dimorphic in opioid 
withdrawal [41]. In contrast, we did not observe similar findings when 
withdrawal was precipitated by atipamezole, an α2-AR antagonist used 
anesthesia reversal in veterinary medicine. These intriguing findings led 
us to consider the possibility of direct xylazine activity on opioid re
ceptors. Previous studies have shown that xylazine is antinociceptive, 
results in a cross-tolerance to some mechanisms of opioid induced 
antinociception, and that these effects are naloxone-sensitive, but sur
prisingly not sensitive to the κOR selective antagonist nor-BNI [57–60]. 
Congruent with this data, we did not observe significant expression of 
withdrawal behavior to nor-BNI precipitated withdrawal, and pre
treatment with nor-BNI exacerbated naloxone precipitated withdrawal 
in female mice. Until now, xylazine was thought to exert these effects 
through promotion of endogenous opioid release and xylazine has not 
been directly tested as a potential opioid agonist. We are the first to 
report definitive evidence that xylazine acts as a full agonist at κOR and 
is biased towards G-protein signaling pathways. 

Xylazine has complex pharmacological targets 

The synergism of xylazine and fentanyl on withdrawal behavior in 
female mice is intriguing also, because we and others have previously 
shown that α2-ARs are subject to dysregulation by opioid administration 
[42,61]. As norepinephrine (NE) in the ventral noradrenergic bundle is 
critical for opioid reward learning [62], the activation of these critical 
circuits by both opioids and xylazine are targets for future experiments. 
These data, along with others [61,63], strongly suggest that there is 
extensive crosstalk between the α2-AR and opioid receptor systems [42]. 
Because of this, it is critical to understand how, and if, effects are 
compounded when agonists target both α2-AR and opioid receptors 
simultaneously. Indeed, recent studies examining hypoxia have 
demonstrated that combined treatment with atipamezole and naloxone 
reduces the prolonged oxygen deprivation induced by xylazine/fentanyl 
administration [64]. In contrast, only naloxone, and not the α2-AR 
antagonist yohimbine, prevented fatal overdose by the combination 
[65]. Furthermore, we identified that sigma receptors are also impacted 
by xylazine. These intracellular receptors are known to complex with 
both opioid receptors and the dopamine transporter. Understanding 
how sigma receptors may compound with κORs in critical brain circuits 
for reward and withdrawal will be important to understand the impact 
of xylazine on addictive behaviors. When we tested the ability of ati
pamezole to evoke somatic withdrawal behaviors akin to precipitated 
opioid withdrawal, we found that again females were more responsive 
this manipulation, even showing withdrawal sensitization over days to 
saline-atipamezole alone. Despite potential differences in responsivity, 
we found that neither sex was sedated or showed decreased ambulatory 
activity at the selected dose of 0.5 mg/kg xylazine. Given evidence in the 
human population that women experience exacerbated withdrawal 
symptoms [66], and that female rats self-administer higher levels of 

fentanyl [67], future studies should consider the influence of sex dif
ferences on adrenergic and opioid system interactions. 

Sex as a biological variable in adrenergic and opioid systems 

Both the adrenergic systems and the κOR system are known to have 
sex differences in rodent models [68–71]. In our study we found sex 
differences in locomotion, precipitated withdrawal behavior, and in 
immediate early gene activation by withdrawal. Female rats are less 
sensitive to the depressive effects, and show differential c-Fos activation 
in the dBNST to κOR agonism when compared with male rats [72]. Here 
we also found that withdrawal from fentanyl/xylazine coadministration 
increased c-Fos in the dBNST of female but not male mice. It would be 
interesting to know which cell types in the dBNST were activated by 
each of these treatments. In clinical reports, women tend to report 
enhanced analgesia from mixed κOR/µOR agonists, while rodent models 
show males with enhanced analgesia to κOR agonism [73,74]. These 
differences may be partially explained by the melanocortin 1 receptor 
gene and sex differences as related to α-melanocyte-stimulating-
hormone (α-MSH) release via κOR dependent mechanisms [75,76]. Here 
we demonstrated sex differences in responsivity to the κOR-antagonist, 
nor-BNI. Females showed significant withdrawal symptoms following 
nor-BNI injections under multiple treatment conditions, indicating an 
engagement of the kappa system that was not seen in males to the same 
degree. Pretreatment with nor-BNI resulted in exacerbated 
naloxone-precipitated withdrawal from xylazine in females, but not 
males. These results indicate that κOR-antagonism might be a beneficial 
addition to overdose and/or recovery treatments for some people, but 
could make withdrawal worse in others, promoting increased opioid 
administration due to negative reinforcement. Future studies will need 
to examine this circuitry with a more focused lens to determine the role 
of κOR and the adrenergic systems in mediating the response to fentanyl, 
xylazine and in combination. 

Contextualizing our findings in the current public health emergency 

Our findings carry important clinical and public health implications. 
Considering that xylazine is a full κOR agonist, we note two prominent 
historical and international examples of non-medical use of the κOR 
agonist pentazocine: the “Ts and Blues” (pentazocine and tripelenn
amine) outbreak in the midwestern United States from 1977 to 1981 
[77–79], and pentazocine injection in Nigeria [80] and India [81–84]. In 
both settings, characteristic skin lesions beyond the site of injection, 
eschar formation, and wound cratering were observed [85–90], with 
morphological similarity [91] to reports involving xylazine from Puerto 
Rico [92], the Philadelphia area [9,93], and New Haven, Connecticut 
[94]. κOR distribution in human skin has led to its study as a therapeutic 
target [95–97], suggesting new directions for research into wound eti
ology. Separately, withdrawal symptoms specific to pentazocine include 
heightened anxiety, agitation, and paranoia [98]; these are also cited by 
clinicians and people who use drugs to be distinguishing presentations of 
xylazine withdrawal, increasing the difficulty of initiating medication 
assisted therapy for opioid dependence [14,99,100]. Further in
vestigations are needed to establish if similarities to skin ulcers and 
withdrawal are coincidental or may be mediated in part by κOR. It is also 
worth noting that pentazocine, akin to xylazine, also targets sigma re
ceptors. In addition, existing human pharmaceutical κOR agonists 
(pentazocine, butorphanol, nalbuphine) could be investigated immedi
ately to alleviate xylazine withdrawal, which is difficult to manage in 
clinical settings [7]. Dexmedetomidine, another α2-AR agonist approved 
for human use for other indications in the United States, could logically 
be considered a candidate medication to be investigated for its poten
tialto manage xylazine withdrawal, although it would be considered 
off-label at the current time. (Note: we are not endorsing off-label use.) 
Current public health and harm reduction messaging makes claims that 
naloxone is ineffective in reversing the effects of xylazine [7,101]. This 
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is problematic because this messaging may lead people to not use 
naloxone in an overdose scenario when xylazine is suspected in 
conjunction with fentanyl. In mice, we found that xylazine is responsive 
to naloxone both in cases where xylazine is administered alone, and in 
combination with fentanyl. While our findings do not address if xylazine 
impacts opioid-induced respiratory depression, nor if the presence of 
xylazine mediates naloxone’s ability to rescue opioid-induced respira
tory depression, they do suggest that more nuanced health messaging is 
warranted in community-based naloxone distribution settings. 
Opioid-induced respiratory depression is thought to be due to activity at 
µOR [102]. Our current data suggest a lack of direct xylazine activity at 
µOR, however, it is possible that although it has no direct effect on 
opioid-induced respiratory depression, crosstalk between the two sys
tems or allosteric modulation of µOR might still play a role. The U.S. has 
seen a recent increase of overdose deaths in which xylazine was iden
tified as contributory to death [103]; however attribution of causation 
by medical examiners is inconsistent in practice, and many states do not 
assay for or report xylazine when present in overdose [18]. Our findings 
suggest the urgent need to understand the mechanisms by which xyla
zine may be implicated in opioid-related overdose, with implications for 
reporting by forensic medical toxicologists. Our work, and others, seeks 
to bridge the gap in translatability to continue to provide meaningful 
animal models of contaminants in the drug supply, providing physicians 
and regulatory agencies with data to make rapid and effective decisions 
for public health. 
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co-occurring with—and sometimes supplanting—fentanyl and 
other opioids in illicit drug markets [1–3].

There is an urgent need to identify and characterise new constit-
uents of the unregulated supply in a timely manner in order to 
inform harm reduction practice and policy. In particular, peo-
ple who use drugs should be adequately informed to assess the 
risk of substances they may knowingly or unknowingly ingest. 
Unfortunately, efforts to educate substance-using communities 
often fail to keep pace with supply trends, owing in part to the 
mercurial nature of drug markets and, as importantly, the in-
ertia of research dissemination pipelines [4, 5]. Xylazine pres-
ents one example: Although the adulterant had appeared in 38 
states by 2019, its association with severe skin ulceration was 
not reported in the research literature, to our knowledge, until 
2022 (cf. two studies identified skin ulcers as an adverse reaction 
shortly after xylazine's introduction to Puerto Rico in the late 
2000s) [6–9]. As laboratory-based drug checking becomes for-
malised as an accessible harm reduction strategy—and prolific 
data source—it is incumbent upon researchers to characterise 
new drugs of consumption before they saturate markets and 
cause preventable harm.

One emerging substance of concern is medetomidine, a racemic 
mixture of levo- and dex-medetomidine [10]. First identified in 
the unregulated supply in Maryland in mid-2022 [11], medeto-
midine, like xylazine, is a potent veterinary tranquilliser; unlike 
xylazine, its active enantiomer (dexmedetomidine, commonly 
delivered as injectable Precedex, Pfizer, New York, USA) is an 
FDA-approved α2-adrenergic agonist used as a sedative, analge-
sic and anxiolytic in humans. Dexmedetomidine is widely used 
in hospital settings because it is not a controlled substance and 
is also used in veterinary medicine and biopharmaceutical re-
search in animal models. Sublingual dexmedetomidine (Igalmi, 
BioXcel Therapeutics, New Haven, CT, USA) is additionally 
used in humans for management of agitation among adult pa-
tients with agitation due to schizophrenia or bipolar disorder.

Dexmedetomidine was developed to be a safer human sed-
ative due to its purported lack of respiratory depressive effect 

and increased selectivity for the alpha-adrenergic receptors. 
Interestingly, dexmedetomidine and xylazine were both devel-
oped in a cascade of medicinal chemistry attempts to improve on 
the sedative and addiction therapy potential of clonidine, an ear-
lier α2-adrenergic agonist [12]. Xylazine and dexmedetomidine 
have both been touted as selective α2-adrenergic agonists, but 
this has recently been refuted for xylazine [13, 14]. In fact, xyla-
zine has now been reported to have agonist activity at the kappa 
opioid receptor, 5-HT7 serotonin receptor, sigma 1 and 2 recep-
tors, as well as the 3 α2-adrenergic receptor subtypes [13, 14]. 
Current literature does not report any indications that dexmede-
tomidine is not selective for the alpha-adrenergic system.

Given the complexity of xylazine's pharmacology, and growing 
concerns about prospective harms of medetomidine to human 
health alone or in combination with opioids [15, 16], there is a 
need for further validation of medetomidine's profile of effects 
and its presentation in community settings. The purpose of this 
study, therefore, is to characterise medetomidine and reported 
effects using data from a national drug checking service.

1.1   |   Study Rationale and Hypothesis

In October–November 2024, our team attended two harm re-
duction programs in Pennsylvania and Michigan to conduct a 
qualitative study of naloxone administration and overdose re-
versal behaviours in people who use drugs [17]. Several inter-
view participants discussed a new constituent of the local drug 
supply, sometimes called ‘trippy dope’, that was described as 
inducing severe and troublesome visual hallucinations. These 
participants noted that ‘trippy dope’ was a relatively new phe-
nomenon, appearing within the previous several months. This 
timeline roughly aligned with the proliferation of medetomidine 
in drug checking samples from both states. In consultation with 
harm reduction partners at both programs, we therefore formu-
lated the following hypothesis:

Hypothesis.  Drug checking samples containing medetomi-
dine are more likely to include reports of hallucinations than sam-
ples not containing medetomidine.

2   |   Methods

2.1   |   Study Design and Data Source

We conducted a retrospective analysis using data from a pub-
lic drug checking service, the UNC Street Drug Analysis Lab. 
Analysis was restricted to samples with complete analysis by 
the lab between 7 December 2022, the first date of a positive 
medetomidine sample, and 11 April 2025, with at least one 
substance positively identified, comprising a total of 11,363 
samples. The dataset included qualitative sample composition 
profiles identified using gas chromatography mass spectrome-
try (GCMS); all detected substances were positively identified 
using reference standards. Participant-reported data included 
geographic location, collection method, expected substance 
and sample characteristics (sensations, colour and texture) re-
corded on a standardised data card filled out by program staff. 
Hallucinations were one of 12 closed-ended response options for 

Summary

•	 Medetomidine, a potent veterinary tranquilliser and 
human sedative, is emerging as a new adulterant in 
the unregulated drug supply in the United States.

•	 We analysed 11,363 drug samples through a national 
mail-based drug checking program from December 
2022 to April 2025.

•	 A total of 278 samples contained medetomidine, 
which commonly co-occurred with fentanyl (58.8%) 
and/or xylazine (55.9%).

•	 Samples containing medetomidine were 12 times as 
likely to include reported hallucinations than other 
samples; contradicting clinical expectations.

•	 Hallucinations may be one signal of medetomidine's 
presence in local markets; education is needed for peo-
ple who use drugs and providers about distinct pres-
entations of this adulterant.
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the sensation field on the data card and participants could ex-
pand on their selection(s) in a free text field (Appendix A) [18].

Because GCMS cannot distinguish between medetomidine 
and its individual enantiomers, the term medetomidine is used 
throughout this manuscript to refer to the compound as a whole.

2.2   |   Data Collection

Samples were submitted by health-serving organisations includ-
ing harm reduction programs, drug user unions, public health 
agencies and universities. Samples were collected as powders, 
pill fragments, swabs or used cottons, dissolved in acetonitrile 
solution and shipped to the drug checking lab with a prepaid 
return envelope. Sample collection and shipping followed estab-
lished harm reduction exemptions under state-controlled sub-
stance laws and federal regulations for small quantity hazardous 
materials.

Samples were prepared then analysed on a Thermo Scientific 
Q Exactive GC Orbitrap GC–MS System with a TriPlus RSH 
Autosampler with electron ionisation. Xcalibur Qual Browser 
Version 4.5.445.18 (ThermoFisher, Bremen, Germany) was used 
to analyse raw GCMS output. Substances were identified using 
mass spectral libraries and classified as ‘primary’ or ‘trace’ in 
abundance. Trace substances were defined as those with ≥ 5% 
peak height area relative to the most abundant substance. 
Complete lab analysis methods, including reference libraries, 
are described elsewhere [19].

2.3   |   Measures

The unit of analysis was a drug sample. The primary outcome 
was participant-reported hallucinations. The primary exposure 
of interest was the positive identification of medetomidine in 
abundance per sample.

2.4   |   Covariates

Substance covariates were selected using a model-driven ap-
proach: Substances were included if they were associated with 
both medetomidine presence and independently associated with 
hallucinations in preliminary bivariate analyses. Substances 
were then grouped based on pharmacological class and/or to 
address sparse data bias based on an a priori threshold of ≥ 5 
co-occurrences of hallucinations with medetomidine. Among 
410 unique substances identified in the dataset, 23 co-occurred 
with medetomidine in a reported hallucination. Only one sub-
stance (bromazolam, a benzodiazepine) was excluded, as it did 
not meet the a priori threshold and could not be grouped phar-
macologically. Substance covariates selected for the model were: 
xylazine, fentanyl, fentanyl precursors/impurities (4-ANPP, 
1,3-diacetin, despropionyl p-fulorofentanyl), other opioids (bu-
prenorphine, heroin, 6-monoacetylmorphine, N-phenethyl-
N-phenylpropionamide, p-fluorofentanyl), local anaesthetics 
(procaine, lidocaine, tetracaine, bupivacaine), stimulants (meth-
amphetamine, cocaine, caffeine) and nonpsychoactive fillers 
(quinine, acetaminophen, dimethyl sulfone, BTMPS).

Additional covariates were considered for the model using for-
ward variable selection and the quasi-information criterion. 
These variables were the number of substances per sample 
(including abundant and trace, to account for polysubstance 
complexity), region (Northeast, Midwest, South, West) and 
time (i.e., year). The number of substances and region improved 
model fit and were included. Year was excluded as only one 
medetomidine-associated hallucination occurred prior to 2024.

2.5   |   Statistical Analysis

We used generalised estimating equations with a log link and 
Poisson distribution to estimate adjusted prevalence ratios 
(aPR). The model accounted for clustering by county using an 
exchangeable correlation structure. All hypothesis tests were 
two-sided. Statistical significance was assessed at the p < 0.05 
level. Multicollinearity was assessed using variance inflation 
factors; no covariates exceeded a variance inflation factor of 5. 
All analyses were conducted in Python 3.10 using the statsmod-
els, pandas and mlxtend packages in a Deepnote environment.

2.6   |   Sensitivity Analysis

Participant-reported sensations were recorded on 52.2% of data 
cards. Because it was unclear whether blanks indicated the sub-
stance was not consumed, there was a lack of sensations, or the 
question was not asked, a sensitivity analysis was conducted, 
including only samples with any recorded sensations (halluci-
nations or otherwise).

2.7   |   Preregistration

The study protocol was preregistered at https://​osf.​io/​4agfx​.

3   |   Results

Between 7 December 2022 and 11 April 2025, 11,363 samples 
were analysed by GCMS. Primary collection methods were 
spatula (56.3%), swab (10.9%), pill (8.3%), scoop (5.4%) or cotton 
(3.8%). Medetomidine was identified in 278 samples (2.4%), in-
cluding 136 in primary abundance (1.2%). Pronounced growth 
in the prevalence of positive samples began around June 2024 
(Figure 1, xylazine as comparator molecule).

Medetomidine was identified in primary abundance in seven US 
states during the analysis period (New York, Pennsylvania, North 
Carolina, Michigan, Ohio, Florida, Virginia) (Appendix  B). 
Medetomidine-containing samples were most often white and 
in powder form (Table  1). Commonly endorsed sensations 
included ‘sedating’ (32.4%), ‘stronger’ (25.0%), ‘unpleasant’ 
(16.9%), ‘weird’ (13.2%) and ‘more down’ (11.0%). Sample donors 
most often expected samples to contain fentanyl (86.9%), xyla-
zine (42.3%) and/or heroin (23.1%).

Most medetomidine-positive samples also contained fentanyl 
(58.8%) and/or xylazine (55.9%) (Table 2). Including trace sub-
stances, GCMS identified a median of eight substances in 
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with schizophrenia [35, 36]. The potential for noradrenergic 
implication in medetomidine-induced hallucinations is clear 
but certainly requires more careful study.

It is also possible that hallucinations occur only at high doses. If 
illicit drug suppliers are replacing xylazine or supplementing fen-
tanyl with medetomidine, then many people who use drugs may 
be purchasing and ingesting supratherapeutic doses of medetomi-
dine, perhaps in amounts that are orders of magnitude greater than 
clinically indicated. As opioids and α2-adrenergic agonists exhibit 
cross-tolerance to sedation, it is possible that people who use fen-
tanyl are desensitised to sedation from medetomidine while still 
predisposed to other known or unknown adverse effects [37, 38]. 
Future studies should investigate how the pharmacology of mede-
tomidine might contribute to hallucinogenic effects, particularly 
given that reports of hallucinations associated with xylazine—a 
pharmacologically related adulterant—were rare in our sample.

Importantly, hallucinations were not reported in most mede-
tomidine samples, suggesting that pharmacology alone can-
not explain these adverse reactions. More research would 
be needed to determine how various factors contribute to 
differential risk, including individual characteristics (e.g., 
neurobiological vulnerability, substance use history) and/
or drug-related factors (e.g., drug–drug interactions, route of 
administration).

Although medetomidine can be identified by technicians using 
specialised equipment (e.g., GCMS, infrared absorption spec-
troscopy) or by harm reduction participants using test strips, 
these technologies are not readily available to every person who 
uses drugs. Sensation data may provide a useful proxy indica-
tor of drug adulteration in a constantly evolving unregulated 
supply. We found that hallucinations were reported in 17.6% 
of medetomidine-containing samples but only 1.2% of samples 
overall. Hallucination reports could be one sentinel signal of 
medetomidine's introduction into local markets, just as perva-
sive and enduring wounds, often of the extremities, are among 

TABLE 1    |    Characteristics of samples containing medetomidine in 
primary abundance (n = 136).

n (%)

Sensationsa

Sedating 44 (32.4)

Stronger 34 (25.0)

Hallucinations 24 (17.6)

Unpleasant 23 (16.9)

Weird 18 (13.2)

More down 15 (11.0)

Normal 8 (5.9)

Long 6 (4.4)

Weaker 5 (3.7)

Other 10 (7.4)

Unknown/not specified 40 (29.4)

Texturesa

Powder 116 (85.3)

Chunky 24 (17.6)

Dull 12 (8.8)

Flaky 9 (6.6)

Other 11 (8.1)

Unknown/not specified 17 (12.5)

Coloura

White 47 (34.6)

Brown 13 (9.6)

Tan 10 (7.4)

Grey 7 (5.1)

Blue 7 (5.1)

Other 22 (16.2)

Unknown/not specified 45 (33.1)

Expected substance(s)

Fentanyl 114 (83.8)

Xylazine 55 (40.4)

Heroin 31 (22.8)

Benzodiazepine 8 (5.9)

Ketamine 3 (2.2)

Medetomidine 3 (2.2)

BTMPS 2 (1.5)

Opioids (unspecified) 2 (1.5)

M30 1 (0.7)

(Continues)

n (%)

Nitazene 1 (0.7)

Crack cocaine 1 (0.7)

Procaine 1 (0.7)

Methamphetamine 1 (0.7)

Cocaine 1 (0.7)

Unknown/not specified 13 (9.6)

Region

Northeast 99 (72.8)

Midwest 20 (14.7)

South 17 (12.5)

West 0
aIncludes values with count ≥ 5.

TABLE 1    |    (Continued)
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the first indicators of xylazine adulteration in an area [3, 39, 40]. 
Zibbell et al. argued for ‘sensory discernment strategies’ during 
the market transition from heroin to fentanyl [41]. The authors 
found that people who use opioids were able to discern fen-
tanyl from heroin based on appearance, psychoactive effects 
(e.g., shorter time to withdrawal) and sensations (e.g., pins and 
needles) [41]. In the absence of drug checking technology, such 
inferential strategies may be necessary to keep people who use 
drugs educated about the potential presence of novel adulterants 
in local supplies.

Much remains unknown about the potential harms of medeto-
midine to the health of people who use drugs. Preliminary evi-
dence suggests that bradycardia and hypertension are common 
sequelae of street medetomidine consumption [10], and repeated 
use may lead to severe withdrawal symptoms, including tachy-
cardia, hypertension, agitation, tremor and vomiting [42, 43]. 
As with xylazine-adulterated fentanyl, medetomidine-involved 
overdoses and medetomidine-induced withdrawal may present 
with different symptoms than those involving opioids alone. 
And as with xylazine, it is still unclear how responsive mede-
tomidine will be to opioid overdose antagonists. Nonetheless, 
current clinical practice dictates naloxone should be adminis-
tered in any suspected opioid overdose in community settings, 
and rescue breathing should be especially emphasised where 
α2-adrenergic agonists may be involved [44]. Medical providers, 
first responders, harm reduction practitioners and people who 
use drugs should be educated about signs of medetomidine in-
volvement, as optimal responses to overdose and/or withdrawal 
may differ from fentanyl and other opioids [44].

Our study has some limitations. Findings pertaining to preva-
lence should be interpreted with caution. Samples are submitted 

TABLE 2    |    Co-occurring substances found in primary abundance in 
medetomidine-positive samples (n = 136).

Substancea n (%)

Fentanyl 80 (58.8)

Xylazine 76 (55.9)

4-ANPP 55 (40.4)

Procaine 55 (40.4)

Lidocaine 42 (30.9)

BTMPS 34 (25.0)

Caffeine 34 (25.0)

Heroin 30 (22.1)

Tetracaine 27 (19.9)

Acetaminophen 25 (18.4)

Diphenhydramine 16 (11.8)

6-monoacetylmorphine 12 (8.8)

Dimethyl sulfone 11 (8.1)

Bromazolam 9 (6.6)

Cocaine 8 (5.9)

Bupivacaine 8 (5.9)

Despropionyl p-fluorofentanyl 8 (5.9)

1,3-Diacetin 7 (5.1)

P-fluorofentanyl 7 (5.1)

Promethazine 6 (4.4)

Quinine 5 (3.7)

Methamphetamine 5 (3.7)

All others 35 (25.7)
aIncludes values with count ≥ 5.

TABLE 3    |    Measures of central tendency for number of unique 
substances identified per sample (N = 11,363).

Median 
(range) Mean (SD)

Including abundant substances only

Medetomidine-positive 
samples

5 (2–14) 5.38 (2.12)

Medetomidine-negative 
samples

2 (1–13) 2.34 (1.76)

Including trace and abundant substances

Medetomidine-positive 
samples

8 (2–17) 8.24 (2.89)

Medetomidine-negative 
samples

3 (1–19) 3.53 (2.92)

Note: p values for group comparisons were calculated using permutation tests 
(50,000 iterations) for median and mean differences. All comparisons yielded 
p < 0.001.

TABLE 4    |    Adjusted prevalence ratios of hallucination reports by 
sample characteristics.

Covariate aPR 95% CI

Substance(s)

Medetomidine 11.95* (6.36, 22.44)

Fentanyl 0.78 (0.48, 1.27)

Xylazine 1.41 (0.81, 2.45)

Nonpsychoactive fillers 0.41* (0.24, 0.70)

Local anaesthetics 1.59 (0.90, 2.79)

Other opioids 1.00 (0.56, 1.79)

Stimulants 0.76 (0.47, 1.22)

Fentanyl precursors/impurities 0.46* (0.22, 0.96)

Number of substances 0.96 (0.90, 1.02)

Region (Ref: West)

Northeast 2.02* (1.00, 4.08)

South 5.44* (2.94, 10.08)

Midwest 3.87* (1.72, 8.71)

Abbreviations: aPR, adjusted prevalence ratio; CI, confidence interval.
*p < 0.05.
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voluntarily, and it is possible that substances with unique ap-
pearances, tastes and/or sensations are more preferentially sub-
mitted for testing. The drug checking service also receives more 
samples from certain states (e.g., Washington, New York and 
North Carolina) than others (Appendix E); our results are not 
indicative of geographical trends. Sensations are presented as 
closed-response options on the sample data card and are likely 
inexhaustive. Relatedly, hallucinations are also not defined for 
participants, and so the construct validity of this variable is un-
clear, specifically the lack of detail on visual versus auditory hal-
lucination. However, notes on cards and common usage of the 
word hallucination in the context of our service users strongly 
favours semantic usage to mean visual hallucinations; several 
participants characterised reactions as visual hallucinations or 
psychedelic effects.

Our cross-sectional design precludes causal inferences about 
the relationship between medetomidine and hallucinations. 
The temporal relationship between substance use and reported 
effects cannot be confirmed from our data, and individual 
factors such as tolerance, concurrent substance use or un-
derlying medical conditions may influence the occurrence of 
hallucinations.

Regarding laboratory analysis, quantitative results are not avail-
able, and the threshold for primary abundance (≥ 5% peak) may 
have influenced results. Relatedly, our model cannot account 
for the dosage of drug consumed by sample donors. Finally, it 
cannot be inferred from GCMS alone whether positive sam-
ples contained a racemic mixture of medetomidine or its ac-
tive enantiomer, dexmedetomidine. An answer to this question 
will be necessary to determine whether hallucinations are an 
under-described sequela of dexmedetomidine administration, or 
whether these findings present insight into the human impacts 
of veterinary formulations.

5   |   Conclusion

In this study, we describe characteristics of a novel α2-adrenergic 
agonist in the unregulated drug supply in the United States. 
We find that medetomidine is significantly associated with re-
ported hallucinations, a finding at odds with clinical and phar-
macological expectations. Hallucinogenic effects, along with 
the sedation typical of α2-adrenergic agonists, may be unique 
signals of trends in local markets toward medetomidine adul-
teration. Resources permitting, harm reduction providers and 
participants should continue to use drug checking technologies 
to empower informed consumption decisions, and medical pro-
viders should remain alert to the presentation of medetomidine-
involved overdose and withdrawal as more is learned about this 
new adulterant.
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Appendix C

Sensitivity Model

Covariate aPR 95% CI

Substance(s)

Medetomidine 9.11* (4.81, 17.23)

Fentanyl 0.75 (0.48, 1.17)

Xylazine 1.25 (0.74, 2.10)

Nonpsychoactive fillers 0.37* (0.21, 0.65)

Local anaesthetics 1.49 (0.87, 2.57)

Other opioids 0.96 (0.55, 1.67)

Stimulants 0.67 (0.41, 1.10)

Fentanyl precursors/impurities 0.44* (0.21, 0.93)

Number of substances 0.95 (0.89, 1.01)

Region (Ref: West)

Northeast 1.97 (0.91, 4.28)

South 3.57* (2.07, 6.17)

Midwest 3.10* (1.55, 6.23)

Abbreviations: aPR, adjusted prevalence ratios; CI, confidence interval.
* p < 0.05.

Appendix D

Free Text Sensation Descriptions in Samples With 
Medetomidine in Primary Abundance

	 1.	 Made dizzy and felt weird like not right for dope feelings

	 2.	 [Blank]

	 3.	 Paralysis, doesn't seem like opioid

	 4.	 Person was very tired for days, trippie like DMT; incoherent for 
hours. was with several peers and they all were very scared

	 5.	 Bad

	 6.	 Like being really drunk + speedy, auditory and visual hallucina-
tions then pass out

	 7.	 Knocked out

	 8.	 Very strong

	 9.	 Lethargic, dissociative seeming, long lasting down

	 10.	 Burned when injecting, black out

	 11.	 Sleepy

	 12.	 Numb lips and hands anxiety, heart rate up, chest hurt

	 13.	 Head tingle, low blood pressure, upset diarrhoea, restless legs 
(body), headache

	 14.	 Dissociative, tranq

	 15.	 Felt like a bad anxiety attack

	 16.	 Weird

	 17.	 Lots of sweating

	 18.	 Less opioid, more tired, knocked out

	 19.	 Visual hallucinations then passed out quickly

	 20.	 Trippy

	 21.	 Foggy, rooted in place

	 22.	 Bad reaction

	 23.	 Tranq/hallucinate, weakness

	 24.	 After 15 min hits hard. Vivid nightmares for 8 h

	 25.	 Fainting, shortness of breath, paralysis, hearing in and out

	 26.	 Blood pressure spiked

	 27.	 Shitty

	 28.	 DK

	 29.	 High lasted 24 h., out of it, felt psychedelic

	 30.	 Head is in the dirt

	 31.	 Knocking people out

	 32.	 Odd smell, heavily sedating

	 33.	 Unusual. Hallucinations when sniffed

	 34.	 Heavy sedation, no rush

	 35.	 Stroke like symptoms

	 36.	 Nausea, dizziness, sweat, intense hallucinations. Did not feel 
like opiate
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Appendix E

Summary of Coverage of UNC Drug Checking Services

State Programs Samples Counties Earliest sample Latest sample

Washington 14 3946 13 17-Nov-22 5-May-25

New York 29 2058 44 27-Jan-22 2-May-25

North Carolina 43 1600 56 26-Jan-22 5-May-25

Michigan 8 913 15 11-Oct-22 29-Apr-25

California 17 800 13 9-Jan-23 5-May-25

Oregon 5 623 8 30-Aug-22 30-Apr-25

Colorado 4 589 5 19-Jul-23 5-May-25

New Mexico 6 433 11 22-Nov-22 5-May-25

Pennsylvania 9 321 10 11-Feb-22 22-Apr-25

Florida 10 261 15 7-Jun-23 30-Apr-25

Texas 7 180 13 27-May-22 28-Apr-25

Ohio 9 147 10 3-Jan-23 22-Apr-25

Tennessee 6 141 13 17-Jul-22 9-May-24

Wisconsin 6 124 8 18-Apr-23 28-Apr-25

Minnesota 1 74 4 6-Nov-24 2-May-25

Virginia 5 52 3 21-Apr-23 25-Apr-25

Maine 3 46 5 3-Feb-23 28-Apr-25

Arizona 6 44 6 18-Jul-22 3-Apr-24

Nevada 1 35 1 26-Jan-23 29-Apr-25

South Carolina 7 24 4 11-Feb-22 11-Oct-24

Indiana 2 24 5 16-Mar-23 24-Jul-24

Georgia 7 14 6 21-Apr-22 14-Apr-25

Massachusetts 4 14 4 28-Aug-23 15-Nov-24

Illinois 3 13 1 27-Mar-23 2-May-25

New Jersey 3 9 3 12-Jun-23 6-Feb-25

Missouri 1 8 1 27-Aug-24 10-Mar-25

Connecticut 1 8 2 28-Aug-23 7-Nov-24

Alabama 1 5 1 26-Aug-24 26-Aug-24

Hawaii 1 5 1 28-Apr-25 28-Apr-25

Montana 2 4 2 28-Nov-22 4-Feb-25

Delaware 1 4 1 20-Aug-24 22-Aug-24

Oklahoma 1 3 2 17-Jul-23 8-Sep-23

District of Columbia 1 2 1 1-May-25 2-May-25

Mississippi 1 2 1 23-Apr-23 23-Apr-23

Vermont 1 2 1 25-Feb-25 25-Feb-25

West Virginia 1 2 1 21-Apr-23 21-Apr-23

Kentucky 1 1 1 28-Oct-24 28-Oct-24

New Hampshire 1 1 1 19-Feb-25 19-Feb-25

Idaho 1 1 1 3-Jan-24 3-Jan-24

Louisiana 1 1 1 10-Nov-23 10-Nov-23

Rhode Island 1 1 1 21-Apr-23 21-Apr-23
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toxicology results and scene examination with varying and often limited 
contribution from autopsy and medical records (Cina et al., 2011). 
Distinguishing drug toxicity from other causes of death may be impos
sible in some cases, particularly when decedents have multiple comor
bidities (Merlin et al., 2022), and overdose is often a “diagnosis of 
exclusion” (Merlin et al., 2022). Moreover, these data provide limited 
insight into the dose or context of drug use.

As health professionals seek to reduce mortality from stimulant use, 
labeling these deaths “overdoses” may distract from the role of chronic 
disease and poverty and lead away from effective interventions. We 
developed a new method for characterizing deaths attributed to acute 
stimulant toxicity through review of medical examiner case narratives 
and medical records, with a focus on the socio-spatial context of the 
deaths, evidence of recent street drug use, and likely mechanism of 
death. We applied our method to 101 stimulant-associated deaths from a 
mixed methods study of stimulant deaths (Antolin Muniz et al., 2025) 
and used the results to generate hypotheses for further investigation.

2. Methods

2.1. Sample and data collection

We used data from a parent study of unintentional deaths attributed 
to acute cocaine or methamphetamine toxicity, which combined infor
mant interviews with review of medical examiner case narratives and 
medical records to explore factors associated with deaths attributed to 
acute stimulant toxicity. The parent study included a non-random 
sample of decedents identified through record review of the California 
Electronic Death Registry System (CA-EDRS) and the San Francisco 
Office of the Chief Medical Examiner (OCME) (Antolin Muniz et al., 
2025). The sample intentionally included 70 deaths involving stimulants 
without opioids (“stimulant-no-opioid") and 31 deaths involving stim
ulants and fentanyl (“stimulant-fentanyl”) that occurred from June 2022 
through December 2023. The parent study sought an even split between 
deaths attributed to cocaine and to methamphetamine: 
stimulant-no-opioid cases included 35 deaths attributed to cocaine, 32 
to methamphetamine, and three to both; stimulant-fentanyl cases 
included 12 deaths attributed to cocaine, 15 to methamphetamine, and 
four to both.

The study was approved by the University of California San Fran
cisco, Human Research Protection Program (#21–35305) and the State 
of California Health and Human Services Agency Committee for the 
Protection of Human Subjects (#2022–091).

2.2. Socio-spatial characteristics

Using the framework of reflexive thematic analysis (Braun and 
Clarke, 2006), case narratives were reviewed and coded for themes 
related to the social and physical contexts of death. Coding was per
formed by the study RN and physician (authors FB and POC), both of 
whom have training in qualitative analysis, with both blinded to which 
drugs the deaths were attributed. Coding was carried out iteratively 
until a set of stable thematic codes emerged, with coders meeting to 
discuss codes until consensus was reached. These codes were used to 
create five measures (Table 1) which were reviewed and discussed with 
co-authors, refined, and arranged in a nested categorization system 
(Fig. 1).

2.3. Recent use of street drugs

Evidence of recent street drug use was analyzed separately for wit
nessed and unwitnessed deaths. For unwitnessed deaths, evidence was 
coded as present if the case narrative indicated possible street drugs (e.g. 
white powder, crystal substance) or associated equipment (e.g. glass 
pipes, syringes) found at the scene of death, excluding alcohol, tobacco, 
and cannabis products. For witnessed deaths, evidence was coded as 

present if the case narrative indicated that the decedent was seen using 
opioids, stimulants, or unspecified drugs in the period immediately prior 
to the medical emergency resulting in death (approximately one hour).

2.4. Mechanism of death

Although all deaths in the sample had acute stimulant toxicity listed 
as a cause of death, we sought to determine the likely physiological 
mechanism of the event resulting in death. We could only assess this if 
there was information about the nature of the event, limiting analysis to 
witnessed deaths. Case narratives and medical records were reviewed by 
the study team physician (POC) to determine the likely mechanism of 
death, coded as cardiovascular, cerebrovascular, respiratory, or uncer
tain/other. If a clear mechanism was not described in the case narrative 
and medical records, we coded the event as follows: cardiac if the 
decedent experienced a sudden collapse after vigorous activity or signs 
of cardiovascular distress (e.g. clutching chest); respiratory if the dece
dent was described as having ceased breathing after using drugs without 
signs of cardiovascular distress; and uncertain in all other cases.

2.5. Analysis

We calculated frequencies and proportions of sociodemographic and 
socio-spatial characteristics of death, evidence of substance use, and 
mechanism of death. For age, which was continuous and skewed, we 
calculated a median and interquartile range (IQR). We presented results 
overall and separately for stimulant-no-opioid and stimulant-fentanyl 
deaths.

3. Results

3.1. Demographics

The median age of decedents was 58 (IQR: 47–61); 44 % were White 
and 36 % Black; 69 % were unhoused or marginally housed (Table 2). 
Most decedents (75 %) were classified as male.

Table 1 
Socio-spatial death characterization codes.

Variable Levels

Presence of witnesses Witnessed: event (e.g., collapse, loss of 
consciousness, physical distress) was observed in 
real time by other people
Unwitnessed: event was not seen in real time (e.g., 
no evidence of potential witnesses present, or 
potential witnesses did not observe event)

Location of death Public: visible and accessible to passersby (e.g., 
street, lobby, parked car)
Private: not visible and not accessible to passersby 
(e.g., residence, hotel room)

Time since decedent was 
seen prior to eventa

≤ 12 hours
> 12 hours

Person who discovered 
decedent

Family/friend: person with a personal relationship 
with the decedent (e.g. roommate, partner, family 
member)
Staff: person acting in a professional role (e.g. 
healthcare worker, housing staff)
Bystander: person with no relationship to the 
decedent

Disposition of decedent 
when found

Found dead: decedent was clearly beyond 
resuscitative efforts when found
Declared at scene: resuscitation was attempted but 
ceased and death was declared at scene
Transported: transportation was initiated before 
death was declared (e.g., declared in ambulance, 
emergency department, or hospital inpatient unit)

a 12 hours was chosen for cutoff as decedents seen within 12 hours were 
generally using drugs within a social context while decedents who had not been 
seen for greater than 12 hours generally had not been seen for multiple days.
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3.2. Sociospatial characteristics of deaths

Of 101 deaths, 85 were unwitnessed, including 80 % (56) of 
stimulant-no-opioid and 94 % (29) of stimulant-fentanyl deaths; 68 % of 
all deaths occurred unwitnessed in private spaces (Fig. 2) and none of 
these decedents were resuscitated on scene or found by bystanders 
(Fig. 3). In over half (52 %) of all deaths, the decedent was found dead 
beyond resuscitative efforts in a private space after not being seen for 
more than 12 hours.

3.3. Evidence of drug use prior to death

Information on scene evidence of drug use was available for 83 of the 
85 unwitnessed deaths. Of these cases, evidence was found for 36 (65 %) 
of 55 stimulant-no-opioid deaths and 25 (89 %) of 28 stimulant-fentanyl 
deaths.

Of the two witnessed stimulant-fentanyl deaths, one occurred 
immediately after the decedent injected a brown substance and stopped 
breathing. The other had minimal information about the scene of the 
event; the patient was transported to the hospital and died after a three- 
month intensive care unit stay. Among the 14 witnessed stimulant-no- 
opioid deaths, 13 (93 %) did not involve drug use leading up to the 
event (e.g., decedent collapsed while grocery shopping or during an 
argument); in one case the decedent smoked from a glass pipe imme
diately before collapsing.

3.4. Mechanism of death

For the 16 witnessed deaths, 10 of the collapses (all stimulant-no- 
opioid) were likely cardiac, two (both stimulant-no-opioid) were cere
brovascular accidents, one (stimulant-fentanyl) was likely respiratory, 
and three (two stimulant-no-opioid, one stimulant-fentanyl) lacked 
sufficient detail for determination.

4. Discussion

Through iterative analysis of medical examiner case narratives and 
medical records, we developed a system for characterizing deaths 
attributed to acute stimulant toxicity, applied this to a small sample of 
deaths, and developed three hypotheses for further investigation. First, 
most deaths attributed to acute stimulant toxicity occur in physically 
and socially isolated contexts where bystander response (e.g. with CPR 
or hypothetical reversal agents) would not be available, likely limiting 
the utility of such interventions. Second, there was limited evidence of 
recent street drug use among stimulant-no-opioid deaths, suggesting 

Fig. 1. Nested death categorization system All deaths were characterized by disposition of decedent when found; unwitnessed deaths were additionally categorized 
by public vs. private location of death. Deaths occurring in private were coded by time elapsed since decedent was last seen alive; decedents not seen within 12 hours 
were also coded by who found the body.

Table 2 
Sociodemographic Characteristics of Decedents from Acute Cocaine or Stimu
lant Toxicity in San Francisco, June 2022-December 2023 (N = 101) % (n).

All deaths 
(n 101)

Stimulant-no- 
opioid (n 70)

Stimulant-Fentanyl 
(n 31)

Age 58 (median), IQR 
47–61

58 (median), IQR 
52–61

50 (median), IQR 
43–59

Sexa ​ ​ ​
Female 25 (25 %) 16 (23 %) 9 (29 %)
Male 76 (75 %) 54 (77 %) 22 (71 %)
Race/ethnicity ​ ​ ​
Black 36 (36 %) 29 (41 %) 7 (23 %)
White 44 (44 %) 28 (40 %) 16 (52 %)
Hispanic/Latine 14 (14 %) 7 (10 %) 7 (23 %)
Asian/Pacific 

Islander
4 (4 %) 4 (6 %) 0 (0 %)

Multiracial 3 (3 %) 2 (3 %) 1 (3 %)
Housing statusb ​ ​ ​
Unhoused 20 (20 %) 12 (17 %) 8 (26 %)
Marginally 

housed
49 (49 %) 37 (53 %) 12 (39 %)

Stably housed 32 (32 %) 21 (30 %) 11 (35 %)

a Sex was determined post-mortem and may represent sex assigned at birth or 
gender at time of death.

b Unhoused includes living on streets or in a vehicle. Marginally housed in
cludes temporary housing (e.g. hotel, halfway house). Stably housed implies 
owning or renting one’s own place, living in an adult residential facility, or 
staying with family.
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that many of these may not be driven by acute toxicity, but instead be 
the result of chronic disease contributed to by substance use. Third, 
stimulant-fentanyl deaths were generally unwitnessed and had more 
evidence suggesting recent drug use, and thus may be primarily attrib
utable to fentanyl.

The deaths in our sample were characterized by marked social and 
physical isolation: 69 of 101 deaths occurred in private spaces without 
witnesses. In 53 of 101 deaths, over 12 hours had elapsed since the 
decedent was last seen; 33 of these decedents were found by pro
fessionals such as building staff or case managers rather than by family 
or friends. A typical case report for these deaths would be a body found 
decomposing in a public housing unit during a wellness check after the 
person had not been seen for several days. Even if the mechanism of 
death could be addressed by bystanders, the majority of these deaths had 
no opportunity for bystander intervention.

Two of 31 (6 %) stimulant-fentanyl deaths were witnessed, 
compared to 14 of 71 (20 %) stimulant-no-opioid deaths. Given that 
witnessed opioid overdoses should have a mortality rate under 1 % 
(McDonald and Strang, 2016), and possibly lower in a city with ready 
access to overdose prevention services, the low rate of 
stimulant-fentanyl deaths being witnessed is not surprising if those 

events resulted from opioid-induced respiratory depression. In contrast, 
out-of-hospital cardiac arrest, a likely etiology for stimulant-no-opioid 
deaths (Turner et al., 2018; Riley et al., 2022), has a mortality rate 
approaching 90 % (Tsao et al., 2022). The presence of witnesses would 
thus be less protective against death and could account for the finding of 
more witnessed stimulant-no-opioid deaths. These findings suggest that 
stimulant-fentanyl deaths should be considered as different from 
stimulant-no-opioid deaths.

If the deaths we studied were due to a common understanding of the 
term “overdose”, we would expect to find evidence of drug use shortly 
prior to the event resulting in death. While the one witnessed stimulant- 
fentanyl death with details about the event had such evidence, only 1 
out of 14 witnessed stimulant-no-opioid deaths involved a report of 
witnessed drug use shortly preceding collapse. For the 83 unwitnessed 
deaths where information on scene drug evidence was available, evi
dence was more often present for stimulant-fentanyl (89 %) than 
stimulant-no-opioid deaths (65 %), suggesting that some stimulant-no- 
opioid deaths may not have been immediately preceded by drug use. 
Toxicology results imply some recency of use but remain positive for 
hours for cocaine and days for methamphetamine. If deaths attributed to 
acute stimulant toxicity were not immediately preceded by stimulant 

Fig. 2. Spatial contexts of deaths attributed to stimulants among decedents in a psychological autopsy study by fentanyl involvement (N = 101). Witnessed deaths 
include events that occurred in public and private spaces; unwitnessed deaths are shown broken down by public vs. private.

Fig. 3. Social contexts of deaths attributed to stimulants among decedents in a psychological autopsy study by fentanyl involvement (N = 69). Recently seen de
cedents were seen within 12 hours of death; decedents not recently seen are shown broken down by who found the body.
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use, hypothetical stimulant reversal agents (analogous to naloxone) 
would have no role in prevention. Instead, preventing stimulant-no- 
opioid deaths would demand attention to prevention and management 
of chronic cardiovascular and related diseases (Riley et al., 2022).

This study has several limitations. First, our work was exploratory 
with a small sample size and should be considered hypothesis- 
generating. Second, our sample was drawn from a parent study in 
which each decedent had at least one informant who was successfully 
interviewed, implying that the marked social isolation we observed may 
be an underestimate. Finally, our coding of recency of street drug use 
relied upon witness reports and scene evidence. Witness reports were 
likely specific for recent use, but may have been insensitive as decedents 
may have used drugs out of view; scene evidence may have been sen
sitive for recent street drug use, but less specific as the presence of a drug 
or associated supplies would not necessarily imply recent use. None
theless, these data were readily available from case narratives, and the 
consistent finding in both sets of data suggests that these proxies were 
informative.

5. Conclusion

We developed an approach to analyzing medical examiner case 
narratives that provides insight into the nature of deaths attributed to 
acute stimulant toxicity and the viability of interventions. In our pilot 
sample, such deaths often occurred alone in isolated settings, often 
without evidence of recent drug use, and in many cases may more 
appropriately be considered sequelae of chronic disease. In contrast to 
deaths involving opioids, which may be prevented by bystander over
dose response strategies, preventing stimulant-no-opioid deaths may 
require upstream interventions to address chronic disease, poverty, and 
social isolation. Application of this approach to a larger dataset, 
including other opioid deaths, would be valuable to inform public health 
interventions targeting acute drug toxicity.
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