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Postmortem fatal and non-fatal concentrations of amlodipine

Amlodipine is a dihydropyridine calcium channel blocker widely used in the treatment of high blood pressure and coronary heart disease. Intoxication can lead to reflex tachycardia following massive hypotension and death. The objective of this work was to study the postmortem concentrations of amlodipine in 62 patients in order to determine whether the use of the reference concentrations from the living patients was applicable in postmortem setting, and to define more precisely the fatal and non-fatal postmortem concentrations of amlodipine.

The amlodipine concentrations were measured in femoral whole blood by LC-MS/MS validated method. When sufficient information was available, the data were classified into 2 different groups, based on the conclusions of the autopsy and toxicological results: G1: nontoxic death and G2: fatal poisoning involving amlodipine alone or as part of a multidrug poisoning. The median concentration of amlodipine [1st quartile -3rd quartile] of the whole population (n=62) was 81 ng/mL. Twenty-two cases were classified as G1 and thirteen as G2. The observed median [1st quartile -3rd quartile] concentration of amlodipine was 66 [40.5 -79.5] ng/mL in G1 and 240 [170 -404] ng/mL in G2. The median concentrations observed in "non-toxic" deaths (66 ng/mL) were three times higher than those usually observed in living patients. Amlodipine distribution ratio between plasma and whole blood concentrations seems insufficient to explain this difference and postmortem redistribution from organs should be considered, and could suggest the same redistribution pattern for other drugs belonging to the same family.

Introduction

Postmortem distribution is a complex phenomenon influenced by many factors : redistribution from organs and tissues, cell lysis, physico-chemical characteristics of the different drugs (e.g. distribution volume, polarity, ionization) [START_REF] Sastre | Post Mortem Redistribution of Drugs: Current State of Knowledge[END_REF]. This phenomenon has been described for many drugs such as antipsychotics [START_REF] Saar | The time-dependant post-mortem redistribution of antipsychotic drugs[END_REF], antidepressants [START_REF] Reis | Reference concentrations of antidepressants. A compilation of postmortem and therapeutic levels[END_REF] and some cardiotropic drugs, for example [START_REF] Musshoff | Fatal blood and tissue concentrations of more than 200 drugs[END_REF]. Therefore, the interpretation of postmortem blood concentrations is challenging with a significant risk of misinterpretation when using reference concentrations obtained in live patients.

Amlodipine is a dihydropyridine calcium channel blocker widely used in the treatment of high blood pressure and coronary heart disease. Amlodipine inhibits the transmembrane influx of calcium into vascular smooth muscle cells and cardiac muscle cells, resulting in vasodilatation and therefore an antihypertensive effect. The usual dosage is 5 to 10 mg per day. The peak plasma concentration is observed 6 to 9 hours after oral administration.

Amlodipine has a large volume of distribution (21 L/Kg) and is highly bound to plasma proteins (>95%). Amlodipine elimination half-life ranges between 35 to 45 hours [5]. In living patients, the therapeutic plasmatic concentration range of amlodipine is generally between 5 and 21 ng/mL [START_REF] Johannsen | Reliable and easy-to-use LC-MS/MS-method for simultaneous determination of the antihypertensives metoprolol, amlodipine, canrenone and hydrochlorothiazide in patients with therapy-refractory arterial hypertension[END_REF][START_REF] Taguchi | Validated LC-MS/MS Method for the Simultaneous Determination of Amlodipine and Its Major Metabolites in Human Plasma of Hypertensive Patients[END_REF]. Overdose of amlodipine may result in hypotension followed by reflex tachycardia, vasodilator shock and death [START_REF] Kapelios | Recurrent episodes of life-threatening vasodilatory shock following unintentional intoxication with amlodipine[END_REF][START_REF] Houari | A survival case in a severe amlodipine intoxication[END_REF][START_REF] Azendour | Severe amlodipine intoxication treated by hyperinsulinemia euglycemia therapy[END_REF].

The objective of this work was to study the post-mortem whole blood concentrations of amlodipine in 62 cases in order to determine whether the use of the therapeutic reference range from living patient was applicable in postmortem setting, and to define fatal and nonfatal concentrations of amlodipine.

Material and method

Chemicals and reagents

Amlodipine and its deuterated internal standard (amlodipine-D4, IS) were purchased from

LGC (Molsheim, France) and TRC (Ontario, Canada), respectively. Dichloromethane, hexane, ethyl acetate, formic acid and methanol were all high-performance liquid chromatography (HPLC) grades while acetonitrile was mass spectrometry (LC-MS) grade (Merck (Saint-Quentin Fallavier, France). Sodium carbonate and sodium hydrogenocarbonate were from Prolabo (Paris, France). Ultra-pure water (18 MΩ) was obtained by ultrafiltration using a Milli-Q Integral apparatus (Merck, Fontenay sous Bois, France). Formate buffer (containing 2 mM formate and 0.1% formic acid) was prepared in ultra-pure water. Blank whole blood was purchased from the Etablissement français du sang (EFS) (La Plaine Saint-Denis, France).

Working solutions, calibration standards and quality controls

Stock solution of amlodipine was prepared in methanol (1 mg/mL). Working solutions for calibration standards (CS) and quality control (QC) were prepared from the stock solution in methanol at a concentration of 1 μg/mL and 0.1 μg/mL, respectively. Amlodipine-D4 was purchased as a certified reference material of 0.1 mg/mL and diluted to obtain a 2 μg/mL solution. CS were prepared by spiking blank whole blood at concentrations of 5, 10, 50, 100, 250 and 500 ng/mL. QC samples were also prepared in blank whole blood at concentrations of 25, 75 and 350 ng/mL, and a zero calibrator (free of drugs) was prepared.

Sampling strategy

Every post-mortem blood sample received in our laboratory between 2012 and 2019 was screened for amlodipine. Only amlodipine results in peripheral blood (femoral blood) were collected for this study, excluding all blood samples drawn from the heart. Samples were collected during autopsy in a glass vial and immediately frozen at -20°C until analysis.

Sample preparation

A double liquid-liquid extraction (LLE) was performed on 200 µL of peripheral whole blood after addition of 15 µL of I.S. as described previously for other cardiotropic drugs [START_REF] Knapp-Gisclon | Fatal intoxication with ivabradine: First case report[END_REF].

Briefly, the first extraction was carried out using hexane and ethyl acetate (1/1; v/v) after addition of carbonate buffer pH 9.7, followed by a second extraction using a combination of chloroform and isopropanol (80/20; v/v).

LC-MS/MS system and conditions

Chromatographic separation was achieved on a Hypersil Gold PFP column (100x2.1 mm, 1.9 µm, Thermo Fisher Scientific, Les Ulis, France) protected with the appropriate guard column, using a Vanquish liquid chromatography pump (Thermo Fisher Scientific) coupled with a CTC analytics auto sampler (Thermo Fisher Scientific, Les Ulis, France). The gradient consisted of ammonium formate buffer (2 mmol/L formate in 0.1% formic acid) (phase A) and acetonitrile (phase B), starting from 20% phase B to 90% after 10 minutes and hold for 3 minutes before returning to 20% of phase B. The flow rate was 0. 

Method validation

The method was validated for linearity, accuracy, precision, dilution and matrix effect according to the French Society of Analytical Toxicology (SFTA) recommendations [START_REF] Dingeon | Aide à la validation des méthodes en Toxicologie et Suivi Thérapeutique Pharmacologique[END_REF].

Linearity was evaluated on 5 calibrations curves. Accuracy and precision were determined using the three QC levels, six replicates of each level being analyzed on three different days.

Matrix effect was evaluated with 6 different matrices on two different levels (25 and 375 ng/mL). The effect of a 1:2 dilution in whole blood was tested at two different concentrations (600 and 1000 ng/mL) from three different samples each. The IS-normalized matrix effect was calculated by dividing the matrix effect of the analyte by that of the I.S.

Amlodipine concentrations

Data were classified in two different groups. Group 1 (G1): non-toxic death, was used as a control group and includes cases in which amlodipine was identified but did not play a role in death, which included the following circumstances: physical assault, car accident, accidental drowning, hanging. When there was doubt about a possible role for amlodipine, cases were excluded. G1 also included cases where a cause of death, other than intoxication, was identified at autopsy such as acute myocardial infarction or pulmonary embolism. Cases of violent death with a possible damage caused to a reservoir organ leading to a peripheral blood contamination (i.e. suicide by precipitation) were excluded. Hangings and drownings for which there was a suspicion of absorption of abnormal amounts of drugs have been ruled out.

Group 2 (G2) included only fatal poisonings involving amlodipine alone or in combination with other drugs. No cause of death other than intoxication (natural or traumatic) was found for these subjects at autopsy.

Results

Method validation

The analytical method was linear over the range 5-500 ng/mL, with a coefficient of determination r 2 ≥ 0.996, bias of back calculated concentrations ranged between -6.64 % and 2.9 % and a CVs less than 15% were obtained. Intra-day accuracy ranged from 92.3 to 103.2 % while the inter-day accuracy ranged from 95.5 to 101 %. The intra-day precision was between 10.3 and 10.9 % and the inter-day precision ranged from 5.3 % to 11.8 %. The study of dilution integrity showed that half-diluted sample did not modify the accuracy and the precision of the method. Amlodipine mean matrix effect in whole blood was 7 % at 25 ng/mL and 17% at 375 ng/mL. The matrix effect of I.S. was 17% (all CV < 5%). No significant ISnormalized matrix effect was observed in the 6 different whole blood matrices used.

Amlodipine concentrations

Among the 3,005 post-mortem blood samples received in our laboratory between 2012 and 2019, amlodipine was detected in 62 cases (2% prevalence). Amlodipine concentrations ranged from 7 to 737 ng/mL with a median [1st quartile -3rd quartile] of 81 [42 -134] ng/mL and a mean (± SD) of 118 (± 132) ng/mL. Thirty two percent of subjects (n= 20) were women. The mean age was 69.5 ± 12.9 years. These cases were distributed as follows: 22 in G1 and 13 in G2. The results from the two groups were presented in Table 1. Details from the cases included in G1 are shown in Table 2. Excluded cases (n=11) included falls from significant heights (n=6), suicides by hanging, stabbing and drowning with doubt about a concomitant intoxication (n=4), acute alcoholic hepatitis (n=1) which could have led to a decrease in liver function and therefore an accumulation of amlodipine following a lowering of its metabolism. The concentrations of amlodipine and associated compounds found in G2 were shown in Table 3. For the remaining cases (n=16), no cause of death was found at autopsy and there was no argument for overdose. Therefore, they could not be classified in G1 or G2.

Discussion

In this study, we evaluated non-fatal and lethal concentrations of amlodipine in postmortem femoral blood in order to determine therapeutic and toxic concentrations. In living patients, the plasma concentrations described in the literature are generally less than 20 ng/mL [START_REF] Faulkner | The pharmacokinetics of amlodipine in healthy volunteers after single intravenous and oral doses and after 14 repeated oral doses given once daily[END_REF].

Among the patients included in G1, the causes of death were : heart failures (n=5) and cardiomyopathy (n=1), pulmonary hemorrhage (n=1), pulmonary embolism (n=2), aortic dissection(n=1), respiratory failure due to accidentally disconnected life support (n=1), suicide by hanging (n=3), firearm (n=2) as well as drowning (n=1), car accident with multiple blunt injuries (n=1), and physical assaults (n=2). All of these cases have been rigorously investigated to exclude the role of amlodipine. In this group, the maximum concentration of amlodipine was 128 ng/mL found in a 85-year-old man who died in hospital after a physical assault (case n°9). Amlodipine was the only elevated drug in this patient. Physicians concluded that the death was caused by the stress of the assault in a patient with a history of heart disease. Cases in G2 included deaths with a conclusion of toxic origin. In these cases, amlodipine concentrations were always equal to or greater than 100 ng/mL and reached a maximum of 737 ng/mL.

In the literature, cases of amlodipine non-fatal poisoning with medical management have been described with plasma concentrations ranging from 67 to 810 ng/mL. Postmortem concentrations due to fatal poisoning have been described with concentrations greater than 72 ng/mL. These cases are presented in Table 4. The lowest amlodipine post-mortem concentration described by Ikeda et al. resulted from a poisoning case involving both amlodipine and glibenclamide. However, the role of amlodipine was considered minor by the authors [START_REF] Ikeda | Toxicological and Biochemical Analyses of an Autopsy Case Involving Oral Overdose of Multiple Antidiabetic and Antihypertensive Drugs[END_REF]. In the case described by Morini et al., the authors reported a possible degradation of amlodipine, which may lead to an underestimation of the measured concentration (173 ng/mL) [START_REF] Morini | Two Fatal Cases Involving Cardiovascular Drugs Diltiazem and Amlodipine[END_REF]. Linnet et al. showed post-mortem concentrations of amlodipine ranging between 0.006 and 0.13 mg/kg in 38 patients who died of non-toxic causes, with a median of 0.048 mg/kg [START_REF] Linnet | Postmortem femoral blood concentrations of amlodipine[END_REF]. The median found in G1 (60 ng/mL) confirmed this result, showing that postmortem concentrations of amlodipine in most of the cases (19/22, 86.3%) are higher than those found in living subjects (< 20 ng/mL).

Finally, an additional approach is to consider the mean concentration of all postmortem concentrations regardless of the cause of death in order to assess normal postmortem concentrations. Launiainen et al. calculated mean, median, 90th, 95th and 97.5th percentile of 313 fatal cases in which amlodipine was found. The mean amlodipine concentration was 0.10 mg/L and the median concentration was 0.07 mg/L which is consistent with our findings. The upper percentiles (90th, 95th and 97.5th percentile) were 0.20; 0.26 and 0.34 mg/L, respectively [START_REF] Launiainen | Drug concentrations in post-mortem femoral blood compared with therapeutic concentrations in plasma[END_REF]. With the same approach, Ketola et al. presented data on 3081 fatal cases involving amlodipine. The mean amlodipine concentration was 0.09 mg/L and the median concentration was 0.055 mg/L. The upper percentiles (90th, 95th and 97.5th percentile) were 0.16; 0.21 and 0.28 mg/L, respectively [START_REF] Ketola | Summary statistics for drug concentrations in post-mortem femoral blood representing all causes of death[END_REF].

Amlodipine concentrations in living patients are often measured in plasma while postmortem concentrations are measured in whole blood. Small et al. showed that whole blood / plasma ratio of amlodipine was 1.48 ± 0.1 [START_REF] Small | Measurement of Binding of Basic Drugs to Acidic Phospholipids Using Surface Plasmon Resonance and Incorporation of the Data into Mechanistic Tissue Composition Equations to Predict Steady-State Volume of Distribution[END_REF]. This could explain an increase in whole blood concentrations compared to plasma concentrations but may not seem sufficient to explain the difference observed between the concentrations of postmortem and living origin. Amlodipine has a large volume of distribution (21 L/Kg), in favor of a significant diffusion of the drug in all tissues. A redistribution from "reservoir" organs could therefore be considered, explaining the increased concentrations observed in post-mortem samples. In view of these results, post-mortem concentrations below 101 ng/mL (95th percentile of G1) could be considered as "non-toxic". This finding seems strengthened by the lowest concentration observed in G2 at 100 ng/mL.

Conclusion

The results from the present study seem in favor of a post-mortem redistribution of amlodipine leading to an increase in post-mortem concentrations when compared to antemortem concentrations. This recalls the need to be aware of the risk of error when using reference concentrations established in living subjects for the interpretation of post-mortem results, and shows the interest of establishing post-mortem reference values. A similar phenomenon can be expected with drugs of the same pharmacological class and should be investigated. 
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  3 mL/min. Total run time was 16 min. Detection was performed on a LCQ TSQ Vantage Triple quadrupole (Thermo Fisher Scientific, Les Ulis, France). Heated Electrospray Ionization (HESI) was used in positive mode with an ion spray voltage of +3.5 kV. The capillary temperature was set at 350°C. Nitrogen was employed as sheath and auxiliary gas (Nitrox UHPLCMS 18, nitrogen generator, Dominick Hunter, Villefranche sur Saone, France) at a pressure of 40 and 20 arbitrary units, respectively. The argon gas collision induced dissociation was used with a pressure of 1.5 mTorr. Two m/z transitions were monitored for amlodipine: m/z 409.20  206.10 and 294.20, and one transition for amlodipine-D4: m/z 413.10  298.10. Data acquisition and quantification were performed using the Xcalibur 4.0 software and LCquan 3.1 software (both from Thermo Fisher Scientific).

Table 1 .

 1 Postmortem peripheral blood concentrations of amlodipine in cases where the drug was a likely non-fatal (G1) or fatal (G2) contributor to death

Table 2 .

 2 Data from group 1 cases: autopsy finding, co-administrated drugs and amlodipine concentrations

Table 3 .

 3 Data from G2 cases: amlodipine concentrations and co-administrated drugs. In all cases, no cause of death was found at the autopsy, and intoxication was suspected.

Table 4 :

 4 Published non-fatal (plasma) and fatal (whole blood) amlodipine concentrations

	Group	G1	G2
	n	22	13
	Median (ng/mL)	60	240
	1st quartile (ng/mL)	40.25	170
	3rd quartile (ng/mL)	78.25	404
	Min	7	100
	Max	128	737
	Mean (ng/mL)	58,73	295,63

Table 1 .

 1 Postmortem peripheral blood concentrations of amlodipine in cases where the drug was a likely non-fatal (G1) or fatal (G2) contributor to death

	Case			amlodipine
	number	Cause of death at autopsy	other substance found	concentration
				(ng/mL)
	1	Hanging	0	
	2	Hanging	Salicylic acid, amiodaron	
			(from emergency unit)	
	3	Hanging	Acenocoumarol,	
			naproxen, alcohol	
	4	Gunshot wound to the head (suicide by	Hydroxyzine, cetirizine,	
		firearm)	metoprolol, paracetamol	
	5	Gunshot wound to the head (suicide by	Zolpidem, celiprolol	
		firearm)		
	6	Drowning	Metformin, valsartan	7
	7	Multiple trauma (car accident)	Alcohol	
	8	traumatic blood loss (caused by	Flecainide	
		aggression)		
	9	multiple injuries (caused by aggression) Midazolam, bromazepam,	128
			acebutolol, diacetolol,	
			irbesartan, furosemide	
	10	respiratory failure (Mechanical	Paracetamol	
		ventilation disconnected by accident)		
	11	Head trauma (work accident)	Metoprolol	
	12	Sulfur hydrogen intoxication from sink siphon	Quinine	
	13	Acute myocardial infarction	Paracetamol	
	14	Acute myocardial infarction	Bisoprolol,	
			hydrochlorothiazide,	
			atorvastatin, alcohol	
	15	Acute myocardial infarction	0	
	16	Acute myocardial infarction	Codeine, paracetamol	
	17	Acute myocardial infarction	0	
	18	Cardiomyopathy	Alprazolam, alcohol	
	29		Nordiazepam, oxazepam,	
		Pulmonary embolism	venlafaxine, losartan,	102
			canrenone, celiprolol	
	20	Pulmonary embolism	Codeine, paracetamol,	
			atenolol, zolpidem,	
			flecainide, valsartan	
	21	Pulmonary hemorrhage	Valsartan	
	22	Aortic dissection	Alprazolam, mianserin	

Table 2 .

 2 Data from G1 cases: cause of death at autopsy, co-administrated drugs and amlodipine concentrations

	Amlodipine concentration (ng/mL) Other drugs found: ng/mL when not specified
		zopiclone: 182
	510	tramadol: 310 propranolol: 350
		acetaminophen: 42 µg/mL
	200	0
		alcohol: 0,16 g/L
		pseudoephedrine: 3404
		atorvastatine: 596
		salicylic acid: 3 µg/mL
	404	ibuprofen: 36 µg/mL paracetamol,
		hydroxyzine: 3100
		cetirizine: 550
		deschlorpheniramine: 100
		zolpidem: 250
		cyamemazine: 764
	100	haloperidol: 66
		valproic acid: 108 µg/mL
		codeine: 222
		morphine: 26
	240	THC: 3,4 bisoprolol: 188
		valproic acid < 20 µg/mL
		alcohol: 0,47 g/L
	540	valsartan: 15 µg/mL alcohol: 1,52 g/L
		bisoprolol: 20
	256	irbesartan: 222
		salicylc acid: 56 µg/mL
	270	betaxolol: 302 ng/mL
	172	olmesartan: 42500
	147	bisoprolol: 123 ng/mL
		hydroxyzine: 314
	170	cetirizine: 160
		olanzapine: 348
		diazepam: 195
	100	nordiazepam: 71 temazepam: 14
		alcohol: 1,57 g/L
		diazepam: 35
		nordiazepam: 14
		alprazolam: 35
		zopiclone: 348
	737	tramadol: 24 nebivolol: 30
		irbesartan: 14
		hydrochlorothiazide: 2090
		atropine: 14*
		midazolam: 14*
	* Administered during medical attention in hospital.	

Table 3 .

 3 Data from G2 cases: amlodipine concentrations and co-administrated drugs. In all cases, no cause of death was found at the autopsy, and intoxication was suspected.

	Post-mortem concentrations in fatal intoxication (ng/mL)	Non-fatal intoxication / ante mortem samples (ng/mL)
	72 (15)	67 (18)
	173 (16)	143 (19)
	290 ng/mg (17)	88 (20)
	410 ng/mg (17)	120 (21)
	440 ng/mg (17)	130 (22)
	870 (23)	150 (24)
	940 (17)	185 † (25)
	1300 (26)	373 (27)
	2300 ng/mg (28)	393 (29)
	2400 (23)	810 (30)
	2700 (30)	
	†: deceased patient but result from ante mortem sample

Table 4 :

 4 Published non-fatal (plasma) and fatal (whole blood) amlodipine concentrations