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Xylazine, a non-opioid α2-adrenoceptor agonist, is increasingly implicated in 
misuse and opioid-adulterated overdoses. Tolazoline, a non-selective α- 
adrenergic antagonist, is widely used in veterinary medicine to 
reverse xylazine-induced sedation and cardiovascular depression. Here, we 
combined molecular docking, molecular dynamics simulations, and in 
silico ADME (absorption, distribution, metabolism, and excretion)/ 
Tox predictions to elucidate the pharmacological interplay between 
xylazine and tolazoline. Both compounds displayed comparable binding 
energies and stable interactions at the serotonin 5-HT7 and κ-opioid 
receptors, supporting a competitive mechanism at shared receptor sites. 
Comparative in silico ADME profiling revealed that xylazine exhibits 
high blood–brain barrier penetration, extensive plasma protein binding, and 
rapid clearance, favouring potent but short-lived central nervous 
system effects. Conversely, tolazoline was predicted to demonstrate high 
lipo-solubility levels, low protein binding, large unbound fraction, and 
long half-life, enabling sustained peripheral α-blockade and sufficient 
central penetration to counteract xylazine’s sedative and sympatholytic 
actions. These complementary pharmacokinetic and 
pharmacodynamic features suggest a mechanistic rationale for 
tolazoline’s clinical efficacy as an antidote. By integrating receptor-level 
interactions with kinetic and distributional properties, our findings offer 
novel insights into the reversal of xylazine intoxication and generate 
testable predictions for transporter-mediated dynamics and PK/PD 
(Pharmacokinetic/Pharmacodynamic) modeling.
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1 Introduction

Over the last decade, the ‘traditional’ recreational drug scene has 
been supplemented - but not replaced - by the emergence of a range 
of novel psychoactive substances (NPS) (Schifano et al., 2015; Shafi 
et al., 2020) which are either newly created or existing drugs, 
including medications, now being used in novel ways (Schifano 
et al., 2017). Over the last few years, some veterinary, not-for- 
human, medications with α-2 adrenoceptor (α2-AR) agonist 
activities have entered the market as well (Papudesi et al., 2023; 
Pergolizzi et al., 2023). In particular, the α2-AR agonists xylazine 
and medetomidine have recently emerged as adulterants in the U.S. 
illicit drug supply, complicating public health monitoring and 
response. Indeed, Zhu et al. (2025) found that xylazine, whose 
injecting use is associated with skin ulcers and related infections, 
reports increased from just 2 in 1999 to 149 in 2015, then surged 
from 9,330 in 2021 to 25,047 in 2024, with the past 4 years 
accounting for more than 90% of all xylazine reports. Similarly, 
medetomidine, whose intake is frequently associated with 
hallucinations (Sibley et al., 2025), reports rose from 12 in 
2021 to 2,276 in 2024. Whilst fentanyl was co-reported in 52.9% 
of xylazine reports (Zhu et al., 2025), xylazine has been reported as 
well in association with: stimulants (Kelly et al., 2025), alcohol, and 
benzodiazepines (Friedman et al., 2022; Dunn et al., 2024).

Although typically, xylazine is considered an unwanted 
adulterant (Hill et al., 2025), in a mixed-methods study, 
researchers found that about 1 in 4 (n = 13) of their interviewees 
used xylazine intentionally, presumably to experience the physical 
effects of the substance. A case of homicide involving fatal 
intoxication from xylazine overdose, without coadministration of 
other central nervous system drugs, was also described (Yu 
et al., 2025).

Xylazine alone is commonly referred to as “tranq”; conversely, 
when combined with opiates/opioids such as heroin or fentanyl, the 
mixture is usually termed “tranq dope” (Papudesi et al., 2023). 
Owusu-Antwi et al. (2025) carried out a 34-paper systematic review 
from 1957 to 2024 with a focus on xylazine misuse. They reported 
that this molecule intake was common among men aged 
19–45 years, with dosages ranging from 40 to 4300 mg; no 
established toxic dosing, an antidote, or evidence-based treatment 
recommendations were identified.

Xylazine acute intoxication is potentially life-threatening, with 
the molecule acting as a central nervous system depressant and 
hence putatively potentiating the clinical effects of both opiates/ 
opioids and remaining sedatives (Choi et al., 2023; Smith et al., 2023; 
Demery et al., 2025). Indeed, fatalities associated with the 
combination of fentanyl/xylazine have recently risen (Kariisa 
et al., 2023; Cano et al., 2024). In humans, overdoses associated 
with xylazine may resemble opioid overdoses, with its effects 
arguably not being reversed by naloxone (Choon et al., 2023). 
However, recent preclinical data found that naloxone precipitated 
withdrawal from both xylazine and fentanyl/xylazine co- 
administration (Bedard et al., 2024).

From a pharmacological perspective, xylazine activates both 
central and peripheral α2-adrenergic receptors (α2-ARs), 
resulting in muscle relaxation, reduced pain response, and 
depressed respiratory drive. The molecule may interact as well 
with serotonin 5-HT7 (5-HT7R (Floresta et al., 2025; Bedard 

et al., 2024); k-opioid (KOR); sigma 1 (σ1R); and sigma 
2 receptors (Arena et al., 2018; Bedard et al., 2024), whilst 
typically considered a KOR agonist (Floresta et al., 2025; Bedard 
et al., 2024). To better understand xylazine action on opioid 
receptors, Smith et al. (2025) trained their experimental animals 
to discriminate the mu-opioid agonist, morphine, from saline; 
substitution tests were also carried out with fentanyl, xylazine, 
and their combinations. Whilst xylazine failed to substitute for 
morphine, its dose-dependently increased the duration of 
fentanyl’s stimulus effects, which may partially explain its use in 
opioid misusers.

From the clinical pharmacokinetic point of view, xylazine 
bioavailability levels are poor with oral, nasal, rectal, and ocular 
exposure, with an elimination half-life of less than 1 h and rapid 
crossing of the blood–brain barrier (Garcia-Villar et al., 1981; Di 
Trana et al., 2024).

The management of xylazine and xylazine plus fentanyl 
intoxications and withdrawals may require a multidisciplinary 
approach, and is based on supportive care with airway 
management and hemodynamic stabilization, while alternative 
specific antagonists are under investigation (Rimawi and Hamlin, 
2025). According to Kumar (2024) among a wide range of drugs 
investigated using a molecular docking approach (alpha-2 
adrenergic receptor modulators, e.g., yohimbine, chlorpromazine, 
phentolamine, mianserine, spiperone, prazosin, alprenolol, 
propranolol, pindolol, atipamezole, dexmedetomidine, and 
tolazoline, and CNS stimulants, e.g., 4-aminopyridine, doxapram, 
and caffeine), prazosin emerged as a promising candidate capable of 
antagonizing xylazine. In animals, three reversal agents are currently 
available: atipamezole, yohimbine, and tolazoline. While 
atipamezole appears to be another promising agent, combined 
with naloxone (Mullins and Seger, 2025), the evidence for the 
effectiveness of yohimbine in humans is limited and inconclusive 
(Choi et al., 2024). In clinical and veterinary settings, tolazoline, a 
non-selective α-adrenergic antagonist, is widely employed as an 
effective antidote to reverse the sedative and cardiovascular effects of 
xylazine (Schifano et al., 2015). Although the pharmacological 
antagonism of xylazine by tolazoline is presumed to result from 
tolazoline binding to a-adrenergic receptors (Mohammad et al., 
2024), it is not clear whether tolazoline exerts its action solely 
through blocking xylazine at a-adrenergic receptors or whether it 
directly competes with xylazine for occupancy at multiple receptor 
types. To be noted, tolazoline is generally well tolerated in animal 
use but it could be associated with transient tachycardia and mild 
hypertension, with potential ECG changes like QRS prolongation at 
high doses; gastrointestinal disturbances (e.g. diarrhea, increased 
motility), and mild neurological side effects such as restlessness and 
agitation may occur but are typically short-lived (Read et al., 2000). 
In the present study, the displacement mechanism of xylazine by 
tolazoline was investigated using a combination of molecular 
docking and molecular dynamics simulations.

2 Materials and methods

Marvin Sketch was used to create the 2D chemical structures, 
and the same software’s MMFF94 force field was used to apply 
molecular mechanics energy minimization to each structure (Cheng 
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et al., 2000). The 3D geometry of all compounds was then optimized 
using the PM3 Hamiltonian (Stewart, 2004), as implemented in 
MOPAC 2016 package assuming a pH of 7.4. Using AutoDock’s 
default docking parameters and a validated protocol, docking 
calculations were performed (Floresta et al., 2018; Floresta et al., 
2019; Floresta et al., 2020; Fallica et al., 2021; Ielo et al., 2022; Patamia 
et al., 2023). The setup was done with YASARA (Krieger and Vriend, 
2014). PDB id: 7XTC for 5-HT7R and 4DJH for KOR were 
downloaded from the Protein Data Bank (www.rcsb.org) and 
used for calculations. The structures were downloaded from the 
Protein Data Bank and prepared with YASARA (25.5.19), 
specifically the structures were cleaned from all water molecules 
and the original ligands were removed. The studied binding pocket 
for the KOR was the conserved, solvent-exposed cavity located 
within the seven-transmembrane (TM) helical bundle on the cell 
exterior were the original ligand of 4DJH was located. The studied 
binding pocket for the 5-HT7R was the serotonine binding pocket in 
the receptor where the original ligand of 7XTC was located. The MD 
simulations of the complexes were performed with the YASARA 
suite. A periodic simulation cell extending 10 Å from the protein 
surface was employed. A 15 Å cuboid cell was instead employed for 
the KOR. The cell was filled with water, with a maximum sum of all 
water bumps of 1.0 Å and a density of 0.997 g/mL. The setup 
included optimizing the hydrogen bonding network (Krieger et al., 
2012) to increase the solute stability and a pKa prediction to fine- 
tune the protonation states of protein residues at the chosen pH of 7. 
4 (Krieger et al., 2006). With an excess of either Na or Cl to 
neutralize the cell, NaCl ions were supplied at a physiological 
concentration of 0.9%. The simulation was run using the ff14SB 
force field for the solute, GAFF2, AM1BCC for ligands, and TIP3P 
for water. The cutoff was 10 Å for Van der Waals forces (the default 
used by AMBER) (Jakalian et al., 2002; Wang et al., 2004; Hornak 
et al., 2006; Maier et al., 2015), and no cutoff was applied to 
electrostatic forces. The equations of motions were integrated 
with multiple time steps of 2.5 fs for bonded interactions and 5. 
0 fs for nonbonded interactions at a temperature of 298 K and a 
pressure of 1 atm. Short MD simulation was run on the solvent only 
to remove clashes. The entire system was then energy minimized 
using a steepest descent minimization to remove conformational 
stress, followed by a simulated annealing minimization until 
convergence (<0.01 kcal/mol Å). Finally, 100 ns MD simulation 
without any restrictions was conducted, and the conformations were 
recorded every 250 ps. The MD trajectory, including the total 
potential energy of the system and the ligand movement RMSD 
were calculated with the YASARA md_analyze function. All 
molecular dynamics simulations performed in this study, 
including input files, trajectories, and analysis outputs, are 
publicly available in the Zenodo repository at: https://zenodo.org/ 
records/19365577?token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6Im 
VkMzVlMjljLTdiMDYtNDZmNC1hYjc3LWY1ZmQ5NzhlZjA5 
MyIsImRhdGEiOnt9LCJyYW5kb20iOiIxYWU5ZTk2YWM1OW 
VkZWRiN2M1OTdlY2MzMDM1ZGY1MiJ9.5Jsu_VurEuiZHVPJ 
WxunBFmHJgv3hX9NJYRSEWAm6TJQp-YbDfcG2guJnrYB2m 
MWq3Ue0YWb8EOiZzcSsO5d0A The repository includes 
complete datasets for both studied systems, as well as two 
additional files containing detailed post-simulation analyses (from 
YASARA md_analyze function). To facilitate data exploration, a 
structured list of all figures included in the analysis files is provided. 

Figure 1: A ray-traced picture of the simulated system. Figure 2: The 
solute oriented along the major axes. Figure 3: Simulation cell 
lengths as a function of simulation time. Figure 4: Total potential 
energy of the system as a function of simulation time. Figure 5: 
Potential energy components as a function of simulation time. 
Figure 6: Surface areas of the solute as a function of simulation 
time. Figure 7: Number of hydrogen bonds in the solute as a 
function of simulation time. Figure 8: Number of hydrogen 
bonds between solute and solvent as a function of simulation 
time. Figure 9: Protein secondary structure content as a function 
of simulation time. Figure 10: Per-residue protein secondary 
structure as a function of simulation time for each Res number. 
Figure 11: Per-residue number of contacts as a function of 
simulation time for each Res number. Figure 12: Radius of 
gyration of the solute as a function of simulation time. Figure 13: 
Solute RMSD from the reference structure as a function of 
simulation time. Figure 14: The Root Mean Square Fluctuation 
per solute protein/nucleic acid residue calculated from the average 
RMSF of the atoms constituting the residue. Figure 15: Visualization 
of the movement along PCA component 1 (to see the video look at 
the.mp4 file inside the respective folder). Figure 16: Visualization of 
the movement along PCA component 2 (to see the video look at the. 
mp4 file inside the respective folder). Figure 17: Visualization of the 
movement along PCA component 3 (to see the video look at the. 
mp4 file inside the respective folder). Figure 18: PCA eigenvalue as a 
function of PCA eigenvalue number. Figure 19: PCA components as 
a function of simulation time. Figure 20: PCA component as a 
function of PCA component 1. Figure 21: PCA component 3 as a 
function of PCA component 1. Figure 22: PCA component 3 as a 
function of PCA component 2. Figure 23-24: dynamic cross- 
correlation matrix. ADMETlab 3.0 was used for the ADMET 
prediction of the studied molecules using the ADMET Evaluation 
tools with the default parameters at the link: https://admetlab3. 
scbdd.com/(Fu et al., 2024) (the “Decision” column reported in 
ADMETlab 3.0 does not represent a direct measure of confidence in 
the predictions. Rather, it provides a qualitative, integrated 
assessment of the compound’s overall drug-likeness based on 
multiple ADMET-related parameters).

3 Results

In silico studies were performed using AutoDockVina 
implemented in YASARA software. Using Marvin software, a 
study of the protonation stage of tolazoline at pH 7.4 was 
performed. To do this, docking studies within the serotonin 7 (5- 
HT7) receptor pocket using both structures (PDB: 7XTC) were 
performed. SB-258719 was used as a reference ligand for the 5-HT7 

receptor in order to validate our method, yielding a calculated Ki of 
20 nM (−10.5 kcal/mol) (Hagan et al., 2000), see Supplementary 
Figure S1. From Figure 1, which shows the 2D and 3D poses of 
tolazoline (1a and 1b) and protonated tolazoline (1c and 1d), it can 
be deduced how the protonation state affected the interaction of the 
ligand with the amino acid residues in the pocket. Tolazoline 
established a π-sulfur interaction with the Cys166 residue, to 
which are added numerous hydrophobic, alkyl, and carbon- 
hydrogen bond interactions with the Phe344, Val163, Ala247, 
Thr240, and Ser243 residues, respectively (Figures 1a,b). 
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Tolazoline-H was able to establish a hydrogen bond through 
nitrogen with the Ser347 residue; and, like unprotonated 
tolazoline, it retained the sulfur interaction with the 
Cys166 residue, the hydrophobic, alkyl, and carbon hydrogen 
bond interactions with the Phe344, Val163, Ala247, and 
Ser243 residues, respectively (Figures 1c,d). Despite the formation 
of a hydrogen bond, tolazoline-H had a slightly lower ΔG value than 
tolazoline and, consequently, also a lower binding energy, equal to 
22.03 and 13.73 mM, respectively.

Comparing the poses with those of xylazine, either protonated 
or unprotonated, and within the same receptor, it was noted that 
the two drugs presented with residues and interactions in 
common, such as Phe344, Val163, and Cys166. Regarding the 
5-HT7 receptor (PDB: 7XTC), molecular docking analysis 
reported a binding energy of 6.80 kcal/mol for the protonated 

form of xylazine and 6.92 kcal/mol for its neutral species (Floresta 
et al., 2025). Differently, tolazoline, both protonated and 
unprotonated, interacted with other key residues such as 
Ser243, Ser347, Thr240, and Ala247.

To further study the tolazoline@7xtc complex, a 100 ns 
molecular dynamics (MD) simulation was conducted. 
Considering that there was minimal difference in predicted 
interactions between protonated and non-protonated structures, 
the dynamics were conducted on the non-protonated structure.

Analysis of the total energy graph of tolazoline@7xtc revealed 
that the complex immediately reached equilibrium and remained 
stable throughout the duration of the dynamics (Figure 2a). This was 
confirmed by the RMSD (root mean square deviation) graph of the 
complex (Figure 2b), which showed three fluctuations: one initially 
at 40 ns, followed by a second at 60 ns, and the last at 80 ns. 

FIGURE 1 
2D and 3D poses of tolazoline ((a) and (b)) and tolazoline-H ((c) and (d)) inside Serotonin 7 (5-HT7) receptor.
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Nevertheless, thanks to the dense network of interactions, as was the 
case with xylazine, the complex remained constantly within the 
binding site throughout the simulation.

U69,593 was used as a reference ligand for the KOR receptor 
in order to validate our method, yielding a calculated Ki of 
54 nM (−9.92 kcal/mol) (Costanzo et al., 2023), see 
Supplementary Figure S1.

Similarly, both the protonated and unprotonated forms of 
tolazoline were also used for docking studies with human KOR 
(PDB: 4DJH). Figures 3a,b show the 2D and 3D poses of 
unprotonated tolazoline, respectively, where it was seen that it 
formed carbon-hydrogen bonds with residues Thr111 and 
Gln115 and π-sigma interaction with Tyr320, π-π stacked 
interaction with Trp287, and π-alkyl interactions with residues, 
Ile290 and Ile316. The 2D and 3D poses of the protonated form 
are shown in Figures 3c,d, respectively. In this case, the presence of 
the proton allows tolazoline-H to form a salt bridge with the 
Asp138 residue and a hydrogen bond with Thr111. Added to 
these are the carbon-hydrogen bonds with the Gln115 and 
Tyr320 residues and the stacked π-p and T-shaped interactions 
with Trp287 and π-alkyl interactions with residues Ile316 and 
Ile290. Despite the two electrostatic interactions, the salt bridge 
and the hydrogen bond, tolazoline and tolazoline-H presented with 
similar binding energies, 16.53 and 16.81 mM, respectively. 
Comparing the poses of unprotonated tolazoline with those of 

unprotonated xylazine within the k-opioid receptor, it was seen 
that 5 out of 6 residues were in common. In some cases, the type of 
interaction was also common, as for residues Gln115, Ile290 and 
Ile315. For the KOR receptor (PDB: 4DJH), the binding energies for 
xylazine were calculated at 6.49 kcal/mol for the protonated state 
and 7.10 kcal/mol for the unprotonated form (Floresta et al., 2025). 
The protonated structures of xylazine and tolazoline showed unique 
residues and interactions in common compared to the unprotonated 
molecules, such as Asp138, Trp287, Ile290 and Ile316. In both 
structures, protonated and non-protonated, tolazoline interacted 
with one more residue than xylazine, namely Thr111.

The tolazoline@4djh complex was also studied using the 100 ns 
molecular dynamics, again on the unprotonated structure. From the 
analysis of the images showing the total energy of the complex 
(Figure 4a), it was seen how the interactions kept tolazoline firmly 
inside the receptor. This was also confirmed by the RMSD of the 
complex (Figure 4b), where, after a small fluctuation at 10 ns, the 
complex showed no instability for the rest of the dynamics, unlike 
the complex with xylazine, where fluctuations were already evident 
in the first 50 ns.

Considering the predicted energy involved in the interaction at 
the molecular level between the two molecules was very similar, a 
detailed comparison was made of their in silico ADME (Absorption, 
Distribution, Metabolism, Excretion) and toxicity profiles.

3.1 Absorption

Drug absorption is influenced by a delicate interplay of 
solubility, membrane permeability, intestinal transport, and first- 
pass metabolism (Azman et al., 2022). Both tolazoline and xylazine 
are relatively small molecules (MW 160.1 vs. 220.1 Da), which places 
them in a favourable size range for passive diffusion. However, they 
differ significantly in lipophilicity, solubility (tolazoline: 
logS = −1.64, logP = 1.11, logD = 0.23; xylazine: logS = −3.01, 
logP = 2.14, logD = 2.19), and predicted permeability outcomes. 
Tolazoline is predicted to possess higher levels of aqueous solubility 
(logS closer to 0) and significantly lower lipophilicity (logP ~1). This 
physico-chemical profile may suggest that tolazoline may be readily 
dissolved in gastrointestinal fluids, favouring absorption under 
aqueous conditions, but less prone to strong partitioning into 
lipid membranes. By contrast, xylazine is more lipophilic and less 
soluble, which may limit dissolution in the gastrointestinal tract 
whilst facilitating passive membrane diffusion once in solution.

Both compounds are strongly predicted as P-glycoprotein 
(P-gp) substrates (tolazoline 0.93; xylazine 0.94). This implies 
that intestinal efflux transport may significantly restrict net oral 
absorption, especially at therapeutic doses (Kwon et al., 2004). 
Neither compound is predicted to be a strong P-gp inhibitor, 
minimizing the likelihood of transporter-based drug–drug 
interactions from the inhibitory side.

Both compounds are predicted to have poor oral absorption 
based on their pharmacokinetic profiles. Specifically, Human 
Intestinal Absorption (HIA)—which represents the probability 
of a drug crossing the intestinal barrier—is estimated at 0.002 for 
tolazoline and 0.0 for xylazine. Furthermore, the values for oral 
bioavailability (F), which indicate the fraction of the dose that 
reaches systemic circulation, are extremely low at both the 20% 
(F20%) and 50% (F50%) probability thresholds (tolazoline: 

FIGURE 2 
Total energy (a) and RMSD (b) for tolazine@7xtc complex.
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F20% = 0.025, F50% = 0.075; xylazine: F20% = 0.0, F50% = 0.007). 
Hence, both are unlikely to achieve robust systemic exposure via 
the oral route, with xylazine being predicted to be slightly worse. 
This is consistent with its clinical use primarily by parenteral 
routes in veterinary medicine (Santonastaso et al., 2014). 
Tolazoline, however, has historically been used orally in 
humans, suggesting that while predictions indicate limited 
absorption, in vivo absorption is not negligible, perhaps due to 
formulation strategies or transporter involvement that are not 
fully captured in our in silico models.

3.2 Distribution

The plasma protein binding and free fraction for the two 
molecules are predicted to be completely different, with 
tolazoline having a PPB ~25% and a fraction unbound of (Fu) 

~68%, whereas xylazine may present with a PPB ~94% and a Fu 
~4%. As a result, one could argue that tolazoline circulates largely in 
unbound form, enabling wide tissue distribution and free access to 
pharmacological targets. Conversely, xylazine is highly protein- 
bound, which reduces free drug concentrations whilst delaying 
tissue retention, potentially contributing to its strong and 
sustained sedative effects. Considering the volume of distribution 
(VDss, tolazoline: 0.48 L/kg; xylazine: 0.33 L/kg), both fall within the 
moderate distribution range, with tolazoline being predicted to 
distribute slightly more extensively into tissues relative to plasma, 
consistent with its higher unbound fraction. From the blood–brain 
barrier (BBB) penetration perspective, a relevant difference is 
predicted between the two molecules presented with a relevant 
difference (e.g., tolazoline: BBB probability 0.27 (low likelihood); 
xylazine: BBB probability 0.99 (very high likelihood)). Xylazine is 
predicted to cross the BBB efficiently, aligning with its potent central 

FIGURE 3 
2D and 3D poses of tolazoline ((a) and (b)) and tolazoline-H ((c) and (d)) inside the k-opioid receptor.
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sedative and analgesic properties. Conversely, tolazoline, with its 
poor predicted BBB penetration, exerts effects largely in the 
peripheral vasculature, consistent with its clinical role as a 
vasodilator and α-adrenergic antagonist without strong central 
nervous system actions (Stoeckelhuber et al., 2003). Finally, 
although both interact with hepatic transporters, in silico data 
suggest that tolazoline appears to be more involved in inhibiting 
absorption, whilst xylazine appears to interfere more with 
efflux pumps.

3.3 Metabolism

Both compounds are predicted to be extensively metabolized by 
cytochrome P450 enzymes, although with markedly different 
interaction profiles (see Supplementary material). Thus, tolazoline 
appears more metabolically stable, is cleared more slowly, and is 
prone to interactions with CYP2D6 metabolism, both as a substrate 
and a strong inhibitor. This may suggest potential drug–drug 
interaction liabilities in humans, especially with medications 
metabolized by CYP2D6 (Nahid and Johnson, 2022). Conversely, 
xylazine shows broad substrate promiscuity, being metabolized by 
essentially all major drug-metabolizing CYPs. However, it is 
predicted to be metabolically unstable, consistent with its rapid 
clearance and short half-life (0.89 h).

3.4 Toxicity

Tolazoline is a non-selective α-adrenergic antagonist, hence 
vasodilation, reflex tachycardia, and hypotension can be 
observed. Conversely, in xylazine (α2-agonist) intoxication, 
bradycardia, AV block, and hypotension can be identified. 
Xylazine shows substantially greater predicted hepatotoxic 
potential, consistent with reports of liver injury in animals and 
humans exposed chronically (Iacopetta et al., 2025; Yi et al., 2025). 
Both compounds raise concerns about genotoxicity, with tolazoline 
skewing toward carcinogenicity risk and xylazine toward 
mutagenicity. Respiratory toxicity is high for both, but tolazoline 
exhibits a greater neurotoxic liability, whereas xylazine is 
more ototoxic.

4 Discussion

To our knowledge, this is the first study to compare the potential 
drug-drug interaction between xylazine and tolazoline using a 
combination of molecular docking techniques, molecular 
dynamics simulations and in silico ADME/Tox predictions. 
Current findings have shown, through molecular dynamics 
studies, that tolazoline and xylazine exhibit comparable binding 
energies and stable interactions with KOR and 5-HT7 receptors, 
suggesting that their affinities for these sites are of a similar 
magnitude. This may provide a plausible molecular explanation 
for the clinical efficacy of tolazoline as an antidote; indeed, by 
occupying receptor binding sites with similar stability, tolazoline 
may effectively prevent or reduce xylazine’s ability to show 
pharmacological effects.

Building upon the molecular docking and dynamics results, 
which revealed comparable predicted binding energies and 
interaction stability for xylazine and tolazoline at their receptor 
sites, we extended our investigation to the pharmacokinetic 
dimension. Since similar binding affinities alone cannot fully 
account for the clinical efficacy of tolazoline as an antidote, it 
became essential to evaluate how ADME properties may 
influence the net pharmacological outcome. By integrating 
molecular-level receptor interactions with in silico ADME 
predictions, we aimed to provide a comprehensive explanation of 
how tolazoline could displace xylazine from 5-HT7 and 
KOR receptors.

Xylazine is predicted by its ADME profile to achieve rapid, high- 
level, CNS exposure, due to very high BBB penetration probability; 
high lipophilicity relative to tolazoline; and very low free fraction 
that nonetheless may be enough to occupy high-affinity α2- 
adrenoceptors. These data may explain xylazine-related sedation, 
analgesia, and muscle relaxation. Tolazoline, in contrast, presents as 
a moderately lipophilic, highly unbound, short-to-intermediate half- 
life molecule; overall, this may favor fast receptor access in plasma 
and tissues, limited but not negligible CNS penetration, and 
sustained target coverage over the timeframe in which xylazine is 
being cleared. When co-administered after xylazine, both tolazoline 
pharmacokinetics (e.g., high fraction unbound, longer t½) and 
transporter profile (e.g., shared P-gp substrate status) may enable 
sufficient CNS exposure to competitively antagonize α2- 
adrenoceptors and robust peripheral α-blockade to restore 

FIGURE 4 
Total energy (a) and RMSD (b) for tolazine@k-opioid complex.
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sympathetic tone; taken together, these data may be consistent with a 
clinically effective “antidote-like” reversal of tolazoline over xylazine.

Xylazine is strongly predicted to penetrate the BBB, with a 
probability level of 0.994; low fraction unbound in plasma (Fu ≈ 
4.26%); and high plasma protein binding (PPB ≈94.3%). Although 
Fu levels are low, the compound distribution characteristics (VDss 
≈0.33 L/kg) and high lipophilicity (logP ≈2.14; logD ≈2.19) levels 
favor CNS access. Overall, this profile is consistent with a drug that 
rapidly occupies central receptors to produce sedation, analgesia, 
and muscle relaxation. Conversely, tolazoline is predicted to possess 
modest BBB penetration (e.g., BBB probability ≈0.271); substantially 
high levels of unbound fraction (Fu ≈ 67.7%); low PPB (≈25.5%); 
and low lipophilicity (logP ≈1.11; logD ≈0.23) levels. These data are 
consistent with the assumption that tolazoline circulates largely free, 
reaches a rapid equilibrium with extracellular sites, and rapidly 
reaches the related receptors, with its membrane permeability being 
permissive.

The CNS exposure gap is largely predicted to be in xylazine’s favor 
at baseline; however, tolazoline starts with a key kinetic advantage, i.e., 
a very large unbound pool that can drive rapid target engagement 
where access is feasible. Even if its absolute brain penetration is low, the 
unbound concentration available to enter the CNS immediately after 
dosing is high, and a portion of this pool will cross the BBB, particularly 
so if transporter dynamics at the BBB level are transiently favourable. 
Once a small but sufficient CNS concentration is achieved, competitive 
antagonism can rapidly decrease xylazine’s effects, whilst peripheral α- 
blockade restores sympathetic outflow and hence counteracts the 
xylazine-related bradycardia and hypotension. Together, these 
central and peripheral actions align with what one would expect 
from the ADME contrast.

Xylazine is predicted to be HLM-unstable (Human Liver 
Microsomes) (i.e., instability probability ≈0.992), with moderate 

plasma clearance of approximately 10.9 mL/min/kg and an ultra- 
short half-life (i.e., T½ ≈ 0.89 h), all of which are consistent with a 
relatively rapid systemic washout.

Tolazoline is predicted to be HLM-stable (e.g., instability 
probability ≈ 0.031), with borderline-high clearance (≈15.0 mL/ 
min/kg) and a longer half-life (T½ ≈ 3.33 h), providing a several- 
fold longer coverage window than xylazine. The in silico 
predictions are in good agreement with experimentally 
measured pharmacokinetic parameters. Xylazine is known to 
undergo rapid clearance, with reported half-life values in the 
range of 23–50 min, while tolazoline exhibits a significantly 
longer half-life (Casbeer and Knych, 2013; Hoffman et al., 
2024). The ability of the model to reproduce this marked 
difference in metabolic stability between the two compounds 
supports its predictive validity. In a reversal scenario, the 
antagonist that outlasts the agonist has an inherent temporal 
advantage. Indeed, tolazoline’s longer T½ ensures that once it 
reaches relevant effect compartments, its antagonism persists, 
whilst xylazine concentrations are falling quickly. This kinetic 
“cross-over” (e.g., antagonist persists; agonist fades) is a central 
design principle in antidote pharmacology and is clearly reflected 
in the predicted T½ gap.

Both xylazine and tolazoline are predicted P-gp substrates, with 
high probability levels (e.g., ≈0.939 and ≈0.925, respectively). 
Neither is predicted to be a P-gp inhibitor. Xylazine is also 
predicted to be a potent MRP1 inhibitor, with a probability ≈ of 
0.994, whereas tolazoline is near the decision boundary for 
MRP1 inhibition, at ≈ 0.496. Neither compound is predicted to 
inhibit BCRP (Breast Cancer Resistance Protein). Shared P-gp 
substrate status means tolazoline can compete with xylazine for 
efflux capacity at the BBB. Xylazine’s MRP1 (Multidrug Resistance- 
associated Protein 1) inhibition may additionally alter BBB efflux 

FIGURE 5 
Proposed ADME-based pharmacokinetic (PK) paradigm derived from in silico simulations. This schematic representation illustrates the hypothetical 
ADME behavior of the studied compounds, based exclusively on computational predictions and not on experimentally measured pharmacokinetic data. 
Abbreviations: Fu, fraction unbound in plasma; MRP1, multidrug resistance-associated protein 1; BBB, blood–brain barrier; P-gp, P-glycoprotein.
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tone for co-administered cations, potentially reducing parallel efflux 
routes and further nudging tolazoline brain exposure upward, at 
least transiently. Although this is an inference, since the reports 
provided are inhibitor/substrate probabilities as opposed to 
quantitative Ki’s, are the directionality is clear, e.g., xylazine 
tends to inhibit an efflux pump (MRP1) that might otherwise 
remove cationic species; tolazoline sits near the boundary 
(≈0.496) and is very highly unbound, so any efflux constraint 
loosened by xylazine could favor tolazoline retention in the brain 
interstitium. The combination of these factors, e.g., competition for 
P-gp and xylazine-driven MRP1 inhibition, offers an ADME- 
grounded rationale for how tolazoline gains sufficient levels of 
central access, and rapidly enough, to produce a clinically 
meaningful reversal even though its stand-alone BBB 
probability is low.

Both compounds are predicted to have very poor oral HIA 
(xylazine HIA probability of being “HIA+” = 0.0; tolazoline ≈0.002) 
and low oral F-flags (F20–F50%, flagged as negative probabilities for 
both). These de-emphasize the role of oral dosing in acute settings 
and reinforce tolazoline IV use for reversal of xylazine effects. In the 
context of an acute reversal, the key question is not total exposure, 
but time to receptor occupancy. Tolazoline’s very high Fu means 
that after IV dosing, the entire circulating pool is largely available to 
distribute and bind, whilst being limited mainly by perfusion and 
permeability and not by protein binding equilibria.

A substantial metabolic overlap exists between the two 
molecules. Both xylazine and tolazoline are predicted substrates 
of CYP1A2 and CYP2D6, with xylazine additionally flagged as a 
CYP2C19 and CYP3A4 substrate (all ≈1.0 probabilities). Tolazoline 
is predicted to be a potent CYP2D6 inhibitor (probability = 1.0) and 
a CYP3A4 substrate (≈0.995), whilst xylazine shows a 
CYP2D6 inhibitor probability ≈ of 0.764 and a clear 
CYP3A4 substrate status. Whilst tolazoline’s 2D6 inhibition 
could, in principle, slow xylazine metabolism, that would not 
explain the rapid clinical reversal and is, if anything, a 
counteracting pharmacodynamic-independent effect.

Taken together, all PK parameters describe a kinetic and 
distributional environment that strongly favors reversal of 
tolazoline over xylazine, as described in Figure 5. Because 
tolazoline is highly unbound (≈68% Fu) and distributes quickly to 
well-perfused peripheral compartments, it rapidly antagonizes 
presynaptic α2 receptors on peripheral sympathetic terminals. 
Peripheral action does not require strong BBB penetration and is 
fully compatible with tolazoline’s ADME properties. Sufficient central 
a2 antagonism is potentially aided by transporter dynamics and 
exposure timing. Despite a low BBB penetration probability for 
tolazoline, shared P-gp substrate status and xylazine’s strong 
MRP1 inhibition can shift the efflux/entry balance so that enough 
tolazoline reaches the CNS quickly, especially given the very large free 
circulating pool ready to cross down a concentration gradient. Once 
there, competitive antagonism at α2 sites decreases the levels of 
sedation and analgesia, which is what is typically clinically observed.

Tolazoline is considered an appropriate antidote for xylazine 
intoxications in ruminants (Debnath and Chawla, 2023). It is 
routinely used in veterinary medicine at intravenous doses 
ranging from 1 to 4 mg/kg for the reversal of xylazine sedation 
and toxicity. Horses typically receive around 4 mg/kg IV, 
administered slowly to minimize cardiovascular side effects, while 

lower doses (1–2 mg/kg IV) are used for cattle and other animals 
(https://www.drugs.com/vet/tolazil.html). However, while 
veterinary doses could provide guidelines, clinical translation is 
limited by a lack of human data and differing 
pharmacodynamics, especially with co-exposure to opioids like 
fentanyl. For combined xylazine-fentanyl intoxication, 
experimental animal data are limited; tolazoline alone may not 
fully reverse the combined respiratory depression caused by both 
agents. An effective approach in animal models uses a combination 
of naloxone, for fentanyl, plus selective alpha-2 antagonists such as 
atipamezole, for xylazine (Yalakala et al., 2025). Probably, the 
naloxone plus atipamezole combination, could offer a safer and 
more effective approach than using a naloxone plus tolazoline 
combination, being tolazoline less selective, with an eventual 
higher rate and varied side effect profile (https://www.drugs.com/ 
vet/tolazil.html). Finally, in our opinion, a direct comparison 
between atipamezole and tolazoline use in clinical trials would be 
beneficial, and we are actively working on the prediction of the 
atipamezole and similar molecules behavior in this context.

Although α2-adrenoceptors represent the primary 
pharmacological target for both compounds, we did not 
directly model these receptors. The BBB and transporter 
outputs are probabilistic and do not substitute for measured 
brain unbound concentrations. The mechanistic steps involving 
P-gp competition and MRP1 modulation are inferences based on 
the observed probabilities (P-gp substrate for both; strong 
MRP1 inhibition by xylazine; borderline MRP1 inhibition, by 
tolazoline). These steps are biologically plausible and consistent 
with observed clinical reversal, but confirmatory transporter-level 
experiments would be required. Receptor pharmacology, per se 
(e.g., α2-agonism for xylazine, α-antagonism for tolazoline), is not 
contained in the ADMET tables; the argument here is how ADME 
features facilitate or constrain those pharmacodynamic 
interactions in vivo. In summary, from an ADME perspective, 
xylazine is able to reach the central nervous system rapidly and to 
a significant extent, owing to its almost certain penetration of the 
blood-brain barrier, its moderate lipophilicity and its short half- 
life, which is nevertheless sufficient to induce a state of central 
action mediated by α2 receptors. Conversely, tolazoline, although 
less CNS-optimized, may compensate through exceptionally high 
unbound exposure, rapid compartment access, and a longer 
elimination half-life that outlasts the agonist. The two drugs’ 
shared predicted P-gp substrate status and xylazine’s predicted 
strong MRP1 inhibition create a transporter environment in 
which tolazoline can achieve enough central penetration 
quickly to competitively antagonize α2 receptors, while 
peripheral α-blockade promptly restores sympathetic tone. 
These predicted ADME profiles shed light on tolazoline’s 
ability to reverse xylazine’s effects in vivo and yield clear, 
testable predictions for transporter-aware PK/PD studies.

5 Conclusion

The current significant levels of xylazine identification in 
combination with misusing opiates/opioids have increased the 
perceived volatility within local drug markets, which has also 
undermined participants’ confidence in the effectiveness of 
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naloxone (Sisson et al., 2025). Hence, there is a clinical need to 
implement appropriate treatment and management packages to 
counteract the acute toxicity associated with the combined use of 
mu- and α2-receptor agonists (Mullins and Seger, 2025). While 
other molecules could be considered as further potential candidates 
as counteracting agents (e.g., yohimbine, atipamezole, and 
prazosin), taken together, our findings support a mechanistic 
interpretation in which tolazoline’s favorable kinetic and 
distributional properties, combined with its receptor competition 
profile, underpin its clinical efficacy in reversing xylazine 
intoxication. Finally, future studies should also investigate the 
risks posed by the recent emergence of metedomidine, whilst 
assessing the potential of tolazoline in reversing its effects as well.
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