
Abstract. – BACKGROUND AND AIM: Probe
drugs have been widely used to assess the ac-
tivities of various CYP450 (cytochromes P450)
isoenzymes in many fields of drug metabolism
and pharmacogenetics. The nephrotic syndrome
characterized by massive proteinuria and hy-
poproteinemia, whether that would influence the
pharmacokinetics of probe drugs or not is still
unclear. The purpose of the study was to investi-
gate the pharmacokinetic of four probe drugs in
adriamycin (ADR)-induced nephropathy rat.

MATERIALS AND METHODS: The rats were
randomly divided into Control-group (n = 10) and
ADR-group (n = 10). Nephrotic syndrome was es-
tablished by weekly injections of ADR for 2 weeks.
After dynamic monitoring of 24-h total urinary pro-
tein for 4 weeks, we confirmed that nephrotic syn-
drome had developed. The rats were administered
intragastrically with phenacetin, tolbutamide,
omeprazole and bupropion (15, 5, 15, and 15
mg/kg, respectively). The blood samples were de-
termined by LC-MS (Liquid Chromatography-Mass
Spectrometry) method.

RESULTS: The pharmacokinetics parameter of
tolbutamide in ADR-group and Control-group were
AUC(0-t) 15.371 ± 4.107, 6.901 ± 5.738 (mg/L*h),
MRT(0-t) 8.751 ± 0.754, 6.032 ± 0.63 (h), t1/2 3.88 ±
0.423, 3.602 ± 0.693 (h), Tmax 6.2 ± 3.768, 1.95 ±
0.798 (h), CL/F 0.038 ± 0.005, 0.107 ± 0.037
(L/h/kg), V/F 0.212 ± 0.043, 0.567 ± 0.258 (L/kg),
Cmax 1.853 ± 0.384, 1.422 ± 1.312 (mg/L).There was
statistical difference in AUC, MRT, CL, V and Tmax
of tolbutamide between two groups (p < 0.05), but
no pharmacokinetics difference for phenacetin,
bupropion and omeprazole.

CONCLUSIONS: The pharmacokinetics of tolbu-
tamide was changed in ADR-induced nephropathy
rat. It is not suitable for tolbutamide to evaluate the
activity of CYP450 in nephrotic syndrome.
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Pharmacokinetics, Probe drug, CYP450, Nephrotic syn-

drome, Rat.
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t½ = Elimination half life;
Tmax = Peak time;
CL/F = Apparent total clearance of the drug from
plasma after oral administration;
V/F = Apparent volume of distribution after non-intra-
venous administration;
Cmax = Maximum (peak) plasma drug concentration;
CL = Apparent total body clearance of the drug from
plasma;
V = Volume distribution;
V2 = Apparent volume of distribution during terminal
phase.

Introduction

Cytochromes P450 (CYPs) belong to the su-
perfamily of proteins containing a heme cofactor.
They are a large and diverse group of enzymes
that metabolize thousands of endogenous and ex-
ogenous chemicals. The most common reaction
catalyzed by CYP is a monooxygenase reaction,
it plays an important role in Phase I metabolism.
Among the CYP isoforms, families 1 through 4
are the major enzymes involved in drug metabo-
lism, accounting for about 75% of the total num-
ber of different metabolic reactions1. More than
90%-marketed drugs are metabolized by the
CYP1A2, 2D6, 2C9, 2C19 and 3A isoforms2.
The expression of CYP enzymes can be influ-

enced by liver disease, for instance, the expres-
sion of CYP 1A2, 2E1 and 3A isoenzymes was
decreased in cirrhotic patients3,4. Genetic deter-
minants, dietary components, environmental fac-
tors, and medications can also induce or inhibit
enzyme activity5. Therefore, there is a wide de-
gree of inter-individual variability, resulting in
large differences among the population in the
rate and extent of drug metabolism6.
In order to assess various individual cy-

tochrome P450 (CYP) activities, probe drugs have
been widely used in many clinical investigations
in the field of drug metabolism and pharmacoge-
netics7-9. Probe drug is one kind of compounds
specially catalyzed by CYP isoforms, and the ac-
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Determination Method of Probe Drugs

Instrumentation and Analytical
Conditions
Agilent 1200 Series liquid chromatograph

equipped with a quaternary pump, a degasser, an
autosampler, a thermostatted column compart-
ment (Agilent Technologies, Santa Clara, CA,
USA), and a Bruker Esquire HCT mass spec-
trometer (Bruker Technologies, Bremen, Ger-
many) equipped with an electrospray ion source.
Chromatographic separation was achieved on a

150 mm x 2.1 mm, 5 µm particle, Agilent Zorbax
SB-C18 column at 30 °C. A gradient elution pro-
gramme was conducted with mobile phase A (0.1%
formic acid in water) and mobile phase B (acetoni-
trile) as follows: 0-3.0 min (10-85% B), 3.0-7.0 min
(85-85% B), 7.0-8.0 min (85-10% B), 8.0-11.0 min
(10-10% B). The flow rate was 0.4 mL/min.
The determination of target ions were per-

formed in SIM (selected in monitoring) mode
(m/z 180 for phenacetin, m/z 271 for tolbu-
tamide, m/z 346 for omeprazole, m/z 240 for
bupropion and m/z 237 for IS) and positive ion
electrospray ionization interface (ESI). Drying
gas flow was set to 7 L/min and temperature to
350 °C. Nebuliser pressure and capillary voltage
of the system were adjusted to 25 psi and 3,500
V, respectively. Figure 1 showed LC-MS chro-
matograms and mass spectra of the probe drugs.

Sample Preparation
An aliquot of 10 µL of the internal standard

(IS) working solution (1.0 µg/mL) was added in-
to a 1.5 mL centrifuge tube containing 0.1 mL
plasma sample, then followed by the addition of
0.2 mL of acetonitrile. After the tube was vortex-
mixed for 1.0 min, the sample was centrifuged at
15000 rmp for 10 min. The supernatant (10 µL)
was injected into the LC-MS system for analysis.

Method Validation
Linearity of each probe drugs were construct-

ed in the range 5-2000 ng/mL for plasma (5, 10,
20, 50, 100, 200, 500, 1000, and 2000 ng/mL) by
plotting the ratios of the peak area vs. concentra-
tions. Three different plasma concentrations (10,
400, and 1600 ng/mL) for quality-control (QC)
samples were prepared by the same way.
The selectivity, accuracy, precision, recovery

and stability was validated according to the liter-
ature for validation of bioanalytical methods20,21.
Validation runs were conducted on three consec-
utive days. Each validation run consisted of one

tivities of CYP isoforms can be reflected by the
metabolic rate of probe drug. As several CYP iso-
forms involved in drug metabolism, the cocktail
approach was developed. That is concurrent ad-
ministration of multiple probe drugs in which
multiple CYP enzymes can be tested at once. So
far, several cocktail approachs have been estab-
lished, such as the ‘Pittsburgh cocktail’10,11, the
‘GW cocktail’12, the ‘Cooperstown cocktail’13,14

and the ‘Karolinska cocktail’15,16. These cocktail
approachs contribute to the comprehensive analy-
ses of metabolic pathways, and have successfully
used to characterize the effects of liver disease on
multiple CYP enzymes in human.
Serum albumin is the most abundant protein in

circulatory system; it plays an important role in
the transport and deposition of many drugs in
blood. The nephrotic syndrome is one of the most
common clinical disease characterized by mas-
sive proteinuria, hypoproteinemia, hyperlipidemia
and edema17. Whether this kind of hypoproteine-
mia would influence the pharmacokinetics of
probe drugs, and whether it would have clinical
significance to evaluated the activities of CYP by
probe drugs in hypoproteinemia are still unclear.
So far, few studies have focused on the metabolic
abilities of patient with nephrotic syndrome when
its serum albumin is lower than normal level.
Thus, the aim of this study was to investigate the
pharmacokinetics of probe drugs in renal dis-
eases. As adriamycin (ADR)-induced nephropa-
thy rat is a widely used nephropathic model, its
glomerular sclerosis and tubulointerstitial damage
are similar to humans18,19. This investigation was
conducted at ADR-induced nephropathy rat.

Materials and Methods

Animals and Chemicals
Adriamycin were obtained from Hisun Pharma-

ceutical Co Ltd (Zhejiang, China). Phenacetin,
tolbutamide, omeprazole, bupropion (all > 98 %)
and the internal standard carbamazepine (IS) were
purchased from Sigma-Aldrich Company (St.
Louis, MO, USA).
A total of 20 male Sprague-Dawley (SD) rats

weighing 228 ± 17 g were obtained from Wen-
zhou Medical College Laboratory Animal Center
(Wenzhou, China). All experimental procedures
were conducted according to the Institutional An-
imal Care guidelines and approved ethically by
the Administration Committee of Experimental
Animals, Zhejiang Province, China.
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Figure 1. LC-MS chromatograms and mass spectra of phenacetin A, omeprazole B, bupropion C, tolbutamide D, and IS E, in
SIM mode with ESI (+) source.
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thene tubes at 0.08333, 0.25, 0.5, 0.75, 1, 2, 3, 4,
6, 8, 10, 20, 32, and 44 h.
The samples were immediately centrifuged at

5000 rmp for 5 min. The plasma obtained (100
µL) was stored at –20 °C until analysis. Plasma
concentration versus time data for each rat was
analyzed by DAS software (Version 2.0, Wen-
zhou Medical College, China).

Statistical Analysis
A one-way repeated measures analysis of vari-

ance was used to analyze the changes in the ex-
cretion of 24-h urinary protein. Pharmacokinetic
parameters were expressed as means ± SD and
ANOVA with a post hoc test (differences be-
tween groups) were used. Statistical analyses
were performed using SPSS statistical software,
version 15.0 (SPSS Inc., Chicago, IL, USA).

Results

Method Development
The typical chromatograms of blank plasma sam-

ple spiked with phenacetin, tolbutamide, omepra-
zole, bupropion, and blank plasma were shown in
Figure 1. No interfering endogenous substances
were observed at the retention times of the analytes.
The linearity of the probe drugs peak area ver-

sus the theoretical concentration was verified in
plasma by using a 1/x weighted linear regression
for all the probe drugs. Coefficient of determina-
tion (r 2) was > 0.99 for all the compounds in
plasma. The calibration parameters for each
probe drugs in plasma were shown in Table I.
Precision of the method was determined by

calculating RSD (relative standard deviation) for
QCs at three concentration levels (Table II). The
RSD of intra-day and inter-day precision were
both less than 15% at each QC level. The accura-
cy of the method was ranged from 87.40 to
114.07 % at each QC level. Extraction recoveries
of analytes were between 82.84 and 99.34%. The

set of calibration standards and six replicates of
QC plasma samples.

Established ADR-induced Nephropathy Rat
20 healthy male rats were randomly divided into

two groups: (1) the normal control group (Control-
group, n = 10), intravenously injected an equal vol-
ume of normal saline through the caudal vein; (2)
the ADR control group (ADR-group, n = 10), in-
travenously injected 4 mg/kg of ADR through the
caudal vein at first week, 3.5 mg/kg of ADR at sec-
ond week; animals of both groups drank tap water
throughout the experiment. During the treatment
period, body weights of the rats were measured
every week, and the doses of ADR were adjusted
according to the change in body weight.
Two weeks later, after administration of ADR,

the rats were placed in metabolism coops and the
24-h urine were collected at every week until
ADR-induced nephropathy rats were established.
The concentration of 24-h total urinary protein was
measured by Cobas Integra 400 Chemistry Analyz-
er (F. Hoffmann-La Roche, Basel, Switzerland).
When pharmacokinetic study of probe drugs was

finished the rats were anesthetized by 10% chloral
hydrate (3 mL/kg), and 5 mL of arterial blood was
collected into tubes containing heparin from ab-
dominal aorta. The samples were immediately cen-
trifuged at 3000 rpm within 10 min. The plasma
was separated and stored at –80 °C until further
analysis. The biochemical parameters of hepatic
and renal functions were measured by Hitachi 7180
Automatic Biochemical Analyzer (Hitachi High-
Tech Science Systems Corporation, Tokyo, Japan).

Pharmacokinetic study of Probe Drugs
At 6 week, after the nephrotic syndrome were

successfully induced, all rats of both two groups
were administered intragastrically with
phenacetin, tolbutamide, omeprazole and bupro-
pion (15, 5, 15, and 15 mg/kg, respectively).
Then, the blood samples (0.3 mL) were collected
from the tail vein into heparinized 1.5 mL poly-
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Probe Drugs Linear rane Regression Equation R2 (ng/mL)

Bupropion 5-2000 ng/mL y = (0.013375 ± 0.002689)c + (0.073925 ± 0.029046) 0.9906 ± 0.0114
Omeprazole 5-2000 ng/mL y = (0.00395 ± 0.000569)c + (0.06663 ± 0.028635) 0.9980 ± 0.0018
Phenacetin 5-2000 ng/mL y = (0.00335 ± 0.000342)c + (0.027775 ± 0.016827) 0.9978 ± 0.0014
Tolbutamide 5-2000 ng/mL y = (0.0035 ± 0.000432)c + (0.11405 ± 0.179651) 0.9962 ± 0.0026

Table I. Regression equation, correlation coefficient for probe drugs (Mean ± SD, n = 3) (y = peak area ratio of probe drugs
versus IS; c = concentration of probe drugs).
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The biochemical parameters of hepatic and
renal functions are shown in Table IV. There are
no significantly difference in alanine amino-
transferase (ALT), aspartate aminotransferase
(AST), high density lipoprotein (HDL), low
density lipoprotein (LDL), serum creatinine
(sCr) and blood urea nitrogen (BUN). The
serum albumin (ALB) was significantly de-
creased in ADR-group compared with that in
Control-group (p < 0.05). Total Cholesterol
(TC) and Glycerin (TG) were increased in ADR
group; however, there no statistically difference
between two groups.

Pharmacokinetics of Probe Drugs
The phenacetin, tolbutamide, omeprazole and

bupropion concentration vs. time profiles of rats
were presented in Figure 2. The pharmacokinetic
parameters were given in Tables V, VI. The phar-

RSD of the mean test responses was within 10%
in all stability tests. The results showed that all
the phenacetin, tolbutamide, omeprazole and
bupropion spiked into rat plasma were stable for
2 h at room temperature, for 30 days at –20 °C.
Therefore, the method was accurate and precise
and can be applied to pharmacokinetic study.

Established ADR-induced
Nephropathy Rat
Excretion of 24-h urinary protein at week 3, 4,

5, and 6 was increased significantly in the ADR-
group as compared with that in the Control-
group (Table III). All the data were meet Spheri-
cally Symmetric Test (p = 0.081), and repeated
measures analysis of variance was used to ana-
lyze the relationship between two groups (p <
0.01). The results indicated that ADR-induced
nephropathy rat was successfully established.

Concentration Intra-day Inter-day
Probe drugs (ng/mL) precision precision Recovery (%)

Bupropion 10 10.76 ± 0.58 10.98 ± 0.49 84.34 ± 3.21
400 405.31 ± 14.81 400.73 ± 35.99 80.65 ± 3.12
1600 1658.51 ± 95.88 1646.45 ± 88.12 99.01 ± 3.01

Omeprazole 10 10.43 ± 1.01 11.09 ± 0.56 89.87 ± 9.02
400 380.26 ± 25.52 385.59 ± 15.15 90.42 ± 2.89
1600 1506.25 ± 100.84 1585.28 ± 100.24 99.34 ± 0.03

Phenacetin 10 11.16 ± 0.85 11.26 ± 1.02 93.23 ± 3.33
400 405.09 ± 11.28 415.09 ± 20.81 85.13 ± 2.08
1600 1632.29 ± 92.69 1638.64 ± 108.39 93.67 ± 1.02

Tolbutamide 10 10.17 ± 0.76 10.32 ± 0.44 85.95 ± 3.84
400 420.62 ± 24.51 430.99 ± 15.42 82.84 ± 7.56
1600 1658.51 ± 91.88 1608.54 ± 106.58 83.74 ± 1.12

Table II. Precision and recovery of probe drugs in rat plasma (Mean ± SD, n = 5).

week 3 week 4 week 5 week 6

Control-group 6.4653 ± 1.5809 6.7138 ± 4.5945 7.3338 ± 2.6537 6.8648 ± 3.0254
ADR-group 6.2623 ± 4.4980 13.3270 ± 5.9654 18.1777 ± 4.5554 29.4345 ± 8.7736

Table III. 24-hour urinary protein excretion of two groups (mean ± SD), Control-group n = 10; ADR-group n = 8.

ALT AST ALB RUN sCr TC TG HDL LDL
(U/L) (g/L) (mmol/L) (µmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L)

Control-group 58.00 ± 12.33 16.28 ± 2.71 26.38 ± 5.94 10.93 ± 7.28 5.80 ± 3.70 2.15 ± 1.37 0.70 ± 0.44 1.31 ± 0.88 0.29 ± 0.11
ADR-group 51.86 ± 10.99 11.57 ± 3.43 15.75 ± 5.89* 8.82 ± 4.78 11.14 ± 5.15 5.06 ± 2.27 2.47 ± 1.23* 2.17 ± 0.97 0.67 ± 0.49

Table IV. Biochemical parameters in two groups (mean ± SD), Control-group n =10; ADR-group n = 8.

*p < 0.05; ADR-group vs. Control-groups.
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macokinetic parameters were computed by Drug
and Statistics Software (DAS) 2.0. The pharma-
cokinetic profiles of phenacetin, tolbutamide,
omeprazole and bupropion were best described
by an open two compartment model.

Discussion

In order to determine four probe drugs in rat
plasma, a sensitive, simple and reliable LC-MS
method must be developed. As identify the opti-
mal mobile phase is important for achieving
good chromatographic behavior, various combi-
nations of acetonitrile, methanol and water with
changed content of each component were investi-
gated. Finally, acetonitrile was chosen as the or-
ganic solvent and gradient elution was adopted
because of its suitable sharper peak shape. As for
pretreatment of rat plasma samples, acetonitrile
was proved to be the best precipitation reagent
when compared with methanol and 10%
trichloroacetic acid in water (w/v). It was rapid
and had a high recovery.

Subsequently, ADR-induced nephropathy rat
must be established. After two different dose of
ADR were injected for two consecutive weeks, the
parameters of serum albumin, total triglyceride and
24-h urinary protein excretion were dramatically
changed in ADR-group compared with that in Con-
trol-group (p < 0.05). Therefore, ADR successfully
induced a severe nephrotic syndrome with massive
albuminuria, proteinuria, hyperlipidemia, the ADR-
induced nephropathy rat model was established.
After that, the pharmacokinetics of phenacetin,

tolbutamide, omeprazole and bupropion in adri-
amycin-induced nephropathy rat was conducted
based on the LC-MS method and rat renal model.
The pharmacokinetic results indicated the AUC,
MRT, Tmax, t1/2, CL, Cmax of three probe bupropi-
on, omeprazole and phenacetin were not de-
creased or increased when the appearance of ne-
propathy in the rat. However, there was statistical
difference in pharmacokinetics of tolbutamide
between two groups, The results of pharmacoki-
netics showed that AUC, MRT and Tmax in-
creased, CL and Vz decreased in ADR-group
compared with Control-group.
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Bupropion Omeprazole
Parameters ADR-group Control-group ADR-group Control-group

AUC(0-t) mg/L*h 2.049 ± 2.132 2.303 ± 2.456 0.876 ± 0.281 0.935 ± 0.453
AUC(0-∞) mg/L*h 2.105 ± 2.109 2.715 ± 2.454 1.169 ± 0.444 1.009 ± 0.517
MRT(0-t) h 2.545 ± 0.734 2.772 ± 0.536 2.661 ± 0.541 2.39 ± 0.483
MRT(0-∞) h 2.976 ± 1.064 2.81 ± 0.518 6.01 ± 3.365 3.622 ± 1.158
t1/2z h 2.198 ± 1.056 1.151 ± 0.319 5.263 ± 3.43 3.904 ± 2.268
Tmax h 0.75 ± 0.25 1.2 ± 1.037 0.5 ± 0 0.6 ± 0.224
CLz/F L/h/kg 11.449 ± 6.111 5.633 ± 4.001 14.581 ± 5.96 8.602 ± 2.911
Vz/F L/kg 38.279 ± 20.364 10.103 ± 7.875 121.459 ± 104.906 43.71 ± 24.814
Cmax mg/L 0.686 ± 0.494 1.211 ± 0.634 0.763 ± 0.271 1.015 ± 0.396

Table V. Pharmacokinetic parameters of Bupropion and Omeprazole (mean ± SD), Control-group n =10; ADR-group n = 8.

Phenacetin Tolbutamide
Parameters ADR-group Control-group ADR-group Control-group

AUC(0-t) mg/L*h 2.919 ± 0.739 3.516 ± 2.473 15.371 ± 4.107* 6.901 ± 5.738
AUC(0-∞) mg/L*h 2.922 ± 0.740 3.523 ± 2.473 15.462 ± 4.081* 6.919 ± 5.739
MRT(0-t) h 1.181 ± 0.217 1.416 ± 0.416 8.751 ± 0.754* 6.032 ± 0.63
MRT(0-∞) h 1.187 ± 0.215 1.438 ± 0.396 8.78 ± 0.746* 6.049 ± 0.645
t1/2z h 0.56 ± 0.064 0.66 ± 0.195 3.88 ± 0.423 3.602 ± 0.693
Tmax h 0.6 ± 0.137 0.65 ± 0.224 6.2 ± 3.768* 1.95 ± 0.798
CLz/F L/h/kg 5.528 ± 1.975 8.274 ± 7.533 0.038 ± 0.005* 0.107 ± 0.037
Vz/F L/kg 4.529 ± 1.889 9.335 ± 10.339 0.212 ± 0.043* 0.567 ± 0.258
Cmax mg/L 1.686 ± 0.587 1.332 ± 0.947 1.853 ± 0.384 1.422 ± 1.312

Table VI. Pharmacokinetic parameters of Phenacetin and Tolbutamide (mean ± SD), Control-group n = 10; ADR-group n = 8

*p < 0.05, ADR-group vs. Control-groups



CYP450 are the major enzymes involved in
drug metabolism, accounting for about 75% of
the total number of different metabolic reactions,
they plays an important role in metabolism of
probe drugs. Tolbutamide is known to bind high-
ly to serum proteins, and undergo a single path-
way of primary metabolism catalyzed by
CYP2C11 in rats22. This conversion of phenytoin
(PHT) to p-hydroxy phenytoin is cytochrome
P450 (P450)-dependent. Albumin presence in the
incubation system may effect the tertiary and
quater quaternary structure of the P450 system,

resulting in an altered affinity to a substrate23.
Kidney is the major excretory organs, its function
is one of the determinant of the pharmacokinetics
of drugs. Probe drugs are excreted through the
kidney after metabolized by liver CYP450. De-
creased glomerular filtration rate (GFR) can pro-
long probe drugs duration in vivo and change
their pharmacokinetic characteristics.
Since there are no differences in t1/2 (ADR-

group vs Control-group, 3.88±0.423 vs 3.602 ±
0.693), the results presented herein indicated that
serum albumin at low concentrations (15.75 ±
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Figure 2. The pharmacokinetics profiles of bupropion A, omeprazole B, phenacetin C, and tolbutamide D.
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5.89 g/L) may decreased the conversion of TLB
(tolbutamide) in liver microsome. Low serum al-
bumin also decreased the distribution of TLB in
vivo because of its highly binding rate (88-99%)
with protein24.

Conclusions

Based on the results described above, it is con-
cluded that the pharmacokinetics of probe drugs
tolbutamide was changed when serum albumin is
less than normal. It is not suitable for tolbutamide
to evaluate the activity of CYP450 in adriamycin-
induced nephropathy rat. However, more data are
required to investigate the interaction of low serum
protein with probe drugs and various enzymes.

––––––––––––––––––––
Acknowledgements
This work was supported by fund of the Key Academic Sub-
ject (Clinical Chinese Pharmacy) of the Twelfth-Five Year
Program of State Administration of Traditional Chinese
Medicine, the key construction academic subject (medical
innovation) of Zhejiang Province (11-CX26), Wenzhou Mu-
nicipal Health and Medicine Scientific Research Projects
(2011A024).

–––––––––––––––––––-––––
Conflict of Interest
The Authors declare that they have no conflict of interests.

References

1) FURGE LL, GUENGERICH FP. Cytochrome P450 en-
zymes in drug metabolism and chemical toxicolo-
gy: An introduction. Biochem Mol Biol Educ 2006;
34: 66-74.

2) OH KS, PARK SJ, SHINDE DD, SHIN JG, KIM DH. High-
sensitivity liquid chromatography-tandem mass
spectrometry for the simultaneous determination
of five drugs and their cytochrome P450-specific
probe metabolites in human plasma. J Chro-
matogr B Analyt Technol Biomed Life Sci 2012;
895-896: 56-64.

3) TANG H, MIN G, GE B, LI Y, LIU X, JIANG S. Evalua-
tion of protective effects of Chi-Zhi-Huang decoc-
tion on Phase I drug metabolism of liver injured
rats by cocktail probe drugs. J Ethnopharmacol
2008; 117: 420-426.

4) KAWASE A, YOSHIDA I, TSUNOKUNI Y, IWAKI M. De-
creased PXR and CAR inhibit transporter and
CYP mRNA Levels in the liver and intestine of
mice with collagen-induced arthritis. Xenobiotica
2007; 37: 366-3674.

5) ZHU B. Assessment of cytochrome P450 activity
by a five-drug cocktail approach. Clin Pharmacol
Ther 2001; 70: 455-461.

6) STEWART NA, BUCH SC, CONRADS TP, BRANCH RA. A
UPLC-MS/MS assay of the “Pittsburgh cocktail“:
six CYP probe-drug/metabolites from human
plasma and urine using stable isotope dilution.
Analyst 2011; 136: 605-612.

7) TURPAULT S, BRIAN W, VAN HORN R, SANTONI A,
POITIERS F, DONAZZOLO Y, BOULENC X. Pharmacoki-
netic assessment of a five-probe cocktail for
CYPs 1A2, 2C9, 2C19, 2D6 and 3A. Br J Clin
Pharmacol 2009; 68: 928-935.

8) YIN OQ, LAM SS, LO CM, CHOW MS. Rapid deter-
mination of five probe drugs and their metabo-
lites in human plasma and urine by liquid chro-
matography/tandem mass spectrometry: appli-
cation to cytochrome P450 phenotyping studies.
Rapid Commun Mass Spectrom 2004; 18: 2921-
2933.

9) KOZAKAI K, YAMADA Y, OSHIKATA M, KAWASE T, SUZU-
KI E, HARAMAKI Y, TANIGUCHI H. Reliable high-
throughput method for inhibition assay of 8 cy-
tochrome P450 isoforms using cocktail of probe
substrates and stable isotope-labeled internal
standards. Drug Metab Pharmacokinet 2012;
27: 520-529.

10) FRYE RF, MATZKE GR, ADEDOYIN A, PORTER JA, BRANCH
RA. Validation of the five-drug “Pittsburgh cocktail“
approach for assessment of selective regulation
of drug-metabolizing enzymes. Clin Pharmacol
Ther 1997; 62: 365-376.

11) ZGHEIB NK, FRYE RF, TRACY TS, ROMKES M, BRANCH
RA. Validation of incorporating flurbiprofen into the
Pittsburgh cocktail. Clin Pharmacol Ther 2006; 80:
257-263.

12) SCOTT RJ, PALMER J, LEWIS IA, PLEASANCE S. Determi-
nation of a ‘GW cocktail’ of cytochrome P450
probe substrates and their metabolites in plasma
and urine using automated solid phase extraction
and fast gradient liquid chromatography tandem
mass spectrometry. Rapid Commun Mass Spec-
trom 1999; 13: 2305-2319.

13) SHELEPOVA T, NAFZIGER AN, VICTORY J, KASHUBA AD,
ROWLAND E, ZHANG Y, SELLERS E, KEARNS G, LEEDER JS,
GAEDIGK A, BERTINO JS, JR. Effect of a triphasic oral
contraceptive on drug-metabolizing enzyme activ-
ity as measured by the validated Cooperstown
5+1 cocktail. J Clin Pharmacol 2005; 45: 1413-
1421.

14) GOH BC, REDDY NJ, DANDAMUDI UB, LAUBSCHER KH,
PECKHAM T, HODGE JP, SUTTLE AB, ARUMUGHAM T, XU
Y, XU CF, LAGER J, DAR MM, LEWIS LD. An evalua-
tion of the drug interaction potential of pa-
zopanib, an oral vascular endothelial growth fac-
tor receptor tyrosine kinase inhibitor, using a
modified Cooperstown 5+1 cocktail in patients
with advanced solid tumors. Clin Pharmacol
Ther 2010; 88: 652-659.

15) KANEBRATT KP, DICZFALUSY U, BACKSTROM T, SPARVE E,
BREDBERG E, BOTTIGER Y, ANDERSSON TB, BERTILSSON L.

Z.-b. Chen, A.y. Zhi, F.-y. Lin, D. Li, X.-g. Yu, W.-h. Chen, L.-f. Hu



Cytochrome P450 induction by rifampicin in
healthy subjects: determination using the Karolin-
ska cocktail and the endogenous CYP3A4 marker
4beta-hydroxycholesterol. Clin Pharmacol Ther
2008; 84: 589-594.

16) CHRISTENSEN M, ANDERSSON K, DALEN P, MIRGHANI

RA, MUIRHEAD GJ, NORDMARK A, TYBR ING G,
WAHLBERG A, YASAR U, BERTILSSON L. The Karolins-
ka cocktail for phenotyping of five human cy-
tochrome P450 enzymes. Clin Pharmacol Ther
2003; 73: 517-528.

17) XIA Z, LIU G, GAO Y. A study of gene expression of
cyclophilin in childhood refractory nephrotic syn-
drome and its clinical significance. Nephrology
(Carlton) 2005; 10: 615-618.

18) CHEN ZB, ZHU LH, ZHEN YM, LI D, TANG BS, CHEN
WH, HU LF. Anti-proteinuric effect of sulodexide in
adriamycin-induced nephropathy rats. Lat Am J
Pharm 2012; 31: 963-967.

19) BULUCU F, OKTENLI C, KENAR L, OCAL R, KOC B, INAL V,
YAMANEL L, YAMAN H, SANISOGLU YS, AYDIN A. Effica-
cy of deferoxamine, N-acetylcysteine and seleni-
um treatments in rats with Adriamycin-induced
nephrotic syndrome. J Nephrol 2008; 21: 576-
583.

20) MASUDA Y, KANAYAMA N, MANITA S, OHMORI S, OOIE T.
Development and validation of bioanalytical meth-
ods for Imidafenacin (KRP-197/ONO-8025) and
its metabolites in human plasma by liquid chro-
matography-tandem mass spectrometry. J Chro-
matogr B Analyt Technol Biomed Life Sci 2007;
853: 70-79.

21) BOULANGER B, CHIAP P, DEWE W, CROMMEN J, HUBERT
P. An analysis of the SFSTP guide on validation of
chromatographic bioanalytical methods: progress
and limitations. J Pharm Biomed Anal 2003; 32:
753-765.

22) MATSUNAGA N, NISHIJIMA T, HATTORI K, IIZASA H, YAMAMO-
TO K, KIZU J, TAKANAKA A, MORIKAWA A, NAKASHIMA E.
Application of the PKCYP-test to predict the
amount of in vivo CYP2C11 using tolbutamide as a
probe. Biol Pharm Bull 2001; 24: 1305-1310.

23) TANG C, LIN Y, RODRIGUES AD, LIN JH. Effect of albu-
min on phenytoin and tolbutamide metabolism in
human liver microsomes: an impact more than
protein binding. Drug Metab Dispos 2002; 30:
648-654.

24) AYANOGLU G, UIHLEIN M, GRIGOLEIT HG. A new as-
pect of serum protein binding of tolbutamide. Int J
Clin Pharmacol Ther Toxicol 1986; 24: 65-68.

1447

Pharmacokinetic of four probe drugs in adriamycin-induced nephropathy rat


