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Abstract

Purpose of Review The opioid epidemic has been responsible for significant morbidity and mortality in the USA and world-
wide. As a result, it is essential to recognize the threat these potent drugs can cause when illicitly used. Specifically, introduc-
ing fentanyl as a drug adulterant has been shown to impact overdose rates drastically. In this regard, the Drug Enforcement
Agency recently released a public safety alert announcing the new threat of a new adulterant called xylazine. Xylazine is a
powerful animal sedative with a different mechanism of action when compared to illicit opioids such as heroin and fentanyl.
Xylazine is typically injected intravenously via a syringe, often in combination with multiple other drugs. One of the most
common drugs, xylazine, is taken in combination with fentanyl, with users of this drug combination describing xylazine as
prolonging the euphoric sensation produced by fentanyl.

Recent Findings Xylazine may cause adverse effects such as bradycardia, brief hypertension followed by hypotension, pre-
mature ventricular contractions, ataxia, slurred speech, sedation, and respiratory depression. Much of the recent literature
on xylazine use in humans comes from case reports and review articles.

Summary Related to widespread use in veterinary medicine and increasing circulation in illicit drug markets, there is a
critical need for public awareness and additional clinical-based studies to further increase understanding of mediated or
modulated pharmacological effects of xylazine in humans. Further research is urgently needed to more clearly understand
the implications of unregulated xylazine in the illicit drug market, to formulate public health interventions, and to implement
harm reduction strategies.
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Introduction

Drug adulteration is when an illicit drug is contaminated with
other substances to increase monetary gain [1]. It is becoming
an increasingly concerning topic related to opioids as drug
overdose mortality has significantly increased [2]. The opi-
oid epidemic has been responsible for significant morbidity
and mortality. Thus, it is vital to appreciate potential threats
that these drugs can cause when illicitly used. Specifically,
introducing fentanyl as a drug adulterant has been shown to
impact overdose drastically. According to the Drug Enforce-
ment Agency (DEA) National Forensic Library Information
System data, fentanyl was widely introduced into the illegal
drug market starting in 2013, with an exponential increase in
fentanyl encounters from drugs confiscated by law enforce-
ment [3]. Since then, overdose numbers have increased from
40,000 to 106,699 deaths reported in 2021 [2]. There was a
reported fourfold increase between 1999 and 2008 in over-
dose deaths [4]. Governmental regulations have aimed to
safeguard society from opioid misuse [5]. Recently, the DEA
released a public safety alert announcing the new threat of a
new adulterant called xylazine [6]. The DEA announced that
they had seized xylazine and fentanyl mixtures in 48 of the
50 states. Additionally, the DEA Laboratory System reports
that of the fentanyl seized in 2022, 23% of fentanyl powder
contained xylazine, while 7% of fentanyl pills were also con-
taminated with xylazine [6].

Xylazine is a powerful animal sedative with a different
mechanism of action when compared to illicit opioids such
as heroin and fentanyl. However, there is no reversal agent
for xylazine as opposed to the opioid antagonist naloxone
for acute opioid overdose treatment. Although there is still
no recognized use for xylazine in humans, there has been
some discussion regarding the role of xylazine in overdose
mortalities. Some arguments include that because xylazine
is included as an adulterant, there is less fentanyl, which may
protect from overdose death [7]. Contrarily, others say that
because both drugs alone contain similar adverse effect pro-
files, xylazine, as an adulterant with fentanyl, illicit additive,
and/or synergistic adverse effects and, therefore, is more
responsible for subsequent overdose death [7].

Overdose fatalities involving xylazine have increased by
an astounding 1200%. The fatality increase is significant but
may be inflated related to a severe lack of uniform screening
for the drug by medical examiners. Adverse effects of xyla-
zine in humans can affect breathing, decrease heart rate, and
cause severe skin abscesses and ulcers, which may progress
to infection, necrosis, and even amputation [7]. Xylazine has
also been reported to be addictive, with reports of severe
withdrawals, including distress and anxiety. The present
investigation, therefore, is a narrative review of drug adul-
terants, xylazine, and clinical adverse effects.
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History of Drug Adulterants and Overdose

Drug overdose has become an increasingly significant prob-
lem in the USA in recent years. In 2020 alone, there were
over 80,000 deaths attributed to overdose on one or more
drugs. As a result, this represented a 622% increase com-
pared to drug overdose rates in 2000 [8]. The drugs most
commonly involved in deaths related to overdose are syn-
thetic opioids, including fentanyl, heroin, and methadone
[9]. People often overdose on opioids because of adulter-
ants in the ingested drug [10]. An adulterant in a drug is a
pharmacologically active compound that substitutes another
drug. The adulterants may be used to increase the effect of
another drug, enhance the delivery of a drug, or increase
the quantity of drug product produced [11]. The use of
these adulterants is a significant issue as many of them are
extremely toxic, especially when combined with other illicit
drugs [12]. Additionally, adulterants are challenging to test,
as many toxicological analyses cannot detect them. Thus,
they are not reported when investigating the cause of death
in people who die from overdose [11].

Adulterants found in opioids obtained within the United
States include acetaminophen, diltiazem, dipyrone, and
fentanyl [13]. These adulterants are believed to be linked
to health-related issues such as bone marrow damage, car-
diac arrhythmia, neutropenia, and renal failure, among other
conditions [14]. Fentanyl, in particular, is highly deadly as
it is 80—100 times stronger than morphine and thus may be
deadly even at low doses [15]. Fentanyl is often used as a
substitute for other drugs because it is cheap and inexpen-
sive to manufacture [16]. It may be used knowingly on its
own. Many drugs, such as heroin or even nonopioid drugs,
such as cocaine or methamphetamines, contain fentanyl as
an adulterant, resulting in increased overdose deaths when
these drugs are ingested [17, 18].

In recent years, a drug that has been found as an adulterant in
other illicit substances, such as fentanyl and cocaine, is xylazine
[19]. Xylazine is typically injected intravenously via a syringe,
often in combination with multiple other drugs [20]. One of
the most common drugs xylazine is taken in combination with
fentanyl, with users of this drug combination describing xylazine
as prolonging the euphoric sensation produced by fentanyl [21].
The amount of individuals using xylazine has been increasing
in recent years, with this rise being most prominent in specific
areas such as Puerto Rico, Toronto, and Philadelphia [21]. This
increase in the usage of xylazine, especially when taken in com-
bination with opioids such as fentanyl, is troublesome as xyla-
zine has been shown to increase resistance to opioid reversal
with naloxone, resulting in an increased amount of deaths from
opioid overdose [22]. Thus, it is essential to highlight this trend
regarding the rise in the use of xylazine, as the complications
that result from taking the drug are potentially fatal.
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Xylazine Overview

Xylazine is used as an analgesic sedative and combined with
other general anesthesia drugs in veterinary practice [23].
Xylazine’s mechanism of action is stimulating alpha-2 adr-
energic receptors in both the central nervous and peripheral
nervous systems and decreasing norepinephrine release in
the peripheral nervous system. The central nervous system
effects include strong sedation and respiratory depression
[23]. Although this is the main understood mechanism of
xylazine, there may be additional mechanisms, including
dopaminergic, cholinergic, alpha-1 adrenergic, histaminer-
gic, or even opiate mechanisms [23]. With these effects in
mind, treating acute toxicity due to xylazine alone primar-
ily focuses on supporting respiratory depression and blood
pressure [24]. Subtle fluctuations in thermoregulation can be
observed. However, it does not typically require intervention.
Intubation and intravenous fluids are typically necessary for
stabilizing the patient’s airway to manage changes in respira-
tory depression and hypotension [23]. Aggressive supportive
treatment is often necessary for treating xylazine overdose.
Related to the combination of xylazine, the adverse
effects with other drugs known to cause respiratory depres-
sion and hypotension result in treating a patient who over-
dosed on a combination of fentanyl and xylazine chal-
lenging. While the opioid antagonist naloxone effectively
reverses respiratory depression in opioid overdose, naloxone
does not affect respiratory depression caused by xylazine
overdose, one of this adulterant’s most concerning charac-
teristics [24]. Another unique characteristic of xylazine as an
adulterant is its association with severe dermatological find-
ings, such as severe abscesses, ulcers, and infections [25].

Pharmacodynamics and Pharmacokinetics

There is consensus that xylazine primarily acts as an ago-
nist at the alpha-2 adrenergic receptor [23]. In this regard,
alpha-2 adrenergic receptors are often found on presynaptic
axon terminals, which inhibit the release of excess neuro-
transmitters into the synaptic cleft when stimulated. The
typical ligand in the body for alpha-2 adrenergic receptors
is norepinephrine, which can diffuse from the synaptic cleft
to the receptor located on the membrane of the presynaptic
axon terminal. This essentially serves as a negative feedback
loop, ensuring that excess neurotransmitter is not released
into the synapse [26]. Thus, the stimulation of this receptor
by xylazine similarly reduces the release of neurotransmit-
ters such as norepinephrine and serotonin into the synaptic
cleft [23]. This has essential physiological consequences as
norepinephrine, in particular, plays a critical role in arousal
[27]. Evidence for this fact can be seen in how the locus

coeruleus, the major site of norepinephrine production in
the central nervous system, has a much higher rate of dis-
charge when an individual wakes up than when an individual
is asleep [28]. As a result, individuals who inject xylazine
tend to feel sedated and relaxed due to the reduced levels of
norepinephrine and serotonin in the central nervous system
[23]. In addition to being involved in arousal, norepinephrine
plays a crucial role in regulating blood pressure. It exerts this
effect by binding to alpha-1 receptors on blood vessels with
stimulation of these receptors, causing vasoconstriction [29].
Thus, a potential complication caused by xylazine injection
is regulating arterial blood pressure [30].

Further research needs to be conducted on the pharma-
cokinetics of xylazine in humans as there is little data cur-
rently on this topic [31]. However, there is a large amount
of information regarding the pharmacokinetics of xylazine
in various species of animals, such as dogs, sheep, and cat-
tle [32]. In these species of animals, xylazine is distributed
very quickly throughout the body and reaches its highest
concentration levels in the central nervous system and the
kidneys [33]. Xylazine was also shown to have a very high
volume of distribution, with values ranging between 1.9 and
2.5 [34]. These high values are believed to be due to xyla-
zine’s lipophilic nature, allowing it to more easily diffuse
through the plasma membrane of cells [35]. In addition, the
rate of distribution and elimination of xylazine was also very
rapid, with the distribution half-life and elimination half-life
yielding values between 1.21 and 5.97 min and 23.11 and
49.51 min, respectively. The bioavailability of xylazine had
significant variability depending on the animal examined,
with the lowest value of 17% reported in a sheep and the
highest value of 90% reported in a dog [34]. Peak plasma
concentrations of xylazine occurred 12-14 min after drug
administration in all animals examined, proving that the
drug rapidly affects the body [36]. Regarding the metabo-
lism of xylazine, studies have been conducted in humans
examining this process. It has been shown that xylazine may
be N-dealkylated, S-dealkylated, oxidized, or hydroxylated
based on metabolites detected in human urine samples [37].

Adverse Effects of Xylazine

Xylazine is only approved for use as an anesthetic in vete-
rinary surgery as it has the potential to cause numerous
adverse health effects in humans. People may take xyla-
zine orally, intravenously, intramuscularly, or through
inhalation. It may cause adverse effects such as brady-
cardia, brief hypertension followed by hypotension, pre-
mature ventricular contractions, ataxia, slurred speech,
sedation, and respiratory depression [25, 33]. The length
of how these effects last shows significant variability, with
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them having the potential to last up to 3 days after the
intake of xylazine [25]. Xylazine has also been shown to
be extremely toxic to the skin, leading to numerous issues
such as cellulitis, skin abscesses, and soft tissue infections
[38]. It has been reported that it can cause skin ulcers that
are often purulent and may extend all the way to bone [39].

In many cases, these skin injuries may be so severe that
amputation of the affected extremity is required [40]. It is
believed that issues related to the skin are due to the stimula-
tion of peripheral alpha-2 adrenergic receptors by xylazine,
which leads to vasoconstriction of blood vessels in the skin
[41]. This vasoconstrictive effect causes a decrease in perfu-
sion to the skin and, thus, reduces its oxygen supply. Further,
along with causing adverse skin effects such as those already
mentioned, healing of tissue injuries is also impaired due to
this lower level of oxygen delivery [38].

In addition to causing the adverse effects mentioned above,
xylazine has the potential to be fatal in humans. When taken
parenterally, the median lethal dose, or LDsj, of xylazine is
believed to be approximately 15 mg/kg [42]. Xylazine may be
especially deadly when it is taken in conjunction with fentanyl,
with this combination being responsible for numerous drug
overdose deaths [43e]. This may be due to a synergistic effect
between the two drugs on depressing respiratory rate [44]. This
is especially problematic as naloxone, the typical treatment
used in cases of opioid overdose, is ineffective in relieving
the physiological effects caused by xylazine intoxication [45].
Instead, treatment for xylazine overdose is typically supportive
and involves addressing the physiological effects caused by the
drug. Different treatment measures may include endotracheal
intubation if respiratory depression is severe, atropine if the
heart rate is excessively low, and vasopressor agents if blood
pressure falls to dangerous levels [38].

Additionally, several alpha-2 adrenergic receptor antago-
nists, such as yohimbine and atipamezole, effectively reverse
the effects of xylazine in animals. However, these reversal
agents have been studied only to a small degree in humans
and thus should not be used unless patients are unresponsive
to the supportive measures listed above [45]. As patients suf-
fering from an overdose on xylazine often have fentanyl in
their system simultaneously, naloxone should still be admin-
istered to reverse the adverse effects caused by fentanyl [46].
However, it is crucial for clinicians to recognize that this
will not help reverse the effects of xylazine, and thus, other
measures must be taken to mitigate its effects [45].

Xylazine Effects

Much of the recent literature on xylazine use in humans
comes from case reports and review articles. Related to
widespread use in veterinary medicine and increasing cir-
culation in the illicit drug markets, there is a critical need
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for additional clinical-based studies to increase awareness
of the pharmacological effects of xylazine in humans.
Expanding data collection and establishing a consensus
on human xylazine use would benefit the general popula-
tion and clinicians since there is no definitive treatment
protocol for intoxication or withdrawal. Although xyla-
zine’s association with adverse outcomes is evident in the
multiple case reports reviewed, motivations of those who
use/supply, national trends, geographic distribution, and
long-term health risks are poorly characterized. Further
research is urgently needed to fully understand the impli-
cations of unregulated xylazine in the illicit drug market,
formulate public health interventions, and implement harm
reduction strategies.

Demographics and Trends

Xylazine has been a known adulterant of illicit opi-
oids in Puerto Rico since the early 2000s but has more
recently been documented in urban Philadelphia. Present
in almost one-third of opioid overdose deaths reported
in 2019, Philadelphia overwhelmingly appears to be the
earliest and most significant known area of xylazine use
in the USA [47]. The Philadelphia Public Health Depart-
ment conducted a 10-year study to describe trends and
characteristics of unintentional deaths from heroin and/
or fentanyl overdose containing xylazine in Philadelphia.
Results showed that xylazine went from being detected
in less than 2% of cases of fatal heroin and/or fentanyl
overdose between 2010 and 2015 to 31% of the 858 fatal
heroin and/or fentanyl overdose cases in 2019 [47]. Evi-
dence of this increase is evident across multiple studies,
including a 2021 study conducted at Thomas Jefferson
University Hospital in Philadelphia. Korn et al. developed
an LC-MS/MS assay and identified 81 inpatients who had
screened positive for fentanyl; of these xylazine was iden-
tified in 63 [48e].

The rising trend documented in Philadelphia is being
mirrored on a smaller scale nationwide. Using data from
the Center for Disease Control's State Unintentional Drug
Overdose Reporting System, Karissa et al. noted that
among 21 jurisdictions, which included 20 states and the
District of Columbia, the monthly percentage of illicitly
manufactured fentanyl involved deaths with xylazine
detected increased from 2.9% in January 2019 to 10.9% in
June 2022, an increase of 276%. Interestingly, this study
also concluded that no particular demographic group was
disproportionately affected by xylazine. However, the
adulterant was detected in a higher percentage of jurisdic-
tions in the Northeast and lower in the West US Census
Bureau region [49].
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Supporting this Northeast predominance and trend to spread
westward, a study by Friedman et al. systematically searched
all four US Census Regions for records describing xylazine-
present overdose and reported that the prevalence of xylazine
rose 1761% in five years. Results showed an increase from
0.36% of overdose deaths in 2015 to 6.7% in 2020 [21]. The
highest xylazine prevalence data was observed in Philadelphia
with 25.8% of deaths, followed by Maryland and Connecticut
with a pattern similar to the trajectory of illicitly manufactured
fentanyl in recent years [21]. This is believed to be no inciden-
tal finding since fentanyl was found in 98% of xylazine-related
deaths [21]. A large analytical study in West Virginia also
showed that 98% of xylazine decedents had co-intoxications
with fentanyl and the second most common methampheta-
mines. Sibbesen et al. noted that 117 of the 3292 drug deaths
involved xylazine, increasing yearly from 1% in 2019 to 5% in
mid-2021. Furthermore, a significantly greater history of drug
or alcohol misuse and hepatic disease was noted in xylazine
decedents [50].

As a result, overdose rates doubled in Cook County, IL
from 2019 to 2022 [51]. The researchers attempted to local-
ized geographic clustering of xylazine-involved fatal over-
doses in Cook County, IL, to better understand shared geo-
graphic and forensic features of other substances such as
fentanyl, alcohol, and stimulants. The study found that 94.4%
of xylazine-positive overdoses contained fentanyl, supporting
their conclusion that xylazine fatal overdose incident locations
exhibited localized clustering relative to fentanyl overdoses
[51]. However, the study was unable to locate specific high-
risk clustering of xylazine but presented evidence that they
occurred closer in proximity of up to 16 miles compared to
fentanyl overdoses. Further research is essential to provide
insight into how drug-related outcomes are distributed locally.
This understanding will help identify locations suitable for
potential interventions and public engagement and predict
warning signs at the community level.

Mixed Perspectives on the Effects of Xylazine
in Case Reports

As xylazine prevalence continues to increase nationwide,
many authors question why it is used as an adulterant for
illicit drugs. Research about the perspectives of people who
inject drugs on the effects of xylazine use is mixed. Par-
ticipants in a recent study were interviewed in Philadelphia
between January and May 2021, and xylazine in the fentanyl
and heroin supply was discussed. The 13 participants had
used fentanyl or heroin, and the unanimous consensus of
this study showed that no participant enjoyed the addition
of xylazine or sought to have it in their fentanyl or heroin.
They reported dissatisfaction with the sensation of the drug
and had many safety concerns about xylazine exposure,

including tranquilizer dependence [52]. Participants of this
study expressed a desire for the production and distribution
of xylazine test strips to limit unwanted exposures.

On the contrary, another study transcribed interviews
from people who inject drugs in Philadelphia, PA, in which
participants were not as unanimously opposed but spoke
with a mix of intrigue and apprehension about the psycho-
active effects of xylazine. It was stated by interviewees that
opioid formulations containing xylazine are highly sought-
after and that the addition of xylazine heightens the euphoria
and prolongs the duration of fentanyl injections [21]. Par-
ticipants noted individuals known to sell xylazine-containing
products on the illicit drug market to have more business.
Despite this, the interviewees acknowledged the risks associ-
ated with the adulterant, particularly concerns about over-
sedation and increased risk of soft tissue damage. One inter-
viewee stated that if xylazine is not injected properly, it can
cause the whole upper extremity to turn black. It is suspected
that once participants develop a skin ulcer, they may con-
tinually inject at the ulcer site to alleviate the pain [47]. An
interviewee also recounted her negative experience of the
drug, causing her to black out, have amnesia, and participate
in activities unknowingly, such as walking out in front of a
car. Another stated that while using xylazine, she felt like a
zombie, with slowed, un-purposeful movements, ultimately
causing her to fall and sustain a fracture to her skull.

Interestingly, interviewees noted that formulations of
drugs that included xylazine could be distinguished from
others immediately upon injection because of a dry mouth
and a characteristic taste. It seems both the adverse health
effects and potential higher potency euphoric effects are well
known to consumers, and the consumer decides the risk and
preference. Further qualitative studies based on the perspec-
tives of people who inject drugs are needed to understand
better the motivations and circumstances leading to xylazine
use and why xylazine might be spreading across the USA.

Management of Xylazine Misuse
and Withdrawal

It has been established that the clinical picture of xylazine
intoxication mimics that of an opioid. Limited studies sug-
gest presentation in humans include central nervous system
depression, hypotension, bradycardia, drowsiness, lethargy,
and possible withdrawal symptoms with chronic use. The
literature cautions that these similar pharmacologic effects
may create synergistic toxic effects in humans, so health
professionals should be aware of possible enhanced toxicity
from xylazine ingestion, especially since naloxone is not a
proven antidote to xylazine’s adverse effects.

Love et al. evaluated emergency department patients
between 2020 and 2021 to investigate clinical outcome
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differences for patients with and without xylazine expo-
sures. The study interestingly concluded that patients test-
ing positive for xylazine with illicit opioid overdose showed
less severe outcomes, with lower rates of cardiac arrest and
coma [53]. A systematic review by Ayub et al. assessed
the impact of xylazine use in 59 cases and found that intra-
venous administration was the most common route, with
overall doses ranging from 40 to 4300 mg. Of the 59 cases
studied, 21 resulted in fatal outcomes, 17 involving xylazine
use in conjunction with other drugs. The average dose in
fatal cases was 1200 mg, compared to 525 mg in non-fatal
cases [54]. Currently, there are no FDA-approved medica-
tions for treating xylazine intoxication or managing xylazine
withdrawal, and there is little testing capable of identifying
xylazine in drug supplies, limiting the development of novel
treatment strategies.

A case series of accidental xylazine intoxication in two
individuals who worked with livestock discussed treatment
and challenged the efficacy of naloxone usage in xylazine
intoxication. The first patient presented in a reduced con-
scious state, normotensive but bradycardic less than an
hour after the unintentional injection of the tranquilizer in
his left arm. Supplemental oxygen and IV atropine 0.5 mg
were given, and his heart rate improved slightly. Due to
the patient’s continued central nervous system depres-
sion, poison control recommended naloxone. IV naloxone
was administered, but the patient did not show significant
improvement in consciousness. Eventually, he regained full
consciousness after 24 h and was safely discharged after
48 h. In the second case of the series, the patient presented
to the emergency department alert and could give his history
but soon became drowsy only minutes after arrival. He was
hypotensive and bradycardic, but in contrast to the previ-
ous case, this patient was not treated with naloxone. He was
given supportive treatment with oxygen, fluids, atropine,
and noradrenaline and fully recovered within 24 h [55e].
Similar outcomes were observed in both cases; therefore,
the role of naloxone in xylazine toxicity in humans remains
uncertain. The case series concluded that general manage-
ment of xylazine intoxication should focus on supportive
care, including ventilation and hemodynamics. In the case
of an accidental injection that can occur in individuals who
work in close proximity to livestock or veterinary activities,
it raises an essential point of management for ER physicians.

A single case study discussed a potentially safe and com-
fortable medication for xylazine withdrawal in hospitalized
patients. The patient was a chronically used xylazine and was
experiencing symptoms of withdrawal and lower extremity
wounds believed to be caused by xylazine injection. She was
treated with an infusion of the sedative dexmedetomidine in
combination with phenobarbital and tizanidine. Tizanidine was

@ Springer

later transitioned to clonidine. After four days on this regimen,
the patient was no longer experiencing withdrawal symptoms,
suggesting that xylazine withdrawal can be pharmacologically
managed in an inpatient setting [56]. Table 1 is a summary of
the clinical information discussed in this section.

Conclusions

Drug adulterants are becoming an increasingly concerning
topic regarding public health. The history of drug adulter-
ants illustrates the vast detrimental impact it can have on
overdose mortality. Xylazine has been shown to complicate
the treatment of opioid overdose. The confounding adverse
effects of both illicit opioids and xylazine, in addition to no
reversal agent for xylazine, prove to be a challenge when
addressing overdose mortalities. Due to little data on xyla-
zine's effects on humans, there is still a certain degree of
ambiguity regarding the complete mechanism of xylazine.
The challenge of recognizing an overdose due to a drug
being cut with xylazine further hinders potential lifesaving
treatment. The vasoconstrictive actions of adrenergic recep-
tors seem to cause prolonged wounds, which may prevent
the ability for further treatment and, as a result, progress
to necrotic wounds. There is still some discussion about
whether xylazine increases mortality through acute overdose
or subsequent necrotic wounds and infections. Regardless, it
is commonly accepted that xylazine has no use in humans.
More studies are needed to analyze pharmacological charac-
teristics to identify a treatment for acute xylazine overdose.
In addition to these physiologic factors, the fact that xylazine
is not a controlled substance further complicates the issue as
there is no punishment for distributing it.
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