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Abstract

Traditional analytical methods such as western blotting and reverse transcription-polymerase chain reaction only allow semi-
quantitative assessments and cannot accurately quantify the expression of the cytochrome P450 (CYP) enzyme. Therefore, the 
relationship between excess CYP enzyme and enzymatic activity is not been systematically studied yet. In the present study, 
we developed a new method using ultra-high-performance liquid chromatography (UPLC) mass spectroscopy (MS)/MS and 
determined the accurate quantification of CYP3A2 in rat liver. The linear range was 0.1329–8.508 ng/mL. The intra- and inter-
day precisions and accuracies data fulfilled the acceptance criteria of food and drug association guidelines for bio analytical 
method validation. We compared the quantitative results with CYP3A2 activity obtained by the cocktail assay. The developed 
method was successfully used for the quantitative analysis of CYP3A2. It provided a good background for determining the 
differences in drug metabolism caused by different CYP expression.
     
Keywords: UPLC-MS/MS; CYP3A2; Accurate Quantitation; Enzyme Activity

Abbreviations: MRM: Multi-Response Monitoring Mode; 
BCA: Bicinchoninic Acid; DTT: Dithiothreitol; PBS: Phosphate 
buffer salt; LLOQ: lower limit of quantification; SD: Sprague-
Dawley; ECL: Enhanced Chemiluminescence; QC: Quality 
Control.

Introduction

Hepatic cytochrome P450 (CYP450) is the main enzyme 
in the hepatic biotransformation of various drugs. The 
activity of CYP450 enzymes determines the metabolic rate of 
a majority of drugs [1-3]. Therefore, determining the activity 

of CYP450 is crucial for the preclinical development of new 
drugs [4]. However, the activity of CYP450 is not only affected 
by inter individual differences but also by its abundance 
[5]. Therefore, the relationship between the abundance of 
CYP450 and its enzyme activity should be studied [6,7].

Even though many studies have reported the differences 
in drug metabolism due to the abundance of CYP450 at 
the genetic level [8-10], the relationship between CYP450 
expression and enzymatic activity has rarely been studied. 
The lack of sufficient studies is probably due to the insufficient 
accuracy, reproducibility, and specificity of traditional 
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analytical methods [11]. In some studies, researchers 
have quantified CYP450 mRNA by reverse-transcription 
polymerase chain reaction (RT-PCR) as an alternate in some 
vitro enzyme induction experiments [12-14]. However, 
because of the post-translational modifications and delayed 
expression, the mRNA quantification cannot be used to 
determine the actual expression of CYP450 [15]. Western 
blotting (WB) is a semi-quantitative method with low 
accuracy and limited specificity [16]. Moreover, considering 
the specificity and interaction of probe reactions induced 
by different CYP enzymes is a challenge in the Cocktail 
method [17]. Therefore, a highly sensitive and accurate 
quantification method should be established for CYP450 to 
determine the relationship between CYP450 abundance and 
drug metabolism. 

Targeted proteomics is a new technique for the 
quantification of a target protein using mass spectrometry 
(MS) [18]. The multi-response monitoring mode (MRM) 
of the mass spectrometer is used to filter precursor and 
fragment ions. Compared with traditional methods, targeted 
proteomics can provide more accurate and reproducible 
protein quantification data that can aid further research.

CYP3A2 enzyme found in rats is the homologous enzyme 
of the CYP3A4 enzyme found in humans [19]. It is one of 
the most significant metabolic enzymes that accounts for 
about 30% of total CYP proteins [20]. CYP3A2 metabolizes 
various drugs such as Cyclosporine, Quinine, Midazolam, and 
Tacrolimus [20,21]. Therefore, CYP3A2 was selected as the 
research object to develop the quantitative technique of the 
CYP enzyme line based on the principle of targeted proteomics. 
The analytical method was established and confirmed for 
the quantitative determination of CYP3A2 in rat liver. For 
protein quantification, A surrogate peptide was selected that 
exists in both humans (CYP3A4) and rats (CYP3A2). This 
ensured that the new method can simultaneously quantify 
the corresponding enzyme of both species. Additionally, this 
method was compared with WB and RT-PCR, and that was 
used to determine the mathematical relationship between 
CYP3A2 quantification and activity. 

Materials and methods

Chemicals and reagents

The bicinchoninic acid assay (BCA) kit was obtained 
from Pierce Biotechnology (Rockford, IL, USA) and the 
Sequencing Modified Trypsin from Merck (Madison, USA). 
Acetonitrile and HPLC-grade methanol were provided by 
Merck (Germany). The surrogate peptide was obtained from 
KE Biochem Co., Ltd. (Shanghai, China). Urea, dithiothreitol 
(DTT), iodoacetamide (IAA), Tris-HCl, TFA, and Triton X-114 
were supplied by Sigma-Aldrich. Phosphate buffer salt (PBS) 

was provided by the Beyotte Institute of Biotechnology, 
Jiangsu Province, China. Water was purified and deionized 
through the purification system derived from Millipore 
Inc. (Bedford, Massachusetts, USA). Chlorazolone, 6-OH 
ketazolone, and hydrochlorothiazide were provided by the 
Institute of Clinical Pharmacology, Central South University.

Surrogate Peptide Determination 

Surrogate peptide was first selected in silicon and then 
experimentally verified. In particular, surrogate peptide was 
selected using Skyline (which predicts the mass spectrum of 
target proteins and peptide segments) [22], in combination 
with Uniprot (excluding uncertain and unstable regions), 
PeptideAtlas (predicting MRMs of a specific peptide segment), 
and BLAST (theoretically verifying the specificity of peptide 
segments). The selected peptide was GSIHPYVYLPFGNGPR. 
Then, the surrogate peptide and stable isotope-labeled 
internal standards (SIL-IS) substance were synthesized. 

Standard Calibration and Method Validation

The standard calibration curve was prepared by using 
digested human serum albumin (HSA). The standard 
concentrations of surrogate peptide were 0.1329, 0.2658, 
0.5316, 1.063, 2.127, 4.253, and 8.508 ng/mL, respectively. 
The concentration of standard quality control (QC) solutions 
used for the determination of the lower limit of quantification 
(LLOQ) was 0.1329 ng/mL, for low QC (LQC) was 0.2658 ng/
mL, for mid-QC (MQC) was 1.063 ng/mL, and for high QC 
(HQC) was 6.806 ng/mL. The IS solution was prepared at 
the concentration of 50 ng/mL by diluting the stock solution 
with ultrapure water (50:50, v/v).

The UPLC-MS/MS validation method included the 
determination of the specificity, linearity, precision, accuracy, 
and stability. The calibration curve, including the double-
blank sample (the blank matrix without any peptide) and the 
single-blank sample (with IS solely) was determined twice. 
The QC samples with analytical peptides were added to the 
matrix in 5 repetitive tests.

Preparation of Rat Liver Microsome and S9 
Fraction

Healthy Sprague–Dawley (SD) male rats were fasted for 
24 h and then sacrificed by cervical dislocation. Their livers 
were weighed after perfusion with cold saline through the 
portal vein. Next, the liver was cut into small pieces, ground 
in mortar with liquid nitrogen, and homogenized in the 
Tris-HCl (50 mM) buffer (1:4 w/v). The homogenate was 
centrifuged at 10,000 xg for 20 min at 4℃. The liver S9 fraction 
was obtained through supernatant filtration. The liver 
microsomal pellets were obtained by ultra-centrifuging the 
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liver S9 fraction at 100,000 xg for 60 min at 4℃, followed by 
washing of the liver microsomes with PBS and 20% glycerol 
buffer. Finally, these samples were stored at -80℃ until 
analyses. The total protein concentration of liver micro some 
and liver S9 was assayed by using a BCA kit. All procedures 
implemented in this study met the ethical standards of the 
institutional and national research committee and adhered 
to the Helsinki Declaration in 1964 and its later amendments 
or other comparable ethical standards.

Sample Processing

Liver microsomal proteins (20μg/μL) were denatured at 
95℃ for 2 min and then cooled at 56℃ for 20 min in 30-mM 
DTT. IAA (80 nM) was alkylated at 37℃ and then incubated 
in the dark for 20 min. Next, 15 μL of NH4HCO3 (50 mM) 
buffer were added to the mixture. 

After addition of the IS solution, the samples were treated 
with trypsin and incubated for 30 s, followed by digested in 
the dark at 37℃ for 24 h. The digestion was discontinued 
by adding 20 μL of 10% TFA. The digestion liquid was 
centrifuged at 16,000 xg for 15 min at 4℃. The supernatant 
was evaporated to the waterless form with nitrogen at 45℃ 
and dissolved in 100 μL of the mobile phase. The resultant 
solution was then centrifuged at 16,000 xg for 15 min at 4℃ 
and 5 μL of the supernatant was injected into the UPLC-MS/
MS system for further analyses.

Quantification of CYP3A2 by LC-MS/MS

A prerequisite factor to attain the accurate quantification 
of proteins is the high-quality MRM. To develop the optimal 
MRM methods for the detection of peptides, we identified 
and optimized the appropriate mass transition for each 
peptide by using surrogate peptides and the corresponding 
stable isotope-labeled IS.

The chromatographic method was performed using the 
Zorbax EcLipse C18 column (2.1 × 50 mm, 1.7 μm) at 50℃. 
The mobile phase composed of (A) 0.2% formic acid and 
(B) acetonitrile was at the flow rate of 0.4 mL/min. Gradient 
elution steps were 5% B (0-11 min), 20% B (11-12 min), 
60% B (12-14 min), 90% B (14-15 min), and 5% B (15-16.5 
min).

A triple quadrupole mass spectrometer (UPLC-XEVO 
TQ-S MS, Waters, and Milford, MA) was used to analyze 
the samples under the following conditions: the positive 
ion mode with MRM of electrospray ionization (ESI) was 
adopted. Gas temperature was 350℃, capillary was 3000 V, 
and the desolation gas flow rate was fixed to 1000 L/h. The 
precursor-to-product transition for the measured peptide 

was set to 592.24.7 m/z→372.76 m/z, fragmentation 
voltage was 25 V, and the collision energy was 14 eV. The 
transition for SIL-IS peptide was 596.76.3 m/z→372.76 m/z, 
fragmentation voltage was 17 V, and the collision energy was 
12 eV.

Assessment of CYP3A2 by RT-PCR

Total RNA was extracted from liver homogenates 
by Trizol. The PrieScript RT reagent kit protocol of 
ABI 7500 (Bio-Rad, California, USA) was employed 
for the iQ5 Real Time PCR with the following primers: 
CYP3A2 (F), 5’-TGGGAAACAGGGTAATGAG-3’; CYP3A2 
(R), 5’-CTGCCTTTGGTCTTTTTTTGA-3’; GAPDH 
(F), 5’-TGCCCATTTTTGATG-3’; and GAPDH (R), 
5’-TGGTGCAGGATGCAT-3’. GAPDH was used as the reference 
for calibration.

Assessment of CYP3A2 by WB

The total protein concentration of each sample was 
determined by using the BCA kit. The proteins were 
separated by SDS-PAGE. The initial voltage was 80 V, which 
was then increased to 120 V as the protein samples entered 
the gel. The appropriate gel regions were cut and transferred 
onto PVDF membranes. The membrane was incubated with 
a primary antibody for overnight at 4°C, washed with TBST, 
and incubated with horseradish peroxidase-conjugated 
secondary antibody for 2 h at room temperature, after which 
the protein bands were observed by using an enhanced 
chemiluminescence (ECL) system.

Determination of CYP3A2 Enzyme Activity

The activity of CYP3A2 was detected based on the probe 
substrate assay method. Briefly, rat liver microsomes were 
mixed with nifedipine and incubated in PBS (pH 7.4). The 
reaction was initiated by NADPH and terminated by adding 
cold acetonitrile. After centrifugation at 20,000 xg for 10 
min at 4℃, the supernatant (10 μL) were employed and 
then analyzed by the UPLC-MS/MS. The enzyme activity was 
calculated according to the metabolic rate of nifedipine.

Data Statistics 

Data were analyzed by the SPSS statistical software 
package version 19.0 (SPSS Inc., Chicago, IL, USA). All data 
in this study were subjected to the Shapiro–Wilke test. In 
case of normality (homogeneity of variance), the differences 
between the groups were assessed using t-tests or LSD, and 
any hypothesis testing was performed using an alpha value 
of 0.05. Pearson correlation test (R) was adopted to evaluate 
the data correlation. 
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Results

Experimental Verification of Peptide Specificity 

The selected surrogate peptide was GSIHPYVYLPFGNGPR, 
which was suitable for the evaluation of both CYP3A4 
(human) and CYP3A2 (rat).

The experimental verification was performed to ensure 
that the signal intensity generated by the selected surrogate 

peptide was not interfered with by the biological matrix. 
Because no blank matrix was available, HSA was used as 
a validation matrix to determine the matrix effect. HSA 
without surrogate peptide segment or IS was digested as 
described in Section 2.5 and the matrix validation was then 
performed. As shown in the chromatogram diagram (Figure 
1), the peak time of the target peptide was 3.08 min and was 
not disturbed by other substances.

Figure 1: Total ion chromatograms for the developed UPLC-MS/MS method applied to measure surrogate peptides and their 
stable isotope labeled IS peptides. A. Blank matrix. B. Blank matrix with internal standard. C. Blank matrix with standard peptide 
solution. D. Liver microsome sample solution.

Ultra-High Performance Liquid Chromatography 
(UPLC)-MS/MS Analysis and Method Verification

Peptide concentration was positively correlated with 
the signal strength within the validation range of 0.1329-
8.508 ng/mL. The correlation coefficient (r) of the CYP3A2 
calibration curve was 0.9940 (Y = 0.138X + 0.0136, weight: 
1/X2).

 

The result showed that the lower limit of quantification 
(LLOQ) of CYP3A2 was 0.1329 ng/ml, with precision (% 
relative standard deviation [RSD]) within ± 10% and 
accuracy (% relative error [RE]) within ± 15% (Table 1). 
Which was lower than the value previously reported for 
the LC-MS/MS method for CYPs [22-24]. Compared with 
other methods previously reported, this method was more 
sensitive, which ensured the detection of CYP3A2 with low 
abundance in vivo.
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Nominal concentration
LLOQ LQC MQC HQC

0.1329 ng/mL 0.2658 ng/mL 1.063 ng/mL 6.806 ng/mL
Mean (ng/mL) 0.1217 0.2488 1.001 6.969
Accuracy (%) 91.54 93.59 94.18 102.4

Intra-day precision
(RSD, %) 8.61 7.319 6.435 5.45

Inter-day precision (RSD, %) 9.436 10.56 9.143 7.757

Table 1:  Accuracy and intra-day, inter-day precision for the determination of CYP3A2 in HAS.

The accuracy and precision were determined by using 
three patterns of concentrations of QC samples (LQC, MQC, 
and HQC) prepared with the surrogate peptide in HSA. As 
shown in Table 1, the intra- (n = 5) and inter-day (n = 3) 
precision were within ±15%, whereas the accuracy was 
within ±15%. The stability of QC samples was determined 
at room temperature before processing for 6 h, 3 freeze-

thaw cycles (−20°C), at room temperature after processing 
for 48 h, and at auto-sample condition after processing for 
24 h, respectively. As shown in (Table 2), the accuracy and 
precision of LQC, MQC, and HQC were all within ±15%, which 
indicated that the surrogate peptide was stable under the 
abovementioned conditions.

QC Levels Stability tests

Conditions

at room temperature 
before processing 

for 6 h

3 freeze-thaw 
cycles (-20)

at room 
temperature 

after processing 
for 48 h

at auto-sample 
condition after 

processing for 24 h

LQC
Mean (ng/mL) 0.2563 0.2783 0.2492 0.2241
Accuracy (%) 95.62 104.7 93.75 84.31

RSD (%) 9.433 10.32 6.375 10.37

MQC
Mean (ng/mL) 0.99 0.9742 0.9739 1.104
Accuracy (%) 93.11 91.65 91.62 103.8

RSD (%) 9.584 8.427 8.287 7.439

HQC
Mean (ng/mL) 6.578 6.949 6.773 6.97
Accuracy (%) 96.64 102.1 99.52 102.4

RSD (%) 6.542 7.228 5.751 9.319

Table 2: Stability of QC samples under different conditions.

Sample Microsomes S9
Intra-day precision

Batch 1 2 3 4 5 1 2 3 4 5
Mean (ng/

mg) 11.36 9.065 8.9 9.5 12.05 2.107 4.253 3.03 3.27 2.13

RSD (%) 6.604 4.42 6.28 7.4 5.552 4.933 5.645 8.1 6.65 7.42
Intra-day precision

Mean (μg/
mg) 10.17 2.958

RSD (%) 8.71 8.05

Table 3: Intra-day, inter-day precision of the real samples.
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Furthermore, the precision and stability of the real 
samples were determined simultaneously because of the 
differences between the real samples and surrogate peptides 
in the blank matrix. As shown in (Tables 3 & 4), the intra-
day and inter-day precision of the samples were both within 

±15%. In addition, the stability of the real sample was within 
±15%, which indicated that the real sample was stable under 
different conditions. This pretreatment and UPLC-MS/MS 
method is validated to be reliable for quantifying CYP3A2 
expression in authentic samples.

Sample Stability tests

Conditions

at room temperature 
before processing 

for 6 h

3 freeze-
thaw cycles 

(-20℃)

at room temperature 
after processing for 

48 h

at auto-sample 
condition after 
processing for 

24 h

Microsomes
Mean (ng/mg) 7.015 11.28 9.311 10.61

RSD (%) 5.832 6.418 5.338 6.287

S9
Mean (ng/mg) 3.271 2.776 2.894 2.427

RSD (%) 7.218 5.091 9.171 8.826

Table 4: Stability of samples under different conditions.

Digestion Efficiency

To eliminate the risk of peptidase interference as much 
as possible, the experimental conditions for tryptic digestion 
was optimized. The liver microsomes and the S9 fraction 
were performed at 37 °C for 4, 6, 12, 18, and 24 h (n=5). As 
shown in (Figure 2), the digestion efficiency differed with 

different samples. The maximum efficiency was reached at 
24 h for the liver microsomes, whereas it was 32 h for S9 
fractions. Therefore, as a compromise, 24 h at 37°C was 
the most appropriate time and temperature for the liver 
microsomes and the S9 fractions.

Figure 2: Digestion efficiency of CYP3A2 in the liver microsomes and S9 fraction (each 200 μg) after tryptic digestion (1: 40) 
at 37℃ for 4, 6, 12, 18, 24 and 32 h (n=5).

Comparison of UPLC-MS/MS Method with RT-
PCR and WB

To compare the accuracy of the three different methods, 
samples from 6 rats that were randomly selected were tested 

using UPLC-MS/MS method, RT-PCR, and WB, respectively, 
five times. The results are shown in (Figure 3). UPLC-MS/
MS showed statistically significant differences in CYP3A2 
expression between liver microsomes of 6 rats (P <0.05). WB 
and RT-PCR cannot distinguish these differences properly 
can be because they are semi-quantitative methods and lack 

https://medwinpublishers.com/OAJPR/


Open Access Journal of Pharmaceutical Research
7

Mengd F, et al. UPLC–MS/MS-Based Targeted Proteomics Assay to Evaluate the 
Relationship between CYP3A2 Expression and Enzymatic Activity. Pharm Res 2023, 7(2): 
000283.

Copyright©  Mengd F, et al.

reproducibility. Therefore, UPLC-MS/MS method showed 
higher accuracy and precision than traditional methods 

and appeared more suitable for quantitating individual 
differences in protein expression.

Figure 3: CYP3A2 expression measured by LC-MS/MS, WB and RT-PCR in parental cell lines. All experiments were performed 
in five times (mean ± SD are given).

Correlation Between CYP3A2 Expression and 
Enzyme Activity

We analyzed the correlation between CYP3A2 expression, 
which was quantified by the validated UPLC-MS/MS method, 

and activity. We also compared the correlation results of 
three different quantitative methods (UPLC-MS/MS, WB, and 
RT-PCR). As shown in (Figure 4), the correlation between 
CYP3A2 expression obtained by UPLC-MS/MS method was 
strong in both the liver microsomes and S9 (P <0.01). 

Figure 4: The correlation between CYP3A2 expression and enzyme activity. A-B, Analysis by UPLC-MS/MS. C-D, Analysis by 
RT-PCR, E-F, Analysis by WB.
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Notably, no significant correlation was found between 
WB or RT-PCR quantitative results and enzyme activity which 
was mainly due to the shortcomings of the two traditional 
methods. First, the quantitative result of mRNA by RT-PCR 
cannot reflect the expression of the protein. Because the 
translation process from mRNA to protein is not simple, it 
will be disturbed by many factors, such as post-translational 
modifications [23-25]. Second, quantification by WB is 
dependent on the antigen-antibody reaction, which is limited 
by the high sequence homology and cross-reactivity of the 
available antibodies [16].

Individual differences in enzyme expression can lead 
to significant variations in drug metabolism. The methods 
for absolute quantification of enzyme expression should be 
established. The established UPLC-MS/MS method can be 
used as a supplement along with traditional methods in drug 
metabolism and enzyme activity studies.

Discussion

CYP450 is the major class of enzymes for drug 
metabolism. Its metabolic efficiency is influenced by 
various factors, such as genetics, disease, diet, drugs, and 
environmental factors, which lead to inter-individual 
differences in drug therapeutic effect. CYP450 individual 
expression will affect the efficiency of drug metabolism in 
vivo. Therefore, phenotypic cocktails can be useful because it 
allows the simultaneous determination of some CYP activity 
through the use of probes with minimal within-subject 
variability over time. However, this strategy has a formidable 
difficulty on how to select probes to prevent metabolic 
interactions from occurring [26]. Protein activity, perhaps 
the most key factor in biological pathways, can be precisely 
mediated by post-translational modifications [27]. 

Compared with RT-PCR and WB, UPLC-MS/MS method 
showed higher accuracy and sensitivity and was more 
suitable for high-throughput analysis. In this study, the 
quantitative results obtained by UPLC-MS/MS method 
were linearly correlated with enzyme activity and can be 
used to distinguish differences between sample groups, 
which indicated that this method has enough precision and 
accuracy for the quantitative determination of CYP3A2. 
Based on the strong correlation found between Nifedipine 
metabolic rate and enzyme determination by UPLC-MS/
MS, CYP3A2 activity can be inferred from its expression. 
Previous studies reported that the difference in expression of 
CYPs could account for the interindividual difference in drug 
metabolism [28]. Therefore, we speculated that the absolute 
quantification of CYP enzymes can further determine the 
direct mathematical relationship between the expression of 
drug-metabolizing enzymes and the metabolism process and 
distinguish individual variations of drug metabolism.

Considering that hepatic drug enzymes are mainly 
present in liver microsomes, where the traditional cocktail 
method was used to detect the activity of the enzyme, we used 
liver microsomes as samples for the quantitative analysis of 
enzymes expression by UPLC-MS/MS11 [29]. However, the 
preparation of liver microsomes is generally difficult and 
complex. To simplify the pretreatment, rat liver homogenate 
S9 fraction was also used to study the correlation between the 
expression of CYP3A2 and enzyme activity. We found that the 
protein expression in the S9 fraction was also proportional 
to the enzyme activity. This suggested that liver homogenate 
can be used to replace liver micro some to quantify proteins 
by targeted proteomics, thereby simplifying the experimental 
procedure.

Conclusion

In the present study, we established and verified the 
UPLC-MS/MS method and presented its several advantages 
including higher sensitivity, accuracy, precision, and 
reproducibility. Moreover, the relationship between the 
abundance and activity of CYP3A2 in rat liver was determined 
using different methods. Compared with RT-PCR and WB, 
the UPLC-MS/MS quantitative results showed a strong 
correlation with enzyme activity, which indicated that the 
UPLC-MS/MS-based targeted quantitation methods, can be 
a reliable choice of technique to overcome the limitations of 
RT-PCR and WB. Moreover, the strong correlation provided a 
good background to study the individual differences in drug 
metabolism due to different CYP enzyme expression. 
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