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Abstract
Opioids are effective painkillers but they can have harmful adverse effects, such as addiction 

and potentially fatal respiratory depression. Naloxone is currently the only available treat-

ment for reversing the negative effects of opioids, including respiratory depression. 

However, the effectiveness of naloxone, particularly after an opioid overdose varies depend-

ing on the pharmacokinetics and the pharmacodynamics of the opioid that was overdosed. 

Long-acting opioids, and those with a high affinity at the mu-opioid receptor and/or slow 

receptor dissociation kinetics are particularly resistant to the effects of naloxone. In this 

review, we will examine the pharmacology of naloxone, its safety and limitations in reversing 

opioid-induced respiratory depression under different circumstances, including its ability to 

prevent cardiac arrest. 

Naloxone, a narcotic antagonist 

Naloxone, N-allylnoroxymorphone (Fig.1), is currently the most important drug to reverse the 

effects of an opioid overdose. It was first synthesized in 1960 and further developed through 

the early 1970s in a successful effort to find a strong narcotic antagonist without negative side 

effects.1 In contrast to the earlier antagonist nalorphine (N-allylmorphine), a derivative of mor-

phine, naloxone was the first antagonist without any agonistic opioid activity.2, 3 Nalorphine 

and another early-developed opioid-receptor antagonist, nalbuphine, are partial antagonists 

and reverse the typical morphine effects at low dose but at high dose produce analgesia and 

other opioid side effects such as respiratory depression. Naloxone is a non-selective, compet-

itive opioid antagonist at µ-, κ- and δ-opioid receptors but not at the atypical fourth opioid 

receptor, the nociceptin receptor.2, 3 As previously demonstrated and consistent with classical 

receptor theory, naloxone produces a rightward shift of the opioid dose-response curve.4 In 

fact, 0.8 mg intravenous naloxone fully reversed 10 mg morphine-induced depression of the 

ventilatory response to inhaled carbon dioxide, a biomarker of opioid effect at the ventilatory 

control system.4 However, naloxone has a relatively short half-life (t½ = 32 min), which can 

result in renarcotization (return of opioid effect) when antagonizing long-acting opioids, such 

as high-dose fentanyl.4 

Naloxone was originally available for injection by intravenous, subcutaneous or intramuscu-

lar routes of administration. More recently, the US Food and Drug administration approved 

intramuscular autoinjectors and intranasal naloxone, including over-the-counter intranasal 

naloxone, for treatment of opioid overdose and opioid use disorder. In recent years knowl-

edge on the pharmacokinetic and pharmacodynamic properties of naloxone has increased 
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and various limitations in its practical use were identified. For example, there are a series of 

conditions in which the effectiveness of naloxone as an opioid reversal agent is limited. These 

are predominantly related to the findings that the speed and magnitude of opioid reversal is 

dictated by opioid receptor association and dissociation kinetics, defined by rate constant KON 

and KOFF, respectively, with limitations in reversal when KOFF values are low causing difficulty 

to dissociate the opioid from its receptor.5, 6 Moreover, the effect is delayed following intra-

muscular and intranasal administration compared to the intravascular route. Additionally, 

naloxone has a reduced ability to reverse the deleterious non-opioid effect when opioids are 

combined with nonopioid centrally-acting depressants (co-intoxication) such as ethanol, 

benzodiazepines, α2-agonists or antidepressants.7, 8 

Opioids are highly effective painkillers, but their use is accompanied by undesirable side 

effects that include dependence and potentially lethal respiratory depression. These two side 

effects are a particularly lethal combination, which contributed to the current opioid crisis in 

the United States, Canada and certain European countries, and are responsible for hundreds 

Figure 1. Chemical structures of four opioids, morphine (A), nalorphine (B), oxy-
morphone (C) and naloxone (D).
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of daily opioid deaths.9 When individuals overdose on a potent opioid, their breathing will ini-

tially become irregular, then cyclic and after a period of gasping will become apneic. This is due 

to initial slowing and subsequent cessation of rhythmic respiratory activity from activation of 

µ-opioid-receptors expressed on neurons within the respiratory networks of the brainstem.10-12 

Respiratory depression leads to asphyxia (a combination of hypoxia and hypercapnia), which 

may cause dysrhythmias, bradycardia, cardiac ischemia and cardio-respiratory collapse, and 

when no rescue is initiated, will progress into an inevitable death. Depending on the condi-

tion of the patient, rescue may include cardiopulmonary resuscitation (chest compressions), 

artificial ventilation (mouth-to-mouth resuscitation, mask ventilation or intubation and 

assisted ventilation) and administration of opioid antagonists, most commonly naloxone. The 

success of rescue depends on many factors such as opioid dose, degree of opioid tolerance, 

the opioid affinity at the opioid receptor, co-intoxication, comorbidities, timing of rescue, 

experience of rescuers, etc. In most cases, naloxone is administered to improve or restore 

spontaneous breathing and prevent the sequence leading to a circulatory arrest. Note that 

the pathophysiology, patient demographics and management of an opioid-induced cardiac 

arrests differ from those of an ischemic arrest related to an atherosclerotic plaque rupture.13 

In the case of an opioid-induced cardiac arrest, effective chest compressions with return of 

circulation is pivotal to enable naloxone to reach the brainstem to dissociate the opioid from 

its receptor. However, there are suggestions that in the event of a cardiac arrest, use of nal-

oxone during a standard resuscitation (including assisted ventilation) is of limited benefit 

and standard resuscitation medication suffices for restoration of cardiac activity.13 Still, this 

is debatable, since while circulation might resume, opioid receptor occupancy persists and 

the subject remains at risk without any pharmacological intervention. The many deaths from 

opioids indicates that rescue from respiratory depression is often ineffective or too late (or not 

initiated). Interestingly, survival after an opioid-related out-of-hospital cardiac arrest is greater 

than after an arrest from other causes, indicating that those that overdose on an opioid are 

more resilient and younger with less comorbidities than other populations experiencing a 

cardiac arrest, although misdiagnosis in some cases cannot be excluded.13 Surprisingly, there 

are a lack of data on the effect of opioid overdose on brain function in individuals who survive 

an opioid-related cardiac arrest, as we suspect serious brain damage in a large proportion of 

overdose cases. 

This review will examine the pharmacology of naloxone and its effectiveness and limitations 

in reversing opioid-induced respiratory depression under various conditions. We will also dis-

cuss its ability to prevent cardiac arrest and briefly mention potential naloxone alternatives. 
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Naloxone pharmacokinetics

Oral naloxone has a low bioavailability (<5%), which increases to 25% following nasal admin-

istration and a variable albeit higher bioavailability after intramuscular administration.3, 143,14 

First pass elimination is high (>95%). Given its poor absorption and high metabolic break-

down, naloxone is not suitable for sublingual or oral administration. Still, also for the other 

administration routes relatively high doses are needed to rapidly reach effective central 

concentrations after administration. Naloxone is primarily metabolized in the liver, while 

about one-third of the dose is excreted unchanged via the kidney. In the liver, naloxone is 

glucuronidated into the inactive compound naloxone-3-glucuronide and to a minor extent 

metabolized by N-dealkylation and 6-oxo group reduction.3 As stated above, naloxone elimi-

nation half-life is short. In several studies in healthy young participants, we performed popu-

lation pharmacokinetic model analyses of naloxone using two compartment models. Typical 

model parameter estimates were an elimination clearance of 3.5 L/min (in a 70 kg individual) 

and volume of distribution of 1.6-1.8 L/kg.15, 16 Similar elimination clearance estimates were 

later observed when studying high dose naloxone (3.4 L/min) but with a somewhat greater 

volume of distribution (2.7 L/kg),17 which may be explained by differences in naloxone sam-

pling schemes. An important model parameter derived from pharmacokinetic/pharmaco-

dynamic (PK/PD) data analysis is parameter t½ke0 (= ln2/ke0) which is the arterial blood to 

effect-site equilibration half-life. Parameter t½ke0 describes the hysteresis or the lag between 

changing drug concentrations and effect and is 5-8 min for naloxone.15, 16 This predicts a rapid 

onset as well as a rapid off-set of action. Although the duration of action may depend on 

the dose and the elimination half-life (30-45 min), the onset of effect as concentrations are 

increasing and offset of effect as concentrations are decreasing depend on the pharmacody-

namics, which is affected by access to the site of drug action and receptor kinetics. 

Receptor kinetics

At effective doses, naloxone will reverse the opioid effects, and consequently will cause loss 

of analgesia and respiratory depression and at high dose may precipitate withdrawal symp-

toms in chronic opioid users. Its affinity for the different opioid receptors varies with affinity 

constants (Ki) ∼1.2 nM for the µ-opioid receptor and >10 nM for the κ- and δ-opioid receptors; 

naloxone has no affinity for the nociception receptor.3 Ki represents the drug concentration 

at which 50% of the receptors are occupied (in equilibrium). Since the opioid activation of 

the µ-receptor is most relevant to respiratory depression, the remainder of the discussion 

focusses on naloxone reversal of µ-opioid agonistic effects. The magnitude and speed at 

which naloxone reverses an opioid overdose depends on factors that are related to the opioid 
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that requires reversal. These pharmacologic factors include the opioid pharmacokinetics, 

opioid dose, the opioid affinity for the µ-opioid receptor, and its potency at the receptor. So, 

naloxone effectiveness differs under varying conditions. For the discussion it is important to 

know the values of µ-opioid receptor affinity constant Ki and rate constant KOFF of some rel-

evant opioids. Volpe et al.18 separated clinically used opioids into three categories according 

to their µ-opioid receptor affinities (see Table 1): low affinity = Ki > 100 nM, which includes 

codeine (Ki 734 nM) and meperidine (450 nM); low-to-intermediate affinity = 1 < Ki < 100 nM, 

which include oxycodone (25.9 nM), methadone (3.38 nM), fentanyl (1.35 nM) and morphine 

(1.17 nM); and high affinity = Ki < 1 nM, which include hydromorphone (0.37 nM), buprenor-

phine (0.22 nM), sufentanil (0.14 nM) and carfentanil (0.05 nM).18, 19 KOFF is a model parameter 

determined from mechanism-based pharmacokinetic/pharmacodynamic modeling studies. 

Relevant KOFF-values are naloxone 0.040 s-1, fentanyl 0.004 s-1, sufentanil 0.001 s-1 and carfent-

anil 0.00025 s-1.6, 20 It can generally be assumed that opioids with a high affinity for the µ-opi-

oid receptor have low KOFF-values (≤0.001 s-1).16, 20 

Ki (nM) KOFF (s-1)

Codeine 734

Meperidine 450

Oxycodone 25.9

Methadone 3.38

Fentanyl 1.35 0.004

Morphine 1.17 0.002

Hydromorphone 0.37

Buprenorphine 0.22 0.0002

Sufentanil 0.14 0.001

Carfentanil 0.05 0.00025

Naloxone 1.1 0.040

Table 1. µ-Opioid receptor affinities (Ki) and receptor dissociation constants (KOFF) of different opioids.6,15,17-19

Naloxone pharmacodynamics: reversal scenarios

We here give several specific naloxone reversal scenarios that depend on the circumstances 

that warrant reversal such as (1) an opioid overdose in the perioperative setting, (2 and 3) the 

community setting in which fentanyl or a high affinity opioid is overdosed, (4) the reversal of 

an opioid partial agonist, (5) reversal in case of a co-intoxication with a tranquilizer, and (#6) 

reversal in case of brain hypoxia. We refrain from discussing accidental exposure to fentanyl 

by skin contact or accidental inhalation of fentanyl powder,21 or treatment of mass casualties 
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from intentional release of aerosolized high affinity opioids in the environment.22 

(1) Perioperative (moderate) respiratory depression. In clinical practice, particularly at the 

end of surgery, opioid concentrations at the receptor are often just above the threshold for 

neuronal depression with consequently an absence of respiratory rhythmic activity.5 Hence, 

administration of multiple relatively low naloxone doses (40 – 120 µg), titrated to effect, are 

adequate to restore rhythmic breathing activity. An intravenous route in the clinical setting is 

preferred above other routes of administration, as perioperative patients all have an intrave-

nous access line. Since respiratory effect occurs at a higher receptor occupancy than analge-

sia,5 this approach will have a limited effect on pain relief up to intravenous naloxone doses of 

0.4 mg. For example, intravenous naloxone doses of 0.2 to 0.4 mg fully and rapidly (within 4 

min) reverse 0.15 mg/kg morphine-induced respiratory depression in healthy human volun-

teers.15 This morphine dose is commonly used to prevent occurrence of postoperative pain.

(2) Long-acting potent opioids with low to intermediate affinity for the µ-opioid receptor. In 

case of a fentanyl overdose in the community setting an intravenous access line is unavail-

able and other routes of naloxone administration are used, such as intranasal or intramuscu-

lar routes. Fentanyl is a µ-opioid receptor with intermediate receptor affinity and KOFF-value 

of 0.004 s-1; 18 at high-dose it becomes a rather long-acting drug due to its pharmacokinetic 

properties (i.e. its context-sensitive half-time),23, 24 and due to the high receptor occupancy 

higher doses of naloxone are required for a relatively rapid and long-lasting effect. In a mod-

eling study, Moss et al.25 demonstrated that 2 mg intramuscular naloxone displaced low-dose 

fentanyl from the µ-opioid receptor to 50% receptor occupancy after respectively 3 min (fen-

tanyl concentration 25 ng/mL) and 10 min (50 ng/mL). At a higher fentanyl exposure (75 ng/

mL), 2 mg intramuscular naloxone dose failed to displace fentanyl to 50% occupancy, and 

higher intramuscular doses were needed (5 mg and higher) to cause reversal to an opioid 

occupancy of 50% or less within 6 min. These later data indicate that the limiting factor for 

naloxone reversal of long-acting opioids with a low to intermediate affinity for the µ-opioid 

receptor is the opioid dose. Higher opioid dose or more importantly higher opioid concentra-

tions in the brain, complicates reversal and standard reversal doses of intravenous naloxone 

(≤0.4 mg) are associated with either no effect or with an increased likelihood of renarcoti-

zation.6 A high naloxone dose (>2 mg), repeated dosing or a continuous infusion are then 

necessary for adequate reversal. One has to be aware that after a single high naloxone dose 

renarcotization still might occur.6, 26 For example, simulations of naloxone receptor blockade 

(without an opioid present) indicate that µ-opioid receptor blockade > 90% lasts no longer 

than 30 min after 0.01 mg/kg naloxone bolus and about 1 hour after a ten- to fifteen-fold 
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higher dose.26 When moderate to high affinity opioids are on board the naloxone recep-

tor blockade will be shorter due to the competition with the higher affinity opioid at the 

receptor.27 

(3) Opioids that dissociate slowly from the receptor (KOFF ≤ 0.001 s-1). High affinity opioids 

with slow receptor dissociation kinetics are used in clinical practice and often found in ille-

gal substances. Again, also in this scenario, intranasal and intramuscular routes of naloxone 

administration are preferred due to lack of an intravenous access line. In case of respiratory 

depression from such opioids, receptor kinetics is the first limiting factor in naloxone ability to 

reverse respiratory depression.16, 20 Opioids with low KOFF-values are more difficult to displace 

from the receptors than opioids with high KOFF-values and the reversal rate is consequently 

slower (Fig. 2). 

For optimal management of overdose-related respiratory depression, it is theoretically rele-

vant to know the overdosed opioid KOFF-value. However, for all practical purposes, it is best to 

assume slow receptor kinetics. This is particularly true since one can assume that the over-

dose is related to a high opioid dose with a prolonged duration of action and the second 

limiting factor of naloxone effectiveness is its short duration of action. In case of any of these 

limiting events, high dose naloxone or a continuous naloxone infusion is required for reversal. 

Figure 2. Effect of naloxone dose (A) and effect of different receptor dissociation rate constant (B) on opi-
oid-induced respiratory depression. Purple and orange arrow, injection of the opioid; black arrow injection 
of a single naloxone dose. A. An increase of naloxone dose does cause a greater return of minute ventilation 
but the speed of reversal (∆ventilation per time unit) does not change. B. The smaller the opioid KOFF, the 
increase in ventilation following a similar naloxone dose, is less. Note that at low KOFF values, the degree 
of respiratory depression increases (at a similar opioid dose). Data from Martini et al. 20 Exp Rev Clin Phar-
macol 2011; 4: 719-28 (with permission).
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This was earlier demonstrated for buprenorphine, an opioid with high receptor affinity and a 

low KOFF-value.16, 28 A high intravenous naloxone dose (2-4 mg) was able to reverse respiratory 

depression but only when given as a continuous infusion. Since continuous intravenous nal-

oxone infusions are only possible under controlled conditions, alternatives have been devel-

oped such as intranasal or intramuscular naloxone, or long-acting naloxone analogs. We 

recently tested 4 mg intranasal naloxone following high-dose sufentanil administration and 

observed effectiveness in reversal of opioid-induced respiratory depression (Fig. 3; unpub-

lished observation). Note that for high-affinity opioids reversal with naloxone is possible but 

the rate of reversal is relatively slow (peak effect after 25 min). Moreover the rate or speed of 

reversal cannot be efficiently increased by increasing the naloxone dose (Fig. 2A), although 

a higher dose will achieve greater reversal.20 Additionally, the effect dissipates rapidly. In a 

binding study,27 Kang et al. studied displacement of radioactive carfentanil by naloxone and 

showed more than 90% naloxone occupancy of the µ-opioid receptor at 5 min but only 50% 

occupation at 27 min following 0.035 mg/kg intravenous naloxone. A two-fold greater dose 

was needed to produce 50% occupation at 85 min. These data are relevant as they exem-

plify the rapid return of opioid effect after naloxone treatment. Still full reversal of respiratory 

Figure 3. Reversal of sufentanil-induced respiratory depression by a sin-
gle 4 mg intranasal naloxone dose. Maximal reversal occurs at 30 min. 
Each dot is a 1-min average of the measured end-tidal carbon dioxide 
partial pressure (pCO2). Data from van Lemmen et al. (unpublished ob-
servation).
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depression is not necessary to sustain or reinitiate gas exchange in the lungs. We estimate 

that > 40% of normal breathing volume (i.e. > 4-5 L/min, or µ-opioid receptor occupancy of 

60% or less)28 may be sufficient to enable sufficient oxygen uptake.6 Supplemental oxygen 

will evidently further improve the patient condition. 

(4) Reversal of µ-opioid-receptor partial agonists. Apart from its slow receptor kinetics, 

buprenorphine is a partial agonist at the µ-opioid receptor.16, 29 Previously, we demonstrated 

that this complicates the effectiveness of naloxone in reversing respiratory depression. High 

doses of naloxone cause effective, albeit slow reversal; at an intravenous naloxone infusion 

of 2-4 mg administered in 30 min, reversal is complete.29 However, at higher naloxone doses 

reversal decreased. This results in a bell-shaped or inverse U-shaped naloxone dose-response 

curve rather than the expected sigmoid EMAX dose response with full reversal at increasing 

naloxone doses. The mechanism of the bell-shaped curve remains unknown but possibly at 

high dose, the naloxone affinity for the receptor decreases causes loss of reversal effective-

ness. Further studies are needed to improve our understand of the naloxone buprenorphine 

interaction. 

(5) Reversal in the event of co-intoxication. In many individuals that overdosed on an opioid, 

posmortem examination revealed that intoxication was due to multiple drugs. We earlier 

demonstrated that oxycodone-induced respiratory depression is enhanced by co-adminis-

tration of ethanol, or the antidepressants paroxetine or tianeptine.30-32 Similar findings have 

been made for other centrally-acting depressants such as benzodiazepines.7 While nalox-

one is unable to reverse the non-opioid component of intoxication, it can reverse the opioid 

effect, while the nonopioid effect on the ventilatory control system remains. The nonopioid 

may similarly be a potent respiratory depressant (e.g. tranquilizers such as the benzodiaz-

epine etizolam or the α2-agonist xylazine).33 This will again make reversal difficult with just 

naloxone. A potential alternative would be to combine naloxone with a nonopioid or agnostic 

respiratory stimulant or in case of a benzodiazepine co-intoxication with the benzodiazepine 

receptor antagonist flumazenil.34 For example, in rats intoxicated with high dose fentanyl and 

diazepam, combining low-dose naloxone (1 mg/kg) with the nicotine acetylcholine receptor 

agonist varenicline was able to successfully prevent occurrence of lethal apneas.35 We will 

further discuss agnostic respiratory stimulants below. 

The inability to reverse the opioid effect when given in conjunction with gabapentinoids 

is exemplified is two rodent studies. These studies examined the effect of naloxone effec-

tiveness in reversing opioid effect when combined with pregabalin or gabapentin.36, 37  
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In one study in mice, naloxone (5 mg/kg) pretreatment, did not reduce the significant poten-

tiation produced by coadministration of morphine and pregabalin on pain relief from visceral 

pain.36 In a recent study in rats,37 naloxone at a dose of 0.0056 mg/kg fully reversed hero-

ine-induced respiratory depression. However, after pretreatment with either pregabalin or 

gabapentin, the dose was less effective and a dose of 0.1 mg/kg was needed for full reversal, 

despite no effect of the gabapentinoids on the respiratory depression induced by heroin. 

Since the gabapentinoids were devoid of respiratory depressant effect, these data suggest 

that the gabapentinoids affect (increases) naloxone KOFF-value. A similar observation, yet 

into the other direction has earlier been made for morphine-6-glucuronide that enhances 

H3-naloxone affinity for the µ-opioid receptor by 20-40%.14, 38

Figure 4. A. Simulations of the effect of intramuscular naloxone injection on minute ventilation (top row), 
arterial oxygen partial pressure (middle row) and cardiac output (bottom row). Two opioids (fentanyl and 
carfentanil) and two doses per opioid are simulated. No reversal is simulated (red lines, no naloxone) and 
two intramuscular naloxone strategies: green lines 2 mg naloxone in 2 mL solution, and blue lines 2 mg 
naloxone in 0.4 mL solution. The red × indicates the simulated patient’s death. B. Population simulations 
of the percentage of simulated individuals that experienced cardiac arrest under the simulated conditions 
given in panel A. Data from Mann et al. 6 Clin Pharmacol Ther 2022; 112: 1020-32 (with permission).
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(6) Naloxone effect under hypoxic conditions. A recent study in awake and sedated rats 

showed that reversal by intravenous naloxone (2 mg/kg) of 0.3 mg/kg fentanyl-induced 

apnea was dependent on the oxygen concentration of the inhaled gas.39 At low inspired 

oxygen fractions (FiO2 < 10%), the apnea was irreversible in 90% of animals, while during room 

air breathing the return to regular breathing occurred in all animals. Probably the central 

depressant effects of hypoxia prevent reversal of respiratory rhythmic neuronal activity. These 

observations have evident clinical implications as any antidote, naloxone as well as agnostic 

respiratory stimulants, will be ineffective in case of severe hypoxia. This highlights the impor-

tance of ventilatory support in addition to naloxone administration in the case of a rescue 

attempt of an overdose victim.

Naloxone ability to prevent cardiac arrest

Cardiac arrest may occur following an opioid overdose due to apnea- or hypoventilation-in-

duced asphyxia complicated by cardiac dysrhythmias. Mann et al.6 were the first to develop 

an in-silico simulation of the ability of naloxone to prevent occurrence of a cardiac arrest 

following potent opioid overdoses. In fact, their model is the first to simulate the opioid over-

dosing with fentanyl and its congeners in the community setting. The model they developed 

has multiple parts and incorporates opioid and antagonist pharmacokinetics, µ-opioid recep-

tor kinetics, opioid and antagonist mechanism-based respiratory pharmacodynamics and 

circulatory physiology. They describe the effects of low- and high-dose intravenous fentanyl 

(1.63 and 2.97 mg) and carfentanil (0.012 mg and 0.022 mg) on a series of relevant parameters, 

including ventilation, arterial PO2 and cardiac output, brain blood flow and brain tissue PO2. 

Next, they determined the effect of no reversal and naloxone-reversal by an intramuscular 

injection of 2 mg naloxone in 0.4 mL and 2 mg in 2 mL solvent on these parameters. Naloxone 

was given when ventilation decreased to 40% of estimated baseline level. Their results are 

summarized as follows (Fig 4):6 (i) respiratory depression induced by the full µ-opioid receptor 

agonist carfentanil develops slower compared to fentanyl, due to its slower association to the 

µ-opioid receptor (KON); (ii) reversal of respiratory depression by naloxone was more difficult 

following carfentanil administration compared to fentanyl, due to its slower dissociation from 

the µ-opioid receptor (KOFF); (iii) the greater naloxone concentration (2 mg/0.4 mL) was a more 

effective reversal agent than the lesser concentrated naloxone (2 mg/2 mL), related to the 

higher plasma concentrations reached with the former; (iv) high-dose carfentanil was lethal 

under both naloxone scenarios with cardiac arrest occurring in almost 90% of virtual patients 

following no naloxone and 74% and 59% after 2 mg/2 mL and 2 mg/0.4 mL naloxone, respec-

tively (Fig. 4b). Equivalent values for high-dose fentanyl were 75% (no reversal), 52% (2 mg/2 

mL naloxone) and 36% (2 mg/0.4 mL naloxone). 
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These simulations depict the sequence of events that lead to cardiac arrest and exemplify 

that the success of a naloxone intervention is dependent on opioid receptor kinetics, opioid 

dose and naloxone dose and concentration. With respect to opioid dose, naloxone was 

effective in 30-40% more simulated patients following low-dose compared to high-dose 

carfentanil injection (0.012 mg versus 0.022 mg).6 Additionally, the model predicts that a large 

proportion of simulated individuals will survive but will have sustained low levels of brain 

oxygen concentration, which may result in brain damage or other deleterious effects not 

explicitly represented in the model. What remains to study is to determine the influence of 

timing of the naloxone intervention on the success of rescue and prevention of brain damage 

and equally important to go beyond the current simulations and determine the influence of 

resuscitation on rescue after cardiac arrest occurred. 

Naloxone safety

Naloxone is a safe drug in the sense that when administered to healthy awake and opioid-naïve 

individuals, it is generally without effect or side effects. Severinghaus and colleagues,40 for 

example, administered 10 mg intravenous naloxone to healthy volunteers during moderate 

hypoxia and detected no deleterious effects. In the event of an opioid overdose, naloxone 

may have adverse effects, albeit clinical data indicate that serious events are rare.3, 41-46 In 

case of individuals with an opioid use disorder, withdrawal symptoms may become appar-

ent after naloxone administration; symptoms include tachycardia, mild agitation/anxiety, 

hypertension abdominal pain, malaise and insomnia.2, 3, 41 In extremely rare cases, abrupt 

reversal of opioid depression by naloxone has been followed by seizures, pulmonary edema, 

cardiac dysrhythmias, hypertension and cardiac arrest.3, 42-45 While a direct dose and effect 

relationship has not been established, the cardiopulmonary complications may be second-

ary to a sudden release of catecholamines following high-dose or rapidly injected naloxone. 

Vasoconstriction and an increase in blood pressure and the occurrence of tachy-arrhythmias 

may be the basis of these complications, with pulmonary edema arising from a rapid fluid 

shift or from inspiration against a closed glottis (negative pressure pulmonary edema).3, 46 

Complications may be enhanced when the patient is in a circulatory unstable condition such 

as low blood pressure from opioid-induced vasodilation or in case of a high vasomotor tone 

from (psychological) stress, agitated delirium and/or pain.3 In the event of complications, it is 

crucial to treat the different symptoms and reduce the elevated sympathetic activity with an 

α2-adrenergic receptor agonist.3 In individuals that received naloxone rescue medication in 

a community setting, agitation and aggression may be dangerous for those providing care 

such as police, ambulance personnel and bystanders, and in some cases requires chemical 

sedation.41 Finally, it is important to realize that sudden nausea and vomiting may occur upon 
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naloxone administration with a risk of aspiration.43 

Naloxone alternative: nalmefene

Nalmefene is an opioid receptor antagonist that was earlier available in the US for treatment 

of an opioid overdose,47 and was not withdrawn from the market for reasons of safety or 

effectiveness, but because of commercial reasons.48 The oral formulation is still available for 

treatment of alcohol dependence and other forms of addiction.49, 50 Nalmefene remains an 

attractive naloxone alternative as it has high affinity for the µ-opioid receptor, is 10-times 

more potent than naloxone and has an eight- to ten-fold longer half-life (t½ = 8 to 11 h) 

than naloxone, reducing the likelihood of renarcotization from even long-acting opioids.47, 51 

Recently, intranasal nalmefene was developed and studied for treatment of an opioid over-

dose.51-53 Intranasal mucosal uptake of nalmefene, however, is relatively slow.53 In rats, adding 

a mucosal absorption enhancer speeds uptake with peak concentrations at about 1 min after 

administration.53 Such values make clinical use attractive, particularly since it stays active 

much longer than naloxone. In human volunteers, 3 mg intranasal nalmefene combined 

with a mucosal absorption enhancer reduced the time to the maximal plasma concentration 

from 2 hours to about 30 min,53 Further studies should evaluate the effectiveness of intrana-

sal nalmefene in rapidly reversing opioid-induced respiratory depression.

Naloxone alternatives: agnostic respiratory stimulants

Since naloxone is not effective in a variety of overdose conditions, so called agnostic respira-

tory stimulants are being developed. These stimulants allow reversal of respiratory depression 

without any interaction with the underlying cause of respiratory depression. We recently dis-

cussed a series of old and new nonopioid stimulants (see Ref. 8 and references cited therein). 

Respiratory stimulants with promising results in animal or human studies include nicotinic 

acetylcholine receptor agonists, ampakines, potassium channel blockers, partial opioid 

receptor agonists/antagonists, scrubber molecules and monoclonal antibodies against spe-

cific opioids (including antibodies that enhance opioid metabolism).8, 54 Still, none of these 

strategies are at present sufficiently scrutinized to allow definite conclusions regarding effec-

tiveness and safety. For example, it remains unknown whether these strategies are able to 

overcome severe respiratory depression (e.g. ventilation <40% of baseline, gasping or apnea) 

and are able to prevent cardiac arrest. In fact, we contend that most strategies share some of 

the naloxone drawbacks and reversal might be difficult as we predict that under conditions 

of cardiorespiratory collapse insufficient drug will reach the brainstem. Stimulants with a site 

of action outside the brain compartment might have an advantage (such as potassium chan-

nel blockers that act at the carotid bodies) or there might be an advantage of combining any 
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of these stimulants with naloxone to target two independent mechanisms with a possible 

better outcome than either treatment alone. The combinations of any of these stimulants 

with naloxone has only been studied sparsely. We gave an example above of the combination 

of low-dose naloxone and the nicotinic acetylcholine receptor partial agonist, varenicline.35 

These two drugs act within the brainstem at different sites, opioid and nonopioid related, 

to reinitiate rhythmogenesis following a potentially lethal apnea. Such therapy evidently 

only works provided presence of circulation. Just one other study investigated treatment 

combined with an opioid receptor antagonist. In individuals with an opioid use disorder, the 

combination of a vaccine against oxycodone with prolonged-release naltrexone was more 

efficacious than either treatment alone in the prevention of oxycodone-induced respiratory 

depression.55 Evidently, such therapy cannot produce rapid onset reversal of respiratory 

depression. 

One disadvantage of agnostic stimulants has not received any attention as yet. Many of the 

synthetic opioids can produce significant muscle rigidity (the wooden cage syndrome) and/

or vocal cord closure impairing gas exchange due to a sharp reduction in tidal volume.32, 

56-60 In case of opioid-induced muscle rigidity and/or vocal cord closure the respiratory stim-

ulant might not work or worsen the clinical condition of the patient.58 This is another reason 

why the combination of a non-opioid respiratory stimulant with naloxone is favorable, as the 

opioid antagonist is able to reduce muscle rigidity.58 Still, also other non-opioid mechanism 

may be involved such as related to opioid-induced adrenergic and cholinergic receptor-me-

diated respiratory failure.56 Our experience, however, is that at the appropriate dose, naloxone 

is able to rapidly overcome potentially lethal muscle rigidity from synthetic opioids. Miner 

et al.,60 however, showed that fentanyl-induced vocal cord closure is resistant to reversal by 

naloxone, suggesting that muscle rigidity and vocal cord closure have a different underlying 

mechanism and require distinct treatments. 

Given the above, we encourage further studies on the combination of an agnostic respira-

tory stimulant with naloxone under conditions of acute respiratory depression, mimicking an 

overdose from synthetic opioids.



82 |

Chapter 4

Conclusions and future perspectives
Theoretically, naloxone is well suited to antagonize the opioid effect at the µ-opioid receptor 

in the event of a potentially lethal respiratory depression; it has high affinity for the opioid 

receptor but lacks intrinsic activity at the receptor. However, its effectiveness is limited and 

determined by a variety of factors that interact in a complex fashion and remain poorly stud-

ied. Factors that that limit a rapid and full reversal may be divided into factors that relate to 

the opioid that has been overdosed and to the pharmacological properties of naloxone. These 

factors include: the opioid dose, the opioid affinity for the µ-opioid receptor (determined by Ki 

and KOFF), the naloxone dose, its duration of action, the naloxone route of administration and 

the timing of reversal. The later factor is particularly relevant as a late attempt to rescue the 

patient may be complicated by a cardiac arrest. Given that most of these limitations remain 

unknown under real-life conditions, the optimal naloxone rescue dose remains uncertain and 

current guidelines are based on simulation studies or retrospective case series. For example, 

the package insert of the 2 and 4 mg naloxone nasal spray (in 0.1 mL) advises a single spray 

into one nostril and additional doses if the patient does not respond at 2-3 min intervals.61, 62 

In 2021, the US Food and Drug Administration (FDA) approved a 8 mg naloxone nasal spray 

to treat opioid overdose.63 Recent pharmacokinetic modeling studies indeed suggest that an 

initial dose of 8 mg intranasal naloxone has superior pharmacodynamic effects compared 

to all other administration regimens (unpublished observation). However, the utility of stag-

gered naloxone administration following such a schedule has not been evaluated outside of 

controlled settings. Recognizing that typical clinical studies in overdose patients are not fea-

sible, we advocate for robust and well-controlled pharmacokinetic and pharmacodynamic 

evaluations in relevant patient populations to allow development of well-informed guidelines 

for treatment of an opioid overdose in the community. To address this issue, we are currently 

studying the effect of multiple 4 mg intranasal naloxone doses on high-dose fentanyl- and 

sufentanil-induced respiratory depression in opioid-naïve individuals and chronic opioid 

consumers using a pharmacokinetic/pharmacodynamic modeling approach. Importantly, 

irrespective of the results of studies on single intoxications, one needs to be aware that 

proper reversal of polysubstance abuse and overdoses requires a different approach that 

might involve the combination of naloxone with an agnostic respiratory stimulant. While 

we are aware that new µ-opioid receptor antagonists that overcome the narrow treatment 

window of naloxone are being developed, human studies that determine effectiveness and 

safety under the conditions discussed above are still lacking. Discussion of such compounds 

(e.g. antagonists derived from orvinol, methocinnamox, naloxone nanoparticles) is therefore 

still preliminary.27, 64-66 For now, naloxone remains the mainstay of treatment and should be 

administered in combination with appropriate supportive and resuscitation measures. 
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Chapter 4.1

To the Editor:
As ASA members spearheading the REVIVEme.com initiative, we appreciate the thorough 

review of naloxone’s pharmacokinetics and dynamics by Lemmen et al.1 and the focus it 

brings to our Journal’s readers. It is clear that further study of opioid overdose reversal of 

respiratory depression and prevention of cardiac arrest is warranted, and novel µ-receptor 

antagonists or combinations with agnostic respiratory stimulants represent promising 

developments.

There are three crucial takeaway points from the information presented in the review that 

require emphasis. First, because the Koff value for naloxone is greater than that of fentanyl, 

sufentanil, and carfentanil, one needs to be aware that a minimum of 4 mg naloxone should 

be given, that repeated doses may be needed to reverse respiratory depression, and that 

renarcotization can occur. Rescuers should always be instructed not to leave a victim unat-

tended after giving naloxone even if breathing and consciousness are restored. It should be 

noted that the illicit drug supply in the United States predominantly contains fentanyl, not 

sufentanil, and a much lower percentage contains carfentanil.

Second, naloxone reversal of opioid-induced apnea becomes irreversible at low inspired 

oxygen fractions but can return to regular breathing at room air concentrations of oxygen. 

However, full reversal of respiratory depression is not needed to sustain or reinitiate gas 

exchange, because the authors suggest that only 60% or less of µ-receptor occupancy is ade-

quate to allow for sufficient oxygen uptake. Ventilatory support (rescue breathing) is crucial 

in a naloxone rescue attempt of a hypoventilating or apneic overdose victim. It provides the 

conditions for naloxone to fully restore normal breathing and protects the brain from poten-

tial irreversible injury.

Last, survival after an opioid-related out-of-hospital cardiac arrest is greater than after arrest 

from other causes, therefore attempts at resuscitation should be undertaken. As indicated 

above, ventilation plays a critical role in resuscitation and is the standard of care per the 

American Heart Association algorithm in a primary respiratory arrest regardless of the under-

lying cause. If the pulse is eventually lost, then chest compressions should be instituted. 

According to data from the U.S. transplant registry, the single greatest percentage increase 

in mechanism leading to organ donation during the past 25 yr is drug overdose. The heart 

may be resuscitated, but the brain is not tolerant of anoxia. The relationship of the opioid 

crisis to irreversible brain injury or death due to overdose cannot be overstated.
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There is a multitude of variables in the success of rescue from opioid overdose that cannot 

be controlled as in clinical studies, such as the drug, dose, tolerance, combined intoxication, 

patient’s comorbidities, timing of rescue, or experience of the rescuers. As opposed to a 

simulated model, an actual opioid overdose victim is a vast unknown entity. All that can be 

identified on the scene are signs of likely drug overdose, breathing adequacy or absence, and 

pulse presence or absence. That is all that any rescuer has to act upon.

Calling 911, naloxone, rescue breathing, and chest compressions as indicated are the main-

stays of overdose resuscitation. Naloxone 4 mg nasal spray is user friendly and proven safe; 

basic life support is a skill any layperson can learn. It is not the medication that ultimately 

limits survival, instead it is the conditions on the scene, which includes our personal biases 

and the willingness to be an immediate responder to an overdose victim.

References
1.	 van Lemmen M, Florian J, Li Z, van Velzen M, van Dorp E, Niesters M, et al. Opioid overdose: 
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Chapter 4.2

To the Editor:
As clinicians, we often question why some patients respond to naloxone and others do not 

when opioid-induced ventilatory impairment is suspected. This inexplicability is discon-

certing, given the toll of opioid-induced ventilatory impairment–related deaths. Our search 

for greater understanding, as recently provided in this Journal by van Lemmen et al.,1 is 

paramount.

As minute ventilation falls under the influence of an opioid, the PaO2 will decline, and the 

Paco2 will rise.2 This relationship may be estimated in a perfect circumstance (without any 

contribution from shunt, for example) by the alveolar gas equation.3 A patient affected by 

opioid-induced ventilatory impairment breathing room air may present with an arterial 

oxygen saturation of 60% and a PaCO2 100 mmHg estimated by the alveolar gas equation.4 

Observational studies in human respiratory failure patients note aberrations of consciousness 

at PaCO2 90 mmHg and above and a loss of consciousness at 120 to 130 mmHg.5, 6 Central to 

hypercarbia-induced sedation or loss of consciousness seems to be the presence of a result-

ing acidosis of the cerebrospinal fluid (CSF).7 The lowering of CSF pH from a rise in PaCO2 

was shown to have a time constant (63% of change) of 12 min.8 Thus, PaCO2 must likely be 

consistently elevated before the CSF pH lowers and consciousness is depressed.9 PaCO2 likely 

needs to be consistently normalized on the corollary for consciousness to return.6

Depression of consciousness from sustained hypercarbia may explain the failure of response 

to naloxone in some patients. Naloxone perhaps is antagonizing the direct sedative effects of 

the opioid without correcting the depression of consciousness from hypercarbia. Research to 

date on opioid-induced ventilatory impairment does not seem to adequately clarify the role 

of direct opioid-induced sedation versus the consciousness-depressant effect of hypercar-

bia.10 Many clinicians have cared for patients who did not respond to naloxone as predicted. 

Two examples are known opioid use disorder presenting late to the emergency department 

unconscious or the postoperative ward patient administered opioids who was similarly 

detected to be unconscious after a time delay. Typically, these patients regain consciousness 

after several hours in intensive care with sustained invasive positive pressure (hyper)ventila-

tion. This normalizes the PaCO2 for an extended period; we can suspect CSF pH with it. Often 

nonresponse to naloxone is initially ascribed to the coadministration of other sedative med-

ications. Later, on further enquiry or rational thinking, it transpires that the only substance 

exposed to excessively was an opioid.

The learned opinion of van Lemmen et al. on the possible role of hypercarbia would aid our 
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understanding of the pathogenesis of naloxone nonresponders.
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In Reply:
We thank Dr. Pattullo1 and Drs. Milas and Varon2 for their interest and careful reading of our 

article on the use of naloxone in the reversal of an opioid overdose as might occur in the 

community setting in the United States.3 Individuals that overdose are commonly found in 

a state of unconsciousness, and these overdose victims, as recently discussed in the general 

media,4 are often positive for fentanyl as well as for other substances (e.g., methamphet-

amine, xylazine, cannabis, or gabapentin), that affect not only breathing but also the level of 

consciousness. Because illicit drugs often predominantly contain fentanyl, use of naloxone (4 

to 8 mg given intranasally or 5 mg given intramuscularly) can rapidly restore rhythmic breath-

ing activity, assuming that there is still cardiac activity. Otherwise, naloxone administration 

should always be combined with cardiorespiratory resuscitation.

Naloxone restores breathing activity by displacing fentanyl from the μ-opioid receptor. 

Consciousness may or may not be regained, which depends on many other factors. One 

problem is brain hypoxia that may result from the opioid overdose.5 In such cases, hypoxia 

may cause brain damage, which may impair the rapid return of consciousness. Another prob-

lem is cointoxication with tranquilizers that depress consciousness. It is frequently difficult 

or even impossible to determine the composition of the substances that were abused. The 

overdose victim and responder often have no idea what adulterants were added to the drug 

of abuse. Still, high-dose naloxone will often be able to restore the ventilatory component of 

the overdose sequelae, irrespective of the arousal state, assuming that the upper airway is 

patent.

Dr. Pattullo introduces the role of hypercapnia, particularly the effect of acidosis of the 

cerebrospinal fluid on naloxone ability to reverse opioid-induced respiratory depression. We 

recently studied the effect of hypercapnia on consciousness and cardiorespiratory func-

tion in rats and humans.6 Acutely induced hypercapnia causing severe arterial acidosis was 

detrimental at concentrations of more than 12% in humans, causing a state of dissociation, 

while the animal data indicated that levels of more than 20% reduce consciousness and 

increase the likelihood of mortality. Upon an opioid overdose and in contrast to opioid use 

in the postoperative setting, the rapid transition of the opioid to the brain compartment can 

silence respiratory neurons (causing apnea) before any accumulation of arterial carbon diox-

ide. Hence, in the acute setting, the use of naloxone can be lifesaving by restoring rhythmic 

breathing activity if the dose is sufficient and cardiac output is still present. When the opioid 

overdose causes hypoventilation for longer periods of time, hypercapnia will occur, and this 

may impair consciousness. However, we are not aware of data that suggest that naloxone is 
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unable to restore breathing activity during long-term hypercapnia, particularly in the absence 

of hypoxia. At moderate short-term hypercapnia, naloxone is able to reverse morphine- and 

even buprenorphine-induced respiratory depression.7, 8 In this respect, hypoxia may be more 

important than hypercapnia because hypoxia may impair the naloxone activity, as shown by 

Haouzi et al.5 A nonresponse to naloxone may be related to the naloxone dose, the presence 

of adulterants (e.g., tranquilizers), brain hypoxia, possibly hypothermia, and/or low cardiac 

output; cerebral spinal fluid acidosis may play a role as well. Cerebral spinal fluid acidosis 

may occur when respiratory depression has lasted for longer periods of time. This is not an 

unrealistic scenario and many overdose victims are found hours after the overdose occurred 

in a state of severe hypoventilation, hypoxia, hypercapnia, and hypothermic with low cardiac 

output. We argue that it is still appropriate to treat these individuals with naloxone, initiate 

cardiorespiratory resuscitation, and arrange transport to a hospital for further treatment.

Drs. Milas and Varon give an excellent summary of our article and highlight the importance of 

rapid action when encountering an overdose victim. They stress the importance of adequate 

naloxone dosing combined with immediate cardiorespiratory resuscitation. As discussed by 

us, we agree whole heartedly. We thank Drs. Milas and Vernon for their support of our work. 

The naloxone dose and route of administration has not been fully defined, and most studies 

rely on pharmacokinetic data combined with modeling the effect of naloxone on the car-

diorespiratory system.9 We believe that such studies are important and enable the design 

of human studies that are safe but give sufficient data to provide dosing advice for rescue 

of overdose victims in the community setting. We are currently studying the effect of intra-

nasal and intramuscular naloxone on high doses of fentanyl administered in healthy volun-

teers and individuals with an opioid use disorder (https://www.isrctn.com ISRCTN21068708). 

Other studies are evaluating agnostic respiratory stimulants, which may have a future role in 

improving outcomes after opioid overdoses (https://clinicaltrialregister.nl id NL9692; https://

www.isrctn.com ISRCTN63027076; https://www.isrctn.com ISRCTN16683564).
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