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The cytochrome P450 (CYP) enzymes play a pivotal role in drug metabolism.
LC-MS/MS-based targeting technology has been applied to the analysis of CYP
enzymes, promoting drug development and drug-drug interaction studies. Rat
is one of the most commonly used models for drug metabolism assessment,
but LC-MS/MS assay quantifying the abundance of CYP enzymes in rats is rarely
reported. Herein, an accurate and stable LC-MS/MS based method was
developed and validated for the simultaneous quantification of seven major
rat CYP isoforms (CYP1A2, 2B1, 2C6, 2C11, 2D1, 2El, and 3Al) in liver
microsomes. The careful optimization of trypsin digestion and
chromatography combined with isotope-labeled peptide as internal standard
improved the efficiency and accuracy of the analysis. Highly specific surrogate
peptides were obtained by a procedure including trypsin digestion for six hours
and separated on a Hypersil Gold C18 column (100 x 2.1 mm, 3 um) using
gradient elution for 15 min with a mobile phase of water containing 0.1% formic
acid and acetonitrile. In the method validation, linearity, matrix effect, recovery,
stability, accuracy, and precision all meet the requirements. Subsequently, this
method was applied to detect seven enzymes in rat liver microsomes from four
different sources, and the correlation between the abundance and activity of
CYP enzymes was further analyzed. The high-throughput detection method
provided in this study will provide support for pertinent pharmaceutical
research based on rat models.

Abbreviations: ACE, acetic acid; CYP, cytochrome P450; DMSO, dimethyl sulfoxide; DTT,
dithiothreitol; ELISA, enzyme linked immunosorbent assay; FA, formic acid; IAA, iodoacetamide;
LC-MS/MS, liquid chromatography-tandem mass spectrometry; RT-PCR, real-time polymerase
chain reaction; TFA, trifluoroacetic acid; WB, Western blotting.
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1 Introduction

The cytochrome P450 (CYP) superfamily is an important
enzyme system that mediates a major proportion of phase I
metabolism of most drugs, xenobiotics, and endogenous
compounds. CYPs are expressed in various tissues and
organs, and the liver tissue has the most abundant (Zanger
and Schwab, 2013). The expression and activity of drug-
metabolizing enzymes in rat liver microsomes have long
been the focus of in vitro and in vivo evaluation of drug
disposition and drug-drug interactions (Singh et al.,, 2011;
Manikandan and Nagini, 2018). The CYPs proteins expressed
in rat liver mainly include CYP 1-3 families, which not only
biotransform a wide variety of drugs, but can also be induced
or inhibited by them (Martignoni et al., 2006). Consequently,
reliable methods must be considered to quantify these
proteins for drug development and evaluation (Xie et al,
2016).

Several biochemical approaches for the determination of
CYP isoforms have been developed, mainly including:
Western blotting (WB), enzyme linked immunosorbent
assay (ELISA), quantification of mRNA levels using real-
(RT-PCR)
determination of metabolic activities by the probe substrate

time  polymerase chain  reaction and
method. Data comparisons between these different techniques
show a great deal of variability, which is the most likely cause
of the contradictory results (Dostalek et al., 2011; Grangeon
et al., 2019; Ren et al., 2020). WB has the characteristics of a
semi-quantitative method, and immunological methods such
as WB and ELISA also have limitations including weak
antibody specificity, poor reproducibility and lack of high-
throughput capability (Li and Zhu, 2020). The RT-PCR
method is simple, rapid and highly selective. However, the
regulation of mRNA at the translational level and the post-
translational modification of proteins are affected by many
factors, so measured mRNA levels cannot accurately reflect
the expression of CYP enzymes (Pearce et al., 2016; Zhang
et al., 2016; Couto et al,, 2020). The probe substrate method
takes into account the effects of genes and environmental
factors on enzyme activity, but due to the questionable
specificity of the probe-substrate, this method lacks a
unified standard when it is widely used.

Targeted proteomics techniques based on liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
have been a powerful tool for quantifying CYP enzymes.
LC-MS/MS combines the high separation ability of liquid
chromatography with the high selectivity and sensitivity of
mass and also has

spectrometry, a high-throughput

capability. Several studies have applied this method to
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detect CYP enzymes in human liver microsomes (Bhatt
and Prasad, 2018). However, there are few reports on the
detection of CYPs in rat liver, which is one of the most widely
used research models. Shao Y et al. established total protein
concentration to establish the “Standard Curve Slope”
method to assess the gender difference of CYPs in rat liver
microsomes (Shao et al., 2017). Hammer H et al. used a
targeted mass spectrometry-based immunoassay to directly
quantify CYPs and drug transporters (Hammer et al., 2021).
The above methods were not fully validated and may have
potential variations in quantification (Wegler et al., 2017).
Thus, this study aims to develop and validate a highly
accurate and stable LC-MS/MS assay for absolute protein
quantification of CYP isoforms in rat liver microsomes. We
identified seven major CYPs (CYP1A2, 2B1, 2C6, 2C11, 2D1,
2E1, and 3A1) based on the main metabolic enzymes in the
human liver and the species differences between human and
rat metabolic enzymes (Martignoni et al., 2006; Zhang et al.,
2016). All these CYPs were widely used in the study of drug
metabolism (Shao et al., 2017; Hammer et al., 2021). Many
challenges can affect protein quantification in a bottom-up
proteomic workflow, and the pretreatment process including
efficient enzymatic digestion is critical to the robustness and
sensitivity of the method. Denaturation, reduction, alkylation
and digestion of proteins can all affect the acquisition of
surrogate peptides. In addition, the complex composition of
biological samples may lead to the matrix effect that also
affect peptide (An et 2019),
chromatography needs to be optimized for efficient

quantification al., 1)
separation, which has led many studies to take more than
an hour for an analysis (Grangeon et al., 2019; Wenzel et al.,
2021). To correct for the matrix effect, an isotope internal
has

physicochemical properties to the target peptide. Isotope

standard is wusually chosen because it similar
internal standards can also correct for biases introduced by
pretreatment and errors in the injection system (De Nicolo
etal, 2017). All of these advantages make the isotope internal
standard method the first choice for LC-MS/MS based
quantification.

To sum up, we developed and validated herein a
quantification assay by LC-MS/MS for simultaneously
detecting the abundance of seven CYP enzymes in rat liver
microsomes. The isotope-labeled peptide corresponding to
the surrogate peptide was used as the internal standard to
improve the quantitative accuracy. Finally, this method was
successfully applied to detect the expression of CYP enzymes
in rat liver microsomes, and a correlation analysis was carried
out between the measured abundance of CYPs and their

activity detected by the probe substrate method.
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TABLE 1 Overview of surrogate peptides and their respective ions and mass transitions used for CYP enzyme quantification (*isotope-labeled amino

acid).
Protein Peptide Molecular weight Precursor z Product Ion/z CE (V) Tube lens (V)
CYP1A2 YTSFVPFTIPHSTTR 1754.0 877.7 2+ 698.4 b12/2+ 30 110
YTSFVPETI*PHSTTR 1761.0 587.9 3+ 581.9 y10/2+ 20 100
NFENDNFVLFLQK 1498.7 500.5 3+ 647.8 y5/1+ 13 78
CYP2B1 FSDLVPIGVPHR 1336.6 446.4 3+ 409.1 y3/1+ 15 75
FSDL*VPIGVPHR 13435 448.6 3+ 409.2 y3/1+ 13 86
EALVGQAEDFSGR 1378.5 690.1 2+ 966.0 y9/1+ 25 98
CYP2C6 EALIDHGEEFAER 1515.6 506.1 3+ 602.2 y10/2+ 12 80
EAL*IDHGEEFAER 1522.7 508.4 3+ 601.8 y10/2+ 20 80
EHQESLDVTNPR 1424.5 7132 2+ 703.9 y6/1+ 18 100
CYP2C11 YIDLVPTNLPHLVTR 1751.2 584.9 3+ 5747 y10/2+ 15 80
YIDL*VPTNLPHLVTR 1758.2 587.0 3+ 5747 y10/2+ 17 93
EALVDLGEEFSGR 14215 711.8 2+ 1010.0 y9/1+ 22 101
CYP2D1 GTTLIINLSSVLK 1358.7 680.1 2+ 446.2 y4/1+ 14 90
GTTL*INLSSVLK 1365.7 683.6 2+ 446.2 y4/1+ 14 90
NLTDAFLAEVEK 1349.6 675.6 2+ 906.2 y8/1+ 15 97
CYP2E1 FINLVPSNLPHEATR 1708.0 570.2 3+ 1121.4 y10/1+ 18 86
FINL*VPSNLPHEATR 1715.0 572.6 3+ 1121.9 y10/1+ 15 90
FKPEHFLNENGK 1459.6 4875 3+ 592.8 y9/2+ 14 84
CYP3A1 QGLLQPTKPIILK 1448.9 483.9 3+ 4779 - 12 84
QGL*LQPTKPIILK 1455.9 486.2 3+ 479.9 = 12 80

“The daughter ion is the ion after amino-terminal cyclization.

2 Material and methods
2.1 Chemicals and reagents

The male Sprague Dawley rat liver microsomes (Protein
content, 20 mg/ml) were obtained from IPhase Pharma
(Beijing, China), Corning Gentest (Corning,
PrimeTox (Wuhan, China) and Meilunbio
(Dalian, China). Recombinant Trypsin (Porcine pancreas) was

Services

American),

provided by Yuanye (Shanghai, China). Bupropion and
glibenclamide were purchased from National Institutes for
Food China).
acetaminophen, 4-Hydroxy-tolbutamide,
and 6-
Hydroxy-chlorzoxazone were purchased from Sigma-Aldrich
(United States). phenytoin, 4-
Hydroxymephenytoin, 6B-Hydroxy-
testosterone were purchased from Zzstandard (Shanghai,

and Drug Control (Beijing, Phenacetin,
tolbutamide,
chlorzoxazone

dextromethorphan, dextrorphan

Inc Hydroxy-bupropion,
testosterone  and
China). Ammonium bicarbonate (NH,HCOs;), trifluoroacetic
acid (TFA), and formic acid (FA) were purchased from
Macklin (Shanghai, China). HPLC-MS grade acetonitrile
(ACN) and iodoacetamide (IAA) were purchased from Merck
(Darmstadt, Germany). Dithiothreitol (DTT) was provided by
Thermo Fisher Scientific (Waltham, United States). Dimethyl
sulfoxide (DMSO) was provided by MP Biomedicals (France).
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Acetic Acid (ACE) was from Guangzhou chemical reagent
(Guangzhou, China). Deionized water was generated using the
Milli-Q Direct 8 water system (Germany). Surrogate peptides
and their stable isotope-labeled internal standards (Table 1) were
synthesized by Bankpeptid (Hefei, China). All peptide purity was
superior to 95.0% and the concentration/net peptide was
determined by amino acid analysis. Standards were weighed
using a balance of one ten thousandths from METTLER
TOLEDO (Switzerland).

2.2 Selection of surrogate peptides

Suitable surrogate peptides for absolute quantification of the
aforementioned metabolic enzymes were selected by combining
in silico and in vitro methods (Bhatt and Prasad, 2018). At first,
the respective protein sequences were retrieved from the
UniProtKB/Swiss-Prot database and underwent an in-silico
trypsin
According to the mass range of the MS and to ensure protein

digestion  (http://web.expasy.org/peptide = mass/).
specificity, peptides with a sequence length of 7-20 amino acids
were considered as suitable candidates (Supplementary Table
S1). Several criteria were chosen to establish the principles for
selecting peptides: 1) surrogate peptides do not contain cysteine,

methionine and/or tryptophan amino acids that can cause
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TABLE 2 The intra- and inter-batch precision and accuracy of QC samples for surrogate peptides. The results of three analysis batches were used for
inter-batch calculation. RSD, relative standard deviation; RE, relative error.

Protein Peptide Conc Intra-batch (n = 6)

(nM) Mean + SD

(nM)

CYP1A2 YTSFVPFTIPHSTTR 5 433 +0.37

15 12.99 + 0.03

150 132.93 + 3.01

750 805.70 + 43.89
CYP2B1 FSDLVPIGVPHR 0.5 0.50 + 0.08

15 1.34 + 0.06

15 14.65 + 0.57

75 77.99 + 5.02
CYP2C6 EALIDHGEEFAER 2 2.10 + 0.29

6 563 + 0.56

60 57.10 + 5.36

300 318.63 + 11.45
CYP2C11 YIDLVPTNLPHLVTR 5 444 + 041

15 13.31 + 0.68

150 143.94 + 7.16

750 744.86 + 59.31
CYP2D1 GTTLIINLSSVLK 5 4.84 + 0.45

15 13.80 + 0.68

150 139.44 + 10.51

750 664.79 + 21.48
CYP2E1 FINLVPSNLPHEATR 2 2.17 £ 0.23

6 5.53 + 0.42

60 56.53 % 3.09

300 326.91 + 19.61
CYP3A1 QGLLQPTKPIILK 05 0.46 + 0.06

15 1.41 + 0.19

15 14.04 + 0.58

75 80.03 + 2.60

oxidative instability; 2) non-synonymous genetic polymorphisms
with a frequency <1.0% in the population are required; 3)
surrogate peptides with high specificity are preferentially
selected by NCBI protein raw search; 4) repeated sequences of
arginine and lysine should be avoided due to the risk of missed
cleavages by trypsin.

2.3 Calibration standard and quality
control samples

Stock solutions were prepared by dissolving about 1 mg of
surrogate peptides or isotope-labeled peptides to obtain 1 mg/ml
in ACN: Water: ACE: DMSO (15:80:5:0.5, v/v). All stock
solutions were stored at —80°C. DMSO in the mixed solvent

Frontiers in Pharmacology

Inter-batch

RSD (%) RE (%) Mean = SD RSD (%) RE (%)
(nM)
8.5 -13.3 4.94 £+ 0.63 12.8 -1.3
0.2 -13.4 13.64 + 1.04 7.6 -9.1
2.3 -11.4 140.43 + 9.90 7.1 —6.4
54 7.4 810.98 + 34.89 4.3 8.1
15.6 -0.7 0.50 + 0.07 13.8 -0.3
42 -10.7 1.46 £ 0.15 10.5 -2.8
39 -24 14.08 + 0.84 6.0 6.1
6.4 4.0 76.22 £ 5.00 6.6 1.6
13.9 5.0 221 £0.20 9.0 10.6
10.0 6.1 5.67 £ 0.58 10.2 1.3
9.4 —4.8 56.22 + 4.02 7.2 —4.1
3.6 6.2 307.89 + 19.85 6.4 1.0
9.3 -11.2 4.53 +0.48 10.5 -84
5.1 -11.2 14.10 + 1.21 8.6 -3.4
5.0 -4.0 143.73 £ 5.74 4.0 —4.2
8.0 -0.7 741.59 + 54.62 7.4 -1.3
9.3 -3.3 4.75 £ 0.58 12.3 6.1
5.0 -8.0 13.72 £ 0.66 4.8 -8.8
7.5 =7.0 13592 + 7.45 5.5 -10.6
3.2 -11.4 674.67 + 25.84 3.8 -9.3
10.8 8.5 1.98 + 0.28 14.4 —4.3
7.7 =79 572 £ 043 7.5 =33
5.5 -5.8 54.89 + 4,51 8.2 --9.9
6.0 9.0 311.22 + 23.83 7.7 0.9
13.0 7.6 0.51 + 0.08 15.0 2.2
13.4 -6.0 145 £ 0.12 8.3 -3.1
42 —6.4 14.22 £ 0.59 4.1 =52
33 6.7 76.46 £ 5.11 6.7 2.0

04

was used to reduce the adsorption of peptides to plastic
centrifuge tubes (van Midwoud et al, 2007; Li et al, 2022).
The calibration standards were prepared by diluting stock
solutions in the mixed solvent to generate analytical ranges of
5-1000 nM for CYP1A2, 2C11 and CYP2D1, 0.5-100 nM for
CYP2B1 and 3A1, 2-400 nM for CYP2C6 and 2El, and the
quality control (QC) samples were set according to their
respective standard curve ranges (Table 2). An internal
standard solution containing all stable isotope-labeled internal
standards was prepared and their final concentration was 50 nM
except for GTTL*IINLSSVLK (CYP2D1) which was 500 nM. The
high concentration of the internal standard was used for
CYP2D1 to avoid the response reduction of isotope internal
standard due to ion suppression caused by the analyte (Tan et al.,
2011; Liu et al., 2019).
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2.4 LC-MS/MS analysis

LC-MS/MS analyses were conducted on TSQ Quantum
Access Max API mass spectrometer (ThermoFisher Scientific,
Massachusetts, United States) with an electrospray ionization
(H-ESI) interface coupled to an UHPLC system (ThermoFisher
Scientific, Massachusetts, U.S.). Tune Plus® software 2.4 was
used to control this instrument.

Chromatographic separation was performed using a C18
(100 x 2.1 mm, 3 um) analytical column (Thermo Scientific,
Massachusetts, United States). The column oven temperature
was set to 35°C while the autosampler temperature was adjusted
to 4°C. The flow rate of the mobile phase was set at 0.25 ml/min
and the injection volume was 20 uL. For all peptides, elution was
achieved under a gradient program. The initial mobile phase
condition consisted of water with 0.1% FA (solvent A) and ACN
(solvent B) (95:5, v/v). Gradient elution steps were 5-50% B
(0-12 min), 50-95% B (12-12.5 min), 95% B (12.5-13 min),
95-5% B (13-13.5 min) and 5% B (13.5-15 min).

The mass spectrometer was equipped with the electrospray
ionization and operated in the positive ion mode to monitor the
m/z transitions for all peptides and their internal standards. Mass
spectrometry parameters such as declustering potential and
collision energy were manually optimized for every single
peptide and were summarized in Table 1. The following ion
source parameters were applied: the ESI spray voltage was set at
4000 V; vaporizer temperature was set at 350°C; capillary
temperature was set at 300°C; sheath gas pressure and aux gas
pressure were set at 20 and 10, respectively.

2.5 Digestion procedure

The rat liver microsome was diluted in NH,HCO; (50 mM,
pH7.8) to a total protein concentration of 1 mg/ml 150 uL of
diluted proteins were denatured at 95°C for 5 min and then added
by 7.5 uL of DTT (500 mM) for the reduction of disulfide bonds
in proteins. Samples were left at room temperature for 5 min and
then incubated for 20 min at 60°C. Proteins were then alkylated
with 15 pL of TAA (500 mM) and incubated at 37°C for 15 min in
the dark. Samples were digested with trypsin at a trypsin/protein
ratio of 1:40) at 37°C for 6 h. Digestion was terminated by adding
20 uL of ACN: Water: TFA (40:60:1, v/v/v). The mixture was
vortexed for approximately 5 s and then centrifuged at 15,000 g
for 10 min at 4°C. Internal standards solution was added to
160 pL of the clear supernatant and the mixed solution was
evaporated to dryness under vacuum. The dried extract was re-
suspended with 160 uL of ACN: Water: ACE: DMSO (15:80:5:
0.5, v/v) and transferred to an injection vial for analysis. Liver
microsome samples (IPhase Pharma Services) were used to
optimize the digestion time in the above process, and six
samples were measured in parallel at each time point. The
standard curve and quality control samples were prepared by
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the above pretreatment steps after the standard solution was used
to replace the rat liver microsomes.

2.6 Method validation

As shown in the current absolute quantitative analysis of
proteomics, there is still no clear methodological guideline
(Prasad et al., 2019). Therefore, we carried out the validation of
the main content according to the bioanalytical guidelines combined
with the needs of this research (FDA, 2018). We verified the
accuracy, precision, linearity, stock solution stability, working
solution stability, recovery, matrix effect and other parameters of
the method.

2.7 Evaluation of matrix effect and
recovery

The matrix effect was assessed by comparing the internal
standard normalized response values of the standard solution
group (Rstandara) and the rat liver microsome-spiked group
(Rspiked)> and the latter needed to subtract the basal response
(RNon-spiked) for comparison. The internal standard used for
normalization was added during the final reconstitution in
pretreatment. The specific calculation is shown in formula 1.

RSpiked/ Rspiked(15) = RNon-spiked / RNon-spiked (15)

Matrixef fect (%) =
ff ( 0) RStundard/RStandmd(IS)

1

The relative recovery was calculated by comparing the spiked
group with the internal standard added before vacuum
evaporation (Répiked) and the spiked group with the internal
standard added during reconstitution (Rspikeq). Calculation was
also performed using the base-subtracted response Eq. (2).

) ) ) )
Rspikea / Rspikea(rs)— RNon—Spiked/ Ryvon-spiked (15)

Recovery (%) =
RSpiked/RSpiked(IS) - RNon—spiked /RNon—spiked(IS)

2

2.8 Enzyme activity detection by probe
substrate method

The enzyme activity of CYPs was calculated according to the
formation rate of the substrate metabolite. The substrate drugs and
metabolism of seven CYP enzymes are phenacetin and
acetaminophen (CYP1A2), bupropion and hydroxy-bupropion
(CYP2BI1), tolbutamide and 4-Hydroxy-tolbutamide (CYP2C6),
phenytoin 4-Hydroxymephenytoin (CYP2Cl11),
dextromethorphan and dextrorphan (CYP2D1), chlorzoxazone

and
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and 6-Hydroxy-chlorzoxazone (CYP2EL), testosterone and 6f-
Hydroxytestosterone (CYP3Al). LC-MS/MS detection method
refers to previous research reports (He et al., 2007; Zhang et al.,
2021). The probe drug and NADPH (1 mM) were mixed in 195 pL
PBS (pH 7.4) for 1 min at 37°C. The enzymatic reaction was initiated
by adding 5uL of rat liver microsomes (protein 20 mg/ml),
incubated for 30 min at 37°C, and then terminated by adding
ice-cold methanol containing IS glibenclamide. The sample was
centrifuged at 15,000 g for 10 min at 4°C and 5 pL supernatant was
analyzed by LC-MS/MS to quantify the metabolites formed during
these incubations. Each microsomal sample was assayed in triplicate.

2.9 Statistical analysis

The raw data was sorted using Microsoft Excel. Plotting used
GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA,
United States). The Xcalibur software was used to establish the
calibration curves fitted with weighted (1/X?) and to calculate the
accuracy and precision of the QC samples for method
validation (n = 6).

3 Results and discussion
3.1 Selection of surrogate peptide

Ideal surrogate peptides for metabolic enzymes require good
chemical stability and specificity. Peptides of suitable length were
first screened according to the trypsin cleavage site, and they do not
contain labile amino acids such as cysteine, methionine, and
tryptophan. Once selected, each peptide was evaluated with
BLAST to confirm their specificity toward an isoform.
According to parameters such as the E value, two surrogate
peptides were finally selected for each metabolic enzyme, one
for quantification and the other for qualitative research
(Supplementary Table S1). For CYP3Al, although only one
peptide was eligible for this study, it was fortunate that this
peptide went well in the development and validation of the LC-
MS/MS method. Furthermore, the surrogate peptide we used for
CYP2E1 was consistent with those reported in a previous study
(Ren et al., 2020), indicating the reproducibility of trypsin digestion
across different laboratories. We also compared the surrogate
peptides of the corresponding metabolic enzymes in rat and
human liver microsomes, and found that the surrogate peptides
of the reported enzyme isoforms were significantly different
between species, except that the peptide of CYP2EI was highly
similar (Groer et al., 2014; Li and Zhu, 2020; Wenzel et al., 2021).

Stable isotope-labeled internal standards were synthesized
for all surrogate peptides. With the *C and "N labeling, the
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molecular weight of the stable isotope-labeled peptide was
increased by 7 Da for leucine (L), as well as isoleucine (I). The
sequences of surrogate peptides containing deuterated amino
acids were shown in Table 1.

3.2 LC-MS/MS optimization

The mass spectrometer was operated in positive mode using
electrospray ionization. The standard solution was continuously
injected into the liquid phase and mixed before entering the mass
spectrometer, and then the mass spectrometry conditions were
optimized. For maximum sensitivity, we used the m/z ratio of the
precursor ion with the highest signal intensity as the QI filter
setting. Among most of the surrogate peptides screened this time,
the signal intensity of the triple-charged or double-charged
precursor ions was dominant. The precursor ions were then
scanned for product ions to identify fragments showing the
highest signal intensities, and the following parameters were
optimized to determine optimal fragmentation conditions:
collision energy, declustering potential, entry potential and
collision cell exit potential. Final acceptance of ions used for
quantification also required blank testing to exclude possible
matrix-induced interferences. The optimal parameters used in
the analysis method are shown in Table 1. It is worth mentioning
that for the surrogate peptide of CYP3A1, the amino-terminal
glutamine undergoes the cyclization to pyroglutamate and loses
17 Da, thereby changing the triple-charged precursor ion from
m/z 484.0 to 478.0 (actual value: 477.9) (Purwaha et al., 2014).

The principle of chromatographic optimization is to avoid
the matrix effect on the premise of ensuring the chromatographic
peak shape. To capture all seven peptides of interest in one
analytical run and to consider the expected complexity of the
digested samples, a 15 min gradient elution method was used and
all surrogate peptides could be separated by chromatography
(Figure 1, Supplementary Figure S1). The use of 0.1% formic acid
as the aqueous phase avoided the poor peak shape associated with
pure water and the reduced signal caused by volatile salts.
Compared with methanol, using acetonitrile for the organic
phase increased the elution power and reduced the column
pressure. The method established in this study combined the
advantages of analysis time and quantity, which was superior to
other methods of the same type reported in other studies. For
example, Yi Ren et al. reported that a 16.5-min gradient method
was used to detect only CYP2EL in rat liver microsomes (Ren
et al,, 2020). In studies of metabolic enzymes and/or transporters
in human liver microsomes, these simultaneous assays took
about an hour longer (Kawakami et al., 2011; Groer et al,
2014; Grangeon et al, 2019). Therefore, this study greatly
improved the analysis efficiency.
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3.3 Optimization of digestion

The use of surrogate peptides as

substitutes

for

quantifying target proteins requires robust and efficient

digestion,

which

includes
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reduction,
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digestion duration. The time required for trypsin digestion
is crucial. Therefore, this parameter needed to be optimized,
and the digestion time was set to 0.5, 1, 2, 3, 6,9, and 12 h in
this study. As shown in Figure 2, there were differences in the
digestion profiles of seven CYP proteins. All the substituted
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TABLE 3 Stability of seven surrogate peptides. Results are expressed as percent nominal +SD (n = 6).

Protein  Peptide Conc  Stock solution
(4 months, —80°C)
(nM) %Nominal (mean *
SD)

CYPIA2  YTSFVPFTIPHSTTR 15 96.88 + 9.41

150 98.85 £ 6.53

750 95.66 + 4.03
CYP2Bl  ESDLVPIGVPHR 15 101.83 + 8.97

15 101.53 + 4.37

75 99.67 + 5.93
CYP2C6  EALIDHGEEFAER 6 108.03 + 4.08

60 99.27 + 8.92

300 103.38 + 3.67
CYP2C11  YIDLVPTNLPHLVTR 15 95.67 + 2.18

150 10242 + 1.48

750 97.24 + 2.69
CYP2D1  GTTLIINLSSVLK 15 95.53 + 4.37

150 96.77 + 8.78

750 108.56 + 5.33
CYP2E1  FINLVPSNLPHEATR 6 105.74 + 5.24

60 101.31 + 8.05

300 94.76 + 8.14
CYP3A1  QGLLQPTKPIILK 15 9547 £ 5.18

15 100.91 + 3.68

75 100.37 + 6.11

peptides except CYP1A2 reached the content plateau at the 6th
hour, and CYP2D1 content increased significantly with time until
the 6th hour. However, the content of CYP1A2 has been relatively
stable at 0.5 h, and has a downward trend from 6 h later. This
phenomenon has also been reported by other studies (Grangeon
et al., 2019; Ren et al., 2020). The stability experiment has proved
that the peptide itself was stable during digestion (Table 3), so the
possible reason for the decline may be the influence of its own
digestive enzymes in rat liver microsomes. In conclusion, it was

decided to terminate the digestion at the 6th hour.

3.4 Selection of blank matrix

The LC-MS/MS-based  CYP
quantification methods mainly use the following three

current enzyme
types of blank matrices to establish standard curves and
QC samples: 1) Other tissues or serum of the same species
or different species, such as 5% rat serum (Ren et al., 2020),
human serum albumin (Groer et al., 2014), bovine serum
albumin (Wenzel et al., 2021); 2) the same matrix, standard
curve correction by subtracting the substrate (Sakamoto
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Standard working Stability during In autosampler
solution (1 week, digestion (6 h, (12 h, 10°C)
-80°C) 37°C)

%Nominal (mean +

%Nominal (mean £+ %Nominal (mean +

SD) SD) SD)

99.21 + 8.86 103.68 + 5.04 104.85 + 10.52
96.52 + 8.61 102.47 + 6.15 103.94 + 6.22
102.23 + 2.99 96.36 + 7.96 99.73 + 5.05
98.70 + 8.00 90.37 £ 7.02 105.46 + 7.06
99.62 + 5.81 92.09 + 6.96 103.46 + 4.74
99.97 + 5.08 104.14 + 4.20 103.75 + 2.65
97.95 + 7.49 102.72 + 7.10 104.84 + 12.60
99.45 + 8.15 103.23 £ 7.32 112.76 + 2.46
99.67 + 6.83 102.80 + 4.41 103.78 + 8.46
107.26 + 3.12 95.55 + 5.26 111.18 + 3.53
100.86 + 5.45 90.85 + 1.46 106.67 + 4.02
97.27 + 2.49 91.36 + 442 102.22 + 3.75
100.29 + 9.50 100.72 + 8.13 100.32 + 7.31
94.47 + 4.87 102.16 + 9.29 96.04 + 5.43
111.13 + 8.98 106.07 + 1.62 112.42 + 2.77
101.60 £+ 9.15 96.63 + 3.16 100.66 + 9.82
107.21 £ 7.09 101.14 £ 7.30 99.02 + 8.73
97.32 + 5.14 89.64 + 0.67 9549 + 593
95.20 + 5.21 99.91 + 12.61 111.87 + 3.36
103.24 + 2.83 98.61 + 3.60 107.38 = 7.30
103.16 + 6.18 95.81 + 6.93 101.50 + 2.84
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et al., 2011; Ohtsuki et al., 2012); 3) Standard solution
without biological matrix (Grangeon et al.,, 2019). Serum
that
microsomes, which may lead to different matrix effects

protein is significantly different from in liver
affecting the quantitative analysis. If the standard curve is
prepared using the same matrix or the same matrix diluted,
the calculation process is complicated, and the subtraction of
the blank matrix response may introduce bias, especially for
low-concentration samples. Therefore, in this study, the
influence of the matrix effect on quantification was
significantly reduced by optimizing the chromatographic
conditions, so that the standard curve prepared with the
standard solution became simple and practical. Although
the method still has a slight matrix effect and different
degrees of absolute recovery (Supplementary Table S2), the
isotope internal standard normalized matrix effect and relative
recovery were all around 100% and the relative standard deviation
was also less than 20% (Table 4). Therefore, in this method, it is
reasonable and reliable to use a standard solution instead of liver
microsomes to prepare standard curve and QC samples, and the
internal standard for the above samples was added after the

termination of digestion and before vacuum drying.
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TABLE 4 Summary of internal standard normalized matrix effect and relative recovery in rat liver microsomes for all surrogate peptides. Results are
expressed as percent nominal; RSD, relative standard deviation (n = 6).

Protein Peptide Conc Matrix effect Absolute recovery
(nM) %Nominal RSD (%) %Nominal RSD (%)
CYP1A2 YTSEVPFTIPHSTTR 15 111.14 125 98.55 14.1
150 119.69 7.7 96.32 9.9
750 117.96 5.8 98.89 11.6
CYP2B1 FSDLVPIGVPHR L5 111.48 169 95.59 16.8
15 98.40 5.0 91.94 5.1
75 99.41 5.0 95.14 7.1
CYP2C6 EALIDHGEEFAER 6 119.36 15.2 103.19 3.9
60 98.33 7.8 90.64 8.0
300 100.92 122 91.77 6.4
CYP2C11 YIDLVPTNLPHLVTR 15 93.59 17.2 107.23 6.1
150 81.05 9.1 104.87 11.6
750 95.31 9.4 94.24 112
CYP2D1 GTTLIINLSSVLK 15 107.25 8.5 111.40 14.4
150 118.57 117 109.98 109
750 118.40 8.6 109.30 123
CYP2EL FINLVPSNLPHEATR 6 108.97 14.0 101.79 18.6
60 98.61 14.6 91.68 13.7
300 96.21 120 98.79 6.2
CYP3A1 QGLLQPTKPIILK L5 98.42 8.6 107.05 158
15 94.22 34 97.53 104
75 95.51 43 98.02 5.9

TABLE 5 Protein amounts of CYP enzymes as observed in pooled rat liver microsomes from four sources (IPhase Pharma Services, Corning Gentest,
PrimeTox and Meilunbio). Results are expressed as concentration (Mean + SD) (n = 4).

Protein Peptide Protein amount (pmol/mg of protein, mean + SD)
Source 1 Source 2 Source 3 Source 4
CYP1A2 YTSEVPFTIPHSTTR - - - -
CYP2B1 FSDLVPIGVPHR 1.02 + 0.05 2.06 + 0.05 39.77 £ 1.52 -
CYP2C6 EALIDHGEEFAER 60.25 + 4.46 82.11 £ 2.72 80.65 + 3.95 71.34 + 7.31
CYP2C11 YIDLVPTNLPHLVTR 239.46 + 10.89 258.00 + 8.73 61.34 £ 2.55 -
CYP2D1 GTTLIINLSSVLK 173.52 £ 1035 58.36 + 5.79 99.76 + 9.63 77.29 +10.01
CYP2E1 FINLVPSNLPHEATR 2694 £ 0.51 34,68 + 123 33.85 £ 1.78 27.52 £ 120
CYP3AL QGLLQPTKPIILK 18.69 + 0.9 14.77 £ 0.76 35.86 + 0.75 31.06 + 2.24
3.5 Method validation concentration-response  relationship. ~ During  assay
validation, the correlation coefficient (r?) for all
3.5.1 LLOQ and linearity calibration curves ranged between 0.985 and 1.0
The method was found to be linear over the appropriate (Supplementary Table S3). Therefore, the LLOQ was set

calibration range for all surrogate peptides. Linear 5nM (CYP1A2,2Cl11 and 2D1), 0.5 nM (CYP2B1 and 3A1),
regression (weighted 1/X?) yielded the best fit of the or 2nM (CYP2C6 and 2E1) (Table 2). For LLOQ, the
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The correlation analysis between protein abundance by LC-MS/MS and enzyme activity of six CYP enzymes. Since the protein amounts of
CYP1A2 from different sources were lower than the lower limit of quantification, the correlation analysis between its content and activity has not
been carried out. Pearson correlation analysis was performed and p < 0.05 was considered statistically significant.

precision was better than 15%, and the accuracy was between
80.0-120%.

3.5.2 Precision and accuracy

The precision and accuracy were assessed by observing
the analysis of QC samples at three concentrations (low,
medium and high) in three analytical runs (n = 6).
Precision was reflected by the relative standard deviation
(RSD) and should be better than 15%. Accuracy was
assessed using relative error (RE) and should be within the
recommended range of acceptance (85.0-115.0%). Intra- and
inter-batch precision and accuracy for all surrogate peptides
met the above requirements. The results were shown in
Table 2.

3.5.3 Stability

To assess the stability of the surrogate peptides, we
performed several stability experiments. For stability data,
the precision (n = 6) should not exceed 15% and the mean
accuracy value should be within £15% of the nominal value.
Stock stability was assessed by comparing stocks stored
at —80°C for four months with fresh stocks. QC samples
were stored at —80°C for 1week to assess the short-term
stability of the peptides. After trypsin digestion for six
hours, the QC concentration peptides were compared with
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the QC samples without this process to investigate the stability
of these peptides in the digestion process. The QC samples
were placed in the autosampler for 12 h and compared with
the freshly prepared samples for the stability test in the
autosampler. All stability results met the above criteria and
indicated that all peptides were stable during the method
validation (Table 3).

3.6 Determination of CYPs in rat liver
microsomes

This absolute quantification method was successfully
applied to the quantification of seven CYP isoforms in
commercial mixed rat liver microsomes from four different
sources (Table 5). The abundance of the metabolic enzymes
including CYP2B1, 2Cl11, 2Dl and 3Al in rat liver
microsomes from these four sources was significantly
different. The results of CYPs determined from sources
1 and 2 were similar, and CYP2C11 was the highest. The
content of CYP2C11 in source 3 was low, while the result in
source 4 was lower than the lower limit of quantification
(6.25 pmol/mg). Since CYP2C11 is not expressed in immature
rats and is induced dramatically at puberty (beginning
4-5 weeks of age) in male rats (Martignoni et al., 2006), we
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speculated that the age of rats was the main factor leading to
the low content of CYP2CI1 in 3 and 4 sources. For the
content of CYPs in liver microsomes of SD rats, CYP2EI has
been reported to be about 5-25 pmol/mg, which is higher than
the enzyme content in liver S9 fractions (2-8 pmol/mg) (Ren
et al,, 2020). The CYP2E1 content determined in this study
was close to the upper limit of the content reported above. In
the study of Hammer H et al., the contents of CYP1A2, 2B1/2,
2Cl11 and 2E1 in liver tissue samples of male Wistar rats were
1.3, 0.2, 58 and 5.9 fmol/ug (pmol/mg) respectively (Hammer
et al., 2021). These results were lower than those of this study.
In addition to species, sample types should be a key factor in
the difference between the two studies.

In addition, the relationship between the abundance and
activity of CYPs was also studied. The results showed that the
content and activity of each CYP enzyme had a positive
correlation trend, but there was no statistical significance
(Figure 3). The reasons for the above phenomena include:
1) the absolute protein quantitative method based on LC-MS/
MS has very high specificity for CYP isoforms, while the drug
indicating enzyme activity in the probe substrate method
usually lacks sufficient specificity, so there is a potential
deviation in the results of enzyme activity (Giri et al,
2019); 2) The number of samples measured in this study
was small, so it is necessary to expand the samples to
further It has
immunological methods including WB are not specific

explore the law. been reported that
enough for the determination of CYPs content, which may
lead to contradictory conclusions (Ren et al., 2020). LC-MS/
MS method has the advantages of high specificity and high
throughput. Therefore, the method established in this study
will greatly improve the reliability of related research in the
field of drug metabolism based on the rat liver microsomal
model.

4 Conclusion

In the present work, we developed and validated an LC-
MS/MS-based
absolute quantification of seven major CYP enzymes in

targeted proteomics for simultaneous
rat liver microsomes. The optimized pretreatment and
chromatographic conditions ensured the robustness of
the method, and the assays were validated for selectivity,
linearity, matrix effect, recovery, stability, precision and
accuracy. Finally, this method was successfully applied to
the detection of rat liver microsome samples from four
sources. This study provides a high-throughput and
stable technical basis for the study of drug metabolism in
the rat.
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