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ABSTRACT
Purpose To determine the liver expression of cytochrome P450
(CYPs) and uridine 5’-diphosphate-glucuronosyltransferases
(UGTs), the major phase I and II metabolism enzymes responsible
for clearance and detoxification of drugs, xenobiotic and endoge-
nous substances.
Methods A validated isotope label-free method was
established for absolute and simultaneous quantification of 9
CYPs (1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D, 2E1 and 3A4)
and 5 UGTs (1A1, 1A4, 1A6, 1A9 and 2B7) in human liver
microsomes using LC-MS/MS.
Results The LC-MS/MS method displayed excellent dynamic
range (at least 250-fold) and high sensitivity for each of the
signature peptides with acceptable recovery, accuracy and preci-
sion. The protein expression profile of CYP and UGT isoforms
were then determined in match microsomes samples prepared
from patients with HBV-positive human hepatocellular carcinoma
(HCC). In the tumor microsomes, the average absolute amounts

of 8 major CYP isoforms (except CYP2C19) and 3 UGT isoforms
(UGT1A1, UGT1A4 and UGT2B7) were decreased significantly
(p<0.05), whereas UGT1A6 and UGT1A9 levels were un-
changed (p>0.05). In addition, among isoforms with altered
expression, 6 of 8 CYP isoforms and all three UGT isoforms
were much more variable in tumor microsomes. Lastly, the
importance of CYP3A4 was greatly diminished whereas the
importance of UGT1A6 was enhanced in tumor microsomes.
Conclusion The use of an isotope label-free absolute quan-
tification method for the simultaneous determination of 9
CYPs and 5 UGTs in human liver microsomes reveals that
expression levels of CYPs and UGTs in human liver are
severely impact by HCC, which could impact drug metabo-
lism, disposition and pharmacotherapy.
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ABBREVIATIONS
CE Collision energy
CXP Collision cell exit potential
CYP Cytochrome P450
DP Declustering potential
HBV Hepatitis B virus
HCC Hepatocellular carcinoma
HLMs Human liver microsomes
nHLMs-individual Human liver microsomes prepared from

pericarcinomatous tissue of a single donor
with HCC

nHLMs-pooled Pooled human liver microsomes prepared
from pericarcinomatous tissues of 15
donors, which contain same amount of
donor microsomes from each subject

rHLMs-pooled Reference human liver microsomes
SPE Solid-phase extraction
tHLMs-individual Human liver microsomes prepared from

tumor tissue of a single donor with HCC
tHLMs-pooled Pooled human liver microsomes prepared

from tumor tissues of 15 donors, which
contain same amount of donor microsomes
from each subject

UGT Uridine 5’-diphospho-glucuronosyltransferases
UPLC Ultra performance liquid chromatography

INTRODUCTION

Human liver plays a critically important role in metabolism,
where both endogenous and exogenous substances are con-
verted to polar products more amendable for excretion, usu-
ally through specialized enzymatic systems such as cyto-
chrome P450 (CYPs) and uridine 5 ’-diphospho-
glucuronosyltransferases (UGTs). In a typical human liver,
where 18 CYP families were predicted according to sequence
homology, 11 isoforms are mainly expressed, including
CYP1A2, CYP2A6, CYP2B6, CYP2C8/9/18/19, CYP2D,
CYP2E1, and CYP3A4/5 [1]. These 11 CYP isoforms
are responsible for 70-80% of all phase I metabolism of
90% of marketed drugs [2, 3]. UGTs are responsible for
glucuronidation, a major part of phase II metabolism,
which serves as an essential clearance and detoxification
mechanism for many drugs and low molecular weight
endogenous compounds such as bilirubin, hydroxysteroids,
and fatty acids. Human UGTs are classified into four families
(UGT1, UGT2, UGT3 and UGT8), and the main UGT
proteins expressed in the human liver areUGT1A1,UGT1A3,
UGT1A4, UGT1A6, UGT1A9, and UGT2B7 [4].

Liver cancer is a common cause of cancer death through-
out the world. Among primary liver cancers, hepatocellular
carcinoma (HCC) represents the major histological subtype,

accounting for 70% to 85% of the total liver cancer cases.
Chronic infection with hepatitis B virus (HBV) is a major
public health concern for many parts of Asia including China
[5]. In addition to problems associated with viral infection,
HBV infection is the most well established risk factor for HCC
as approximately 53% of the HCC cases were found attrib-
utable to HBV [6]. In China, more than 90% of the HCC
patients are also diagnosed with HBV infection [7, 8], which
are usually treated with both anti-cancer and anti-HBV drugs.
In contrast, most of the liver cancer patients in developed
countries are the result of liver cirrhosis, primarily from alco-
holism and other ailments. Alarmingly, the liver cancer inci-
dence in the developed countries is rising although the same
incidence rate is decreasing in Asia, primarily because of HBV
immunization effort [9].

Many liver diseases such as cirrhosis have a major impact
on mRNA expression of CYPs and UGTs [10–12], and the
expression pattern of CYP genes in HBV-positive liver was
also identified by oligonucleotide microarray [13]. However,
the absolute amounts of CYP and UGT isoforms express in
liver with HBV-positive HCC has not been reported yet.
Because a significant portion of liver cancer patients with
HBV is expected to use many chemotherapeutic drugs and
antiviral agents, which are subjected to phase I and phase II
metabolism, establishment of these enzymes’ expression levels
may help guide the use of drugs in these patients. Therefore,
absolute quantification values of CYP or UGT protein
amounts in liver samples obtained from surgically resected
liver lobes are highly desirable in order to get a more precise
and better description of their expression levels in tumor and
surrounding tissues.

MATERIALS AND METHODS

Chemicals and Reagents

Ammonium bicarbonate, dithiothreitol, iodoacetamide, am-
monium hydroxide were purchased from Sigma-Aldrich Co.
(St. Louis, MO). TPCK (L-1-tosylamido-2-phenylethyl
chloromethyl ketone) – treated trypsin was purchased from
Promega (Madison, WI). Insect Cell Control SupersomesTM

was purchased from BD Biosciences (Woburn, MA). Solid-
phase extraction (SPE) cartridges (C18 50 mg, 3 ml) were
purchased from J.T. Baker (Philipsburg, NJ). Acetonitrile,
methanol, and water (LC-MS grade) were purchased from
Merck (Darmstadt, Germany). All other chemicals were used
as received.

Human Liver Samples

Approvals for tissue collection and studies were obtained from
the Nan Fang Hospital Research Ethics Committee. All
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subjects, who also tested positive with hepatitis B virus (HBV),
had undergone surgery for Hepatocellular carcinoma (HCC)
resection at Affiliated NangFang Hospital of Southern Med-
ical University, Guangzhou, China. HCC tissues and
matched pericarcinomatous tissues (tissues removed from the
tumor, which was 1 cm away from the tumor lesions [37])
were obtained from 15Chinese subjects (aged between 37 and
75 years; 52±11 years, mean±SD) (Table I). All specimens
were confirmed by pathological examination and clinicopath-
ological parameters, and were classified into five grades (grade
cannot be assessed, well differentiated, moderately differenti-
ated, poorly differentiated and undifferentiated) according to
the AJCC Cancer Staging Manual [36]. Only the moderately
and/or poorly differentiated cases were selected in the present
study. Tissues were kept in ice-cold saline immediately after
resection. Healthy tissue surrounding primary tumor was
isolated carefully and used in preparation of liver microsomes
right away (30 min usually).

Reference human liver microsomes (rHLMs-pooled) were
purchased from BD Biosciences. These microsomes were
derived from a pool of 22 Caucasian donors, 1 Hispanic and
1 African American (average age: 48±14 years). Commercial
source microsomes, which were easily available to different
laboratories, were usually employed as the reference human
liver microsomes. One type of the rHLMs-pooled (43 Cauca-
sian donors, 4 Hispanic, 1 African American and 2 Asian,
average age: 53±13) purchased from XenoTech, L.L.C. was
used by Kawakami [14] for quantifying CYP isoforms.
Another rHLMs-pooled (48 Caucasian donors, 4 Hispanic, 3
African American and 5 unknown race, average age: 47±14)

purchased from BD Bioscience were used by Fallon [15] when
developing a method to absolutely quantify UGT enzyme
isoforms. These rHLMs-pooled purchased from commercial
source were prepared according to reproducible stan-
dard operation procedures to produce batches with
comparable qualities.

Selection of Signature Peptides for CYPs and UGTs
Quantification

Peptides, previously used to quantify CYP1A2, CYP2A6,
CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D,
CYP2E1, CYP3A4/3A43, CYP3A43 [14] and UGT1A1,
UGT1A6 [16], UGT1A4, UGT1A9 [17] and UGT2B7
[18], were selected as the signature peptides for quantitative
analysis of human CYPs and UGTs simultaneously (Table II).
The absolute expression amount of CYP3A4 was calculated
indirectly by substracting amounts of CYP3A43 from total
amounts of CYP3A4/3A43. A universal internal standard
peptide (GYLPNPALQR) was designed for the quantification
of these proteins. All the signature peptides were synthesized
by APeptide Co., Ltd. (Shanghai, China) and their purity
(>95%) was determined using HPLC-UV (with a detection
wavelength of 220 nm) analysis and ESI-TOF MS analysis.
Stock solutions of signature peptide of UGT1A6 were
prepared in acetonitrile-ammonium bicarbonate (50 mM)
(40:60, v/v), while the other peptides were in acetonitrile-
water-acetic acid (40:60:0.1, v/v/v). The net peptide con-
tent in each stock solution was determined by using quan-
titative amino acid analysis reported previously [38, 39],

Table I Human Liver Donor Details and Tissue Histology

Tissue Code Gender Age (years) HBV Infection Histology and Histological Gradea AFPb (μg/L) Volumec (cm3)

A05231 Male 59 + HCC (M) 5.7 136.3

A10211 Male 53 + HCC (M) Unknown 32.3

A06151 Male 51 + HCC (M/P) 2.1 94.6

A06161 Male 43 + HCC (M/P) >1,000H 58.2

A07271 Male 43 + HCC (M) >1,000H 56.5

A09301 Male 36 + HCC (M/P) 502.1H 119.1

A10141 Male 40 + HCC (M/P) >1000H 111.4

A10261 Male 65 + HCC (M) >1000H 107.4

A11101 Male 42 + HCC (M) 181.6 364.8

A11161 Male 40 + HCC (M) 4.5 32.9

A12221 Male 55 + HCC (M) Unknown Unknown

B03022 Male 59 + HCC (M) >1000 364.8

B03221 Male 74 + HCC (M) Unknown 496.0

B03281 Male 58 + HCC (M) >1000 139.7

B04051 Male 39 + HCC (M) 2.9 253.1

a HCC, Hepatocellular carcinoma; M, Moderately differentiated; P, Poorly differentiated
b AFP, Alpha-fetoprotein; H, high
c Tumor volume was determined by two-dimensional Volume using the formula: length * width2 /2, length and width of tumor were diagnosed by US or CT
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with some minor modifications. Peptides were hydrolysed
at 110°C for 22 h using 6 M hydrochloric acid containing
0.1% phenol. Well-recovered amino acids including phe-
nylalanine, leucine, isoleucine (except for the peptide
bonds involving isoleucine and valine), proline, threonine
and tyrosine were chosen to quantify the amount of
peptide, while other amino acids were not used for quan-
tification because of the complete or partial destruction
and partial cleavage of some particular peptide bonds
[40]. All stock solutions were stored, in 100 μl aliquots,
at −80°C in polypropylene vials until use.

Instruments and Conditions

All samples were analyzed by using a triple quadruple mass
spectrometer (5,500 QTrap, AB Sciex, Foster City, CA)
coupled to a Waters Acquity UPLC system (Waters, Milford,
MA, USA). The liquid chromatography separation was
carried out on an Acquity UPLC HSS T3 column
(1.8 μm, 2.1×100 mm). Sample volume of 10 μl was
injected to the column and flow rate was 0.5 ml/min.
Sample rack and column temperatures were maintained at
10°C and 40°C, respectively. Mobile phase A was high

Table II Sequences and MRM Transitions of Signature Peptides for Quantifying CYP and UGT Isofroms

Isoforms Peptides Sequence Mass Quantitative Ions Qualitative Ions

MRM Transition Ion Seriesa DP CE CXP MRM Transition Ion Series DP CE CXP

CYP1A2 Y244LPNPALQR252 1071.3 536.4>398.2 y3° 90 20 20 536.4>795.9 y7 90 25 20

536.4>584.6 y5 90 25 15 536.4>277.3 b2 90 20 15

CYP2A6 G162TGGANIDPTFFLSR176 1552.7 777.0>867.1 y7 50 40 40 777.0>441.2 b10* 50 35 20

777.0>982.1 y8 50 35 45 777.0>554.1 b7* 50 30 25

CYP2B6 G110YGVIFANGNR120 1167.3 585.0>792.5 y7 50 20 30 585.0>679.2 y6 50 20 30

585.0>278.2 b3 50 30 15 585.0>377.5 b4 50 20 15

CYP2C8 G98NSPISQR105 875.9 429.5>390.4 y3 50 25 20 429.5>302.9 y2 50 23 25

429.5>503.4 y4 50 25 20 429.5>599.8 y5 50 20 40

CYP2C9 G98IFPLAER105 902.7 451.8>585.4 y5 90 18 30 451.8>318.1 b3 90 15 15

451.8>366.8 y6++ 90 15 15 451.8>488.3 y4 90 25 20

CYP2C19 G98HFPLAER105 926.92 463.8>195.2 b2 50 25 12 463.8>342.2 b3 50 25 20

463.8>585.2 y5 50 25 30 463.8>732.3 y6 50 22 35

CYP2D6 D381IEVQGFR388 963.1 482.3>735.3 y6 50 20 35 482.3>378.9 y3 50 20 25

482.3>507.3 y4 50 17 30 482.3>606.3 y5 50 17 35

CYP2E1 G113IIFNNGPTWK123 1246.4 623.9>538.7 y9++ 50 20 35 623.9>284.1 b3 50 20 15

623.9>963.1 y8 50 25 45 623.9>816.7 y7 50 25 35

CYP3A4/3A43 L331QEEIDAVLPNK342 1368.6 684.7>242.0 b2 50 30 20 684.7>358.6 y3 50 25 15

684.7>1127.6 y10 50 25 45 684.7>471.2 y4 50 30 25

CYP3A43 F337ALTNIK343 806.0 404.0>191.0 a2 90 20 12 404.0>588.3 y5 90 19 27

404.0>219.0 b2 90 18 14 404.0>659.3 y6 90 20 32

UGT1A1 T78YPVPFQR85 1007.2 504.1>372.3 y6++ 50 16 15 504.1>547.4 y4 50 26 25

504.1>237.0 a2 50 20 20 504.1>743.7 y6 50 18 15

UGT1A4 V92TLGYTQGFFETEHLLK108 1983.3 662.0>201.1 b2 90 25 13 662.0>296.3 b3° 90 25 13

662.0>892.2 y15++ 90 25 38 662.0>835.6 y14++ 90 25 37

UGT1A6 D44IVEVLSDR52 1045.2 523.5>490.1 y4 50 20 27 523.5>718.5 y6 50 20 26

523.5>229.1 b2 50 25 12 523.5>817.4 y7 50 23 35

UGT1A9 A92FAHAQWK99 958.1 320.4>191.0 a2 90 15 13 320.4>335.2 y5++ 90 18 15

320.4>370.8 y6++ 90 13 16 320.4>444.3 y3* 90 14 18

UGT2B7 T41ILDELIQR49 1100.3 550.7>187.4 a2 90 27 10 550.7>773.6 y6 90 20 25

550.7>215.1 b2 90 20 15 550.7>886.0 y7 90 22 14

ISb GYLPNPALQR 1128.3 565.0>221.1 b2 90 26 14 565.0>398.2 y3° 90 22 20

565.0>454.9 y8++ 90 22 18 565.0>584.2 y5 90 31 27

a The nomenclature, reported by Roepstorff [32] and Johnson [33], for fragment ions in mass spectrum of signature peptides was used
b Only one MRM transition (565.0>221.1) was used as quantitative ion for the quantification of internal standard (IS)
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purity HPLC-grade water with 0.1% (v/v) acetic acid,
whereas mobile phase B was 100% acetonitrile with
0.1% (v/v) acetic acid. A linear gradient was used to
achieve the chromatographic separation, starting from
5% B and progressing to 30% B over a period of
14 min and regressing to 5% B in 2 min for column
equilibration.

Quantification was performed in positive ion scheduled
MRM mode on an API 5,500 Qtrap triple quadruple mass
spectrometer equipped with a TurboIonSprayTM. The instru-
ment settings were as follows: ionspray voltage, 1,500 V;
temperature, 500°C; ion source gas 1 and 2 were both
30 psi; MRM detection window, 60 s and target scan time,
1.3 s. Compound-dependent parameters were listed in
Table II. For each peptide, four sets of MRM transitions were
selected for use in quantification, as shown in Table II, two
most abundant fragments of which were used for quantifica-
tion and to get a high sensitivity, while another two were
selected as qualitative ions to get a high selectivity. The
precursor-to-product transition for the UGT1A9 and
UGT1A4 prototypic peptide represents the triply charged
parent ion (3H+) to the singly or doubly charged product ions
while the transitions for all other analyzed peptides represents
the doubly charged parent ions (2H+). The ion counts in the
chromatograms were determined using data acquisition soft-
ware supplied by AB Sciex (Analyst software 1.5.3). Measured
peptide concentrations were converted to protein levels
(pmol/mg microsomal protein) based on the standards used
in the analysis.

Preparation of Human Liver Microsomes

Liver microsomes of 15 donors (nHLMs-individual) were
processed using standard differential centrifugation proce-
dures, which is essentially the same as described previously
[19], with some minor modifications. Briefly, the liver tissues
were perfused and washed with ice-cold buffer (8 mM
KH2PO4, 5.6 mM Na2HPO4, 1.5 mM EDTA, 1 M dithio-
threitol (DTT), and 0.28 mM phenylmethylsulfonyl fluoride
(PMSF, a protease inhibitor)). The tissues were then dissected
and homogenized in 50 mM phosphate buffer (pH 7.4) con-
taining 250 mM sucrose, 1 mM EDTA and 0.28 mM PMSF.
The homogenate was centrifuged at 12,000×g for 15 min at
4°C. After the pellet was discarded, the supernatant was
centrifuged at 110,000×g for 1 h at 4°C. The microsomal
pellets were resuspended in 250 mM sucrose and immediately
stored (10 mg to 50 mg of protein/ml) at −80°C. The total
protein concentrations were measured according to the Brad-
ford method (Bio-Rad, Hercules, CA), using bovine serum
albumin (BSA) as the standard. A portion of 15 human liver
microsomes were also pooled together, named as nHLM-
pooled, based on equivalent protein amount to ensure the
mixture represent the average of 15 individuals.

Tryptic Digestion and Sample Preparation

120 μg of microsomal protein from nHLMs-individuals or
nHLMs-pooled, tHLMs-individuals or tHLMs-pooled,
SupersomesTM or rHLM-pooled purchased from BD biosci-
ences were digested with the protocol used previously [20]
with some minor modifications. Samples in 50 mM ammoni-
um bicarbonate digestion buffer (90 μl) were denatured and
reduced by heating at 95°C for 10 min in the presence of
DTT (spiked, 5 mM final concentration)). This was followed
by alkylation with iodoacetamide (10 mM) for 30 min, which
was conducted away from light exposure. The mixture (final
volume, 124 μl) was then digested with trypsin at 37°C for 4 h
using the optimized ratio (1:50) of trypsin to protein. The
reaction was stopped by acidification with trifluoroacetic acid
(final concentration: 0.2% trifluoroacetic acid), followed by
addition of 20 μl of internal standard (50nM) working solu-
tion. Following centrifugation at 800 g for 10 min, the super-
natants were evaporated under nitrogen. To prepare solid
phase extraction (SPE) for sample cleaning, 1 ml of 0.1%
trifluoroacetic acid was added to a SPE cartridge (C18, J.T.
Baker, Philipsburg, NJ) that was conditioned with 100% ace-
tonitrile and distilled water. After samples were loaded into
conditioned SPE and washedwith 1ml of 0.1% trifluoroacetic
acid, analytes were then eluted with 1 ml acetonitrile-water-
trifluoroacetic acid (60:40:0.1, v/v/v). The eluent was evapo-
rated to dryness under nitrogen at room temperature, and
samples were reconstituted with 200 μl methanol–water-
acetic acid (30:70:0.1, v/v/v) and centrifuged for 30 min at
18,000 g. The resulting supernatant was used for direct injec-
tion into the LC-MS/MS.

Method Validation

Calibration Curve

Calibration curves were prepared according to section 2.6 by
using Insect Cell Control SupersomesTM as matrix. Briefly,
prior to the digestion, the signature peptides were carefully
added to the control SupersomesTM. Calibration curves were
constructed by plotting peak area ratios of each MRM select-
ed versus the concentrations of signature peptides spiked. A
weighting factor 1/x was applied. The lower limit of detection
(LLOQ) was defined based on a signal-to-noise ratio of at least
10:1. All the target isoforms of CYPs and UGTs, in units of
pmol/mg (microsomal) protein, were extrapolated from the
curves for unknown samples.

Assay Precision and Accuracy

Precision and accuracy of quantification were assessed by
analyzing standard samples in three different concentrations
(2.3, 18.8 and 150 nM for CYP2C9; 1.6, 12.5 and 100nM for
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CYP2E1; 0.9, 7.5 and 60nM for other CYP/UGT signature
peptides), prepared in the same way as described in 2.7.1.
Intra-day precision was determined by six independent repli-
cates from a single sample preparation. Inter-day precision
was determined by 18 replicates resulting from three prepa-
rations. Their measured concentrations were calculated from
each calibration curve. Precision was expressed as the relative
standard deviation (%RSD), which represents the standard
deviation (SD) of the samples replicates over their mean values
at each concentration, whereas accuracy was determined as
the percentage of deviations of the measured concentrations
from their nominal values.

Matrix Effect

External standard addition method was used to determine the
effects of matrix, which is based on the addition of known
amounts of peptide standard to sample matrices. Eight liver
microsomes, randomly selected from 15 subjects, were spiked
with equal amount of signature peptides that correspond to
selected CYP and UGT isoforms. The spiked amount of each
peptide was determined based on the average protein amount
of the isoforms in these selected samples. The accuracy of the
standard addition was calculated by the following equation.

Accuracy %ð Þ ¼ Cmesured � CHLMð Þ = Cspiked
� �� 100%

Whereas Cmesured is the measured amount after spiking
with the additional standard peptides; CHLM is the amount
of analytes originally contained in human liver microsomes,
which was determined in section 3.4; Cspiked is the amount of
spiked analytes.

Extraction Recovery

The extraction recovery of the signature peptides was deter-
mined by comparing (a) the peak areas obtained from blank
matrices spiked with analytes before the extraction with (b)
those from samples to which analytes were added after the
extraction. All samples were analyzed in triplicates at three
concentration levels.

Data Analysis

Shapiro-Wilk test of normality was used to check the distribu-
tion shape of the data, using the SPSS Statistics 20.0 software.
Paired-samplesT-test and one way ANOVA with Dunnett T3

post-hoc test were employed to analyze normally distributed
data. For non-normally distributed data, Mann–Whitney U
test and Kruskal-Wallis one way ANOVA rank test with
multiple Mann–Whitney U tests (post-hoc) were used. Cor-
relation analyses were performed using Pearson product–

moment correlation. A p-value of <0.05 was considered to
be the minimum level of statistical significance (two-tailed)
for all the statistical analyses. The sample size and statistical
power was estimated by using PASS Sample Size 11.0
software.

RESULTS

Method Development

It was necessary for use to develop and validate a modified
method for current study because published methods did not
meet our needs due to a variety of reasons (e.g., some of the
peptides did not produce good signal in our system). We first
constructed calibration curve using control insect Supersomes
as the matrices since mammalian liver microsomes produced
major interference (results not shown). By varying the concen-
tration range for each of the signature peptides based on the
average expression levels of corresponding UGT or CYP
isoforms in the rHLMs-pooled, we were able to achieve at
least a 250-fold dynamic range for each of the peptides using a
“scheduled” MRM analysis approach. The correlation coef-
ficients (r2) of all targeted signature peptides were better than
0.990 when using 1/x weighing. The LLOQ was defined as
the quantitation limit of the quantitative ion with lower sensi-
tivity, based on a signal-to-noise ratio of at least 10:1 (but no
more than 20:1). The LLOQof these peptides varied from 0.1
to 0.6 nM (Table III).

The above samples were all processed using SPE and the
mean recovery values of most signature peptides were deter-
mined to be greater than 70% at three concentration levels.
The extraction efficiency was a bit lower for CYP2B6 and
CYP2E1 with an acceptable range of 55–65% (Table IV).
These results suggested that this SPE protocol could be used
for samples clean-up of trypsin-mediated protein digestion.
Since properties of analytes varied and only one extraction
procedure was used for all 15 signature peptides, it was not
surprising that recovery of a few of these signature peptides
were not always in the ideal range of 70–130%.

Method Validation

Intra- and inter-day precision and accuracy of the above
developed method were determined by measuring validation
samples at three concentration levels (2.3, 18.8 and 150 nM
for CYP2C9; 1.6, 12.5 and 100nM for CYP2E1; and 0.9, 7.5
and 60nM for other CYP/UGT signature peptides, respec-
tively). The precision and accuracy are shown in Table III.
Inaccuracy values, as represented by % deviation (smaller is
better), were lower than 20% at three tested concentration
levels for most signature peptides but the accuracy was less
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(29.5% at maximum) for the signature peptides of CYP2C19,
UGT1A1 and UGT1A4. Imprecision values, as represented
by %RSD (smaller is better), in both intra—and inter-day
determinations were below 21.5% in samples at all three
concentration levels.

Currently, isotope-labeled peptides were commonly used
to overcome the matrix effects for protein quantification. An

alternative to isotope-labeled peptides is the use of the stan-
dard addition method to measure the matrix effects. In this
study, eight samples were randomly selected as test samples to
evaluate the accuracy and matrix effect. Pre-determined
amount of external standard peptides were carefully added
to these eight samples, and the total amounts of each signature
peptide in the samples were then determined. Spiked amount
of peptides were calculated by subtracting the amount of
peptides originally contained in human liver microsomes from
that in the spiked samples. Then the calculated amounts of
spiked peptides were compared with their pre-determined (i.e.,
externally added) amounts (Fig. 1). As shown in Table V, the
inaccuracy values of most target peptides were lower than
18%, but inaccuracy of CYP2A6, CYP2C9 and CYP2D6 in
one of eight samples were slightly higher than 18% (22%,
24% and 27%, respectively). The results showed that accura-
cies of these determinations were in acceptable ranges [41],
suggesting that the matrix effect could be accounted for, by
using the current method of analysis (i.e., standard addition).

To establish a reliable and efficient sample preparation, the
length (10–60 min) of protein denaturation by heat and the
amount of trypsin used (1:20–1:100) were optimized, and a
10 min denaturation at 95°C and trypsinization with ration of
1:50 (trypsin to protein) was found to give the best results (data
has been reported) [20]. Optimum digestion time was also
determined by comparing recombinant CYP enzymes
digested for 2–16 h, and the result showed that 4 h was the
optimum digestion time (Fig. 8). The same optimum digestion
time was reported previously when optimizing for UGT en-
zymes [15]. It is worth noting that trypsinization is assumed to

Table III Precision and Accuracy
for the Determination of CYP and
UGT Isoforms. Intra- and Inter-Day
Precision and Accuracy were De-
termined by Measuring Standard
Samples at Three Concentration
Levels (Low, Mid, High): 2.3, 18.8
and 150 nM for CYP2C9; 1.6, 12.5
and 100nM for CYP2E1; and 0.9,
7.5 and 60 nM for Other Signature
Peptides, Respectively

Isoforms LLOQ [nM] Accuracy Intra-day Precision Inter-day Precision

[%Deviation] [%RSD] [%RSD]

Low Mid High Low Mid High Low Mid High

CYP1A2 0.1 10.4 10.9 5.2 2.6 4.4 6.5 4.8 4.0 4.1

CYP2A6 0.1 8.3 14.5 14.2 7.1 4.6 6.2 6.8 5.5 5.1

CYP2B6 0.2 18.2 16.0 12.0 7.5 11.3 11.3 9.2 7.2 7.3

CYP2C8 0.4 16.3 12.9 6.1 5.1 10.4 6.6 9.9 10.7 4.9

CYP2C9 0.1 17.0 18.0 5.0 3.5 6.3 6.2 5.7 4.5 3.9

CYP2C19 0.6 27.9 25.6 22.9 13.4 7.6 5.7 10.3 5.8 5.0

CYP2D6 0.1 19.4 12.4 7.4 3.1 7.1 7.1 5.4 6.5 4.9

CYP2E1 0.3 −0.5 9.8 18.4 9.7 19.2 6.0 12.8 21.5 10.3

CYP3A4/3A43 0.2 12.7 18.0 16.2 3.9 4.0 6.2 8.8 7.1 5.8

CYP3A43 0.1 5.0 13.0 8.7 4.0 4.6 6.5 6.0 4.5 5.0

UGT1A1 0.1 28.4 11.3 7.6 4.0 5.1 5.9 5.6 4.6 4.6

UGT1A4 0.1 −9.6 13.0 29.5 8.7 5.6 8.1 16.4 10.0 10.2

UGT1A6 0.4 18.4 7.2 15.1 8.7 6.4 6.8 10.3 10.9 8.0

UGT1A9 0.1 5.3 14.3 12.6 6.9 6.5 6.1 11.2 10.9 9.6

UGT2B7 0.1 12.6 14.0 7.6 4.5 5.7 7.4 6.5 9.5 9.7

Table IV Extraction Recovery of Signature Peptides for Quantifying CYPand
UGT Isoforms

Isoforms Recovery (%) (mean±SD, n=3)

Low Mid High

CYP1A2 83.8±2.2 87.3±4.2 84.2±6.3

CYP2A6 71.5±2.8 81.1±3.0 81.7±5.5

CYP2B6 58.7±2.4 55.4±7.7 59.6±5.0

CYP2C8 80.1±2.5 94.5±11.3 83.3±6.7

CYP2C9 82.6±2.6 88.6±4.4 85.0±6.0

CYP2C19 78.4±0.9 86.6±7.0 78.5±6.3

CYP2D6 82.6±1.8 89.4±6.7 84.1±6.5

CYP2E1 63.5±4.5 55.3±14.5 77.1±1.9

CYP3A4/3A43 77.2±1.2 82.2±2.2 83.0±6.0

CYP3A43 80.4±1.2 83.8±3.2 82.7±6.9

UGT1A1 81.2±2.6 81.5±3.7 74.6±5.3

UGT1A4 82.7±1.5 96.8±5.9 79.5±8.3

UGT1A6 83.3±5.6 81.2±6.4 89.0±5.3

UGT1A9 73.4±3.6 73.9±6.9 80.4±5.0

UGT2B7 82.0±1.2 86.1±7.2 82.3±7.7
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be 100% for quantifying proteins by using LC-MS/MS.
Other than optimizing the conditions for trypsinization
(duration of tryptic digestion and trypsin concentration),
it is difficult to examine the efficiency of the reaction. It is
also assumed that there are no protein losses during
denaturation and reduction. Since the signature peptides were
added prior to digestion and SPE to compensate for possible
peptide losses during these steps, loss of peptide would mean
under calculation of protein concentration.

Enzyme Expression Profiles of CYPs and UGTs
in Reference Human Liver Microsomes

Protein expression levels of 9 CYPs and 5 UGTs were deter-
mined in reference human liver microsomes (rHLMs-pooled,
purchased from BD Biosciences). As shown in Table VI,
CYP2E1 and UGT1A4 showed the highest expression levels
of the measured CYP and UGT enzymes with a protein
amount of 95.6 and 28.2 pmol/mg protein, respectively.

Fig. 1 Overlaps of three MRM chromatograms of a digested individual human liver microsomes, standard calibrant and the digested HLMs spiked with
the calibrant.

Table V Validation for LC-MS/MS Quantification of Protein Amount of CYPs and UGTs Using Standard Addition Method

Isoforms Amount in nHLMs (mean±SD, n=8)
[pmol / sample]

Spiked Amount of Peptide
[pmol / sample]

Calculated Amount of Spiked Peptide
[pmol / sample]

Inaccuracy [%Deviation]

CYP1A2 2.5±0.5 2.9 2.9±0.2 −11~8%

CYP2A6 2.5±1.4 3.9 3.6±0.3 −22~2%

CYP2B6 0.1±0.05 0.8 0.7±0.05 −15~4%

CYP2C8 6.7±3.8 9.4 9.1±0.6 −15~4%

CYP2C9 10.1±5.1 13.4 11.6±1.0 −24~–3%

CYP2C19 0.5±1.0 2.2 2.4±0.1 −1~16%

CYP2D6 1.5±0.9 2.3 2.0±0.2 −27~–4%

CYP2E1 8.4±2.1 22.1 21±1.6 −17~4%

CYP3A4/3A43 7.0±5.0 11.4 11.5±0.9 −9~11%

CYP3A43 <0.01±0.0 1.0 1.0±0.1 −1~13%

UGT1A1 1.4±0.5 3.4 3.3±0.2 −16~1%

UGT1A4 4.3±1.8 14.6 14.1±1.0 −13~7%

UGT1A6 1.2±0.7 3.7 3.4±0.1 −18~–4%

UGT1A9 2.0±1.1 7.5 7.1±0.5 −14~3%

UGT2B7 2.8±1.5 5.4 5.8±0.4 −7~16%

The accuracies of eight individuals were analyzed
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CYPs in rHLMs-pooled were expressed in the following or-
der: CYP2E1>CYP2C9>CYP2C8>CYP3A4>CYP2A6>
CYP1A2>CYP2D6>CYP2B6>CYP2C19, while the se-
quence for UGTs was UGT1A4>UGT1A1>UGT2B7>
UGT1A9>UGT1A6. The previously reported ranks of the
expression level of these CYP or UGT isoforms were compa-
rable with the order above (Table VII), suggesting that our
method of analysis was as accurate and precise as previously
published methods.

Enzyme Expression Profiles of CYPs and UGTs
in Microsomes Prepared from Pericarcinomatous
Tissues of HCC Patients

The expression levels of CYPs and UGTs were similarily
determined in nHLMs-individual and nHLMs-pooled pre-
pared from pericarcinomatous tissues. As shown in
Table VIII, All the isoforms of CYPs and UGTs could be
quantified in 15 samples of nHLMs-individual, except for
CYP2B6 (undetectable in 4 samples) and CYP2C19 (unde-
tectable in 10 samples). When comparing the average protein
amounts of CYP and UGT isoforms in pericarcinomatous
tissues of 15 individuals (Table VI), we found that CYP2C9

Table VI Protein Expression Levels of CYPs and UGTs in Human Liver Microsomes Prepared from Pericarcinomatous Tissues of Donors with HBV-Related
HCC. The Protein Amount of Each Isoform was Determined in Microsomes from 15 Donors. Each Value Represents the Mean±S.D. (n=15)

Isoforms rHLMs -pooled nHLMs -pooled Protein Amount in nHLMs-individual

Mean S.D. Max Min Max/Min 95% CIe

pmol/mg protein

CYP1A2 16.1 (5%) a 30.8 39.4 (7%) 13.0 59.1 11.5 5.1 32.3~46.6

CYP2A6 30.7 (10%) 20.4 30.5 (6%) 21.9 76.1 6.5 11.8 18.3~42.6

CYP2B6 5.5 (2%) 1.7 1.9 (0.4%) 1.3 4.2 <0.4d >11.1 1.2~2.7

CYP2C8 43.0 (13%) 69.5 91.1 (17%) 57.2 254.7 30.2 8.4 59.5~122.8

CYP2C9 67.4 (21%) 111.5 149.6 (28%) 72.9 350.0 55.9 6.3 109.3~190.0

CYP2C19 4.9 (2%) 4.9 7.3 (1%) 13.2 50.0 <1.2 >41.7 1.2~14.6

CYP2D6 15.0 (5%) 14.1 21.0 (4%) 13.8 55.5 3.5 15.8 13.4~28.7

CYP2E1 95.6 (30%) 92.1 108.3 (20%) 48.0 212.6 39.1 5.4 81.7~134.9

CYP3A4c 42.6 (13%) 72.8 89.6 (17%) 68.8 287.7 20.4 14.1 51.5~127.7

UGT1A1 21.7 {23%}b 22.0 23.1 {15%} 8.4 39.0 9.4 4.2 18.5~27.7

UGT1A4 28.2 {30%} 54.4 56.5 {36%} 36.0 126.4 12.6 10.0 36.6~76.4

UGT1A6 12.0 {13%} 12.2 14.7 {9%} 10.2 41.0 3.9 10.4 9.1~20.4

UGT1A9 12.6 {13%} 22.7 24.4 {16%} 19.1 61.5 3.7 16.7 13.8~35.0

UGT2B7 21.0 {22%} 32.3 37.2 {24%} 26.4 103.2 2.7 38.6 22.6~51.9

a Percentage of total amount of nine CYP isofomrs
b Percentage of total amount of five UGT isoforms
c As CYP3A43 expressed lower than the LLOQ (<0.2 pmol/ mg microsomal protein) in all samples, the protein expression level of CYP3A4was regarded as the
same value with CYP3A4/3A43
d When the protein amount was lower than the LLOQ, the value was taken as the amount of LLOQ
e 95% CI represents the 95% confidence interval

Table VII Comparison of CYP and UGT Isoform Amounts in Multiple
Reference Human Liver Microsomes

Isoforms Amounts in rHLMs reported by other authors Present study

Kawakami [16] Fallon [24] Harbourt [28]

CYP1A2 17.7 (7)a 16.6 (6)

CYP2A6 49.2 (4) 30.7 (5)

CYP2B6 6.86 (8) 5.5 (8)

CYP2C8 29.3 (5) 43.0 (3)

CYP2C9 80.2 (1) 67.4 (2)

CYP2C19 3.64 (9) 4.9 (9)

CYP2D6 11.5 (6) 15.0 (7)

CYP2E1 51.3 (3) 95.6 (1)

CYP3A4 64.0 (2) 42.6 (4)

UGT1A1 31.7 {3}b 29.1 21.7 {2}

UGT1A4 41.8 {2} 6.2 28.2 {1}

UGT1A6 7.8 {5} 6.4 12.0 {5}

UGT1A9 21.8 {4} 22.2 12.6 {4}

UGT2B7 67.7 {1} 21.0 {3}

a Rank-orders of the expression level of each isoform of CYP enzymes
b Rank-orders of the expression level of each isoform of UGTenzymes
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(149.6±72.9 pmol/mg microsomal protein) and UGT1A4
(56.5±36.0 pmol/mgmicrosomal protein) showed the highest
expression levels. Overall, CYPs were expressed in the follow-
ing rank-order: CYP2C9 (rank 1), CYP2E1, CYP2C8,
CYP3A4, CYP1A2, CYP2A6, CYP2D6, CYP2C19,
CYP2B6 (rank 9). We compared the expression level of each
CYP isoform against other 8 isoform and the results were
summarized in Table IX. Among the most important drug

metabolizing enzymes such as CYP2C9, CYP3A4, CYP2D6
and CYP2C19, CYP2C9 was expressed at significantly
higher level than CYP1A2, 2A6, 2D6, 2C19 and 2B6.
CYP3A4 was expressed at significant higher level than
CYP2D6, 2C19 and 2B6. CYP2D6 was expressed at sig-
nificantly lower level than CYP2C9, 2E1, 2C8 and 3A4.
CYP2C19 was also expressed at significantly lower level
than CYP2C9, 2E1, 2C8 and 3A4.

Table VIII Summary of Nine CYPs and UGTs Expression Level in Pericarcinomatous Tissues and Tumor Tissues of 15 Individuals with HBV-Related HCC

Isoforms N+a T+b N/Tc N/Td (Avg.) N/Te (pooled)

<1 =1 >1 >3 >10

CYP1A2 15 (100%) 8 (53%) 0 0 0 3 (20%) 12 (80%) 20.5 28.5

CYP2A6 15 (100%) 6 (40%) 2 (13%) 0 1 (7%) 3 (20%) 9 (60%) 3.4 1.7

CYP2B6 11 (73%) 1 (7%) 0 5 (33%) 0 0 10 (67%) 4.2 >4.3

CYP2C8 15 (100%) 12 (80%) 0 0 2 (13%) 3 (20%) 10 (67%) 7.5 8.5

CYP2C9 15 (100%) 15 (100%) 0 0 3 (20%) 5 (33%) 7 (47%) 6.2 8.2

CYP2C19 5 (33%) 0 (0%) 0 10 (67%) 0 0 5 (33%) >6.8 >4.6

CYP2D6 15 (100%) 15 (100%) 0 0 3 (20%) 9 (60%) 3 (20%) 4.7 4.7

CYP2E1 15 (100%) 13 (87%) 0 1 (7%) 3 (20%) 1 (7%) 10 (67%) 3.7 5.8

CYP3A4 15 (100%) 8 (53%) 0 0 1 (7%) 3 (20%) 11 (73%) 18.2 16.7

UGT1A1 15 (100%) 15 (100%) 0 1 (7%) 3 (20%) 10 (67%) 1 (7%) 2.5 3.3

UGT1A4 15 (100%) 13 (87%) 0 1 (7%) 3 (20%) 5 (33%) 6 (40%) 4.2 4.2

UGT1A6 15 (100%) 15 (100%) 7 (47%) 5 (33%) 2 (14%) 1 (7%) 0 0.6 0.5

UGT1A9 15 (100%) 15 (100%) 3 (20%) 4 (27%) 3 (20%) 5 (33%) 0 1.8 1.9

UGT2B7 15 (100%) 15 (100%) 0 0 3 (20%) 3 (20%) 9 (60%) 6.6 6.9

aNumber (percentage) of positive samples prepared from pericarcinomatous tissues in which the target protein can be detected
bNumber (percentage) of positive samples prepared from tumor tissues in which the target protein can be detected
cNumber (percentage) of patients with certain fold change (<1,=1,>1,>3 or >10-fold) of protein amount in their tumor tissues compared with matched
pericarcinomatous tissues
d Variations in average expression levels of CYPs or UGTs in 15 tumor tissues compared with pericarcinomatous tissues
e Variations in expression levels of CYPs or UGTs in tHLMs-pooled compared nHLMs-pooled

Table IX Comparison of the Average Expression Level of Each CYP Isoform in 15 Donors Against Other Eight Isoforms

CYP 2A6 2B6 2C8 2C9 2C19 2D6 2E1 3A4

N T a N T N T N T N T N T N T N T

1A2 –
b – 0.02c – – – 0.02 0.03 – – – – – – – –

2A6 – – – – 0.01 – – – – – 0.02 – – –

2B6 0.01 0.01 0.01 0.01 – – – 0.01 0.01 0.01 0.01 –

2C8 – – 0.01 0.01 0.02 – – – – –

2C9 0.01 0.01 0.01 – – – – –

2C19 – 0.01 0.01 0.01 0.01 –

2D6 0.01 – 0.04 –

2E1 – –

a N denotes HLMs prepared from pericarcinomatous tissue; T denotes HLMs prepared from tumor tissue
b no statistically significant difference (p>0.05)
c p value was shown when a significant difference was observed

1150 Yan et al.



The expression levels of measured UGT isoforms were
rank-ordered as UGT1A4 (rank 1), UGT2B7, UGT1A9,
UGT1A1, UGT1A6 (rank 5). UGT1A4 was expressed at
significantly higher level than UGT1A1 and 1A6 (Table X).

Among the measured CYPs isoforms, the greatest inter-
individual variability in protein expression levels was observed
for CYP2C19 (more than 41.7-fold). Expression levels of
CYP2A6, CYP2B6, CYP2D6 and CYP3A4 varied over
10-fold, while CYP1A2, CYP2E1, CYP2C9 and CYP2C8
varied from 5.1 to 8.4 fold among 15 individuals. Among the
five UGTs isoforms, UGT2B7 exhibited the greatest inter-
individual differences in protein expression level, with a 38.6-
fold difference between the donors, followed by UGT1A9,
UGT1A6 and UGT1A4 with a variability of 16.7–, 10.4-
and 10.0-folds, respectively. In contrast, expression level of
UGT1A1 was more stable, with a 4.2-fold difference between
individuals (Table VI). The variability of protein expression of
the 5 UGT isforms determined in the present study is compa-
rable with the mRNA expression reported previously [21].

An approach to validate the quantification results was to
compare the average of individual samples with pooled mi-
crosomes (equal amount of protein from each individual)
derived from these individuals (equal values were expected).
Two samples of nHLM-pooled, prepared as a mixture of all of
the 15 HLMs samples made with pericarcinomatous tissues
gave results nearly identical to the average of the individual
microsomes with the exception of CYP1A2, which fell out of
the 95% confidence interval (Table VI).

Protein Expression Profiles of CYPs and UGTs
in Microsomes Prepared from Tumor Tissues of HCC
Patients

Protein expression levels of CYPs and UGTs were also deter-
mined in 15 HCC tumor microsomes. As shown in
Table VIII, CYP2C9, CYP2D6, UGT1A1, UGT1A6,
UGT1A9 and UGT2B7 were unequivoclly expressed in all

tumor sample of HCC. CYP2A6 (6/15), CYP1A2 (8/15),
CYP3A4 (8/15), CYP2C8 (12/15), CYP2E1 (13/15) and
UGT1A4 (13/15) could be detected in 40–87% of all the
tumors, while CYP2C19 was mostly not detectable (lower
than 1.1 pmol/mg microsomal protein), and CYP2B6 could
be detected in only 1 of the 15 samples.

When comparing the average protein amounts of 9 CYP
and 5 UGT isoforms in tumor tissues of 15 individuals
(Table XI), we found that CYP2E1 (29.6±48.9 pmol/mg
microsomal protein) and UGT1A6 (21.8±74.1 pmol/mg
microsomal protein) showed the highest expression levels.
Overall, CYPs were expressed in the following rank-order:
CYP2E1 (rank 1), CYP2C9, CYP2C8, CYP2A6, CYP3A4,
CYP2D6, CYP1A2, CYP2B6 (rank 8). The expression level of
measured UGT isoforms were rank-ordered as UGT1A6
(rank 1), UGT1A9, UGT1A4, UGT1A1, UGT2B7 (rank 5).
We compared the expression level of each CYP or UGT
isoform against other isoforms (Table IX and X). The results
showed that CYP2C19 was expressed at significantly lower
level CYP2E1, 2C9, 2C8 and 2D6. CYP2C9was expressed at
significantly higher level than CYP2B6 and 1A2 in tumor
tissue. UGT2B7 was expressed lower than UGT1A6 signifi-
cantly. No significant difference was observed between other
isoforms because of the high inter-subject variations of protein
level in tumor tissues. As shown in Table XI, among the
measured CYPs isoforms, expression levels of CYP2D6 and
CYP2B6 varied 18.8- and over 3.6-fold, respectively. The
other isoforms varied more than 25-fold among 15 individ-
uals. Among the five UGT isoforms, UGT1A4 exhibited
the greatest inter-individual differences in protein expres-
sion level, with more than 240-fold difference between the
donors, followed by UGT2B7, UGT1A1, UGT1A9 and
UGT1A6 with a variability of 112.5, 28.1, 24.0, and 20.7
fold, respectively. Two samples of tHLM-pooled, prepared
as a mixture of 15 HLMs of tumor tissues were also
determined and the results were similar to the average
amounts in 15 tumor tissues (Table XI).

Comparision of CYP and UGT Isoform Amounts
in Tumors and Machted Pericarcinomatous Tissues

The expression levels of 9 CYPs in tumor microsomes were
compared against those in pericarcinomatous microsomes
from the same individuals. As shown in Table VI and
Table XI and Fig. 2A, the expression level of the most impor-
tant drug metabolizing CYP isoform CYP3A4 was drastically
decreassed (from 89.6 to 5.0 pmol/mg protein, 18 fold) in
every subject (Table VIII and Fig. 3). The result of this
decrease was that it went from a signficant contributor to
overall CYP expression (17%) in pericarcinomatour tissue
(Table VI) to minor contributor in overall CYP expression
(6%) in tumor tissue (Table XI). Similarly, another important
CYP isoform for drug metabolism, CYP2D6 was also

Table X Comparison of the Average Expression Levels of Each UGT
Isoform in 15 Donors Against Other Four Isoforms

UGT 1A4 1A6 1A9 2B7

N T a N T N T N T

1A1 0.03 c
–
b

– – – – – –

1A4 0.01 – – – – –

1A6 – – – 0.01

1A9 – –

a N denotes HLMs prepared from pericarcinomatous tissue; T denotes HLMs
prepared from tumor tissue
b no statistically significant difference (p>0.05)
c p value was shown when a significant difference was observed
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significantly decreased in every subject but only by a more
modest extent (4.7 fold) (Table VIII and Fig. 3).

Among the most abundantly expressed CYP isoforms
(i.e., top 3) which are CYP2C9 (most abundantly
expressed), CYP2E1 (second most) and CYP2C8 (third
most), all of them were expressed at significantly lower
levels in tumors than in matched pericarcinomatous tissues
of all 15 donors (except for CYP2E1 level in one matched
pair, which showed no decrease). The difference was 6.2
fold for CYP2C9, 3.7 fold for CYP2C8, and 7.5 fold for
CYP2C8 (Table VIII and Figs. 2–3).

Among the CYP isoforms most attributable to the carcino-
genesis processes CYP1A2 CYP2E1, CYP2A6 and CYP3A4,
CYP1A2 expression was drastically decreased by more than
20 fold with about 50% of the subjects (7 of 15) with level
below LLOQ. This decrease is simialr to that of decrease in
CYP3A4. In contract, CYP2A6 was decreased by more mod-
est 3.4 fold and 2 in 15 subjects showed a increased level
(p<0.05). This smaller decrease was similar to that of CYP2E1
(3.7 fold decrease) (Table VIII and Figs. 2–3).

The expression level of examined UGTs in tumors and
pericarcinomatous tissue from the same individuals were also
compared. As shown in Table VIII and Fig. 4, UGT2B7,
UGT1A1 and UGT1A4 were expressed significantly lower in

tumors of almost all subjects (14 or 15 out of 15 donors), and
greater than 3-fold decrease were observed in more than 73%
of subjects. On the other hand, expression levels of UGT1A9
were suppressed in 8 tumor tissues, overexpressed in 3 tumor
tissues, and similarly expressed in 4. Furthermore, UGT1A6
was suppressed in 3 subjects, overexpressed in 7, and similarly
expressed in 5. The amount of UGT1A9 was significantly
decreased in pooled liver microsoms prepared form tumor
tissues, while UGT1A6 was significantly increased (Fig. 6B).
However, there was no statistical difference between the
average expression level, in 15 individuals, of UGT1A6 or
UGT1A9 in tumor and pericarcinomatous tissues (Fig. 5).
This negative results may caused by the insufficient sample
size (statistical power<0.3), suggesting that a larger scale
research should be performed to study the expression
levels of UGT1A6 and UGT1A9 in HCC.

The most significant change in UGT isoform expression in
tumor was the large difference in UGT1A4 expression levels
between subjects, which went from amodest 10 fold difference
to more than 241 fold difference (Table VI and Table XI). In
addition, the differences in expression levels of other UGT
isoforms were also increased in tumor tissues with second
largest change in UGT1A1 (from 4.2 fold to 28.1 fold) followed
by UGT2B7 (from 38.6 to 112.5 fold).

Table XI Protein Expression Levels of CYPs and UGTs in Human Liver Microsomes Prepared from Tumor Tissues of Donors with HBV-Related HCC. The
Protein Amount of Each Isoform was Determined in Microsomes from 15 Donors. Each Value Represents the Mean±S.D. (n=15)

Isoforms tHLMs -pooled Protein Amount in tHLMs-individual

Mean S.D. Max Min Max/Min 95% CIe

pmol/mg protein

CYP1A2 1.1 1.9 (2%) a 2.8 9.0 <0.1 >78.0d 0.3~3.5

CYP2A6 12.1 8.9 (10%) 18.9 60.7 <0.2 >379.5 0.0~19.4

CYP2B6 <0.4 0.5 (1%) 0.2 1.4 <0.4 >3.6 0.3~0.6

CYP2C8 8.2 12.1 (14%) 20.8 83.3 <0.6 >137.9 0.5~23.6

CYP2C9 13.7 24.3 (28%) 33.3 128.7 0.3 429.0 5.9~42.7

CYP2C19 <1.1 <1.1 (—) 0.0 <1.1 <1.1 — —

CYP2D6 3.0 4.5 (5%) 3.3 12.6 0.7 18.8 2.6~6.3

CYP2E1 15.9 29.6 (34%) 48.9 172.1 <0.5 >315.1 2.6~56.8

CYP3A4c 4.4 5.0 (6%) 5.4 16.9 <0.2 >70.3 1.9~7.9

UGT1A1 6.8 9.1 {14%} b 8.4 27.7 1.0 28.1 4.5~13.8

UGT1A4 13.1 13.5 {21%} 16.2 52.6 <0.2 >241.7 4.5~22.5

UGT1A6 22.1 23.1 {36%} 21.8 74.1 3.6 20.7 11.0~35.2

UGT1A9 12.0 13.3 {21%} 11.8 37.5 1.6 24.0 6.7~19.8

UGT2B7 4.7 5.6 {9%} 8.2 30.9 0.3 112.5 1.0~10.1

a Percentage of total amount of nine CYP isofoms
b Percentage of total amount of five UGT isoforms
c As CYP3A43 expressed lower than the LLOQ (<0.2 pmol/ mg microsomal protein) in all samples, the protein expression level of CYP3A4was regarded as the
same value with CYP3A4/3A43
d When the protein amount was lower than the LLOQ, the value was taken as the amount of LLOQ
e 95% CI represents the 95% confidence interval
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DISCUSSION

We, for the first time, found large differences in the absolute
protein expression levels of the 9 CYPs and 5 UGTs in paired
HCC tumors and pericarcinomatous tissues from 15 individ-
uals. These differences (mostly down-regulation and some-
times drastic), which were detailed in Figs. 2–5 as well as in
Table VI, VIII and XI, provide strong evidence that profiling
each individual subject’s metabolic enzyme expression
levels using a LC-MS/MS method could provide useful
biological signatures for better use of existing drugs and
designing new drugs.

For example, our data revealed that most isoforms of CYPs
were down-regulated during in tumor. Important drug me-
tabolizing enzymes including CYP3A4, CYP2C8, CYP2C9,
CYP2D6 were found to decrease over 3 times in tumor tissue

of more than 80% patients (Table VIII). These enzymes have
been found to be responsible for the metabolism of many
anticancer drugs and analgesics and changes in their expres-
sion will affect the metabolism of drugs and influence the
clinical outcome of chemotherapy. For example, sorafenib,
the drug used as first-line treatment for HCC, is metabolically
inactivated by CYP3A4 [22]. In our group of patients, 73% of
subjects showed 10 fold or more decrease in the expression of
CYP3A4. This should significantly reduce the metabolisation
velocity of sorafenib and lead to its accumulation in tumor
cells. In contrast, drugs in surrounding non-tumor tissues is
expected to be inactivated rapidly. This effect may explain
why sorafenib is better tolerated in patients (most common
side effect is a skin problem called hand-food skin reaction)
and is not asscociated with liver toxicities [23]. In contrast, the
ability of these patients to clear or activate analgesics such as
diazepam could be significantly decreased if the tumor mass
becomes signficant in relation to the overall size of the liver.

Our data also showed that UGT1A1, UGT1A4 and
UGT2B7 were significantly decreased in tumors in more than
93% patients (Table VIII). UGT1A1 catalyses the
glucuronidation of many lipohilic endogenous substrates such
as bilibrubin and estrogens as well as drugs such as SN-38 (an
active metabolite of drug irinotecan) whereas UGT2B7 con-
tribute significanlty to the overall availability and pharmaco-
logical effect of morphine, a commonly used analgics for relief
of the pain in cancer patients undergoing surgery or in the
terminal stage. In contrast, UGT1A4 is involved, almost ex-
clusively in the N-glucuronidation reaction of many environ-
mental carcinogens, and hence its downregulation in tumor is

Fig. 3 Average expression levels of nine CYPs in 15 tumor tissues and
pericarcinomatous tissues. The error bar represents the mean±SD calculated
from the protein amount of each isoform in 15 donors. Mann–Whitney U test
was used for data analysis. “*” denotes statistical significance (p<0.05).

Fig. 2 (A-I) Protein expression level of nine CYP isoforms in human liver microsomes prepared from tumor tissues (tHLMs-individual) and matched
pericarcinomatous tissues (nHLMs-individual) of 15 patients with HCC. Each data point represents the average of two determinations using twoMRM transitions,
and data are presented as mean±SD. Paired-samples T-test was used for data analysis. “*” denotes statistical significance (p<0.05).
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not surprising [24–26]. Because UGT1A1 plays a major role
in the biliary excretion of bilirubin, and lessening in UGT1A1
expression could leads to a severe form of hyperbilirubinemia
[27], our data suggest a higher risk for jaundice in patients
with HCC (expecially those with large tumor mass) because of
severe impairment in UGT1A1 activities in tumor tissues.

We were somewhat surprised by the increase in UGT1A6
activities in the tumor tissue in large percentage of subjects
(47%). In fact, UGT1A6 in tumor was not down-regulated in
80% of subjects, and the average was actually 1.5 fold higher
than pericarcinomatous tissue (Table VIII and Fig. 5). The

enhanced expression of UGT1A6 in tumor cell represents a
potential therapeutic target, and these patients could potentially
benefit from UGT1A6-based therapeutic interventions (e.g.,
UGT1A6-activated prodrugs). On the other hand, for patients
with tumors overexpressing UGT1A6, durgs metabolized by
UGT1A6 may be inactivated more rapidly in tumors than in
non-tumor tissues, which represents a novel mechanism of
resistance. UGT1A6 has been reported overexpressed in breast
cancer cells and shown resistance to methotrexate [28], and
therefore a similar mechanism of resistancemay occur inHCC.
Lastly, UGT1A6 is responsible for metabolizing endogenous
serotonin, an important signal molecule. In contrast to
UGT1A6, UGT2B7 levels were severely down-regulated in
tumor tissue. This is somewhat surprising since it appears to
be regulated by p53, which is upregulated in HCC [34, 35].

Over the past 50 years, major advances in cancer research
have been achieved with the advent of novel therapeutic
regimens for more patient-specific therapies. However, the
dual goals of tumor-selective targeting while minimizing nor-
mal cell toxicity have yet to be fully achieved. In this study, we
developed a method that could potentially be used for indi-
vidualized chemotherapy by determining the expression of
metabolizing enzymes in individuals quickly before the treat-
ment begins. This is because our study provides a comprehen-
sive picture on the absolute protein expression of 9 major CYP

Fig. 4 (A-E) Protein expression level of five UGT isoforms in human liver microsomes prepared from tumor tissues (tHLMs-individual) and matched
pericarcinomatous tissues (nHLMs-individual) of 15 patients with HCC. Each data point represents the average of two determinations using twoMRM transitions,
and data are presented as mean±SD. Paired-samples T-test was used for data analysis. “*” denotes statistical significance (p<0.05).

Fig. 5 Average expression level of five UGTs in 15 tumor tissues and
pericarcinomatous tissues. The error bar represents the standard devia-
tion calculated from the protein amount of each isoform in 15 donors.
Mann–Whitney U test was used for data analysis. “*” denotes statistical
significance (p<0.05).
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and 5 UGT enzymes in HCC tumors and pericarcinomatous
tissues. The mapped protein expression profile of these major
phase I and II drug metabolizing enzymes in human hepato-
cellular carcinoma and pericarcinomatous tissues will help find
out how to develop new and invidualized strategies for targeted
therapy of HCC.

We believe that our method of analysis is fast and less
expensive compared to earlier published methods and that it
is of equal quality.With the exception of CYP2B6, the protein
amounts of CYPs and UGTs in nHLMs-pooled were compa-
rable to that in rHLMs-pooled (prepard from healthy livers of

Caucasians) with maximal difference of≈2 fold (Fig. 6). This
result indicated that the CYPs andUGTsmay be expressed in
normal ranges in pericarcinomatous tissues of HCC but a
large sample size would help reaffirm this initial observation.

In the present study, we measured the absolute amounts of
several most important CYP andUGT enzymes simultaniously
in human liver microsomes using LC-MS/MS with label-free
signature peptides, and rHLM-pooled (Caucasian dominated
purchased from commercial source) was used as a reference
control. The protein amounts of CYP1A2, 2A6, 2B6, 2C8,
2C9, 2C19, 2D6, and 3A4 in rHLM-pooled determined in this
study were comparable with the reported values with a corre-
lation coefficient of 0.922, while amounts CYP 2E1 were about
2-fold higher than those reported previously (Table VII and
Fig. 7A-B) [14, 29]. This difference may be caused by the
difference in length of tryptic digestion time. The 4 h digestion
time, which was found to be the optimum digestion time [15]
(Fig. 8), was used in this study, while 16 h digestion time was
used in earlier study which may have caused unexpected pep-
tides degradation. Therefore, the optimal digestion used in the
present study likely contributed to the higher reported values of

Fig. 7 (A) A comparison of CYPs
and UGTs expression levels in
rHLMs-pooled observed in the
present study (Observed Values)
with values reported previously
(Reported Values). (B) The
correlation plots of the observed
and reported values of nine CYP
isoforms. (C) The correlation plots
of the observed and reported
values of four UGT isoforms.

Fig. 8 Digestion time profiles for signature peptides of CYP isoforms in
recombinant CYP enzymes. Values shown represent percentages of the
maximum concentration for each peptide

Fig. 6 Protein expression levels of nine CYPs (A) and five UGTs (B) in rHLM-
pooled, nHLMs-pooled and tHLMs-pooled. Each data point represents the
average of two determinations using two MRM transitions, and data are
presented as mean±SD. Paired-samples T-test was used for data analysis.
“*” denotes statistical significance (p<0.05).

Significantly Decreased and More Variable Expression of Major CYPs and UGTs in Liver 1155



target enzyme proteins in this study. Moreover, the protein
expression level of 9 CYPs in referencemicrosomes determined
in the present study was well correlated (correlation
coefficient=0.700) with their mRNA expression level reported
previously [30], but the earlier study did not [14].

The protein expression profiles of 5 UGT isoforms in
reference human liver microsomes have also been previously
quantified by LC/MS/MS with isotope-labeled peptides with
the same digestion time as those used here [15]. The protein
amounts of UGT1A1, 1A4, 1A6 and 1A9 in rHLM-pooled
determined in this study were comparable (less than 2 fold
difference) with the reported values with a correlation coeffi-
cient of 0.930, while amounts UGT2B7 were about 3-fold
higher than those reported previously. (Figs. 7A, C). The
reason for this difference was unknown. It was reported earlier
that the use of different signature peptides could result in up to
2-fold differences in reported protein levels [16, 20]. Hence,
the difference in signature peptides used might partially ex-
plain why our reported UGT values were different from those
reported earlier.

The expression levels of CYPs in HLMs of 10 healthy
Japanese subjects were quantified previously [14]. Although
the expression levels of 9 CYP enzyme isoforms in
pericarcinomatous tissues determined in the present study
correlated well with reported values (correlation coefficient=
0.893), the absolute amounts of these CYP enzymes in the
Japanese subjects were much lower (6 to 12-fold) (Supplement
Figure. S1). The higher expression levels reported here is
unlikely due to HBV infection in our subjects, because the
infection usually down-regulate the CYP expressions
(although some isoforms were not affected) [13]. A somewhat
negative correlation between the expression level of CYPs and
age of humans was observed in the present study (correlation
coefficients>0.5, except for CYP2C19 and 2D6, data were
not shown), consistent with an earlier report that there was a
significant decline of CYP content after age 70 [31]. So the
older ages of the 10 Japanese donors (age: 70±12 years) could
contribute to the observed differences in protein expression
values. In addition, the different procedures of samples
prepairation mentioned below should also be taken into
account.

CONCLUSION

Major CYP isoforms were found to be significantly and some-
times drastically down-regulated in the tumor as compared to
the matched pericarcinomatous tissue. Although UGT iso-
forms were down-regulated less in percentage terms, they
often become more variable in tumor. Because these CYP
and UGT isoforms are important for the metabolism of drugs
(anticancer and pain medication), carcinogens, and even en-
dogenous substances (e.g., bilirubin), their changes may have

serious implication in the clearance and detoxification capa-
bility of the liver. Taken together, these results indicate that a
robust, reproducible and reliable LC-MS/MS method capa-
ble of simultaneously quantifying 9 or more CYPs and 5 or
more UGTs in HLMs may be utilized to optimize chemo-
therapy for HCC patients.
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