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Abstract: Biodetoxification using intravenous lipid emulsion (ILE) in acute poisoning is of growing
interest. As well as for local anesthetics, ILE is currently used to reverse toxicity caused by a
broad-spectrum of lipophilic drugs. Both pharmacokinetic and pharmacodynamic mechanisms
have been postulated to explain its possible benefits, mainly combining a scavenging effect called
“lipid sink” and cardiotonic activity. Additional mechanisms based on ILE-attributed vasoactive
and cytoprotective properties are still under investigation. Here, we present a narrative review on
lipid resuscitation, focusing on the recent literature with advances in understanding ILE-attributed
mechanisms of action and evaluating the evidence supporting ILE administration that enabled the
international recommendations. Many practical aspects are still controversial, including the optimal
dose, the optimal administration timing, and the optimal duration of infusion for clinical efficacy, as
well as the threshold dose for adverse effects. Present evidence supports the use of ILE as first-line
therapy to reverse local anesthetic-related systemic toxicity and as adjunct therapy in lipophilic
non-local anesthetic drug overdoses refractory to well-established antidotes and supportive care.
However, the level of evidence is low to very low, as for most other commonly used antidotes. Our
review presents the internationally accepted recommendations according to the clinical poisoning
scenario and provides the precautions of use to optimize the expected efficacy of ILE and limit the
inconveniences of its futile administration. Based on their absorptive properties, the next generation
of scavenging agents is additionally presented. Although emerging research shows great potential,
several challenges need to be overcome before parenteral detoxifying agents could be considered as
an established treatment for severe poisonings.

Keywords: lipid emulsion; Intralipid®; poisoning; cardiotoxicant; detoxification; cardiovascular
failure; shock; cardiac arrest; lipid sink

1. Introduction

Biodetoxification using drug scavenging agents is of growing interest, as drug over-
doses represent a major health problem accounting for thousands of deaths annually
worldwide, most often among the young. Poisoning is responsible for more than 3 million
calls to US poison control centers annually [1]. Two thirds of these calls are in relation to
the ingestion of overdosed prescription drugs, with major fatality risk if cardiovascular
medications are involved.

The use of intravenous lipid emulsion (ILE) as an antidote to reverse local anesthetic-
related systemic toxicity (LAST) has gained widespread support following convincing data
from successful case reports and animal studies [2]. ILE was suggested as a promising
agent for poisonings involving lipophilic agents, especially if unresponsive to the recom-
mended therapies [3]. Its easy administration in emergent conditions at the bedside and
its original properties, supporting its ability to alter both the pharmacokinetics (PK) and
the pharmacodynamics (PD) of lipophilic toxicants synergistically with supportive care,
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antidotes, and decontamination and elimination enhancement techniques, opened up new
perspectives for emergency physicians and intensivists to improve the management of
severe poisonings. To date, ILE has been used in poisoned patients to reverse cardiac
toxicity induced by a broad spectrum of drugs (Table 1) [4,5].

Table 1. Therapies provided in 2,080,917 human exposures based on the 2021 Annual Report of the
National Poison Data System from America’s Poison Centers.

Activated charcoal (single or multiple doses) 35,819
Intubation and mechanical ventilation 19,032
Vasopressors 9833
Cardiopulmonary resuscitation 2662
Hemodialysis 2538
Continuous renal replacement therapy 874
High-dose insulin/glucose 661
Lipid emulsion therapy 403
Cardioversion 374
Pacemaker 266
Extracorporeal membrane oxygenation 127

Evidence for ILE use in poisoning is evolving. Several mechanisms of action have
been hypothesized [6], including i: intravascular sequestration of the toxicant and its
enhanced redistribution to biologically inert tissues; ii: augmentation of fatty acid utilization
for adenosine triphosphate (ATP) synthesis; and iii: direct cardiotonic and ion channel
effects. However, much remains to be elucidated. Uncertainties are still present regarding
the optimal composition, dosing, mechanisms of action, and efficiency of ILE. Without
clarification of the ILE mechanism of action, caution should remain regarding its role and
indications. We present a mini review of the recent literature, focusing on the advances in
ILE mechanism understanding and evaluating the evidence supporting ILE administration
in clinical toxicology. This review aims to clarify ILE indications as rescue therapy in the
severely poisoned patient to help the clinician at the bedside in anticipating its expected
efficacy and adverse effects and improving patient management.

2. Rationale for ILE Use in Clinical Toxicology

With functional toxicants, the most common approach to manage poisoning is to
provide the support needed to maintain organ function, relying on the endogenous ability
to metabolize and eliminate the toxicant. Gastrointestinal decontamination, including
gastric lavage and activated charcoal administration, can minimize absorption, but these
techniques are controversial and poorly effective more than 1-2 h post-ingestion [7,8].
Extracorporeal techniques such as hemodialysis and hemofiltration to enhance drug elimi-
nation are of questionable clinical pertinence for drugs with large volumes of distribution
and/or high protein binding affinities. Finally, antidotes are necessary in combination with
supportive care when the drug is associated with a high mortality rate or poor long-term
outcome [9].

Numerous experimental and clinical studies have established that ILE can increase
the blood tissue partitioning of lipophilic drugs, improve cardiac performance, and result
in relevant beneficial effects such as post-conditioning, direct inotropy, and the activation
of cytoprotective pathways [3,5,6]. By contrast, randomized controlled trials (RCTs), con-
sidered as the best evidence to support the benefits of ILE, are rare due to obvious ethical
difficulties and the rarity of clinical indications. Therefore, to date, mainly experimental
and case report data provide support for the possible efficacy of ILE in clinical toxicology
in selected indications. [5]. While awaiting human data, one approach to obtain approval
for therapy in acute poisoning is the « animal efficacy and human safety » rule.
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2.1. A Success Story

In 1962, after the commercial release of Intralipid® (Fresenius Kabi, Bad Homburg,
Germany), clinicians proposed the use of intravenous (IV) fat emulsions as drug binders
or components of extracorporeal lipid dialysis. Russell et al. reported that IV cottonseed
oil could shorten the duration of thiopental anesthesia [10]. Adding olive or cottonseed
oil to the dialysate was shown to enhance glutethimide removal [11], and one camphor-
intoxicated patient was treated successfully with lipid extracorporeal hemodialysis [12].
In the following years, devices for lipid dialysis were developed, and proposals of more
specifically designed dialysates for detoxification were postulated [13,14]. Laboratory
investigations demonstrated that corn oil addition to dialysates was effective at moving
drugs (e.g., imipramine, amitriptyline, and glutethimide) out of the plasma and into the
dialysate [15]. Krieglstein et al. were the first to demonstrate that a marketed fat emulsion
(10% Lipofundin®, B. Braun, Taguig City, Philippines) could bind chlorpromazine in vitro
and save rats from lethal chlorpromazine toxicity [16]. Thereafter, investigations focused
on the underlying mechanistic actions of ILE.

Weinberg et al. published their original findings demonstrating that resuscitation
or pretreatment with ILE resulted in the improvement of cardiac toxicity associated with
bupivacaine in rats and dogs [17,18]. Following these supportive animal works, ILE was
administered in human cases of cardiac arrest and neurologic toxicity attributable to LAST,
with successful resuscitation after the failure of conventional resuscitation [2]. Nearly two
decades later, the majority of academic societies recommend ILE as a first-line treatment of
LAST [19].

2.2. ILE Constituents

ILEs are sterile nanometer-sized droplets of triglyceride oils in water stabilized by
phospholipid surfactants [20]. The average particle size is between 200 and 600 nm, de-
pending on the method and the emulsion. Phospholipids such as egg lecithin are added as
emulsifiers to improve fat solubility. Emulsifiers, which are both fat- and water-soluble,
surround the lipid droplet (Figure 1). Sodium hydroxide is added to adjust the pH. Cur-
rently marketed products have a pH between 6.0 and 9.0 and a ~270 mOsm/L osmolality,
and are ready to infuse using peripheral vein access.

0il
Emulsifiers
Water
Phospholipids
Oil triglycerides
Lipid vesicle

Figure 1. The making of a lipid emulsion. Droplets have a monolayer of phospholipids as emulsifier,
which separates the interior lipid phase from the exterior aqueous phase.
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ILEs may contain varying types (soybean, coconut, olive, and fish) and concentrations
of triglyceride oils (10, 20, and 30%). Droplets have similar shapes and sizes to physiological
chylomicrons and are similarly metabolized. Fatty acids represent the lipid phase of ILE
with neutral long-chain triglycerides (LCTs) or a mix of medium-chain triglycerides (MCTs)
and LCTs.

Intralipid® is the most often studied product among ILEs. It is an emulsion containing
20% soybean oil, 2.25% glycerin, and 1.2% egg phospholipids [21]. Intralipid® is currently
manufactured with lipid concentrations of 10, 20, and 30% and commonly used for par-
enteral nutrition, drug carrier vehicles, lipid rescue therapy, and ischemia-reperfusion
injury attenuation therapy [21]. Although Intralipid® is the most often administered lipid
rescue therapy, the use of other products has been reported [22,23]. The composition is of
importance since it influences the scavenging properties and the side effects of ILE.

2.3. The Absorptive Properties

ILEs are useful carriers for lipophilic drugs [23]. They are used to deliver drugs such
as propofol, etomidate, diazepam, and amphotericin B [24] and more recently as highly
efficient and targeted delivery systems for cancer therapy [25]. Based on their absorptive
properties, lipophilic drugs can diffuse across the phospholipid coating into the blood
when the purpose is to deliver the drug or out of the blood when ILE is used to treat
drug overdose [26,27]. The principles of Fick’s law govern drug diffusion according to the
concentration gradient across the lipid droplet membrane, the surface area of the drug-
containing lipid droplet, and the drug partition coefficient between the oil and aqueous
phases. The amount of toxicant that can be sequestered by a given therapy is measured
by its partition coefficient, which is the concentration ratio of the toxicant dissolved in
the oil over the aqueous phase at equilibrium. The toxicant can also be adsorbed on the
emulsion surface. Regarding the adsorption of the toxicant, the interfacial dynamics of
droplet—poison binding are unknown, and phospholipid micelles likely exist in aqueous
solution alongside the emulsified oil droplets and could interact with the toxicant. Of
note, neither of these phenomena are understood adequately and both deserve further
study. Each drug and metabolite has different degrees of plasma protein binding and
partition coefficients depending on the physicochemical conditions. For example, a drop in
arterial pH to 7.0 tends to reduce bupivacaine protein binding, and the resulting increase
in free bupivacaine may allow lipid scavengers to play a more significant role in the drug
uptake [28,29].

Of note, the octanol/water partition coefficient (LogP) used to reflect lipophilicity
(Figure 2) differs from the actual drug partitioning between the serum and lipid emulsion.
LogP applies only to the neutral moiety, which, at equilibrium, might be present in a very
low concentration compared with the charged version. At physiological pH, several drug
candidates for ILE-based detoxification are predominantly charged. The lipid solubility
of charged compounds is negligible; but these drugs could potentially partition on the
surface through electrostatic interactions with charged phospholipid surfactants in the
emulsion. Intralipid® 20% was reported to have a zeta potential between —45 and —40 mV,
indicating that the emulsion has significant surface charge [30]. Recently, the distribution
coefficient (LogD) was suggested to be a better predictor of the actual equilibrium behavior
of drugs [31]. LogD accounts for both the non-ionized and ionized forms of a drug in
both the octanol and water phases. This ratio is more difficult to measure and depends
on the pH of the system evaluated. It may also be a better predictor of drug lipophilicity
and sequestration.

Recently, two other new parameters, i.e., drug accommodation capacity and drug
capture kinetics, were described to characterize the drug capture capability of lipid
emulsions and their resulting effects on PK in overdose [32]. Drug capture prediction
based on these two parameters was shown to be more accurate than LogP when consid-
ering the lipid emulsion-attributed reduction in the half-life and area under the drug
concentration-time curve.
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Figure 2. Partition coefficients of some selected lipophilic drugs for which the use of lipid emulsion
could be considered in poisoning.

To summarize, the charged portion of ionized drugs could interact with the surface of
lipid droplets through electrostatics, while the uncharged portion could interact with the oily
interior and the phospholipid bilayers to maintain drug sequestration. The clinical utility
of these absorptive properties (hydrophobic interior, phospholipid membrane, and surface
charges) lies in increasing drug sequestration to provide recovery from toxicity. Various pre-
dictors of drug capture have been proposed, including LogP, LogD, and drug accommodation
capacity. However, the best predictor, if considering their emergent availability at the bedside
versus their prediction accuracy, remains debated.

3. Mechanisms of Action

The mechanisms responsible for ILE-based detoxification remain the subject of on-
going extensive studies and debate [33-35]. Both PK and PD mechanisms have been
postulated to explain the possible antidotal action of ILE; however, the relative contribution
of each mechanism remains uncertain. A multimodal synergy between the proposed mech-
anisms may exist. Depending on the drug, patient’s conditions, and delay in initiation,
these mechanisms may variably contribute to the clinically observed improvement. Six
postulated mechanisms have been hypothesized (Figure 3) [12].
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Figure 3. Suggested mechanisms for lipid resuscitation (adapted from Weinberg GL [6]).
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3.1. The Lipid Sink Theory

The “lipid sink” or “PK sequestration” theory is the one most studied. Triglyceride oils
in ILE exhibit a high affinity for lipophilic drugs and create a lipid-rich PK compartment
within the bloodstream, drawing them away from their targets and free blood. A new
equilibrium is established thereafter, reducing tissue concentrations and helping to restore
organ function, allowing the drug’s metabolism and elimination. ILE inactivates a portion
of lipophilic drugs by acting as alternative binding surfaces, making them unavailable to
act on their target organs [17].

ILE has been reported to reverse the toxicity caused by drugs lacking any common
mechanism, site of action, chemical structure, or clinical effects except lipophilicity [6].
The partitioning effect is in accordance with lipid dialysis therapy [11], and has been
demonstrated in numerous in vitro studies [36—40]. French et al. measured the amount
of several drugs sequestered in vitro from human serum using Intralipid® [41]. The only
significant factors were the reported LogP and the volume of distribution of each drug.
Consistent, ex vivo studies also showed that radiolabeled bupivacaine levels declined more
rapidly in lipid-infused rat hearts compared with lipid-free control groups [42,43].

The infused lipid emulsion appears in the blood as emulsified oil droplets acting on
the lipophilic drug-induced cardiovascular failure through (1) redistribution of the toxicant
from its targeted tissues (lipid sink theory, the main acknowledged mechanism to date),
(2) mitochondrial increase in fatty acid uptake and enhanced cell energetic production
(metabolic theory) (3) limitation of the toxicant interference with the sodium channels,
thus promoting calcium entry via voltage-dependent calcium channels (membrane and
ionotropic theory), (4) activation of protein kinase B (called Akt), leading to the cytoprotec-
tive signaling cascade (cytoprotection theory), (5) attenuation of endothelium-dependent
nitric oxide-mediated vasodilation and post-ischemic vasodilation by decreasing nitric
oxide bioavailability (nitric oxide theory), and (6) acceleration of liver shunting (pharma-
cokinetic theory). The arrow thickness represents the suggested probability rate of each
postulated mechanism based on the literature.

In vivo studies supported a substantial contribution of partitioning in successful
lipid resuscitation. Niiya et al. found that pretreating pigs with lipids protected them
against amiodarone-induced hypotension [44]. The lipid-free aqueous phase exhibited
lower amiodarone concentrations in ILE-treated pigs than controls receiving saline. Fur-
thermore, ultra-centrifuging the plasma to allow separation of the lipid-bound drug indi-
cated that amiodarone was preferentially partitioned into the newly formed lipid phase.
Weinberg et al. analyzed rat blood samples, comparing vasopressin with Intralipid® resus-
citation of LAST [43]. Bupivacaine was present in higher concentrations in the aqueous
phase (lipid-free) of the vasopressin- than the ILE-treated rats. Lipid treatment resulted
in lower aqueous and myocardial bupivacaine concentration, leading to a better cardiac
performance. Litonius et al. demonstrated increased total amitriptyline concentrations
with a decrease in free amitriptyline fraction when ILE was given after amitriptyline in-
fusion in amitriptyline-poisoned pigs [45]. In a rabbit model of IV clomipramine toxicity,
increased total blood clomipramine concentrations concomitantly occurred with improved
blood pressures following ILE infusion, consistent with the toxicant sequestration into
the intravascular lipid phase [46]. Indirect evidence included the fact that lipids could
reverse both neurologic and cardiac toxicity, though the brain does not metabolize fatty
acids as an energy source [6]. Finally, PK data provided some evidence to support this
theory [18,46-48], together with human case reports [49,50]. A shift in partitioning coeffi-
cients for the heart and brain was observed in ILE-treated bupivacaine-poisoned animals,
which recovered independently from any effect on bupivacaine metabolism, supporting
the ILE-dependent partitioning theory [19].

Emerging evidence suggests that the application of the sink theory should be ap-
proached differently. With improved understanding of lipid resuscitation, ILE droplets
are viewed as a lipid shuttle responsible for a capture/release mechanism to move a drug
around and not only as a sink that captures and isolates the drug. A newly formed IV



Pharmaceutics 2023, 15, 1396

7 of 20

lipid compartment transiently sequesters the drug and accelerates its movement from drug-
susceptible organs such as the brain and heart to organs that can store (muscle, adipose),
metabolize (liver), and excrete (kidney, bladder) the drug [19,51]. A transient increase
followed by subsequent decrease in blood concentrations of lipophilic drugs after ILE
infusion has been reported in animals [51] and humans [52-55]. Interestingly, Shi et al.
reported decreased bupivacaine concentrations in the target organs of intoxicated rats in
addition to increased liver bupivacaine concentrations following ILE infusion [51]. The
measured elimination half-life decreased and the clearance increased, consistent with the
hypothesis of augmented redistribution. Fettiplace et al. demonstrated the occurrence of
PK sequestration combined with cardiotonic effects in rats dosed with toxic bupivacaine
concentrations before ILE administration [19]. They reported a rapid detoxifying effect
related to ILE, acting primarily on targeted organs (heart and brain) dependent on the ILE
partitioning effect. Once the drug concentration in the heart fell below a toxic threshold, ILE
produced cardiotonic effects based on the combined actions of volume expansion and direct
inotropic properties. Subsequently, improved cardiac output combined with increased
blood carriage was shown to enhance drug redistribution to sites of metabolism and storage.
PD parameters were measured, and several PK/PD models for bupivacaine (accounting
for various mechanisms of ILE action) were considered. The authors reported that the best
model agreement was achieved when both the sequestering and cardiotonic effect were
included. They also extended their theory to account for an accelerated metabolic effect
with ILE therapy, but metabolism was not required for recovery [19]. These studies clearly
demonstrated that ILE provides multiple but not necessarily independent mechanisms of
action to allow recovery from overdose.

Nevertheless, caution is needed, as PK sequestration does not always lead to re-
duced toxicity. Many questions remain unresolved. The lipid-rich compartment pro-
vided by ILE can actually increase the gastrointestinal absorption of lipophilic drugs,
which may strengthen the toxicity, as shown in a model where ILE was administered
before cardiovascular toxicity onset in contrast to the typical ILE use in humans [56,57].
ILE may facilitate the gastrointestinal absorption of lipophilic drugs administered orally
in overdose such as amitriptyline or verapamil and thereby aggravate the poisoning.
However, the exact molecular mechanism by which ILE enhances drug absorption
remains unknown. It could be related to the increased drug concentration gradient
between the gastrointestinal interstitial fluid and the systemic blood containing ILE,
which exhibits high affinity to the drug. Another hypothesis was also postulated based
on these experimental observations [56,57]: ILE may retardate drug redistribution to
low-blood flow organs, resulting in a higher exposure of high-blood flow organs such as
the brain and the heart for a longer period and in subsequent increased drug toxicity.
The ILE treatment of oral versus parenteral overdoses likely differs, especially when
considering the timing and rate of infusion after the initial bolus. Since ingestion remains
the main route of overdose in humans, studies are urgently required to understand how
ILE can modify the PK in oral overdose. It is noteworthy that in some situations, toxicity
may be related not to the toxicant itself but to its metabolites. The detoxification and
excretion pathways may become saturated, making the lipid sink ineffective. Finally, the
half-life of lipid droplets, the possible release from the adipose tissue, and the interaction
with the concomitant medications need to be investigated [58].

PK models assert that a scavenging effect alone cannot account for the rapid recov-
ery from toxicity occurring after ILE administration [48]. Continued cardiopulmonary
resuscitation efforts maintaining efficient circulation are important to allow accelerated
redistribution until the effects of ILE occur. Drugs for which ILE detoxification have been
used have different chemical properties and PK profiles. A dominant mechanism for all
cases is unlikely. Certainly, PK evidence alone is insufficient to validate ILE as a proposed
detoxification therapy.
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3.2. The Cardiotonic Effects

Only the scavenging effect and a direct cardiac effect considered together can explain
the rapid recovery from drug toxicity [19,59]. ILE is able to exert direct physiological effects
on the heart and vasculature, improving cardiac output [59,60], which may facilitate the
accelerated redistribution of the toxicant.

The underlying mechanisms allowing ILE-attributed improvement in cardiac output
have not been fully elucidated. The infused volume of ILE is a major issue but not the only
one, and other contributors are still unclear. The calcium influx and fatty acid hypothesis is
the most popular. Fatty acids are supposed to increase calcium influx in the myocardial
cells to produce a positive inotropic effect [61]. The application of both saturated and
unsaturated long-chain free fatty acids has been shown to activate voltage-gated calcium
channels in myocardial isolates [34].

A large lipid load could offset the potent inhibition of fatty acid metabolism caused
by the toxicant, providing a source of energy to the myocardial cells [62]. Studies demon-
strated that bupivacaine disrupts the targets of classical insulin signaling, including
protein kinase B (Akt), and activates other controllers of glucose homeostasis, including
5'-adenosine monophosphate activated protein kinase (AMPK). Both kinases integrate
signaling modulating sensitivity to endogenous insulin, leading to glycogen accumu-
lation in the cardiac tissue. Signaling sensitization serves as a protective mechanism
to normalize energy processing in settings where metabolism is impaired, leading to
myocardial contractility improvement during recovery [63]. This hypothesis mainly
depends on the timing of ILE administration with regard to the ischemia/reperfusion
event [64]. This « energetic-metabolic effect » could explain how ILE may provide
benefits in poisonings with less lipophilic drugs [19]. Although attractive, evidence
to support this possible mechanism of ILE effects is still poor, requiring additional
investigations at the cellular and molecular levels.

3.3. Other Mechanisms

The role of the vasoconstrictive properties of ILE on the vasculature has been estab-
lished. However, the relative cardiac versus vascular contribution to the final effects is
unclear [65]. ILE can attenuate the endothelium-dependent nitric oxide-mediated vasodi-
lation and post-ischemic vasodilation by decreasing nitric oxide bioavailability [66-68].
Positive adrenergic sensitization is one possible hypothesis to explain ILE-induced vasocon-
striction [69]. In addition, fatty acids have direct effects on sodium and calcium channels,
which specifically inhibit the antagonism of local anesthetics on sodium channels or limit
the action of calcium channel blockers [70-72]. Sodium channel antagonists are the most
prominent toxicants involved in the cases with positive outcomes attributed to ILE, with
reported rapid improvements in QRS duration [4,73,74].

ILE infusion attenuates cardiac ischemia reperfusion injury. Post-ischemic infusion
of lipids in rodents, as observed in the experiments with metabolic inhibitors, reduced
the likelihood of mitochondrial permeability transition and apoptosis [75,76]. Ischemic
reperfusion injury was limited by the inhibition of mitochondrial permeability transition
pores, resulting from glycogen synthase kinase-3f3 phosphorylation by various kinases
(Akt, phosphoinositide-3 kinase, and extracellular signal-regulated ones). The activation of
these cytoprotective pathways likely contributes to the clinically observed benefit of ILE in
poisoning [77-79].

3.4. Contribution and Limits of Experimental Models

A meta-analysis of animal studies (1 = 16 studies) supported the benefits of ILE
use in combination with life-support measures to treat LAST, especially in relation to
bupivacaine [80]. This study showed a significant ILE-attributed reduction in mortality
(odds ratio, 0.24; 95% confidence interval, 0.1-0.56, p = 0.0012) and features of drug toxicity.
Similarly, in a model of amlodipine-poisoned rats, the survival rate and hemodynamics
were improved with ILE in comparison to controls and methylene blue, although the
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beneficial effects were small [81]. In a guinea pig model of amitriptyline toxicity, ILE
improved hemodynamics, supported by fast sodium current suppression in ventricular
cardiomyocytes of isolated perfused hearts [82]. Interestingly, a systematic review of
available animal studies (1 = 58 studies) underlined the study heterogeneity and limitations,
mainly in relation to the experimental resuscitation conditions such as the appropriate
airway management and chest compressions in models including cardiac arrest [83]. Swine
did not derive the same benefits as non-swine in LAST models, due to the infused ILE dose,
to the experimental design, and to the onset of anaphylactoid reactions to lipids. Non-swine
models presented a more homogeneous benefit with all toxins. Therefore, researchers are
still calling for additional experimental data to clarify the methodological issues in swine
and confirm the role of ILE in non-anesthetic drug overdose.

4. Current Recommendations and Practical Considerations
4.1. Recommendations

Beyond the accepted setting of LAST, ILE is still under investigation as a detoxi-
fication therapy for lipophilic non-local anesthetics, including tricyclic antidepressants,
beta-blockers, calcium channel blockers, and cocaine. However, even though multiple
clinical reports using ILE therapy with successful detoxification are encouraging, there is
no universally positive consensus due to the undetermined mechanisms of action for detox-
ification, concerns over the routes of intoxication, lack of human trials, the underreporting
of unsuccessful treatments, and all kinds of bias in the published literature.

The Lipid Emulsion Workgroup experts (representing the American Academy of Clin-
ical Toxicology, the European Association of Poison Centres and Clinical Toxicologists, the
Asia Pacific Association of Medical Toxicology, the American College of Medical Toxicology,
the American Association of Poison Control Centers, and the Canadian Association of
Poison Control Centers) recently assessed the evidence regarding ILE use in acute poi-
soning [84]. The rigorous methodology of the Grading of Recommendations Assessment,
Development, and Evaluation (GRADE) approach was used [85,86]. Two sub-groups pre-
pared in-depth reviews regarding ILE for LAST [2] and toxicity attributed to non-local
anesthetics [5].

Despite the multiple reports encouraging the use of ILE in the management of acute
poisonings involving cardiotoxicants, the voting panel found an absence of evidence to
recommend its use in most poisonings and clinical scenarios where its use was previously
reported. Thus, the preponderance of neutral votes (resulting from a balance between pro
and con assessments rather than a lack of data, which would result in no recommendation
at all) likely represents the workgroup’s caution in making recommendations for or against
a therapy where so few moderate- or high-quality human data existed [84]. The studies
published are very heterogeneous. Due to the limitations regarding the two available
RCTs [87,88], the variability in results among the studies related to the amount of ILE
administrated (bolus and infusion dose, time of administration), the absence of exact
measured changes, and the interval between ingestion and hospital admission, no definitive
conclusions with meaningful interpretation were reached.

The working group carefully considered several specific questions for 22 toxins.
When should ILE be the first-line therapy? Is ILE the drug of choice in cardiac arrest
or life-threatening toxicity? Should we ever use ILE in non-life-threatening toxicity of
specific drugs? For any detailed analysis of the studies and case reports, the experts
directed readers to several recent reviews cited above [2,5,84]. Table 2 summarizes
these recommendations:

- In bupivacaine-induced cardiac arrest, ILE after standard ACLS started (1D) was
recommended (strong agreement), while the recommendation was neutral (equipoise
between risk and benefit) regarding its use in cardiac arrest due to other local anesthetics;

- In case of cardiac arrest related to other local anesthetics, no recommendation was
provided because of a lack of evidence. The considerable variability in lipophilicity
and toxicity profiles of the other local anesthetics invalidated recommendations made
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by analogy rather than data. However, in the risk/benefit balance, harm appeared to
be very low, leading to a neutral vote in this setting, meaning that ILE could be used
in first line therapy;

- Inlife-threatening toxicity due to bupivacaine, the experts suggested using ILE as part
of treatment modalities (2D) and recommended its use for all other local anesthetics if
other therapies fail or as a last resort (1D);

- In non-life-threatening toxicity due to bupivacaine or other local anesthetics, the
recommendation regarding ILE use was neutral;

- Incardiac arrest in relation to all other drugs (Class 1 Vaughan-Williams antiarrhyth-
mic drugs, baclofen, olanzapine, other antipsychotics, selective serotonin reuptake
inhibitors, ivermectin, malathion, and other pesticides/insecticides), the recommenda-
tion regarding ILE use was neutral;

- Inlife-threatening toxicity due to Class 1 Vaughan-Williams antiarrhythmic drugs,
baclofen, ivermectin, and selective serotonin reuptake inhibitors, the recommendation
regarding ILE use was neutral;

- Inlife-threatening toxicity due to malathion and other pesticides/insecticides, olan-
zapine, and other antipsychotics, the experts suggested not using ILE as a first-line
therapy (2D);

- In non-life-threatening toxicity due to all these drugs, malathion, and other pesti-
cides/insecticides, the experts suggested not using ILE as a first-line therapy (2D).

Table 2. Summary of the international recommendations regarding intravenous lipid emulsion
therapy in cardiotoxicant poisonings (adapted from Gosselin, S. et al. [84]).

Toxicants Cardiac Arrest Life-Threatening Toxicity Non-Life-Threatening Toxicity
Bupivacaine Strong (1D) Strong if refractory (1D) Neutral
Other local anesthetics Neutral Low if refractory (2D) Neutral
Antiarrhythmics Neutral Neutral NR (2D)

class 1

1??;?::;?:&2 I;S Neutral Neutral NR (2D)
(niitia}i;’gfﬁe) Neutral NR (2D) NR (2D)
Olanzapine Neutral Neutral NR (2D)
Other antipsychotics Neutral NR (2D) NR (2D)
Diltiazem and verapamil Neutral NR (2D) NR (2D)
Diphenhydramine Neutral NR (2D) NR (2D)
Baclofen Neutral Neutral NR (2D)
Bupropion Neutral Low if refractory (2D) NR (2D)
Cocaine Neutral NR (2D) NR (2D)
Diphenydramine Neutral NR (2D) NR (2D)
Ivermectin Neutral Neutral NR (2D)
Other insecticides Neutral NR (2D) NR (2D)
Malathion Neutral NR (2D) NR (2D)
Other pesticides Neutral NR (2D) NR (2D)
Lamotrigine Neutral NR (2D) NR (2D)
Amitriptyline Neutral Low if refractory (2D) NR(2D)
Other tricyclicantidepressants Neutral NR (2D) NR (2D)
SSRI Neutral Neutral NR (2D)

LA, local anesthetics; SSRI, selective serotonin reuptake inhibitors; NR, not recommended. Strength of recom-
mendation and level of evidence: level 1, strong recommendation (The course of action is considered appropriate
by the large majority of experts with no major dissension. The panel is confident that the desirable effects of
adherence to the recommendation outweigh the undesirable effects); level 2, weak/conditional recommendation
(The course of action is considered appropriate by the majority of experts, but some degree of dissension exists
among the panel. The desirable effects of adherence to the recommendation probably outweigh the undesirable
effects); grade D, very low level of evidence (Our estimate of the effect is just a guess, and it is very likely that the
true effect is substantially different from our estimate of the effect).
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4.2. Practical Considerations

Many practical aspects of ILE therapy have not been validated in the clinical setting:
the optimal dose for clinical efficacy, the threshold dose for adverse effects, and the mini-
mum or maximum duration of infusion [3,5,6]. There is a lack of evidence to support any
particular approach. In the case of rapid endogenous clearance, no studies evaluated the
benefit of an infusion after a bolus versus a bolus alone. The most recommended dose
regimen was an initial IV bolus of 1.5 mL/kg ILE followed by an infusion of 15 mL/kg/h
for 30 min, with the possibility for additional boluses given at 5 min intervals if required,
but this protocol was arbitrary [5,84]. However, the dose regimen could obviously depend
on the toxicant and the route of intoxication. Therefore, understanding the PK, the PD,
and possible PK alterations resulting from different infusion paradigms for a given drug
is important to optimize and/or simplify the recommended regimen, which should be
determined in basic models and validated thereafter in RCTs to obtain the highest level of
evidence. Regarding ILE formulations, the voting panel agreed that there were insufficient
data to discuss formulations other than 20% Intralipid® in human poisonings until com-
parative studies could be reported [84]. Of note, rare studies reported the effectiveness of
other ILEs [89], while the majority of studies recommended the use of Intralipid® [36].

Data on ILE dose/response relationships to reverse toxicity in humans are insufficient
to determine the optimal duration of ILE therapy,. There is a varied range of bolus doses,
infusion rates, and durations reported in the literature, precluding any accurate analysis
of the optimal dose regimen. Due to the lack of historical data indicating a recurrence of
toxicity once clinical improvement occurs, termination of the infusion should be considered
when sustained clinical improvement is obtained or, if this endpoint takes time, until the
maximum dose has been reached. However, this is speculative, and studies are needed [90].
To avoid lipid overload, it was suggested that ILE doses should not exceed 10% of total
blood volume to limit complications arising from an increase in triglyceride concentration
(excess of 15 mmol/L) [91,92]. Additionally, fluid overload should be avoided, as it rep-
resents an increasing concern in resuscitated patients receiving ILE [93]. The appropriate
time to administer ILE is also unknown. Drug-drug interactions between ILE, concomitant
therapies, and the ingested toxicant represent a potential issue [56,94]. Finally, there is no
consensus on whether it is useful to administer ILE as early as the prodromal signs of acute
intoxication occur, including in the case of LAST [95].

ILE stability and sterilization do not represent actual issues. In the poisoned patient,
ILE is infused from the manufactured package using a central or peripheral venous catheter
with no particular manipulation by caregivers, contrasting with the conditions of its ad-
ministration for parenteral nutrition. Preserving a stable emulsion with ~300 nm droplet
size and a relatively narrow globule size distribution (200-600 nm) is important. No study
specifically investigated the emulsion stability requirement in the conditions of ILE infusion
to poisoned patients.

4.3. Safety Issues

Complications following ILE administered as part of long-term parenteral nutritional
are well known (Table 3).

Those related to ILE administration as « lipid rescue » have been recently reviewed [96].
Such adverse events are important to consider when clinicians need to make a risk/benefit
analysis, which seems to be proportional to the infusion rate and to the total dose received.
Reporting all adverse events associated with ILE administration in the current clinical
toxicology literature is needed, as significant adverse events may occur rarely and require
thousands of uses. Clinicians should be aware of the expected onset of laboratory abnor-
malities following ILE infusion. The measurement of a number of common analytes can be
markedly affected by lipemia resulting from ILE. A lack of appreciation of this effect may
lead to unintentional treatment errors [92]. It is, therefore, essential to sample blood before
lipid perfusion, perform PK studies, and communicate with the laboratory. They might
be able to spin plasma once ILE is administered before analyzing and interpreting the
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results in cases of very lipemic specimens. A recent laboratory RCT showed that nearly all
tests performed on a Cobas 8000-platform (Roche Diagnostics, Meylan, France) of samples
obtained from ILE-treated healthy participants failed [97]. However, the ILE effects were
limited to the 60 min time point, and consequences were found to be marginal, particularly
regarding alkaline phosphatase, bilirubin, phosphate, and carbamide. All results could be
retrieved manually.

Table 3. Adverse effects associated with the long-term administration of lipid emulsions.

. Dyslipidemia (hypertriglyceridemia)

. Pancreatitis

. Anaphylaxis

. Interference with laboratory results

. Increased shunt fraction and pulmonary artery pressure
. Acute respiratory distress syndrome

. Thrombophlebitis with peripheral administration

. Fat emboli (pulmonary, cerebral, splenic, placental)

. Infection risk

10. Increased inflammation, hypercoagulability, thrombocytopenia
11. Modulation in cell-mediated immunity

12. Increased oxidative stress

O O N ONU s WIN -

Finally, the use of extracorporeal membrane oxygenation (ECMO) after or during
lipid rescue may be associated with fat deposition in the circuits and increased blood clot
formation [98]. ILE may render renal replacement therapy difficult because of filter collapse
or complete occlusion from severe lipemia [99,100]. In a case report, ECMO flow rapidly
deteriorated due to the lipid deposition on the circuit oxygenator despite appropriate
systemic anticoagulation, volume status, and cannula position, as well as team efforts to
aspirate blood from the oxygenator monitoring ports [100].

4.4. Clinical Uncertainties

Numerous meta-analyses, narrative reviews, and national guidelines exist, with
slightly different and sometimes contradictory conclusions compared to those of the Lipid
Emulsion Workgroup experts [101-105]. Interestingly, a quantitative meta-analysis of the
same data set came to a different conclusion regarding evidence in support of ILE efficacy
for LAST [80]. A meta-analysis including six RCTs conducted in acute organophosphate
pesticide poisoning suggested that ILE-based resuscitation likely improved prognosis and
patients’ liver function [106]. By contrast, a more recent Indian RCT showed no benefit
in this setting when investigating ILE-induced changes in total atropine dose require-
ment over the first 24 h to treat the cholinergic crisis in addition to standard care [107].
Other RCTs conducted since the publication of recommendations also supported alter-
native conclusions. An Iranian RCT with a debatable methodology showed the benefit
of ILE administration in tramadol-poisoned patients as an adjunct to standard care to
prevent seizures [108]. Finally, in acutely clozapine-poisoned patients, ILE was shown to
improve Glasgow coma score, reverse prolonged QTc interval, and shorten hospital stay
length [109]. Of note, all RCTs supported ILE safety or reported no adverse effects related
to its administration [87,88,106-109].

Clinical toxicologists are still skeptical, requesting clarifications on how useful ILE
may be for poisonings other than LAST [110,111]. An interesting approach based on
the Association of Poison Control Centers (AAPCC) National Poison Data System (NPDS)
revealed hundreds of cases of cardiotoxicant poisonings reported in 2010-2015 in which ILE
was administered, sometimes even prior to the onset of cardiovascular collapse, and death
occurred [112]. Despite a suggested transient improvement in a subset of these patients,
adverse effects were observed. The number of published ILE failure cases was estimated to
outnumber the published ILE success cases. However, even though an elevated mortality
rate was expected in such situations, since ILE is dedicated to treat life-threatening toxicity
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usually refractory to conventional pharmacological therapies, potential publication biases
should not alter conclusions about ILE effectiveness. More extensive basic and clinical
high-level research is still awaited.

5. Next Challenges
5.1. Better Scavengers

ILE investigated for biodetoxification has been limited to total parenteral nutrition
emulsions, but the range of emulsion design is broad. Absorptive properties could be
optimized for drug sequestration to improve the efficacy of emulsion-based detoxifica-
tion. Reverse engineering of the principles underlying drug delivery will yield efficient
and effective scavengers with higher binding capacities and greater specificity [113-115].
Nanotechnology-based systems with diverse sizes, shapes, and compositions have been
considered for their modular properties in terms of binding affinity, biodistribution profile,
and circulation time.

The emulsion surface, the surfactant type and concentration, the fatty acid chain
length, and the electrostatic uptake of charged drugs represent parameters that could be
modified to optimize binding functionality to redistribute the offending toxicant from its
target to the blood or to induce its metabolism into innocuous or less active metabolites.

5.2. Non-Triglyceride Formulations

All parenteral nutrition emulsions contain triglyceride oils, but some emulsions using
oils not derived from triglycerides have been demonstrated to have greater potential for
sequestration and uptake than LCTs. However, non-triglyceride formulations may not also
have the cardiotonic effects advocated as important mechanisms of action in recovery from
toxicity [116,117].

5.3. Liposomes

Liposomes are spherical vesicles of diameters ranging from tens of nanometers to tens
of micrometers with an aqueous core surrounded by one or more concentric phospholipid
bilayers [118]. These are well-established drug delivery vehicles. As detoxification therapy,
liposomes were first investigated in 1973 as carriers for chelating agents in the setting of
heavy metal poisoning [119]. Liposomes can be modified in several ways to sequester drugs
or toxicants. The hydrophobic phospholipid-made liposome membrane can be modified
with surface charges to electrostatically attract drugs. Polymers such as polyethylene
glycol can be attached to these phospholipids to improve biocompatibility and increase the
circulation time. The hydrophilic interior can be formulated at a modified pH compared to
the surrounding medium and carry metabolic enzymes.

Liposomes possessing transmembrane pH gradients have been studied for their
capacity to efficiently entrap and transport drugs in vitro [120], ex vivo [121], and
in vivo [122-124]. Several liposome detoxification therapies have been formulated to
contain an aqueous interior at a modified pH at which the target drug is ionized. Indeed,
the uncharged forms of many drugs are hydrophobic, and the ionization of such drugs
significantly increases their water solubility. The difference in interior pH creates a
concentration gradient for the uncharged drug to diffuse across the membrane into the
interior in order to be sequestered from the bloodstream. These pH-gradient liposomes
make the back-diffusion process across the lipophilic membrane much slower than lipid
droplets. More than 80% of the drugs commonly involved in poisoning are amphiphilic,
weak bases and, therefore, suitable candidates for this approach. It has also been demon-
strated that the drug interacts both with the surface liposome through electrostatic
interactions and with the bilayer through hydrophobic interactions [125-127]. Recently,
as at the beginning of ILE use, Forster et al. evaluated the effects of adding pH-gradient
liposomes to peritoneal dialysis fluid. Dialysate concentrations of several drugs includ-
ing propranolol, amitriptyline, haloperidol, and phenobarbital were enhanced from
orally dosed rats [125]. Finally, liposomes have been evaluated as vehicles to contain sev-
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eral other sequestering agents, antidotes, or metabolizing enzymes [128-130]. Promising
results with translational potential to the bedside are expected in the near future.

Despite limited studies, liposomes appear to be as effective as ILE for detoxification
due to the stronger interactions observed with various tested drugs and comparable recov-
ery profiles from toxicity obtained in animals. The design versatility (pH gradients, surface
charges, encapsulated antidotes, lipid composition) makes liposomes more attractive for
future detoxification therapies [131]. Additional issues remain to be investigated, including
the stability, the influence on drug PK [132], and the in vivo physiological effects [133].
However, liposomes may not be able to provide the required additional cardiotonic effects
demonstrated by ILE.

5.4. Future Considerations for Detoxification Therapies

To reduce drug concentrations below toxic levels in target tissues, important factors
still need to be better understood to predict the dynamics of detoxification using colloidal
systems. The time scale of sequestration may be significantly shorter than the time required
for drug diffusion through tissues or clearance [115,134].

After drug sequestration by a colloidal system, the reduced free drug concentration
will allow its redistribution out of some fast-equilibrating tissues such as the heart and
lungs to maintain the equilibrium. However, other tissues may continue to slowly release
the drug back into the circulation even after the detoxification therapy has been removed
from circulation. Measuring each of these parameters and incorporating all the relevant
mechanisms and parameters into PK/PD models would be a useful approach to designing
overdose therapies [19,47,135].

Future detoxification agents may function as multi-purpose agents, removing and
capturing the harmful toxicant to accelerate its metabolism to non-active compounds
and delivering antidotes. Combining different antidotal strategies may synergistically
antagonize the effect of the offending compound.

Translation to the bedside will also require the implementation of well-designed
in vivo protocols. In several studies, scavenging therapies were administered either before
or a few minutes after the toxicant, often injected intravenously. These administration regi-
mens are not representative of acute intoxications, which generally occur outside medical
facilities, are not treated immediately, and mostly involve oral ingestion. Reproducing
realistic poisoning scenarios in upcoming antidotal studies will be very important before
moving forward into humans.

Human cases of lipophilic drug poisoning presenting in extremis are infrequent, but
RCTs must be undertaken to enable a more informed evaluation of the ILE role in selected
poisonings. In order to improve knowledge in this nascent field, guidance with registry
data, including both successful cases of ILE use and otherwise, could prove invaluable. One
data registry is accessible using the following link http://www.lipidrescue.org/ (accessed
on 25 April 2023).

6. Conclusions

Present evidence supports the use of ILE only in LAST and lipophilic cardiotoxicant
poisonings when there is an immediate threat to life, and other therapies have proven
ineffective. ILE as an antidote remains a nascent field, warranting further preclinical
investigations, clinical studies, and systematic reporting of use in humans before extending
any recommendation. There is an incomplete understanding of ILE efficacy, mechanisms
of action, and safety. We need well-designed RCTs in carefully selected groups of patients
to help provide the most effective use of ILE.
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