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WHAT IS ALREADY KNOWN ABOUT

• Genetic polymorphisms of CYP2B6 and
CYP2C19 are known to influence
cyclophosphamide (CPA) efficacy and side

metabolize CPA. Polymorphism is rare in the
Chinese population although activity and
expression are highly varied. Recent studies
indicated that PXR plays an important role
in CYP3A4 regulation and the change of PXR
function can affect CYP3A4 expression.

• The contribution of genetic polymorphism

However, the effect of genetic
polymorphism on CPA efficacy and side
effects in Chinese SLE patients remains to
be investigated.
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THIS SUBJECT

AIMS
The aim of the study was to investigate the combined impact of
genetic polymorphisms in key pharmacokinetic genes on plasma
concentrations and clinical outcomes of cyclophosphamide (CPA) in
Chinese patients with systemic lupus erythematosus (SLE).
effects.

• CYP3A4 is another enzyme that can

METHODS
One hundred and eighty nine Chinese SLE patients treated with CPA
induction therapy (200 mg, every other day) were recruited and
adverse reactions were recorded. After 4 weeks induction therapy, 128
lupus nephritis (LN) patients continued to CPA maintenance therapy
(200–600 mg week–1) for 6 months, and their clinical outcomes were
recorded. Blood samples were collected for CYP2C19, CYP2B6, GST and
PXR polymorphism analysis, as well as CPA and its active metabolite
(4-hydroxycyclophosphamide (4-OH-CPA)) plasma concentration
determination.
to the variability in CPA efficacy and side

effects in Caucasians has been studied.

RESULTS
Multiple linear regression analysis revealed that CYP2B6 -750 T> C (P< 0.001),
�2320 T> C (P < 0.001), 15582C > T (P = 0.017), CYP2C19*2 (P < 0.001)
and PXR 66034 T > C (P = 0.028) accounted for 47% of the variation
in 4-OH-CPA plasma concentration. Among these variants, CYP2B6 -
750 T > C and CYP2C19*2 were selected as the combination genetic
marker because these two SNPs contributed the most to the inter-
individual variability in 4-OH-CPA concentration, accounting for 23.6%
and 21.5% of the variation, respectively. Extensive metabolizers (EMs)
acol / 81:2 / 327–340 / 327



WHAT THIS STUDY ADDS
• This research investigated the combined
effect of key metabolizing enzyme variants
on CPA plasma concentration, efficacy and
side effects in Chinese SLE patients.

• This study developed a multiple regression
model including CYP2B6, CYP2C19 and PXR
genotypes that explained 47.9% of the
individual variability in CPA 4-hydroxylation.
This is the first study on the effect of PXR
genetic polymorphisms on CPA
pharmacokinetics and side effects. PXR
66034 T > C was responsible for 3.7% of the
inter-individual variation of 4-OH-CPA
plasma concentration.

• This is the first determination of the
frequency of SNPs in the CYP2B6 non-
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(CYP2B6 -750TT, CYP2C19*1*1) had significantly higher median 4-OH-CPA
plasma concentrations (34.8, 11.0 and 6.6 ng ml-1 for EMs, intermediate
metabolizers (IMs) and poor metabolizers (PMs), P < 0.0001), higher risks
of leukocytopenia (OR = 7.538, 95% CI 2.951, 19.256, P < 0.0001) and
gastrointestinal toxicity (OR = 7.579, 95% CI 2.934, 19.578, P < 0.0001),
as well as shorter median time to achieve complete remission (13.2, 18.3
and 23.3 weeks for EMs, IMs and PMs, respectively, P = 0.026) in LN
patients than PMs (CYP2B6 -750CC, CYP2C19*2*2) and IMs.
CONCLUSIONS
Our findings have indicated that genetic markers of drug metabolizing
enzymes could predict the 4-hydroxylation, adverse reactions and
clinical efficacy of CPA. This is a necessary first step towards building
clinical tools that will help assess clinical benefit and risk before
undergoing CPA treatment in Chinese SLE patients.
coding region in Chinese population.
Introduction

Cyclophosphamide (CPA) is widely prescribed for the
treatment of cancer and auto-immune diseases such as
systemic lupus erythematosus (SLE) [1]. Like all cytotoxic
agents, the toxic metabolites of CPA enter normal tissues
including the GI tract and bone marrow, where they in-
duce host organ injuries in many patients [2]. CPA-based
regimens for SLE patients often cause short term toxicity,
such as myelosuppression, gastrointestinal (GI) symp-
toms (e.g. vomiting and diarrhoea) and infection due to
marked suppression of the immune system. The usual
dose-limiting toxicity for CPA is myelosuppression [3].

CPA is a prodrug, which requires the activation via
4-hydroxycyclophosphamide (4-OH-CPA) to phospho-
ramide mustard. The 4-hydroxylation of CPA is catalyzed
by cytochrome P450 (CYP) enzymes, while the formation
of phosphoramide mustard is non-enzymatic. Phos-
phoramide mustard is the alkylating agent responsible
for therapeutic effects and toxicity such as immunosup-
pression, which usually manifests as myelosuppression,
GI symptoms (e.g. vomiting and diarrhoea) and infection
[3]. Several isozymes of P450 are reported to be involved
in the 4-hydroxylation of CPA, including CYP2B6 [4],
CYP3A4/5 [5], CYP2C19 [6, 7] and CYP2C9 [6]. Conjuga-
tion of phosphoramide mustard and other CPA
metabolites with glutathione is catalyzed by glutathione
S-transferases (GST) [3], which is the detoxification
mechanism of CPA metabolites.

The CPA metabolizing enzymes are genetically
polymorphic and are known to have variant alleles with
diminished [8–10] or enhanced [4] metabolic activity of
the expressed proteins. Considerable inter-individual
variation in 4-OH-CPA plasma concentrations has also
been demonstrated. However the role of pharmacoge-
netics is still controversial and it is unclear which metab-
olizing genes are important. For example, it has been
reported that CYP2C19*2 was related to decreased
4-OH-CPA formation [11] especially at a CPA dose lower
than 1000 mg m–2. [7] Thereby, CYP2C19*2 was associ-
ated with worse therapeutic response in lupus nephritis
(LN) patients [12] but decreased risks for ovarian toxic-
ities in SLE patients [13, 14]. In addition, some mutations
of CYP2B6, such as CYP2B6 -750 T> C,�2320 T> C, could
reduce 4-OH-CPA formation and were associated with
decreased incidence of adverse reactions [15] or worse
therapeutic effects (CYP2B6 1459 C > T (*5)) [12]. On
the other hand, other mutations such as CYP2B6
516G > T were correlated with higher 4-OH-CPA concen-
tration [16]. We also reported the correlation of GSTP1
105I > V mutation with the increased risk of
leukocytopenia in SLE patients with pulsed CPA treat-
ment [3]. Nonetheless, the lack of statistically significant
associations between genotypes and CPA pharmacoki-
netics/response has also been reported [17].

Until now, most CPA pharmacogenomic studies have
focused on the separate effect of certain genotypes. Only
one study used an in vitro-in vivo method to determine the
combined impact of CYP2C19 and CYP2B6 in a small sample
size population [18]. Moreover, our previous studies have
revealed that CYP2B6, CYP2C19 and GST genes were
polymorphic in the Chinese population and the frequency
of themutations was significantly different from other ethnic
groups [19, 20]. Since the frequency of SNPs in the CYP3A4
gene is sparse in the Chinese population [21, 22], the
genetic polymorphisms of CYP3A4 are less likely to cause
inter-individual variation of CYP3A4 activity. However, we
have recently shown that genetic polymorphisms of



Genetic markers of cyclophosphamide’s efficacy and side effects
pregnane X receptor (PXR) are associated with CYP3A4
expression [23]. Moreover, the combined effect of multiple
genetic polymorphisms has not been studied in a larger
sample size or in Chinese patients.

In this study, we aimed to investigate the impact of
genetic polymorphisms of CYP2C19, CYP2B6, GST and
PXR on CPA pharmacokinetics, efficacy and side effects.
The genotypes closely correlated with 4-OH-CPA plasma
concentrations and side effects of CPA were selected as a
combination genetic marker to predict 4-OH-CPA con-
centration, efficacy and side effects of CPA.
Methods

Study design
Patient enrolment, sample collection, treatment and
follow-up were performed according to the protocol reg-
istered at http://ClinicalTrials.gov (NCT01060410) and ap-
proved by the Human Investigation Ethics Committee at
the School of Pharmaceutical Sciences at Sun Yat-sen
University, Guangzhou, China (No.200801). Participants
were recruited from the Department of Rheumatology,
the First Affiliated Hospital of Sun Yat-sen University,
Guangzhou, China. All patients had four or more revised
American College of Rheumatology (ACR) criteria for SLE
[24]. Written informed consent was obtained from
patients above 18 years old or their legal guardian for
patients under 18 years. Eligibility criteria included age
from 12 to 60 years old, HIV negative, aspartate amino-
transferase, alanine aminotransferase, total bilirubin
and serum creatinine below two times the upper limit
of normal and SLE Disease Activity Index (SLEDAI) [25]
≥10. The SLEDAI of each patient was rated by physicians.
Patients enrolled in the maintenance period had biopsy-
proven (within 6 months) lupus nephritis (LN) [26]. Labo-
ratory tests documented the presence of active nephritis,
defined as proteinuria (protein excretion >1 g 24 h–1) or
increased serum creatinine level (>1.3 mg dl–1) with ac-
tive urinary sediment (any of >5 red blood cells/high-
power field, >5 white blood cells/high-power field, or
red blood cell casts in the absence of infection or other
causes) in patients with class IV-S or IV-G and significant
proteinuria (protein excretion >2 g 24 h–1) or increased
serum creatinine level (>1.3 mg dl–1) in patients with
class III or V [27]. Exclusion criteria included taking non-
steroidal anti-inflammatory drugs, taking or took metho-
trexate and azathioprine or herbal immuno-modulators
within 2 months, had a blood transfusion within
2 months, pregnant or breast-feeding, had severe
chronic heart, haematological (e.g. leucopenia, thrombo-
cytopenia), renal, brain, liver or lung disease not due to
SLE complications, alcoholic, taking or used phenobarbi-
tal, rifampicin or allopurinol within 2 months as these
drugs may increase the toxicity of CPA due to drug
interactions, had a recent vaccination and had received
irradiation or cytotoxic therapy in the past 3 months.

Treatments included two parts, induction therapy
and maintenance therapy. Patients who underwent
induction therapy were intravenously injected (10 min
injection) with CPA (Endoxan®, Baxter, China) at 200 mg
dissolved in 30 ml normal saline, once every other day.
They also received methylprednisolone 40–80 mg intra-
venously and hydroxychloroquine 0.4 g day–1 orally.
CPA and 4-OH-CPA plasma concentrations and CPA short
term toxicity were investigated in the induction period.
After 1 month of induction therapy, patients diagnosed
with LN continued maintenance therapy. The protocol
of maintenance therapy was intravenous administration
of CPA at 200–600 mg every week for 6 months. Patients
treated with maintenance therapy were under the obser-
vation of short term efficacy of CPA.

Before treatment, blood samples (2 ml) were
collected for DNA extraction and as blank plasma
samples for CPA/4-OH-CPA concentration analysis.
Another 2 ml blood sample was collected at 20 h (C20 h)
after the 4th administration of CPA induction therapy
and the concentration of CPA and 4-OH-CPA was
determined by LC-MS/MS as previously described [28].
The reason for choosing the blood sample 20 h (C20 h)
after the 4th administration is supported by previous
studies from others [29] and our unpublished data. We
have found that the plasma concentration of CPA and
4-OH-CPA at this time point was significantly correlated
to their respective AUCs (data not shown).

Collection of clinical data
The adverse reaction to treatment was monitored and re-
ported according to the National Cancer Institute Common
Terminology Criteria for Adverse Events, version 3.0 (CTCAE
v3.0) (http://ctep.cancer.gov/). During induction therapy,
toxicities under observation included leukocytopenia, GI
toxicity and infection. Leukocytopenia was selected as the
indicator of myelosuppression and defined as the total
count of white blood cells<4.0 × 109 l–1. The baseline white
blood cell count before therapy was recorded. The nadirs of
the counts after CPA administration were used to reflect
the maximal myelosuppression. If the total white blood
cells were less than 1.5 × 109 l–1, CPA therapy was
discontinued. The GI toxicities were generally mild and thus
were recorded only as positive/negative instead of the
grades provided by CTCAE v3.0. The GI toxicity was defined
as at least one of the following symptoms being observed:
anorexia, diarrhoea (increase of >four stools per day over
baseline), nausea and vomiting. Infection incidence in-
cluded fever and coughs due to pneumonia. After CPA
administration, the blood routine tests were taken weekly
during the treatment. Patientswere followed up for 4weeks
after the initiation of CPA induction therapy to observe
acute toxicities. The evaluation of acute toxicities was
performed by licensed clinicians.
Br J Clin Pharmacol / 81:2 / 329
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Short term clinical outcomes were also observed in
patients diagnosed with LN under CPA maintenance
therapy. The primary end point was complete remission
after 6 months of treatment. Secondary end points in-
cluded response (defined as partial remission), changes
in clinical parameters (including proteinuria, serum albu-
min, serum creatinine and serum C3 values) and adverse
effects (including leukopenia, infections, gastrointestinal
symptoms, amenorrhea, hair loss, liver function disorder,
transient increase in serum creatinine level, etc). The clin-
ical outcomes were defined based on a published study
in LN patients [30].

Analysis of plasma CPA and 4-OH-CPA
concentrations
Plasma concentrations of CPA and 4-OH-CPA were simul-
taneously determined with ifosfamide as the internal
standard by an established LC-MS/MS method [28]. In
brief, after protein precipitation with cold acetonitrile
and stabilization of 4-OH-CPA by dansylhydrazine within
30 min after blood sample collection and extraction with
ethyl acetate, separation was performed on a C18 3.5 μm
2.1 × 50 mm column with mobile phase of acetonitrile
and water (50 : 50, v/v) with 0.1% formic acid at
200 μl min–1. Mass analysis and detection was performed
on a Quattro micro™ triple quadruple mass spectrometer
(Micromass, Notre Dame, UK) equipped with an
electrospray ionization (ESI) source in the selected reac-
tion monitoring (SRM) mode. The chromatographic run
time was 3 min. The system control and data process
were performed using Masslynx Version 4.0 software
(Micromass, Notre Dame, UK). The lower limit of quantifi-
cation for CPA and 4-OH-CPA were both 5 ng ml–1. The
intra- and inter-batch precision and accuracy were less
than 15% for all quality control samples.

Analyses of genetic polymorphisms
Coded samples without any subject identification or
clinical data were sent to the genotyping laboratory so
that blinded analysis could be performed. Genomic
DNA was extracted from peripheral leukocytes by the
improved phenol-chloroform extraction method as
reported [31]. All PCR reactions were carried out in a
25 μl volume containing 50 ng genomic DNA, 2.5 mM

dNTPs, 10 mM of forward and reverse primers, 2.5 ml
10× Taq buffer and 0.75 U Taq DNA polymerase (Takara,
Japan). Based on previous studies from us and others
[19, 32, 33], the following SNPs with a higher prevalence
in Asian population were selected: CYP2C19 681G > A
(*2, rs4244285), CYP2C19 636G > A (*3, rs4986893),
CYP2C19 4195C > T (*17, rs12248560), CYP2B6 -
2320 T > C, CYP2B6 -750 T > C (rs4802101), CYP2B6
64C > T (rs8192709), CYP2B6 516G > T (rs3745274),
CYP2B6 15582C > T, CYP2B6 785A > G (rs2279343),
CYP2B6 1459C > T (rs3211371), PXR 66034 T > C
(rs13059232), PXR 44477 T > C (rs1523130), PXR
330 / 81:2 / Br J Clin Pharmacol
45005C > T (rs3814055), PXR 69789A > G (rs7643645)
and GSTP1(I105V, rs1695). Direct sequencing was used to
determine PXR 66034 T > C, 44 477 T > C, 45005C > T
and 69789A > G genotypes as described previously [33].
After initial denaturation at 95 ºC for 5 min, the PCR ampli-
fication was performed by denaturating at 95 ºC for 30 s,
annealing for 30 s, and extension at 72 ºC for 1min for 30 cy-
cles and a final extension at 72 ºC for 10 min. The annealing
temperature for PXR 66034 T > C, 44 477 T > C
(45005C > T) and 69789A > G was 59 ºC, 60 ºC and 59 ºC,
respectively. Null alleles of GSTM1 and GSTT1 were geno-
typed by a previous reported multiplex PCR method [34].
β-Globin was co-amplified and used as the internal control.
The rest of SNPs under investigation were analyzed by
PCR-restriction fragment length polymorphism (PCR-RFLP)
methods as described previously [8, 15, 34, 35]. Details on
primer sequences, amplicon sizes and restriction enzymes
for CYP2B6, CYP2C19, PXR and GST are summarized in
Supplementary Table S1.

Statistical analysis
The allele and genotype frequency of the SNPs and link-
age disequilibrium (LD) were calculated by an on-line
tool SHEsis [36] and the frequencies were compared with
the expected frequency in the Chinese population from
the HapMap reports [37] by χ2 test. The deviations from
Hardy–Weinberg equilibrium were assessed by the
goodness-of-fit χ2 test. The plasma concentrations of
CPA and 4-OH-CPA were normally distributed. However,
after division into different groups by genotypes, the
plasma concentrations were not normally distributed in
some groups. Therefore, comparison of CPA and
4-OH-CPA concentration relative to genotypes was per-
formed by the Kruskal–Wallis H test followed by Dunn’s
multiple comparison tests to assess the difference be-
tween pairs of groups. Multiple linear regression analysis
was conducted to analyze the contribution of different
genetic polymorphisms to the variation of 4-OH-CPA
plasma concentration at 20 h post-injection. Variables
were selected in a backward stepwise manner. To com-
pare the incidence of adverse reactions, the subjects
were divided into two groups according to their geno-
types. In logistic regression analysis, the homozygous
wild type genotypes were assigned into one group while
heterozygous and homozygous mutant genotypes were
combined into another group. The frequencies of ad-
verse reaction between different genetic groups were
compared by χ2 test or Fisher’s exact test when appropri-
ate. Binary logistic regression analysis was used to assess
the association of adverse reactions and genotypes. The
odds ratio (OR) and its 95% confidence interval (95% CI)
showed the risks of adverse reactions in different geno-
types. To evaluate the short term clinical response,
cumulative probabilities of complete/partial remission
and response were presented in Kaplan–Meier curves
and survival analyses were based on log-rank test. Time
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to first event was used for each end point. Patients missed
or dropped during maintenance therapy were regarded as
censored. The statistical analysis was performed using the
Statistical Package for Social Science (ver 17.0; SPSS,
Chicago, USA). Bonferroni correction for the P value [38]
was conducted because the chances of a type I error will
increase when multiple tests are performed in a single
set of data. To analyze the relationship between genetic
polymorphisms and adverse reaction of CPA, the multivar-
iate logistics regression analysis contained three outcome
measures (GI toxicities, infection and leukopenia) and 13
SNPs. Therefore, the Bonferroni-corrected significance
level was 0.05/(13*3) = 0.00128. P < 0.00128 was consid-
ered statistically significant in logistics analysis and χ2 test
(Table 4). In the logistics analysis between genetic markers
and 4-OH-CPA concentration, the adjusted P value was
0.05/(3*3) = 0.0056 because three outcome measures
and three grouping measures (extensive metabolizers
(EMs), intermediate metabolizers (IMs) and poor
metabolizers (PMs)) were used. P< 0.0056 was considered
significant. In other scenarios, P< 0.05 was considered sta-
tistically significant.
Results

Patient characteristics
From September 2009 to June 2012, 214 Han Chinese pa-
tients with newly diagnosed SLE who met the inclusion
Figure 1
Study algorithm, including patient enrolment, study assignments, exclusion an
criteria were included in the study. Among them 189 pa-
tients were assigned to CPA induction therapy. The
others were discontinued (n = 8) or withdrew due to
co-administration (n = 13) and non-standard medication
(n = 4). After 4 weeks of induction therapy with CPA, 128
patients diagnosed with LN continued CPA maintenance
therapy. Twelve of the 128 LN patients were lost during
follow-up. The algorithm for this study is shown in
Figure 1.

Table 1 summarizes the demographic and clinical
characteristics of the recruited subjects in induction ther-
apy and maintenance therapy. During the 4 weeks fol-
lowing the initiation of CPA induction treatment
(accumulated dosage of 2–3 g), leukocytopenia, infection
and GI toxicity were observed in 51 (27.0%), 41 (21.7%)
and 31 (16.4%) patients, respectively. The adverse reac-
tion incidence in LN patients was 21.6%, 22.6%, and
14.7% for leukocytopenia, infection and GI toxicity, re-
spectively. The short term clinical outcomes including
complete remission, partial remission and treatment
failure in the maintenance therapy group were observed
in 74 (63.8%), 32 (27.6%) and 10 (8.6%) patients,
respectively.

Genotype analysis
The allelic frequencies and genotype distribution in
SLE patients are shown in Table 2. All SNPs were in
Hardy–Weinberg equilibrium. The allelic frequencies
and genotype distribution were in accordance with
d outcomes

Br J Clin Pharmacol / 81:2 / 331



Table 1
Demographic and clinical characteristics of the included patients

Induction
therapy

Maintenance
therapy

n 189 116

Gender (male/female) 43/146 21/95

Age 34 ± 14 years 32 ± 13 years

Disease type

Lupus nephritis (LN) 128 (67.7%) 116

LN and haematological
damage

26 (13.8%) –

Haematological
damage

12 (6.3%) –

Other types 23 (12.2%) –

Side effects

Leukocytopenia 42 (21.9%) 25 (21.6%)

Infection 41 (21.4%) 26 (22.6%)

Gastrointestinal
toxicity

31 (16.1%) 17 (14.7%)

Outcome

Complete remission 74 (63.8%)

Partial remission 32 (27.6%)

Treatment failure 10 (8.6%)

Table 2
Allelic and genotype frequency of the SNPs under investigation in
Chinese SLE patients (n = 189)

Gene SNP Genotype
Frequency
(%) Allele

Frequency
(%)

CYP2B6 �2320 T > C TT 27 (14.3) T 142 (37.6)

CT 88 (46.6) C 236 (62.4)

CC 74 (39.2)

�750 T > C TT 48 (25.4) T 166 (43.9)

CT 70 (37.0) C 212 (56.0)

CC 71 (37.6)

64C > T CC 180 (95.2) C 369 (97.6)

CT 9 (4.8) T 9 (2.4)

TT 0

516G > T GG 106 (56.1) G 281 (74.3)

GT 69 (36.5) T 97 (25.6)

TT 14 (7.4)

15582C > T CC 34 (18.0) C 160 (42.3)

CT 92 (48.7) T 218 (57.7)

TT 63 (33.3)

785A > G AA 95 (50.3) A 253 (66.9)

AG 63 (33.3) G 125 (33.0)

GG 31 (16.4)

1459C > T CC 189 (100) C 378 (100)

CT 0 T 0

TT 0

CYP2C19 *2 *1*1 97 (51.3) *1 260 (68.8)

*1*2 66 (34.9) *2 118 (31.2)

*2*2 26 (13.8)

*3 *1*1 165 (87.3) *1 354 (93.7)

*1*3 24 (12.7) *3 24 (6.3)

*3*3 0

*17 *1*1 189 (100) *1 378 (100)

*1*17 0 *17 0

*17*17 0

GSTP1 IIe/Val I/I 130 (68.8) I 316 (83.6)

I/V 56 (30.7) V 62 (16.4)

VV 3 (2.6)

GSTM1 + 66 (46.8)

� 75 (53.2)

GSTT1 + 56 (39.7)

� 85 (60.3)

PXR �25 913 C > T TT 117 (61.9) T 289 (76.5)

(rs1523130) TC 55 (29.1) C 89 (23.5)

CC 17 (9.0)

�25385C > T CC 120 (63.5) C 292 (77.2)

(rs3814055) CT 52 (27.5) T 86 (22.8)

TT 17 (9.0)

�4356 T > C TT 29 (15.3) T 150 (39.7)

(rs13059232) TC 92 (48.7) C 228 (60.3)

CC 68 (36.0)

579A > G AA 61 (32.3) A 201 (53.2)

(rs7643645) AG 79 (41.8) G 177 (46.8)

GG 49 (25.9)

W. Shu et al.
the Han Chinese (Beijing) HapMap population [37].
Within the PXR gene, a strong LD was observed be-
tween PXR 45005C > T and 44 477 T > C (|D’| = 1).
A high LD was also shown between PXR 44477 T > C
and 66 034 T > C (|D’| = 0.876). Within the CYP2B6
gene, there was a high LD (|D’| = 0.894) between
64C > T and -750 T > C.

Impact of genetic polymorphisms on plasma
concentrations of CPA and 4-OH-CPA
The association between CPA and 4-OH-CPA plasma
concentrations (C20 h) and the genotypes of CYP2B6,
CYP2C19, GST and PXR is shown in Supplementary
Figures S1 and S2.

The C20 h of 4-OH-CPA was significantly influenced by
CYP2B6 -750 T > C and CYP2C19*2 (P < 0.001). As for
CYP2B6 -750 T > C genotype, patients with CYP2B6
-750TT genotype (wildtype) had significantly higher
4-OH-CPA concentration (C20 h median = 20.9 ng ml–1)
than patients with TC and CC genotype (C20 h me-
dian = 12.4 and 10.2 ng ml–1, respectively). Statistical dif-
ference was found between CYP2B6 TT and TC groups
(P < 0.05), as well as between TT and CC groups
(P < 0.05). Patients with CYP2C19*1*1 (wild type) geno-
type had much higher 4-OH-CPA concentrations than
the patients with CYP2C19*1*2 or *2*2 (C20 h me-
dian = 21.4, 9.8 and 6.6 ng ml–1 for *1*1, *1*2 and *2*2,
respectively, P < 0.05). No significant relationship was
observed between any of the other genotypes and 4-
OH-CPA plasma concentration (Supplementary Figure S2).
No significant relationship was observed between the
332 / 81:2 / Br J Clin Pharmacol
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genotypes and CPA plasma concentration (Supplementary
Figure S1).

When multiple regression analysis was conducted to
evaluate the impact of genotypes on 4-OH-CPA concen-
tration, we found that CYP2C19*2, CYP2B6 -750 T > C,
CYP2B6 15582C > T, CYP2B6 -2320 T > C and PXR
66034 T > C were responsible for 47.9% of the individual
differences in 4-OH-CPA concentration (Table 3). Among
these genotypes, CYP2C19*2 and CYP2B6 -750 T > C con-
tributed the most, accounting for 23.6% and 21.5%, re-
spectively, of the individual differences of 4-OH-CPA
concentration. CYP2B6 15582C > T, CYP2B6 -2320 T > C
and PXR 66034 T > C were minor but significant factors,
which contributed to 4.4%, 5.9% and 3.7%, respectively,
of the individual differences of 4-OH-CPA concentration.

Relationship between genetic polymorphisms
and adverse reactions of CPA
To investigate the relationship between genetic poly-
morphisms and side effects including GI toxicity, infec-
tion and leukocytopenia, the frequency of side effects
in different genotype pairs was compared. A binary logis-
tics regression analysis was used to assess the risk of side
effect in different genotypes. As shown in Table 4, of all
the drug metabolizing enzymes examined in this study,
only CYP2B6 -750 T > C and CYP2C19*2 were statistically
associated with the adverse reactions of CPA.

As for CYP2B6 -750 T > C, the frequency of GI toxicity
in patients carrying TT genotype (wild type) was 33.3%,
significantly higher than that in patients carrying TC
and CC genotypes (10.6%, P < 0.005). A similar tendency
was observed in the percentage decrease of patients
who developed leukocytopenia. 43.8% of patients with
the TT genotype developed leukocytopenia compared
with 21.3% of patients with the TC and CC genotype.
The C carriers had a significantly lower leukocytopenia
frequency (P < 0.005). Binary logistics regression analysis
revealed that patients having at least one C allele of
CYP2B6 -750 T > C were at lower risk of experiencing GI
toxicity (OR 0.238, 95% CI 0.107, 0.523, P < 0.001) and
leukocytopenia (OR 0.347, 95% CI 0.173, 0.699,
P < 0.001) than other patients.

Similarly, binary logistics regression analysis indicated
that patients possessing at least one dysfunctional allele
Table 3
Multiple linear regression model for 4-OH-CPA plasma concentration based on

Variables Beta-standardized coefficients

CYP2C19*2 �0.414

CYP2B6 -750 T > C �0.381

CYP2B6 15582C > T �0.182

CYP2B6 -2320 T > C �0.166

PXR 66034 T > C �0.138

General r
2
of the model =47.9%, the percentage of inter-individual variability of 4-OH-CPA.
of CYP2C19*2 were at lower risk of developing GI toxicity
(OR 0.157, 95% CI 0.057, 0.430, P < 0.001), infection (OR
0.260, 95% CI 0.119, 0.568, P< 0.001) and leukocytopenia
(OR 0.194, 95% CI 0.092, 0.409, P < 0.001) than other
patients. Frequency of GI toxicity, infection and
leukocytopenia in CYP2C19*2 carriers was 5.4%, 10.9%
and 12.0% compared with 26.8%, 32.0% and 41.2% in
CYP2C19*1*1 carriers, respectively. Frequencies of ad-
verse reactions were significantly higher in CYP2C19*1*1
carriers than in *2 carriers (P < 0.001).

Determination of combination genetic marker
and its association with 4-OH-CPA plasma
concentration, clinical outcomes and adverse
reactions of CPA
Multiple regression analysis indicated that both CYP2B6 -
750 T > C and CYP2C19*2 were associated with the
individual differences in 4-OH-CPA concentration. Fur-
thermore, mutations in these two SNPs could increase
the risk of experiencing adverse reactions to CPA. There-
fore, CYP2B6 -750 T > C and CYP2C19*2 were selected as
genetic markers for 4-OH-CPA plasma concentrations
and toxicities. EMs were defined as CYP2C19*1*1 and
CYP2B6 -750TT genotypes, while PMs were defined as
CYP2C19*2*2 and CYP2B6 -750CC genotypes. Patients
with other genotypes at these two sites were assigned
into IMs.

The comparison of CPA and 4-OH-CPA concentrations
(C20 h) among EMs, IMs and PMs are presented in Figure 2.
There were no significant associations found between
different metabolizer categories and CPA concentration
(Figure 2A). However, the differences in 4-OH-CPA concen-
tration among different metabolizers were significant
(Figure 2B, P <0.0001). The median concentration of
4-OH-CPA of EMs, IMs and PMs was 34.8 ng ml–1,
11.0 ng ml–1and 6.6 ng ml–1, respectively, and the differ-
ences between each of the two groups were significant
(P < 0.05). There was significant gene–dose effect of 4-
OH-CPA plasma concentration in the Chinese SLE subjects.

To evaluate the risk of side effects in different genetic
marker groups, logistic regression analysis was con-
ducted. As summarized in Table 5, the risk of
leukocytopenia in EMs was significantly higher than that
in IMs (P < 0.0001, OR = 7.538, 95% CI 2.951, 19.256),
genotypes (n = 189)

P values Partial r Partial r
2

<0.001 �0.486 0.236

<0.001 �0.464 0.215

0.017 �0.241 0.044

<0.001 �0.223 0.059

0.028 �0.190 0.037
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Table 4
Comparison of adverse reaction frequencies among genotypes and logistics regression analysis for identification of factors associated with adverse
reaction (n = 189)

SNP

GI toxicity Infection Leukocytopenia

n (%) OR (95% CI) n (%) OR (95% CI) n (%) OR (95% CI)

CYP2B6 -2320 T > C TT 5 (18.5) 0.841 (0.292, 2.423) 8 (29.6) 0.608 (0.244, 1.510) 7 (25.9) 1.065 (0.421, 2.694)

TC and CC 26 (16.0) 33 (20.4) 44 (27.1)

CYP2B6 -750 T > C TT 16 (33.3) 0.238 (0.107, 0.523)† 15 (31.1) 0.497 (0.236, 1.047) 21 (43.8) 0.347(0.173, 0.699)†

TC and CC 15 (10.6)* 26 (18.4) 30 (21.3)*

CYP2B6 64C > T CC 29 (16.1) 1.251 (0.277, 6.894) 38 (21.1) 1.848 (0.415, 8.234) 50 (27.8) 0.279 (0.032, 2.450)

CT and TT 2 (22.2) 3 (33.3) 1 (11.1)

CYP2B6 516G > T GG 16 (15.1) 1.021 (0.417, 2.500) 19 (17.9) 1.733 (0.766, 3.920) 29 (27.4) 0.794 (0.377, 1.674)

GT and TT 15 (18.1) 22 (26.5) 22 (26.5)

CYP2B6 15582C > T CC 4 (11.8) 1.429 (0.430, 4.753) 5 (14.7) 1.683 (0.564, 5.025) 11 (32.4) 0.713 (0.301, 1.688)

CT and TT 27 (17.4) 36 (23.2) 40 (25.8)

CYP2B6 785A > G AA 14 (14.7) 1.216 (0.494, 2.997) 20 (21.1) 0.868 (0.380, 1.985) 24 (25.3) 1.272 (0.604, 2.681)

AG and GG 17 (18.1) 21 (22.3) 27 (28.7)

CYP2C19*2 *1*1 26 (26.8) 0.157 (0.057, 0.430)† 31 (32.0) 0.260 (0.119, 0.568)† 40 (41.2) 0.194 (0.092, 0.409)†

*1*2 and *2*2 5 (5.4)* 10 (10.9) 11 (12.0)

CYP2C19*3 *1*1 26 (15.8) 1.459 (0.463) 35 (21.2) 1.232 (0.423, 3.589) 41 (24.8) 2.113 (0.281, 5.440)

*1*3 and *3*3 5 (20.8) 6 (25.0) 10 (41.7)

GSTP1 105I > V I/I 18 (13.8) 1.791 (0.835, 3.839) 29 (22.3) 0.828 (0.388, 1.768) 32 (24.6) 1.821 (0.953, 3.482)

I/V and V/V 12 (21.4) 11 (19.6) 16 (28.6)

PXR 66034 T > C TT 5 (17.2) 0.931 (0.326, 2.664) 5 (17.2) 1.394 (0.496, 3.913) 9 (31.0) 0.791 (0.334, 1.837)

TC and CC 26 (16.3) 36 (22.5) 42 (26.3)

PXR 44477 T > C TT 21 (17.9) 0.737 (0.325, 1.671) 27 (23.1) 0.805 (0.390, 1.661) 30 (25.6) 1.194 (0.620, 2.301)

TC and CC 10 (13.9) 14 (19.4) 21 (29.2)

PXR 45005C > T CC 1 (5.9) 3.380 (0.432, 26.477) 2 (11.8) 2.199 (0.482, 10.035) 3 (17.6) 1.806 (0.497, 6.567)

CT and TT 30 (17.4) 39 (22.7) 48 (27.9)

PXR 69789A > G AA 11 (19.0) 0.718 (0.232, 2.224) 16 (26.2) 0.464 (0.167, 1.291) 16 (26.2) 0.914 (0.368, 2.270)

AG and GG 18 (14.1) 23 (18.0) 35 (27.3)

Bold values indicate P < 0.05. *P < 0.00128 by χ
2
test or Fisher’s exact test when appropriate (wild type vs. mutant). †P < 0.001 by binary logistic regression analysis.
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while the risk in PMs was lower than that in IMs, though
the difference was not statistically significant (P = 0.788,
OR = 0.808, 95% CI 0.171, 3.826). EMs also had a higher
risk of experiencing GI toxicity than IMs (P < 0.0001,
OR = 7.579, 95% CI 2.934, 19.578), but no difference
was observed between PMs and IMs (P = 0.999). How-
ever, no significant difference in infection incidence
was found among PMs, IMs and EMs (P = 0.999). These
results suggested that the genetic markers were signifi-
cantly associated with the altered risk of leukocytopenia
and GI toxicity.

Short term clinical outcomes of LN patients under
CPA maintenance therapy were also investigated and
categorized by different genetic markers. During the
6 month maintenance therapy, patients categorized as
EMs had a significantly faster response time to achieve
both complete and partial remission than IMs and PMs.
As shown in Table 6 and Figure 3, the median response
time to primary end point were 13.2, 18.3 and 23.3 weeks
in EMs, IMs and PMs (P = 0.026), respectively. Similarly,
the median response time to secondary end point in
334 / 81:2 / Br J Clin Pharmacol
EMs, IMs and PMs was 8.6, 12.7 and 18.5 weeks
(P = 0.006), respectively. The cumulative probability of
complete and partial remission was statistically different
among the three groups (Figure 3).
Discussion

Cyclophosphamide is a prodrug that requires metabolic
activation to 4-OH-CPA by cytochrome P450. Most of
these enzymes have known variant alleles, and some
have been shown to be associated with varied levels of
protein expression or metabolic activity of the expressed
proteins [8, 39, 40]. The efficacy and side effects of CPA
exhibit large inter-individual variability, possibly due to
differences in pharmacokinetics. Thus, we sought to
study the inter-individual variability in the plasma con-
centration of 4-OH-CPA, the short term clinical outcomes
and side effects of CPA and their association with genetic
polymorphisms of drug metabolizing enzymes in Chinese
SLE patients. Genetic markers consisting of two genotypes



Figure 2
Scatterplots depicting the plasma concentration of cyclophosphamide
(CPA) and 4-hydroxycyclophosphamide (4-OH-CPA) classified by the
combination genetic marker of CYP2C19*2 and CYP2B6 -750 T > C. (A)
Scatter plot of CPA concentration grouped by genetic markers. (B) Scat-
ter plot of 4-OH-CPA concentration grouped by genetic markers. Each
dot represents the concentration data of one patient and the median
value in each genotype is shown with a bar. The P values of Kruskal–
Wallis H test are listed at the right of each plot. Extensive metabolizer
(EM) was defined as CYP2C19*1*1 and CYP2B6 -750TT genotype while
poor metabolizer (PM) was defined as CYP2C19*2*2 and CYP2B6 -
750CC genotype. Patients with mixed genotypes at these two loci were
defined as intermediate metabolizers (IM)* P < 0.05 (Dunn’s multiple
comparison tests between two groups).

Genetic markers of cyclophosphamide’s efficacy and side effects
were established and evaluated. To the best of our knowl-
edge, this is the first research to study the effect of PXR
genetic polymorphisms on CPA pharmacokinetics and side
effects. Until now, no relevant research has been done in
other ethnic groups. Moreover, it is also the first
pharmacogenomic study of CPA in Chinese SLE patients.

Our previous studies revealed that CYP2B6, CYP2C19,
GST and PXR genes were polymorphic in healthy Han
Chinese, and the prevalence of these polymorphisms
was different from other ethnic groups [19, 20, 23, 33, 41].
Therefore, for Chinese patients, the genetic factors that
cause varied response to CPA might differ from other
ethnic groups. The prevalence of SLE in Chinese is much
higher than that in Caucasians [42] Thus it is very impor-
tant to investigate the genetic factors causing CPA
response variation and to explore a plausible individual-
ized CPA medication. In this study, we confirmed the im-
pact of both CYP2C19 and CYP2B6 polymorphisms on
CPA 4-hydroxylation, short term outcomes and side ef-
fects. The multiregression analysis revealed the contribu-
tion of each genotype to the variation of 4-OH-CPA
concentration (Table 3). We have investigated six SNPs
of CYP2B6, three of them located in the coding region
(exon), and the others located in the non-coding region
(5′-flanking region or intron). In contrast to most previous
studies [16, 43], SNPs located in the coding region have
not been found to be related to the inter-individual varia-
tion in CPA 4-hydroxylation. However, SNPs located in the
5′-flanking (promoter) region or intron showed significant
association with decreased CPA 4-hydroxylation. This
finding is in accordance with a Japanese study carried
out in cancer patients [15]. In Caucasians, the frequencies
of CYP2B6 -2320 T > C and CYP2B6 -750 T > C have been
reported to be 30.0 and 56.6%, respectively [44]. These
frequencies in Japanese were reported as 51.9 and
68.4%, respectively [15]. This is the first report on the fre-
quency of – 2320 T > C and – 750 T > C (62.4 and 56.0%,
respectively) in Chinese participants.

Most previous pharmacogenomic studies on CPA
only considered the effects of single allele, while an
in vitro-in vivo approach conducted with 16 LN patients
revealed that combined genotypes, instead of a single al-
lele, were more accurate in predicting CPA intrinsic clear-
ance [18]. Our study with a larger sample size assessed
the combined impact of genotypes. Among the
genotypes under investigation, CYP2C19*2 and CYP2B6
-750 T > C showed the highest correlation with 4-OH-
CPA concentration (r2 = 0.236 and 0.215, respectively).
Three other genotypes, including CYP2B6 15582C > T,
CYP2B6 -2320 T > C and PXR 66034 T > C, were excluded
from further analysis due to their relatively minor correla-
tion with 4-OH-CPA concentration (r2 = 4.4%, 5.9%, 3.7%,
respectively). The combination genetic marker of
CYP2C19*2 and CYP2B6 -750 T > C was significantly asso-
ciated with 4-OH-CPA plasma concentration, short term
outcomes and side effects.

We found in this study that PXR 66034 T > C was
responsible for 3.7% of the inter-individual variation of
4-OH-CPA plasma concentration (Table 3). This contribu-
tion was minor but significant. It is well known that dra-
matic variation in CYP3A4 activity and expression has
been observed in Chinese, but the genetic polymor-
phisms of CYP3A4 are rare in Chinese. The most common
CYP3A4 alleles in the Chinese population are *1 (wild-
type), *5, *6, *18 and *21 with frequency of 97%, 0.5%,
1%, 1% and 0.5%, respectively [22]. Therefore, genetic
polymorphism of CYP3A4 is unlikely to be a major cause
of CYP3A4 inter-individual variation in CPA metabolism
and outcome in Chinese. Recent studies indicated that
PXR plays an important role in CYP3A4 regulation and
change of PXR function could affect CYP3A4 expression
Br J Clin Pharmacol / 81:2 / 335



Table 6
Kaplan–Meier estimates of response rate to primary and secondary end points in patients (n = 116)

End point Group n Median response time (weeks) 95% CI P value

Primary PM 10 23.3 21.5, 24.9

IM 92 18.3 17.0, 19.7 0.026

EM 14 13.2 9.3, 17.1

Secondary PM 10 18.5 16.8, 22.3

IM 92 12.7 11.3, 14.1 0.006

EM 14 8.6 5.3, 11.9

The primary end point was complete remission after 6 months of treatment. Secondary end points included response (defined as partial remission), changes in clinical parameters
(including proteinuria, serum albumin, serum creatinine and serum C3 values), and adverse effects (including leukopenia, infections, GI symptoms, amenorrhoea, hair loss, liver
function disorder, transient increase in serum creatinine level, etc).

Table 5
The risks of side effects between different genetic marker groups by logistic regression analysis (n = 189)

Side effect Variable Beta-standardized coefficients P value OR

95% CI

Lower Upper

Leukocytopenia PM vs. IM �0.214 0.788 0.808 0.171 3.826

EM vs. IM 2.020 <0.0001 7.538 2.951 19.256

Infection PM vs. IM �19.929 0.999 0 0 0

EM vs. IM 0.646 0.179 1.907 0.744 4.886

GI toxicity PM vs. IM �19.265 0.999 0 0 0

EM vs. IM 2.025 <0.0001 7.579 2.934 19.578

EM, extensive metabolizer, patients with CYP2C19*1*1 and CYP2B6 -750TT; IM, intermediate metabolizer, patients with any other combination of these genotypes other than
EM and PM; PM, poor metabolizer, patients with CYP2C19*2*2 and CYP2B6 -750CC.
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[45]. Our previous study in healthy Chinese indicated
that the PXR gene had different polymorphic characteris-
tics from other ethnic groups [46]. Furthermore, CPA can
induce CYP2B6 expression, possibly via PXR activation
[47]. Hence the importance of PXR in CYP3A4
and CYP2B6 expression may explain our finding
that PXR 66034 T > C was in part responsible for the
inter-individual variation in 4-OH-CPA concentration,
which had a negative correlation with 4-OH-CPA (partial
r = �0.190, Table 3). This is consistent with other reports
that rifampicin-mediated induction in CYP3A4 activity
was higher in the PXR 66034TT genotype (wild type) than
in the CC genotype [45].

In the current study, the protocol of CPA treatment in-
cluded 1 month induction therapy (200 mg every other
day) and 6 months maintenance therapy (200–600 mg
week–1). Plasma concentrations of 4-OH-CPA and toxicity
were investigated in the induction period, while short
term efficacy was observed in the maintenance period.
As compared with pulse therapy of CPA, the current pro-
tocol reduced the incidence of side effects. The occur-
rence rates for leukocytopenia, infection and GI toxicity
were 21.9%, 21.4% and 16.1%, respectively, in the current
studied cohort. In our previous study, the incidence of
336 / 81:2 / Br J Clin Pharmacol
these side effects in SLE patients treated with pulse
CPA were 40.2%, 15.7% and 31.4% for leukocytopenia, in-
fection and GI toxicity, respectively [3]. As LN is the major
pathological type of SLE that results in a suitable sample
size and excludes confounding clinical observations from
other pathological types, patients diagnosed with LN
were selected to continue maintenance therapy and ob-
served for short term efficacy.

CPA is prescribed for various indications, such as
cancer and auto-immune disease. In the current study, we
only focused on the subjects with SLE. CPA is commonly
prescribed with other anti-cancer agents and shares
similar side effects with other co-medications, such as
leukocytopenia, GI toxicity, hair loss, mucositis, etc. How-
ever, co-administration of other immunosuppressants in
SLE treatment is not common. Moreover, common co-
medication in SLE treatment, such as glucocorticoids,
hydroxychloroquine and NSAIDs, neither interferes with
CPA pharmacokinetically nor shares side effects. There-
fore, our study may be less affected by such confounding
factors and can reflect the effect of CPA metabolizing
enzymes more accurately.

Besides the CPA short term efficacy and side effects
such as leukocytopenia and GI toxicity, the long term



Figure 3
Kaplan–Meier estimates of response rate in different patients. (A) Primary end point patients. (B) Secondary end point of patients. The primary end point
was complete remission after 6 months of treatment. Secondary end points included response (defined as partial remission), changes in clinical param-
eters (including proteinuria, serum albumin, serum creatinine, and serum C3 values), and adverse effects (including leukopenia, infections, gastrointes-
tinal symptoms, amenorrhea, hair loss, liver function disorder, transient increase in serum creatinine level, etc)

Genetic markers of cyclophosphamide’s efficacy and side effects
therapeutic response and toxicities might also be related
to genotypes. The long term therapeutic response to the
CPA treatment of SLE patients and side effects including
reproductive toxicity will be the focus of our continuing
observations in this cohort of patients.

Here we demonstrated the correlation of some CYP
genotypes and CPA clinical efficacy and side effects.
However it is necessary to test the activity of the en-
zymes involved in CPA metabolism in future studies to
support further our conclusion.

In conclusion, our observation in Chinese patients
with SLE indicated that the combination genetic marker
of CYP2C19*2 and CYP2B6 -750 T > C genotypes was as-
sociated with 4-OH-CPA plasma concentration, short
term efficacy and adverse reactions of CPA. The gene–
dose effect of CPA 4-hydroxylation observed in Chinese
subjects is likely to have further pharmacogenetic impli-
cation when treating different ethnic groups, as the
prevalence of EMs/IMs/PMs differs in different popula-
tions. The presence of increased function alleles
(CYP2C19*1*1 and CYP2B6 -750TT) tended to result in
higher 4-OH-CPA concentration, better short term out-
comes and higher risks of leukocytopenia and GI toxicity.
As such, we suggest that testing for the genotypes of
CYP2C19*2 and CYP2B6 -750 T > C in Chinese patients
might have a big potential of improving CPA dosing
strategy in clinical practice.
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Table S1
The primers, amplicons and restriction enzymes of PCR-RFLP.
Figure S1
Box plots of cyclophosphamide (CPA) plasma concentration
at 20 h after the 4th injection in Chinese SLE patients with dif-
ferent genotypes. The median value in each genotype is
shown with a bar. The P values of Kruskal–Wallis H test are
listed at the right of each plot. * P <0.05 (Dunn’s multiple
comparison tests between two groups).
Figure S2
Box plots of 4-hydroxycyclophosphamide (4-OH-CPA)
plasma concentration at 20 h after the 4th injection in
Chinese SLE patients with different genotypes. The median
value in each genotype is shown with a bar. The P values
of Kruskal–Wallis H test are listed at the right of each plot.
* P <0.05 (Dunn’s multiple comparison tests between two
groups).


