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Abstract

Background: Intravenous lipid emulsion is recognised as a therapy for rescue in cases of local anaesthetic toxicity, but its

use in reversing overdose or toxicity related to other drugs remains the subject of debate. This in vitro study sought to

expand our understanding of the importance of partitioning in determining the impact of intravenous lipid emulsion on

aqueous free drug concentrations.

Methods: Twenty-seven drugs and associated metabolites were screened for the ability of intravenous lipid emulsion to

reduce the amount of free drug in the aqueous phase, using specialised cassettes designed for this purpose. The relative

amount of drug equilibrating across the membrane from plasma to phosphate-buffered saline was measured, using

liquid chromatographyemass spectrometry, at a 6 h timepoint in plasma samples treated with intravenous lipid

emulsion and paired, untreated controls.

Results: The data obtained were plotted against measures of partition (LogP and cLogD7.4) and with log-transformed non-

protein bound drug. There were significant inverse correlations between the capacity for intravenous lipid emulsion to

reduce drug detected in the phosphate-buffered saline compartment and LogP and cLogD7.4, and a direct association with

log [non-protein-bound drug]. However, a number of drugs showed substantial variance between different plasma

samples.

Conclusions: Modulation of free drug in the aqueous compartment is broadly predictable by the partition coefficient,

although ramipril was identified to be an outlier in this regard. Further mechanistic and clinical exploration is merited to

establish a standardised protocol for lipid emulsion therapy.
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Drug toxicity poses a significant challenge for doctors, espe-

cially because few drugs have specific treatments, and estab-

lishing the causative agent is often difficult. Although drugs

such as opioids and benzodiazepines have specific antago-

nists, (naloxone and flumazenil, respectively), the majority of

drug toxicity treatment is simply supportive, often necessi-

tating organ support in high dependency or intensive care

units. These methods of organ support are often invasive,

costly,1 and not without their own complications.

Drug overdose is an issue worldwide, but particularly prev-

alent in the USA2 and Europe,3 with Scotland holding the
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unenviable record of having the highest rate of drug-related

death amongst European countries, roughly three times that

of the UK as a whole.4e6 From 1996 to 2019, drug-related deaths

rose from ~250/million to ~1200/million,2 with multiple drugs

being present in >93% of cases.3 The need for a broad-spectrum

treatment to reverse the effects of multiple drug overdoses is

particularly urgent in Scotland, but would have benefits

worldwide.

Intravenous lipid emulsion (ILE) was first recognised as a

treatment for local anaesthetic toxicity in animal studies by

Weinberg and colleagues in 1998,7,8 leading to clinical studies
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that show benefit9 and adoption as protocolised management

of local anaesthetic toxicity in humans in many places.10

Subsequent trials and case reports11 have indicated that ILE

may have a role in overcoming toxicity in some, but not all

drug and pesticide12 overdoses, many of which can be difficult

to manage. The mode of action is thought to be a combination

of the ‘lipid sink’ theory,13 a concept in which lipid-soluble

drugs establish a new pharmacokinetic equilibrium in an

expanded lipid volume, leading to a reduction in free plasma

concentration, and ‘lipid shuttle’,14e16 whereby the ILE facili-

tates redistribution of the toxic drug away from critical organs.

Although local anaesthetic overdose reversal by ILE is partially

explained by partition,17 modelling suggests that the benefits

in local anaesthetic overdose extend beyond a simple lipid

sink concept.13 In addition, beyond impacts of ILE on drug

distribution, there is substantial evidence for ‘cardiotonic’ ef-

fects of ILE on cardiac muscle and vasculature to offer car-

diovascular support.18e21 Over the past decade, a number of

studies showing benefit in specific drug22 and pesticide23

overdoses (or failing to do so24), systematic reviews,18 recom-

mendations,19,25 and guidelines26,27 have been published, but

the concept of use of ILE in overdose remains controversial

and a globally accepted, standardised protocol has not yet

been adopted.

The human and cost impact of drug toxicity calls for further

treatment options in the early management of this group of

patients. Given that partitioning is still considered to be an

important contributory element to the potential of ILE in

mitigating drug toxicity in overdose, a critical step in under-

standing the extent of potential of ILE is to establish the extent

of partitioning of a wide range of drugs by ILE, notwith-

standing that other benefits might be realised in vivo through

additional benefits, such as cardiotonic effects.
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Fig 1. Experimental protocol using RED dialysis chambers before LC-MS

to separate test drugs from the internal standard, carbamazepine (diff

ratio of test drug peak area to internal standard area. This ratio was th

intravenous lipid emulsion; LC-MS, liquid chromatography-mass spec
The aim of this study was tomeasure drug partitioning into

ILE of 27 commonly prescribed drugs known to have toxic ef-

fects, and to evaluate the predictive potential of partition co-

efficient (LogP) and the calculated distribution constant

(cLogD7.4) on drug sequestration by ILE in vitro.
Methods

Materials

Drugswere procured fromCambridge Biosciences (Cambridge,

UK) except for quetiapine, norquetiapine, olanzapine, carba-

mazepine, and trazodone, which were sourced from Merck

(Glasgow, Scotland). HPLC grade acetonitrile and HPLC grade

methanol were from Fisher (Loughborough, UK). Formic acid,

dimethyl sulfoxide (DMSO), and ammonium formate were

from Merck. Human plasma was bought from Cambridge

Bioscience. Phosphate-buffered saline (PBS) pH 7.4 isotonic

was from Invitrogen (Renfrew, Scotland). Rapid Equilibrium

Dialysis (RED) inserts and plates were from Fisher.
Sample preparation

Each drug was analysed separately by taking 10 ml of 1 mgml�1

standard prepared in methanol (apart from quetiapine and

olanzapine, which were prepared in DMSO), before drying

down under nitrogen and taking up into 200 ml of human

plasma (Fig. 1). Intralipid (Baxter, Newbury, UK) 20%, 50 ml or
PBS 50 ml (control) was then added to the plasma. Each drug

was tested in triplicate with plasma from three different do-

nors. This mixture was incubated at 37�C for 30 min with

shaking (250 rpm). The mixture (200 ml) was then added to the

inner chamber of the RED insert with PBS (400 ml) added to the
Test
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Rt

Rt
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+internal
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internal
tandard

analysis of samples taken from the PBS RED chamber. LC was used

erent retention times [Rts]); data for each arm were expressed as a

en compared between the control and ILE arms of the study. ILE,

trometry; RED, rapid equilibrium dialysis.
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outer chamber (Fig. 1). This was incubated at 37�C with

shaking (250 rpm) for 6 h. The PBS dialysate (100 ml) from the

outer chamber was then aspirated into an Eppendorf® tube

containing dried down carbamazepine (5 mg) by way of an in-

ternal standard, and frozen down at e20�C overnight. The

following day, dialysates were defrosted on ice and 300 ml of
ice-cold acetonitrile was added. This was incubated on ice for

30 min followed by centrifugation (10min, 4�C, 13 000 g). 200 ml
of the supernatant was removed and dried down in a speedvac

(miVac duo concentrator). Then, 1 ml of mobile phase was

added and 10 ml was injected into the liquid chromatography-

mass spectrometry (LC-MS) apparatus (Fig. 1).
LC-MS analysis

Chromatographic separation was achieved on a Shimadzu

Nexera (Shimadzu, Milton Keynes, UK) using a gradient

starting at water 95%þ formic acid 0.1%þ ammonium formate

0.1 mM (A) and acetonitrile 5% (B), isocratic for 3 min. The

composition of this mobile phase was changed to 45% A and

55% B over 13 min and held for 1 min. The gradient was

changed to 95% A and 5% B over 0.1 min and held for 6 min.

Flow rate was 220 ml min�1 and the column used was Hypersil

Gold 100 mm�2.1 mm, 1.9 mm at a temperature of 45�C. The
detector used was an ABSciex Qtrap 6500 with electrospray

ionisation (ESI) in multiple reaction monitoring mode. Curtain

gas was 55 psi, collision energy was medium, ion source

temperature was 350�C, and the ion source gases were 40 psi

and 80 psi, respectively. The results were quantified by first

comparing the area under the curve (AUC) of the test drug
Table 1 Effect of ILE on drug detected in the PBS compartment of RED
for relevant physicochemical characteristics of each drug are also li
sources: PubChem, Chemspider, and Drug Bank. ILE, intravenous lipi
rapid equilibrium dialysis; SD, standard deviation. *Only a single valu

Rank Drug Abbreviation
(Fig 2)

D% Drug det
PBS (range)

1 Sertraline Sert �90.4 (�92.0
2 Norfluoxetine Nfluox �88.4 (�89.6
3 Lignocaine Ligno �79.1 (�83.7
4 Verapamil Verap �79.6 (�82.2
5 Duloxetine Dulox �80.4 (�85.6
6 Clomipramine Clomip �78.6 (�83.9
7 Amitryptyline Amitr �75.4 (�76.3
8 Amlodipine Amlod �71.1 (�73.8
9 Norclomipramine Nclomip �65.3 (�67.2
10 Nortryptyline Ntryp �64.8 (�64.8
11 Bupivacaine Bupiv �70.1 (�70.1
12 Norquetiapine Nquetia �47.5 (�69.8
13 Norverapamil Nverap �51.4 (�59.1
14 Fluoxetine Fluox �48.2 (�51.8
15 Bisoprolol Bisop �54.7 (�65.3
16 Propranolol Propan �26.8 (�28.6
17 Quetiapine Quetia �20.0 (�17.7
18 Desvenlafaxine Dvenlafax �5.5 (�23.8 t
19 Atenolol Aten �10.1 (�20.7
20 Venlafaxine Venlafax �6.2 (�20.3 t
21 4-OH propranolol 4-OH Propran 5.0 (�6.3 to 5
22 Lamotrigine Lamot 8.7 (�13.2 to
23 Olanzapine Olanz 13.0 (10.0e29
24 Baclofen Baclo 31.9 (�65.9 to
25 Trazodone Trazod 56.8 (36.2e69
26 Ramiprilat Rmprlat 74.2 (�38.3 to
27 Ramipril Rmprl 136.7 (63.6e1
peak with the internal standard. The ratio of drug peak:inter-

nal standard was subsequently compared between the control

and ILE arms of the study and the change in ratio in the ILE arm

expressed as % change compared with control.
Data sources for Log P and cLogD7.4 values

A comprehensive survey was conducted of open-source

values for Log P. The three most complete records for the

study drugs were PubChem, ChemSpider, and DrugBank.

Because values were not identical from the sources, a mean of

the available values was taken for the purposes of this study.

In some cases, several calculated and experimental values

were quoted on a single site; in these cases, all values were

included. cLog D7.4 values were taken from ChemSpider,

calculated using ACD software.
Statistics

The median (95% confidence interval) values for % change in

drug detected in the PBS compartment were plotted against

Log P, cLogD7.4 and protein binding and analysed for correla-

tion using Spearman’s rank correlation because normal dis-

tribution could not be assumed. P<0.05 was considered to be

significant.
Results

Of the 28 drugs tested in this study, viable results were ach-

ieved for 27 candidates; reproducible measurements could not
cassettes, expressed as % change from control. Literature values
sted. All Log P values were a mean of values quoted from three
d emulsion; NF, not found; PBS, phosphate-buffered saline; RED,
e was located. **Mean of two values.

ected in Log P (SD) cLogD7.4 Protein binding
(%, range)

to �89.8) 5.06 (0.17) 3.14 99
to �85.9) 3.78 (0.20) 2.23 94e95
to �77.6) 2.55 (0.39) 1.26 60e80
to �76.6) 4.32 (0.30) 2.38 86e94
to �71.0) 4.41 (0.16)** 2.31 >90
to �65.5) 5.17 (0.10) 3.31 97e98
to �72.7) 4.92 (0.03) 2.96 95
to e 67.1) 3.02 (0.46) 1.91 98
to �64.3) 4.71 (0.01)** 2.26 97e99
to �59.7) 4.74 (0.31) 2.28 93
to �48.7) 3.59 (0.12) 2.68 95
to �46.0) 2.90 (0.40)* 2.11 NF
to �48.6) 4.1* 1.53 NF
to �44.2) 4.05 (0.03) 1.75 94
to �16.6) 2.12 (0.08) 0.12 30
to �24.9) 2.91 (0.08) 1.15 85e96
to �20.8) 2.36 (0.32) 2.29 83
o �2.3) 2.51 (0.1) 0.89 30
to 0.7) 0.24 (0.09) �0.85 6e16
o 13.8) 2.93 (0.10) 1.43 27e30
.7) 2.44 (0.17)** 0.26 NF
30.6) 1.4 (0.58) 1.68 55
.5) 2.90 (0.27) 1.90 93
44.2) 0.27 (0.68) �0.94 30
.2) 2.49 (0.28) 2.59 89e95
108.7) 1.02 (0.58) �1.58 56

46.4) 2.23 (0.55) �0.13 73
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be achieved for sodium valproate using the methodology

available, so this drug was excluded from the study.

Variability across the three replicates for each drug was

typically below 10%, with a few exceptions: only two usable

replicates were obtained for propranolol and lamotrigine and

variance amongst replicates for norquetiapine, lidocaine,

baclofen, bisoprolol, and ramiprilat were all >20%.

Table 1 shows the ILE-induced % reduction in drug detected

in the PBS compartment of the RED cassettes, along with

literature values for Log P, cLogD7.4 and protein binding (%);

drugs have been ranked according to the extent of reduction in

drug detected in the ILE arm of the study.

Of the candidate drugs and active metabolites studied, ILE

reduced the amount of drug detected in the PBS compartment

of the cassette in 20/27 cases. There was an apparent increase

in drug detected in the PBS compartment in the remaining

seven candidates, but the study was not powered to establish

whether the effect was significant.

Correlation analyses of change in drug detected against

each of the physicochemical characteristics listed in Table 1

revealed that there was a significant inverse association of

change in drug detected with ILE with Log P (Fig. 2a; P<0.0001),
cLogD7.4 (Fig. 2b; P¼0.0005), and a significant association with

log % non-protein binding (Fig. 2c; P¼0.0060). There were ex-

amples of substantial deviation from the trend, with trazo-

done, ramiprilat, and ramipril in particular exhibiting

unexpectedly high values in drug detected in the presence of

ILE compared with the control; ramipril was identified as a

statistical outlier (ROUT outlier analysis, Q¼1%). The variance

across three different plasma samples was particularly high

for baclofen, ramipril, and ramiprilat.
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Discussion

This study set out to determine the impact of ILE added to

plasma on the amount of drug able to cross themembrane into

the PBS-filled compartment of RED cassettes. A total of 27

candidate drugs were assessed and found to be differentially

affected in this regard, from some that were almost

completely prevented from crossing the membrane to some

that were apparently able to crossmore readily than in parallel

controls without ILE added. There was a significant inverse

association of the impact of ILE with Log P and with cLogD7.4

and an unexpected association with log % non-protein bound

drug. The correlations were, however, a good distance from

being perfect, with some drugs presenting as notable excep-

tions, an effect that merits further exploration.
Fig 2. Correlation of median values of % change (95% confidence

interval [CI]) in drug detected in the phosphate-buffered saline

(PBS) chamberof the rapid equilibriumdialysis (RED) cassettewith

(a) Log P, (b) cLogD7.4, and (c) log % non-protein bound drug in the

presence of intravenous lipid emulsion (ILE) compared with con-

trol (Spearman’s rank correlation on median data (n¼3 different

plasma samples, each tested in triplicate): (a) r¼�0.76 (�0.88

to �0.52, 95% CI), P<0.0001; (b) r¼�0.60 (�0.80 to �0.27), P¼0.0009;

(c) r¼�0.54 (0.16e0.79), P¼0.0067). Abbreviations as per Table 1.
Partition coefficients and protein binding as
determinants of ILE effect

A simplistic view in the in vitro setting would be that partition

coefficients are an accurate determinant of the effectiveness

of ILE to modulate drug availability in the aqueous compart-

ment. The assumption behind this concept is that lipophilic

drugs will distribute into the abundant lipid phase presented

by ILE, whereas hydrophilic drugs would remain in the

aqueous phase of the plasma, and would therefore be avail-

able to equilibrate across the RED membrane and be detected

in the PBS compartment. To this end, Log P proved to be a

relatively good predictor of ILE effect in vitro; those drugs with

high Log P values (denoting high lipophilicity) showed sub-

stantially reduced accumulation across the membrane in the

PBS chamber to a greater degree than those with low Log P
values. However, the association was not entirely predictable,

highlighting the complexity of the plasma matrix compared

with the simple octanol/water model that is the basis for Log P

determination. In particular, Log Pmakes no allowance for pH,

which is amajor determinant of drug ionisation, depending on

mailto:Image of Fig 2|eps
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the pKa of the drug in question. cLogD is a value that can be

derived from Log P for a given pH (e.g. 7.4), with respect to the

relevant pKa. It is somewhat surprising, therefore, that,

although the association of cLogD7.4 with drug detection in the

PBS compartment was retained, the association was less sig-

nificant than for Log P; the allowance for pH as a factor did not

improve the linearity of the fit. More puzzling still is the

finding that the portion of the drug estimated to not be bound

to plasma proteins was directly associated with the ability of

ILE to sequester drug. One explanation for this apparent

anomaly might revolve around the fact that the lipid compo-

nents of ILE could block binding sites on plasma proteins,

effectively displacing drugs such as ramipril and trazodone

into the unbound fraction.28,29 This displacement effect is

known to contribute to some drug interactions,25 but its role in

the current setting would require further investigation.

Understanding the complexities of the interactions be-

tween various drug fates is beyond the scope of this pragmatic

study, but the findings serve to illustrate that predicting the

potential merits of ILE in reversing drug toxicity cannot be

reliably achieved through use of partition coefficients alone,

and possibly not even by more comprehensive ILE capture

predictors.30 It is also important to recognise that there are

already additional beneficial effects recognised for ILE in the

in vivo setting (e.g. cardiotonic effects)18e20 that are not

considered here. Figure 3 illustrates some of the equilibria

involved in determining drug distribution in plasma, and the
Plasma: 
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AH
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Lipoproteins

Lipoproteins

Alpha-1 acid
glycoprotein

AH

Albumin
AH

BH+ + OH– BH– +

BH+ +BH+ + OH–

BOH BO

BOBOH

A– +

A– +
A– + H+

A– + H+

Fig 3. Simplified diagram to show the complex equilibria involved in de

saline (PBS) (right) compartment of the rapid equilibrium dialysis (RED
impact of ILE on the overall equilibrium that might exist in the

RED cassettes.
Drugs

One of the unexpected results of this study was that several

drugs showed unpredictably high concentrations in the PBS

compartment; ramipril was identified as an outlier in this re-

gard (þ137% with ILE compared with PBS control). It should be

emphasised that the variance across the replicates associated

with ramipril and baclofen in particular was also corre-

spondingly high compared with the other drugs, precluding

any firm conclusions regarding additional availability of these

drugs in the aqueous component of plasma in the presence of

ILE compared with untreated plasma. The study was not

powered to specifically identify significance of the impact of

ILE compared with control plasma for individual drugs, but

both the variance found between plasma samples from

different individuals, and the clear excursion of these partic-

ular drugs from the association shared by others merits

further exploration.
Study limitations

This was an entirely in vitro study designed to explore the as-

sociation of influencing factors around partition on free drug

that is available for equilibration in the aqueous phase across a
PBS: pH 7.4pH 7.4

AH

ILE

A– + H+

BH+ + OH– OH–

 OH–

BOH

M
em

br
an

e

H

H

 H+

 H+

termining the amount of drug detected in the phosphate-buffered

) cassettes for acidic (top half) and basic (bottom half) drugs.
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membrane. It was designed to explore this relationship using

the simplest model possible, whilst still retaining important

characteristics that are relevant to the in vivo situation, not

least of which is the inclusion of the highly complex matrix

that is plasma. As with any model, there are a number of

limitations that are important to recognise:

The in vitro nature of the study precludes identifying any

in vivo impacts that ILE might have in patients (e.g. cardiotonic

effects);18e20 similarly, the model adopted precludes determi-

nation of the ultimate fate of drug vis-�a-vis the lipid shuttle

hypothesis. The power of in vitro studies is to be able to focus

on specific effects of mediators to help try to understand

mechanisms.

The study was powered to establish the relationship of the

various physical parameters tested on free drug available to

diffuse from plasma to the PBS compartment, but not to

distinguish whether the changes induced for individual drugs

by ILE were significantly different from controls, particularly

given the wide variance seen with a minority of the drugs

tested here. Although we are confident that the variance is of

biological origin (i.e. primarily associated with plasma sam-

ples from different individuals), rather than technical (i.e. be-

tween technical replicates from the same individual), further

experiments are required with more replicates to establish

whether some of the surprise findings are reproducible. It

would also be interesting to establish the time-course of the

onset of the effects of ILE in this regard, and tomeasure drug in

all of the various compartments in plasma, and the aqueous

phase to garner more information about the mechanics

involved.

Both the drug concentrations and the ILE concentration

should be considered to be supra-physiological in this model.

The intention was to prove principle in the knowledge that

some drug concentrations diffusing across the membrane

might be very low, rather than necessarily to mimic in vivo

concentrations. In addition, plasma pH was not measured in

this study, but was assumed to be pH 7.4 on account of the

high buffering capacity of plasma proteins. Future studies will

not only measure pH, but actively manipulate it to establish

the role of pH in determining drug distribution.
Conclusions

This study has shown that the presence of ILE in plasma has

significant effects on partitioning for a number of drugs. For

most cases, the studied drugs behaved as hypothesised and

the presence of ILE reduced the quantity of drug which was

free to diffuse across the RED dialysis membrane, although

ramipril presented as an outlier in this regard. Mixed drug

overdose is a highly problematic issue in clinical practice,

however, the dosing and timing of ILE is yet to be settled in a

standardised protocol and a more complete understanding on

the spectrum of benefit across drugs has not yet been fully

elucidated. Further research is merited to establish the

complexity of the physicochemical impact of ILE on drug dis-

tribution between lipid, protein, and aqueous compartments

of plasma, by way of a forerunner in understanding the ulti-

mate fate of drugs influenced by ILE in overdose.
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