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Abstract
Quantification of drug-metabolizing cytochrome P450 (CYP) isoforms using LC–MS/
MS has been proposed as a potential way of estimating antemortem CYP levels using 
postmortem tissue, but the postmortem stability of CYP proteins is incompletely in-
vestigated. If one can use data obtained from the analysis of postmortem specimens 
to inform physiologically based pharmacokinetic (PBPK) models this greatly increases 
the access to rare specimens among special subpopulations. In this study, we devel-
oped and validated an LC–MS/MS method for targeted CYP protein quantification in 
a porcine animal model to study postmortem stability. We measured 19.9–28.3 pmol 
CYP1A2, 50.3–66.2 pmol CYP2D25, 132.9–142.7 pmol CYP2E1, and 16.8–48 pmol 
CYP3A29 protein per mg PLM in nondegraded tissue. In tissue stored at 4°C, we 
found that the CYP protein levels were unaffected by degradation after 72 h. At 21°C 
CYP1A2, CYP2D25, and CYP2E1 protein levels were nearly unaffected by degrada-
tion after 24 h, whereas a loss of approximately 50% was seen after 48 h. At 21°C 
CYP3A29 had a loss of 50% at 24 h and 70% at 48 h exhibiting less postmortem stabil-
ity. In vitro enzyme activity measurements in the same tissue stored at 21°C showed 
a 50% decrease after 24 h and a complete loss of enzyme activity after 48 h. When 
stored at 4°C, the in vitro enzyme activity decreased to 50% activity after 96 h. In 
conclusion, measuring CYP levels by an LC–MS/MS approach was clearly less affected 
by postmortem changes than an activity-based approach. The found postmortem sta-
bility for 24 h at 21°C for 3 out of 4 CYP isoforms supports the use of properly stored 
postmortem tissue to inform PBPK models.
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1  |  INTRODUC TION

Physiologically based pharmacokinetic (PBPK) models are in-
creasingly being used to predict human drug disposition across 
subpopulations.1–3 Hepatic drug metabolism by the cytochrome 
P450 (CYP) family of enzymes is a major elimination pathway 
for a large number of drugs and thus affects drug disposition. 
Therefore, information regarding CYP levels in subpopulations is 
needed. There are numerous examples of subpopulations with al-
tered CYP levels, to mention a few: Obese have reduced CYP3A 
activity with increasing bodyweight4; Pregnant have increased 
activity of CYP2D6 and CYP3A4 and reduced CYP1A2 activity5; 
Individuals suffering from cirrhosis have markedly reduced activ-
ity of CYP1A2 and CYP3A4.6

A limitation in the aforementioned studies is that in vitro or in 
vivo CYP-activities have been used to estimate altered CYP protein 
levels in a given subpopulation. The apparent change in CYP activity 
in a subpopulation might be a result of different CYP protein levels 
in combination with e.g., altered drug transporter levels and altered 
blood flow. Therefore the true altered CYP protein levels in a given 
subpopulation might not be known. Access to relevant hepatic tissue 
is scarce. If CYP protein levels could be estimated in postmortem 
hepatic tissue taken at an autopsy, this would dramatically ease the 
access to relevant hepatic tissue for special subpopulations, but also 
raise the question: What is the postmortem timeframe in which CYP 
protein levels reflect antemortem levels?

Tissue for proteomic research is generally snap-frozen in, for ex-
ample, liquid nitrogen (−196°C) as quickly as possible to avoid protein 
modification by oxidation, proteolysis, and bacterial degradation. On 
the contrary individuals in a postmortem setting might have been 
dead for several days before autopsy and the quality of this tissue 
for protein quantification can be questioned. Investigations on post-
mortem tissue found that some proteins are susceptible to modi-
fication or degradation during the first 24 h postmortem, whereas 
other proteins are stable for days after death.7–10 LC–MS/MS-based 
quantification of CYP protein levels in postmortem hepatic tissue 
with values similar to reported reference levels has been reported,11 
but the investigated hepatic tissue had postmortem intervals (PMIs, 
time from death to autopsy) between 24 and 36 h. Therefore there 
is currently a knowledge gap regarding hepatic CYP stability in the 
first 24 h postmortem.

We chose a pig model to study the postmortem stability of CYP 
proteins. Pigs are highly suitable to study human biotransformation 
due to the similarities in anatomy and physiology and a good model 
for studying postmortem protein degradation.9,12 Many porcine CYP 
enzymes exhibit more than 80% sequence identity to human drug-
metabolizing CYP enzymes,13,14 and the enzyme activities of key 
porcine CYP subfamilies have been studied in vitro with probe sub-
strates commonly used for human studies.15,16 Furthermore, porcine 
CYP enzymes are evenly expressed in the lobes of the liver and at 
similar levels as human CYP enzymes.17–19

As a first step to justify using CYP quantification data from 
forensic postmortem hepatic tissue in PBPK modeling, the aim of 

the current study was to investigate the postmortem stability of 
CYP enzymes immediately after death and up to 7  days in a por-
cine model. We developed a quantitative LC–MS/MS proteomics 
method based on the AQUA quantification strategy20 targeting four 
porcine CYP isoforms, CYP1A2, CYP2D25, CYP2E1, and CYP3A29, 
which exhibit high sequence identity (>76%) to human CYP1A2, 
CYP2D6, CYP2E1, and CYP3A4/5, respectively (Table S1). We used 
the developed method to quantify the CYP proteins in porcine liver 
microsomes (PLM) from nondegraded hepatic tissue (PMI = 0) and 
hepatic tissue degraded in vitro at 4°C and 21°C (PMI = 2–168 h). 
Finally, we wanted to gain further insight into the stability of CYP 
enzymes by investigating the in vitro enzymatic activity based on 
the metabolite formation associated with phenacetin and midazolam 
metabolism. To our knowledge, this is the first study investigating 
the postmortem stability of CYP enzymes in hepatic tissue 0–24 h 
and the first quantification of porcine CYP1A2, CYP2D25, CYP2E1, 
and CYP3A29 using targeted mass spectrometry.

2  |  METHODS AND MATERIAL S

2.1  |  Reagents and solutions

Reagents were purchased from Sigma-Aldrichunless otherwise 
stated. Methyl methanethiosulfonate (MMTS) was dissolved 
in 2-propanol at a concentration of 80  mM, and TCEP tris(2-
carboxyethyl)phosphine (TCEP) was prepared as 35 mM in 1.5 M 
ammonium bicarbonate (Ambic). Paracetamol was purchased from 
Merck. Midazolam was from Toronto Research Chemicals, and 
alpha-hydroxymidazolam was from Cerilliant. The NADPH regener-
ating system (RAPID start K5100) was from XenoTech. The Bradford 
protein assay for MPPGL determination was from Bio-Rad, and 
TPCK-treated trypsin for protein digestion was from AB-SCIEX. 
Ultrapure water (type 1) was obtained from a Milli-Q IQ 7000 ap-
paratus (Millipore).

2.2  |  Porcine liver samples and stability assay

Porcine livers from Danish slaughter pigs (Sus scrofa domesticus) 
(n = 3, female, 6 months old) were placed on ice immediately after 
sacrifice. The pigs were cared for according to the Danish Animal 
Welfare Act 2013. Furthermore, the animals were sacrificed as part 
of meat production before entering our study, and therefore no ethi-
cal approval was needed according to the Danish ministerial order 
on animal experimentation (BEK nr.2028 of 14/12/2020). For each 
liver, approximately 2  g of tissue was frozen at −80°C, and these 
samples were annotated as t = 0. Large pieces (>1 kg) from each liver 
were stored in plastic bags and incubated at 4 or 21°C before the 
samples (~2 g) were dissected and frozen at t = 2, 4, 6, 20, 24, 48, 72, 
96, 120, 144, or 168 h. The liver pieces at 4°C were sampled for up 
to 7 days (168 h), whereas the liver pieces at 21°C were only sampled 
up to 72 h due to advanced putrefaction.

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=242
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=242
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=263
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=262
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=261
https://www.sciencedirect.com/topics/chemistry/paracetamol
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2.3  |  Preparation of porcine liver microsomes

Liver tissue (500 mg) was thawed and minced with a scalpel. The 
minced tissue was added to 3  ml of cold homogenization buffer 
(0.1 M potassium phosphate buffer with 0.125 M potassium chloride 
and 1 mM EDTA, pH 7.5) and homogenized using a Potter-Elvehjem 
glass homogenizer (VWR) and a Teflon pestle which was driven by 
a RW16 motor unit (IKA) at speed level 6. The homogenate was 
centrifuged at 9000g for 20 min at 4°C to generate the S9 frac-
tion. The S9 fraction supernatant was transferred to 10.4 ml poly-
carbonate centrifugation tubes (Beckman Coulter) and centrifuged 
at 100,000g for 75 min at 4°C using an Optima L-90K ultracentri-
fuge (Beckman Coulter, Inc.). The microsomal pellet was dissolved 
in 200  µl of microsomal storage buffer (50 mM phosphate buffer 
with 250 mM sucrose, pH 7.5) and stored at −80°C until further use. 
The microsomal protein concentration was determined by Bradford 
protein assay using a bovine serum albumin (BSA) standard curve. 
An in-house postmortem PLM pool together with a commercial HLM 
pool (Ultrapool HLM 150, BD Biosciences) were used for quality 
control. Microsomal protein per gram liver (MPPGL) was calculated 
as the determined microsomal protein concentration divided by the 
amount of liver used. MPPGL is not corrected for process loss.21 The 
MPPGL measurements were used to adjust the PLM concentrations, 
ensuring that equal amounts of microsomal protein from each sam-
ple preparation were used for CYP quantification and enzyme activ-
ity measurements.

2.4  |  Peptide selection

Tryptic peptides suitable for LC–MS/MS quantification based on 
the AQUA strategy20 were selected based on information from 
PeptideAtlas (ISB),22 Skyline 19.1 peptide prediction software,23 and 
the literature.24 For each porcine CYP protein, four to six unique 
synthetic peptides (SpikeTides, JPT) were manually tuned by direct 
infusion into the mass spectrometer and subsequently evaluated 
in terms of signal intensity and linearity. The two best-performing 
peptides for each CYP protein were acquired as quantified synthetic 
analog stable isotope-labeled internal standard peptides (SIL-IS pep-
tides) containing C-terminally isotopic labeled Arg (13C6

15N4) or Lys 
(13C6

15N2) (SpikeTides TQL, JPT) (Tables S1 and S2).

2.5  |  Trypsin digestion

The isolated PLM were subjected to enzyme digestion following a 
previously described protocol, with minor deviations.11 In brief, all 
PLM preparations were diluted in microsomal storage buffer to a 
working solution of 7 µg PLM/µl. In Eppendorf LoBind tubes, 10 µl 
of diluted PLM was added to 10 µl of H2O and 5 µl of IS-peptides 
(200 fmol/µl 1A2, 200 fmol/µl 2D25, 600 fmol/µl 2E1, and 200 fmol/
µl 3A29 dissolved in 0.1 M AmBic with 20% acetonitrile (ACN) added 
according to the manufacturer's instructions). For denaturation, 5 µl 

of a 12% sodium deoxycholate (SDC) solution was added to the mix 
and incubated at 80°C for 10 min with vigorous rotational shaking. 
The denatured mix was cooled to 60°C, and 5 µl of 35 mM TCEP 
was added, followed by incubation for 20 min at 60°C. The reduced 
proteins were cooled to room temperature and alkylated by incu-
bation with 5 µl of 80 mM MMTS for 20 min. The solution was di-
luted with 70 µl of 25 mM AmBic, and 10 µl of trypsin mix (0.033 µg/
µl trypsin prepared in 25 mM AmBic with 2 mM CaCl2, 1:30 w/w 
trypsin:protein) was added. The digestion proceeded for 4 h at 37°C, 
after which the reaction was stopped, and SDC was precipitated by 
the addition of formic acid (FA) to a final concentration of 0.3% FA. 
The solution was vortexed vigorously followed by centrifugation at 
15,000g for 2 min, after which the supernatant was moved to a glass 
vial and analyzed by LC–MS/MS.

2.6  |  LC–MS/MS analysis of peptides

The digested peptides were analyzed using a triple quadrupole mass 
spectrometer (Waters Xevo TQ-S) coupled with a UPLC (Waters 
Acquity). The targeted LC–MS/MS method was previously de-
scribed and consisted of monitoring unique signature peptides along 
with SIL-IS peptides containing either stable or isotopic labeled Arg 
(*R = R + 10 Da) or Lys (*K = K + 8 Da).11 The signature peptides are 
as follows: CYP1A2: YLPSPTLQR/YLPSPTLQR* (537.8  >  798.4)/
(542.8 >  808.5); CYP2D25: DLAQPPR/DLAQPPR* (398.7 >  369.2)/
(403.7  >  379.2); CYP2E1: FIDLIPSNLPHEATR/FIDLIPSNLPHEATR* 
(862.0  >  489.3)/(867.0  >  489.3); and CYP3A29: SSVNFFTK/
SSVNFFTK* (465.2 > 755.4)/(469.2 > 763.4). Additional information in-
cluding qualifier peptide sequences, m/z of the MRM transitions, cone 
voltage (CV), and optimized CE (collision energy) for the peptides used 
in this study are displayed in Tables S1 and S2 in the supplementary 
material. CYP concentrations were determined based on peak area re-
sponse (PAR response) by AQUA.20

2.7  |  Method validation

2.7.1  |  Precision

The precision of the method was evaluated using pooled PLM 
(pPLM) comprised of equal amounts of PLM from three porcine liv-
ers (t = 0). The pPLM were analyzed in triplicate on seven different 
days. The precision of the method was determined at low (25 µg) 
and high (70 µg) concentrations of pPLM. BSA was added to the low 
pPLM to adjust the protein level to the same level as that of the high 

PARresponse =
Areasignaturepeptide

AreaSIL − ISpeptide

pmolsignature peptide = PARresponse × pmolSIL−IS peptide

[CYP] =
pmolsignature peptide

mgPLMprotein
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pPLM. The precision was determined as within- and between-runs 
variation calculated using a one-way ANOVA approach.

2.7.2  |  Trueness

The trueness of the method was evaluated at the peptide level by 
comparing the closeness of agreement between triplicate unspiked 
samples and triplicate samples spiked with a known amount of un-
labeled synthetic target peptides. Trueness was measured at two 
spike levels depending on the endogenous level of the target pep-
tide in the matrix: 1A2 (20, 10 fmol), 2D25 (20, 10 fmol), 2E1 (50, 
25 fmol), and 3A29 (30, 15 fmol).

2.7.3  |  LOD/LLOQ

The limit of detection and lower limit of quantification of the 
method were determined based on the SIL-peptide because no 
blank matrix exists. pPLM spiked with low concentrations of 
SIL-peptides 1A2 (17  fmol), 2D25 (20  fmol), 2E1 (75  fmol), and 
3A29 (40 fmol) were subjected to enzyme digestion, performed 
as three reactions per day on three different days (a total of nine 
reactions, CV <20%). The LOD was estimated as three times the 
SD of the reactions, and the LLOQ was estimated as ten times 
the standard deviation. The peak areas were converted into fmol 
by one-point calibration using the average SIL-peptide peak area 
from five separate samples.

2.8  |  Activity assay

The in vitro enzyme activity rates of porcine CYP enzymes in PLM 
were estimated by LC–MS/MS quantification of metabolite forma-
tion. The in vitro enzyme activity of CYP1A was estimated based 
on the metabolism of phenacetin (substrate) to its metabolite par-
acetamol, and the in vitro enzyme activity of CYP3A was estimated 
based on the metabolism of midazolam (substrate) to its metabolite 
alpha-hydroxymidazolam. An NADPH regenerating system (RAPID 
start K5100, XenoTech) was diluted according to the manufactur-
er's instructions (final concentration in the reaction mixture: 1 mM 
NADP, 5 mM glucose 6-phosphate, 1 Unit/ml glucose 6-phosphate 
dehydrogenase, 3.3 mM MgCl2, and 0.1 M phosphate buffer) and 
preincubated for 5 min at 37°C with phenacetin and midazolam at 
final concentrations of 100 and 10  µM, respectively. To start the 
assay, PLM (diluted with 0.1 M phosphate buffer) was added to the 
mix to a final concentration of 1 mg PLM/ml. The reaction time was 
20 min, after which the reaction was stopped by transferring 30 µl 
of the mixture to 70 µl of ice-cooled ACN containing the internal 
standards midazolam-D6 and 3-acetamidophenol at final concentra-
tions of 1.4 and 4.6 µM, respectively. The stopped reaction mixture 

was diluted 15-fold in 10% ACN, and the metabolites were quanti-
fied by targeted LC–MS/MS analysis. The assay was validated and 
optimized in terms of reaction time (6–30 min) and PLM (enzyme) 
concentration (0.1–1.5 mg PLM). The two enzyme reactions were 
performed in one assay, as no interference was observed between 
the two reactions.

2.9  |  LC–MS/MS analysis of metabolites

The concentrations of paracetamol and alpha-hydroxymidazolam 
were measured using a triple quadrupole mass spectrometer 
(Waters Xevo TQ-S) coupled with a UPLC system (Waters Acquity). 
The samples were injected (7.5 µl) and separated on a C18 column 
(Waters UPLC HSS C18, 1.8 µm, 2.1 mm × 100 mm, column tem-
perature = 40°C) with a solvent flow rate of 0.4 ml/min. The initial 
mobile phase conditions were 90% solvent A (H2O with 0.1% FA) 
and 10% solvent B (ACN with 0.1% FA). A gradient from 10 to 100% 
solvent B was performed over 3 min, after which 100% solvent B 
was maintained for one additional minute. In the following 4 min, 
the column was equilibrated to the initial mobile phase conditions. 
Electrospray ionization in positive mode was used, and the ana-
lytes were monitored with the following optimized MRM transition 
parameters: MRM1  =  quantifier, MRM2  =  qualifier: paracetamol 
(MRM1 = 152.0 > 110.2, CV/CE = 24/16 and MRM2 = 152.0 > 93.1, 
CV/CE = 24/23, retention time 1.15 min) and its internal standard 
3-acetamidophenol (MRM1 = 152.0 > 110.2, CV/CE = 24/16, reten-
tion time 1.33 min); alpha-hydroxymidazolam (MRM1 = 342.1 >324.2 
CV/CE =  24/19 and MRM2 =  342.1 >203.1 CV/CE =  24/26) and 
its internal standard midazolam-D6 (MRM1  =  332.0  >297.0 CV/
CE  =  24/24 and MRM2  =  332.0  >  211.2 CV/CE  =  24/31). The 
mass spectrometer was operated in multiple reaction monitoring 
(MRM) mode with a capillary voltage of 2.4 kV, source temperature 
at 150°C, desolvation temperature at 600°C and a desolvation gas 
flow (nitrogen) of 800  L/h. Metabolite formation was calculated 
using internal standards and calibration curves created with linear 
regression using a 1/x weighing factor, excluding zero. Calibration 
curves were based on 15 levels of paracetamol (0.0012–20  µM) 
and alpha-hydroxymidazolam (0.0009–7.5 µM) prepared by diluting 
stocks of 21 µM paracetamol or 16 µM alpha-hydroxymidazolam in 
0.1 M phosphate buffer to the highest calibrator concentration, fol-
lowed by twofold serial dilutions. The calibration curve was analyzed 
in the same matrix as the assay samples (pool of PLM), not including 
the NADPH generating system.

2.10  |  Calculation of confidence intervals

The 95% confidence interval (CI) of the mean value, of two or three 
different livers, at each time point was calculated using an assump-
tion of equal variance at different time points. The standard devia-
tion for the 95% CI was calculated as the within groups standard 
deviation using one-way ANOVA.

Trueness (% ) =
[spikedsamples] − [unspikedsamples]

spikeconcentration
× 100
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2.11  |  Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked 
to corresponding entries in http://www.guide​topha​rmaco​logy.
org, the common portal for data from the IUPHAR/BPS Guide to 
PHARMACOLOGY,25 and are permanently archived in the Concise 
Guide to PHARMACOLOGY 2019/20.26

3  |  RESULTS

3.1  |  Postmortem stability of microsomal proteins

The yield of total microsomal protein (MPPGL) in liver 1 was stable 
for 168 h at 4°C (Figure 1). For liver 2 and 3 at 4°C the MPPGL levels 
were stable for approximately 96 h, after that a decline of approx. 
30% was seen. When the tissues were stored at 21°C, the MPPGL 
levels were stable for at least 24 h. After 48 h of storage at 21°C, 
over 60% of the t = 0 levels were still measurable, whereas at 72 h, 
the MPPGL levels were severely affected by putrefaction and less 
than 25% of the t = 0 levels were detected. The 95% CI in Figure 1 
was at 4°C calculated using liver 2 and 3 since liver 1 had a different 
degradation profile, at 21°C all three livers were used to calculate 
the 95% CI. The absolute levels of MPPGL are shown in Table 1. To 
assess the variation in the PLM preparations, triplicate PLM prepara-
tions were performed on two livers at t = 0. The purifications yielded 
an average of 14.1  ±  1.5 (CV: 10.8%) and 10.9 ±  1.5 (CV: 13.4%) 
MPPGL for the two livers.

3.2  |  Validation of LC–MS/MS method

To investigate the postmortem stability of CYP proteins specifically, 
we developed a LC–MS/MS method for quantification of four CYP 

protein isoforms in PLM based on quantification of unique signature 
peptides (Table S1). The developed method was validated in a non-
degraded matrix (t = 0) in terms of method precision, method recov-
ery, trueness of the method, LOD, and LLOQ. The performances of 
the quantifying peptides are presented in Table 2.

3.3  |  Stability of CYP proteins in postmortem 
hepatic tissue

At 4°C a similar pattern to MPPGL stability was seen for CYP1A2, 
CYP2D25, CYP2E1, and CYP3A29 (Figure 2A) with a high degree of 
stability from 0 to ~72 h at 4°C for liver 1–3, and a decrease of 30–
50% in CYP levels for liver 2 and 3 beyond 72 h. Liver 1 had stable 
CYP levels for all 168 h. The protein levels of CYP1A2, CYP2E1, and 
CYP2D25 were reasonably stable at 21°C for 24 h (Figure 2B). When 
the tissue was stored at 21°C for 48 h, a significant loss in CYP pro-
tein content was observed and approximately 50–60% of the t = 0 h 
levels were still measurable after 48 h for these three CYP isoforms. 
For CYP3A29 at 21°C a different profile was seen. During the first 
6  h there was no major decrease, but after 20  h a decline of ap-
proximately 40%–50% was seen. The 95% CI at 4°C (Figure 2A) was 
calculated using liver 2 and 3 since liver 1 had a different degrada-
tion profile, at 21°C (Figure 2B) all three livers were used to calculate 
the 95% CI. The absolute concentrations of the CYP isoforms are 
shown in Table 1.

3.4  |  Enzymatic activity in postmortem 
hepatic tissue

In vitro enzyme activity rates of CYP1A were estimated in PLM 
based on metabolite formation of paracetamol from phenacetin, and 
in vitro enzyme activity rates of CYP3A were estimated in PLM by 

F I G U R E  1 MPPGL yield during postmortem degradation at 4°C (A) and 21°C (B) in three porcine livers. Individual and mean microsomal 
protein content per gram liver (MPPGL) levels shown relative to t = 0 h. 95% confidence intervals shown as calculated by ANOVA for all 
three livers at 21°C and due to different degradation profiles only for livers 2 and 3 at 4°C

http://www.guidetopharmacology.org
http://www.guidetopharmacology.org
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metabolite formation of alpha-hydroxymidazolam from midazolam. 
The enzyme activity rates were linear between 0.1 and 1.5 mg/ml 
PLM for both substrates, and initial reaction rates were observed for 
reaction times up to 20 min (data not shown). There is a complete 
chromatographic separation between paracetamol and the internal 
standard acetaminophenol, assuring no interference of these iso-
baric compounds.

The in vitro enzymatic activity rates at t = 0 were measured at 
1600–6000  pmol/min/mg PLM for the formation of paracetamol 
and 1000–3800  pmol/min/mg PLM for the formation of alpha-
hydroxymidazolam for the three porcine livers (Table  1). A high 
degree of variability was seen in the data; therefore, the standard 
deviation was calculated for each time point for the three livers 
(Figure 3). The metabolic conversion of both metabolites declined 
gradually to approximately 50% in tissue incubated at 4°C for 168 h 
(Figure 3). When the tissue was incubated at 21°C, a 50% decrease 
in enzymatic activities was observed at 24 h, and at 48–72 h, the 
enzyme activities were completely lost (Figure 3).

4  |  DISCUSSION

To date, the stability of CYP proteins for the first 24  h postmor-
tem remains unknown. The present study revealed that hepatic 
CYP1A2, CYP2D25, CYP2E1, and CYP3A29 levels are stable for 

72 h or more postmortem at 4°C (Figure 2A). The stability at 4°C of 
MPPGL (Figure 1) and individual CYP-isoforms (Figure 2A) followed 
a liver-specific pattern, with full stability for 168 h for liver 1, and a 
decrease of 30%–50% for liver 2 and 3 after 72 h. At 21°C CYP1A2, 
CYP2D25, CYP2E1 were stable for 24  h (Figure  2B), whereas 
CYP3A29 had a different degradation profile with a small loss at 6 h 
(20%), and an approximate 50% loss at 20–24 h. At 21°C MPPGL fol-
lowed the same pattern for all three livers (Figure 1). Therefore the 
rate at which CYP-proteins degrade postmortem seems to vary not 
only between livers but also between CYP-isoforms. The observa-
tion that CYP isoforms have individual degradation profiles at 21°C 
need further investigation due to the limited data presented here, 
but this study firmly demonstrates that temperature is an important 
factor for the degradation rate. Some studies have found proteins to 
degrade much faster than the CYP proteins investigated in this study 
whereas others have found certain muscle proteins to be stable for 
up to 10 days postmortem.7–10

In nondegraded tissue, we found an average of 23.3 pmol/mg 
PLM CYP1A2 and 33.2 pmol/mg PLM CYP3A29 among the livers, 
suggesting that these CYP isoforms are relatively low abundant. 
CYP2D25 and CYP2E1, on the other hand, seem to be expressed 
at the higher levels of 61.7 pmol/mg PLM and 138.3 pmol/mg PLM, 
respectively (Table 1). To our knowledge, these porcine CYP proteins 
have only been quantified by untargeted proteomics until now.24,27 
In agreement with the present study, both papers reported CYP1A2 

TA B L E  1 CYP protein expression levels and activity rates in nondegraded porcine liver tissue. The CYP protein levels and the enzyme 
activity rates are reported as the mean of two PLM (t = 0) preparations from each liver

MPPGLa  (mg/g)

Protein level (pmol/mg PLM)
Metabolite formation rate 
(pmol/min/mg PLM)

CYP1A2 CYP2D25 CYP2E1 CYP3A29 Phenacetin Midazolam

Liver 1 10.9 21.6 68.5 143 16.8 3800 2300

Liver 2 14.6 28.3 50.3 139 48.5 6000 4000

Liver 3 11.4 19.9 66.2 133 34.1 1600 1000

aMicrosomal protein per gram of liver at t = 0 h.

TA B L E  2 Validation of the LC–MS/MS method for CYP quantification

Target peptide

1A2_1 2D25_1 2E1_1 3A29_1

YLPSPTLQR DLAQPPR FIDLIPSNLPHEATR SSVNFFTK

Precision

High sample level

Within—run (CV %) 7.1 2.9 3.4 5.4

Total (CV %) 12.2 14.1 6.2 8.8

Low sample level

Within—run (CV %) 12.8 8.4 7.9 3.7

Total (CV %) 14.1 12.3 8.4 13.8

Trueness % (high spike level) 102.8 106.1 119.8 114.1

Trueness % (low spike level) 94.6 100.3 114.1 98.9

LOD (fmol CYP/µg PLM) 0.06 0.15 0.03 0.82

LLOQ (fmol CYP/µg PLM) 0.19 0.49 0.11 2.74
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and CYP3A29 to be of low abundance and CYP2E1 to be highly 
abundant. CYP2D25 was only quantified by Achour et al. 2011, 
who reported approximately threefold more CYP2D25 compared to 
CYP2E1,24 whereas our study suggests that CYP2E1 is expressed 
in twice the abundance as CYP2D25 in porcine livers. Estimation 
of CYP levels in hepatic tissue has traditionally been done using an 
activity-based approach. An important question is therefore also for 
how long the activity can be measured postmortem and how this 
compares to a mass spectrometry- based proteomics approach. To 
investigate this, we estimated in vitro enzymatic activity rates as-
sociated with phenacetin (CYP1A) and midazolam (CYP3A) metab-
olism in the same postmortem samples that were used to measure 
CYP protein levels. The measured CYP activity rates in nondegraded 
PLM (Table 1) were in agreement with the biotransformation rates 
of phenacetin and midazolam in PLM reported by other studies.15,28 
Furthermore, there is a correlation between the measured CYP1A2 
protein levels and the in vitro enzyme activity measurements in the 
individual pigs, with the liver ranking liver 2 >  liver 1  >  liver 3 in 
terms of both measured CYP1A2 protein levels and CYP1A enzy-
matic activity measurements associated with paracetamol formation 
(Table 1). Liver 2 also exhibited the highest level of both CYP3A29 
protein levels and alpha-hydroxymidazolam formation (CYP3A), but 
for the remaining two livers, the correlation was not as clear. Half of 
the measured enzyme activity was lost within 24 h at 21°C for both 
investigated metabolic pathways. This loss in enzyme activity corre-
sponds to the loss seen in measured CYP3A29 levels by LC–MS/MS, 
whereas CYP1A2 only had a slight loss at 24 h when measured by 

LC–MS/MS. At 48 h there was <2% enzymatic activity left, but there 
was still 60% CYP1A2 and 30% CYP3A29 measurable by LC–MS/
MS. At 4°C the LC–MS/MS estimated CYP levels were constant for 
approximately 72 h, compared to a decrease of 40%–50% in enzyme 
activity at 96 h. Both at 4 and 21°C, it can be concluded that an LC–
MS/MS-based quantification is more robust to postmortem changes 
than an activity-based approach. This is most likely because the CYP 
protein quantification occurs at the peptide level, whereas the en-
zyme activity assay requires a fully functional enzyme.

A previous study by Hansen et al. 2019 found little or no CYP1A2 
and CYP3A4 activity in human postmortem HLM preparations from 
hepatic tissue with an estimated PMI of 24–36 h.11 According to the 
present study, activity is lost between 24 and 48 h at 21°C, which 
supports the findings by Hansen et al. 2019 considering the differ-
ence in study conditions.

The CYP protein quantification and the enzymatic activity mea-
surements are both based on the yield of the microsomal protein 
MPPGL. In this study, we found that the MPPGL levels were between 
10.9 and 14.6 mg/g liver (Table 1). The previously mentioned porcine 
proteomics papers reported MPPGL values of 32.6 and 36.6 mg/g 
liver in two adult pigs.24 For young pigs with an age corresponding 
to this study MPPGL of 11.7–15.6 mg/g liver is reported,27 this is 
in good agreement with our findings. Both studies measured cyto-
chrome c reduction in homogenates and PLM to account for the loss 
of microsomal protein during PLM preparation. Only Achour et al. 
reported the uncorrected values of 18.1 and 30.2 mg/g liver.24 In our 
study, we did not determine the loss of microsomal protein during 

F I G U R E  3 In vitro enzyme activity in postmortem porcine hepatic tissue. The mean and SD for in vitro enzyme activity rates (metabolite 
formation) were estimated for three livers relative to t = 0 h. (A) Alpha-hydroxymidazolam formation (CYP3A). (B) Paracetamol formation 
(CYP1A)

F I G U R E  2 (A) CYP1A2, CYP2D25, CYP2E1, and CYP3A29 PLM concentrations in postmortem hepatic tissue at 4°C. Individual and mean 
cytochrome P450 (CYP) concentrations in porcine liver microsomes (PLM) relative to t = 0 h. 95% confidence intervals shown as calculated 
by ANOVA for livers 2 and 3, since liver 1 had a different degradation profile. Each PLM preparation was analyzed as technical duplicates by 
LC–MS/MS. (B) CYP1A2, CYP2D25, CYP2E1, and CYP3A29 PLM concentrations in postmortem hepatic tissue at 21°C. Individual and mean 
cytochrome P450 (CYP) concentrations in porcine liver microsomes (PLM) relative to t = 0 h. 95% confidence intervals shown as calculated 
by ANOVA for all three livers. Each PLM preparation was analyzed as technical duplicates by LC–MS/MS
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PLM isolation, yet our MPPGL levels are comparable to the other 
studies, and the variation in our PLM preparation was relatively small 
(CV = 10.8%–13.4%).

A limitation of this study is the in vitro postmortem degradation 
as opposed to whole-body postmortem degradation. However, since 
the experimental setup required continuous sample collection, the 
skin barrier would have been breached, and air and surface bacteria 
would have been introduced into the wound. It is therefore ques-
tionable that the use of a whole pig body would have greatly im-
proved the relevance of this study, and we, therefore, found the in 
vitro degradation setup sufficient for the purpose of this study.

The timespan from death to when an autopsy is performed var-
ies greatly between countries and between different specific cases. 
Not only the temperature at the place of death and PMI, but also 
storage conditions until autopsy will be important for the decay of 
postmortem tissue. Hepatic CYP quantification will therefore only 
make sense in selected cases.

Hansen et al. 2019 showed that quantification of human CYP 
isoforms is possible in postmortem tissue, but the fundamental 
question regarding stability in the time period from death to 24–
36  h was unanswered.11 The current study investigated stability 
from t = 0 h and revealed that three out of four examined CYP iso-
forms are stable for at least 24 h at 21°C. This finding is supported 
by Hansen et al. 2019 who in 50 postmortem samples found levels 
of human CYP1A2 and CYP3A4 comparable to reference values. 
These findings point to a role of postmortem tissue as a source 
of proteomic data. But even though the four investigated porcine 
CYP isoforms exhibited high sequence identity with their corre-
sponding human CYP-isoforms they are still different, and it is ap-
parent that the results can not be used as a definite indicator for 
the postmortem stability of the human CYP isoforms. Instability of 
the CYPs is expected over time which will cause decreased levels 
in postmortem tissue. Therefore further work validating the use of 
human postmortem tissue is needed. We suggest that genotyping 
in combination with CYP-quantification could provide insight into 
the validity of quantification results of postmortem human hepatic 
tissue, e.g., for CYP2D6 the amount of CYP-protein is related to the 
number of functional alleles.29 This could further be supplemented 
by the metabolic ratio between parent compounds and metabolites 
for phenotypic pathways in relation to measured CYP-levels. Known 
differences in CYP-levels across subpopulations could also be used 
to validate the approach e.g., CYP2E1 is induced in alcoholics30 and 
examining the CYP2E1 levels in alcoholics versus nonalcoholics is 
one out of many possibilities to validate the usability of postmortem 
tissue. Also, the development of methods to estimate the degrada-
tion degree of a given hepatic sample would be important to assure 
acceptable results from postmortem tissue. Even if only selected 
postmortem cases can be used for CYP quantification, the number 
of autopsies performed each year will make it possible to accumulate 
sufficient cases over time. The virtual subpopulation or individual 
can further be informed by physiological data noted at autopsy e.g., 
height, body weight, the weight of the liver—heart—brain—lungs—
kidneys, and diseases and medication history.

In this study, we only investigated the stability of CYP enzymes 
but it is obvious that information regarding the stability of other pro-
teins involved in drug elimination like UGTs, and transporters would 
be interesting as well. Such a broad investigation was out of the 
scope of this work.

In conclusion, we found that postmortem CYP levels quantified 
by LC–MS/MS for 3 out of 4 CYP isoforms were comparable to an-
temortem CYP levels for 24 h if the tissues have been stored at 21°C 
and for 3 days if the tissue has been stored at 4°C for all four CYP 
isoforms. The use of readily available postmortem specimens for 
collecting information about protein abundances could increase the 
availability of data on CYP levels which is important to understand-
ing drug disposition in subpopulations.
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