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Preface to ”Drug Metabolism/Transport and

Pharmacokinetics”

Clinically important phase I and II metabolizing enzymes, such as the cytochrome P450s

(CYP) and UDP-glucuronosyltransferase (UGT) families, and drug transporters from two major

superfamilies, ATP binding cassette (ABC) and Solute carrier (SLC) transporters, play pivotal

roles in the pharmacokinetics, pharmacogenomics, and the drug–drug interactions of therapeutic

drugs, as well as herbal medicines. Therefore, researchers and regulatory agencies have made

great efforts to understand the underlying mechanisms for the pharmacokinetic determinants,

pharmacogenomic features, and drug–drug interactions of drugs, with a focus on the metabolism

and transport characteristics of drugs and drug candidates. With a trend of polypills with different

mode of action mechanisms and the increased use of medicinal food, the concurrent administration

of therapeutic drugs and herbal drugs can cause serious adverse reactions with substrate drugs

for drug-metabolizing enzymes and transporters by the inhibition or induction of their activities.

Therefore, the prediction and evaluation of the contribution of drug-metabolizing enzymes and

transporters to the pharmacokinetics and drug–drug interaction potential of drugs or drug candidates

are important in clinics and in the drug development process.

This book serves to highlight pharmacokinetics/drug–drug interactions and mechanistic

understanding in relation to drug-metabolizing enzymes and drug transporters.

This book presents a series of drug metabolism and transport mechanisms that govern the

pharmacokinetic features of therapeutic drugs, as well as natural herbal medicines. It also

deals the pharmacokinetic interaction caused by inhibiting or inducing the metabolic or transport

activities under disease states or the coadministration of potential inhibitors. It also deals with

microenvironmental pharmacokinetic profiles as well as population pharmacokinetics, which gives

new insights regarding the pharmacokinetic features with regard to the drug metabolism and

transporters.

Im-Sook Song

Editor
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Abstract: This study investigated the pharmacokinetics of tofacitinib in rats and the effects of first-pass
metabolism on tofacitinib pharmacokinetics. Intravenous administration of 5, 10, 20, and 50 mg/kg
tofacitinib showed that the dose-normalized area under the plasma concentration-time curve from
time zero to infinity (AUC) was significantly higher at 50 mg/kg than at lower doses, a difference
possibly due to saturation of the hepatic metabolism of tofacitinib. Oral administration of 10, 20, 50,
and 100 mg/kg tofacitinib showed that the dose-normalized AUC was significantly higher at 100
mg/kg than at lower doses, a difference possibly due to saturation of the intestinal metabolism of
tofacitinib. Following oral administration of 10 mg/kg tofacitinib, the unabsorbed fraction from the rat
intestine was 3.16% and the bioavailability (F) was 29.1%. The AUC was significantly lower (49.3%)
after intraduodenal, compared to intraportal, administration, but did not differ between intragastric
and intraduodenal administration, suggesting that approximately 46.1% of orally administered
tofacitinib was metabolized through an intestinal first-pass effect. The AUC was also significantly
lower (42%) after intraportal, compared to intravenous, administration, suggesting that the hepatic
first-pass effect on tofacitinib after entering the portal vein was approximately 21.3% of the oral
dose. Taken together, these findings suggest that the low F of tofacitinib is due primarily to intestinal
first-pass metabolism.

Keywords: tofacitinib; dose-dependent pharmacokinetics; hepatic and intestinal first-pass effect; rats

1. Introduction

Tofacitinib (3-[(3R,4R)-4-methyl-3-[methyl-(7H-pyrrolo[2,3-day]pyrimidin-4-l)amino]piperidin-1-
yl]-3-oxopropanenitril, Figure 1) potently and selectively inhibits Janus kinases (JAK) 1 and 3 through
blocking the signal transducer and activator of transcription 1 (STAT1) signaling pathway, thereby
suppressing the production of inflammatory mediators, including interleukins-2, -4, -7, -9, -15 and
-21 [1–3]. These findings led to the use of tofacitinib in the treatment of diseases involving the immune
system and to its approval for the treatment of rheumatoid arthritis, particularly in patients intolerant
to methotrexate therapy [4]. Tofacitinib was also approved by the US Food and Drug Administration in
2018 for the treatment of moderate to severe ulcerative colitis [5], making it the first oral JAK inhibitor
for chronic use in patients with ulcerative colitis [6].

Oral administration of 10 mg tofacitinib to healthy volunteers resulted in an absolute oral
bioavailability (F) of approximately 74% [7]. Pharmacokinetic analysis showed that its volume of
distribution was 87 L, and its terminal half-life was 3.2 h [3,7,8]. Studies found that 40% of oral tofacitinib
bound to plasma proteins [3,8], and that approximately 70% of eliminated tofacitinib was excreted
in urine after being metabolized, with the remaining 30% eliminated unmetabolized through the
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kidneys [3,7,8]. Tofacitinib is metabolized through hepatic oxidation and N-demethylation, primarily
by cytochrome P450 (CYP) 3A4, but also by CYP2C19 and glucuronide conjugation [3]. Although the
dose-dependent pharmacokinetics of tofacitinib have been described in humans [7,8], the mechanisms
underlying its incomplete absorption have not yet been characterized. However, it is difficult to get the
information from clinical settings for evaluating the mechanisms of its incomplete absorption. Instead,
using a rat model has been considered, but the basic pharmacokinetic characteristics of tofacitinib in
rats has not been thoroughly investigated yet.

 

 

Figure 1. Structure of tofacitinib citrate.

The present study assessed the dose-dependent pharmacokinetics of tofacitinib administered
both intravenously and orally in rats by evaluating the total area under the plasma concentration–time
curve from time zero to infinity (AUC). This study also investigated the effects of first-pass hepatic,
gastric, and intestinal metabolism on tofacitinib administered to rats intravenously, intraportally,
intragastrically, and intraduodenally. Furthermore, biliary excretion and tissue distribution of
intravenously administered tofacitinib were evaluated in rats.

2. Materials and Methods

2.1. Chemicals

Tofacitinib citrate and hydrocortisone, the internal standard for high-performance liquid
chromatography (HPLC) analysis, were obtained from Sigma-Aldrich (St. Louis, MO, USA), and ethyl
acetate was from J.T. Baker (Phillipsburg, NJ, USA). Heparin and 0.9% NaCl-injectable solution were
purchased from JW Pharmaceutical Corporation (Seoul, Korea), and β-cyclodextrin was from Wako
(Osaka, Japan). All other chemicals were HPLC grade and were used without further purification.

2.2. Animals

Male Sprague-Dawley rats, aged 7–8 weeks and weighing 240–260 g, were purchased from
OrientBio Korea (Seongnam, Korea), housed individually in a clean room, and maintained at a
temperature of 22 ± 1 ◦C, with 12-h light (07:00–19:00) and 12-h dark (19:00–07:00) cycles at a relative
humidity of 50 ± 5% with air filtration (Laboratory Animal Research Center of Ajou University Medical
Center, Suwon, Korea). The rats had access to food (Purina Korea, Pyeongtaek, Korea) and water
ad libitum. All experimental procedures and protocols were reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC No. 2017-0074, 2018) of the Laboratory Animal Research
Center of Ajou University Medical Center.

2.3. Estimation of the Appropriate Number of Animals

The appropriate number of animals in each group (n) and total number of animals in each
experimental setting (N) were calculated based on the statistics [9]. For statistical analysis, the degree
of freedom should range from 10 to 20. The minimum and maximum number of animals in each group
were calculated as:

Minimum n = 10/k + 1 (1)

Maximum n = 20/k + 1 (2)
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where k is the number of groups in each setting. The minimum and maximum n were rounded up and
down, respectively. The total minimum and maximum N required were minimum n multiplied by k

and maximum n multiplied by k, respectively.

2.4. Intravenus and Oral Administration of Tofacitinib

The pretreatment and surgical procedures for oral and intravenous administration were similar
to those described previously [10,11]. For oral administration, the rats were fasted overnight with
free access to water. The rats were anesthetized with ketamine (200 mg/kg), and their carotid arteries
were cannulated using polyethylene tubing (Clay Adams, Parsippany, NJ, USA) for blood sampling.
For intravenous administration, the rats were anesthetized with ketamine (200 mg/kg), and their jugular
veins and carotid arteries were cannulated for drug administration and blood sampling, respectively.
Rats were allowed to recover for 4–5 h after surgical procedures. The rats were not restrained during
the experimental period and had free access to water and food.

For intravenous administration, tofacitinib, dissolved in 0.9% NaCl-injectable solution containing
0.5% β-cyclodextrin, was injected via the jugular vein for 1 min at doses of 5 (n = 9), 10 (n = 8),
20 (n = 7), and 50 (n = 7) mg/kg. Blood samples (110–220 µL) were collected via the carotid artery at
times 0 (prior to drug administration), 1 (at the end of drug infusion), 5, 15, 30, 45, 60, 90, 120, 180, 240,
360, 480, and 600 min. The total amount of blood collected from each rat did not exceed 10% of the
total blood volume during the entire experimental period so as not to alter the pharmacokinetics and
physiological functions. These blood samples were immediately centrifuged at 8000× g for 10 min,
and plasma was collected and stored at −80 ◦C until HPLC analysis of tofacitinib [12]. To prevent blood
clotting, 0.3 mL of heparinized 0.9% NaCl-injectable solution (20 IU/mL) was immediately injected
into the carotid artery after each blood sampling. Urine samples were collected over 24 h; in addition,
each metabolic cage was rinsed with 20 mL of distilled water 24 h after drug administration, and the
rinses were combined with their corresponding 24-h urine samples. The volumes of the combined
urine samples were measured, and two 100 µL aliquots of each were stored at −80 ◦C until HPLC
analysis of tofacitinib [12]. At 24-h, each rat was exsanguinated, followed by cervical dislocation.
The abdomen of each rat was opened and the entire gastrointestinal tract, including its contents and
feces, was removed, transferred to a beaker containing 50 mL methanol, and cut into small pieces using
scissors. The contents of each beaker were stirred manually with a glass rod for 1 min, and two 100 µL
aliquots of each supernatant were collected and stored at −80 ◦C until HPLC analysis of tofacitinib [12].

For oral administration, approximately 1.0 mL tofacitinib was administered to rats at doses of
10 (n = 7), 20 (n = 8), 50 (n = 9), and 100 (n = 7) mg/kg. Blood samples (110–220 µL) were collected via
the carotid artery at times 0 (prior to drug administration), 5, 15, 30, 45, 60, 90, 120, 180, 240, 360, 480,
600, and 720 min. Urine and gastrointestinal tract samples were also obtained over 24 h were processed
as described above for the corresponding samples collected after intravenous administration.

2.5. Hepatic First-Pass Effects of Tofacitinib

The carotid artery and jugular vein were handled as described previously [10,11]. In addition,
the vein from the cecum was cannulated and the cannula was pushed forward about 4 cm toward the
liver through the portal vein to minimize the damage from blood flowing into the portal vein [13,14].
Using a peristaltic pump (BT-300CA, JIH Pump, Chongqing, China), 10 mg/kg tofacitinib was infused
over 30 min into the jugular vein (n = 7) and an equal volume of 0.9% NaCl-injectable solution
containing 0.5% β-cyclodextrin was infused simultaneously over 30-min into the portal vein. In another
group of rats, 10 mg/kg tofacitinib was infused over 30 min into the portal vein (n = 7) and an equal
volume of 0.9% NaCl-injectable solution containing 0.5% β-cyclodextrin was infused simultaneously
over 30 min into the jugular vein. Blood samples were collected from the carotid artery at times 0, 15,
30 (at the end of the infusion), 31, 35, 45, 60, 90, 150, 210, 270, 390, 510, and 630 min, with all sample
collection and processing procedures identical to those described above.
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2.6. Gastric and Intestinal First-Pass Effect of Tofacitinib

Rats were fasted overnight with free access to water. Cannulae were inserted into the carotid
artery and the cecal vein [13,14]. Using the peristaltic pump, 10 mg/kg tofacitinib was infused over
30 min into the portal vein (n = 6), and equal volumes of 0.9% NaCl-injectable solution containing
0.5% β-cyclodextrin were instilled into both the stomach and duodenum using a 23-gauge needle.
In addition, 10 mg/kg tofacitinib was instilled into the duodenum (n = 5), and equal volumes of 0.9%
NaCl-injectable solution containing 0.5% β-cyclodextrin were instilled into the stomach and infused
via the portal vein over 30 min. Furthermore, 10 mg/kg tofacitinib was instilled into the stomach (n = 5),
and equal volumes of 0.9% NaCl-injectable solution containing 0.5% β-cyclodextrin were instilled into
the duodenum and infused via the portal vein over 30 min. Blood samples were collected from the
carotid artery at times 0, 15, 30, 31, 35, 45, 90, 150, 270, 390, 510, 630, and 750 min after the start of
intraportal infusion of tofacitinib, and at times 0, 5, 15, 30, 60, 120, 180, 240, 360, 480, 600, and 720 min
after intragastric and intraduodenal instillations of the drug. All sample collection and processing
procedures were identical to those described above.

2.7. Tissue Distribution of Tofacitinib

Rats were handled and processed as described previously [10]. Tofacitinib (10 mg/kg) was
administered intravenously to rats for 1 min. After 30 min and 2 h (n = 4 each), as much blood
as possible was collected from the carotid artery. Blood samples were immediately centrifuged,
and plasma was collected. The rats were sacrificed by cervical dislocation, approximately 1 g of
each brain, fat, heart, kidney, large intestine, liver, lung, mesentery, muscle, small intestine, spleen,
and stomach was removed, rinsed with phosphate-buffered solution (pH 7.4), and blotted dry with
paper towels to remove any remaining blood. Each tissue sample was added to four volumes of
homogenizing buffer, homogenized using a tissue homogenizer (T25 Ultra-Turrax, IKA Labortechnik,
Staufen, Germany) and centrifuged at 8000 × g for 10 min. A 100 µL aliquot of each supernatant was
collected and stored at −80 ◦C until HPLC analysis of tofacitinib [12].

2.8. Biliary Excretion of Tofacitinib

The jugular vein of each rat was cannulated. The abdomen was opened and the bile duct was
cannulated with polyethylene tubing [14]. The incision was closed with surgical sutures and each rat
was kept warm under an electric light. Each rat was maintained in the supine position during the entire
experiment. Tofacitinib (10 mg/kg) was infused for 1 min via the jugular vein (n = 3). Bile samples were
collected over various time periods, from 0–1, 1–2, 2–4, 4–6, and 6–24 h. The volume of each bile sample
was measured, and an aliquot of each was stored at −80 ◦C until HPLC analysis of tofacitinib [12].

2.9. HPLC Analysis of Tofacitinib

Two microliters of hydrocortisone (5 mg/mL) and 40 µL of 20% ammonia solution were added to
100 µL aliquots of biological samples and vortex-mixed for 30 s using a vortex mixer. Each solution
was extracted with 1.5 mL of ethyl acetate by centrifugation at 12,000 rpm for 5 min. The organic layer
was collected and dried (Dry Thermobath, Eyela, Tokyo, Japan) under a gentle stream of nitrogen
gas at 40 ◦C. The samples were reconstituted in 130 µL of 20% acetonitrile, and 50 µL of resuspended
samples were analyzed by HPLC [12].

The concentrations of tofacitinib in the prepared biological samples were determined using
a Shimadzu Prominence LC-20A HPLC system (Kyoto, Japan), consisting of a pump (LC-20A),
an auto-sampler (SIL-20A), a column oven, and a detector (SPD-20A/20AD), controlled by the CBM-20A
system controller. The samples were filtered through 0.45-µm filters (Millipore, Billerica, MA, USA),
followed by separation of tofacitinib on a reversed-phase column (AegisPak C18; 25 cm × 4.6 mm, 5 µm;
Young Jin Biochrom, Seongnam, Korea). The mobile phase consisted of a 69.5:30.5 (v/v) mixture of
10 mM ammonium acetate buffer (pH 5.0) and acetonitrile, respectively, with a flow rate of 1.0 mL/min.
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Column effluent was monitored by a UV detector at 287 nm. The retention times of tofacitinib and the
internal standard (hydrocortisone) were approximately 7.2 and 11.3 min, respectively. The lower limits
of quantitation of tofacitinib in rat plasma, urine, and tissue homogenates were 0.01, 0.1, and 0.1 µg/mL,
respectively, with intraday assay precision (coefficients of variation) in these samples being 3.69–5.88%,
4.21–6.18%, and 0.0205–8.74%, respectively. The interday assay precision was 5.06% for rat plasma and
5.46% for rat urine.

2.10. Pharmacokinetics Analysis

Pharmacokinetic parameters, including AUC, apparent volume of distribution at steady state
(Vss), mean residence time (MRT), and time-averaged total body (CL), renal (CLR), and nonrenal
(CLNR) clearances, were calculated by noncompartmental analysis (WinNonlin, Pharsight Corporation,
Mountain View, CA, USA) using standard methods [15]. AUC values were calculated using the
trapezoidal rule–extrapolation method [16]. The peak plasma concentration (Cmax) and time to reach
Cmax (Tmax) were obtained directly from the experimental data. The mean values of clearance [17],
terminal half-life [18], and Vss [19] were calculated using the harmonic mean method.

2.11. Statistical Analysis

All results are expressed as mean ± standard deviation (SD), except that Tmax is expressed
as median (range). Comparisons between two means were evaluated using Student’s t-tests and
comparisons among three or more means by analysis of variance (ANOVA) with Tukey’s post-test.
A p value <0.05 was considered statistically significant.

3. Results

3.1. Pharmacokinetics of Tofacitinib after Intravenous and Oral Administration to Rats

Figure 2A shows the mean arterial plasma concentration-time profiles after intravenous infusion
of 5, 10, 20, and 50 mg/kg tofacitinib over 1 min, and Table 1 shows the associated pharmacokinetic
parameters. At all four doses, the mean arterial plasma concentrations of tofacitinib showed a
polyexponential decrease. The dose-normalized AUCs following intravenous infusion of 5, 10, 20,
and 50 mg/kg tofacitinib were 282, 342, 404, and 705µg·min/mL, respectively (Table 1 and Supplementary
Figure S1A). The dose-normalized AUC at 50 mg/kg was 2.50-, 2.06-, and 1.75-fold greater than the
dose-normalized AUCs at 5, 10, and 20 mg/kg, respectively (p < 0.001 each). CL and CLNR at 50 mg/kg
were significantly slower than at 5, 10, and 20 mg/kg (p < 0.01 each). Thus, the terminal half-life
and MRT were significantly longer following infusion of 50 mg/kg tofacitinib than the other doses
(p < 0.001 each), whereas Vss and the percentage of intravenous tofacitinib excreted unchanged in 24-h
urine (Ae0–24 h) did not differ significantly among the four intravenous doses (Table 1). The CLR was
69%, 71%, and 71% slower at 50 mg/kg than at 5, 10, and 20 mg/kg, respectively, because the Ae0–24 h

was smaller and AUC was greater at 50 mg/kg than at the other doses. However, the percentages
of tofacitinib recovered unchanged from the entire gastrointestinal tract (including its contents and
feces) at 24 h (GI24 h) were negligible for all four intravenous doses (data not shown). Taken together,
these findings indicate that the pharmacokinetic parameters of intravenous tofacitinib in rats were
dependent on dose.
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Figure 2. Mean arterial plasma concentration-time profiles of tofacitinib in Sprague-Dawley rats after
(A) 1-min intravenous infusion of 5 (n = 9), 10 (n = 8), 20 (n = 7), and 50 (n = 7) mg/kg tofacitinib and (B)
oral administration of 10 (n = 7), 20 (n = 8), 50 (n = 9), and 100 (n = 7) mg/kg tofacitinib. Bars represent
standard deviations (SD).

Table 1. Pharmacokinetic parameters of tofacitinib after 1-min intravenous infusion of the drug at
various doses to male Sprague-Dawley rats. Data are expressed as mean ± standard deviation (SD).

Parameters.
5 mg/kg 10 mg/kg 20 mg/kg 50 mg/kg
(n = 9) (n = 8) (n = 7) (n = 7)

Body weight (g) 337 ± 39.2 347 ± 11.0 317 ± 15.9 356 ± 22.0
AUC (µg·min/mL) a 141 ± 23.0 342 ± 33.1 807 ± 146 3526 ± 572

Dose-normalized AUC (µg·min/mL) a 282 ± 46.0 342 ± 33.1 404 ± 73.0 705 ± 114
Terminal half-life (min) b 38.2 ± 11.7 41.6 ± 7.86 48.1 ± 5.56 97.8 ± 19.2

MRT (min) b 35.2 ± 11.4 41.1 ± 20.2 35.5 ± 7.50 105 ± 21.4
CL (mL/min/kg) c 36.3 ± 6.02 29.5 ± 2.99 25.4 ± 4.26 14.5 ± 2.33
CLR (mL/min/kg) 2.69 ± 1.70 2.80 ± 1.69 2.80 ± 1.17 0.824 ± 0.651

CLNR (mL/min/kg) d 32.9 ± 7.72 26.3 ± 2.16 22.6 ± 3.90 13.7 ± 2.12
Vss (mL/kg) 1258 ± 460 1208 ± 579 900 ± 218 1489 ± 134

Ae0–24 h (% of dose) 7.62 ± 5.08 9.40 ± 5.06 11.0 ± 3.72 5.55 ± 3.91

AUC values were normalized to tofacitinib dose of 10 mg/kg for statistical analysis. a 20 mg/kg was significantly
different (p < 0.05) from 5 mg/kg. 50 mg/kg was significantly different (p < 0.001) from 5, 10 and 20 mg/kg. b 50 mg/kg
was significantly different (p < 0.001) from 5, 10 and 20 mg/kg. c 5 mg/kg was significantly different from 10 (p <
0.05) and 20 (p < 0.001) mg/kg, respectively. 50 mg/kg was significantly different (p < 0.001) from 5, 10 and 20 mg/kg.
d 5 mg/kg was significantly different from 10 (p < 0.05), 20 (p < 0.01) and 50 (p < 0.001) mg/kg, respectively. 50 mg/kg
was significantly different from 10 (p < 0.001) and 20 (p < 0.01) mg/kg, respectively.

Figure 2B shows the mean arterial plasma concentration-time profiles following oral administration
of 10, 20, 50, and 100 mg/kg tofacitinib, and Table 2 shows the associated pharmacokinetic parameters.
Orally administered tofacitinib, at all four doses, was rapidly absorbed by the rat gastrointestinal tract,
with tofacitinib detected in plasma within 5 min. After reaching Tmax, the plasma concentrations of
tofacitinib showed a polyexponential decrease for all four doses. The dose-normalized AUCs following
oral administration of 10, 20, 50, and 100 mg/kg tofacitinib were dose dependent, being 99.4, 135, 238,
and 407 µg·min/mL, respectively (Table 2 and Supplementary Figure S1B). The dose-normalized AUC
at 100 mg/kg was 4.09-, 3.01-, and 1.71-fold greater than those at 10, 20, and 50 mg/kg, respectively
(p < 0.01 each). The CLR was much slower at 100 mg/kg than at the other doses because AUC was
significantly greater at 100 mg/kg. Tmax was significantly longer at 100 mg/kg than at 10, 20 and
50 mg/kg (p < 0.05 each). The dose-normalized Cmax (based on 10 mg/kg dose), GI24 h, and Ae0–24 h did
not differ significantly among the four oral doses studied (Table 2). Based on the AUC of 10 mg/kg
intravenous tofacitinib, the F values for oral doses of 10, 20, 50, and 100 mg/kg were 29.1%, 39.3%,
69.7%, and 119%, respectively. These findings indicated that the pharmacokinetic parameters of orally
administered tofacitinib in rats were dependent on dose.
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Table 2. Pharmacokinetic parameters of tofacitinib after oral administration of the drug at various
doses to male Sprague-Dawley rats.

Parameters
10 mg/kg 20 mg/kg 50 mg/kg 100 mg/kg

(n = 7) (n = 8) (n = 9) (n = 7)

Body weight (g) 312 ± 19.8 308 ± 24.5 284 ± 22.3 286 ± 17.7
AUC (µg·min/mL) a 99.4 ± 35.5 269 ± 53.7 1192 ± 280 4073 ± 1787

Dose-normalized AUC (µg·min/mL) a 99.4 ± 35.5 135 ± 26.9 238 ± 56.0 407 ± 179
Cmax (µg/mL) 1.13 ± 0.774 3.13 ± 1.27 5.62 ± 2.18 13.1 ± 5.48
Tmax (min) b 15.7 ± 7.32 15.7 ± 15.9 34.4 ± 26.7 170 ± 192

CLR (mL/min/kg) c 11.6 ± 2.87 6.97 ± 3.95 7.61 ± 2.82 3.37 ± 2.52
Ae0–24 h (% of dose) 11.3 ± 4.60 10.0 ± 6.51 17.2 ± 3.98 13.0± 9.47
GI24 h (% of dose) 3.16 ± 5.12 3.13 ± 3.27 2.77 ± 3.96 0.772± 0.905

F (%) 29.1 39.3 69.7 119

Data are expressed as mean ± standard deviation (SD). AUC and Cmax values were normalized to tofacitinib dose
of 10 mg/kg for statistical analysis. F was calculated by dose-normalized AUC (based on 10 mg/kg) after oral
administration of tofacitinib divided by AUC after intravenous administration of the drug at dose of 10 mg/kg.
a 10 mg/kg was significantly different (p < 0.05) from 50 mg/kg. 100 mg/kg was significantly different from 10 (p <
0.001), 20 (p < 0.001) and 50 (p < 0.01) mg/kg, respectively. b 100 mg/kg was significantly different (p < 0.05) from 10,
20 and 50 mg/kg. c 10 mg/kg was significantly different from 20 (p < 0.05) and 100 (p < 0.001) mg/kg, respectively.

3.2. Hepatic First-Pass Effect of Tofacitinib in Rats

Figure 3A shows the mean arterial plasma concentration-time profiles following intravenous and
intraportal administration of 10 mg/kg tofacitinib, and Table 3 shows the associated pharmacokinetic
parameters. The mean arterial plasma concentrations of tofacitinib administered intravenously
and intraportally showed polyexponential reductions. The AUCs were 417 and 242 µg·min/mL,
respectively, demonstrating considerable hepatic first-pass metabolism of tofacitinib after absorption
into the portal vein, with 42.0% of the intravenous dose metabolized in the liver before entering
the systemic circulation. As a result, the CL and CLNR of tofacitinib were 67% and 60% faster,
respectively, after intraportal administration. Furthermore, Vss was 50% higher after intraportal than
after intravenous administration of tofacitinib (p < 0.05).

 

Figure 3. Mean arterial plasma concentration-time profiles of tofacitinib in Sprague-Dawley rats
after (A) 30-min intravenous (n = 7) and intraportal (n = 7) infusions of 10 mg/kg tofacitinib and
(B) 30-min intraportal (n = 6) infusion, and intraduodenal (n = 5) and intragastric (n = 5) instillations of
10 mg/kg tofacitinib. Bars represent standard deviations (SD).

7



Pharmaceutics 2019, 11, 318

Table 3. Pharmacokinetic parameters of tofacitinib after 30-min intravenous and intraportal infusion of
the drug at dose of 10 mg/kg to male Sprague-Dawley rats.

Parameter
Intravenous Intraportal

(n = 7) (n = 7)

Body weight (g) 292 ± 18.0 299 ± 28.6
AUC (µg·min/mL) 417 ± 136 242 ± 66.0 **

Terminal half-life (min) 46.2 ± 12.5 42.4 ± 10.4
MRT (min) 67.5 ± 26.8 59.6 ± 13.9

CL (mL/min/kg) 26.3 ± 8.85 43.8 ± 11.0 **

CLR (mL/min/kg) 2.34 ± 2.90 5.00 ± 4.69
CLNR (mL/min/kg) 24.0 ± 6.46 38.5 ± 10.4 **

Vss (mL/kg) 1695 ± 737 2549 ± 720 *

Ae0–24 h (% of dose) 12.5 ± 5.20 10.7 ± 9.42

Data are expressed as mean ± standard deviation (SD). * p < 0.05; ** p < 0.01.

3.3. Gastric and Intestinal First-Pass Effects of Tofacitinib in Rats

Figure 3B shows the mean arterial plasma concentration-time profiles following intragastric,
intraduodenal, and intraportal administration of 10 mg/kg tofacitinib, and Table 4 shows the associated
pharmacokinetic parameters. The AUCs of intragastrically and intraduodenally administered tofacitinib
did not differ significantly (134 and 138 µg·min/mL), suggesting that the gastric first-pass effect of
tofacitinib was negligible. In contrast, AUC was significantly lower after intraduodenal (138µg·min/mL)
than after intraportal (272 µg·min/mL) administration, indicating that the intestinal first-pass effect of
tofacitinib was significant, with approximately 49.3% of the orally administered drug removed prior to
entry into the portal vein.

Table 4. Pharmacokinetic parameters of tofacitinib after 30-min intraportal infusion, intraduodenal
and intragastric instillation of the drug at dose of 10 mg/kg to male Sprague-Dawley rats.

Parameter
Intraportal Intraduodenal Intragastric

(n = 6) (n = 5) (n = 5)

Body weight (g) 287 ± 10.6 282 ± 6.30 285 ± 4.97
AUC (µg·min/mL) a 272 ± 62.7 138 ± 33.2 134 ± 44.6

Terminal half-life (min) 44.8 ± 14.2
Cmax (µg/mL) b 5.18 ± 0.586 1.55 ± 1.93 0.716 ± 0.255

Tmax (min) 27.5 ± 6.12 38.8 ± 38.2 63.8 ± 18.9
MRT (min) 53.0 ± 22.3

CL (mL/min/kg) 38.4 ± 8.47
CLR (mL/min/kg) 2.44 ± 1.23 5.72 ± 2.62 7.08 ± 2.91

CLNR (mL/min/kg) 38.3 ± 6.16
Vss (mL/kg) 1900 ± 369

Ae0–24 h (% of dose) 5.82 ± 2.32 8.30 ± 5.10 8.90 ± 3.00

Data are expressed as mean ± standard deviation (SD). a Intraportal infusion was significantly different (p < 0.05)
from intraduodenal and intragastric instillation. b Intraportal infusion was significantly different (p < 0.001) from
intraduodenal and intragastric instillation.

3.4. Tissue Distribution of Tofacitinib in Rats

Figure 4 shows the concentrations of tofacitinib in plasma (µg/mL) and in tissue samples (µg/g)
and its tissue-to-plasma (T/P) ratios 30 min (distribution phase) and 2 h (elimination phase) after
intravenous administration of 10 mg/kg tofacitinib. Tofacitinib was widely distributed in all rat tissues,
with T/P ratios greater than 1.0 in every tissue except the brain, mesentery, and fat, both 30 min
and 2 h after intravenous administration. At 30 min, tofacitinib was exclusively distributed in the
kidneys, small intestine, and large intestine, with its concentrations remaining stable until 2 h after
intravenous administration.
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Figure 4. (A) Mean plasma and tissue/organ concentrations of tofacitinib and (B) tissue-to-plasma (T/P)
ratios of tofacitinib 30 min (n= 4) and 2 h (n= 4) in Sprague-Dawley rats after 1-min intravenous infusion
of 10 mg/kg tofacitinib. Data are expressed means ± standard deviations (SD). LI; large intestine, SI;
small intestine.

3.5. Biliary Excretion of Tofacitinib in Rats

Following a 1-min intravenous infusion of 10 mg/kg tofacitinib, less than 1% of the intravenous
dose (0.703 ± 0.303%) was excreted in bile of each of the three rats studied, suggesting that biliary
excretion of tofacitinib is a minor elimination pathway.

4. Discussion

The present study found that the dose-normalized AUC of tofacitinib was dependent on the
administered dose. Plots of AUC versus dose for intravenous and oral tofacitinib yielded slopes of
2.74 and 4.65, respectively (Supplementary Figure S2). Several factors may account for the observed
dose-dependent characteristics of tofacitinib. First, Vss values did not differ significantly among
the four intravenous doses, suggesting that the tofacitinib distribution process did not affect its
dose-dependency. Thus, the contribution of Vss to the dose-dependency of tofacitinib was negligible.
Second, the contribution of CLR to CL was not significant. Ae0–24 h was less than 11.0% for all
intravenous doses and less than 17.2% for all oral doses, with no significant differences among doses,
suggesting that the contribution of renal excretion to the dose-dependent characteristics of tofacitinib
is also low.

The renal extraction ratios (CLR/renal plasma flow rate) for urinary excretion of unchanged
tofacitinib were estimated in rats based on its CLR, a reported renal blood flow rate of 36.8 mL/min/kg [20],
and a hematocrit of approximately 45% [21]. The estimated renal extraction ratios following intravenous
administration of 5, 10, 20, and 50 mg/kg tofacitinib were 13.3%, 13.8%, 13.8%, and 4.07%, respectively.
These findings indicate that, in rats, tofacitinib has a low renal extraction ratio and that little tofacitinib
is excreted via the kidneys. Therefore, most of the administered tofacitinib was eliminated via nonrenal
pathways (CLNR).

The CLNR of tofacitinib was affected by gastrointestinal (including biliary) excretion of unchanged
drug and metabolic clearance. The contribution of gastrointestinal excretion to CLNR was negligible,
with no tofacitinib detected in the gastrointestinal tract 24 h after intravenous administration.
The observed CLNR of tofacitinib may therefore represent metabolic clearance of the drug, suggesting
that changes in its CLNR in rats may be due to changes in its metabolism. The increases in the
dose-normalized AUC after intravenous and oral administration of tofacitinib may have been due to
saturation of its metabolism, in agreement with the inverse relationship between slower CLNR and
higher intravenous dose. Oral tofacitinib also showed a dose-dependent AUC in humans, as evidenced
by dose-dependent increases in dose-normalized AUCs [8,22].
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Although the F values of tofacitinib differed in humans (74%) [7] and rats (29.1–33.8%), based
on calculations using the same intravenous and oral doses, F values were not 100% in either species.
Because it is difficult to measure first-pass metabolism in humans, first-pass metabolism in the liver
and gastrointestinal tract was measured in rats. The F and GI24 h of 10 mg/kg tofacitinib administered
orally were 29.1% and 3.16%, respectively. The level of unchanged drug in the gastrointestinal tract
(3.16%) may be due in part to the gastrointestinal (including biliary) excretion of absorbed drug.
For comparison, the mean “true” fraction of unabsorbed dose (Funabs) following oral administration
could be estimated using the equation [23];

GI24 h, oral = Funabs + (F × GI24 h, intravenous) (3)

where GI24 h, oral and GI24 h, intravenous are the percentages of oral and intravenous doses, respectively,
remaining in the gastrointestinal tract after 24 h. Because GI24 h, intravenous in the present study was
negligible, Funabs was almost equal to GI24 h, oral, indicating that gastrointestinal (including biliary)
excretion of absorbed tofacitinib contributed little to the total drug recovered from the gastrointestinal
tract after oral administration. Thus, approximately 96.8% of orally administered tofacitinib (10
mg/kg) was absorbed from the gastrointestinal tract in rats. Because only 3.16% of oral tofacitinib
was not absorbed from the gastrointestinal tract at 24 h and the F value was 29.1%, approximately
67.7%·[100% − (3.16% + 29.1%)] of orally administered tofacitinib may have been eliminated by
first-pass metabolism.

After intravenous administration of tofacitinib, the CL values of 14.5–36.3 mL/min/kg based on
plasma data were considerably lower than the reported cardiac output of 296 mL/min/kg based on
blood data [20] and a hematocrit of approximately 45% [21] in rats. These findings suggested that the
first-pass effects of tofacitinib in the lungs and heart were negligible.

The AUCs were similar after intragastric and intraduodenal instillation of 10 mg/kg tofacitinib,
suggesting that gastric first-pass effects on tofacitinib were negligible. However, the AUC after
intraduodenal instillation of 10 mg/kg tofacitinib was 50.7% of that after intraportal administration,
suggesting that approximately 49.3% of orally administered drug was not absorbed into the portal
vein and that approximately 46.1%·[100% − (50.7% + 3.16%)] of orally administered tofacitinib was
metabolized in the intestine before entering the portal vein. The AUC after intraportal administration
of 10 mg/kg tofacitinib was 58.0% of that after intravenous administration, suggesting that the hepatic
first-pass metabolism of tofacitinib after absorption into the portal vein was approximately 42.0%.
Moreover, approximately 21.3% of the oral dose (42% of 50.7% of orally administered tofacitinib) was
metabolized in the rat liver and 29.4% (50.7–21.3%) of the oral dose was absorbed into the systemic
circulation. The latter percentage (29.4%) was close to the F value of 29.1%. Even though there is a
species difference of bioavailability between human and rats, we could presume that 26%·(100–74%)
of oral tofacitinib in humans was first-pass metabolized in the intestine and the liver with a similar
ratio as rats. If a drug was not first-pass metabolized in the liver of the rat model, no hepatic first-pass
metabolism was expected in humans. Considerable hepatic and intestinal first-pass metabolism has
also been reported for other drugs, including ipriflavone [24], oltipraz [25], and sildenafil [26] in rats,
and midazolam [27] in humans.

The AUCs were similar after intragastric and intraduodenal instillation of 10 mg/kg tofacitinib,
suggesting that gastric first-pass effects on tofacitinib were negligible. However, the AUC after
intraduodenal instillation of 10 mg/kg tofacitinib was 50.7% of that after intraportal administration,
suggesting that approximately 49.3% of orally administered drug was not absorbed into the portal
vein and that approximately 46.1%·[100% − (50.7% + 3.16%)] of orally administered tofacitinib was
metabolized in the intestine before entering the portal vein. The AUC after intraportal administration
of 10 mg/kg tofacitinib was 58.0% of that after intravenous administration, suggesting that the hepatic
first-pass metabolism of tofacitinib after absorption into the portal vein was approximately 42.0%.
Moreover, approximately 21.3% of the oral dose (42% of 50.7% of orally administered tofacitinib) was
metabolized in the rat liver and 29.4% (50.7–21.3%) of the oral dose was absorbed into the systemic
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circulation. The latter percentage (29.4%) was close to the F value of 29.1%. Even though there is a
species difference of bioavailability between human and rats, we could presume that 26%·(100–74%)
of oral tofacitinib in humans was first-pass metabolized in the intestine and the liver with a similar
ratio as rats. If a drug was not first-pass metabolized in the liver of the rat model, no hepatic first-pass
metabolism was expected in humans. Considerable hepatic and intestinal first-pass metabolism has
also been reported for other drugs, including ipriflavone [24], oltipraz [25], and sildenafil [26] in rats,
and midazolam [27] in humans.

In humans, hepatic microsomal CYP3A4 and to a lesser extent CYP2C19 are involved in the
metabolism of tofacitinib, oxidizing the pyrrolopyrimidine moiety and producing a carbonyl moiety,
the major metabolite of tofacitinib [3]. CYP3A1(23)/2 and CYP2C11 are the main enzymes involved
in drug metabolism in rats and are highly expressed in the rat liver and small intestine [28,29].
Human liver and intestinal CYP2C19 and rat CYP2C11 are highly homologous and human liver and
gastrointestinal CYP3A4 and rat CYP3A1(23) share 73% homology [28,30]. We recently observed [31]
that CYP3A1(23)/2 and CYP2C11 are the main CYPs responsible for the metabolism of tofacitinib
in rats, as evidenced by a 46% greater AUC in rats pretreated with ketoconazole, an inhibitor of
CYP3A1/2 [32], and a 39% greater AUC in rats pretreated with fluconazole, an inhibitor of CYP2C11 [33].
In contrast, the AUC of tofacitinib reduced by 56% in rats pretreated with dexamethasone, an inducer
of CYP3A1/2 [34], and 26% in rats pretreated with rifampin, an inducer of CYP2C11 [35]. The AUCs
of tofacitinib in rats pretreated with specific inhibitors or inducers of different CYP isoforms did
not differ significantly [31]. Therefore, the dose dependent increases in AUCs of tofacitinib after
intravenous and oral administration to rats suggested that hepatic first-pass metabolism of tofacitinib
(42%) was saturated after intravenous administration, whereas its intestinal (46.1%) and/or hepatic
(23.1%) first-pass metabolism was saturated after oral administration. This saturation may have been
due to the saturable metabolism of tofacitinib by CYP3A1/2 and/or CYP2C11 in rat liver and intestine.

The distribution process of tofacitinib did not contribute to its dose-dependent profiles, as Vss

values did not differ significantly among the four intravenous doses. However, tofacitinib was
widely distributed in rat tissues, especially in the small and large intestines, with the T/P ratios being
higher for the intestines than for other tissues at both 30 min and 2 h. These findings suggest a
mechanism for the effectiveness of tofacitinib in the treatment of ulcerative colitis, resulting in its
approval in 2018 as the first oral drug for the treatment of chronic ulcerative colitis [6]. Tofacitinib is
undergoing evaluation in clinical trials for the treatment of various diseases, including psoriasis [36,37],
alopecia [38], atopic dermatitis [39], and ankylosing spondylitis [40].

Recently, several studies on tofacitinib pharmacokinetics were reported in patients with various
diseases, including hepatic injury [41], renal failure [42], psoriasis [43], as well as inflammatory bowel
disease [44], and most of them focused on the relationship between the drug concentration and the
therapeutic efficacy. It was not well explained that the changes of plasma concentration according
to diseases was related to the pharmacokinetic basis. In addition, pharmacokinetic drug interaction
of tofacitinib is also expected since tofacitinib is mainly metabolized by CYP3A and is a substrate of
P-glycoprotein [45]. Some pharmacokinetic drug interactions with tofacitinib were reported [46–48].
However, it is difficult to get the information from the clinical settings in order to evaluate the
pharmacokinetic mechanism of the drug–disease or drug-drug interaction. Therefore, we need to
further investigate the pharmacokinetic mechanism of the drug-disease or drug-drug interaction of
tofacitinib in the rat model based on our pharmacokinetic characteristics of the drug in rats.

5. Conclusions

In conclusion, the low F of 10 mg/kg tofacitinib (29.1%) after oral administration to rats was mainly
due to significant intestinal (46.1%) and hepatic (23.1%) first-pass metabolism. Our observation that
the dose-normalized AUCs of tofacitinib in rats increased with increasing intravenous and oral doses,
suggests that the hepatic and intestinal first-pass metabolism of tofacitinib was saturated by increasing
its intravenous and oral doses.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/7/318/s1,
Figure S1: Mean dose (mg/kg) versus dose-normalized AUC (µg·min/mL) of tofacitinib in Sprague-Dawley rats
after (A) 1-min intravenous infusion of 5 (n = 9), 10 (n = 8), 20 (n = 7), and 50 (n = 7) mg/kg tofacitinib and (B)
oral administration of 10 (n = 7), 20 (n = 8), 50 (n = 9), and 100 (n = 7) mg/kg tofacitinib. Bars represent standard
deviations (SD). (A) 20 mg/kg was significantly different (p < 0.05) from5 mg/kg. 50 mg/kg was significantly
different (p < 0.001) from 5, 10 and 20 mg/kg. (B) 10 mg/kg was significantly different (p < 0.05) from 50mg/kg.
100 mg/kg was significantly different from 10 (p < 0.001), 20 (p < 0.001) and 50 (p < 0.01) mg/kg, respectively,
Figure S2: Plots of dose versus AUC of tofacitinib in Sprague-Dawley rats after (A) 1-min intravenous infusion
of 5, 10, 20, and 50 mg/kg tofacitinib and (B) oral administration of 10, 20, 50, and 100 mg/kg tofacitinib. Dose
and AUC ratios were calculated based on 5 and 10 mg/kg dose and respective AUC for intravenous and oral
administration, respectively.
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Abstract: We aimed to investigate the plasma concentration, tissue distribution, and elimination of
compound K following the intravenous administration of compound K (2 mg/kg) in rats and mice.
The plasma concentrations of compound K in mice were much higher (about five-fold) than those in
rats. In both rats and mice, compound K was mainly distributed in the liver and underwent biliary
excretion. There was 28.4% fecal recovery of compound K in mice and 13.8% in rats, whereas its renal
recovery was less than 0.1% in both rats and mice. Relative quantification of compound K and its
metabolite protopanaxadiol (PPD) in rat bile and intestinal feces indicated that the metabolism from
compound K into PPD occurred in the intestine but not in the plasma. Therefore, PPD detected in the
plasma samples could have been absorbed from the intestine after metabolism in control rats, while
PPD could not be detected in the plasma samples from bile duct cannulated rats. In conclusion, mice
and rats shared common features such as exclusive liver distribution, major excretion pathway via
biliary route, and intestinal metabolism to PPD. However, there were significant differences between
rats and mice in the plasma concentrations of compound K and the fecal recovery of compound K
and PPD.

Keywords: compound K; protopanaxadiol (PPD); pharmacokinetics; biliary excretion; intestinal
metabolism

1. Introduction

Compound K, which belongs to the protopanaxadiol (PPD)-type ginsenoside group, was first
discovered in 1972 from a hydrolase mixture of ginsenosides (Rb1, Rb2, and Rc) and soil bacteria [1].
Since then, compound K has attracted special attention among the various ginsenosides because it is
reported as a major pharmacologically active component that has hepatoprotective, chemo-preventive,
anti-diabetic, anti-inflammatory, anti-arthritic, neuroprotective, and immune stimulating effects [1,2].
The therapeutic benefit of compound K has been demonstrated in both in vitro studies and in vivo
disease models [1]. Paek et al. [3] investigated the dose-dependent bioavailability of compound K by
comparing its oral and intravenous administration in rats. The area under plasma concentration (AUC)
of compound K increased linearly following intravenous injection at a dose range of 1–10 mg/kg (dose
increase 10-fold; AUC increase 11.6-fold), but the AUC of compound K following oral administration
did not increase linearly at a dose range of 5–20 mg/kg (dose increase four-fold; AUC increase
75.8-fold) [3]. The AUC of compound K was significantly increased (23.5-fold) in P-glycoprotein
(P-gp) knock-out mice compared to wild-type mice after a single oral dose (10 mg/kg) [4]. Therefore,
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P-gp-mediated efflux during intestinal absorption could be a possible explanation for non-linear oral
bioavailability of compound K.

The safety, pharmacokinetics, and preliminary efficacy of compound K in tablet form as an
anti-rheumatoid arthritis drug are under clinical investigation in China (Study No. NCT03755258) [5].
In this study, Chen et al. [5] investigated the pharmacokinetics of compound K and PPD, a metabolite
of compound K, following a single oral administration of a 200 mg compound K tablet. This was the
first pharmacokinetic study in humans using pure compound K. The maximum plasma concentration
(Cmax) of compound K was 796.8 ng/mL with a time to reach Cmax (Tmax) of 3.6 h. On the other hand,
the Cmax of PPD was 5.7 ng/mL with a Tmax of 24.5 h. The results suggested that the formation of
PPD from compound K occurred slowly. The AUC ratio of PPD to compound K was calculated as
0.04 [5]. They also investigated the effect of high-fat meal on the pharmacokinetics of compound
K. The high-fat meal consumption increased Cmax (2.0-fold) and AUC (2.2-fold) of compound K but
decreased Tmax (3.6 h in fasting group vs. 2.5 h in high-fat meal group, p < 0.05) compared with fasting
group, suggesting that the high-fat meal accelerated the absorption of compound K [5].

Other pharmacokinetic studies of compound K have been reported in human subjects following
oral administration of ginseng product [2,6–9]. The Cmax of compound K was 41.5 ng/mL in 12 Japanese
subjects following a single oral administration of fermented ginseng tablet (274.4 mg total; 2.2 mg as
compound K) [6]. The mean Cmax (254.5 ng/mL) was substantially higher and less variable in subjects
who were orally administered fermented Korean red ginseng (3 g total; 10.9 mg as compound K)
than the Cmax (3.2–24.8 ng/mL) in subjects who received non-fermented Korean red ginseng extract
(3 g total; 0 mg as compound K) [2,7,9]. The results suggested that the consumption of ginseng
product with higher compound K content resulted in higher plasma concentrations of compound K.
The compound K in the plasma was absorbed after the metabolism from Rb1, Rb2, Rc, and Rd (major
components of red ginseng product) to compound K following oral administration of non-fermented
red ginseng product [7,10]. Therefore, the variability in the gut metabolism and intestinal absorption of
compound K could be attributed to the variable plasma concentrations of compound K. However, little
information is available on the distribution and elimination of compound K. Therefore, the purpose of
this study was to investigate the pharmacokinetics of compound K in rats and mice with a focus on
tissue distribution, elimination, and metabolism to PPD.

2. Materials and Methods

2.1. Materials

Compound K and 20(S)-protopanaxadiol (PPD) was purchased from the Ambo Institute (Daejeon,
Korea). To be used as internal standards (IS), 13C-caffeine was purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA). All other chemicals and solvents were of reagent or analytical grade.

2.2. Animals and Ethical Approval

Male Institute of Cancer Research (ICR) mice (7 or 8-weeks-old, weighing 34–37 g) and male
Sprague-Dawley (SD) rats (7 or 8-weeks-old, 230–270 g) were purchased from Samtako Co. (Osan,
Korea). The animals were acclimatized for 1 week at an animal facility at Kyungpook National
University. Food and water were available ad libitum. All animal procedures were approved by the
Animal Care and Use Committee of Kyungpook National University (Approval No. KNU 2018-192,
19 December 2018) and carried out in accordance with the National Institutes of Health guidance for
the care and use of laboratory animals. An overview of the study design and methods is provided in
Table 1.
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Table 1. Overview of the study design and methods.

Study Name SD Rats ICR Mice Remarks

Pharmacokinetics of
compound K
(n = 4)

• Compound K IV 2 mg/kg
• Blood sampling:

0.17–48 h
• Feces collection for 48 h
• Urine collection for 48 h

• Compound K IV 2 mg/kg
• Blood sampling:

0.17–48 h
• Feces collection for 48 h
• Urine collection for 48 h

• Comparison between rats
and mice

• PK parameters of
compound K

• Fecal and urine recovery
of compound K and PPD

Tissue distribution of
compound K
(n = 4)

• Compound K IV 2 mg/kg
• Blood and tissue

collection: 0.17–24 h
• Liver, kidney, brain,

heart, lung, spleen, testis

• Compound K IV 2 mg/kg
• Blood and tissue

collection: 0.17–24 h
• Liver, kidney, brain,

heart, lung, spleen, testis

• Comparison between rats
and mice

• Tissue to plasma AUC
ratios of compound K

Inhibition of hepatic
uptake of compound K
(n = 3)

• Compound K IV 2 mg/kg
• Rifampin pretreatment

PO 20 mg/kg
• Blood and liver collection

at 0.5 and 2 h

• Compound K IV 2 mg/kg
• Rifampin pretreatment

PO 20 mg/kg
• Blood and liver collection

at 0.5 and 2 h

• Comparison between
groups with/without
rifampin pretreatment

• Tissue to plasma
concentration ratios of
compound K

Biliary excretion of
compound K
(n = 4)

• Compound K IV 2 mg/kg
• Blood sampling: 0.25–8 h
• Bile collection: for 12 h

• PK parameters of
compound K

• Biliary excretion of
compound K

Metabolism of
compound K
(n = 4)

• Compound K IV 2 mg/kg
• Bile collection for 0-2 h

and 2–12 h
• Intestinal feces collection

at 2 and 12 h

• PPD quantification in
plasma, bile, and
intestinal feces samples

IV, intravenous injection; PO, per oral administration, PPD, 20(S)-protopanaxadiol; PK parameters, pharmacokinetic
parameters; AUC, area under plasma concentration.

2.3. Pharmacokinetic Study

ICR mice and SD rats received compound K intravenously at a single dose of 2 mg/kg via the tail
vein and were returned to the metabolic cage with water and chow ad libitum. Before administration,
the compound K was dissolved in a vehicle containing DMSO: saline (2:8, v/v) (vehicle volume, 1 mL/kg
for mice and 0.4 mL/kg for rats). Blood samples (approximately 100 µL) were collected at 0, 0.17, 0.5, 1,
2, 4, 8, 24, and 48 h following intravenous injection of compound K with no sign of hemoglobinemia
and hemoglobinuria. Blood sampling was performed using a sparse sampling method (time schedule
is given in Table 2). The blood samples were centrifuged at 16,000× g for 10 min to separate the plasma.
An aliquot (50 µL) of each plasma sample was stored at −80 ◦C until the analysis. Urine and feces
samples were collected from 0–24 h and 24–48 h following the compound K administration. Aliquots
(50 µL) of urine and 10% feces homogenates were stored at −80 ◦C until the analysis.

SD rats were randomly divided into two groups: the non-bile cannulated control group and the
bile cannulated group. For the bile cannulated rats, the femoral artery, femoral vein, and bile duct were
cannulated with polyethylene tubes (PE-50 and PE-10; Jungdo, Seoul, Korea) under light anesthesia
with isoflurane. For the control group, the femoral artery and femoral vein were cannulated with
PE-50. Compound K was injected intravenously via the femoral vein at 2 mg/kg. Blood samples
(approximately 200 µL) were collected from the femoral artery at 0, 0.25, 0.5, 1, 2, 4, and 8 h after the
compound K injection. After each blood sampling, normal saline was injected into the femoral vein to
compensate for blood loss. Bile samples were collected every 2 h for a total of 12 h. The blood samples
were centrifuged at 16,000× g for 10 min, and 50 µL aliquots of plasma and 50 µL aliquots of bile were
stored at −80 ◦C until the compound K analysis. In the non-bile cannulated rats, the complete contents
of the entire gastrointestinal tract were collected using a 10 mL syringe filled with 30 mL pre-warmed
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saline. The contents were homogenized with tissue homogenizer, and 50 µL aliquots of intestinal fecal
homogenates were stored at −80 ◦C until the analysis.

The 50 µL samples of plasma, urine, 10% fecal homogenates, bile, and intestinal fecal homogenates
were each mixed with 60 µL of IS (20 ng/mL 13C-caffeine in water) and 600 µL of methyl tert-butyl
ether (MTBE). The mixtures were vortexed vigorously for 10 min and centrifuged at 16,000× g for
5 min. After centrifugation, the samples were frozen at −80 ◦C for 2 h. For each sample, the upper
layer was transferred to a clean tube and evaporated to dryness under a nitrogen stream. The residue
was reconfigured with 200 µL of 80% methanol consisting of 0.1% formic acid, and a 10 µL aliquot was
injected into the liquid chromatography–tandem mass spectrometry (LC–MS/MS) system.

Table 2. Blood sampling schedule for the pharmacokinetic study of compound K in mice and rats
following intravenous injection of compound K.

Sampling Time
(h)

Group 1
(n = 4)

Group 2
(n = 4)

Group 3
(n = 4)

Sampling Method Anesthesia

0 O RO-right 1 O
0.17 O RO-right O
0.5 O RO-right O
1 O RO-left 2 O
2 O RO-left O
4 O RO-left O
8 O AA 3 O
24 O AA O
48 O AA O

1 RO-right: retro-orbital blood sampling—right eye under anesthesia with isoflurane; 2 RO-left: retro-orbital blood
sampling—left eye under anesthesia with isoflurane; 3 AA: abdominal artery blood sampling.

2.4. Tissue Distribution Study

ICR mice and SD rats received compound K intravenously at a single dose of 2 mg/kg via tail
vein and were returned to the metabolic cage with water and chow ad libitum. The animals were
euthanized and blood samples (approximately 200 µL) were collected from the abdominal artery at
0.17, 0.5, 2, 4, 8, and 24 h after intravenous injection. The liver, kidney, brain, heart, lung, spleen,
and testis were immediately excised, gently washed with ice-cold saline, and weighed. The tissue
samples were homogenized with 4 volumes of saline. Aliquots (50 µL) of plasma and 20% tissue
homogenates were stored at –80 ◦C until the analysis of compound K.

To investigate the effect of rifampin (a representative inhibitor of the organic anion-transporting
polypeptide (Oatp) transporters [11]) on the hepatic distribution of compound K, ICR mice and SD
rats were randomly divided into either control or rifampin groups. The rifampin group was orally
administered with rifampin solution (20 mg/kg, dissolved in DMSO: saline = 2:8, v/v) and the control
group received only the vehicle via oral gavage. One hour after rifampin treatment, mice and rats
received compound K intravenously at a single dose of 2 mg/kg via tail vein. The animals were
euthanized and blood samples (approximately 200 µL) were collected from the abdominal artery at 0.5
and 2 h after intravenous injection. The liver tissues were immediately excised, gently washed with
ice-cold saline, and homogenized with 4 volumes of saline. Aliquots (50 µL) of plasma and 20% liver
homogenates were stored at −80 ◦C until the analysis of compound K.

The plasma samples and 20% tissue homogenates samples were each mixed with 60 µL of IS
(20 ng/mL 13C-caffeine in water) and 600 µL of MTBE. The mixtures were vortexed vigorously for
10 min and centrifuged at 16,000× g for 5 min. After centrifugation, the samples were frozen at −80 ◦C
for 2 h. The upper layer was transferred to a clean tube and evaporated to dryness under a nitrogen
stream. The residue was reconfigured with 200 µL of 80% methanol consisting of 0.1% formic acid,
and a 10 µL aliquot was injected into the LC-MS/MS system.
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2.5. LC-MS/MS Analysis of Compound K

Compound K and PPD concentrations were analyzed using a modified LC-MS/MS method of
Jin et al. [8] with an Agilent 6430 triple quadrupole LC-MS/MS system (Agilent, Wilmington, DE,
USA). Compound K and PPD were separated using an Eclipse Plus C18 RRHD (1.8 µm particle size,
3.0 × 5.0 mm, Agilent, Wilmington, DE, USA). The mobile phase consisted of 0.1% formic acid in water
(8%) and 0.1% formic acid in methanol (92%) at a flow rate of 0.15 mL/min.

Quantification of a separated analyte peak was performed at m/z 645.5→ 203.1 for compound
K (TR (retention time) 6.9 min), m/z 425.3→ 109.1 for PPD (TR 13.9 min), and m/z 198.2→ 140.1 for
13C-caffeine (IS) (TR 2.9 min) in the positive ionization mode with collision energy (CE) of 35, 25 and
20 eV, respectively. The analytical data were quantified using Mass Hunter (version B.06.00, Agilent,
Wilmington, DE, USA).

The calibration standards and quality control (QC) samples were prepared by spiking a 5 µL
aliquot of the working solution with 45 µL aliquot of blank matrix (plasma, liver, kidney, heart, lung,
pancreas, brain, testis, and urine). The final concentrations of the compound K and PPD calibration
standards for plasma and urine samples were 5, 10, 20, 50, 200, 500, 2000 ng/mL, and the concentrations
of QC samples of compound K and PPD were 15, 100, and 1500 ng/mL. The concentrations of calibration
standards and QC samples of compound K and PPD for bile and fecal homogenates were 25, 50, 100,
250, 1000, 2500, and 10,000 ng/mL and 75, 500, and 7500 ng/mL, respectively. The concentrations of
calibration standards and QC samples of compound K for liver, kidney, heart, lung, pancreas, brain,
and testis homogenates were 5, 10, 20, 50, 200, 500, and 2000 ng/mL and 15, 100, and 1500 ng/mL,
respectively. The standard calibration curves for compound K and PPD was linear in the concentration
range of 5–2000 ng/mL in the plasma, urine, and tissue homogenates samples and in the concentration
range of 25–10,000 ng/mL in the bile and feces homogenates samples, respectively. The inter-day and
intra-day precision and accuracy (%CV) for compound K and PPD in all biological samples was less
than 15%.

2.6. Data Analysis

Pharmacokinetic parameters were estimated using non-compartmental methods (WinNonlin
version 2.0, Pharsight Co., Certara, NJ, USA).

All pharmacokinetic parameters are given as the mean ± standard deviation. All statistical
analyses were performed using SAS (ver. 9.4; SAS Institute Inc., Cary, NC, USA). A p-value < 0.05 was
considered statistically significant.

3. Results

3.1. Comparative Pharmacokinetics of Compound K in Rats and Mice

The plasma concentration-time profile of compound K was compared between the mice and the
rats. Since the intestinal absorption of compound K is low and variable [3,4], intravenous injection
of compound K was used in this study intead of oral administration. The plasma concentrations of
compound K in mice were greater than those in rats (Figure 1). The pharmacokinetic parameters of
compound K such as AUC and plasma concentration were about 5–6-fold greater in mice than in
rats, while there was no significant difference in the half-life (T1/2) and mean residence time (MRT)
between rats and mice (Table 3). However, the clearance (CL) and volume of distribution (Vd) values
were about five-fold larger in rats than in mice (Table 3). Taken together, the results suggest that the
distribution and elimination of compound K differ between rats and mice.
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Figure 1. (A) Plasma concentration vs. time profile of compound K following intravenous injection of
compound K at a single dose of 2 mg/kg in rats (A) and mice (B). Plasma concentration of compound K
(Y-axis) was represented using a logarithmic scale. Data expressed as mean± standard deviation from
four rats or four mice at different time points.

Table 3. Pharmacokinetic parameters of compound K in rat and mouse.

Characteristics Parameters Rat Mouse

Plasma

C0 (ng/mL) 75.3 ± 23.3 400 ± 137 *
AUC48 h (ng·h/mL) 638.8 ± 298.6 3756.3 ± 1636 *
AUC∞ (ng·h/mL) 670.1 ± 284.1 4025.1 ± 1836 *

T1/2 (h) 7.3 ± 0.4 11.4 ± 1.5
MRT (h) 8.9 ± 0.4 11.8 ± 2.0

CL (mL/min/kg) 59.0 ± 21.8 10.4 ± 4.9 *
Vd (L/kg) 31.8 ± 3.1 7.08 ± 2.6 *

Excretion
Feces48 h (% of dose) 13.8 ± 7.1 28.4 ± 5.9 *
Urine48 h (% of dose) 0.01 ± 0.01 0.02 ± 0.01

AUC48 h or AUC∞: area under the plasma concentration-time curve from 0 to 48 h or to infinity; C0: initial plasma
concentration; T1/2: half-life; MRT: mean residence time; CL: clearance; Vd: Volume of distribution. Data expressed
as mean ± standard deviation (n = 4). *: p < 0.05 compared with the rat group.

To compare the elimination pathway of compound K, we measured the renal and fecal recovery of
compound K following intravenous administration of compound K in both rats and mice. The recovery
of compound K from the urine was about 0.02% of the intravenous dose in both mice and rats.
In contrast, the fecal recovery of compound K was about 28.4 ± 5.9% in mice and 13.8 ± 7.1% in rats
(Table 1). The results suggest that fecal excretion is a major excretion route for compound K in both
rats and mice but also that compound K may undergo in vivo metabolism in both rats and mice.

3.2. Tissue Distribution of Compound K

To analyze the tissue distribution of compound K, we measured the temporal profile of compound
K in various tissues in rats and mice following intravenous administration of compound K. As shown
in Figures 2 and 3, the tissue distribution pattern of compound K was comparable in both mice and
rats. Compound K was predominantly distributed to the liver in both rats and mice, and the liver
to plasma AUC ratio was 11.1 in rats and 16.7 in mice. The AUC ratios of other tissues (i.e., kidney,
heart, lung, pancreas, testis, and brain) to plasma, however, were much lower than the liver/plasma
AUC ratio for both species (Figures 2B and 3B). These results suggest the involvement of the uptake
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transport system, which is dominantly expressed in the liver. Previously, Jiang et al. [12] reported the
involvement of the Oatp transporters (OATP1B3 in humans and Oatp1b2 in rats) in the hepatic uptake
of ginsenosides Rg1, Re, and R1. Therefore, we investigated the effect of rifampin, a representative
inhibitor of the Oatp transporter [11], on the liver distribution of compound K to further assess the
involvement of the Oatp uptake transporter.
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Figure 2. (A) Tissue concentration vs. time profile of compound K following intravenous injection of
compound K at a single dose of 2 mg/kg in rats. (B) AUC ratios (AUCtissue/AUCplasma) of compound K
in the liver, kidney, heart, lung, pancreas, testis, and brain following intravenous injection (2 mg/kg) in
rats. AUC was calculated from the data shown in (A) and the dotted line in (B) represents unity. Data
are expressed as mean± standard deviation from four rats at different time points.
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Figure 3. (A) Tissue concentration vs. time profile of compound K following intravenous injection of
compound K at a single dose of 2 mg/kg in mice. (B) AUC ratios of compound K in the liver, kidney,
heart, lung, pancreas, testis, and brain to plasma following intravenous injection (2 mg/kg) in mice.
AUC was calculated from the data shown in (A) and the dotted line in (B) represents unity. Data are
expressed as mean ± standard deviation from four rats at different time points.

When rifampin was given orally at 1 h prior to compound K injection, the plasma concentration
of compound K increased and the liver to plasma concentration ratios decreased when compared to
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the control group (no rifampin pre-treatment) in both mice and rats (Figure 4). This can be explained
by the blocking of Oatp-mediated hepatic uptake of compound K by the rifampin pre-treatment.
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Figure 4. Effect of rifampin pre-treatment on the liver to plasma concentration ratios of compound
K in (A) rats and (B) mice. Liver and plasma compound K concentration were measured following
intravenous injection of compound K at a single dose of 2 mg/kg in the presence or absence of rifampin
pre-treatment (20 mg/kg, per oral). Data expressed as mean ± standard deviation from four rats or four
mice at different time points. *: p < 0.05 compared with control group.

3.3. Intestinal Metabolism of Compound K

To understand the metabolism of compound K, we measured PPD levels in the plasma, urine, and
feces samples from rats and mice. Previous studies have demonstrated that compound K is metabolized
to PPD via β-glucosidase in intestinal microbacterium (Figure 5) [1,13]. As shown in Figure 6, PPD
was detected in the plasma and fecal samples from both mice and rats following intravenous injection
of compound K (2 mg/kg). However, PPD was not detected in the rat and mouse urine samples. These
results suggest that compound K was metabolized to PPD in both rats and mice.
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Figure 5. Structure and reported metabolic pathway of compound K to PPD. Glc: glucose; PPD:
20(S)-protopanaxadiol.
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Figure 6. Representative multiple reaction monitoring chromatogram of compound K and PPD in
plasma and feces samples collected from rats (A,B) and mice (C,D) following intravenous injection of
compound K at a dose of 2 mg/kg.

The concentrations of compound K and PPD in plasma and feces samples are shown in Figure 7.
Following intravenous injection of compound K, the PPD peak was detected in the mouse plasma
samples between 4 and 24 h and in the rat plasma samples between 8 and 24 h (Figure 7A,B), suggesting
that the metabolism of compound K to PPD might be a slow process. The PPD concentration in the
plasma samples at 48 h was below the lower limit of quantification (LLOQ; 5 ng/mL). The metabolic
ratio calculated from the PPD to compound K ratio was much greater in rat plasma than in mouse
plasma (0.02–0.08 in mouse vs. 0.2–1.6 in rat; Figure 7A,B). Similarly, the ratio of PPD to compound K
in the feces samples was also significantly greater in rats than in mice (Figure 7C,D). The recovery
of PPD was 3.4-fold higher than that of compound K in rat feces, whereas the recovery of PPD was
1.2-fold higher than that of compound K in mouse feces. As shown in Table 4, compound K and its
metabolite PPD were exclusively recovered from feces but not from urine. The higher percentage of
PPD recovery in rats compared to mice suggest the higher metabolism of compound K to PPD in rats
compared to mice (Figure 1 and Table 3).
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Figure 7. Plasma concentration vs. time profile of compound K and PPD (a metabolite of compound K)
following intravenous injection of compound K at a single dose of 2 mg/kg in (A) rats and (B) mice.
Fecal excretion of compound K and PPD following intravenous injection of compound K at a single
dose of 2 mg/kg in (C) rats and (D) mice. Data expressed as mean± standard deviation of four samples
for each time point.

Table 4. Recovery of compound K and PPD from urine and feces over the 48 h period following
intravenous injection of compound K at a single dose of 2 mg/kg.

Species Compounds
Recovery48 h (% of Dose)

Feces Urine

Rat
Compound K 13.8 ± 7.1 0.05 ± 0.03

PPD 46.6 ± 4.9 ND

Mouse
Compound K 28.4 ± 5.9 0.02 ± 0.01

PPD 34.4 ± 5.8 ND

ND: Not detected. Data expressed as mean ± standard deviation from four rats and mice per group.

Next, we compared the pharmacokinetic features of compound K between the bile-cannulated
rats and the non-bile-cannulated rats. In the bile-cannulated rats, biliary excretion of compound K was
very fast and most of the excreted compound K was collected during the 0–2 h period (Figure 8B),
which could be due to high and fast distribution of compound K to the liver (Figure 2). Because
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of the fast distribution to the liver and biliary excretion, the plasma concentration of compound K
disappeared rapidly and was best fitted to the one-compartment model. The elimination constant
was estimated using 5 points and yielded 0.90 h−1 with an r2 value of 0.92 (Figure 8A). The T1/2 was
calculated as 0.78 ± 0.11 h in the bile-cannulated rats. In contrast, the AUC value for compound K in
the non-bile-cannulated rats was significantly greater than that of the non-bile cannulated control rats
(Table 5). The plasma concentration profile of compound K in the control group showed 2-exponential
decay. The elimination constant was estimated using 3 points and yielded 0.29 h−1 with r2 value of 0.94
(Figure 9A). As results, T1/2 was calculated as 2.40 ± 0.61 h in the non-bile cannulated rats, which is
significantly greater than that in bile cannulated rats. The results suggest that the compound K enters
into the systemic circulation from other compartments.
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Figure 8. (A) Plasma concentration and (B) biliary excretion of compound K following intravenous
injection at a single dose of 2 mg/kg in the bile-cannulated rats (•) and in the non-bile-cannulated rats (#).
Dotted lines represent the regression line of the elimination constant from the plasma concentrations of
compound K. Data expressed as mean ± standard deviation from four rats per group.

Table 5. Pharmacokinetic parameters of compound K in rats of bile cannulation and non-bile
cannulation.

Characteristics Parameters Non-Bile Cannulated Rat Bile Cannulated Rat

Plasma

C0 (ng/mL) 451.13 ± 192.5 436.25 ± 325.8
AUC12 h (ng·h/mL) 496.38 ± 253.1 211.09 ± 87.32 *
AUC∞ (ng·h/mL) 517.19 ± 248.6 234.78 ± 125.6 *

T1/2 (h) 2.40 ± 0.61 0.78 ± 0.11 *

Excretion Bile12 h (% of dose) - 39.1 ± 5.7

C0: initial plasma concentration; AUC12 h or AUC∞: area under the plasma concentration-time curve from 0 to last
sampling time or infinity; T1/2: half-life. Data expressed as mean ± standard deviation from four rats. *: p < 0.05
compared with non-bile cannulated rat group.
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Figure 9. Representative multiple reaction monitoring chromatogram of compound K and PPD in (A)
bile collected for 0–2 h and 2–12 h from bile cannulated rats, (B) intestinal feces samples collected from
rats of non-bile cannulation at 2 or 12 h, (C) plasma samples taken at 2 and 8 h from bile cannulated rats,
and (D) plasma samples taken at 2 and 8 h from rats of non-bile cannulation following intravenous
injection of compound K (2 mg/kg).

We compared the compound K and PPD levels in the plasma and bile or intestinal feces samples in
the bile duct cannulated rats and the control rats (without bile duct cannulation) to determine whether
biotransformation from compound K to PPD occurred in the intestine or the plasma. For this, bile
samples were collected for 0–2 h and 2–12 h period after administration of compound K from the rats
with bile duct cannulation. Since these bile samples were collected directly from the bile duct, the
compound K in the sample was distributed to the liver and excreted through the biliary route and,
therefore, did not reach the intestinal microbiota. In control group, however, the compound K in the
bile sample was excreted via the bile duct, so it reached the intestine and was subjected to further
metabolism to PPD. As shown in Figure 8, all of the bile samples collected over a 12 h period from
the bile-cannulated rats contained only compound K without PPD (Figure 9A), suggesting no further
metabolism of compound K to PPD occurred in the rat plasma, liver, and bile. However, the intestinal
fecal samples collected from rats without bile cannulation at 2 and 12 h following intravenous injection
of compound K showed peaks for both compound K and PPD, and the amount of PPD was greater in
the 12 h samples compared to the 2 h samples (Figure 9B). In addition, PPD was detected in the plasma
samples at 8 h in the control rats (Figure 9D), suggesting that the PPD detected in the 8 h sample
(which was not present in the 2 h plasma sample) was absorbed from the intestine after metabolism of
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compound K occurred. These results were consistent with the results from Figure 7A. Contrary to the
control group, PPD was not detected in any of the plasma samples collected from bile-cannulated rats
(Figure 9C). Taken together, the results suggest slow biotransformation of compound K to PPD in the
rat intestine followed by the reabsorption of PPD into the systemic circulation.

4. Discussion

Although much is known about the pharmacological effects of compound K from in vitro studies
and in vivo disease models, research on the pharmacokinetics as well as the relationship between
the pharmacokinetics and drug response of compound K has been limited. This study aimed to
understand the pharmacokinetic features of compound K and to compare its pharmacokinetic behavior
in rats and mice, which are often used for disease models. Our study found that biliary excretion of
compound K is a major elimination pathway, and fast and extensive liver distribution of compound K
was demonstrated in both rats and mice. Oatp transporter-mediated hepatic uptake could be a possible
mechanism for the dominant liver distribution compared to other tissues such as kidney, brain, spleen,
and testis in both species (Figures 2 and 3), as the hepatic uptake of compound K was significantly
inhibited by the pretreatment of rifampin, an Oatp inhibitor (Figure 4). Our results indicate that
biotransformation of compound K to PPD occurs in the intestine rather than in the plasma or the liver,
based on the comparison between the non-bile-cannulated rats and the bile-cannulated rats (Figure 9).
The plasma PPD in rats and mice was then be reabsorbed from the intestine after the metabolism of the
excreted compound K (Figures 1 and 9). In addition, the higher plasma AUC and T1/2 of compound
K in the non-bile cannulated rats compared with those in bile cannulated rats (Table 5) suggests
that the excreted compound K was reabsorbed from the intestinal lumen. The T1/2 of compound K
in non-bile cannulated rats was significantly greater (2.40 ± 0.61 h) than in the bile-cannulated rats
(0.78 ± 0.11 h). In addition, the T1/2 of compound K in the control rats calculated from the plasma
concentration profiles for 48 h was 7.3 ± 0.4 h (Table 3), which is much longer than the T1/2 calculated
from the plasma concentration profiles for 12 h. Also, the compound K plasma concentrations in the
bile-cannulated rats could be fitted to a 1-compartment model while the plasma concentrations in the
non-bile cannulated control rats showed 2-exponential decay (Figure 8A). Moreover, the compound K
plasma concentrations increased or maintained at 2–4 h after sharply decreasing in the 0–2 h period,
and then showed a slow decrease over the 4–48 h time period in both rats and mice (Figure 7A,B).
This pattern could be attributable to the continuous reabsorption of compound K. The lipophilicity
(LogP value 3.85 for compound K; 5.53 for PPD) and moderate permeability (0.5–2 × 10−6 cm/s for
compound K; 1.15 × 10−6 cm/s for PPD) of compound K and PPD in Caco-2 cells also support the
possibility of compound K and PPD reabsorption [3,7,14,15].

The features that differed most significantly between the rats and the mice were the higher plasma
concentration (C0 and AUC) of compound K in mice and the greater fecal recovery of PPD in rats. The
percent recovery of the parent form (compound K) in mouse feces was much higher than in rat feces
(13.8% in rats vs. 28.4% in mice), while the total fecal recovery (sum of compound K and PPD) was
similar for both mice and rats (60.4% in rats vs. 62.8% in mice), suggesting that the elimination process
of compound K could differ between rats and mice in addition to the difference in Vd between rats and
mice. Multiple previous studies have shown that the tri- or four-glycosylated PPD-type ginsenosides
(major components in red ginseng; Rb1, Rb2, Rc, and Rd) have been metabolized to compound K
(monoglycosylated PPD-type ginsenoside) and further hydrolyzed to PPD, the final metabolite of the
PPD-type ginsenosides, in the presence of lactic acid bacteria and gut microbiota [13,16]. Previous
studies have reported that Bacteroides sp., Eubacterium sp., and Bifidobacterium sp. could potentially
be involved in compound K metabolism and that subjects who have a higher composition of Bacteroides
sp., Eubacterium sp., and Bifidobacterium sp. strains showed higher metabolism of Rb1 to compound
K [1,10]. Similarly, differences in the composition of the intestinal microbiota in rats and mice could
lead to the different rates of metabolism of compound K to PPD. Wang et al. identified the predominant
bacterium in human and animal fecal samples [17]. In human fecal samples, 55% of colonies were
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identified as Bacteroides sp. but Eubacterium sp. and Bifidobacterium sp. were also present in smaller
proportions. In mice and rat fecal samples, Bacteroides sp. showed relatively low expression compared
to the human samples. Eubacterium sp. and Bifidobacterium sp. also showed lower expression than
other species (Clostridium, Fusobacterium, and Peptosreptococcus sp.). The data suggests that there
are species-dependent factors that play a role in the gut metabolism of ginsenosides in mice, rats, and
humans. Kim et al. [10] reported that human subjects who have a higher proportion Bacteroides sp.
in their fecal microbiota showed 6-fold higher metabolic activity of compound K than the subject
group that had a smaller proportion of Bacteroides sp. Choi et al. [7] reported that inter-subject
variability in gut metabolism of compound K rather than the intestinal absorption of compound K may
contribute to the large inter-individual variations in plasma compound K concentrations. Therefore,
differences in the gut metabolism of compound K could also explain the variability of the compound K
pharmacokinetics between species. In addition, cytochrome P450 3A-mediated metabolism of PPD has
been reported in human plasma and urine samples. Multiple oxidized PPD metabolites were identified
from human plasma and urine samples, and cytochrome P450 3A is thought to be involved in this
process [18,19]. This metabolism of PPD in the liver microsomes could explain the unrecovered portion
of compound K and PPD at 48 h following intravenous administration of compound K in this study.

Collectively, the proposed enterohepatic circulation of compound K and PPD (Figure 10) could
explain how compound K shows efficacy in vivo despite its fast and exclusive biliary excretion.
The distribution of compound K into the liver could be a possible link to the hepatoprotective effect of
compound K. However, the therapeutic use of compound K in other tissues and the oral administration
of compound K and PPD may be limited because of poor aqueous solubility (33 µg/mL for compound K;
<50 ng/mL for PPD) and P-gp-mediated efflux [4,14,15]. The use of nanocrystals for PPD formulation
improved oral bioavailability and brain delivery [15]. The use of the metabolism inhibitor piperine [20]
in the formulation of PPD and the use of P-gp inhibitor, α-Tocopheryl polyethylene glycol 1000
succinate (TPGS) [21], in the formulation of PPD and compound K enhanced oral absorption and
anticancer efficacy of these PPD and compound K [22,23]. These approaches may provide a strategy
for developing formulations for compound K and PPD by modulating their pharmacokinetic features.

 

α

 

 

Figure 10. Proposed pharmacokinetic pathway of compound K following intravenous injection.
Compound K underwent several steps: (i) intravenous entry of compound K into systemic circulation,
(ii) Oatp-mediated hepatic uptake of compound K, (iii) biliary excretion of compound K into the
intestinal lumen, (iv) metabolism of compound K into PPD in intestine, and (v) the absorption of
compound K and PPD from intestine in blood.
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5. Conclusions

This comparative pharmacokinetic and tissue distribution study of compound K in rats and mice
demonstrated the following processes (Figure 10). First, the plasma concentration of compound K in
mice was significantly greater than that in rats and the fecal recovery of PPD over 48 h in rats was
greater than that in mice although the differences in elimination and metabolism between the two
species need further investigation. Second, the plasma compound K was quickly distributed into the
liver and underwent biliary excretion rather than renal elimination. The distribution of compound K
into other major organs (kidney, heart, lung, pancreas, and testis) was much lower than in the liver for
both rats and mice. Third, compound K was metabolized into PPD by the intestinal microbiota and the
intestinal PPD metabolite was reabsorbed in the systemic circulation of both rats and mice.
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Abstract: HSG4112, a racemic drug, is a new anti-obesity agent. In this study, the stereoselective
pharmacokinetics of HSG4112 were investigated in rats and dogs, and the underlying mechanism
was investigated. The plasma concentrations of HSG4112(S) and HSG4112(R) were quantitated
in plasma from rats and beagle dogs after IV and/or oral administration of racemic HSG4112.
The concentration of HSG4112(S) was significantly higher than that of HSG4112(R) in rat plasma.
Contrarily, the concentration of HSG4112(R) was significantly higher than HSG4112(S) in dog plasma.
A metabolic stability test with liver microsomes showed that HSG4112(S) was more stable than
HSG4112(R) in rat liver microsomes, but the difference between stereoisomers did not appear in
dog liver microsomes. However, the stereoselectivity was observed in dog liver and intestinal
microsomes after uridine 5’-diphospho-glucuronic acid was added. Thus, stereoselective metabolism
by uridine 5’-diphospho-glucuronosyltransferases is mainly responsible for the stereoselective
pharmacokinetics in dogs. These results suggest that the species difference in the stereoselective
plasma pharmacokinetics of HSG4112 is due to the stereoselective metabolism.

Keywords: HSG4112; anti-obesity agent; stereoselectivity; pharmacokinetics

1. Introduction

HSG4112 is a new drug candidate which has been developed as a treatment for obesity. Its chemical
structure is derived from glabridin. Glabridin is an isoflavane, which is found in Glycyrrhiza glabra

extract [1–3]. It is known to have whitening activity by suppressing the activity of tyrosinase during
the synthesis of melanin and to help alleviate gastroenteric disorders. Recently, it was confirmed
that glabridin is effective in metabolic syndromes, including hyperlipidemia, fatty liver, impaired
glucose metabolism, diabetes, and obesity and has anti-inflammatory actions, anticancer actions,
and the like [4]. However, in spite of useful medicinal efficacy, glabridin is easily broken down by
sunlight, moisture, acidity, basicity, oxygen, heat, and the like due to low chemical stability, so it is very
difficult to develop a product actually utilizing glabridin [4]. For these reasons, we synthesized a new
pyranochromenylphenol derivative, HSG4112, by modifying the structure of glabridin. HSG4112 is
stable under various physical conditions, while maintaining or improving its medicinal efficacy [4].
HSG4112 is a racemic compound with a chiral carbon. Thus, glabridin has the structure of R-enantiomer
whereas HSG4112 is a mixture of S and R enantiomers (Figure 1).
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Figure 1. Chemical structures of (A) HSG4112 and (B) glabridin.

In many cases with chiral drugs, one of the two enantiomers is active and the other is either
non-active or even harmful [5–7]. This is because the interaction between a drug molecule and its
target is dependent on its three-dimensional environment. The most famous example is thalidomide,
which was sold in the 1950s; the drug was introduced as a racemic mixture for use as a sedative but was
later withdrawn from the market following the occurrence of birth defects in the children of mothers
who took it to treat morning sickness. It was later found that the inactive enantiomer was the cause of
the teratogenicity. This disaster was a driving force behind the requirement to strictly test drugs before
making them available to the public [8]. In particular, for racemate candidates, both enantiomers
should be studied separately as early as possible to assess the relevance of stereoisomerism to effects
and fate. Accordingly, a pharmacokinetic evaluation should be provided for each enantiomer [9,10].

In this study, the stereoselective pharmacokinetics of HSG4112 were investigated in rats and
beagle dogs. In addition, the metabolic stability was investigated in liver and intestinal microsomes
from five different species (rat, mouse, dog, monkey, and human) to evaluate the role of metabolism in
the species differences in its stereoselective pharmacokinetic behavior.

2. Materials and Methods

2.1. Chemicals and Materials

HSG4112(S) and HSG4112(R) were given from Glaceum Incorporation (Suwon, Korea). Pooled rat
liver microsome (RLM), mouse liver microsome (MLM), dog liver microsome (DLM), and human liver
microsome (HLM) were obtained from Gentest (Woburn, MA, USA). Pooled rat intestinal microsome
(RIM), mouse intestinal microsome (MIM), dog intestinal microsome (DIM), and human intestinal
microsome (HIM) were obtained from Sekisui Xenotech (Kansas City, KS, USA). Glucose 6-phosphate,
β-NADP+, glucose 6-phosphate dehydrogenase and alamethicin were obtained from Sigma-Aldrich
(St. Louis, MO, USA). HPLC-grade acetonitrile (ACN) and formic acid were purchased from J.T. Baker
(Phillipsburg, NJ, USA). Distilled water (DW) was prepared using a Milli-Q purification system
(Millipore, Bedford, MA, USA).

2.2. Preparation of Calibration and Quality Control (QC) Standards

HSG4112(S) 10 mg, HSG4112(R) 10 mg, and HSG4112-d5 (internal standard; IS) 5 mg were
weighted and transferred to a 10 mL volumetric flask and ACN was added to the marking line to
completely dissolve and store in a refrigerator (4 ◦C). The standard stock solutions of HSG4112(S) and
HSG4112(R) were serially diluted to the designated concentrations to prepare the working standard
solutions. The IS stock solution was diluted to 100 ng/mL with ACN and used for plasma sample
preparation. Working standard solutions (5 µL) were added to plasma (95 µL) to yield calibration
standards of 5, 20, 50, 100, 500, 1000, 2000, and 5000 ng/mL. QC samples were prepared at final
concentrations of 5(LOQ), 15(low), 400(mid), and 4000(high) ng/mL in the same manner as the
calibration standards.
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2.3. Animal Plasma Samples

Rat and dog plasma samples were obtained from Biotoxtech Co. Ltd. (Cheongju, Korea). Plasma
samples for oral pharmacokinetic study were obtained from the 4-week repeated oral toxicity study.
The information on the plasma samples were provided in the Supplementary data. Briefly, for the
pharmacokinetic analysis in rats, HSG4112 was orally administered HSG4112 at a dose of 100 mg/kg/day
for 4 weeks and the plasma samples were collected on the 28th day. The blood drain time point was 0,
0.5, 1, 2, 4, 6, 10, and 24 h (n = 3; Table S1). In addition, rats were intravenously administrated HSG4112
at a dose of 10 mg/kg and blood was collected at 0, 0.083, 0.25, 0.5, 0.75, 1, 2, 3, 6, 12, and 24 h (n = 3).
For the pharmacokinetic analysis in dogs, HSG4112 was orally administered at a dose of 100 mg/kg/day
for 4 weeks (n = 3), and the plasma samples were collected on the 28th day. Blood samples were taken
at 0, 1, 2, 4, 6, 10, 12, and 24 h. In addition, dogs were administrated HSG4112 intravenously at a dose
of 2 mg/kg (n = 2) and blood was collected at 0, 0.083, 0.25, 0.5, 1, 2, 3, 4, 6, 12, and 24 h. All animal
studies were performed according to the guidelines of the Ethics Committee for Use of Experimental
Animals and approved by the Institutional Animal Care and Use Committee of Biotoxtech Co. Ltd.
(Approval ID and date: 2016-05-160252, 2016-05-160276).

2.4. Sample Preparation

The plasma (30 µL) sample was put into a 1.5 mL tube and added with 60 µL IS solution. The tube
was vortexed and centrifuged at 13,200 rpm for 5 min at room temperature. The supernatant was
transferred to an LC vial for LC-MS/MS analysis.

2.5. In Vitro Metabolic Stability

Incubation mixture containing liver or intestinal microsomes (1 mg/mL), and HSG4112 (10 µM)
in potassium phosphate buffer (0.1 M, pH 7.4) were preincubated at 37 ◦C for 5 min. The reactions
were initiated by the addition of an NADPH-generation solution in a final incubation volume of
100 µL (n = 3). For glucuronide conjugate formation, incubation mixture containing microsomes
(1 mg/mL), magnesium chloride (2.5 mM), UDPGA (2 mM), alamethicin (25 µg/mL), and drug (10 µM)
in potassium phosphate buffer (0.1 M, pH 7.4) were preincubated at 37 ◦C for 5 min. The reactions
were initiated by the addition of the NADPH-generation solution in a final incubation volume of
200 µL (n = 3). After the incubation for 0, 30, 60, and 120 min, the reaction was stopped by the addition
of 200 µL ACN with IS. The samples were vortex-mixed and centrifuged at 13,200 rpm for 5 min.
The supernatant (5 µL) was injected on to ultra-performance liquid chromatographic (UPLC) column
for LC-MS/MS analysis. The experiment was performed in triplicate.

2.6. LC-MS/MS

In order to quantify HSG4112(S) and HSG4112(R), the Acquity UPLC-MS/MS system (Waters,
Milford, MA, USA) was used with an electrospray ionization source. Mass detection was performed in
the negative ion mode, and the column temperature was maintained at 40 ◦C using a thermostatically
controlled column oven. The column used for the separation was a CHIRALPAK® IC-U (1.6 µm,
3.0 × 100 mm; DAICEL, New York, NY, USA). The mobile phases consisted of D.W (solvent A) and
ACN (solvent B). For quantification of the analytes, isocratic elution was performed at a flow rate of
0.5 mL/min. Solvent B was maintained at 60%. For multiple reaction monitoring (MRM) analyses,
the target ions used were m/z 353.3→137.1 for HSG4112(S) and HSG4112(R) and m/z 358.3→142.0 for
HSG4112-d5. The capillary voltage was 3 kV and cone voltage was 50 V. Collision energy was 23 V.
Nitrogen was used as the desolvation gas at a flow rate of 650 L/h and at 450 ◦C. The representative
chromatograms of HSG4112(S) and HSG4112(R) in rat and dog plasma are provided in Supplementary
data (Figure S1). The validation for the quantitation method was conducted and the resulting data were
satisfactory (Supplementary data). For metabolite profiling, an ACQUITY UPLC BEH C18 column
(2.1 × 150 mm, 1.7 µm; Waters, Milford, MA, USA) was used and a gradient elution program was used
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as follows: 30%B to 75% B at 10 min, to 30% B at 10.1 min, and held at 30% B for 3 min. The metabolite
levels were measured using selected ion monitoring based on the m/z values of the deprotonated ions
of metabolites. Other mass spectrometer conditions were the same as above.

2.7. LC-QTOF/MS for Metabolite Analysis

The high performance liquid chromatography quadruple time of the flight mass spectrometer
(LC-QTOF/MS) system consisted of an Agilent 1260 series binary pump HPLC system and an Agilent
6530 Q-TOF/MS/MS equipped with an electrospray ionization source (Agilent Technologies, Palo Alto,
CA, USA). The column used for the separation was a Thermo Hypersil Gold column (2.1 × 150 mm,
3 µm; Thermo Fisher Scientific Inc., Waltham, MA, USA). Column temperature was maintained at
40 ◦C using a thermostatically controlled column oven. The HPLC mobile phases consisted of 0.1%
formic acid in distilled water (A) and 90% acetonitrile in 0.1% formic acid (B). A gradient program was
used for the HPLC separation with a flow rate of 0.2 mL/min. The initial composition of the mobile
phase was 30% B and it was changed to 90% B over 13 min and followed by a 7 min re-equilibration to
the initial condition. The entire column eluent was directly introduced into the mass spectrometer.
Nitrogen was used both as the nebulizing gas at 20 psi and as the drying gas at a flow rate of 10 L/min
at 300 ◦C. The mass spectrometer was operated in the negative ion mode in m/z 50–400.

2.8. Pharmacokinetic and Data Analysis

All data were expressed as mean ± SD. Pharmacokinetic parameters were calculated by
non-compartmental analysis using Pheonix WinNonlin (Ver. 6.2, Pharsight-A Certara Company,
USA). The area under the concentration–time curve from time zero to the last measurable concentration
(AUClast), area under the plasma concentration–time curve to the infinite time (AUCinf), maximum
plasma concentration (Cmax), time to reach Cmax (Tmax), terminal elimination half-life (t1/2), total body
clearance (Cl), apparent volume of distribution (Vz), apparent volume of distribution at steady state
(Vss), and equation for the mean residence time (MRT) were estimated by non-compartmental analysis
of the plasma concentration versus time. The significance of the pharmacokinetic parameters was
assessed using the paired Student’s t-test. The analysis was performed on log-transformed data.
When p value was less than 0.05, it was judged to be significant.

3. Results

3.1. Analysis of HSG4112(S) and HSG4112(R) in Rat Plasma

The time–plasma concentration plots of HSG4112(S) and HSG4112(R) are presented in Figure 2A,
and the pharmacokinetic parameters are described in Table 1. The plasma concentration levels of
HSG4112(S) were significantly higher than those of HSG4112(R) throughout all time points. The Cmax

of HSG4112(S) and HSG4112(R) were 2904.9 ng·h/mL and 984.6 ng/mL, respectively. The area under
the curve (AUC) of HSG4112(S) and HSG4112(R) were 45,733.3 and 12,190.6 ng·h/mL, respectively.
The pharmacokinetics of HSG4112(S) and HSG4112(R) after IV administration of HSG4112 were also
investigated. The plasma concentration profiles of HSG4112(S) and HSG4112(R) after IV injection of
HSG4112 at a dose of 10 mg/kg are presented in Figure 2B, and the pharmacokinetic parameters are
described in Table 2. The stereoselective differences in plasma concentration were also observed in
the IV administration. The AUC of HSG4112(S) and HSG4112(R) were 3806.7 ± 894.6 ng·h/mL and
1390.4 ± 92.7 ng·h/mL, respectively. Validation Data are presented in Tables S2–S5.
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Figure 2. Plot for time-plasma concentration of HSG4112 after (A) oral (100 mg/kg/day, 28th day, n = 3)
and (B) iv (10 mg/kg, single dose, n = 3) administration in rats.

Table 1. Pharmacokinetic parameters of HSG4112(S) and HSG4112(R) after PO administration at a
repeated dose of 100 mg/kg/day to rats.

PK Parameter a Rat 100 mg/kg (PO, 28th Day)

HSG4112(S) HSG4112(R)

Tmax (h) 4 4
Cmax (ng/mL) 2904.9 984.6
AUClast (ng·h/mL) 45,733.3 12,190.6
T1/2 (h) 7.3 4.7
AUCinf (ng·h/mL) 50,555.8 12,558.1
MRT (h) 8.8 7.8

a The blood samples were collected by a sparse sampling method from six rats (Table S1). Accordingly,
the pharmacokinetic parameters were calculated from the mean plasma concentration data.

Table 2. Pharmacokinetic parameters of HSG4112(S) and HSG4112(R) after IV administration at a
single dose of 10 mg/kg to rats.

PK Parameter
Rat 10 mg/kg (IV, n = 3)

HSG4112(S) HSG4112(R)

Cmax (ng/mL) 2049.7 ± 654.0 1431.7 ± 530.5 ***
AUClast (ng·h/mL) 3806.7 ± 894.6 1390.4 ± 92.7 **
T1/2(h) 5.3 ± 1.0 5.9 ± 0.4
AUCinf (ng·h/mL) 3976.5 ± 1027.7 1436 ± 98.7 **
Vz (mL/kg) 9667.6 ± 697.8 29,483.8 ± 393.6 ***
Cl (mL/h/kg) 1318.8 ± 360.1 3493.4 ± 247.2 **
MRT (h) 5.4 ± 0.9 3.9 ± 0.4 *
Vss (mL/kg) 16374 ± 1281 33,462 ± 4228 ***

*: p < 0.05, **: p < 0.01, ***: p < 0.005 versus HSG4112(S).

3.2. Analysis of HSG4112(S) and HSG4112(R) in Dog Plasma

The time–plasma concentration plots of HSG4112(S) and HSG4112(R) are presented in Figure 3A,
and the pharmacokinetic parameters are described in Table 3. The Cmax of HSG4112(S) and HSG4112(R)
were 102.6 ± 69.6 and 707.6 ± 442.7, respectively. The AUC of HSG4112(S) and HSG4112(R) were
1408.4 ± 1418.0 and 12,324.8 ± 9715.7, respectively. The plasma concentration profiles of HSG4112(S)
and HSG4112(R) after IV injection of HSG4112 at a dose of 2 mg/kg are presented in Figure 3B, and the
pharmacokinetic parameters are described in Table 4. After IV injection of 2 mg/kg to beagle dogs,
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the AUC of HSG4112(S) and HSG4112(R) were 1002.6 ± 163.6 and 1837.4 ± 20.4 ng·h/mL, respectively.
Validation Data are presented in Tables S6–S9.
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Figure 3. Plot for time–plasma concentration of HSG4112 after (A) oral (100 mg/kg/day, 28th day, n = 3)
and (B) iv (2 mg/kg, single dose, n = 2) administration in dogs.

Table 3. Pharmacokinetic parameters of HSG4112(S) and HSG4112(R) after PO administration at a
repeated dose of 100 mg/kg/day to dogs.

PK Parameter
Dog 100 mg/kg (PO, 28th day, n = 3)

HSG4112(S) HSG4112(R)

Tmax (h) 4.2 ± 5.1 3.7 ± 5.5
Cmax (ng/mL) 102.6 ± 69.6 707.6 ± 442.7 ***
AUClast (ng·h/mL) 1408.4 ± 1418.0 12324.8 ± 9715.7 ***
T1/2 (h) 17.5 ± 4.5 49.4 ± 19.1
AUCinf (ng·h/mL) NA 24329.9 ± 6226.4 **
MRT (h) 9.2 ± 0.4 11.1 ± 0.2 *

*: p < 0.05, **: p < 0.01, ***: p < 0.005 versus HSG4112(S). NA: not available.

Table 4. Pharmacokinetic parameters of HSG4112(S) and HSG4112(R) after IV administration at a
single dose of 2 mg/kg to dogs.

PK Parameter
Dog 2 mg/kg (IV, n = 2)

HSG4112(S) HSG4112(R)

Cmax (ng/mL) 598.8 ± 149.2 700.9 ± 208.7
AUClast (ng·h/mL) 902.7 ± 165.2 1519.0 ± 95.1
T1/2(h) 10.3 ± 1.5 12.0 ± 1.6
AUCinf (ng·h/mL) 1002.6 ± 163.6 1837.4 ± 20.4
Vz (mL/kg) 15180.7 ± 4635.6 9437.1 ± 1333.6
Cl (mL/h/kg) 1008.6 ± 164.5 533.1 ± 5.2
MRT (h) 4.4 ± 0.3 5.7 ± 0.1
Vss (mL/kg) 8047.5 ± 1885.4 6500.5 ± 1157.4

3.3. Metabolic Stability

The results for the metabolic stability of HSG4112(S) and HSG4112(R) in rat (RLM), mouse (MLM),
dog (DLM), and human liver microsomes (HLM) is shown in Figure 4 (left). The remaining amounts of
HSG4112(S) at 120 min were 9.1 ± 3.2%, 6.9 ± 1.5%, 84.1 ± 6%, and 78.4 ± 0.5% in the RLM, MLM, DLM,
and HLM, respectively. The half-life of HSG4112(S) was 15.5, 14.2, 664.8, and 424.6 min in the RLM,
MLM, DLM, and HLM, respectively. The remaining amounts of HSG4112(R) at 120 min were 4.9 ± 3%,
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23.9 ± 1.1%, 77.9 ± 2.9%, and 54.5 ± 1.1% in the RLM, MLM, DLM, and HLM, respectively. The half-life
of HSG4112(R) was 8.2, 28.0, 376.8, and 133.9 min in the RLM, MLM, DLM, and HLM, respectively.
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Figure 4. Metabolic stability of HSG4112 in (A) rat, (B) mouse, (C) dog, and (D) human liver microsomes
(n = 3). UDPGA, uridine 5′-diphosphoglucuronic acid.

To investigate the effects of the phase II metabolism by glucuronidation, metabolic stability was
tested after adding the glucuronidation cofactor, UDPGA. The results for the metabolic stability of
HSG4112(S) and HSG4112(R) in rat, mouse, dog, and human liver microsomes with UDPGA are shown
in Figure 4 (right). The remaining amounts of HSG4112(S) at 120 min were 11.9 ± 2.5%, 39.6 ± 1.5%,
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12.8 ± 2%, and 78.9 ± 3.8% in the RLM, MLM, DLM, and HLM, respectively. The half-life of HSG4112(S)
was 25.6, 64.3, 40.0, and 419.6 min in the RLM, MLM, DLM, and HLM, respectively. The remaining
amounts of HSG4112(R) at 120 min were 3.2 ± 1.1%, 39.7 ± 0.9%, 66.5 ± 6.6%, and 52.2 ± 4% in the
RLM, MLM, DLM, and HLM, respectively. The half-life values of HSG4112(R) were 9.1, 52.4, 226.8,
and 150.5 min in the RLM, MLM, DLM, and HLM, respectively.

As glucuronidases are also predominantly distributed in the intestine, HSG4112 was tested in
intestinal microsomes to confirm the metabolic stability results while considering glucuronidation.
The results for the metabolic stability of HSG4112(S) and HSG4112(R) in rat (RIM), mouse (MIM), dog
(DIM), and human intestinal microsomes (HIM) with UDPGA are shown in Figure 5. The remaining
amounts of HSG4112(S) at 120 min were 87.9 ± 2.3%, 70.1 ± 6.1%, 37.9 ± 1.8%, and 76.7 ± 2.1% in
RIM, MIM, DIM, and HIM, respectively. The half-life values of HSG4112(S) were 733.9, 247.9, 78.1,
and 368.1 min in the RIM, MIM, DIM, and HIM, respectively. The remaining amounts of HSG4112(R)
at 120 min were 95.8 ± 5.6%, 59.4 ± 6.3%, 65.9 ± 1.8%, and 75.5 ± 3.6% in RIM, MIM, DIM, and HIM,
respectively. The half-life of HSG4112(R) was 1943.9, 136.7, 215.3, and 351.1 min in RIM, MIM, DIM,
and HIM, respectively.
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Figure 5. Metabolic stability of HSG4112 in (A) rat, (B) mouse, (C) dog, and (D) human intestinal
microsomes (n = 3).

3.4. Metabolite Profile

To elucidate the main factor responsible for the stereospecific pharmacokinetic properties in
rats, the metabolite profiles of HSG4112(S) and HSG4112(R) were investigated. When HSG4112(S)
and HSG4112(R) were incubated in the rat liver microsomes for 60 min, the remaining amounts
of HSG4112(S) and HSG4112(R) were 36.2% and 17.6%, respectively (Figure 6A). HSG4112(S) and
HSG4112(R) were metabolized to yield metabolites by oxidation (M1a ~ M2b). M1c-1 and M1c-2 were
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detected as one peak on a general C18 column but they were separated on a chiral column. Thus,
M1c-1 and M1c-2 were supposed to be stereoisomers. The types of metabolites produced from the
two isomers were similar, but the amounts produced were different. The predominant metabolites
of HSG4112(S) were M1a and M2b, whereas those of HSG4112(R) were M1c-2 and M1a (Figure 6B).
Subsequently, the metabolite profile was investigated in the rat plasma samples (on the 28th day of
an oral dose of 100 mg/kg/day). A total of seven metabolites were detected (Figure 7); a metabolite
with hydroxyl and carbonyl groups (M3a) and glucuronide conjugate (M4) were additionally detected
besides the metabolites observed in liver microsomes. Their peak area values were plotted according
to the time (Figure 8A), and the concentration of the parent (as racemate), M1c-1, and M1c-2 were
quantitated (Figure 8B). M1c-2 was shown to be the predominant metabolite (Figure 8C). The accurate
mass data for each postulated metabolite is tabulated in Table 5. The tentative structures of HSG4112
metabolites are provided as Supplementary data (Figure S2).

Table 5. Accurate mass data for HSG4112 and its postulated metabolites in rats.

Metabolites ∆M Theoretical Mass [M-H]− Measured Mass [M-H]− Error (ppm)

HSG4112 - 353.1758 353.1756 −0.57
M1a +16 369.1707 369.1712 1.35

M1c-1 +16 369.1707 369.1718 2.98
M1c-2 +16 369.1707 369.1718 2.98
M2a +30 383.1500 383.1499 −0.26
M2b +30 383.1500 383.1531 8.09
M3a +30 385.1657 385.1662 1.30
M4 +30 529.2079 529.2071 −1.51
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Meanwhile, the dog plasma sample showed only two metabolites (M1d and M4); M4,
the glucuronide metabolite, was the predominant metabolite (Figure 9). Due to the unavailability of
the sample and reference standards, the time–plasma concentration profile could not be obtained.
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Figure 9. Representative extracted ion chromatograms of HSG4112 and its metabolites in dog plasma.

4. Discussion

In this study, concentration profiles of HSG4112(S) and HSG4112(R) after intravenous and/or
oral administration of HSG4112 were investigated in rats and dogs, and the stereoselectivity in
the metabolism of HSG4112 was investigated in vitro and in vivo. The resulting data showed a
characteristic stereoselective pharmacokinetic pattern depending on the species.

When HSG4112(S) and HSG4112(R) were quantified in rat plasma, the concentration of HSG4112(S)
generally measured higher, and, consequently, the AUC of HSG4112(S) was 4.9–7.8 times higher than
that of HSG4112(R). This trend was also observed in the plasma samples from rats administered
intravenously; the concentration ratio (S/R) over time was 1.4–4.8, and the AUC of HSG4112(S)
was 2.7 times higher than that of HSG4112(R). Therefore, the systemic exposure of HSG4112(S) was
significantly higher than that of HSG4112(R) in rats, indicating stereospecificity in the pharmacokinetics.
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This stereoselective pharmacokinetic property in rats is supposedly due to the stereoselective
metabolism of HSG4112. The possible metabolic pathways of HSG4112 isomers in rats are presented
in Figure S3. The metabolic stability data and the metabolite profiles in rat plasma showed that
HSG4112(R) is metabolized more extensively than HSG4112(S), and their main metabolic pathways are
different. The metabolic profile data suggested that the formation of M1c is predominantly responsible
for the stereoselective pharmacokinetics of HSG4112.

When HSG4112 was orally administered to beagle dogs, the concentration ratio (S/R) over time
was 0.06–0.24, and the concentration of HSG4112(R) measured at a much higher level. The AUC
ratio of HSG4112(S) and HSG4112(R) was 0.12–0.13 in the oral administration group. In addition,
when HSG4112 was intravenously administered to beagle dogs, the concentration ratio (S/R) over time
was 0.3–0.9, and the AUC ratio of HSG4112(S) and HSG4112(R) was 0.5. Therefore, the systemic exposure
of HSG4112(R) was significantly higher than HSG4112(S) in beagle dogs, indicating stereospecificity
in the pharmacokinetics. Interestingly, the predominant isomer form in dogs was opposite to that
of rats. The metabolic stability data for phase I metabolism did not exhibit any difference between
HSG4112(S) and HSG4112(R). However, the metabolic stability data including glucuronide formation
showed significant differences between HSG4112(S) and HSG4112(R); the metabolic rate of HSG4112(S)
was much higher than that of HSG4112(R). This metabolism pattern was also obviously observed
in dog intestinal microsomes, which also have high glucuronidase activities. This revealed that the
stereoselective glucuronide formation is mainly responsible for the stereoselective pharmacokinetics
of HSG4112 in dogs. This was also supported by the in vivo metabolism profile data of dog plasma;
the glucuronide metabolite (M4) was found to be the predominant metabolite in dog plasma. Notably,
the longer terminal half-life was observed after oral administration compared with IV injection in
dogs. Thus, it is supposed that HSG4112 has a general-case pharmacokinetic property in rats but a
flip-flop pharmacokinetic property in dogs. This phenomenon occurs when the absorption rate of
drugs is much slower than the elimination rate [11,12]. In this case, bioavailability factors such as the
absorption rate and extent mainly affect the terminal slope of oral administration than clearance and
volume of distribution.

Glabridin, the motive compound of HSG4112, has the R configuration at carbon C-3. According
to the previous report, the systemic bioavailability of glabridin was very low (about 7.5% in rats).
Glabridin is mainly metabolized by glucuronidases in the intestine and liver, and the first-pass effects
of glucuronidation are one of the main factors responsible for the low oral bioavailability of glabridin.
Guo et al. investigated the tissue and species differences in the glucuronidation of glabridin. In their
study, glabridin was metabolized to yield two glucuronide metabolites: M1 and M2. M2 formation
was predominant whereas the formation of M1 was negligible in most species tested. The authors
could not determine the exact position of glucuronidation for M1 and M2, but they suggested that
M2 might have a glucuronide moiety at the C-4 hydroxyl group in the B ring based on the earlier
reports. The C-4 hydroxyl group of HSG4112 is masked by an alkyl chain. This is the reason why the
glucuronidation was not the main metabolic pathway in humans and rats in our study with HSG4112.
It is notable that dog liver microsomes showed the highest value of the intrinsic clearance by M1
formation (glucuronidation at the C-2 hydroxyl group) in glabridin. This result agrees with our finding
that the formation of the glucuronide metabolite predominantly occurred in dog liver and intestinal
microsomes. The results by Guo et al. showed that the metabolic clearance by glucuronidation both
for M1 and M2 was negligible in humans. This is also consistent with our data that the contribution of
glucuronidation to the metabolic clearance of HSG4112 was minimal.

Stereoselectivity for HSG 4112 metabolism was also shown in human liver microsomes.
The metabolism pattern in human liver microsomes is somewhat close to that in rat liver microsomes.
Thus, this is supposedly due to CYP-mediated metabolism rather than glucuronidation. Although
the metabolic rate in humans is lower than that in other species, the present data suggests that
stereoselective pharmacokinetics by stereoselective metabolism (i.e., higher exposure of the (S)-isomer)
could be shown in the clinical trial of HSG4112. Another factor that should be considered regarding
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stereoselective pharmacokinetics is the possibility of interconversion between the isomers. To address
this issue, HSG4112 isomers were analyzed after oral administration of each isomer to rats. When one
isomer was administered, the other isomer was not detected (data not shown). This suggests that
interconversion between isomers does not occur at least in rats. Further investigation should be
followed in humans.

In conclusion, the present study demonstrates that HSG4112 showed species-specific stereoselective
pharmacokinetics. Notably, the pharmacokinetic stereoselectivity of HSG4112 isomers showed opposing
patterns between rats and dogs. This is because the major metabolic pathways involved in the
clearance of HSG4112 are different in rats and dogs. Each metabolic enzyme may have different
stereoselectivity. We presented the possible mechanisms for these stereoselective pharmacokinetic
patterns by the metabolite profiling data in vitro and in vivo. These results will provide helpful
information for understanding the pharmacological and toxicological effects of HSG4112, depending
on its configurations. In addition, caution should be taken in extrapolating preclinical data with
different experimental animal models to clinical data for humans.
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plasma, Table S6: Linearity of HSG4112(S) and HSG4112(R) in dog plasma, Table S7: Intra-day and inter-day
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Abstract: Tofacitinib is a Jak inhibitor developed as a treatment for rheumatoid arthritis. Tofacitinib
is metabolized mainly through hepatic CYP3A1/2, followed by CYP2C11. Rheumatoid arthritis tends
to increase renal toxicity due to drugs used for long-term treatment. In this study, pharmacokinetic
changes of tofacitinib were evaluated in rats with gentamicin (G-ARF) and cisplatin-induced acute
renal failure (C-ARF). The time-averaged total body clearance (CL) of tofacitinib in G-ARF and C-ARF
rats after 1-min intravenous infusion of 10 mg/kg was significantly decreased by 37.7 and 62.3%,
respectively, compared to in control rats. This seems to be because the time-averaged renal clearance
(CLR) was significantly lower by 69.5 and 98.6%, respectively, due to decreased creatinine clearance
(CLCR). In addition, the time-averaged nonrenal clearance (CLNR) was also significantly lower by
33.2 and 57.4%, respectively, due to reduction in the hepatic CYP3A1/2 and CYP2C11 subfamily in
G-ARF and C-ARF rats. After oral administration of tofacitinib (20 mg/kg) to G-ARF and C-ARF
rats, both CLR and CLNR were also significantly decreased. In conclusion, an increase in area under
plasma concentration-time curves from time zero to time infinity (AUC) of tofacitinib in G-ARF and
C-ARF rats was due to the significantly slower elimination of tofacitinib contributed by slower hepatic
metabolism and urinary excretion of the drug.

Keywords: tofacitinib; acute renal failure; gentamicin; cisplatin; pharmacokinetics; hepatic
CYP3A1(23); creatinine clearance; renal clearance; nonrenal clearance

1. Introduction

Tofacitinib (Figure 1) was developed as a Jak inhibitor for the treatment of rheumatoid arthritis
and is particularly effective when methotrexate is poorly treated [1]. Recently, tofacitinib was approved
in 2018 for chronic use to treat moderate to severe ulcerative colitis [2], making it the first Food and
Drug Administration (FDA)-approved oral Jak inhibitor [3]. Tofacitinib is currently under clinical
trials for various diseases, such as psoriasis [4,5], alopecia [6], atopic dermatitis [7], and ankylosing
spondylitis [8].
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Figure 1. Chemical structure of tofacitinib.

Pharmacokinetic analysis following oral administration of tofacitinib (10 mg) to healthy volunteers
showed a half-life of 3.2 h and a volume of distribution of 87 L [9–11]. Approximately 40% of the
oral dose bound to plasma protein, 30% of the dose was excreted in the urine as an unmetabolized
form, and 70% was metabolized and excreted in the urine as metabolized forms [9–11]. Absolute
oral bioavailability (F) of tofacitinib was found to be approximately 74% [11]. Tofacitinib is primarily
metabolized by oxidation and N-demethylation in the liver through cytochrome P450 (CYP) 3A4 and
CYP2C19 and is further metabolized into glucuronide conjugates [9]. According to a report by Lee and
Kim [12], following intravenous, oral, intraportal, intragastric, and intraduodenal administration of
10 mg/kg tofacitinib in male Sprague–Dawley rats, the F value was 29.1%, the unabsorbed fraction
up to 24 h was 3.16% of the oral dose, the gastric first-pass effect was not significant after intragastric
administration of tofacitinib, and 46.1% of the dose administered intraduodenally was metabolized
before entering the portal vein. The hepatic first-pass effect was 42% after absorption into the portal vein.

Kidney disease has clinically important significance for patients with rheumatoid arthritis. Kidney
disease is correlated with mortality in patients with rheumatoid arthritis [13,14]; therefore, renal
impairment can be seen as a predictor of high mortality in patients with rheumatoid arthritis [15].
In addition, rheumatoid arthritis requires long-term treatment, and thus, the possibility of kidney
damage is high due to long-term administration of drugs with renal toxicity, such as methotrexate
or nonsteroidal anti-inflammatory drugs. Therefore, it is important to accurately measure kidney
function in patients with rheumatoid arthritis and necessary to adjust the dose according to the
kidney function of the patient. Approximately 36–38% of drugs prescribed in patients with glomerular
filtration rate (GFR) < 60 mL/min require dosage adjustment due to pharmacokinetic changes of these
drugs [16]. It is known that renal failure occurs in 5–50% of patients with rheumatoid arthritis [17].
Krishnaswami et al. [18] reported that, relative to patients with normal renal function, the mean AUC
ratio of tofacitinib for rheumatoid arthritis patients increased progressively with deterioration of renal
function. However, no mechanisms for increase of tofacitinib AUC in patients with renal impairment
were proposed. There were no reports of tofacitinib showing pharmacokinetic changes associated with
hepatic and/or intestinal metabolism, such as CYP protein expression, CYP enzyme activity, or renal
function in the acute renal failure model. Since 70% of the dose is metabolized and 30% is excreted in
the urine [9–11], renal failure seems to significantly impact the metabolism and excretion of tofacitinib
as well as its absorption and distribution.

The aim of this study was to evaluate the effects of renal failure on the pharmacokinetics of
tofacitinib using gentamicin (G-ARF) and cisplatin-induced acute renal failure (C-ARF) rat models and
to report that the increase in AUC of tofacitinib is attributed to the decreases in renal and nonrenal
clearances following intravenous and oral administration of tofacitinib to G-ARF and C-ARF rats.

2. Materials and Methods

2.1. Chemicals

Tofacitinib citrate and hydrocortisone (an internal standard) were obtained from Sigma Aldrich
(St. Louis, MO, USA), and ethyl acetate for high-performance liquid chromatography (HPLC) analysis
was purchased from J.T. Baker (Phillipsburg, NJ, USA). Gentamicin and cisplatin were obtained from
Shin Poong Pharmaceutical (Seoul, Korea) and Tokyo Chemical Industry (Tokyo, Japan), respectively.
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Heparin and 0.9% NaCl-injectable solution were purchased from JW Pharmaceutical Corporation
(Seoul, Korea), andβ-cyclodextrin is a product of Wako (Osaka, Japan). Primary antibodies to CYP2B1/2,
CYP1A1/2, CYP2D1, CYP2C11, CYP2E1, and CYP3A1/2 were produced by Detroit R&D Inc. (Detroit,
MI, USA). β-actin was purchased from Cell Signaling Technology (Beverly, MA, USA). Secondary goat,
rabbit, and mouse antibodies were purchased from Bio-Rad (Hercules, CA, USA). All other chemicals
and reagents were analysis- or HPLC-grade and used without further purification.

2.2. Animals

Sprague–Dawley rats (male, 7 weeks old, weight 200–230 g) were purchased from OrientBio
Korea (Seongnam, Korea) and individually managed in a clean room maintained under 12-h light
(07:00–19:00)/12-h dark (19:00–07:00) cycles at 22 ± 1 ◦C with a relative humidity of 50 ± 5% through air
purification (Laboratory Animal Research Center of Ajou University Medical Center, Suwon, Korea).
All rats were fed with food and water as desired without any restriction. All experimental methods and
protocols were carried out according to standard operating procedures with approval by Institutional
Animal Care and Use Committee (IACUC No. 2017-0074, 2018) of Laboratory Animal Research Center
of Ajou University Medical Center.

2.3. Induction of Acute Renal Failure

Rats were randomly divided into three groups: control, G-ARF, and C-ARF rats. Acute renal
failure was induced in rats by intraperitoneal injection of gentamicin (100 mg/kg, dissolved in 0.9%
NaCl-injectable solution) daily for 8 days [19] or by a single intraperitoneal injection of cisplatin
(7.5 mg/kg, dissolved in 0.9% NaCl-injectable solution) [20], while control rats were injected with 0.9%
NaCl-injectable solution only. The end times of renal failure induction for pharamcokinetic study of
tofacitinib were the next day from the last administration of gentamicin and the sixth day from a single
intraperitoneal injection of cisplatin. BUN (Blood urea nitrogen) levels were measured in rats on the
last day of induction using a BUN detection kit (Asan Pharmaceutical, Seoul, Korea). Rats with a urea
nitrogen level of 36 mg/dL or higher were considered to be acute renal failure-induced [21] and were
selected for the study.

2.4. Preliminary Study

For preliminary study, plasma samples were collected from control, G-ARF, and C-ARF rats (n = 3
per group) to measure total protein, albumin, creatinine, glutamate pyruvate transaminase (GPT),
and glutamate oxaloacetate transaminase (GOT) levels (Green Cross Reference Lab, Seoul, Korea).
Urine samples were collected for 24 h, and urine volumes and creatinine levels were also measured
to estimate the creatinine clearance (CLCR). CLCR was calculated by dividing the total amount of
creatinine excreted in urine for 24 h by area under the plasma concentration-time curve of creatinine
from 0 to 24 h (AUC0–24 h), assuming that renal function was stable during the experiment. Whole
liver and kidneys were removed from each rat, weighed, partially excised, and soaked in 10% formalin
to fix for tissue biopsies.

2.5. Intravenous and Oral Administration of Tofacitinib

For oral and intravenous administration, pretreatment and surgical procedures were performed
as previously reported [12]. For oral study, the rats were restricted from eating food overnight but
water was freely accessible. The next day, after anesthesia with ketamine at a dose of 100 mg/kg,
polyethylene 50 tubes (Clay Adams, Parsippany, NJ, USA) was cannulated into the carotid artery for
blood collection. For intravenous study, polyethylene 50 tubes were cannulated into the carotid artery
and jugular vein for blood collection and drug administration, respectively. After surgery, rats were
allowed to rest for 2–3 h to recover from anesthesia and were free in the individual metabolic cage
during the experiment.
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For intravenous administration, tofacitinib (dissolved in 0.9% NaCl-injectable solution containing
0.5% β-cyclodextrin) was infused for 1 min at a dose of 10 mg/kg via the jugular veins of control (n = 6),
G-ARF (n = 8), and C-ARF (n = 7) rats. Blood samples (110 µL) were collected through the carotid
artery at 0 (prior to drug infusion), 1 (at the end of drug infusion), 5, 15, 30, 45, 60, 90, 120, 180, 240,
360, 480, 600, and 720 min and were centrifuged at 8000 × g for 1 min. Plasma samples were collected
and immediately stored in a −80 ◦C freezer until HPLC analysis of tofacitinib could be performed [22].
After collecting each blood sample, 0.3 mL of heparinized 0.9% NaCl-injectable solution (10 IU/mL) was
immediately administered to the carotid artery to prevent blood clotting. At 24 h, the rat’s abdomen
was open and the entire gastrointestinal tract was removed, transferred to a beaker with 50 mL of
methanol, and cut into small pieces. After mixing the contents in the beaker thoroughly, two 100 µL
aliquots of supernatant were taken and stored at −80 ◦C until HPLC analysis of tofacitinib could be
performed [22].

At 24 h after drug administration, urine samples were also collected. The metabolic cage was
rinsed with 20 mL of distilled water, which was combined with the 24-h urine sample. The volume of
combined urine sample was measured and two 100 µL aliquots of each combined sample were taken
and stored in the −80 ◦C freezer until tofacitinib analysis by HPLC could be performed [22].

For oral administration, tofacitinib at a dose of 20 mg/kg was administered to control (n = 8),
G-ARF (n = 6), and C-ARF (n = 8) rats. Blood samples (110 µL) were collected through the carotid
artery at 0 (prior to drug administration), 5, 15, 30, 45, 60, 90, 120, 180, 240, 360, 480, 600, and 720 min.
At 24 h after drug administration, urine and gastrointestinal tract samples were collected and handled
similarly to those in the intravenous study.

2.6. Measurement of Vmax, Km, and CLint

For preparation of hepatic and intestinal microsomes, the experimental processes were similar to
a previously reported method [23,24]. Protein concentration in the hepatic and intestinal microsomes
was measured using the bicinchoninic acid (BCA) assay. The in vitro metabolic system consisted
of microsomes (equivalent to 1 mg protein); 5 µL dimethylsulfoxide containing final tofacitinib
concentrations of 1, 2, 5, 10, 20, 50, 100, 200, 300, and 400 µM; and an nicotinamide adenine dinucleotide
phosphate hydrogen (NADPH)-generating system (Corning Inc., Corning, NY, USA). The volume of
the system was adjusted to 1 mL by adding 0.1 M phosphate buffer (pH 7.4), and the components
were incubated in a water-bath shaker at 37 ◦C with 50 oscillations per min (opm) for 15 min. After
this incubation, the reaction was terminated by adding two volumes of acetonitrile. Subsequently,
two 50-µL aliquots of each reaction mixture were collected. The kinetic constants, maximum velocity
(Vmax) and apparent Michaelis–Menten constant (Km; the concentration at which the rate is one-half
of Vmax for the metabolism of tofacitinib) were determined using the Lineweaver–Burk plot [24,25].
The intrinsic clearance (CLint) for the metabolism of tofacitinib was determined by dividing Vmax by
Km [24,25].

2.7. Immunoblot Analysis

For immunoblot analysis, microsomal protein samples (20–40 µg protein per lane) were resolved
by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and the loaded gel
was transferred onto a nitrocellulose membrane for 1 h. For immunodetection, blots were incubated
overnight with a primary antibody diluted in Tris-buffered saline (TBS) with 0.1% Tween 20 (TBS-T)
containing 5% bovine serum albumin (1:2000) at 4 ◦C with gentle shaking. Subsequently, blots were
incubated with secondary antibody conjugated to horseradish peroxide diluted at 1:10,000 with TBS-T
containing 5% skim milk for 1 h at room temperature. Protein expression was measured by enhanced
chemiluminescence (Bio-Rad) using an Image Quant LAS 4000 Mini (GE Healthcare Life Sciences,
Piscataway, NJ, USA). β-actin was used as the internal standard [26]. The density of bands was
quantified using ImageJ 1.45s software (NIH, Bethesda, MA, USA).
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2.8. HPLC Analysis

A 50-µL aliquot of biological sample was mixed with 1 µL hydrocortisone (5 mg/mL); then, 20 µL
of 20% ammonia solution was added, mixed with a vortex-mixer (Scientific Industries, Bohemia, NY,
USA) for 30 s, and extracted with 750 µL ethyl acetate. The organic layer was collected, evaporated on
a thermobath (Eyela, Tokyo, Japan) under a gentle stream of nitrogen gas at 40 ◦C and redissolved by
adding 130 µL 20% acetonitrile, and 50 µL of each reconstituted sample was analyzed by HPLC [12,22].

The concentration of tofacitinib in the biological sample was measured using a Prominence
LC-20A HPLC system (Shimadzu, Kyoto, Japan). The reconstituted biological samples were filtered
through a 0.45-µm filter (Millipore, Billerica, MA, USA) and analyzed with a reversed-phase column
(C18; 25 cm × 4.6 mm, 5 µm; Young Jin Biochrom, Seongnam, Korea) using a UV detector at 287 nm.
The mobile phase consisted of 10 mM ammonium acetate buffer (pH 5.0) and acetonitrile at a ratio of
69.5:30.5 (v/v) with a flow rate of 1.0 mL/min. Tofacitinib and the internal standard were separated at
approximately 7.21 and 11.3 min, respectively. The lower limits of quantitation of tofacitinib in rat
plasma and urine were 0.01 and 0.1 µg/mL, respectively, and the intraday assay precisions (coefficients
of variation) were 3.69–5.88% and 4.21–6.18%, respectively. In addition, interday assay precisions in rat
plasma and urine were 5.06% and 5.46%, respectively [22].

2.9. Pharmacokinetic Analysis

To estimate pharmacokinetic parameters such as terminal half-life, the apparent volume of
distribution at steady state (Vss), area under plasma concentration-time curves from time zero to time
infinity (AUC), mean residence time (MRT), and time-averaged total body (CL), and renal (CLR) and
nonrenal (CLNR) clearances, standard methods [27] were applied using noncompartmental analysis
(WinNonlin, Pharsight Corporation, Mountain View, CA, USA). AUCs were calculated using the
trapezoidal rule-extrapolation method [28]. The peak plasma concentration (Cmax) and time that the
plasma concentration was peak (Tmax) were directly confirmed from plasma concentration-time curves.
To calculate the average values of clearances [29], terminal half-life [30], and Vss [31], the harmonic
mean method was applied.

2.10. Statistical Analysis

The p values were estimated using Tukey’s posttest for comparison among three means after
analysis of variance (ANOVA) and were considered significant when less than 0.05. All data are
expressed as mean ± standard deviation, and a median (ranges) value is used for Tmax.

3. Results

3.1. Induction of Acute Renal Failure

Renal dysfunction was observed in G-ARF and C-ARF rats. Urea nitrogen (898% and 3449%
increase, respectively) and creatinine level (111% and 768% increase, respectively) in the blood showed
a significant increase and kidney weight (% of body weight) (58.4% and 59.9% increase, respectively)
and urine output (172% and 436% increase, respectively) also showed a significant increase, but CLCR

was significantly decreased by 39.7% and 95.3% in G-ARF and C-ARF rats, respectively, than in
control rats (Figure 2A). A decrease in renal function was also confirmed by kidney microscopy;
severe renal damage including tubular necrosis and inflammation was observed in G-ARF and C-ARF
rats (Figure 2B). Liver function also appeared to be impaired in G-ARF and C-ARF rats. GOT was
significantly increased by 66.2 and 69.0%, respectively; however, no considerable tissue alterations
were found in liver microscopy (Figure 2B). In terms of weight gain changes, the body weight gains
significantly decreased in G-ARF (8.24% decrease) and C-ARF (23.0% decrease) rats compared to that
in control rats (5.75% increase) (Figure 2A). Comparing the two ARF rat models, the C-ARF model
showed more severe renal impairment based on urea nitrogen, creatinine, CLCR, urine output, kidney
weight (% of body weight), and kidney microscopy (Figure 2A,B).
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Figure 2. (A) The mean values (± standard deviation) of initial and final body weights, 24-h urine output,
plasma concentrations of albumin, glutamate oxaloacetate transaminase (GOT), glutamate pyruvate
transaminase (GPT), total protein, SCR, urea nitrogen, CLCR, and relative liver and kidney weights
in control, gentamicin (G-ARF) and cisplatin-induced acute renal failure (C-ARF) rats: Bars mean
standard deviation. * p < 0.05, ** p < 0.01, and *** p < 0.001; (B) Liver and kidney biopsies in control,
G-ARF, and C-ARF rats. Black arrows indicate infiltration with immune cells. Blue arrows indicate the
tissue damages including tubular necrosis and massive cell death. CLCR: creatinine clearance; SCR:
serum creatinine.

3.2. Pharmacokinetics of Tofacitinib After Intravenous Administration

After intravenous administration of 10 mg/kg tofacitinib to control, G-ARF, and C-ARF rats,
the mean arterial plasma concentration-time curves of tofacitinib declined in a polyexponential fashion
for the three groups, with significantly higher plasma levels in rats with G-ARF and C-ARF than in
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control rats (Figure 3). This resulted in a significantly higher AUC of tofacitinib (64.0 and 163% increase,
respectively) than that in control rats (Table 1). The higher AUC of tofacitinib could be due to the
significantly lower CL of tofacitinib by 37.7 and 62.3% in rats with G-ARF and C-ARF, respectively
(Table 1). A significantly longer terminal half-life (78.7 and 240% increase, respectively) and MRT
(96.7 and 154% increase, respectively) of tofacitinib in rats with G-ARF and C-ARF also supports the
lower CL of tofacitinib in rats with G-ARF and C-ARF. Lower CL of tofacitinib was due to the slower
metabolism of tofacitinib; CLNRs of tofacitinib in rats with G-ARF and C-ARF were significantly lower
by 33.2 and 57.4%, respectively (Table 1). Tofacitinib excreted in urine as unchanged for 24 h (Ae0–24 h)
was significantly lower by 37.7 and 95.2% in rats with G-ARF and C-ARF, respectively, than that in
control rats (Table 1), perhaps due to significantly impaired kidney function in rats with G-ARF and
C-ARF. Thus, CLRs of tofacitinib were significantly lower by 69.5 and 98.6% in rats with G-ARF and
C-ARF, respectively, compared to that in control rats (Table 1). The percentage of dose remaining
in the gastrointestinal tract at 24 h (GI24 h) was 0.00919–0.195% of the intravenous dose and did not
significantly differ among the three groups of rats, suggesting that the contribution of gastrointestinal
excretion (including biliary excretion) of tofacitinib to CLNR of tofacitinib was not significant. The Vss

values were comparable among the three groups (Table 1). Therefore, the significantly lower CL of
tofacitinib in rats with G-ARF and C-ARF may be due to slower metabolism and lower renal excretion
of tofacitinib than control rats. Plasma concentration and pharmacokinetic parameters of tofacitinib in
C-ARF rats were significantly different from those in G-ARF rats (Table 1 and Figure 3) due to more
severe renal impairment in C-ARF rats (Figure 2).

Figure 3. Mean arterial plasma concentration-time curves of tofacitinib after 1-min intravenous
infusion at a dose of 10 mg/kg to control (black; n = 6), G-ARF (blue; n = 8) and C-ARF (red; n =

7) rats: Bars represent standard deviation. G-ARF: gentamicin-induced acute renal failure; C-ARF:
cisplatin-induced acute renal failure.
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Table 1. Mean (±standard deviation) pharmacokinetic parameters of tofacitinib after 1-min intravenous
infusion at a dose of 10 mg/kg to control, G-ARF, and C-ARF rats.

Parameters
Control
(n = 6)

G-ARF
(n = 8)

C-ARF
(n = 7)

Body weight (g) a 280 ± 19.0 251 ± 21.3 188 ± 10.2
Terminal half-life (min) b 39.4 ± 11.3 70.4 ± 29.6 134 ± 40.9

AUC (µg·min/mL) a 264 ± 45.4 433 ± 90.0 693 ± 105
MRT (min) c 27.2 ± 10.4 53.5 ± 30.2 69.1 ± 39.6

CL (mL/min/kg) d 39.0 ± 7.97 24.3 ± 6.95 14.7 ± 2.29
CLR (mL/min/kg) e 4.75 ± 1.28 1.45 ± 1.54 0.0679 ± 0.0917

CLNR (mL/min/kg) f 34.3 ± 6.77 22.9 ± 5.54 14.6 ± 2.26
Vss (mL/kg) 1042 ± 402 1174 ± 519 1002 ± 558

Ae0–24 h (% of dose) a 9.51 ± 0.879 5.92 ± 2.76 0.458 ± 0.626
GI24 h (% of dose) 0.153 ± 0.306 0.00919 ± 0.0225 0.195 ± 0.157

Ae0–24 h: percentage of the dose excreted in the 24-h urine; AUC: total area under the plasma concentration–time curve
from time zero to time infinity; C-ARF: cisplatin-induced acute renal failure; CL: time-averaged total body clearance;
CLNR: time-averaged nonrenal clearance; CLR: time-averaged renal clearance; G-ARF: gentamicin-induced acute
renal failure; GI24 h: percentage of the dose remaining in the gastrointestinal tract (including its contents and feces)
at 24 h; MRT: mean residence time; Vss: apparent volume of distribution at steady state. a Control is significantly
different (p < 0.01) from C-ARF and G-ARF. b Control is significantly different from C-ARF (p < 0.001) and G-ARF
(p < 0.01). c Control is significantly different from G-ARF (p < 0.05). d Control is significantly different from G-ARF
and C-ARF (p < 0.001). G-ARF and C-ARF were significantly different (p < 0.05). e Control is significantly different
from G-ARF and C-ARF (p < 0.001). f Control is significantly different from G-ARF (p < 0.01) and C-ARF (p < 0.001).
G-ARF and C-ARF were significantly different (p < 0.01).

3.3. Pharmacokinetics of Tofacitinib After Oral Administration

After oral administration of 20 mg/kg tofacitinib to control, G-ARF, and C-ARF rats, the mean
arterial plasma concentration-time profiles of tofacitinib were created and are shown in Figure 4.
Relevant pharmacokinetic parameters of tofacitinib were summarized in Table 2.

Figure 4. Mean arterial plasma concentration–time curves of tofacitinib after oral administration at a
dose of 20 mg/kg to control (black; n= 8), G-ARF (blue; n= 6), and C-ARF (red; n= 8) rats: Bars represent
standard deviation. G-ARF: gentamicin-induced acute renal failure; C-ARF: cisplatin-induced acute
renal failure.
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Table 2. Mean (±standard deviation) pharmacokinetic parameters of tofacitinib after oral administration
at a dose of 20 mg/kg to control, G-ARF, and C-ARF rats.

Parameters
Control
(n = 8)

G-ARF
(n = 6)

C-ARF
(n = 8)

Body weight (g) a 264 ± 26.3 206 ± 14.9 174 ± 11.7
AUC (µg·min/mL) b 217 ± 22.3 525 ± 178 752 ± 420

Cmax (µg/mL) c 1.74 ± 0.606 5.18 ± 2.59 4.20 ± 3.03
Tmax (min) 71.9 ± 64.7 30.8 ± 43.9 41.3 ± 36.5

CLR (mL/min/kg) a 5.66 ± 1.03 1.71 ± 0.871 0.300 ± 0.495
Ae0–24 h (% of dose) d 6.21 ± 1.12 4.82 ± 3.06 1.16 ± 1.37

GI24 h (% of dose) 0.231 ± 0.235 1.27 ± 1.72 0.505 ± 0.535

Ae0–24 h: percentage of the dose excreted in the 24-h urine; AUC: total area under the plasma concentration–time curve
from time zero to last time; C-ARF: cisplatin-induced acute renal failure; CLR: time-averaged renal clearance; Cmax:
peak plasma concentration; G-ARF: gentamicin-induced acute renal failure; GI24 h: percentage of the dose remaining
in the gastrointestinal tract (including its contents and feces) at 24 h; Tmax: time that the plasma concentration was
peak. a Control is significantly different from G-ARF and C-ARF (p < 0.001). G-ARF and C-ARF were significantly
different (p < 0.05). b Control is significantly different from C-ARF (p < 0.01). c Control is significantly different from
G-ARF (p < 0.05). d C-ARF is significantly different from control (p < 0.001) and G-ARF (p < 0.05).

Absorption of tofacitinib from the gastrointestinal tract occurred rapidly; the plasma concentration
of tofacitinib was found at 5 min, the first blood collection time after oral administration in all
three groups. Compared to the control rats, G-ARF and C-ARF rats showed higher mean arterial
plasma concentration of tofacitinib, resulting in a significant increase in AUC (142 and 247% increase,
respectively) and Cmax (198 and 141% increase, respectively) (Table 2). However, the CLR values
significantly decreased by 69.8 and 94.0% in G-ARF and C-ARF rats, respectively, due to the significant
increase in AUC and a significant decrease in Ae0–24 h (22.4 and 81.3% decrease, respectively) in G-ARF
and C-ARF rats (Table 2). GI24 h values were 0.231, 1.27, and 0.505% of the oral dose in control, G-ARF,
and C-ARF rats, respectively, indicating that absorption of tofacitinib from the gastrointestinal tract
was almost complete with no significant difference among the three groups (Table 2). The Tmax values
were likewise not significantly different among the three groups. After oral administration, F values of
tofacitinib were 41.3, 60.7, and 54.3% in control, G-ARF, and C-ARF rats, respectively (Table 2). Plasma
concentration and pharmacokinetic parameters of tofacitinib in C-ARF rats, such as AUC, CLR, and
Ae0–24 h, were significantly different from those in G-ARF rats due to severe renal impairment in C-ARF
rats (Table 2 and Figure 4); this was similar to the results produced by the intravenous study.

3.4. Effect of Acute Renal Failure on CYP Enzyme Expression

In rats with G-ARF and C-ARF, hepatic and intestinal expression of CYP2B1/2, CYP1A1/2, CYP2D1,
CYP2C11, CYP2E1, and CYP3A1/2 were monitored (Figure 5). Immunoblot analysis showed that
hepatic expression of CYP2C11 in rats with G-ARF and C-ARF decreased to 53.1 and 49.2% of the level
in control rats, respectively, and CYP3A1/2 expression in rats with G-ARF and C-ARF also decreased
by 14.6 and 60.8%, respectively, compared to that in control rats. However, CYP2E1 expression in rats
with G-ARF and C-ARF increased by 1.33 and 1.73 times, respectively, compared to that in control rats.
Expression of CYP1A1/2 and CYP2D1 was comparable among the three groups of rats. Interestingly,
protein expression in the intestine showed the opposite trend (Figure 5). The intestinal expression of
CYP3A1/2 in rats with G-ARF and C-ARF increased 5.30 and 7.97 times, respectively, and CYP2C11
expression also increased by 3.30 and 3.27 times, respectively, compared to those in control rats. Other
CYP protein expressions except CYP2E1 also increased in the intestine of G-ARF and C-ARF rats.
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Figure 5. Protein expression of CYP450 isozymes in hepatic and intestinal microsomes in control,
G-ARF, and C-ARF rats by immunoblot analyses: ß-actin was used as a loading control. This experiment
was performed three times. Band density was measured using ImageJ1.45s software (NIH). G-ARF:
gentamicin-induced acute renal failure; C-ARF: cisplatin-induced acute renal failure.

3.5. Measurement of Vmax, Km, and CLint of Tofacitinib in Hepatic Microsomes

In rats with G-ARF and C-ARF, the Vmax values for the disappearance of tofacitinib in the hepatic
microsomal protein decreased by 9.52 and 28.7%, respectively, but were not significantly different
compared to that in control rats (Figure 6). Km values were comparable among the three groups
(Figure 6). However, CLint for the disappearance of tofacitinib in the hepatic microsomal protein was
significantly lower (54.4% decrease) in rats with C-ARF compared to that in control rats (Figure 6),
suggesting that disappearance of tofacitinib could be slower in C-ARF rats. CLint was also lower (31.1%
decrease) but not significantly different in G-ARF rats compared to that in control rats. Taken together,
our data indicate that G-ARF or C-ARF affect hepatic function to inhibit the expression of CYP3A1/2
and CYP2C11, resulting in slower metabolism of tofacitinib.

Figure 6. Measurement of Vmax, Km, and CLint for the disappearance of tofacitinib in hepatic microsomes
of control, G-ARF, and C-ARF rats (n = 3 per group): This experiment was performed three times, and
data are expressed as mean ± standard deviation. Bars represent standard deviation. * p < 0.05. Vmax:
maximum velocity; Km: apparent Michaelis–Menten constant, the concentration at which the rate is
one-half of Vmax for the metabolism of tofacitinib; CLint: intrinsic clearance; G-ARF: gentamicin-induced
acute renal failure; C-ARF: cisplatin-induced acute renal failure.

4. Discussion

To establish acute renal failure, gentamicin and cisplatin were chosen. Gentamicin, a representative
aminoglycoside antibiotic, induces moderate and reversible acute renal failure [32], while cisplatin,
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a chemotherapeutic drug, causes more severe and irreversible acute renal failure [33]. Both drugs
accumulate in the renal tubule; produce reactive oxygen species (ROS) such as superoxide anion,
hydrogen peroxide, and hydroxyl radical; and result in the induction of tubular necrosis and/or
apoptosis [34–36]. The impaired renal function caused by these drugs was fully demonstrated, but liver
damage did not seem to be serious in our preliminary study. Induction of acute renal failure by
gentamicin and cisplatin was confirmed not only by a significant decrease in weight gain and CLCR

but also by significant increases in 24-h urine output and plasma levels of urea nitrogen and creatinine
than those in control rats. Renal biopsy also demonstrated the induction of acute renal failure.

The contribution of gastrointestinal excretion (including biliary excretion) as unchanged tofacitinib
to CLNR of the drug seems to be nearly negligible. The GI24 h values were negligible in control, G-ARF,
and C-ARF rats, i.e., less than 0.195% of the intravenous dose in the three groups (Table 1). This lower
GI24 h did not appear to be caused by chemical or enzymatic degradation of tofacitinib in the rat’s
gastrointestinal tract; tofacitinib was stable when incubated for 24 h in various buffers of pH 2–10 [22]
and in the gastric juice of rats (pH 3.5) (data not shown). Furthermore, according to a report by Lee
and Kim [12], when 10 mg/kg tofacitinib was intravenously administered to rats (n = 3) after bile duct
cannulation, biliary excretion of unchanged tofacitinib for 24 h was 0.703% of the intravenous dose,
a nearly negligible contribution to CLNR of tofacitinib. Therefore, the CLNR value shown in Table 1
may represent the metabolic clearance of tofacitinib.

The AUCs of tofacitinib were not dose proportional after intravenous doses over 20 mg/kg and
oral doses over 50 mg/kg were administrated [12]. A dose of 10 mg/kg of tofacitinib was chosen for
the intravenous study, and 20 mg/kg of tofacitinib was selected for the oral study. After intravenous
administration of tofacitinib to G-ARF and C-ARF rats, its AUCs were significantly higher, possibly as
a result of significantly slower CL than in control rats. The lower CL of tofacitinib was attributable to
significantly decreased CLR and CLNR of the drug in rats with G-ARF and C-ARF than in controls.
The lower CLR may have been due to both significantly lower Ae0–24 h and higher AUCs in G-ARF
and C-ARF rats. The higher AUC in rats with G-ARF and C-ARF was due to lower Ae0–24 h and lower
CLNR than those in control rats. The lower Ae0–24 h in G-ARF and C-ARF rats could have been due
to impaired kidney function. Tofacitinib did not show a urine flow rate-dependent timed-interval
CLR in rats; a straight line was not found between 1/timed-interval CLR of tofacitinib and 1/urine flow
rate among the three groups [37]. Greater urine output did not result in higher Ae0–24 h of tofacitinib,
indicating that tofacitinib was not predominantly reabsorbed in the renal tubule. The significantly
greater urine output in rats with G-ARF and C-ARF was because reabsorption of water was decreased
in the renal tubule due to decrease in protein expression of aquaporins caused by gentamicin and
cisplatin [38]. However, Ae0–24 h of some drugs showed a urine flow rate-dependent timed-interval
CLR in rats; the lower the urine output, the lower the Ae0–24 h [37], which resulted in a straight line
between 1/timed-interval CLR and 1/urine flow rate in both control and uranyl nitrate-induced acute
renal failure (U-ARF) rats [23,39].

The CLR values of tofacitinib were estimated from free (unbound to plasma proteins) fractions in
plasma; the values thus estimated were 5.99, 1.83, and 0.0856 mL/min/kg for control, G-ARF, and C-ARF
rats, respectively, based on 20.7% plasma protein binding of tofacitinib measured by equilibrium
dialysis [22]. The CLR values of tofacitinib were faster than their respective CLCRs in control and
G-ARF rats, but CLRs of tofacitinib and CLCR in C-ARF rats were comparable each other, suggesting
that tofacitinib is mainly excreted in urine via active secretion for control and G-ARF-rats [12,18,24]
and in glomerular filtration for C-ARF rats. This was also supported by control and U-ARF rats;
CLR of metformin and chlorzoxazone were faster than CLCR in control rats, but CLR of both drugs
and CLCR were comparable in U-ARF rats, and thus both drugs were mainly excreted in urine via
active secretion for control rats and glomerular filtration for U-ARF rat [23,39]. As shown in the results,
both gentamicin and cisplatin induced acute renal failure by tubular necrosis through ROS production,
but cisplatin induced more severe renal failure and seemed to completely inhibit the function of active
secretion [40].
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Based on the AUC difference between intravenous and intraportal administration of tofacitinib to
rats, the first-pass metabolism of tofacitinib by the liver after reaching the portal vein was approximately
42.0% [12]. Therefore, tofacitinib has a characteristic with an intermediate hepatic extraction ratio and
its hepatic clearance could be changed by both the hepatic CLint and the hepatic blood flow rates [41].
Thus, a significantly lower CLNR of tofacitinib when administered intravenously to rats with G-ARF
and C-ARF could have been due to a significantly lower CLint for the elimination of tofacitinib in the
liver. The reduced protein expressions and activities of the hepatic CYP3A1/2 and CYP2C11 subfamily
could have been responsible for the lower hepatic CLint in G-ARF and C-ARF rats. Similar results with
regard to changes in hepatic CYP3A1/2 and/or CYP2C11 isozymes have been reported in acute renal
failure rats induced by glycerol, bilateral ureter ligation, and nephrectomy [42]. Surgically induced
chronic kidney disease rat models also showed lower levels of hepatic CYP3A and CYP2C subfamilies
compared to sham-operated control rats [43]. Consistent with our result in renal failure rat models,
the CYP3A subfamily also decreased in patients with end-stage renal failure [44].

After intravenous administration of tofacitinib to control, G-ARF, and C-ARF rats, its Vss values
were not significantly different among the three groups of rats, since the free fractions of tofacitinib in
the plasma from control, G-ARF and C-ARF rats were comparable (data not shown). Similar results
were also reported for cyclosporin [45] in G-ARF rats and tacrolimus [46] in C-ARF rats, whereas the Vss

of metformin [23]; omeprazole [26]; and DA-1131, a new carbapenem [47] in U-ARF rats, significantly
increased compared to that in control rats, which was due to the increase in free fraction of the drugs.

After oral administration of tofacitinib to rats with G-ARF and C-ARF, the AUC values were also
significantly higher than in control rats. The absorption of tofacitinib from the gastrointestinal tract
was almost complete among all three groups; GI24 h values were less than 1.27% of oral dose for control,
G-ARF, and C-ARF rats. Therefore, absorption is not a factor for the higher AUCs in rats with G-ARF
and C-ARF. However, decreased absorption after oral administration of azosemide [48]; oltipraz [49];
and YJA-20379-8, a new proton pump inhibitor [50], to rats with U-ARF has been reported. Although
the expression of CYP3A1/2 and CYP2C11 in the intestine markedly increased in rats with G-ARF
and C-ARF compared to those in control rats, AUC of tofacitinib increased in rats with G-ARF and
C-ARF. The CLint for the disappearance of tofacitinib in the intestinal microsome was not measured in
this study because the active site of CYP3A1/2 and CYP2C11 in the intestine was sensitive and very
unstable [51]. It has been reported that CYP3A activity in the intestine was increased in renal failure
models induced by cisplatin, glycerol, bilateral ligation, or nephrectomy [42]. The AUC increase in
rats with G-ARF and C-ARF might be because active secretion of tofacitinib was reduced by tubular
necrosis caused by gentamicin and cisplatin. Thus, tofacitinib accumulated in the body, resulting in
significantly lower Ae0–24 h of oral dose and significantly lower CLR along with increased AUCs in rats
with G-ARF and C-ARF than in control rats (Table 2). In addition, considering that approximately 21.3%
of the oral dose was metabolized in the liver of control rats after oral administration of tofacitinib [12],
the hepatic first-pass effect seemed to decrease in rats with G-ARF and C-ARF after absorption of
tofacitinib into the portal vein. This was likely due to decreased hepatic enzyme activity, and protein
expression of CYP3A1/2 and CYP2C11 in rats with G-ARF and C-ARF, which also contributed to the
increase in AUC of tofacitinib after oral administration of the drug.

Consistent with our data in renal-failure rat models, results of a previous study showed that
CYP3A subfamily decreased in patients with end-stage renal failure [44]. In patients with severe renal
impairment, the plasma concentration of tofacitinib was significantly increased and, thus, the AUC
of tofacitinib in these patients was higher than twice that in normal healthy subjects, suggesting that
the reduction of tofacitinib dosage is recommended in patients with severe renal failure [18]. Because
the renal excretion of tofacitinib was different between human and rats (approximately 30% of oral
tofacitinib in human [9] and 6.21% of oral dose in rats), it is difficult to clearly conclude the clinical
significance of the rat’s results, but it seems clear that the increase of AUC in the renal failure state
was due to slower hepatic metabolism and smaller urinary excretion of the drug. Our study could be
applied to drug–drug interactions in clinical practice when administered in combination with CYP3A4
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and CYP2C19 inhibitors, such as itraconazole and erythromycin, which may result in an increase in
plasma concentration of tofacitinib by reduced nonrenal elimination of tofacitinib. Therefore, it is
necessary to consider the dose reduction of tofacitinib when AUC increases twice or more.

5. Conclusions

After intravenous administration of tofacitinib to G-ARF and C-ARF rats, its AUC was significantly
higher than that in control rats due to a significantly lower CLNR (due to a decrease in the protein
expressions of the hepatic CYP3A1/2 and CYP2C11 subfamily) and CLR (due to a significantly lower
CLCR by an impaired kidney function) than in control rats. A reduced dosage of tofacitinib could be
considered in patients with renal impairment based on their level of renal dysfunction.
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Abstract: Since sodium-glucose cotransporter 2 (SGLT2) inhibitors reduced blood glucose level
by inhibiting renal tubular glucose reabsorption mediated by SGLT2, we aimed to investigate the
pharmacokinetics and kidney distribution of DWP16001, a novel SGLT2 inhibitor, and to compare
these properties with those of dapagliflozin and ipragliflozin, representative SGLT2 inhibitors.
The plasma exposure of DWP16001 was comparable with that of ipragliflozin but higher than that
of dapagliflozin. DWP16001 showed the highest kidney distribution among three SGLT2 inhibitors
when expressed as an area under curve (AUC) ratio of kidney to plasma (85.0 ± 16.1 for DWP16001,
64.6 ± 31.8 for dapagliflozin and 38.4 ± 5.3 for ipragliflozin). The organic anion transporter-mediated
kidney uptake of DWP16001 could be partly attributed to the highest kidney uptake. Additionally,
DWP16001 had the lowest half-maximal inhibitory concentration (IC50) to SGLT2, a target transporter
(0.8 ± 0.3 nM for DWP16001, 1.6 ± 0.3 nM for dapagliflozin, and 8.9 ± 1.7 nM for ipragliflozin).
The inhibition mode of DWP16001 on SGLT2 was reversible and competitive, but the recovery of
the SGLT2 inhibition after the removal of SGLT2 inhibitors in CHO cells overexpressing SGLT2 was
retained with DWP16001, which is not the case with dapagliflozin and ipragliflozin. In conclusion,
selective and competitive SGLT2 inhibition of DWP16001 could potentiate the efficacy of DWP16001
in coordination with the higher kidney distribution and retained SGLT2 inhibition of DWP16001
relative to dapagliflozin and ipragliflozin.

Keywords: sodium-glucose cotransporter 2 (SGLT2) inhibitors; DWP16001; kidney distribution;
inhibition mode

1. Introduction

Achieving appropriate glycemic control for type 2 diabetes patients is a prerequisite for preventing
cardiovascular and microvascular complications, and this can be guided by a combination of antidiabetic
drugs with different modes of action [1].

Sodium-glucose cotransporter 2 (SGLT2) inhibitors are the latest class of antidiabetic drugs that
act through the inhibition of renal tubular glucose reabsorption and a reduction of blood glucose levels
without stimulating insulin release [2]. SGLT2 is expressed in the S1 segment of proximal kidney tubules
and is responsible for roughly 90% of the reabsorption of filtered glucose [3]. Additionally, SGLT2
inhibitors exhibit low hypoglycemia risk and have been associated with a significant reduction in major
adverse cardiovascular events in clinical trials [4], garnering SGLT2 inhibitors increased attention.
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Several SGLT2 inhibitors have been approved for the treatment of type 2 diabetes, including
canagliflozin (Invokana®), dapagliflozin (Farxiga®), empagliflozin (Jardiance®), ipragliflozin (Suglat®),
and tofogliflozin (Apleway®) [3,5].

Additionally, there are several other similar compounds in the pipeline that may be approved
in the near future. DWP16001 (Figure 1), a selective SGLT2 inhibitor, is under development by
Daewoong Pharmaceutical Co. Ltd. (Yongin, Korea) and is currently undergoing phase 2 clinical trials
(Registration No. NCT04014023).

 

 

−

−

−

−

Figure 1. Structure of (A) DWP16001, (B) D4-DWP16001 (IS), (C) dapagliflozin, and (D) ipragliflozin.

Recently, Tahara et al. [5] compared the pharmacokinetics, pharmacodynamics, and pharmacological
characteristics of six SGLT2 inhibitors, such as ipragliflozin, dapagliflozin, tofogliflozin, canagliflozin,
empagliflozin, and luseogliflozin. The study showed that all the SGLT2 inhibitors induced urinary
glucose excretion in a dose-dependent manner but the duration of action differed among the six
drugs. Ipragliflozin and dapagliflozin showed persistent duration of action; these two drugs exhibited
increased urinary glucose excretion even 18 h post dose but the others showed about 12 h of duration.
In addition, ipragliflozin and dapagliflozind showed the lowest blood glucose and insulin level
following the same daily dose (3 mg/kg) in diabetic mice. The long duration of action and glucose
lowering efficacy of these two drugs closely correlated with the drug distribution and retention in the
kidney and elimination half-life [5], suggesting the importance of kidney distribution and elimination
profile is prerequisite in the efficacy of SGLT2 inhibitors, as well as the potent SGLT2 inhibition.
Therefore, this study aimed to compare the pharmacokinetic properties and kidney distribution
of DWP16001 with those of dapagliflozin and ipragliflozin, representative SGLT2 inhibitors that
showed potent and long duration efficacy [5] and to compare the selectivity and mode of inhibition of
DWP16001 on SGLT2 with dapagliflozin and ipragliflozin to evaluate the potency of DWP16001 over
other SGLT2 inhibitors.

2. Materials and Methods

2.1. Materials

DWP16001 and D4-DWP16001 (for internal standard (IS)), were obtained from Daewoong
Pharmaceutical Co. Ltd. (Yongin, Korea). Dapagliflozin and ipragliflozin were obtained from Toronto
Research Chemicals Inc. (North York, ON, Canada) (Figure 1).

Para-aminohipuric acid (PAH), methyl a-D-glucopyranoside (AMG), sodium dodecyl sulfate
(SDS), G418, non-essential amino acids, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
and Hank’s balances salts solution (HBSS, pH 7.4) were purchased from Sigma–Aldrich Chemical Co.
(St. Louis, MO, USA). [14C]Methyl-α-D-glucopyranoside (AMG) (290 mCi/mmol) was purchased from
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Moravek (Brea, CA, USA). [3H]Estrone-3-sulfate (ES) (2.12 TBq/mmol) and [3H]para-aminohipuric acid
(PAH) (0.13 TBq/mmol) were purchased from Perkin Elmer Inc. (Boston, MA, USA). Dulbecco’s modified
Eagle’s medium (DMEM), RPMI1640 medium, fetal bovine serum (FBS), and poly-D-lysine-coated
24-well plates were purchased from Corning (Tewksbury, MA, USA). All other chemicals and solvents
were reagent or analytical grade.

CHO cells overexpressing SGLT1 and SGLT2 (CHO-SGLT1 and -SGLT2, respectively) and
CHO-mock cells were obtained from Daewoong Pharmaceutical Co. Ltd. (Yongin, Korea). HEK293
cells overexpressing organic anion transporter 1 (OAT1) and OAT3 (HEK293-OAT1 and -OAT3,
respectively) and HEK293-mock cells were purchased from Corning (Tewksbury, MA, USA).

2.2. Animals and Ethical Approval

Male Institute of Cancer Research (ICR) mice (7–8-weeks-year-old, 30−35 g) were purchased from
Samtako Co. (Osan, Korea). Animals were acclimatized for 1 week in an animal facility at Kyungpook
National University. Food and water were available ad libitum. All animal procedures were approved
by the Animal Care and Use Committee of Kyungpook National University (Approval No. 2016-0138)
and carried out in accordance with the National Institutes of Health guidance for the care and use of
laboratory animals.

2.3. Pharmacokinetic Study

ICR mice were randomly divided into three groups and were fasted for at least 12 h before the
oral administration of DWP16001, dapagliflozin, and ipragliflozin but had free access to water. On the
day of pharmacokinetic study, the mice received DWP16001, dapagliflozin, or ipragliflozin solution at
a dose of 1 mg/kg (dissolved in a mixture of 10% DMSO and 90% saline) using oral gavage. Blood
samples were collected at 0.5, 1, 2, 4, 8, 24, 48, and 72 h following the oral administration (1 mg/kg
each) of DWP16001, dapagliflozin, or ipragliflozin and centrifuged at 12,000× g for 1 min to separate
the plasma. An aliquot (30 µL) of each plasma sample was stored at −80 ◦C until the analysis. Kidney
samples were also isolated at 8, 24, 48, and 72 h following the oral administration of DWP16001,
dapagliflozin, or ipragliflozin, minced thoroughly, and homogenized with four volumes of saline
using tissue grinder. An aliquot (50 µL) of each kidney homogenate sample was stored at −80 ◦C until
the analysis.

For the analysis of SGLT2 inhibitors, aliquots of plasma (30 µL) and kidney homogenate (50 µL)
were added to 100 µL of aqueous solution of D4-DWP16001 (IS, 20 ng/mL), and vigorously mixed with
500 µL methyl tert-butyl ether (MTBE) for 15 min. After centrifugation at 16,000 g for 5 min, samples
were kept for 1 h at −80 ◦C to make an aqueous layer freeze. An organic upper layer was transferred to
a clean tube and evaporated to dryness under a gentle stream of nitrogen. Then, the dried extract was
reconstituted in 150 µL of mobile phase, and a 3 µL aliquot of the reconstituent was injected into a
liquid chromatography–tandem mass spectrometry (LC–MS/MS) system.

Pharmacokinetic parameters, such as the area under plasma concentration-time curve from zero
to infinity (AUC), were calculated from plasma concentration vs time curves using non-compartment
analysis with WinNonlin (version 5.1; Pharsights, Cary, NC, USA). The AUC ratios (i.e., ratios of
kidney AUC to plasma AUC) were calculated by dividing the AUC of the three SGLT2 inhibitors in the
kidney by the plasma AUC values of the three SGLT2 inhibitors.

2.4. Protein Binding

The protein binding of DWP16001, dapagliflozin, and ipragliflozin (1000 ng/mL) in mouse plasma
and 20% kidney homogenate was determined using a rapid equilibrium dialysis kit (ThermoFisher
Scientific Korea, Seoul, Korea) according to the manufacturer’s instructions. Briefly, 100 µL of mouse
plasma and 20% kidney homogenate samples containing 1000 ng/mL of DWP16001, dapagliflozin,
or ipragliflozin were added to the sample chamber of a semipermeable membrane (molecular weight
cut-off 8000 Da) and 300 µL of phosphate buffered saline (PBS) was added to the outer buffer chamber.
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Four hours after incubation at 37 ◦C on a shaking incubator at 300 rpm, aliquots (50 µL) were collected
from both the sample and buffer chambers and treated with equal volumes of fresh PBS and blank
plasma or blank kidney homogenate, respectively, to match the sample matrices. The matrix-matched
sample (100 µL) was added 100 µL of aqueous solution of D4-DWP16001 (IS, 20 ng/mL), and vigorously
mixed with 1000 µL MTBE for 15 min. After centrifugation at 16,000 g for 5 min, samples were kept for
1 h at −80 ◦C. An organic upper layer was transferred to a clean tube and evaporated to dryness under
a gentle stream of nitrogen. Then, the dried extract was reconstituted in 300 µL of mobile phase and a
3 µL aliquot of the reconstituent was injected into the LC-MS/MS system.

Plasma protein binding was calculated using the following Equation (1) [6,7].

Undiluted free drug fraction (fu) =
Drug concentration in buffer chamber

Drug concentration in plasma sample chamber
(1)

Kidney protein binding was calculated using the following equations, Equations (2) and (3),
and a dilution factor (D as a value of 5) for tissue homogenates was used since we used 20% kidney
homogenates [6,7].

Diluted free drug fraction (fu′) =
Drug concentration in buffer chamber

Drug concentration in kidney homogenate chamber
, (2)

Undiluted free drug fraction (fu) =
1/D

(

1
fu′ − 1

)

+ 1/D
=

fu′ × 0.2
1− fu′ × 0.8

. (3)

2.5. Substrate Specificity of DWP16001, Dapagliflozin, and Ipragliflozin for OAT1 and OAT3

HEK293-mock cells and HEK293 cells overexpressing OAT1 and OAT3 transporters (HEK293-OAT1
and -OAT3, respectively) were seeded in poly-D-lysine-coated 24-well plates at a density of
4 × 105 cells/well and cultured for 24 h in DMEM supplemented with 10% FBS and 5 mM non-essential
amino acids at 37 ◦C in 8% CO2 condition.

For each experiment, the growth medium was discarded after 24 h, and the attached cells were
washed with pre-warmed HBSS and incubated with pre-warmed HBSS for 20 min at 37 ◦C. To confirm
the functionality of OAT1 and OAT3, we measured the uptake of 0.1 µM [3H]PAH and 0.1 µM
[3H]ES, representative substrates for OAT1 and OAT3, respectively, into in the HEK293-mock cells
and HEK293-OAT1 and -OAT3 cells, respectively, for 5 min in the presence and absence of 20 µM
probenecid, a typical inhibitor for both OAT1 and OAT3 [8,9]. The cells were then washed three
times with 500 µL of ice-cold HBSS immediately after placing the plates on ice. Subsequently, cells
were lysed with 10% sodium dodecyl sulfate and mixed with Optiphase cocktail solution overnight.
The radioactivity of the cell lysate was measured using a liquid scintillation counter (Microbeta 2;
Perkin Elmer Inc., Boston, MA, USA).

The uptake of DWP16001, dapagliflozin, and ipragliflozin (2 µM each) was measured for 5 min
at 37 ◦C in the HEK293-mock cells and HEK293-OAT1 and -OAT3 cells, respectively, in the absence
and presence of 20 µM probenecid. For the concentration dependency in the uptake of DWP16001,
the uptake of DWP16001 in a concentration range of 0.5–50 µM dissolved in HBSS was measured for
5 min at 37 ◦C in the mock cells and HEK293-OAT1 and -OAT3 cells, respectively. After 5 min, the cells
were washed three times with 500 µL of ice-cold HBSS immediately after placing the plates on ice.
Subsequently, the cells were scraped using a cell scraper with 100 µL of PBS, and cell suspensions
were transferred to a clean tube, combined with 100 µL of aqueous solution of D4-DWP16001 (IS,
20 ng/mL), and vigorously mixed with 1000 µL MTBE for 15 min. After centrifugation at 16,000 g for
5 min, samples were kept for 1 h at −80 ◦C. An organic upper layer was transferred to a clean tube and
evaporated to dryness under a gentle stream of nitrogen. Then, the dried extract was reconstituted in
300 µL of mobile phase and a 3 µL aliquot of the reconstituent was injected into the LC-MS/MS system.
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In the concentration-dependent uptake studies, the transporter-mediated uptake of DWP16001
was calculated by the subtraction of the transport rates of DWP16001 into the mock cells from those of
the HEK293-OAT1 and -OAT3 cells. Kinetic parameters for the OAT1- and OAT3-mediated transport
of DWP16001 were determined using the Michaelis-Menten equation [V = Vmax·S/(Km + S)] [10].

2.6. LC-MS/MS Analysis of DWP16001, Dapagliflozin, and Ipragliflozin

Concentrations of DWP16001, dapagliflozin, and ipragliflozin in plasma and kidney homogenate
samples were analyzed using an Agilent 6470 triple quadrupole LC–MS/MS system (Agilent, Wilmington,
DE, USA).

DWP16001, dapagliflozin, and ipragliflozin were separated on a Synergi Polar RP column
(2.0 × 150 mm, 4 µm particle size; Phenomenex, Torrence, CA) using a mobile phase consisting of
water (15%) and methanol (85%) containing 0.1% formic acid at a flow rate of 0.25 mL/min.

Quantification of a separated analyte peak was performed at m/z 464→ 131 for DWP16001 (TR

(retention time) 2.8 min), m/z 422→ 151 for ipragliflozin (TR 2.5 min), m/z 426→ 167 for dapagliflozin
(TR 2.5 min), m/z 468→ 135 for D4-DWP16001 (TR 2.8 min), in the positive ionization mode with a
collision energy (CE) of 25 eV. The calibration standards of a mixture of DWP16001, dapagliflozin,
and ipragliflozin in mouse plasma were 5–1000 ng/mL, and intraday and interday precision and
accuracy were less than 14.7% in all samples. The calibration standards of a mixture of DWP16001,
dapagliflozin, and ipragliflozin in mouse kidney homogenate were 5–1000 ng/mL, and intraday and
interday precision and accuracy were less than 13.8% in all samples.

2.7. Inhibitory Effects of DWP16001, Dapagliflozin, and Ipragliflozin on the SGLT1 and SGLT2 Activities

CHO cells overexpressing SGLT1 and SGLT2 cells (CHO-SGLT1 and -SGLT2) and CHO-mock
cells were characterized as previously described [11]. Cells were maintained in RPMI1640 medium
supplemented with 10% fetal bovine serum and 200 µg/mL G418 at 37 ◦C in 5% CO2 conditions.
CHO-SGLT1 and -SGLT2 cells were seeded at a density of 1 × 105 cells/well in 96-well plates. After
24 h, the growth medium was discarded from the cells, and the cells were washed with pre-warmed
Na+-free buffer (10 mM HEPES, 5 mM Tris, 140 mM choline chloride, 2 mM KCl, 1 mM CaCl2, 1 mM
MgCl2, pH7.4) and incubated for 1 h in Na+-free buffer. After replacing Na+-free buffer with Na+

gradient buffer (10 mM HEPES, 5 mM Tris, 140 mM NaCl, 2 mM KCl, 1 mM CaCl2, 1 mM MgCl2, pH7.4)
containing 10 µM [14C]AMG, the uptake of [14C]AMG into the CHO-mock cells and CHO-SGLT1
and -SLGT2 cells was measured for 0.5, 1, 1.5, 2, and 3 h. After a predetermined incubation time,
cells were washed three times with 200 µL of ice-cold Na+-free buffer immediately after placing
the plates on ice. Then, the cells were lysed with 10% SDS, and the cell lysates were mixed with
Optiphase cocktail solution. Thereafter, the radioactivity of the cell lysates was measured using a
liquid scintillation counter.

The inhibitory effect of known inhibitors, such as dapagliflozin and ipragliflozin, on [14C]AMG
uptake in the CHO-mock cells and CHO-SGLT1 and -SLGT2 cells was measured in the presence or
absence of dapagliflozin and ipragliflozin (1, 10 µM for SGLT1; 10, 100 nM for SGLT2) for 2 h. For the
calculation of IC50 values, the uptake of 10 µM [14C]AMG in the CHO-mock cells and CHO-SGLT1
and -SLGT2 cells was measured for 2 h with or without DWP16001, dapagliflozin, or ipragliflozin
(1 nM–50 µM for SGLT1; 0.01 nM–1 µM for SGLT2). After 2 h, cells were washed three times with
200 µL of ice-cold Na+-free buffer and the cells were lysed with 10% SDS (40 µL), followed by adding
Optiphase cocktail solution (200 µL). The radioactivity of the cell lysates was measured using a liquid
scintillation counter. The SGLT1 or SGLT2-mediated uptake of [14C]AMG was calculated by the
subtraction of the uptake rates of [14C]AMG into the mock cells from those of the CHO-SGLT1 and
-SLGT2 cells. In the inhibition studies, the percentages of the transport rate of AMG with or without
SGLT2 inhibitors were calculated and the data were fitted to an inhibitory effect model. The IC50

(the concentration of the inhibitor to show half-maximal inhibition) values were calculated using Sigma
Plot ver.10.0 (Systat Software, Inc.; San Jose, CA, USA) [12].
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To investigate time dependency in the inhibition of SGLT2, CHO-mock and -SGLT2 cells were
seeded at a density of 1 × 105 cells/well in 96-well plates. After 24 h, the growth medium was discarded
from the cells, and the cells were washed with pre-warmed Na+-free buffer and pre-incubated
with Na+-free buffer containing various concentrations of DWP16001, dapagliflozin, or ipragliflozin
(0.001 nM–100 nM) for 1 and 2 h. Then, after replacing Na+-free buffer with Na+ gradient buffer
containing 10 µM [14C]AMG and various concentrations of DWP16001, dapagliflozin, or ipragliflozin
(0.001 nM–100 nM), the uptake of [14C]AMG into the CHO-mock and -SGLT2 cells was measured
for 2 h. After 2 h of incubation, the radioactivity of the cell lysate was measured following the same
sample preparation method described above.

To investigate the mode of inhibition of the three SGLT2 inhibitors, the inhibition experiments were
initiated by replacing Na+-free buffer with Na+ gradient buffer containing 1, 2.5, 5, and 50µM [14C]AMG
and various concentrations of DWP16001, dapagliflozin, or ipragliflozin (0.001 nM–250 nM) and the
uptake of [14C]AMG into the CHO-mock and -SGLT2 cells was measured for 2 h. The radioactivity of
the cell lysate was measured following the same sample preparation method described above. Uptake
rate of AMG and concentrations of DWP16001, dapagliflozin, or ipragliflozin were plotted to Dixon
plots to identify the mode of inhibition [13,14].

To investigate the recovery of SGLT2 activity depending on the washout period after 24 h
exposure of DWP16001, dapagliflozin, or ipragliflozin, CHO-SGLT2 cells were seeded at a density of
1 × 105 cells/well in 96-well plates. After 24 h, the growth medium was discarded from the cells, and the
cells were treated with RPMI1640 medium containing DWP16001, dapagliflozin, or ipragliflozin (0.2, 2,
20, and 200 nM) for 24 h. After 24 h, the RPMI1640 medium was replaced with pre-warmed fresh
RPMI1640 medium and incubated for 1, 2, 3, 5, and 6 h, and proceeded another pre-incubation with
Na+-free buffer for 1 h. Then, after replacing Na+-free buffer with Na+ gradient buffer containing
10 µM [14C]AMG, the uptake of [14C]AMG into the CHO-SGLT2 cells was measured for 2 h. After 2 h
of incubation, the radioactivity of the cell lysate was measured following the same sample preparation
method described above.

2.8. Statistics

The statistical significance was assessed by t-test using SPSS for Windows (version 24.0; IBM Corp.,
Armonk, NY, USA).

3. Results

3.1. LC-MS/MS Analysis of DWP16001, Dapagliflozin, and Ipragliflozin

To compare the pharmacokinetics and tissue distribution of DWP16001, dapagliflozin, ipragliflozin
in mice, analyses of the three SGLT2 inhibitors using LC-MS/MS were applied. Figure 2 shows the
selected precursor and product ions of DWP16001, dapagliflozin, ipragliflozin, and D4-DWP16001
(IS). The selected precursor and product ions of dapagliflozin and ipragliflozin were consistent with
previously published findings [12,15].

Representative multiple reaction-monitoring (MRM) chromatograms of DWP16001, D4-DWP16001
(IS), dapagliflozin, and ipragliflozin (Figure 3) showed that all the analyte peaks obtained using the
liquid-liquid extraction method using MTBE were well separated with no interfering peaks at their
respective retention times.
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Figure 2. Product ion spectra of (A) DWP16001, (B) D4-DWP16001 (IS), (C) dapagliflozin, and
(D) ipragliflozin.

 

Figure 3. Representative multiple reaction-monitoring (MRM) chromatograms of (A) DWP16001,
(B) D4-DWP16001 (IS), (C) dapagliflozin, and (D) ipragliflozin in mouse double-blank plasma, blank
plasma spiked with DWP16001, dapagliflozin, ipragliflozin at the lower limit of quantification (LLOQ)
(5 ng/mL), and plasma samples at 1 h following single oral administration of DWP16001, dapagliflozin,
or ipragliflozin at a dose of 1 mg/kg.
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3.2. Pharmacokinetics and Kidney Distribution of DWP16001, Dapagliflozin, and Ipragliflozin in Mice

To compare the pharmacokinetic profile of DWP16001 with those of dapagliflozin and ipragliflozin,
the same dose of the three SGLT2 inhibitors was orally administered to ICR mice (1 mg/kg each),
and the concentrations of DWP16001, dapagliflozin, and ipragliflozin in plasma and kidney samples
were analyzed. The PK profiles of DWP16001, dapagliflozin, and ipragliflozin are shown in Figure 4
and the PK parameters were summarized in Table 1.
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Figure 4. (A) Plasma and (B) kidney concentration vs. time profile of DWP16001 (•), dapagliflozin (H),
and ipragliflozin (#) after a single oral administrations of DWP16001, dapagliflozin, and ipragliflozin
at a dose of 1 mg/kg in Institute of Cancer Research (ICR) mice, respectively. Data are expressed as
mean±SD from five mice.

Table 1. Pharmacokinetic parameters of DWP16001, dapagliflozin, and ipragliflozin after a single
oral administrations of DWP16001, dapagliflozin, and ipragliflozin at a dose of 1 mg/kg in ICR
mice, respectively.

Parameters DWP16001 Dapagliflozin Ipragliflozin

Plasma

Cmax (ng/mL) 371.4 ± 108.6 274.8 ± 143.6 409.6 ± 59.1
Tmax (h) 0.7 ± 0.3 0.5 ± 0.0 0.6 ± 0.2

AUC72h (µg·h/mL) 1.69 ± 0.34 0.48 ± 0.18 * 1.96 ± 0.41
AUC∞ (µg·h/mL) 1.73 ± 0.34 0.55 ± 143.8 * 1.97 ± 0.41

t1/2 (h) 3.8 ± 1.4 2.1 ± 0.2 * 3.1 ± 0.5

Kidney
AUC72h (µg·h/g tissue) 139.2 ± 5.19 26.30 ± 3.34 * 73.65 ± 7.05 *

AUC ratio 85.0 ± 16.1 64.6 ± 31.8 38.4 ± 5.3 *
t1/2 (h) 125.5 ± 80.4 24.9 ± 5.4 * 24.3 ± 5.7 *

Area under curve (AUC) ratio: Ratios of Kidney AUC to plasma AUC; Data expressed as mean ± SD from five mice;
*: p < 0.05, compared with DWP16001 group.

As shown in Figure 4, plasma concentrations of DWP16001 were similar to those of ipragliflozin
and greater than those of dapagliflozin. Consequently, the AUC and Cmax values of DWP16001 were
similar to those of ipragliflozin and higher than those of dapagliflozin. However, the concentrations
of DWP16001 in the kidney were maintained at higher concentrations for 72 h compared with those
of ipragliflozin and dapagliflozin, suggesting the prolonged efficacy of DWP16001 via the inhibition
of SGLT2, which is located in the renal proximal tubule [3]. Because of the high and prolonged
concentration of DWP16001, the AUC, AUC ratio, and t1/2 values of DWP16001 were significantly
greater than those of dapagliflozin and ipragliflozin (Table 1).
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3.3. Substrate Specificity of DWP16001, Dapagliflozin, and Ipragliflozin for OAT1 and OAT3

The AUC ratios of these three SGLT2 inhibitors were much greater than unity, suggesting that
DWP16001, dapagliflozin, and ipragliflozin are distributed in the kidney, in which tissue protein
binding ability to the specific protein or drug transporters may be involved. Therefore, firstly, we
measured the protein binding of DWP16001, dapagliflozin, and ipragliflozin in the plasma and
kidney homogenate.

The plasma and kidney tissue protein binding of DWP16001, dapagliflozin, and ipragliflozin were
high and comparable and the logP values of three compound were also comparable (i.e., in the range of
2.27–2.65) (Table 2). It suggests that the large distribution of DWP16001, dapagliflozin, and ipragliflozin
in the kidney was not necessarily reliant on plasma/tissue-specific binding ability or lipophilicity of
these compounds.

Table 2. Protein binding of DWP16001, dapagliflozin, and ipragliflozin in mouse plasma and
kidney homogenates.

Compounds logP a
Protein Binding (% Bound) b

Plasma Kidney

DWP16001 2.65 98.50 ± 0.20 97.24 ± 0.08
Dapagliflozin 2.27 94.19 ± 1.07 95.83 ± 0.68
Ipragliflozin 2.56 96.58 ± 0.75 96.50 ± 1.01

a logP values were obtained from the partition coefficient of n-octanol/water; b Data expressed as mean ± SD of
triplicate experiments.

We conducted further investigations into the tissue-specific transport of DWP16001, dapagliflozin,
and ipragliflozin by using cell systems overexpressing OAT1 and OAT3 since OAT1 and OAT3 are
exclusively distributed in the kidney and contribute to the drug distribution to the kidney [16].
The functionality of the OAT1 and OAT3 transport system was confirmed by the significantly greater
uptake rates of the probe substrates in HEK293-OAT1 and -OAT3 cells than that in HEK293-mock
cells (i.e., 14.7-fold increase in PAH uptake for OAT1 and 16.4-fold increase in ES uptake for OAT3)
and by the decreased uptake rate of each probe substrate by the addition of a representative inhibitor,
probenecid (Figure 5A,B) [17]. The uptake of DWP16001 in HEK293-OAT1 and OAT3 cells was
significantly higher than that in HEK293-mock cells, and it was significantly decreased by the presence
of probenecid (Figure 5C). However, dapagliflozin and ipragliflozin were not substrates for both
OAT1 and OAT3 (Figure 5D,E). Next, we investigated the concentration dependency in the OAT1 and
OAT3-mediated DWP16001 uptake. As shown in the figure, the OAT1 and OAT3-mediated uptake of
DWP16001 showed saturable kinetics, and the kinetic parameters, such as Km and Vmax, calculated
from the concentration-dependent uptake of DWP16001 in HEK293-OAT1 and –OAT3 cells are shown
in Figure 6. Collectively, OAT1 and OAT3-mediated uptake of DWP16001 could contribute to the
highest kidney distribution of DWP16001 among three SGLT2 inhibitors. However, these processes
were not dominant over the cellular uptake of the three SGLT2 inhibitors into HEK293-mock cells
(i.e., passive diffusion), which is evident from two-fold increases in HEK293-OAT1 or -OAT3 cells
compared with mock cells (Figure 5C). Therefore, OAT1- and OAT3-mediated active transport and
passive diffusion all contributed to the highly permeable absorptive process of DWP16001 in the
kidney, and dapagliflozin and ipragliflozin also showed higher uptake levels into HEK293 cells via
passive diffusion.
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Figure 5. (A) Uptake of 0.1 µM [3H]para-aminohippuric acid (PAH) was measured in HEK293-mock
and –OAT1 cells in the presence and absence of 20 µM probenecid for 5 min. (B) Uptake of 0.1 µM
[3H]Estrone-3-sulfate (ES) was measured in HEK293-mock and –OAT3 cells in the presence and absence
of 20 µM probenecid. Uptake of (C) DWP16001, (D) dapagliflozin, and (E) ipragliflozin (2 µM each)
into HEK293-mock and HEK293 cells expressing OAT1 and OAT3 was measured for 5 min. Each data
point represents the mean±standard deviation of triplicate experiments. *: p < 0.05, compared with
mock cells; +: p < 0.05, compared with control group.
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Figure 6. (A) OAT1- and (B) OAT3-mediated uptake of DWP16001. Concentration dependent uptake
of DWP16001 was measured for 5 min into HEK293-mock cells and HEK293 cells expressing OAT1 and
OAT3. The transporter-mediated uptake rate was obtained by subtracting the uptake in HEK293-mock
cells (passive diffusion) from those in HEK293 cells expressing OAT1 and OAT3 (total uptake). Each
data point represents the means ± standard deviation from triplicate experiments.

3.4. Inhibition Potential of DWP16001, Dapagliflozin, Ipragliflozin on SGLT1 and SGLT2 Activities

3.4.1. Comparison of IC50 Values of DWP16001, Dapagliflozin, and Ipragliflozin on SGLT1 and SGLT2

To confirm the functionality of CHO-SGLT1 cells, we measured the time-dependent uptake of
AMG, a representative substrate for SGLT1 [11,18]. As shown in Figure 7A, AMG uptake was increased
with incubation time, and the optimal incubation time was selected as 2 h from the linear phase of the
slope. AMG uptake into CHO-SGLT1 cells was 42-fold greater than that into CHO-mock cells and
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significantly inhibited by the presence of known inhibitors, such as dapagliflozin and ipragliflozin [3,5]
(Figure 7B). With the same experimental condition, the inhibitory effect of DWP16001, dapagliflozin,
and ipragliflozin on the AMG uptake into CHO-SGLT1 cells was measured in a concentration range of
1–50,000 nM and IC50 values were calculated (Figure 7C–E; Table 3).
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Figure 7. (A) Uptake of 10 µM [14C]methyl-a-D-glucopyranoside (AMG) was measured in CHO-
sodium-glucose cotransporter 1 (SGLT1) cells with a various incubation time (0.5–3 h). (B) Inhibitory
effect of dapagliflozin and ipragliflozin (1, 10 µM) on the uptake of 10 µM [14C]AMG in CHO-mock
and -SGLT1 cells was measured for 2 h. Concentration dependent inhibition of DWP16001 (C),
dapagliflozin (D), and ipragliflozin (E) on the SGLT1-mediated uptake of [14C]AMG. SGLT1-mediated
uptake of [14C]AMG was calculated by subtracting the uptake of 10 µM [14C]AMG for 2 h in CHO-mock
cells from that in CHO-SGLT1 cells in a concentration range of 1–50,000 nM of DWP16001, dapagliflozin,
and ipragliflozin. Each data point represents the mean ± standard deviation of three independent
experiments. *: p < 0.05, compared with control group.

Table 3. Inhibition potential of DWP16001, dapagliflozin, and ipragliflozin on SGLT1 and SGLT2 activities.

IC50 (nM) Selectivity

SGLT1 SGLT2 (IC50 Ratio of SGLT1/SGLT2)

DWP16001 549.3 ± 139.6 0.8 ± 0.3 667
Ipragliflozin 2328.7 ± 377.6 8.9 ± 1.7 261

Dapagliflozin 803.0 ± 96.8 1.6 ± 0.3 493

Data were expressed as mean ± SD from triplicate measurement.

Similarly, the functionality of CHO-SGLT2 cells was confirmed from the time-dependent uptake of
AMG, a representative substrate for SGLT2 [3,5]. As shown in Figure 8A, AMG uptake was increased
with incubation time, and the optimal incubation time was selected as 2 h from the linear phase of the
slope. AMG uptake into CHO-SGLT1 cells was 9.8-fold greater than that into CHO-mock cells and
significantly inhibited by the presence of known inhibitors, such as dapagliflozin and ipragliflozin [3]
(Figure 8B). With the same experimental conditions, the inhibitory effect of DWP16001, dapagliflozin,
and ipragliflozin on the AMG uptake into CHO-SGLT2 cells was measured in a concentration range of
0.001–100 nM, and IC50 values were calculated (Figure 8C–E; Table 3).
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DWP16001 showed greater affinity for SGLT2 compared with dapagliflozin and ipragliflozin.
Moreover, the affinity to SGLT1 was also greater with DWP16001 compared with dapagliflozin and
ipragliflozin. When compared with selectivity, which was calculated from the SGLT1/SGLT2 IC50 ratio,
the selectivity of DWP16001 was high relative to that of dapagliflozin and ipragliflozin (Table 3).
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Figure 8. (A) The uptake of 10µM [14C]methyl-a-D-glucopyranoside (AMG) was measured in CHO-SGLT2
cells with a various incubation time (0.5, 1, 1.5, 2, 3 h). (B) Inhibitory effect of dapagliflozin and ipragliflozin
(10, 100 nM) on the uptake of 10 µM [14C]AMG in CHO-mock and –SGLT2 cells was measured for 2 h.
Representative concentration dependent inhibition of DWP16001 (C), dapagliflozin (D), and ipragliflozin
(E) on the SGLT2-mediated uptake of [14C]AMG. SGLT2-mediated uptake of [14C]AMG was calculated
by subtracting the uptake of 10 µM [14C]AMG for 2 h in CHO-mock cells from that in CHO-SGLT2 cells
in a concentration range of 1–100 nM of DWP16001, dapagliflozin, and ipragliflozin. Each data point
represents the mean±standard deviation of three independent experiments. *: p < 0.05, compared with
control group.

3.4.2. Mode of Inhibition

To investigate whether the inhibition of SGLT2 was time-dependent, the inhibitory effects of
DWP16001, dapagliflozin, and ipragliflozin on SGLT2-mediated uptake of AMG were measured with
or without pretreatment with DWP16001, dapagliflozin, and ipragliflozin, respectively. Figure 9 shows
that the inhibitory potential of DWP16001, dapagliflozin, and ipragliflozin on SGLT2 did not change
with different pretreatment times, suggesting that all the DWP16001, dapagliflozin, and ipragliflozin
inhibited SGLT2 function in a time-independent manner.

To determine the mode of inhibition on SGLT2, the inhibitory effects of DWP16001, dapagliflozin,
and ipragliflozin on the AMG uptake into CHO-SGLT2 cells were measured with different substrate
concentrations, and the results were expressed as Dixon plots (Figure 10A–C) and a replot of the
Dixon slopes (Figure 10D–F) [13,19,20]. Dixon transformation of inhibition profile by DWP16001
(0.001–250 nM) for different concentrations of AMG indicated competitive inhibition of DWP16001 on
SGLT2 activity (Figure 10A). A replot of the Dixon slopes vs 1/S produced a straight line converging
on the zero (Figure 10D), suggesting competitive and reversible inhibition of DWP16001. Similar
results were shown in case of dapagliflozin and ipragliflozin (Figure 10B,C,E,F). The results collectively
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suggested that the inhibition of SGLT2 by DWP16001, dapagliflozin, and ipragliflozin is reversible
and competitive.
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Figure 9. Inhibitory effect of (A) DWP16001, (B) dapagliflozin, and (C) ipragliflozin on the
SGLT2-mediated uptake of 10 µM [14C]methyl-a-D-glucopyranoside (AMG) was measured with
preincubation time for 1 and 2 h or without preincubation of DWP16001, dapagliflozin, and ipragliflozin,
respectively, in a concentration range of 0.001–100 nM. Each data point represents the mean±standard
deviation of three independent experiments.
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Figure 10. Dixon plot for the inhibitory effect of (A) DWP16001, (B) dapagliflozin, and (C) ipragliflozin
on the uptake of [14C]methyl-a-D-glucopyranoside (AMG) in CHO-SGLT2 cells. Each symbol represents
the concentration of [14C]AMG: •, 1 µM; #, 2.5 µM; H, 5 µM; △, 50 µM. Replot of the slopes of Dixon
plot (slopes vs 1/[S]) was shown for (D) DWP16001, (E) dapagliflozin, and (F) ipragliflozin. V indicates
the SGLT2-mediated uptake rate of [14C]AMG and S indicates the concentration of [14C]AMG. The data
are the means±standard deviations of triplicate measurements.

3.4.3. Retained Inhibition Potential of DWP16001 Compared to Dapagliflozin and Ipragliflozin

The recovery of SGLT2 activities depending on the washout period after 24 h exposure of
DWP16001, ipragliflozin, and dapagliflozin in CHO-SGLT2 cells was investigated. As shown in
Figure 11, the activity of reduced SGLT2 by treatment with DWP16001, dapagliflozin, and ipragliflozin
for 24 h in CHO-SGLT2 cells revealed differences in the recovery of SGLT2 depending on the time of
drug removal from the medium, as well as SGLT2 inhibitors. In the case of DWP16001, the activity
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tended to gradually recover as the washout time increased. When treated at a high concentration
(200 nM), the activity did not recover even 8 h after the drug was removed from the medium
(Figure 11A). However, when dapagliflozin and ipragliflozin were used, SGLT2 activity was recovered
to the control level 4 h after the removal of dapagliflozin and ipragliflozin (Figure 11B,C). The results
indicate that the dissociation of DWP16001 to SGLT2 is slower and more incomplete than that
of dapagliflozin and ipragliflozin and that the binding affinity to SGLT2 is stronger than that of
dapagliflozin and ipragliflozin.
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Figure 11. Recovery of SGLT2 transport function with different washout time following 24 h of
incubation with (A) DWP16001, (B) dapagliflozin, and (C) ipragliflozin (0.2–200 nM) was measured
through the uptake of [14C]methyl-a-D-glucopyranoside (AMG) in CHO-SGLT2 cells. Each data point
represents the mean±standard deviation of three independent experiments.

4. Discussion

DWP16001 is a candidate SGLT2 inhibitor that is currently under development. As a first step,
the pharmacokinetic properties and in vitro SGLT2 inhibition were compared with currently used
SGLT2 inhibitors. Dapagliflozin and ipragliflozin were selected based on their high kidney distributions
and long elimination half-lives (t1/2) in the kidney [5], which are thought to be important for the
efficacy and duration of action of SGLT2 inhibitors. DWP16001 showed higher kidney distributions
compared with dapagliflozin and ipragliflozin. DWP16001 also had longer t1/2 in the kidney than
dapagliflozin and ipragliflozin, as well as a comparable plasma profile with ipragliflozin (Table 1).
Moreover, the kidney concentration of DWP16001 was maintained over 72 h following oral administration
of 1 mg/kg DWP16001 (Figure 4). Taken together, these pharmacokinetic results show that the duration of
action of DWP16001 is greater than that of dapagliflozin and ipragliflozin and that the oral therapeutic
dose of DWP16001 could be reduced compared with both dapagliflozin and ipragliflozin.

To investigate the underlying mechanisms of highest kidney distribution and maintained
concentration of DWP16001 in the kidney, we measured the kidney tissue binding and involvement
of OAT1 and OAT3 transporters of the three SGLT2 inhibitors. All three SGLT2 inhibitors showed
high protein binding, but the kidney tissue binding performances of these three SGLT2 inhibitors
were not different from their plasma protein binding capabilities (Table 2). However, DWP16001
was a substrate for both OAT1 and OAT3, which are dominantly expressed in the kidney, whereas
dapagliflozin and ipragliflozin were not (Figures 5 and 6). Although this could not solely explain the
high kidney distribution, OAT1- and OAT3-mediated transport process may contribute to the high
kidney distribution.

Next, we compared the in vitro SGLT2 inhibition and selectivity of SGLT2 inhibition over SGLT1.
All three SGLT2 inhibitors inhibited SGLT2 and SGLT1 activity in a concentration-dependent manner
and IC50 values of dapagliflozin and ipragliflozin were in the range of previous reports (1.0–1.3 nM
for dapagliflozin; 6.75–8.07 nM for ipragliflozin) [21,22]. IC50 values of DWP16001 to SGLT2 and
SGLT1 were lower than those of dapagliflozin and ipragliflozin, suggesting a greater affinity to SGLT2
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inhibition for DWP16001 with a higher selectivity over SGLT1 than dapagliflozin and ipragliflozin.
The mode of inhibition of DWP16001 was not different from the other SGLT2 inhibitors. They all showed
reversible and competitive inhibition (Figure 10), which is consistent with other SGLT2 inhibitors [23,24].
However, the affinity to SGLT2 inhibition seemed to be different among the three SGLT2 inhibitors
(Table 3). In addition, the recovery of SGLT2 transport activity following the pretreatment of DWP16001,
dapagliflozin, and ipragliflozin for 24 h was retained at a higher concentration (200 nM) of DWP16001
compared with dapagliflozin and ipragliflozin. These results suggested that DWP16001 had the highest
SGLT2 inhibition potential and that this inhibition potential retained for a longer time compared
with dapagliflozin and ipragliflozin. Combined with the higher kidney distribution of DWP16001,
retained SGLT2 inhibition with a high concentration of DWP16001 could also potentiate the efficacy of
DWP16001 compared with dapagliflozin and ipragliflozin.

The comparative pharmacokinetics and in vitro SGLT2 inhibition findings suggest that DWP16001
might be a superior alternative to dapagliflozin and ipragliflozin; however, we should note that
comparisons of the in vivo pharmacologic properties of these agents using therapeutic doses in animals
and humans need to be further undertaken.
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Abstract: Catalposide, an active component of Veronica species such as Catalpa ovata

and Pseudolysimachion lingifolium, exhibits anti-inflammatory, antinociceptic, anti-oxidant,
hepatoprotective, and cytostatic activities. We characterized the in vitro metabolic pathways of
catalposide to predict its pharmacokinetics. Catalposide was metabolized to catalposide sulfate
(M1), 4-hydroxybenzoic acid (M2), 4-hydroxybenzoic acid glucuronide (M3), and catalposide
glucuronide (M4) by human hepatocytes, liver S9 fractions, and intestinal microsomes. M1
formation from catalposide was catalyzed by sulfotransferases (SULTs) 1C4, SULT1A1*1, SULT1A1*2,
and SULT1E1. Catalposide glucuronidation to M4 was catalyzed by gastrointestine-specific
UDP-glucuronosyltransferases (UGTs) 1A8 and UGT1A10; M4 was not detected after incubation
of catalposide with human liver preparations. Hydrolysis of catalposide to M2 was catalyzed
by carboxylesterases (CESs) 1 and 2, and M2 was further metabolized to M3 by UGT1A6 and
UGT1A9 enzymes. Catalposide was also metabolized in extrahepatic tissues; genetic polymorphisms
of the carboxylesterase (CES), UDP-glucuronosyltransferase (UGT), and sulfotransferase (SULT)
enzymes responsible for catalposide metabolism may cause inter-individual variability in terms of
catalposide pharmacokinetics.

Keywords: catalposide; in vitro human metabolism; UDP-glucuronosyltransferase;
sulfotransferase; carboxylesterase

1. Introduction

Catalposide is an active iridoid glycoside of Veronica species including Catalpa ovata and
Pseudolysimachion lingifolium [1–3]. Catalposide exhibits various biological effects including
anti-inflammatory [4–9], anti-oxidant [10], antinociceptic [8], cytostatic [11], hypolipidemic via
peroxisome proliferator-activated receptor-α activation [12], and hepatoprotective activities [13].

Catalposide had a short half-life (19.3 ± 9.5 min), and exhibited high systemic clearance
(96.7 ± 44.1 mL/min/kg), and low urinary excretion (9.9 ± 4.1% of the dose) after intravenous
administration of 10 mg/kg to male Sprague-Dawley rats [14]. This indicated that catalposide
might be extensively metabolized in rats. However, catalposide remained stable after 1 h incubation
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with rat liver microsomes in the presence of NADPH [14]. Thus, catalposide may be catabolized via
non-cytochrome P450 (CYP)-mediated mechanism. Catalposide was the substrate of OAT3, OATP1B1,
and OATP1B3 transporters and weakly inhibited their transport activities with IC50 values of 83,
200, and 235 µM, respectively, suggesting that OAT3, OATP1B1, and OATP1B3 may regulate the
pharmacokinetics and drug interactions of catalposide [15].

Pharmacokinetics and metabolism of potential active constituents in herbal drugs is helpful for
the determination of dosage regimens and interpretation of pharmacological effects under clinical
conditions [16]. It is important to establish the comparative metabolism and drug-metabolizing
enzymes of active constituents for a full characterization of its pharmacokinetics, pharmacodynamics,
and toxicity. The characterization of drug-metabolizing enzymes such as CYPs, carboxylesterases
(CESs), UDP-glucuronosyltransferases (UGTs), and sulfotransferases (SULTs) responsible for the
metabolism of a drug may reveal inter-individual variability in drug metabolism and the potential
drug interactions [17–19]. However, catalposide metabolism has not been studied in humans and
animals. We identified catalposide metabolites and drug-metabolizing enzymes involved to predict its
pharmacokinetics and possible drug interactions.

We identified catalposide metabolites formed from in vitro incubations of catalposide with human
hepatocytes, intestinal microsomes, and liver S9 fractions using liquid chromatography-high resolution
mass spectrometry (LC-HRMS) and characterized the CES, UGT, and SULT enzymes involved in
catalposide metabolism using human cDNA-expressed CES, UGT, and SULT supersomes, respectively.

2. Materials and Methods

2.1. Materials and Reagents

Catalposide (purity, 98%) was obtained from Aobious Inc. (Gloucester, MA, USA). Alamethicin,
3-phosphoadenosine-5-phosphosulfate (PAPS), and uridine 5′-diphosphoglucuronic acid (UDPGA)
were from Sigma-Aldrich Co. (St. Louis, MO, USA). 4-hydroxybenzoic acid and 4-hydroxybenzoic
acid glucuronide were purchased from Toronto Research Chemicals (North York, ON, Canada).
Pooled human intestinal microsomes; pooled human liver S9 fractions; human cDNA-expressed UGTs
1A1/3/4/6/7/8/9/10 and 2B4/7/15/17 supersomes; human cDNA-expressed CESs 1b, 1c, and 2 supersomes;
cryopreserved human hepatocytes; and hepatocyte purification kits were obtained from Corning Life
Sciences (Woburn, MA, USA). Human cDNA-expressed SULT 1A1*1, 1A1*2, 1A2, 1A3, 1B1, 1C2,
1C4, 1E1, and 2A1 supersomes were purchased from Cypex Ltd. (Dundee, UK). Methanol (HPLC
grade) was from Burdick & Jackson Inc. (SK Chemicals, Ulsan, Korea), and all other chemicals were
of the highest quality available. Calibration mixtures for Exactive MS [ProteoMass LTQ/FT-hybrid
ESI positive mode Cal Mix (MSCAL5) and negative mode Cal Mix (MSCAL6)] were obtained from
Supelco (Bellefonte, PA, USA).

2.2. In Vitro Metabolism of Catalposide in Cryopreserved Human Hepatocytes

Cryopreserved human hepatocytes were recovered with the aid of a hepatocyte purification kit, and
viable cells were resuspended in William’s E buffer at a final concentration of 1.28 × 106 cells/mL [20].
Human hepatocyte suspensions (62.5 µL, 8.00× 104 cells) and 62.5 µL of 400 µM catalposide in William’s
E buffer were added to the wells of a 96-well plate and the mixture was incubated for 120 min at 37 ◦C
in a CO2 incubator. Methanol (250 µL) was added to each well and the mixture was centrifuged at
3000× g for 10 min. Aliquots of the supernatants (250 µL) were evaporated to dryness using a vacuum
evaporator (Genevac Ltd., Ipswich, UK). Each residue was dissolved in 100 µL of 5% methanol and an
aliquot (5 µL) was injected into the LC-HRMS system.

2.3. In Vitro Metabolism of Catalposide in Human Liver S9 Fractions and Intestinal Microsomes

Each reaction mixture contained 50 mM potassium phosphate buffer (pH 7.4), 10 mM magnesium
chloride, human liver S9 fractions or human intestinal microsomes (100 µg protein), 2 mM UDPGA or
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200 µM PAPS, 200 µM catalposide or a possible metabolite, and 1000 µM 4-hydroxybenzoic acid in a
volume of 200 µL. Samples lacking UDPGA and PAPS served as controls. The mixtures were incubated
at 37 ◦C for 60 min and the reactions were then quenched by adding 500 µL of methanol. The tubes were
centrifuged and the supernatants evaporated to dryness using a vacuum concentrator. The residues
were dissolved in 100 µL of 5% methanol and 5 µL aliquots were injected into the LC-HRMS system.

2.4. Characterization of Human SULTs Involved in Catalposide Sulfation

To screen for SULT enzymes involved in catalposide sulfation, each 100 µL of reaction mixture
contained 20 µM PAPS; 10 mM dithiothreitol; 5 mM magnesium chloride; 50 mM phosphate buffer
(pH 7.4); 150µM catalposide; and the human liver S9 fraction (40µg protein) or human cDNA-expressed
SULT 1A1*1, 1A1*2, 1A2, 1A3, 2A1, 1B1, 1C2, 1C4, or 1E1 supersomes [1A1*1 (0.25), 1A1*2 (0.5), 1A2
(0.25), 1A3 (0.2), 2A1 (1.25), 1B1 (0.5), 1C2 (2.5), 1C4 (0.1), 1E1 (0.2 µg protein)]. Incubation proceeded
at 37 ◦C for 5 min. The reactions were stopped by adding 100 µL of methanol containing 30 ng/mL
4-methylumbelliferone (an internal standard). After vortex-mixing and centrifugation, 50 µL of each
supernatant was diluted with 50 µL deionized water. The mixture was transferred to an injection vial,
and an aliquot (5 µL) was injected into the LC-HRMS system.

To explore the kinetics of the metabolism of catalposide to catalposide sulfate, various
concentrations of catalposide (10 to 2000 µM) were incubated in duplicate with pooled human
liver S9 fractions (40 µg protein) or human cDNA-expressed SULT1A1*1 (0.5 µg protein), SULT1A1*2
(0.5 µg protein), SULT1C4 (0.1 µg protein), or SULT1E1 (0.2 µg protein) in the presence of 20 µM PAPS,
10 mM dithiothreitol, and 5 mM magnesium chloride at 37 ◦C for 5 min to obtain Km and Vmax values.

2.5. Characterization of Human UGTs Involved in Catalposide and 4-Hydroxybenzoic Acid Glucuronidation

To identify the UGT enzymes responsible for formation of catalposide glucuronide (M4) from
catalposide and 4-hydroxybenzoic acid glucuronide (M3) from 4-hydroxybenzoic acid (M2), 100 µL
reaction mixtures containing human intestinal microsomes (40 µg protein), or human cDNA-expressed
UGTs 1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15, or 2B17 (10 µg protein); 2 mM UDPGA;
0.025 mg/mL alamethicin; and 400 µM catalposide or 500 µM 4-hydroxybenzoic acid in 50 mM Tris
buffer (pH 7.4) were incubated at 37 ◦C for 60 min. The reactions were stopped by addition of 100 µL
methanol containing 30 ng/mL 4-methylumbelliferone (an internal standard). After vortex-mixing
and centrifugation, 50 µL of each supernatant was diluted with an equal volume of water and a 5 µL
aliquot was injected into the LC-HRMS system.

To explore the kinetics of the metabolism of catalposide to catalposide glucuronide, various
concentrations of catalposide (10, 25, 100, 400, 800, 1200, 1600, and 2000 µM) were incubated in
duplicate with 2 mM UDPGA, 0.025 mg/mL alamethicin, pooled human intestinal microsomes (40 µg
protein), or human cDNA-expressed UGT1A8 or UGT1A10 supersomes (20 µg protein), to obtain Km

and Vmax values.

2.6. Characterization of Carboxylesterases Involved in the Formation of 4-Hydroxybenzoic Acid from
Catalposide

To identify the CES enzymes involved in hydrolysis of catalposide to 4-hydroxybenzoic acid,
100 µL reaction mixtures containing human liver S9 fractions; human intestinal microsomes; or
human CES1b, CES1c, or CES2 enzymes (50 µg protein), and catalposide (200 or 400 µM) in 50 mM
phosphate buffer (pH 7.4) were incubated at 37 ◦C for 30 min. Reactions were stopped by addition of
100 µL 4-methylumbelliferone (internal standard, 10 ng/mL) in methanol. After vortex-mixing and
centrifugation, 50 µL of each supernatant was diluted with 50 µL of deionized water. Each mixture
was transferred to an injection vial, and a 5 µL aliquot was injected into the LC-HRMS system.
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2.7. LC-HRMS Analysis of Catalposide and Metabolites

To separate and identify catalposide and its metabolites, we used a Q-Exactive Orbitrap mass
spectrometer coupled to an Accela UPLC system (Thermo Scientific, Waltham, MA, USA). Catalposide
and its metabolites were optimally separated on a Halo C18 column via gradient elution using 5%
(v/v) methanol in 1 mM ammonium formate (pH 3.1) (mobile phase A) and methanol (mobile phase
B) at a flow rate of 0.5 mL/min: 5% mobile phase B for 2 min, 5–20% mobile phase B over 11.5 min,
20–90% mobile phase B over 0.5 min, 90% mobile phase B for 3 min, 90–5% mobile phase B over
0.5 min, and 5% mobile phase B for 2.5 min. The column and the autosampler were maintained
at 40 and 6 ◦C, respectively. Accurate mass measurements of catalposide and its metabolites were
derived via electrospray ionization in the negative mode using the following electrospray source
settings: ion transfer capillary temperature, 330 ◦C; needle spray voltage, −3000 V; capillary voltage,
−47.5 V; nitrogen sheath gas, 50 arbitrary units; auxiliary gas, 15 arbitrary units. The resolution and
automatic gain control were scaled to 70,000 and 1,000,000, respectively. MS data were obtained using
external calibration over the scan range m/z 100–700 and processed using Xcalibur software version
2.2 (Thermo Scientific). The Q-Exactive Orbitrap MS was calibrated using MSCAL5 and MSCAL6
for the positive and negative ion modes, respectively. Nitrogen gas was employed for higher-energy
collision dissociation (HCD) at an energy of 25 eV to obtain product ion spectra of catalposide and its
metabolites. Structures were determined using Mass Frontier software (version 6.0; HighChem Ltd.,
Bratislava, Slovakia). We used the extracted ion monitoring mode for quantification: m/z 481.1349 for
catalposide, m/z 657.1674 for catalposide glucuronide, m/z 561.0921 for catalposide sulfate, m/z 137.0239
for 4-hydroxybenzoic acid, m/z 313.0569 for 4-hydroxybenzoic acid glucuronide, and m/z 175.0410 for
4-methylumbelliferone (the internal standard). The peak areas of all components were integrated
using Xcalibur software. The calibration curve was linear over the catalposide concentration range
0.5–200 pmol. The concentrations of catalposide glucuronide and catalposide sulfate were calculated
using the calibration curve for catalposide because we had no authentic standards.

2.8. Data Analysis

All results are the average of two determinations obtained using pooled human intestinal
microsomes, pooled human liver S9 fractions, UGTs, and SULTs. The apparent kinetic parameters (Km,
Vmax, n, and Ki) for formation of catalposide glucuronide or catalposide sulfate by human intestinal
microsomes, liver S9 fractions, UGTs, or SULTs were determined by fitting the Hill equation model
[V = VmaxSn/(Km

n + Sn)], the substrate inhibition model [V = Vmax/(1 + Km/S + S/Ki)], or the single
enzyme model [V = VmaxS/(Km + S)] to the unweighted formation rates of catalposide glucuronide
and catalposide sulfate, respectively, over a range of catalposide concentrations using Enzyme Kinetics
software (version 1.1 SPSS Science Inc., Chicago, IL, USA). In the above equations, V is the velocity of
the reaction at substrate concentration [S], Vmax is the maximum velocity, n is the Hill constant, Km is
the substrate concentration at which the reaction velocity is 50% of Vmax, and Ki is the dissociation
constant of the substrate binding to the inhibitory region within the enzyme active site.

3. Results

3.1. In Vitro Metabolic Profiles of Catalposide Incubated with Human Hepatocytes and Intestinal Microsomes

LC-HRMS analysis of extracts after incubation of catalposide with human hepatocytes revealed
three metabolites (M1–M3) and residual catalposide (Figure 1A). LC-HRMS analysis of reaction
mixtures after incubation of catalposide with human intestinal microsomes in the presence of UDPGA
yielded M2, M3, and a new metabolite M4 (Figure 1B).
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Figure 1. Extracted ion chromatograms of catalposide and its possible metabolites after incubation of
200 µM catalposide with (A) human hepatocytes for 2 h at 37 ◦C in a CO2 incubator and (B) human
intestinal microsomes in the presence of UDPGA at 37 ◦C for 1 h (mass accuracy: 5 ppm). The extracted
ion chromatograms were reconstructed based on the [M–H]− ions: m/z 481.1349 for catalposide, m/z

561.0921 for M1 (catalposide sulfate), m/z 137.0239 for M2 (4-hydroxybenzoic acid), m/z 313.0569 for M3
(4-hydroxybenzoic acid glucuronide), and m/z 657.1674 for M4 (catalposide glucuronide).

The formulae, deprotonated molecular ions ([M−H]−), mass errors, and retention times of
catalposide and its four metabolites, M1–M4, are shown in Table 1. The four metabolite peaks were
identified using the accurate mass values and the characteristic product ions of the product scan spectra
(Table 1, Figure 2). The mass errors between the theoretical and observed m/z values for each metabolite
were less than 5 ppm, indicating good correlations between the calculated theoretical masses and the
experimentally observed masses obtained after full-scan MS analysis.

Table 1. Molecular formulae, deprotonated molecular ions ([M−H]−), mass errors, retention times (tR),
and product ions of catalposide and its metabolites were identified after incubation of catalposide with
human hepatocytes and intestinal microsomes.

Metabolite Formula
Exact Mass

[M−H]− (m/z)
Error (ppm) tR (min) Product Ions (m/z)

Catalposide C22H26O12 481.1349 −0.6 10.26 319.0822, 205.0497, 137.0239

M1 C22H26SO15 561.0921 0.2 8.74 481.1349, 319.0822, 205.0499, 137.0239

M2 C7H6O3 137.0239 −3.6 4.07 93.0339

M3 C13H14O9 313.0569 1.3 2.02 193.0345, 175.0240, 137.0239, 113.0239,
85.0283

M4 C28H34O18 657.1674 0.3 6.41 481.1353, 319.0823, 205.0499, 175.0240,
137.0239, 113. 0238, 85.0283
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Figure 2. Product scan spectra of catalposide and its four metabolites, M1–M4 obtained via
liquid chromatography-high resolution mass spectrometry (LC-HRMS) analysis of reaction mixtures
obtained after incubation of catalposide with human intestinal microsomes in the presence of uridine
5′-diphosphoglucuronic acid (UDPGA) or human hepatocytes. Glc: glucose; Glu: glucuronosyl.
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The product scan spectra of catalposide exhibiting the [M−H]− ion at m/z 481.1349 generated
characteristic product ions at m/z 319.0822 (reflecting loss of glucose from the [M−H]− ion), m/z 205.0497
(loss of C5H6O3 caused by the breakdown of the iridoid moiety of m/z 319.0822), and m/z 137.0239
(the 4-hydroxybenzoyl moiety) (Figure 2).

M1 exhibited an [M−H]− ion at m/z 561.0921, that is, 80 amu higher than the [M−H]− ion of
catalposide, indicating that M1 was catalposide sulfate. The product scan spectra of M1 generated
the characteristic product ions at m/z 481.1349 (loss of SO3 from the [M−H]− ion), m/z 319.0822 (loss
of glucose from m/z 481.1349), m/z 205.0499, and m/z 137.0239 (Figure 2). M1 was also formed from
catalposide after incubation with human liver S9 fractions in the presence of PAPS. Thus, M1 was
identified as catalposide sulfate.

M2 exhibited an [M−H]− ion at m/z 137.0239 and generated a characteristic product ion at m/z

93.0339 (reflecting loss of a carboxyl group from the [M−H]− ion)(Figure 2). M2 was identified
as 4-hydroxybenzoic acid by comparison with the mass, retention time, and product ion of the
authentic standard.

M3 exhibited an [M−H]− ion at m/z 313.0569, that is, 176 amu higher than the [M−H]− ion of
M2 (4-hydroxybenzoic acid), reflecting glucuronidation of M2. In the product scan spectrum of M3,
characteristic product ions were observed at m/z 137.0239 (reflecting loss of the glucuronosyl moiety
from the [M−H]− ion), m/z 175.0240 (the glucuronosyl moiety), and m/z 113.0239 (loss of CO2 and
H2O from m/z 175.0240) (Figure 2). Incubation of 4-hydroxybenzoic acid (M2) with human liver S9
fractions or intestinal microsomes in the presence of UDPGA yielded M3, which was identified as
4-hydroxybenzoic acid glucuronide by comparison with the mass, retention time, and product ions of
the authentic standard.

M4 exhibited an [M−H]− ion at m/z 657.1674, that is, 176 amu higher than the [M−H]− ion of
catalposide, reflecting catalposide glucuronidation. M4 yielded characteristic product ions at m/z

481.1353 (reflecting loss of the glucuronosyl moiety from the [M−H]− ion), m/z 319.0823 (loss of glucose
from m/z 481.1353), m/z 205.0499, m/z 175.0240, m/z 113.0238, and m/z 85.0283 (Figure 2). Thus, M4 was
identified as catalposide glucuronide.

The possible in vitro metabolic pathways of catalposide in humans are shown in Figure 3.
Catalposide is metabolized to catalposide sulfate (M1), catalposide glucuronide (M4), and
4-hydroxybenzoic acid (M2); the latter is then further metabolized to 4-hydroxybenzoic acid
glucuronide (M3).
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Figure 3. Possible in vitro metabolic pathways of catalposide incubated with human hepatocytes and
intestinal microsomes. H: human hepatocytes; I: human intestinal microsomes; Sul: sulfate; Glu:
glucuronic acid; CES: carboxylesterase; UGT: UDP-glucuronosyltransferase; SULT: sulfotransferase.
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3.2. Characterization of Human SULT, UGT, and CES Enzymes Involved in Catalposide Metabolism

A screen using human cDNA-expressed SULTs 1A1*1, 1A1*2, 1A2, 1A3, 1B1, 1C2, 1C4, 1E1, and
2A1 to assess the formation of catalposide sulfate (M1) from catalposide identified possible roles for
SULTs 1A1*1, 1A1*2, 1C4, and 1E1 (Figure 4).
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Figure 4. Rate of formation of catalposide sulfate (M1) from 150 µM catalposide by human
cDNA-expressed SULT enzymes. All data are means ± SD (n = 3). ND: <32 pmol/min/mg protein.

The formation of catalposide sulfate from catalposide catalyzed by SULTs 1A1*1, 1A1*2, and
1E1 exhibited substrate inhibition kinetics, but the activities of SULT1C4 and pooled human liver
S9 fractions fitted the Hill equation (Figure 5). The enzyme kinetic parameters for the formation of
catalposide sulfate from catalposide are listed in Table 2. SULT1C4 exhibited a higher affinity for
catalposide and more rapid sulfation than did SULT1A1*1, SULT1A1*2, and SULT1E1.
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Figure 5. Michaelis–Menten plots of the sulfation of catalposide to catalposide sulfate (M1) by
pooled human liver S9 fractions (A) and human cDNA-expressed SULT1A1*1 (B), SULT1A1*2 (C),
SULT1C4 (D), and SULT1E1 (E). Insets: Eadie–Hofstee plots. Each data point represents the average of
two determinations.
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Table 2. Kinetic parameters for the formation of catalposide sulfate (M1) and catalposide glucuronide
(M4) from catalposide in pooled human liver S9 fractions, intestinal microsomes, and human
cDNA-expressed sulfotransferase (SULT) or UDP-glucuronosyltransferase (UGT) enzymes.

Enzyme Km (µM) Vmax Ki (µM) n Clint

Sulfation of catalposide to M1

SULT1A1*1 162.0 2046.8 13.7 - 12.6
SULT1A1*2 50.5 1203.2 65.5 - 23.8
SULT1C4 89.8 4576.2 - 1.4 51.0
SULT1E1 456.6 4840.0 391.4 - 10.6

Human liver S9 fractions 169.7 32.8 - 1.4 0.19

Glucuronidation of catalposide to M4

UGT1A8 1230.1 48.7 - 0.9221 0.0396
UGT1A10 641.7 218.1 - 2.3 0.3399

Human intestinal microsomes 1341.3 106.2 - - 0.0792

Vmax: pmol/min/mg protein; Clint: µL/min/mg protein; n: Hill coefficient.

A screen using human cDNA-expressed UGTs 1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7,
2B15, and 2B17 supersomes for the metabolism of 4-hydroxybenzoic acid (M2) to 4-hydroxybenzoic
acid glucuronide (M3) identified possible roles of UGT1A6 and UGT1A9 (Figure 6A). The results show
that 4-hydroxybenzoic acid glucuronide (M3) was produced on incubation of catalposide with human
hepatocytes, liver S9 fractions, and intestinal microsomes.

 

Figure 6. Rates of formation of (A) 4-hydroxybenzoic acid glucuronide (M3) from 500 µM
4-hydroxybenzoic acid (M2) and (B) catalposide glucuronide (M4) from 400 µM catalposide by
human cDNA-expressed UGT enzymes. All data are means ± SD (n = 3). ND: <27 pmol/min/mg
protein for M3, <0.83 pmol/min/mg protein for M4.

A screen using twelve human cDNA-expressed UGT supersomes, to assess the metabolism of
catalposide to catalposide glucuronide (M4), identified possible roles of gastrointestinal tract-specific
UGT1A8 and UGT1A10 (Figure 6B). The results show that catalposide glucuronide (M4) was produced
after incubation of catalposide with pooled human intestinal microsomes, but not human liver
S9 fractions.

Formation of catalposide glucuronide (M4) from catalposide by pooled human intestinal
microsomes followed single enzyme kinetics; formation via UGT1A8 and UGT1A10 exhibited Hill
equation kinetics (Figure 7, Table 2).
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Figure 7. Michaelis–Menten plots for glucuronidation of catalposide to catalposide glucuronide (M4) by
pooled human intestinal microsomes (A) and human cDNA-expressed UGT1A8 (B) and UGT1A10 (C).
Insets: Eadie–Hofstee plots. Each data point represents the average of two determinations.

4-Hydroxybenzoic acid (M2) was formed from catalposide by pooled human liver S9 fractions;
intestinal microsomes; and the CES1b, CES1c, and CES2 enzymes (Figure 8). The rate of formation of
4-hydroxybenzoic acid (M2) after incubation of catalposide with pooled human intestinal microsomes
was higher than that after incubation with pooled human liver S9 fractions (Figure 8).
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Figure 8. Rates of formation of 4-hydroxybenzoic acid (M2) from 200 µM and 400 µM catalposide in
human liver S9 fractions (Liver S9); human intestinal microsomes (HIM); and human cDNA-expressed
CES1b, CES1c, and CES2 enzymes. All data are means ± SD (n = 3).

4. Discussion

Catalposide was metabolized to catalposide sulfate (M1), catalposide glucuronide (M4),
4-hydroxybenzoic acid (M2), and M2 glucuronide (M3) by human hepatocytes or intestinal microsomes
(Figure 3). On the basis of the kinetics of catalposide sulfate (M1) formation from catalposide catalyzed
by human cDNA-expressed SULTs 1A1*1, 1A1*2, 1C4, and 1E1 (Figure 4, Table 2), we suggest that
SULT1A1, SULT1C4, and SULT1E1 may play major roles in this metabolism. SULT1C4 exhibited
higher activity (Clint, 51.0 µL/min/mg protein) in terms of catalposide sulfation than did SULT1A1*1,
SULT1A1*2, or SULT1E1 (Clint, 10.6~23.8 µL/min/mg protein) (Table 2). SULT1C4 is highly expressed
in the fetal lung and kidney, and at lower levels in the fetal heart, adult kidney, ovary, brain, and spinal
cord [21–23]. SULT1A1 is the major hepatic SULT (53% of total hepatic SULTs), but is also present
in substantial quantities in the small intestine (19% of total SULTs) [23,24]. SULT1E1 is expressed at
relatively low levels in the liver (6% of total SULTs) and small intestine (8% of total SULTs), but is
the most abundant enzyme in the lung (40% of total SULTs) [23,24]. Catalposide was metabolized
to M1 by cytosolic SULTs of both hepatic and extrahepatic tissues. There may be inter-individual
variability in catalposide sulfation, given that SULT1A1, SULT1C4, and SULT1E1 polymorphisms are
known in humans [25]. SULT1A1, SULT1C4, and SULT1E1 are induced or inhibited by various drugs
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and chemicals [26,27]; therefore, co-administration of drugs that inhibit or induce expression of these
enzymes may affect catalposide sulfation and thus catalposide pharmacokinetics.

Metabolism of catalposide to catalposide glucuronide (M4) was mediated by human
cDNA-expressed UGT1A8 and UGT1A10 enzymes, which are confined to the gastrointestinal
tract [28–32] (Figure 7), indicating that catalposide glucuronidation was gastrointestinal tract-specific;
glucuronidation was not detected after incubation of catalposide with human hepatocytes and
liver S9 fractions. UGT1A10-catalyzed catalposide glucuronidation was more extensive (Clint,
0.3399 µL/min/mg protein) than UGT1A8-catalyzed glucuronidation (Clint, 0.0396 µL/min/mg protein)
(Table 2). UGT1A10 is more abundant than UGT1A8 in the small intestine (17.3% vs. 0.8% of total UGT
protein) and colon (27.4% vs. 1.5% of total UGT protein) [32]. Thus, UGT1A10 may play the major role
in glucuronidation of catalposide and UGT1A8 only a minor role. The human UGT1A8 and UGT1A10
enzymes are inhibited by various drugs [30,32–35]. Therefore, co-administration of drugs that inhibit
or induce UGT1A8 and UGT1A10 may affect catalposide glucuronidation.

CES2, the predominant CES of the intestine, was more active in terms of hydrolysis of catalposide
to 4-hydroxybenzoic acid (M2) than were the hepato-predominant CES1b and CES1c enzymes [32,36].
Thus, the rate of formation of 4-hydroxybenzoic acid (M2) was higher when catalposide was incubated
with pooled human intestinal microsomes than with pooled human liver S9 fractions.

UGT1A6 and UGT1A9 play major roles in the formation of 4-hydroxybenzoic acid glucuronide
(M3) from 4-hydroxybenzoic acid (Figure 6A). Abbas et al. [37] found that UGT1A9 played the
major role in metabolism of 4-hydroxybenzoic acid to 4-hydroxybenzoic acid glucuronide. UGT1A6
and UGT1A9 are major enzymes of both the liver and intestine; therefore, 4-hydroxybenzoic acid
glucuronide (M3) was identified after incubation of catalposide with either human hepatocytes or
intestinal microsomes.

5. Conclusions

Catalposide was metabolized to catalposide sulfate (M1), 4-hydroxybenzoic acid (M2), M2
glucuronide (M3), and catalposide glucuronide (M4) via sulfation, glucuronidation, and hydrolysis, on
incubation with human hepatocytes, liver S9 fractions, or intestinal microsomes. SULT1A1, SULT1C4,
and SULT1E1 formed catalposide sulfate (M1) from catalposide. Gastrointestine-specific UGT1A8 and
UGT1A10 played major roles in formation of catalposide glucuronide (M4). CES2 and CES1 catalyzed
hydrolysis of catalposide to 4-hydroxybenzoic acid (M2), which was further metabolized to M2
glucuronide (M3) by UGT1A6 and UGT1A9. These results suggest that SULT1A1, SULT1C4, SULT1E1,
UGT1A8, UGT1A10, CES2, and CES1 enzymes may play important roles in the pharmacokinetics
and drug–drug interaction of catalposide in humans. The pharmacokinetics of catalposide may be
dramatically affected by the co-administration of inhibitors or inducers of UGTs, CESs, or SULTs.
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Abstract: Mertansine, a tubulin inhibitor, is used as the cytotoxic component of
antibody–drug conjugates (ADCs) for cancer therapy. The effects of mertansine on uridine
5′-diphospho-glucuronosyltransferase (UGT) activities in human liver microsomes and its effects
on the mRNA expression of cytochrome P450s (CYPs) and UGTs in human hepatocytes were
evaluated to assess the potential for drug–drug interactions (DDIs). Mertansine potently
inhibited UGT1A1-catalyzed SN-38 glucuronidation, UGT1A3-catalyzed chenodeoxycholic acid
24-acyl-β-glucuronidation, and UGT1A4-catalyzed trifluoperazine N-β-d-glucuronidation, with Ki

values of 13.5 µM, 4.3 µM, and 21.2 µM, respectively, but no inhibition of UGT1A6, UGT1A9,
and UGT2B7 enzyme activities was observed in human liver microsomes. A 48 h treatment of
mertansine (1.25–2500 nM) in human hepatocytes resulted in the dose-dependent suppression of
mRNA levels of CYP1A2, CYP2B6, CYP3A4, CYP2C8, CYP2C9, CYP2C19, UGT1A1, and UGT1A9,
with IC50 values of 93.7 ± 109.1, 36.8 ± 18.3, 160.6 ± 167.4, 32.1 ± 14.9, 578.4 ± 452.0, 539.5 ± 233.4,
856.7 ± 781.9, and 54.1 ± 29.1 nM, respectively, and decreased the activities of CYP1A2-mediated
phenacetin O-deethylase, CYP2B6-mediated bupropion hydroxylase, and CYP3A4-mediated
midazolam 1′-hydroxylase. These in vitro DDI potentials of mertansine with CYP1A2, CYP2B6,
CYP2C8/9/19, CYP3A4, UGT1A1, and UGT1A9 substrates suggest that it is necessary to carefully
characterize the DDI potentials of ADC candidates with mertansine as a payload in the clinic.

Keywords: mertansine; human hepatocytes; cytochrome P450; UDP-glucuronosyltransferases;
drug–drug interaction

1. Introduction

Maytansine was first isolated in 1972 from the plant Maytenus ovatus [1] and showed potent
cytotoxic effects in cell-based systems and efficacy in animal tumor models by binding to tubulin
and blocking microtubule assembly [1–5]. However, maytansine failed as an anticancer drug in
human clinical trials because of its unacceptable systemic toxicity [5–7]. Many maytansinoids,
chemical derivatives of maytansine, showed higher cytotoxicity—by 100–1000 times—than other
tubulin inhibitors, vincristine and vinblastine, in cancer cell lines in vitro [7,8]. The structure–antitumor
activity relationship revealed that the ester side chain of maytansine plays an important role in
the anti-tumor activity as well as tubulin binding [8]. Maytansinoids with potent cytotoxicity are
clinically used and studied as the cytotoxic component of antibody–drug conjugates (ADCs) or
aptamer-drug conjugates to reduce side effects and increase treatment effectiveness [7–15]. Mertansine
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(Figure 1, called DM1), a thiol-containing maytansinoid, is attached to a monoclonal antibody
through a reaction of the thiol group with a linker to create an ADC. Several ADCs containing
mertansine have been developed, including bivatuzumab mertansine, cantuzumab mertansine,
lorvotuzummab mertansine, and trastuzumab emtansine (T-DM1, Kadcyla®) [6–15]. T–DM1 is an
ADC drug approved in early 2013 for the treatment of human epidermal growth factor receptor
2 (HER2)-positive metastatic breast cancer that combines the biological activity of HER2 antibody
(Herceptin or trastuzumab) with the targeted delivery of a potent antimicrotubule agent mertansine to
HER2-expressing breast cancer cells [16–20]. A meta-analysis of a total of five randomized clinical trials
involving 3720 patients with HER2-positive metastatic breast cancer revealed that T-DM1 significantly
prolonged the progression-free survival and overall survival with tolerated toxicity compared to other
anti-HER2 therapies [20]. However, patients who received T-DM1 treatment exhibited a significantly
higher risk ratio of hepatotoxicity and thrombocytopenia [20].
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Figure 1. The chemical structure of mertansine.

Cytochrome P450s (CYPs) and uridine-5′-diphospho-glucuronosyltransferases (UGTs) are critical
drug-metabolizing enzymes and are often involved in drug–drug interactions (DDIs) [21–27].
The in vitro inhibitory and induction potentials of drugs on CYPs and UGTs in human liver microsomes
and hepatocytes have been evaluated to help identify clinical DDIs [26].

After an intravenous injection of [3H]-mertansine at 0.2 mg/kg in rats, the radioactivity of
mertansine was rapidly cleared from the blood and extensively distributed to highly perfused organs
such as liver, kidney, spleen, lungs, heart, adrenal, and the gastrointestinal tract with high tissue-to-blood
radioactivity ratios (ca. 1~11) for 24 h, declining to minimal levels by 120 h [28]. The majority of dosed
mertansine radioactivity was recovered in feces over 120 h, with biliary excretion as the major route
(~46% of dosed radioactivity over 72 h), but 5% of dosed radioactivity was recovered in urine over
120 h [28,29]. Mertansine was extensively metabolized to 11 metabolites via S-oxidation, hydrolysis,
S-methylation, and glutathione conjugation [28,30,31]. It competitively inhibited CYP2C8-mediated
paclitaxel 6α-hydroxylation and CYP2D6-mediated dextromethorphan O-demethylation with Ki values
of 11 and 14 µM, respectively, in human liver microsomes; mertansine also inactivated midazolam
1′-hydroxylation in recombinant human CYP3A4 with a Ki of 3.4 µM and a kinact of 0.058 min−1, but it
exhibited no induction potential up to 1 µM [31,32].

Other tubulin inhibitors, such as colchicine and monomethyl auristatin E (MMAE), have been
reported to downregulate CYP mRNA expression through the disruption of the microtubulin
cellular skeletal structure that is necessary for the proper functioning of nuclear receptor signaling
cascades [33–35]. However, to our knowledge, no studies have investigated the inhibitory potential
of mertansine on UGTs, the second major group of enzymes responsible for drug metabolism [27],
in human liver microsomes and the suppression potential of mertansine on mRNA expression or
activities of major CYPs and UGTs in human hepatocytes.
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The purpose of this study was to investigate the in vitro inhibitory potentials of mertansine on
human UGT activities including UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A9, and UGT2B7 in
ultrapooled human liver microsomes and to evaluate the effect of mertansine on the mRNA levels of
human CYP1A2, CYP2B6, CYP3A4, CYP2C8, CYP2C9, CYP2C19, UGT1A1, UGT1A4, and UGT1A9 in
human hepatocytes to assess the potential for mertansine-induced drug interactions.

2. Materials and Methods

2.1. Materials

Mertansine (96.9% purity) was obtained from BrightGene Biomedical Technology
(Jiangsu, China). Acetaminophen, N-acetylserotonin, alamethicin, chenodeoxycholic
acid, 6-(4-chlorophenyl)imidazo[2,1-b](1,3)thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime
(CITCO), dimethyl sulfoxide (DMSO), l-glutamine, meloxicam, mycophenolic acid, naloxone,
naloxone 3-β-d-glucuronide, omeprazole, phenacetin, rifampin, trifluoperazine, Trizma HCl,
Trizma Base, uridine 5′-diphosphoglucuronic acid (UDPGA), and William’s Medium E were
obtained from Sigma-Aldrich (St. Louis, MO, USA). 13C2,15N-acetaminophen, d9-1′-hydroxybufuralol,
1′-hydroxymidazolam, bupropion, hydroxy-bupropion, trypan blue, matrigel, ultrapooled human liver
microsomes (150 donors, mixed gender), Biocoat™ Hepatocyte Culture Medium, BiocoatTM Collagen
96-well and 48-well plates, and cryopreserved plateable human hepatocytes (lots 319, 53-year-old
male donor; 321, 58-year-old female donor; and 361, 48-year-old female donor) were purchased from
Corning Life Sciences (Woburn, MA, USA). N-acetylserotonin β-d-glucuronide, chenodeoxycholic
acid 24-acyl-β-glucuronide, diclofenac, ketoconazole, mycophenolic acid β-d-glucuronide, propofol
β-d-glucuronide, SN-38 glucuronide, and trifluoperazine N-β-d-glucuronide were obtained from
Toronto Research Chemicals (Toronto, ON, Canada). SN-38 was obtained from Santa Cruz
Biotechnology (Dallas, TX, USA). TaqMan® RNA-to-CT

TM 1-Step Kit, TaqMan® Gene Expression
Assays, and gene-specific probes and primers for real-time reverse transcription polymerase chain
reaction (RT-PCR) were obtained from Applied Biosystems (Foster City, CA, USA). Midazolam
was purchased from Cayman Chemical (Ann Arbor, MI, USA). Cryopreserved hepatocyte recovery
medium, cryopreserved hepatocyte plating medium, and fetal bovine serum (FBS) were purchased
from Invitrogen (Carlsbad, CA, USA). CellTiter 96® AQueous One Solution Cell Proliferation Assay
(MTS) kit was obtained from Promega (Madison, WI, USA). Acetonitrile, methanol, and water (LC-MS
grade) were obtained from Fisher Scientific Co. (Fair Lawn, NJ, USA). RNeasy Micro Kit was purchased
from QIAZEN (Germantown, MD, USA). All other reagents used were the highest quality available.

2.2. Inhibitory Potential of Mertansine on Human Major UGTs in Human Liver Microsomes

The inhibitory potential of mertansine on UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A9,
and UGT2B7 activities was evaluated using liquid chromatography–tandem mass spectrometry
(LC-MS/MS) with a cocktail of UGT substrates and ultrapooled human liver microsomes [36].
Each incubation mixture was prepared to a final volume of 100 µL as follows: ultrapooled human
liver microsomes (0.2 mg/mL), 5 mM UDPGA, 10 mM magnesium chloride, alamethicin (25 µg/mL),
50 mM Tris buffer (pH 7.4), various concentrations of mertansine in methanol (final concentrations of
0.01–50 µM), and the cocktail sets of UGT enzyme-specific substrates. Two cocktail sets were used:
set A contained 0.5 µM SN-38 for UGT1A1, 2 µM chenodeoxycholic acid for UGT1A3, and 0.5 µM
trifluoperazine for UGT1A4; and set B contained 1 µM N-acetylserotonin for UGT1A6, 0.2 µM
mycophenolic acid for UGT1A9, and 1 µM naloxone for UGT2B7. The reactions were initiated by
adding UDPGA and incubated in a shaking water bath for 60 min at 37 ◦C. Reactions were terminated
by adding 50 µL of ice-cold acetonitrile containing internal standards (IS, propofol glucuronide for
set A and meloxicam for set B). Incubation mixtures were centrifuged at 13,000 g for 8 min at 4 ◦C.
Next, 50 µL of each supernatant of sets A and B was mixed, and aliquots (5 µL) were analyzed using
LC-MS/MS. All assays were performed in triplicate and average values were used in the analysis.
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The LC-MS/MS system was comprised of an Agilent 6495 triple quadrupole mass spectrometer
coupled with an Agilent 1290 Infinity system (Agilent Technologies, Wilmington, DE, USA). The column
and autosampler temperatures were set to 40 ◦C and 4 ◦C, respectively. Six glucuronide metabolites
and two ISs were simultaneously separated using an Atlantis dC18 system (3 µm, 2.1 mm i.d. ×100 mm,
Waters Technologies, Milford, MA, USA) with a gradient elution of 5% acetonitrile in 0.1% formic acid
(MP A) and 95% acetonitrile in 0.1% formic acid (MP B) at a flow rate of 0.3 mL/min. Separation was
achieved using the following sequence: 10% MP B for 1 min, 10% to 60% MP B for 1 min, 60% to
95% MP B for 1 min, 95% MP B for 2 min, 95% to 10% MP B for 0.1 min, and 10% MP B for 2.9 min.
The electrospray ionization (ESI) source settings in both positive and negative ion modes were as
follows: gas temperature, 200 ◦C; gas flow, 14 L/min; nebulizer, 40 psi; sheath gas temperature, 380 ◦C;
sheath gas flow, 11 L/min; capillary voltage, 4500 V; and nozzle voltage, 500 V. Each metabolite
was quantified via selected reaction monitoring in the negative ion mode (chenodeoxycholic acid
24-acyl-β-glucuronide, m/z 567.1 to 391.2; mycophenolic acid β-d-glucuronide, m/z 495.0 to 319.0;
propofol glucuronide (IS), m/z 353.0 to 177.0) and in the positive ion mode (SN-38 glucuronide, m/z 568.9
to 392.9; trifluoperazine N-β-d-glucuronide, m/z 583.9 to 407.9; N-acetylserotonin β-d-glucuronide,
m/z 394.0 to 219.0; naloxone 3-β-d-glucuronide, m/z 503.9 to 309.9; meloxicam (IS), m/z 351.9 to 115.0).
Data were processed using MassHunter software (Version B.07.00, Agilent Technologies, Wilmington,
DE, USA).

2.3. Kinetic Analysis for the Inhibition of UGT1A1, UGT1A3, and UGT1A4 by Mertansine

Kinetic analysis was conducted to determine the Ki values and inhibition mode of mertansine for
UGT1A1, UGT1A3, and UGT1A4 enzymes. Human liver microsomes (0.1 mg/mL) were incubated with
various concentrations of SN-38 (0.2–2 µM) for UGT1A1, chenodeoxycholic acid (0.5–5 µM) for UGT1A3
or trifluoperazine (0.2–2 µM) for UGT1A4, 5 mM UDPGA, 25 µg/mL alamethicin, 10 mM MgCl2, and
various concentrations of mertansine (2.5, 5, 10, 20 µM for UGT1A1; 1, 2, 5, 10, 20 µM for UGT1A3;
and 2.5, 5, 10, 20, 40 µM for UGT1A4) in 50 mM Tris buffer (pH 7.4) to a total incubation volume of
100 µL. Reactions were initiated by addition of UDPGA at 37 ◦C and stopped after 30 min by placing
the incubation tubes on ice and adding 100 µL of internal standard (500 ng/mL meloxicam for SN-38
glucuronide and trifluoperazine N-β-d-glucuronide or propofol glucuronide for chenodeoxycholic
acid 24-acyl-β-glucuronide) in ice-cold acetonitrile. The incubation mixtures were then centrifuged at
13,000 g for 4 min, and 50 µL of the supernatant was diluted with 50 µL of water. Aliquots (5 µL) were
then analyzed using LC-MS/MS.

2.4. Induction of Mertansine on Human Major CYPs and UGTs in Human Hepatocytes

Plateable cryopreserved human hepatocytes (lots 319, 321, and 361) were thawed in cryopreserved
hepatocyte recovery medium according to the manufacturer’s protocol.

2.4.1. Cytotoxicity of Mertansine in Human Hepatocytes

To estimate the cytotoxicity of mertansine, viable hepatocytes (lot 319) cells were seeded in a
collagen type 1 precoated 96-well plate in 100 µL of hepatocyte plating medium (6 × 104 cells/well)
and incubated for 4 h at 37 ◦C in 5% CO2. Next, the plating medium was removed, and a matrigel
medium containing 0.25 mg/mL of Matrigel™matrix was applied to each cell prior to incubation for
24 h at 37 ◦C in 5% CO2. The hepatocytes were incubated with 0.0125, 0.0625, 0.125, 0.250, 0.625, 1.25,
2.5, and 6.25 µM mertansine in triplicate for 48 h at 37 ◦C in 5% CO2. The medium was exchanged
with fresh medium containing mertansine every 24 h. Then, 20 µL of MTS solution was added to each
well and the plate was incubated for 1 h at 37 ◦C in 5% CO2. The absorbance of the reaction mixture
was measured at 492 nm.
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2.4.2. Treatment of Mertansine in Human Hepatocytes

To evaluate the induction effect of mertansine on drug-metabolizing enzymes, three different
cryopreserved human hepatocytes (lots 319, 321, and 361) were thawed in cryopreserved hepatocyte
recovery medium, and viable cells were seeded in collagen type 1 precoated 48-well plates in
250 µL of hepatocyte plating medium (6 × 105 cells/well) and incubated for 4 h at 37 ◦C in 5% CO2.
Next, the plating medium was removed and replaced with matrigel medium containing 0.25 mg/mL of
Matrigel™ matrix prior to incubation at 37 ◦C for 24 h. The hepatocytes were incubated with 1.25,
12.5, 125, 625, 1250, and 2500 nM mertansine, vehicle (0.1% DMSO in hepatocyte culture media), and
prototypical inducers including 50 µM omeprazole, 10 nM CITCO, and 10 µM rifampicin in triplicate.
Samples were incubated for 48 h at 37 ◦C in 5% CO2, and the medium was exchanged with 250 µL of
fresh medium containing drugs or the vehicle every 24 h.

2.4.3. CYP1A2, CYP2B6, and CYP3A4 Activity Measurement

The effects of mertansine on CYP1A2, CYP2B6, and CYP3A4 activities were evaluated. Plates
were prepared with a vehicle, omeprazole, CITCO, rifampin, and mertansine, and incubated for
48 h. Next, 150 µL of a CYP cocktail solution containing 40 µM phenacetin (CYP1A2 substrate),
20 µM bupropion (CYP2B6 substrate), and 20 µM midazolam (CYP3A4 substrate) in William’s E
buffer was added to each well and incubated for 30 min, and then 100 µL aliquots of the incubate
from each well were stored at −80 ◦C until LC-MS/MS analysis. 13C2,15N-acetaminophen (0.1 µg/mL,
IS for acetaminophen), and d9-1′-hydroxybufuralol (0.01 µg/mL, IS for hydroxybupropion and
1′-hydroxymidazolam) in methanol were added to 50 µL of the medium obtained from each well.
Mixtures were vortexed for 2 min and then centrifuged at 13,000 g for 4 min at 4 ◦C. The supernatant
(40 µL) was diluted with 60 µL of deionized water and then mixed for 2 min by vortexing. An aliquot
(5 µL) was analyzed using LC-MS/MS [37], and CYP1A2, CYP2B6, and CYP3A4 enzyme activities were
expressed as formation rates (pmol/million cells/min).

2.4.4. RNA Purification and RT-PCR Analysis

At the end point of the experiment, total RNA was immediately isolated using an RNeasy Micro
Kit, and RNA concentration and purity were determined using an absorbance test at 260 nm/280 nm
using a NanoVue Plus spectrophotometer (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA).
Samples were stored at −80 ◦C until RT-PCR analysis.

RT-PCR analysis was performed using an RT-PCR detection system (Bio-Rad, Hercules,
CA, USA) with a TaqMan® RNA-to-CT™ 1-Step Kit and TaqMan® Gene Expression Assay
Kits (CYP1A2, Hs01070369_m1; CYP2B6, Hs03044634_m1; CYP3A4, Hs00430021_m1; CYP2C8,
Hs00426387_m1; CYP2C9, Hs00426397_m1; CYP2C19, Hs00559368_m1; UGT1A1, Hs02511055_s1;
UGT1A4, Hs01655285_s1; UGT1A9, Hs02516855_sH) according to the manufacturer’s protocol.
Total RNA (15 ng) in each reaction sample was used for RT-PCR: 25 min for reverse transcription at
48 ◦C, 15 min for enzyme activation at 95 ◦C, 44 cycles of denaturation (each 15 s) at 95 ◦C, and 1 min
annealing/extension at 60 ◦C. The relative threshold cycle (∆Ct) values of all samples, including CYP1A2,
CYP2B6, CYP3A4, CYP2C8, CYP2C9, CYP2C19, UGT1A1, UGT1A4, and UGT1A9, were normalized
to the ∆Ct value of glyceraladehyde 3-phosphate dehydrogenase (GAPDH). The relative mRNA
abundance was then calculated with the normalized relative Ct value (∆∆Ct) of each sample using the
formula: 2−(∆∆Ct).

2.5. Data Analysis

The percentage changes in enzymatic activities were calculated as (CYP activity with test
compound treatment/CYP activity with vehicle control treatment) × 100. The IC50 (the concentration
of the inhibitor needed for half-maximal inhibition) values were calculated using SigmaPlot ver. 12.5
(Systat Software, Inc.; San Jose, CA, USA). Ki (the inhibition constant) and the inhibition mode
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of UGT1A1, UGT1A3, and UGT1A4 activities were determined using Enzyme Kinetics ver. 1.1
(Systat Software, Inc.).

3. Results

3.1. Inhibition of UGT Enzyme Activities by Mertansine in Human Liver Microsomes

Mertansine inhibited UGT1A1-catalyzed SN-38 glucuronidation, UGT1A3-catalyzed
chenodeoxycholic acid 24-acyl-β-glucuronidation, and UGT1A4-catalyzed trifluoperazine
N-β-d-glucuronidation with IC50 values of 16.2 µM, 6.4 µM, and 23.3 µM, respectively, but negligibly
inhibited UGT1A6-catalyzed N-acetylserotoninβ-d-glucuronidation, UGT1A9-catalyzed mycophenolic
acid β-d-glucuronidation, and UGT2B7-catalyzed naloxone 3-β-d-glucuronidation in human liver
microsomes at 50 µM (Figure 2, Table 1).

Mertansine noncompetitively inhibited UGT1A1-catalyzed SN-38 glucuronidation with a
Ki value of 13.5 µM, and competitively inhibited UGT1A3-catalyzed chenodeoxycholic acid
24-acyl-glucuronidation and UGT1A4-catalyzed trifluoperazine N-β-D-glucuronidation, with Ki

values of 4.3 and 21.2 µM, respectively (Figure 3, Table 1).
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Figure 2. Inhibitory effects of mertansine on six uridine 5′-diphospho-glucuronosyltransferase (UGT)
enzyme activities in ultrapooled human liver microsomes. The cocktail UGT substrate concentrations
contained 0.5 µM SN-38 for UGT1A1, 2 µM chenodeoxycholic acid for UGT1A3, 0.5 µM trifluoperazine
for UGT1A4, 1 µM N-acetylserotonin for UGT1A6, 0.2 µM mycophenolic acid for UGT1A9, and 1 µM
naloxone for UGT2B7. Data are expressed as means ± SD (n = 3).
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Table 1. Inhibitory potentials of mertansine on six UGT enzyme activities in ultrapooled human
liver microsomes.

UGTs Enzyme Activities IC50 (µM) Ki (µM) Inhibition Mode

1A1 SN-38 glucuronidation 16.2 13.5 Noncompetitive

1A3 Chenodeoxycholic acid
24-acyl-β-glucuronidation 6.4 4.3 Competitive

1A4 Trifluoperazine N-β-d-glucuronidation 23.3 21.2 Competitive
1A6 N-acetylserotonin β-d-glucuronidation No inhibition - -
1A9 Mycophenolic acid β-d-glucuronidation No inhibition - -
2B7 Naloxone 3-β-d-glucuronidation No inhibition - -

-: not assayed.
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Figure 3. Dixon plots for the inhibitory effects of mertansine on (A) UGT1A1-catalyzed
SN-38 glucuronidation, (B) UGT1A3-catalyzed chenodeoxycholic acid 24-acyl glucuronidation,
and (C) UGT1A4-catalyzed trifluoperazine N-β-d-glucuronidation in ultrapooled human liver
microsomes. Several substrate concentrations were evaluated: (A) SN-38; 0.2 µM (
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3.2. Effects of Mertansine on CYP and UGT mRNA Levels in Human Hepatocytes

In the MTS colorimetric assay, mertansine did not cause toxicity in human hepatocytes (lot 319),
as the viability of hepatocytes following 48 h mertansine treatment (1.25–6250 nM) was over 96.2%.

The functionality of the hepatocyte was confirmed by the increase of mRNA levels and enzyme
activities of CYPs following 48 h treatment with prototypical inducers using RT-PCR and LC-MS/MS,
respectively, compared to the vehicle (Table 2). Fifty micromoles of omeprazole, a representative
aromatic hydrocarbon receptor inducer (AHR), increased the CYP1A2 mRNA levels by enhancing the
AHR binding to the promoter region of CYP1A2 [38] and CYP1A2-mediated phenacetin O-deethylase
activity by 58.7–299.3 and 11.7–61.8 fold, respectively (Table 2). 10 µM rifampin, a potent pregnane
X receptor (PXR) inducer, increased mRNA levels of CYP3A4 by enhancing the PXR binding to the
promoter region of CYP3A4 [39] and CYP3A4-mediated midazolam 1′-hydroxylase by 74.0–146.7 and
3.6–9.8 fold, respectively (Table 2). Additionally, 10 nM CITCO increased CYP2B6 mRNA levels and
CYP2B6-mediated bupropion hydroxylase activity by 5.6–8.7 and 3.8–15.7 fold, respectively (Table 2),
which was mediated by the transcriptional activation by the enhancement of constitutive androstane
receptor binding to the promoter region of CYP2B6 [40]. 10 µM rifampin increased mRNA levels of
CYP2C8, CYP2C9, CYP2C19, UGT1A1, UGT1A4, and UGT1A9 by 3.7–4.8, 2.9–5.3, 2.0–2.2, 2.5–3.0,
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3.9–4.5, and 2.0–2.2 fold, respectively, and 50 µM omeprazole increased the mRNA levels of UGT1A1
and UGT1A4 by 3.9–7.0 and 3.3–4.1 fold, respectively, in three human hepatocytes (Table 2).

Table 2. Effects of prototypical inducers such as omeprazole, 6-(4-chlorophenyl)imidazo[2,1-b]
(1,3)thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime (CITCO), and rifampicin on the mRNA
expression of cytochrome p450s (CYPs) and UGTs and the enzyme activities of CYP1A2, CYP2B6,
and CYP3A4 after 48 h treatment in three human hepatocytes (lots 319, 321, and 361). Data are expressed
as means ± SD (n = 3).

Enzymes
mRNA (Fold Change) Enzyme Activities (pmol/106 Cells/min)

Lot 319 Lot 321 Lot 361 Lot 319 Lot 321 Lot 361

Omeprazole 50 µM
Vehicle control 1.0 1.0 1.0 1.6 ± 0.40 a 3.10 ± 0.26 a 1.3 ± 0.16 a

CYP1A2 132.4 ± 0.22 58.7 ± 4.7 299.3 ± 49.0 18.5 ± 3.3 a 89.45 ± 4.52 a 81.0 ± 0.53 a

UGT1A1 6.97 ± 0.94 4.05 ± 0.53 3.9 ± 0.24 - - -
UGT1A4 3.31 ± 0.35 4.13 ± 0.66 3.7 ± 0.62 - - -

CITCO 10 nM

Vehicle control 1.0 1.0 1.0 0.68 ± 0.23 b 0.72 ± 0.10 b 3.43 ± 0.48 b

CYP2B6 7.4 ± 1.9 5.6 ± 1.6 8.7 ± 0.32 9.2 ± 0.28 b 11.3 ± 0.49 b 12.9 ± 0.51 b

Rifampin 10 µM
Vehicle control 1.00 1.00 1.00 16.6 ± 3.78 c 4.3 ± 0.09 c 7.1 ± 0.67 c

CYP3A4 74.0 ± 10.3 146.7 ± 24.9 129.8 ± 0.5 74.9 ± 3.36 c 42.0 ± 9.8 c 25.6 ± 1.0 c

CYP2C8 3.7 ± 0.57 4.8 ± 0.84 4.0 ± 0.16 - - -
CYP2C9 5.3 ± 0.02 2.9 ± 0.11 3.7 ± 0.36 - - -

CYP2C19 2.2 ± 0.09 2.0 ± 0.18 2.1 ± 0.25 - - -
UGT1A1 2.9 ± 0.13 3.0 ± 0.11 2.5 ± 0.37 - - -
UGT1A4 4.0 ± 0.22 4.5 ± 0.59 4.5 ± 0.87 - - -
UGT1A9 2.0 ± 0.23 2.2 ± 0.31 2.1 ± 0.23 - - -

-: not assayed; vehicle control: 0.1% DMSO treatment; a: CYP1A2-catalyzed phenacetin O-deethylase activity;
b: CYP2B6-catalyzed bupropion 1′-hydroxylase activity; c: CYP3A4-catalyzed midazolam 1′-hydroxylase activity.

Mertansine led to the dose-dependent suppression of mRNA expression of CYP1A2 (from 1.2 to
0.22 fold), CYP2B6 (from 1.2 to 0.18 fold), and CYP3A4 (from 1.1 to 0.29 fold) in three human hepatocytes
(Figure 4A). Mertansine decreased the activities of CYP1A2-mediated phenacetin O-deethylase
by 27.8–79.0%, CYP2B6-mediated bupropion hydroxylase by 23.9–93.1%, and CYP3A4-mediated
midazolam 1′-hydroxylase by 30.8–62.7%, compared to the enzyme activities treated with the vehicle
in three human hepatocytes (Figure 4B).

Mertansine dose-dependently suppressed the mRNA levels of CYP2C8 (from 1.2 to 0.09 fold),
CYP2C9 (from 1.2 to 0.32 fold), CYP2C19 (from 1.3 to 0.23 fold), UGT1A1 (from 1.1 to 0.37 fold),
UGT1A4 (from 1.1 to 0.45 fold), and UGT1A9 (from 1.2 to 0.09 fold), in three human hepatocytes
(Figure 5). Table 3 lists the IC50 values for mertansine on the suppression of mRNA expression of CYPs
and UGTs in three human hepatocytes.
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Figure 4. Effects of mertansine on (A) the mRNA levels of CYP1A2, CYP2B6, and CYP3A4; and (B) the
activities of CYP1A2-catalyzed phenacetin O-deethylase, CYP2B6-catalyzed bupropion hydroxylase,
and CYP3A4-catalyzed midazolam hydroxylase compared to the vehicle (0.1% DMSO) after 48 h
mertansine treatment (1.25–2500 nM) in three human hepatocytes: lots 319 (
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Figure 5. Effects of mertansine on mRNA levels of CYP2C8, CYP2C9, CYP2C19, UGT1A1, UGT1A4,
and UGT1A9 after 48 h treatment in three human hepatocytes: lots 319 (
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Table 3. IC50 values for mertansine on the suppression of mRNA expression of CYPs and UGTs after
48 h mertansine treatment (1.25–2500 nM) in three human hepatocytes (lots 319, 321, and 361).

Enzymes
IC50 (nM)

Lot 319 Lot 321 Lot 361 Mean ± SD

CYP1A2 219.7 34.3 27.3 93.7 ± 109.1
CYP2B6 25.0 57.8 27.6 36.8 ± 18.3
CYP3A4 344.5 120.5 16.8 160.6 ± 167.4
CYP2C8 48.7 20.0 27.5 32.1 ± 14.9
CYP2C9 788.2 887.5 59.6 578.4 ± 452.0
CYP2C19 573.5 754.1 291.0 539.5 ± 233.4
UGT1A1 784.5 113.4 1672.1 856.7 ± 781.9
UGT1A4 >2500 >2500 >2500 >2500
UGT1A9 86.9 31.4 44.1 54.1 ± 29.1

4. Discussion

In this study, the effects of mertansine on the inhibition of UGT activities in human liver microsomes
and its effects on mRNA expression of CYPs and UGTs in human hepatocytes were evaluated to assess
the potential for mertansine-induced drug interactions.

Mertansine was a noncompetitive inhibitor of UGT1A1-catalyzed SN-38 glucuronidation with
a Ki value of 13.5 µM, and a competitive inhibitor of UGT1A3-catalyzed 24-acyl-β-glucuronidation
and UGT1A4-catalyzed trifluoperazine N-β-d-glucuronidation with Ki values of 4.3 and 21.2 µM,
respectively, in human liver microsomes (Figure 3). These findings suggest the potential for DDIs
between mertansine and UGT1A1, UGT1A3, or UGT1A4 substrates when used concomitantly. However,
the maximum plasma concentrations of mertansine were 7.2 ± 2.7 nM, with the highest level of 30 nM
after the intravenous infusion of 3.6 mg/kg T-DM1 every 3 weeks in HER2-positve breast cancer
patients [16–19]. Therefore, the ratio of maximal unbound plasma concentrations of mertansine to Ki

values (0.00004–0.0002) was much lower than the ratio indicating the likelihood of drug interaction (0.1),
suggesting that mertansine-induced drug interactions via the inhibition of UGT activity are unlikely
during T-DM1 therapies.

In addition, although mertansine is a competitive inhibitor of CYP2C8 and CYP2D6 activities
with Ki values of 11 and 14 µM, respectively, and it also irreversibly inhibits CYP3A4 activity with Ki

of 3.4 µM and kinact of 0.058 min−1, mertansine would not cause serious CYP-mediated DDI during the
T-DM1 therapies considering the plasma concentrations [32].

The mRNA levels and enzyme activities of CYP1A2, CYP2B6, and CYP3A4 were induced to
levels comparable to typical inducers, such as omeprazole, CITCO, and rifampin, following 48 h
treatment in three human hepatocytes (Table 2), indicating that the induction system used herein was
reliable. The induction effects of mertansine on CYPs and UGTs were assessed using therapeutic to
clinically non-achievable high concentrations (1.25–2500 nM) in three human hepatocytes. Mertansine
dose-dependently suppressed the mRNA expression of CYP1A2, CYP2B6, and CYP3A4 with IC50

values of 93.7 ± 109.1, 36.8 ± 18.3, and 160.6 ± 167.4 nM, respectively, in thee human hepatocytes
(Figure 4A, Table 3). Additionally, mertansine decreased the activities of CYP1A2-mediated phenacetin
O-deethylase, CYP2B6-mediated bupropion hydroxylase, and CYP3A4-mediated midazolam
1′-hydroxylase by mean values of 48.3%, 63.5%, and 39.7%, respectively, at the highest concentration
(2500 nM) in three human hepatocytes (Figure 4B). Mertansine dose-dependently suppressed the mRNA
expression of CYP2C8, CYP2C9, CYP2C19, UGT1A1, and UGT1A9 mRNA levels with IC50 values of
32.1 ± 14.9, 578.4 ± 452.0, 539.5 ± 233.4, 856.7 ± 781.9, and 54.1 ± 29.1 nM, respectively, with a little
suppression of UGT1A4 mRNA levels (IC50 value > 2500 nM) (Figure 5, Table 3). These suppressions
were not likely to be due to cytotoxic effects because the viability of hepatocytes was not affected by
mertansine treatment (1.25–6250 nM). The suppression of CYP mRNA by mertansine was similar to
those of other tubulin inhibitors, such as MMAE and colchicine [33–35]. In previous studies, 100 and
1000 nM MMAE treatment suppressed CYP1A2, CYP2B6, and CYP3A4 mRNA expression by 61–90%
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and 95–97%, respectively, and decreased CYP activities by 40–71% and 45–81%, respectively, in three
human hepatocytes [32]. These findings support the idea that the suppression of CYP and UGT mRNA
levels by mertansine may result from the disruption of cytoskeletal structures formed by microtubule
networks, which are important for the functioning of the nuclear receptor signaling cascade [33–35,41].
These in vitro results suggest the clinical evaluation of the DDI potential of mertansine with CYP1A2,
CYP2B6, CYP3A4, CYP2C8/9/19, UGT1A1, and UGT1A9 substrates.

Several ADCs with mertansine as a payload have been under clinical trials since the approval of
T-DM1 [7,10–14]. Liver is the major organ for the distribution and metabolism of antibody maytansinoid
conjugates and its catabolites, and the hepatic concentrations of mertansine or ravtansine therefore
depend on the catabolism of ADC within the liver [7,18,29,42]. The extensive tissue distribution
of mertansine after the administration of mertansine itself in rats led to higher hepatic levels of
mertansine compared to plasma levels [28]. Although the maximal plasma concentration of the
catabolite mertansine is low (≤7.2 ± 2.7 nM) in T-DM1 treated cancer patients [16–19], a clinical
evaluation of DDIs regarding the reduced mRNA levels by repeated treatment of T-DM1 and the
CYP1A2, CYP2B6, CYP2C8/9/19, CYP3A4, UGT1A1, and UGT1A9 substrates may be necessary on the
basis of these in vitro findings.

5. Conclusions

Mertansine inhibited UGT1A1, UGT1A3, and UGT1A4 enzyme activities in human liver
microsomes and dose-dependently suppressed the mRNA levels of CYP1A2, CYP2B6, CYP3A4,
CYP2C8, CYP2C9, CYP2C19, UGT1A1, UGT1A4, and UGT1A9 after 48 h treatment of 1.25–2500 nM
mertansine in three human hepatocytes. Additionally, mertansine treatment resulted in the decrease of
CYP1A2, CYP2B6, and CYP3A4 enzyme activities. These in vitro DDI potentials of mertansine with
substrate drugs for major CYPs and UGTs enzymes indicate that the evaluation of the DDI potentials
of ADC candidates with mertansine as a payload is necessary.
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Abstract: The incidence of hypertension in diabetic patients has been increasing and contributing to
the high mortality of diabetic patients. Recently, verapamil use was found to lower fasting blood
glucose levels in diabetic patients, which led to a new indication of verapamil as combination treatment
with anti-diabetic agents such as metformin. As pharmacokinetic (PK) interaction can affect drug
efficacy and safety in drug combination, their PK-based interaction is recommended to be evaluated
in preclinical levels as well as clinical levels. In case of metformin and verapamil, organic cation
transporter (OCT) 1 and 2 primarily mediate metformin distribution to the liver and its elimination into
urine, whereas cytochrome P450 is responsible for the hepatic metabolism of verapamil. Verapamil is
also known as a potential OCT2 inhibitor. Thus, PK interaction between metformin (30 mg/kg) and
verapamil (20 mg/kg) were investigated after their simultaneous administration to rats. In our results,
verapamil inhibited the OCT2-mediated renal excretion of metformin, subsequently leading to increase
of the systemic exposure of metformin. In contrast, metformin did not influence the pharmacokinetic
pattern of verapamil. Although the further clinical investigation is required, our finding suggests a
possibility of OCT2-mediated interaction of metformin and verapamil.

Keywords: metformin; verapamil; drug interaction; organic cation transporter 2; renal excretion

1. Introduction

The incidences of diabetic mellitus and hypertension are rapidly growing worldwide,
and hypertension is an important cardiovascular risk factor in patients with type 2 diabetes mellitus
(T2DM) [1–3]. The dramatically increased (two- to four-fold) risk of cardiovascular diseases in T2DM
patients is their leading cause of mortality [4–6]. Insulin resistance and compensatory hyperinsulinemia
are also frequent findings in hypertensive patients [7,8]. Since blood pressure-lowering treatment
is important to reduce the risk of developing cardiovascular complications in T2DM patients,
a combination of anti-diabetic and anti-hypertension drugs is needed and increasingly used [9].

Metformin, an oral biguanide antihyperglycemic agent, increases hepatic and skeletal
muscle insulin sensitivity and decreases hepatic glucose production without causing
hypoglycemia [10–12]. Metformin also reduces cardiovascular disease complications such as high blood
pressure in patients with type 2 diabetic mellitus (T2DM) [3,13,14]. Metformin pharmacokinetics (PK)
and pharmacodynamics (PD) rely on the organic cation transporter (OCT) 1 in the sinusoidal membrane
of hepatocytes to transport metformin into the liver, its pharmacological target site. The metformin
concentration in the liver determines the metformin’s effect on inhibiting glucose production [15–17].
OCT2 in the basolateral membrane of the renal proximal tubules mediates the renal excretion of
metformin as ~70% of the metformin dose [16,18]. Reduced renal excretion of metformin via renal
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OCT2 inhibition causes an increase of systemic exposure (i.e., plasma concentration of metformin),
which can result in lactic acidosis [19]. Previous reports that metformin suppresses P-glycoprotein
(P-gp) and pregnane X receptor (PXR)-regulated transactivation of the cytochrome P450 (CYP) 3A4
gene [20,21] suggest that the potential for a PK-based drug-drug interaction (DDI) occurrence between
metformin and verapamil.

Verapamil, as a calcium channel blocker, is recently emerged as a combination drug in DM patients
with hypertension, because verapamil lowers fasting blood glucose levels and enhances insulin
secretion in T2DM patients [22,23]. In particular, it is an important issue to regulate insulin secretion as
a compensatory mechanism of hyperinsulinemia in hypertensive patients [7,8]. Verapamil has been
popularly used for treatment of hypertension and supraventricular tachyarrhythmias [22–27]. Orally
administered verapamil is rapidly and well-absorbed, and then it is eliminated via extensive cytochrome
P450 (CYP)-mediated hepatic metabolism [25–29]. An N-methylated metabolite, norverapamil, has been
shown to have a vasodilator effect in vitro [13]. Verapamil also has an inhibitory effect on P-gp and
OCT2 in in vitro and clinical studies [16,30,31]. Although it was reported that verapamil reduced the
maximum blood glucose concentration and area under the blood glucose concentration-time curve in
healthy adults orally administered with metformin and verapamil together [32], there was no direct
measurement of metformin concentration in liver, which may be a substantial evidence on its glucose
tolerance activity. Moreover, there has been no report to explain whether transporter and/or metabolic
enzyme-mediated PK changes of metformin and verapamil in their combination. In the meantime,
new findings regarding positive effect of verapamil for the treatment of hypertension in DM patients
have been introduced [22,23], there is a need to investigate how the plasma and tissue concentrations of
metformin and verapamil change in DDI events, especially at preclinical levels [33,34]. Since changes
in plasma and tissue concentrations of these drugs in combination are associated with their efficacy
and toxicity [35,36], the PK interactions of metformin and verapamil were evaluated in rats based on
their plasma and tissue concentration changes.

2. Materials and Methods

2.1. Chemicals

Metformin hydrochloride was donated from Daelim Pharmaceutical Company (Seoul, Korea).
Verapamil hydrochloride, norverapamil, ipriflavone (internal standard (IS) for the high-performance
liquid chromatography (HPLC) analysis of metformin) and propranolol (IS for the HPLC analysis of
verapamil and norverapamil), the reduced form of β-nicotinamide adenine dinucleotide phosphate,
tris(hydroxymethyl)-aminomethane (Tris) buffer and ethylenediamine tetraacetic acid were purchased
from Sigma–Aldrich Corporation (St. Louis, MO, USA). HEK-293 cells overexpressing OCT1 (SLC22A1)
and OCT2 (SLC22A2) were purchased from Corning Life Sciences (Corning, NY, USA). Other chemicals
were of reagent or HPLC grade.

2.2. Animals

The protocol for the animal studieswas approved by the Animal Care and Use Committee of the
College of Pharmacy, Dongguk University-Seoul, Korea (approval no. IACUC-2013-006, 15 December
2013). Male Sprague–Dawley rats (5–7 weeks old, weighing 190–260 g) were purchased from Taconic
Farms Inc. (Samtako Bio Korea, O-San, Korea). The rats were housed and handled similarly based on
the reported methods [17,33,34].

2.3. Pharmacokinetic Studies of Metformin, Verapamil and Both Drugs in Rats

Early in the morning, the carotid artery (for blood sampling in the intravenous and oral studies)
and the jugular vein (for intravenous drug administration only in the intravenous study) of the rats
were cannulated, similar to previously reported methods [17,33,34]. The rats were not restrained
during the experimental period.
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For the intravenous study, 30 mg (2 mL)/kg of metformin (as metformin hydrochloride dissolved
in 0.9% NaCl-injectable solution; n = 6), 20 mg (2 mL)/kg of verapamil (as verapamil hydrochloride
dissolved in 0.9% NaCl-injectable solution; n = 6) and both drugs together (n = 6) were administered to
the rats. Blood samples (approximately 0.12 or 0.22 mL for each drug alone or both drugs together,
respectively) were collected via the carotid artery at 0, 1, 5, 15, 30, 60, 90, 120, 180, 240, 300 or 360 min
after the start of the drug administration. After each blood sampling, 0.3 mL of 0.9% NaCl-injectable
solution containing heparin (20 U/mL) was immediately flushed into each cannula to prevent blood
clotting. The blood samples were immediately centrifuged and a 50 µL (or two 50 µL for both drugs) of
plasma sample was stored at −80 ◦C (Revco ULT 1490 D-N-S; Western Mednics, Asheville, NC, USA).
The 24-h urine sample (Ae0–24 h) and the gastrointestinal tract (including its contents and feces) sample
at 24 h (GI24 h) were prepared following previously reported methods [17,33,34], and the samples were
also stored at −80 ◦C.

For the oral study, after overnight fasting with free access to water, the same doses of metformin
(n = 5), verapamil (n = 5) and both drugs together (n = 5) were orally administered (total oral volume
of 6 mL/kg) to the rats using a gastric gavage tube. Blood samples were collected via the carotid artery
at 0, 5, 15, 30, 60, 90, 120, 180, 240, 360, 480 or 600 min after the drug administration. Other procedures
were similar to those for the intravenous study.

2.4. Effect of Verapamil on Metformin Uptake in HEK-293 Cells Overexpressing OCT1 or OCT2

To investigate whether OCT1 and OCT2, as the main transporters affecting metformin
pharmacokinetics, were changed by verapamil, the effect of verapamil on OCT1- or OCT2-mediated
metformin uptake was investigated in HEK-293 cells overexpressing OCT1 or OCT2 following
previously published procedures [33,34]. Briefly, a density of 4.0 × 105 cells/well of HEK-293 cells
overexpressing either OCT1 or OCT2 were seeded into 24-well plates coated with poly-D-lysine
(Corning Incorporated, Corning, NY, USA) and incubated with Dulbecco’s Modified Eagle Medium
supplemented with 10% fetal bovine serum for 24 h. After washing twice with pre-warmed Hank’s
Balanced Salt Solution with Ca2+ and Mg2+ (Hank’s buffer) and pre-incubating the cells with Hank’s
buffer for 10 min, Hank’s buffer was replaced to Hank’s buffer containing 10 µM metformin with
verapamil added as an inhibitor (0–100 µM). The concentrations of metformin and verapamil were
chosen in the ranges of concentrations used in HEK-293 cells overexpressing OCT1 or OCT2 in the
previous reports [33,34] and a protocol of in vitro screening method for human SLC uptake transporter
inhibition (OCT1 and OCT2) by Cyprotex. Metformin uptake was initiated at this time and the cells
were incubated at 37 ◦C for 10 min. At 10 min after starting metformin uptake, Hank’s buffer was
removed and the cells were immediately washing twice with ice-cold Hank’s buffer to stop metformin
uptake. The cells were lysed with distilled water and harvested by scraping them off in 200 µL distilled
water followed by ultra-sonification at 4 ◦C for 10 s. After centrifuging the cells at 15,000× g for 10 min
at 4 ◦C, the supernatant was determined by LC/MS/MS analysis of metformin [33,34]. The half-maximal
inhibitory constant (IC50) values of verapamil for the inhibition of OCT1 or OCT2-mediated metformin
uptake are expressed as % of metformin uptake without verapamil (exposed to vehicle instead of
verapamil) in HEK-293 cells overexpressing OCT1 or OCT2, arbitrarily set at 100% (n = 2 for each
dose). From percentages of metformin uptake versus inhibitor concentrations, a sigmoid shaped curve
was fitted to the data and IC50 was calculated by fitting Hill equation to the data using GraphPad
Prism 5 (GraphPad Software Inc., San Diego, CA, USA).

2.5. Effect of Verapamil on Metformin Concentration in the Liver and Kidneys

To investigate whether verapamil changes the metformin concentration in the liver and kidneys,
a tissue distribution study of metformin with and without verapamil was conducted following a
previously reported method [17,33,34]. At 0.5, 1, 3 and 6 h after intravenous or oral administration of
metformin with and without verapamil at the same doses as in the pharmacokinetic study, as much
blood as possible was collected and each rat was then sacrificed by lethal blood loss. The liver
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and kidneys were excised, weighed and homogenized in a 4-fold volume of 0.9% NaCl-injectable
solution (n = 4 for each organ). After centrifuging each homogenate at 15,000× g for 10 min at 4 ◦C,
the supernatant was collected and stored at −80 ◦C.

2.6. Effect of Metformin on Verapamil Metabolism in Rat Hepatic and Intestinal Microsomes

To investigate the effect of metformin on verapamil metabolism, the measurement of kinetic
constants, such as Vmax (maximum velocity) and Km (apparent Michaelis–Menten constant; the
concentration at which the rate is one half of the Vmax) for verapamil metabolism, with and without
metformin, in hepatic and intestinal microsomes were conducted. Hepatic and intestinal microsomes
were prepared by the previously reported method as followings [17,37,38]: freshly excised livers were
cut in pieces, washed extensively with ice-cold solution (KCl 0.15 M) to remove remaining blood
and were homogenized with Tris-HCl buffer (pH 7.5) containing 0.15 M KCl + 50 mM Tris, 1 mM
EDTA in a Potter-Elvehjem glass homogenizer for 30 s. The homogenate was centrifuged for 10 min
at 10,000× g and 4 ◦C and then followed by ultracentrifugation of the remaining supernatant for 1 h
at 100,000× g and 4 ◦C. Microsomal pellets were then re-suspended in the same buffer with a hand
homogenizer and re-centrifuged for 1 h at 100,000× g and 4 ◦C. The supernatant was discarded, and
the microsomal pellets were carefully overlaid with 0.15 mol KCl buffer and stored at −80 ◦C. Intestinal
microsomes were prepared using freshly excised proximal and middle sections of the small intestine.
This part of intestine was excised, rinsed with ice-cold 0.01 M potassium phosphate buffer with 1.15%
KCl (pH 7.4), filled with solution A (1.5 mM KCl + 96 mM NaCl + 27 mM sodium citrate + 8 mM
KH2PO4 + 5.6 mM Na2HPO4 + 40 µg/mL PMSF). The intestine filled with solution A was incubated
in a 37 ◦C water bath for 15 min. After discarding solution A, the intestine was filled with ice-cold
solution B (phosphate-buffered saline + 1.5 mM EDTA + 0.5 mM dithiothreitol + 40 µg/mL PMSF),
wound around a middle finger and tapped against the finger three times. The upper villus cells were
released into solution B during this process, and the collected cells were pooled. The pooled solution
was centrifuged at 10× g and 4 ◦C for 5 min. After discarding the supernatant, approximately 15 mL of
ice-cold solution C (5 mM histidine + 0.25 M sucrose + 0.5 mM EDTA + 40 µg/mL PMSF) was added
into each centrifuge tube, which was inverted twice. Following the discard of the supernatant, the
cells were resuspended in fresh ice-cold solution C, homogenized with a Pyrex glass Potter-Elvehjem
homogenize and centrifuged at 10,000× g and 4 ◦C for 20 min. The supernatant was then centrifuged
at 100,000× g and 4 ◦C for 65 min. The pellet of intestinal microsome was resuspended in 0.2 mM
EDTA/20% glycerol/80% 0.1 M phosphate buffer (pH 7.4), homogenized and stored at −80 ◦C. Protein
contents in hepatic and intestinal microsomes were measured by the reported method [39].

In hepatic microsomes (equivalent to 1 mg protein), 2.5 µL of 0.9% NaCl-injectable solution
containing 2.5, 5, 10, 20 or 50 µM verapamil (the substrate) as final concentrations, 2.5 µL of 0.9%
NaCl-injectable solution containing 10 µM metformin (the inhibitor) as a final concentration and 50 µL
of 1 mM of NADPH dissolved in 0.1 M phosphate buffer of pH 7.4 were added. The total volume,
0.5 mL, was adjusted by adding 0.1 M phosphate buffer (pH 7.4), and then the components were
incubated at 37 ◦C using a thermomixer at 500 opm. In intestinal microsomes, verapamil (as the
substrate) concentrations of 5, 10, 20, 50 or 200 µM were used and the other conditions were the same
as in the hepatic microsome study. After incubation for 15 or 30 min of the hepatic and intestinal
microsomes, respectively, 1 mL of diethylether containing 1 µg/mL of propranolol, as an IS, was added
to terminate the reaction. The verapamil concentration in each sample was determined by HPLC
analysis [29].

The Km and Vmax for the verapamil metabolism were calculated using a non-linear regression
method [40]. The unweighted kinetic data from the hepatic and intestinal microsomes were fitted using
a single-site Michaelis−Menten equation; V = Vmax × [S]/(Km + [S]), in which [S] was the substrate
concentration. The intrinsic clearance (CLint) was calculated by dividing the Vmax by the Km.
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2.7. Rat Plasma Protein Binding of Metformin and Verapamil Using Equilibrium Dialysis

Protein binding values of metformin and verapamil with and without each other were measured
in the fresh plasma of control rats using equilibrium dialysis (n = 4 for each; [17]). A 1 mL aliquot
of the plasma was dialyzed against 1 mL of isotonic Sørensen phosphate buffer (pH 7.4) containing
3% dextran (w/v) in a dialysis cell (Spectrum Medical Industries, Laguna Hills, CA, USA) using a
Spectra/Por 4 membrane (mol. wt. cutoff 12–14 KDa; Spectrum Medical Industries, USA). After 24 h
incubation, two 50 µL aliquots were collected from each compartment, and the samples were stored at
−80 ◦C.

2.8. Analytical Methods for Metformin, Verapamil and Norverapamil

In the HPL-UV system, the metformin concentration in the sample was determined using the
analytical method developed by Choi et al. [17]. The quantitation limits of metformin in rat plasma,
urine and GI samples were 0.05, 0.1 and 0.1 µg/mL, respectively. The inter- and intra-day coefficients
of variation were below 8.94%. Additionally, the metformin concentration in the sample from the
metformin uptake study was determined by LC-MS/MS analysis [33,34]. The quantitation limits
of metformin in rat plasma, urine and GI samples were 0.01, 0.02 and 0.02 µg/mL, respectively.
The inter- and intra-day coefficients of variation were below 9.53%. Verapamil and norverapamil
concentrations in the sample were also determined by the HPLC-UV analytical method of Hong et
al. [29]. The quantitation limits of verapamil in rat plasma, urine and GI samples were 0.01, 0.05 and
0.05 µg/mL, respectively. The corresponding values of norverapamil in all biological samples was
0.02 µg/mL; the inter- and intra-day coefficients of variation were below 12.9%.

2.9. Pharmacokinetic Analysis

Standard methods [41] were used to calculate the following pharmacokinetic parameters using
non-compartmental analysis (WinNonlin; Pharsight Corporation, Mountain View, CA, USA): the
total area under the plasma concentration–time curve from time zero to infinity (AUC), terminal
half-life, time-averaged total body, renal, and non-renal clearances (CL, CLR and CLNR, respectively),
and apparent volume of distribution at a steady state (Vss). The peak plasma concentration (Cmax) and
time to reach Cmax (Tmax) were directly read from the experimental data.

2.10. Statistical Analysis

A p-value < 0.05 was deemed to be statistically significant using a Student’s t-test between the
two means for the unpaired data. All results are expressed as mean ± standard deviation (S.D.) except
the medians (ranges) for Tmax.

3. Results

3.1. Effect of Verapamil on Metformin Pharmacokinetics

The mean arterial plasma concentration–time profiles and relevant pharmacokinetic parameters
of metformin after its intravenous administration with and without verapamil are shown in Figure 1
and Table 1, respectively. After intravenous administration of metformin with verapamil, the AUC was
significantly greater (by 66.7%); CL and CLR were significantly slower (by 50.8 and 70.7%, respectively);
and Ae0–24 h was significantly smaller (by 43.0%) than those without verapamil.

After oral administration of metformin with verapamil, the AUC was significantly greater (by
73.5%), Cmax was significantly higher (by 60.5%), CLR was significantly slower (by 68.4%) and Ae0–24 h

was significantly smaller (by 46.0%) than those without verapamil.
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Table 1. Mean (± S.D.) pharmacokinetic parameters of metformin after its intravenous and oral administration with and without verapamil to rats. Doses of metformin
and verapamil were 30 and 20 mg/kg, respectively.

Parameter
Intravenous (n = 6 for Each)

Parameter
Oral (n = 5 for Each)

Without Verapamil With Verapamil Without Verapamil With Verapamil

Body weight (g) 203 ± 8.80 209 ± 6.65 Body weight (g) 228 ± 19.2 217 ± 13.0
AUC (µg min/mL) 1590 ± 613 2650 ± 449 a AUC (µg min/mL) 472 ± 40.2 819 ± 82.3 b

Terminal half-life (min) 92.4 ± 26.4 80.5 ± 34.6 Terminal half-life (min) 137 ± 44.4 101 ± 48.0
MRT (min) 21.4 ± 5.28 18.4 ± 7.69 Cmax (µg/mL) 2.00 ± 0.328 3.21 ± 1.04 c

VSS (mL/kg) 349 ± 128 286 ± 92.4 Tmax (min) 60 (60–120) 60 (60-120)
CL (mL/min/kg) 24.2 ± 3.02 11.9 ± 2.00 b CLR (mL/min/kg) 45.6 ± 5.66 14.4 ± 5.45 b

CLNR (mL/min/kg) 8.12 ± 3.03 7.13 ± 0.932 Ae0–24 h (% of dose) 71.3 ± 5.86 38.5 ±9.96 b

CLR (mL/min/kg) 16.1 ± 3.18 4.72 ± 2.52 b GI24 h (% of dose) 3.57 ± 2.84 1.53 ± 1.57
Ae0–24 h (% of dose) 66.5 ± 11.3 37.9 ± 14.9 a F (%) 29.7 30.9
GI24 h (% of dose) 0.471 ± 0.782 0.831 ± 0.787

AUC, total area under the plasma concentration−time curve from time zero to infinity; MRT, mean residence time; Vss, apparent volume of distribution at steady state; CL, time-averaged
total body clearance; CLNR, time-averaged non-renal clearance; CLR, time-averaged renal clearance; Ae0–24 h, percentage of the dose excreted in the urine up to 24 h; GI24 h, percentage of
the dose recovered from the gastrointestinal tract (including its contents and feces) at 24 h; Cmax, peak plasma concentration of docetaxel; Tmax, time to reach Cmax; F, extent of absolute oral
bioavailability. a Significantly different (p < 0.01) from with verapamil. b Significantly different (p < 0.001) from with verapamil. c Significantly different (p < 0.05) from with verapamil.112
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Figure 1. Mean (± S.D.) arterial plasma concentration–time profiles of metformin after intravenous
(A; n = 6 for each) and oral (B; n = 5 for each) administration of metformin with (#) or without (•)
verapamil to rats. Doses of metformin and verapamil were 30 and 20 mg/kg, respectively.

3.2. Effect of Verapamil on OCT1- or OCT2-Mediated Metformin Uptake in HEK-293 Cells Overexpressing
OCT1 or OCT2

To examine the verapamil effect on OCT1 and OCT2 activities, the changes of metformin uptake
with and without verapamil were compared in HEK-293 cells overexpressing OCT1 or OCT2. As shown
in Figure 2, verapamil considerably inhibited metformin uptake in HEK-293 cells overexpressing either
OCT1 or OCT2. The IC50 values of verapamil for inhibiting OCT1- and OCT2-mediated metformin
uptake were 51.9 ± 1.09 and 19.3 ± 0.220 µM, respectively.0.220 μM, respectively. 
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Figure 2. Mean (± S.D.) inhibitory effect of verapamil on metformin uptake in HEK293 cells
overexpressing OCT1 (A, n = 2) or OCT2 (B, n = 2).

3.3. Effect of Verapamil on Metformin Concentrations in the Liver and Kidneys

After intravenous and oral administration of metformin with and without verapamil, metformin
concentrations in the liver and kidneys are shown in Figure 3 and Table 2, respectively. After intravenous
and oral administration of both drugs together, verapamil did not cause any change of the metformin
concentration in the liver, but the metformin concentration in the kidneys was significantly decreased
(by 38.6 and 48.7% at 1 and 3 h in the intravenous study and 42.9, 41.1 and 30.2% at 1, 3 and 6 h in the
oral study, respectively) compared to metformin alone. Metformin concentrations in the plasma after
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intravenous and oral co-administration of metformin and verapamil were significantly lower than
those after administration of metformin alone, showing similar patterns to the pharmacokinetic study.
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Figure 3. Mean (± S.D.) concentrations of metformin in the plasma, liver and kidneys after its
intravenous (A, n = 4 for each) or oral (B, n = 4 for each) administration with (#) or without (•)
verapamil. The dose of metformin and verapamil were 30 and 20 mg/kg, respectively.

Table 2. Mean (± S.D.) concentrations (µg/mL or µg/g tissue) of metformin in the plasma, liver and
kidneys after intravenous or oral administration of metformin with and without verapamil.

Intravenous (n = 4 for Each) Oral (n = 4 for Each)

Parameter Without Verapamil With Verapamil Without Verapamil With Verapamil

Plasma

0.5 5.50 ± 0.988 11.3 ± 2.09 a 1.39 ± 0.415 2.91 ± 0.894 b

1 3.22 ± 1.22 6.94 ± 1.34 a 2.04 ± 0.281 4.03 ± 1.38 b

3 1.06 ± 0.214 1.68 ± 0.377 b 1.91 ± 0.455 2.84 ± 0.564 b

6 0.158 ± 0.0530 0.184 ± 0.0789 0.306 ± 0.0724 0.421 ± 0.0570 b

Liver

0.5 4.25 ± 0.978 6.12 ± 1.39 1.09 ± 0.207 1.31 ± 0.300
1 7.84 ± 2.25 11.1 ± 3.84 5.11 ± 2.03 6.04 ± 2.60
3 4.04 ± 1.04 6.14 ± 2.10 6.49 ± 1.68 7.78 ± 1.11
6 0.553 ± 0.108 0.510 ± 0.222 1.99 ± 1.10 1.24 ± 0.407

Kidney

0.5 0.706 ± 1.80 6.20 ± 1.12 2.78 ± 1.36 2.28 ± 1.01
1 10.9 ± 1.34 6.69 ± 1.87 b 7.97 ± 1.36 4.55 ± 1.98 b

3 5.22 ± 1.57 2.68 ± 0.471 b 4.65 ± 1.01 2.74 ± 0.675 b

6 0.935 ± 0.284 1.20 ± 0.342 0.443 ± 0.0640 0.309 ± 0.0767 b

a Significantly different (p < 0.01) from metformin. b Significantly different (p < 0.05) from metformin.
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3.4. Effect of Metformin on Verapamil Pharmacokinetics

The mean arterial plasma concentration–time profiles and relevant pharmacokinetic parameters
of verapamil and norverapamil after intravenous administration of verapamil with and without
metformin are shown in Figure 4 and Table 3, respectively. After intravenous and oral administration of
verapamil with metformin, all pharmacokinetic parameters of verapamil and norverapamil including
the AUCnorverapamil/AUCverapamil ratio were comparable to those without metformin. The absorption
of verapamil from the gastrointestinal tract and the formation of norverapamil were rapid based on
the Cmax of verapamil and norverapamil, respectively.
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Figure 4. Mean (± S.D.) arterial plasma concentration–time profiles of verapamil and norverapamil after
intravenous (A, n = 6 for each) or oral (B, n = 5 for each) administration of verapamil with (#) or without
(•) metformin to rats. The doses of metformin and verapamil were 30 and 20 mg/kg, respectively.
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Table 3. Mean (± S.D.) pharmacokinetic parameters of verapamil and norverapamil after intravenous or oral administration of verapamil without and with metformin
to rats. The doses of metformin and verapamil were 30 and 20 mg/kg, respectively.

Parameter
Intravenous (n = 6 for Each)

Parameter
Oral (n = 5 for Each)

Without Metformin With Metformin Without Metformin With Metformin

Verapamil Verapamil

Body weight (g) 205 ± 8.37 209 ± 6.65 Body weight (g) 214 ± 9.62 217 ± 13.0
AUC (µg min/mL) 441 ± 69.5 527 ± 134 AUC (µg min/mL) 103 ± 21.6 96.0 ± 30.6

Terminal half-life (min) 71.1 ± 19.0 79.1 ± 24.7 Terminal half-life (min) 128 ± 59.1 121 ± 57.5
MRT (min) 40.9 ± 7.75 42.4 ± 20.4 Cmax (µg/mL) 0.678 ± 0.386 0.714 ± 0.452

VSS (mL/kg) 1600 ± 861 1860 ± 535 Tmax (min) 45 (15-105) 30 (15-75)
CL (mL/min/kg) 46.3 ± 7.14 40.0 ± 9.45 CLR (mL/min/kg) 0.671 ± 0.748 0.489 ± 0.256

CLNR (mL/min/kg) 46.1 ± 7.08 39.8 ± 9.40 Ae0–24 h (% of dose) 0.308 ± 0.215 0.231 ± 0.102
CLR (mL/min/kg) 0.147 ± 0.121 0.108 ± 0.0726 GI24 h (% of dose) 0.291 ± 0.339 0.200 ± 0.135

Ae0–24 h (% of dose) 0.306 ± 0.219 0.258 ± 0.125 F (%) 23.4 18.2
GI24 h (% of dose) 0.148 ± 0.201 0.117 ± 0.0759

Norverapamil Norverapamil

AUC (µg min/mL) 188 ± 34.7 199 ± 38.7 AUC (µg min/mL) 68.3 ± 38.6 53.9 ± 24.8
Terminal half-life (min) 50.8 ± 10.2 63.3 ± 15.2 Terminal half-life (min) 168 ± 73.2 117 ± 44.5

Cmax (µg/mL) 1.24 ± 0.386 1.09 ± 0.308 Cmax (µg/mL) 0.267 ± 0.141 0.273 ± 0.123
Tmax (min) 60 (30−120) 60 (30−90) Tmax (min) 45 (15-120) 45 (15-105)

CLR (mL/min/kg) 0.109 ± 0.102 0.0626 ± 0.0535 CLR (mL/min/kg) 0.336 ± 0.107 0.562 ± 0.445
Ae0–24 h (% of dose) 0.0872 ± 0.0691 0.0585 ± 0.0453 Ae0–24 h (% of dose) 0.104 ± 0.0567 0.113 ± 0.0522
GI24 h (% of dose) 0.146 ± 0.0841 0.126 ± 0.0927 GI24 h (% of dose) 0.0870 ± 0.0665 0.0782 ± 0.0514

AUCnorverapamil/AUCverapamil 43.0 ± 7.68 38.5 ± 11.6 AUCnorverapamil/AUCverapamil 87.3 ± 26.7 89.7 ± 27.0

AUC, total area under the plasma concentration−time curve from time zero to infinity; MRT, mean residence time; Vss, apparent volume of distribution at steady state; CL, time-averaged
total body clearance; CLNR, time-averaged non-renal clearance; CLR, time-averaged renal clearance; Ae0–24 h, percentage of the dose excreted in the urine up to 24 h; GI24 h, percentage of
the dose recovered from the gastrointestinal tract (including its contents and feces) at 24 h; Cmax, peak plasma concentration of docetaxel; Tmax, time to reach Cmax; F, extent of absolute
oral bioavailability.
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3.5. Effect of Metformin on Verapamil Metabolism in Rat Hepatic and Intestinal Microsomes

The Vmax, Km and CLint for the metabolism of verapamil with and without metformin in rat
hepatic and intestinal microsomes are shown in Figure 5 and Table 4, respectively. There was no change
of Vmax, Km or CLint for verapamil metabolism in the presence of metformin, indicating that metformin
did not affect verapamil metabolism in rat hepatic and intestinal microsomes under these conditions.
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Figure 5. Nonlinear regression for mean values (± S.D.) of verapamil metabolism activity with (#) or
without (•) metformin in rat hepatic (A, n = 5 for each) or intestinal (B, n = 4 for each) microsomes.

Table 4. Mean (± S.D.) Km, Vmax and CLint for the metabolism of verapamil with and without metformin
in hepatic and intestinal microsomes.

Parameter Without Metformin With Metformin

Hepatic n = 5 for Each

Km (µM) 11.0 ± 3.11 13.8 ± 1.26
Vmax (nmol/min/mg protein) 0.225 ± 0.0951 0.289 ± 0.151

CLint (µL/min/mg protein) 0.0199 ± 0.00419 0.0205 ± 0.00911

Intestinal n = 4 for Each

Km (µM) 148 ± 53.5 171 ± 11.4
Vmax (nmol/min/mg protein) 0.332 ± 0.125 0.412 ± 0.0908

CLint (µL/min/mg protein) 0.00181 ± 0.00150 0.00240 ± 0.000409

Km, the concentration at which the rate is one-half of the Vmax; Vmax, maximum velocity; CLint, intrinsic clearance.

3.6. Rat Plasma Protein Binding of Verapamil and Metformin Using Equilibrium Dialysis

The concentration of 5 g/mL of each drug was chosen based on previous reports [17,42]. Protein
binding values of metformin with and without verapamil were 13.5% ± 5.39% and 11.6% ± 6.10%,
respectively. The corresponding values for verapamil with and without metformin were 93.0% ± 38.9%
and 85.1% ± 26.3%, respectively. Metformin and verapamil did not affect the rat plasma protein
binding to each other.

4. Discussion

The ratio of AUC of a drug with an inhibitor (AUCi)/ AUC of a drug without an inhibitor (AUC0)
of over 1.25 is classified as a relevant drug interaction by an inhibitor in U.S. FDA criteria [43]. In our
study, the ratios of AUCi/AUC of metformin with and without verapamil were 1.67 and 1.74 (i.e.,
relative bioavailability) after the intravenous and oral administration of both drugs (Table 1), indicating
that verapamil might act as an inhibitor to cause a pharmacokinetic interaction with metformin.

In the intravenous study, the contribution of CLR to CL, 66.5%, was a large portion of the
metformin elimination pathway (Table 1), indicating that renal excretion is the main route of metformin
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elimination. The estimated CLRs of metformin considering the free fractions of metformin in the plasma
(CLR,fus) were 4.08 and 14.2 mL/min/kg with and without verapamil, respectively. The CLR,fu of
metformin without verapamil was faster than the reported glomerular filtration rate (GRF, represented
by creatinine clearance), 5.24 mL/min/kg, in rats [44], indicating that active secretion of metformin as
its renal excretion mechanism is changed by verapamil to glomerular filtration. Verapamil slowed the
CLR,fu of metformin, 4.08 mL/min/kg, to the creatinine clearance level in rats, indicating that verapamil
might cause metformin reabsorption in the renal tubules. The inhibited renal excretion pathway caused
a dramatic increase in the systemic exposure (e.g., AUC) of metformin in this study similar as other
references [18,45].

To investigate the inhibitory mechanism of verapamil on renal excretion of metformin, the IC50 of
verapamil against metformin uptake in HEK-293 cells overexpressing OCT2 was conducted based on the
known facts that metformin is an OCT2 substrate and verapamil inhibits OCT2 [15,16]. The inhibitory
effect of verapamil on OCT2-mediated metformin uptake in HEK-293 cells overexpressing OCT2
(Figure 2) supported the reduced CLR of metformin when co-administered with verapamil (Table 1).
Verapamil significantly reduced the metformin concentration in the kidneys after intravenous and oral
administration of metformin with verapamil (Table 2 and Figure 3), probably due to the inhibition of
OCT2-mediated metformin uptake into the proximal renal tubules, as shown in the IC50 of verapamil
in HEK-293 cells over-expressing OCT2 (Figure 2).

Considering that the metformin concentration in the liver is important to preserve the
glucose-lowering effect of metformin [11,46,47], the metformin concentration in the liver was also
measured after intravenous and oral administration of both drugs (Table 2 and Figure 3). However,
the metformin concentration in the liver was not changed by verapamil, which might be due to
verapamil not sufficiently inhibiting OCT1-mediated metformin uptake in the sinusoidal membrane of
hepatocytes. Since OCT1 in the basolateral membrane uptakes metformin from the sinusoidal blood
into hepatocytes, comparable metformin concentrations in the liver with and without verapamil could
be supported by the relatively high IC50 of verapamil for inhibiting metformin uptake by HEK-293
cells over-expressing OCT1 (Figure 2). In other words, verapamil might have a stronger potential to
inhibit OCT2 activity than OCT1 activity. Although verapamil inhibited OCT1 and OCT2-mediated
metformin uptake in vitro (Figure 2), the inhibitory effect of verapamil on OCT1-mediated metformin
uptake in hepatocytes might be almost negligible in in vivo studies (Table 2 and Figure 3). Therefore,
verapamil is an OCT2 inhibitor in the renal proximal tubules, resulting in reduced renal excretion and
increased systemic exposure of metformin.

On the other hand, the contribution of gastrointestinal (including biliary) excretion of unchanged
metformin to its CLNR was almost negligible; the GI24 h was less than 0.471% of the intravenous dose
(Table 1). Similarly, it has been reported that metformin is mainly eliminated via renal excretion,
but the biliary excretion of metformin as a parent form into feces was negligible [11,17]. In the aspect
of metformin and verapamil interactions, the unchanged CLNR and GI24 h of metformin by verapamil
indicted that verapamil did not influence the non-renal elimination pathway (e.g., biliary excretion
and metabolism) of metformin in rats.

After oral administration of metformin with and without verapamil, oral absorption of metformin
was rapid and extensive regardless of co-administration of verapamil. For comparison, we estimated
the mean ‘true’ unabsorbed fractions (‘Funabs’) after oral metformin administration to rats with and
without verapamil based on the following reported equation [48]:

0.0357 = ‘Funabs’ + (0.00471 × 0.297) without verapamil
0.0153 = ‘Funabs’ + (0.00831 × 0.309) with verapamil

(1)

where 0.0357 (0.0153), 0.00471 (0.00831) and 0.297 (0.309) are the oral GI24 h, intravenous GI24 h and F,
respectively, of metformin without verapamil (with verapamil). The ‘Funabs’ values thus estimated
were 1.27% and 3.43% with and without verapamil, respectively, indicating that verapamil probably
does not affect metformin absorption in the intestine (Table 1). Thus, the reduced AUC of metformin
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with verapamil could be due to the inhibition of renal excretion of metformin by verapamil, for the
same reason as in the intravenous study.

In contrast, metformin did not change any pharmacokinetic profile of verapamil after intravenous
and oral administration of metformin and verapamil together compared to verapamil alone. Metformin
also did not affect the formation of norverapamil as an active metabolite of verapamil (Table 3).
As hepatic metabolism via CYP3A is the main route of elimination of verapamil [28,49], and a
suppressive effect of metformin on PXR-regulating CYP3A4 has been reported [21], the change of
verapamil metabolism by metformin was evaluated with greater focus in this study. In parallel to
the unchanged CLNR of verapamil by metformin in the intravenous co-administration of metformin
and verapamil (Table 3), metformin showed a negligible interaction with verapamil metabolism in
in vitro hepatic and microsomal studies (Table 4). Considering that verapamil is a drug with a high (or
intermediate) hepatic extraction ratio in rats [44], its hepatic clearance (metabolism) depends on the
hepatic CLint and free fraction (unbound to plasma proteins) of verapamil, and hepatic blood flow
rate [50]. In our study, the unchanged CLNRs of verapamil with and without metformin (Table 3)
were supported by the comparable hepatic CLints and free unfound fractions of verapamil, and
constant hepatic blood flow rate with and without metformin in rats. Metformin might not affect the
hepatic blood flow rate based on studies in humans [51]. In other words, these findings indicated that
metformin might inhibit the hepatic metabolism of verapamil including the formation of norverapamil
(Table 3). Additionally, the unchanged Kms and Vmaxs of verapamil with metformin compared to those
without metformin in in vitro hepatic microsomal studies indicated that metformin did not affect the
affinity between metabolic enzyme and verapamil and maximum rate of metabolism of verapamil.

Although the contribution of renal excretion of verapamil is minor in regards to its elimination,
the renal excretion of verapamil with and without metformin was estimated as follows: the CLR,fus of
verapamil with and without metformin adjusted by the free fraction of verapamil in the plasma were
0.00756 and 0.219 mL/min/kg, respectively. Both CLR,fus of verapamil were significantly slower than
the reported GFR, indicating that glomerular filtration was a renal excretion mechanism of verapamil
regardless of the presence of metformin and metformin did not inhibit its renal excretion in rats
(Table 3).

After oral administration of both drugs, no effect of metformin on the pharmacokinetic profiles of
verapamil and norverapamil was observed. The comparable AUCs of verapamil with and without
metformin (Table 3) were likely due to the unchanged absorption of verapamil; the estimated ‘Funabs’
values of verapamil were 0.00179 and 0.00256% for with and without metformin, respectively, from the
equations [48]:

0.00291 = ‘Funabs’ + (0.00148 × 0.234) without metformin
0.00200 = ‘Funabs’ + (0.00117 × 0.182) with metformin

(2)

where 0.00291 (0.00200), 0.00148 (0.00117) and 0.234 (0.182) are the oral GI24 h, intravenous GI24 h and F

of verapamil, respectively, without metformin (with metformin). Thus, metformin might not affect
verapamil absorption in the intestine (Table 3). Orally administered metformin might also not inhibit
verapamil metabolism in the liver and intestine, as supported by the unchanged verapamil metabolism
by metformin in the in vitro hepatic and intestinal microsome studies (Table 4).

Although Cho et al. [32] reported the inhibitory effect of verapamil on the glucose tolerance
activity of metformin without any change of metformin’s AUC in healthy adults, verapamil has recently
emerged as a new indication for the treatment of hypertension in DM patients [22,23]. Extrapolating
the rat dose to human equivalent dose based on the equation by FDA [52], there is a slight difference:
the estimated human equivalent doses of metformin and verapamil in our study are 340 mg/70 kg and
227 mg/70 kg, respectively, and the corresponding doses in Cho et al. [32] were 1000 mg and 180 mg per
patient (average body weight of patients was 70.5 kg). This inconsistency of doses can be one reason for
the result in the different PK interaction pattern in metformin and verapamil combination. In addition,
the relatively lower doses were used to emphasize the potential for the occurrence of metformin and
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verapamil interaction, which can provide a clue to cause OCT mediated drug interaction as underlying
mechanism for the further investigations using various dosage regimens in preclinical as well as
clinical studies.

5. Conclusions

After intravenous and oral administration of both drugs, the significantly greater AUC of
metformin could be due to the inhibition of OCT2-mediated renal excretion of metformin by verapamil,
leading to increased systemic exposure of metformin. Interestingly, there was no interaction effect on
the metformin concentration in the liver in spite of the inhibitory effect of verapamil on OCT1-mediated
metformin uptake in vitro. In contrast, metformin did not influence the pharmacokinetic profile of
verapamil. These results can provide essential knowledge about the drug interaction potential between
metformin and verapamil for their clinical applications.
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Abstract: The potential inhibitory effect of quercetin, a major plant flavonol, on breast cancer resistance
protein (BCRP) activity was investigated in this study. The presence of quercetin significantly increased
the cellular accumulation and associated cytotoxicity of the BCRP substrate mitoxantrone in human
cervical cancer cells (HeLa cells) in a concentration-dependent manner. The transcellular efflux of
prazosin, a stereotypical BCRP substrate, was also significantly reduced in the presence of quercetin
in a bidirectional transport assay using human BCRP-overexpressing cells; further kinetic analysis
revealed IC50 and Ki values of 4.22 and 3.91 µM, respectively. Moreover, pretreatment with 10 mg/kg
quercetin in rats led to a 1.8-fold and 1.5-fold increase in the AUC8h (i.e., 44.5 ± 11.8 min·µg/mL vs.
25.7 ± 9.98 min·µg/mL, p < 0.05) and Cmax (i.e., 179 ± 23.0 ng/mL vs. 122 ± 23.2 ng/mL, p < 0.05)
of orally administered sulfasalazine, respectively. Collectively, these results provide evidence that
quercetin acts as an in vivo as well as in vitro inhibitor of BCRP. Considering the high dietary intake
of quercetin as well as its consumption as a dietary supplement, issuing a caution regarding its
food–drug interactions should be considered.

Keywords: quercetin; breast cancer resistance protein; inhibitor; prazosin; sulfasalazine; kinetic
analysis; pharmacokinetics; food–drug interactions

1. Introduction

Flavonoids are a large group of polyphenolic antioxidants present in various human foods, such
as vegetables, fruits, and tea. Quercetin is a major plant flavonol, a subclass of flavonoids with a
3-hydroxyflavone structure; it is present in high levels in onions, kale, broccoli, and tea [1,2]. Quercetin
is mostly present in foods in the form of glycosides, which are efficiently hydrolyzed in the small
intestine to release quercetin aglycone when ingested [3]. Dietary consumption of quercetin is estimated
to be between 25 and 50 mg per day, accounting for approximately 70% of the total dietary flavonol
and flavonone intake [4–6]. Moreover, it is well recognized that quercetin has diverse biological effects,
including antioxidative, antiviral, antiulcer, and anticancer activities [7–10]. These activities have led
to its consumption in various dosages and forms (e.g., 200–1000 mg aglycone per capsule/tablet [11])
as dietary supplements.
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However, a recent analysis reported that the increased demand and consumption of dietary
supplements is likely associated with a risk of adverse events. Indeed, a high number of adverse
events (i.e., 23,000 emergency department visits per year in the United States) are attributed to
dietary supplements [12]. In particular, flavonoids can modulate the activity of major ATP-binding
cassette (ABC) efflux transporters [13]. For example, several studies have consistently shown that
quercetin interacts with both P-glycoprotein (P-gp) [14–16] and multidrug resistance-associated protein
1 (MRP1) [17], inhibiting the efflux of substrates in the specific transporter-overexpressing cells
in vitro or increasing the bioavailability/brain accumulation of substrate drugs in vivo by affecting the
transporters’ activity. Moreover, our research group recently reported that repeated pretreatment with
quercetin could upregulate the human multidrug resistance protein 1 (MDR1) gene via a vitamin D
receptor-dependent pathway in Caco-2 cells [18]. Therefore, the increasing use of dietary supplements
containing quercetin emphasizes the need to investigate the potential clinical interactions that can be
induced by the flavonoid.

Among ABC transporters, breast cancer resistance protein (BCRP; encoded by the ABCG2 gene) is
a major efflux transporter abundantly expressed at the apical membrane of intestinal/kidney epithelial
cells and hepatocytes. The transporter functions as a physiological barrier against oral absorption
as well as a determinant of the disposition of substrate drugs [19]. Recently, several studies have
attempted to determine whether quercetin interacts with BCRP. Sesink et al. reported that the flavonoid
can be transported by the mouse Bcrp1 transporter in MDCKII/mBcrp1 cells [20]; moreover, its presence
was shown to inhibit the cellular accumulation of the BCRP substrates Hoechst 33342 and mitoxantrone
in BCRP-overexpressing MCF-7 cells [21,22]. However, such observations in cell systems cannot
be directly translated to substantial effects on efflux transporter activity in vivo. For example, a
study reported that coadministration of topotecan (a BCRP substrate) with the flavonoids chrysin or
7,8-benzoflavone (potent inhibitors of the transporter in BCRP-overexpressing MCF-7 cells) resulted
in no significant effects on the pharmacokinetics of the substrate in rats or P-gp-knockout mice [23].
Therefore, considering that no apparent in vitro to in vivo association regarding BCRP inhibition by
flavonoids was found [23], a more pharmacokinetic-based understanding of the interaction of quercetin
with BCRP is needed. To our knowledge, the in vivo pharmacokinetic inhibition of BCRP by quercetin
has not been previously reported.

Therefore, the objective of this study was to conduct an integrated study including in vitro and
in vivo pharmacokinetic assessments on the inhibition of BCRP by quercetin. Here, we showed that
quercetin can increase the cellular accumulation and associated cytotoxicity of the BCRP substrate
mitoxantrone in human cervical cancer HeLa cells. Importantly, the high inhibitory potency of quercetin
in limiting transporter-mediated efflux was demonstrated using the kinetic parameters (e.g., IC50

and Ki) associated with the efflux. Finally, the in vivo pharmacokinetics of the possible inhibition
were studied in rats using sulfasalazine, a selective BCRP probe that was previously proven to show
increased absorption by impaired BCRP function [24–26].

2. Materials and Methods

2.1. Materials

Quercetin (Figure 1), mitoxantrone (MX), Ko143, and sulfasalazine were purchased from
Sigma-Aldrich (St Louis, MO, USA). Prazosin was purchased from Tokyo Chemical Industry (Tokyo,
Japan). High-performance liquid chromatography-grade methanol and formic acid were purchased
from Fisher Scientific (Pittsburgh, PA, USA) and Fluka (Cambridge, MA, USA), respectively.
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Figure 1. Chemical structure of quercetin.

2.2. Cell Culture

For the cellular accumulation and cytotoxicity studies, HeLa (human cervical cancer) cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Welgene Inc., Daegu, Korea) supplemented
with 10% fetal bovine serum (FBS; Welgene Inc., Daegu, Korea) and 100 U/mL penicillin–100µg/mL
streptomycin at 37 ◦C in a humidified incubator with 5% CO2. For the bi-directional transport
study, previously established human BCRP-overexpressing MDCKII cells [27] were used. Briefly, a
plasmid construct containing cDNA for human BCRP was transfected into wildtype MDCKII cells
to functionally express the transporter. MDCKII cells were grown in DMEM containing 10% FBS,
1% nonessential amino acid solution, 100 units/mL penicillin, and 0.1 mg/mL streptomycin under a
humidified atmosphere containing 5% CO2 at 37 ◦C.

2.3. RT-PCR Analysis

To measure the gene expression levels at the RNA level of BCRP, reverse-transcription polymerase
chain reaction (RT-PCR) was performed. Total RNA was isolated from Hela, Caco-2, MCF-7, and
SW620 cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA); complementary DNA (cDNA) was
synthesized from 2 µg of the RNA extracted from cells, using the PrimeScript RT reagent Kit (TaKaRa,
Shiga, Japan). cDNA was then amplified by PCR using human-specific primers: BCRP, 5′-TTC TCC
ATT CAT CAG CCT CG-3′ (forward) and 5′-TGGTTGGTCGTCAGGAAGA-3′ (reverse); GAPDH
5′-GAA GGT GAA GGT CGG AGT C-3′ and 5′-GAAGATGGTGATGGGATTTC-3′ (reverse). Reverse
transcription PCR (RT-PCR) was performed in a T-100TM thermal cycler (Bio-Rad, Hercules, CA, USA)
using AccuPower PCR Premix (Bioneer, Daejeon, Korea), according to the manufacturer’s protocol.
The thermocycler conditions used for amplification were 95 ◦C for 5 min (hot start), 94 ◦C for 45 s,
55 ◦C for 30 s, and 72 ◦C for 30 s in 30 (BCRP) or 26 (GAPDH) cycles. Subsequently, the resultant
products were analyzed by separation on a 1.5% agarose gel in tris-acetate/ethylenediaminetetraacetic
acid (EDTA) buffer.

2.4. FACS-Cellular Accumulation Study

The cellular accumulation of quercetin was measured by FACSCalibur flow cytometry (Becton
Dickinson, San Jose, CA, USA). For FACScan analysis, 2 × 105 HeLa cells/well were seeded into 6-well
cell culture plates on the day before the experiment. On the following day, cells were treated with
vehicle or quercetin and 1 µM MX. A time course experiment was conducted on HeLa cells following
treatment with quercetin (1 and 100µM) for 2, 4, and 6 h. After treatment, the cells were harvested
by trypsinization and transferred to a fluorescence-activated cell sorting (FACS) tube, pelleted by
centrifugation (1500 rpm, 5 min), and then resuspended in 200 µL of PBS. Flow cytometry analysis was
performed using red fluorescence. A minimum of 10,000 cells were acquired per sample.

2.5. Cytotoxicity Assay

To determine the cytotoxic efficacy (i.e., the anticancer activity) of mitoxantrone associated with
its intracellular accumulation, we performed the Cell Counting Kit-8 assay (CCK-8 assay kit; Dojindo
Molecular Technologies, Kumamoto, Japan) following the manufacturer’s instructions. HeLa cells (at
a density of 1 × 104 cells per well) were seeded and cultured overnight in 96-well plates. Then, the
medium was replaced with fresh medium containing the test drugs (mitoxantrone alone, mitoxantrone
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with 1 µM or 100 µM quercetin); the antiproliferation potential was examined at different drug
concentrations after 24 h of incubation [28]. Additionally, 1 µM Ko143 was used as a positive control
for BCRP inhibition. The absorbance was measured at a wavelength of 450 nm using a microplate
reader (BioTeK, Highland Park, WI, USA).

2.6. Bi-Directional Transport Study

For the evaluation of the in vitro inhibitory potential of human BCRP by quercetin, the
basolateral-to-apical (B-to-A) and apical-to-basolateral (A-to-B) permeability coefficients (Papp) of
prazosin (the stereotypical substrate of BCRP) were determined in BCRP-overexpressing MDCKII
cells in the presence of various concentrations of quercetin. Briefly, MDCKII cells were seeded on
Transwell® filters (12 mm diameter, 0.4 µm pore size; Corning, NY, USA) at a density of 0.5 × 106

cells·mL−1 and then cultured for 5 days before being used in the transport assays. The confluence and
integrity of the tight junctions were confirmed via microscopic observations as well as the measurement
of transepithelial resistance [29]. The cells were washed twice and pre-incubated with transport buffer
(9.7 g/L Hanks’ balanced salt solution, 2.38 g/L HEPES, and 0.35 g/L sodium bicarbonate, pH adjusted
to 7.4) for 30 min at 37 ◦C. Transport was initiated by adding transport buffer containing 10 µM
prazosin in the presence or absence of quercetin (in a final concentration range of 0.1–300 µM) to the
donor compartment (500 µL for the apical chamber or 1.5 mL for the basolateral chamber), followed by
incubation at 37 ◦C for 120 min. At the end of the incubation, aliquots (300 µL for the apical chamber
and 500 µL for the basolateral chamber) of the incubation mixture were collected from the donor and
receiver chambers and subjected to LC-MS/MS assays.

2.7. Experimental Animals

Eight male Sprague-Dawley rats weighing 230–270 g (Orient Bio Inc., Seongnam, Korea) were used
in the in vivo studies. The experimental protocols involving animals were reviewed and approved by
the Seoul National University Institutional Animal Care and Use Committee, according to the National
Institutes of Health Principles of Laboratory Animal Care (publication number 85-23, revised in 1985).
The animal protocol number was SNU-180521-4; this protocol was approved on 9 October 2018.

2.8. Oral Pharmacokinetic Study in Rats

To determine whether quercetin affects the intestinal efflux mediated by BCRP, we divided the male
rats into two groups: A sulfasalazine (a substrate of BCRP) control group and a quercetin pretreatment
plus sulfasalazine group (n = 4, each). Considering the similar expression levels of intestinal BCRP
between male and female rats, male rats were used in this study [30,31]. Briefly, overnight fasted male
SD rats were anesthetized by intramuscular administration of 50 mg/kg tiletamine HCl/zolazepam HCl
(Zoletil®) (Vibrac, TX, USA) and 10 mg/kg xylazine HCl (Rompun®, Bayer, Puteaux, France). While
the rats were anesthetized, the femoral artery (for blood sampling) and vein (for supplementing body
fluids) were catheterized using polyethylene tubing (PE 50; Clay Adams, Parsippany, NJ, USA). Upon
recovery from anesthesia (i.e., after 4 h), quercetin was administered by oral gavage at 10 mg/kg (or
0 mg/kg in the case of the sulfasalazine control group; DMSO/polyethylene glycol 400/saline [1:4:5
(v/v/v)]). The pretreatment dose of quercetin was determined based on the compound solubility in
the dosing vehicle and the likely daily dose of human dietary supplement. Fifteen minutes after
the pretreatment, a dosing solution containing sulfasalazine at 2 mg/kg was administered by oral
gavage. Blood samples (150 µL) were collected at 5, 15, 30, 60, 120, 240, 360, and 480 min after the
sulfasalazine administration. Immediately after each blood collection, an identical volume of saline
was intravenously provided to the animal to compensate for fluid loss. To prevent blood clotting
during blood collection, the cannula was filled with 25 IU/mL heparinized saline. The plasma fraction
was separated from the blood samples by centrifugation (16,100 × g for 5 min at 4 ◦C) and stored at
−80 ◦C until the LC-MS/MS assay.
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2.9. Quantification Using LC-MS/MS

Chromatographic quantification of sulfasalazine and prazosin was carried out using an LC-tandem
mass spectrometry (LC-MS/MS) system equipped with a Waters e2695 high-performance liquid
chromatography system (Milford, MA, USA) and an API 3200 QTRAP mass spectrometer (Applied
Biosystems, Foster City, CA, USA). Briefly, an aliquot (50 µL) of a sample was vortex-mixed with
an acetonitrile solution containing glipizide (300 ng/mL, internal standard); this was followed by
centrifugation (16,100 × g for 5 min at 4 ◦C). An aliquot (5 µL) of the supernatant was directly
injected into the LC-MS/MS system. Separations were carried out using a gradient of 0.1% formic
acid in acetonitrile and 0.1% formic acid in water at a flow rate of 0.7 mL/min using a reversed-phase
high-performance LC column (Agilent Poroshell 120, EC-C18 2.7 µm, 4.6 × 50 mm). The following
transitions were used for analyte detection: m/z 399.0→ m/z 380.8 for sulfasalazine and m/z 384.1→ m/z

95.0 for prazosin. For the internal standard glipizide, the transition m/z 445.8→ m/z 320.9 was used.
The limits of quantification were 10 ng/mL for sulfasalazine and 50 nM for prazosin.

2.10. Data Analysis

2.10.1. In Vitro Kinetic Analysis

The apparent permeability coefficient (Papp) of prazosin was estimated using the following
equation (Equation (1)):

Papp =
1
A
×

1
C0
×

dQ

dt
(1)

where dQ/dt, A, and C0 represent the transport rate, the surface area of the insert, and the initial
concentration of the compound in the donor compartment, respectively. The efflux ratio (ER) was
calculated by dividing the B-to-A apparent permeability coefficient (Papp, B-to-A) by the A-to-B apparent
permeability coefficient (Papp, A-to-B). In the inhibition studies, the percentage of the control efflux ratio
(%ER) was also calculated by dividing the value for ER in the presence of the inhibitor by that in the
absence of the inhibitor (i.e., in the control). When necessary, the half maximal inhibitory concentration
(IC50) was determined by nonlinear regression analysis using WinNonlin Professional 5.0.1 software
(Pharsight Corporation, Mountain View, CA, USA) and the following equation (Equation (2)):

V = Vmax − (Vmax −V0) ×

[

[I]n

[I]n + (IC50)
n

]

(2)

where V, Vmax, V0, [I], and n represent the rate of transport in the presence of the inhibitor, the maximal
rate of transport, the basal rate of transport, the concentration of the inhibitor, and the Hill coefficient,
respectively. When it was necessary to convert the IC50 to the inhibitory constant (Ki), the following
equation (Equation (3)) [32] was used under the assumption that competitive inhibition existed between
the substrate and the inhibitor:

Ki =
IC50

1 + [S]
Km

(3)

where [S] is the concentration of the substrate and Km represents the Michaelis–Menten constant.

2.10.2. Non-Compartmental Pharmacokinetic Analysis

Standard non-compartmental pharmacokinetic analysis was carried out using WinNonlin
Professional 5.0.1 software (Pharsight, Cary, NC, USA) to calculate the pharmacokinetic parameters,
including the peak concentration (Cmax), time of the peak concentration (tmax), elimination half-life
(t1/2), area under the plasma concentration–time curve from time zero to the last sampling point, 8 h
(AUC8h), and elimination clearance (CL/F).
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2.11. Statistical Analysis

For the comparison of means among the groups, one-way ANOVA (analysis of variance; for
cytotoxicity and bi-directional transport studies) followed by Tukey’s post hoc test were used. In these
in vitro studies, a value of p < 0.05 was considered statistically significant. For the comparison of
means between the groups for in vivo studies, the two-tailed/unpaired Student’s t-test was used and a
value of p < 0.05 with a statistical power more than 0.8 (Minitab 19.2, Minitab Inc., State College, PA,
USA) was considered statistically significant.

3. Results

3.1. FACS-Cellular Accumulation Study

The expression of BCRP in Hela cells was confirmed by RT-PCR and compared with other cells,
which were known to express high (Caco-2 and MCF-7) or low (SW620) levels of BCRP (Supplementary
Figure S1) [33,34]. In the FACS-cellular accumulation study, the potential of quercetin to inhibit BCRP
was first investigated by observing the cellular uptake of mitoxantrone (MX). The cellular uptake of
MX with or without quercetin was analyzed by flow cytometry. The fluorescence intensity of a single
cell measured by flow cytometry can be a good indication of the amount of MX internalized by each
cell. As shown in Figure 2A, the peak fluorescence intensity of MX uptake was shifted to a higher
level when MX was co-administered with quercetin, suggesting the promotion of MX internalization
in HeLa cells. In the MX single treatment group, the percentage of cells with a significant uptake of
MX was higher by 17.2% at 4 h of treatment and 27.1% at 6 h of treatment than at 2 h of treatment
with MX alone as a control. In contrast, the cellular uptake of MX in the presence of quercetin was
considerably higher by 30.2% at 4 h of treatment and 35.9% at 6 h of treatment (co-treatment with
1 µM quercetin) and by 45.3% at 4 h of treatment and 67.4% at 6 h of treatment (co-treatment with
100 µM quercetin) than at 2 h of treatment with MX alone. We also tested the internalization of MX
when co-administered with 1 µM Ko143, a BCRP inhibitor. The results showed a considerably high
number of cells that internalized MX when 1 µM Ko143 was co-administered with MX (Figure 2B).
Thus, quercetin significantly promoted the cellular uptake of MX in HeLa cells likely via the inhibition
of BCRP-mediated efflux.
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Figure 2. Representative histogram of mitoxantrone (MX) uptake in HeLa cells. (A) Flow cytometry
measurement of MX fluorescence in HeLa cells incubated with MX alone (green line) or MX with 1
(red line) or 100 µM quercetin (blue line) for 2, 4, and 6 h. (B) Flow cytometry measurement of MX
fluorescence in HeLa cells incubated with MX alone (green) or MX with 1 µM Ko143, a specific breast
cancer resistance protein (BCRP) inhibitor (purple line), for 2, 4, and 6 h.
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3.2. Cytotoxicity of Mitoxantrone in the Presence of Quercetin

To further confirm the effect of quercetin on the reversal of BCRP-mediated chemoresistance in HeLa
cells, we examined the cytotoxicity (i.e., anticancer activity) of mitoxantrone in the absence and presence
(1 or 100µM) of quercetin. In this study, CCK-8 was used for the examination of mitoxantrone-associated
cytotoxicity. As shown in Figure 3, mitoxantrone displayed concentration-dependent cytotoxicity in
HeLa cells, which was further boosted in the presence of 1 µM Ko143, a stereotypical BCRP inhibitor.
Likewise, the presence of 1 or 100 µM quercetin effectively enhanced the cytotoxicity associated with
mitoxantrone as the IC50 decreased to 19.3% (1.13 µM) or 8.2% (0.478 µM), respectively, which differed
from that observed with mitoxantrone alone (5.83 µM; Figure 3A). In addition, the cytotoxicity of
quercetin alone without mitoxantrone was also examined. Treatment with 100 µM quercetin alone led
to no significant changes in cell viability in comparison with the control (0.1% DMSO), demonstrating
that the increased cytotoxicity observed in mitoxantrone-treated cells was not likely associated with
the toxicity of quercetin (Supplementary Figure S2).
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Figure 3. Effect of co-incubation of mitoxantrone (MX) with (A) quercetin (1 or 100 µM) and (B) Ko143
(1 µM) on the cell viability of HeLa cells. The Cell Counting Kit-8 (CCK-8) assay was used to determine
the cytotoxicity associated with the cellular accumulation of MX after 24 h of incubation. Asterisks
indicate statistical differences (* p < 0.05; ** p < 0.01; and *** p < 0.001) from the control group (i.e.,
without the quercetin or Ko143) according to one-way ANOVA, followed by Tukey’s post hoc test.
Data are presented as the mean ± SD of quintuplicate runs.

3.3. Bi-Directional Transport Study in MDCKII/BCRP Cells

We performed bi-directional transport studies in MDCKII cells expressing human BCRP
(MDCKII/BCRP) to investigate the in vitro inhibitory potency of quercetin against BCRP in a
concentration-dependent manner. Co-incubation with quercetin increased the Papp, A-to-B of prazosin
(Figure 4A) while simultaneously decreasing the Papp, B-to-A (Figure 4B) with an increasing concentration
of quercetin, leading to a concentration-dependent decrease in the overall ER (Figure 4C). Additionally,
the functional expression of the efflux transporter in MDCKII/BCRP cells was also confirmed in this
study, with an ER of 5.4 for prazosin (the stereotypical substrate of BCRP [27,35,36]), which decreased
to 0.9 in the presence of the known inhibitor Ko143 (Figure 5C). Notably, the inhibitory effect of 10 µM
quercetin on the B-to-A transport and efflux ratio was comparable to 1 µM Ko143 (Figure 5; p > 0.05). At
quercetin concentrations higher than 10 µM, the ERs were less than 1.2, indicating the nearly complete
inhibition of prazosin efflux (the complete inhibition of efflux would theoretically result in an ER of
~1, Figure 5). Kinetic analysis of the transport process yielded an estimated IC50 value of 4.22 µM for
quercetin. Assuming the mechanism of inhibition to be competitive, the inhibitory constant (Ki) value
was then estimated to be 3.91 µM using the Km value of 128 µM [27] for prazosin.
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Figure 4. Bi-directional transport of prazosin in BCRP-overexpressing Madin-Darby Canine Kidney-II
(MDCKII/BCRP) cells under various concentrations of quercetin (0.1–300 µM). (A) Apical-to-basolateral
apparent permeability coefficient (Papp, A-to-B) and (B) basolateral-to-apical apparent permeability
coefficient (Papp, B-to-A) of prazosin. (C) The percentage of the control efflux ratio (%ER, compared to
the value without inhibitor) is shown together with the best-fit values generated from the nonlinear
regression analysis based on Equation (2). Asterisks indicate statistical differences (* p < 0.05; ** p < 0.01;
and *** p < 0.001) from the control (i.e., without quercetin) according to one-way ANOVA, followed by
Tukey’s post hoc test. Data are presented as the mean ± SD of triplicate runs. Data are presented as the
mean ± SD of triplicate runs.
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Figure 5. Effect of 10 µM quercetin or 1 µM Ko143 on the apparent permeability coefficient and
efflux ratio of prazosin, a BCRP substrate, in MDCKII/BCRP cells. (A) Apical-to-basolateral apparent
permeability coefficient (Papp, A-to-B), (B) basolateral-to-apical apparent permeability coefficient (Papp,

B-to-A), and (C) efflux ratios of prazosin in the absence of inhibitor (i.e., the control) or in the presence
of quercetin (10 µM) or Ko143 (the standard inhibitor of BCRP; 1 µM). Asterisks indicate statistical
differences (* p < 0.05; ** p < 0.01; and *** p < 0.001) from the control group (i.e., without the inhibitor)
according to one-way ANOVA, followed by Tukey’s post hoc test. Data are presented as the mean ±
SD of triplicate runs.

3.4. Oral Pharmacokinetic Study in Rats with or without Quercetin

To investigate the possible pharmacokinetic impact of quercetin as a BCRP inhibitor, we performed
an oral pharmacokinetic study with sulfasalazine, a BCRP substrate, in rats. In this study, the change
in the plasma concentration of sulfasalazine was used as an indicator of the in vivo interaction of
BCRP with quercetin. To our knowledge, sulfasalazine has only limited interactions with other efflux
transporters, including P-gp and MRP2 [34], whereas prazosin (the substrate used in the bi-directional
transport study) is a dual substrate of P-gp and BCRP in vivo [37]. Thus, sulfasalazine is considered
a relatively selective in vivo probe substrate of BCRP [25,26]. The mean plasma concentration–time
profiles following the oral administration of 2 mg/kg sulfasalazine with or without pretreatment with
10 mg/kg quercetin in rats are shown in Figure 6. The pharmacokinetic parameters, as estimated using
non-compartmental analysis, are summarized in Table 1. The plasma AUC8h of sulfasalazine with or
without quercetin pretreatment was 44.5 ± 11.8 min·µg/mL and 25.7 ± 9.98 min·µg/mL, respectively;
this value was higher by 1.8-fold in the quercetin pretreatment group than in the control group, but it
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was not significantly different (p < 0.05, power < 0.8). More importantly, the Cmax was significantly
higher by 1.5-fold (p < 0.05, power > 0.8) in the quercetin pretreatment group (179 ± 23.0 ng/mL) than
in the control group (i.e., 122 ± 23.2 ng/mL), whereas there was no significant change in the elimination
half-life (t1/2) of sulfasalazine. Collectively, these results suggest that pretreatment with quercetin led
to the increased oral absorption of sulfasalazine in vivo.

 

∙μ
∙μ

●
■

∙

Figure 6. Temporal profiles of orally administered sulfasalazine (2 mg/kg) with or without
the pre-administration of quercetin (10 mg/kg). Key: Control (•; without quercetin), quercetin
pre-administration (�). Asterisks indicate statistical differences from the control (i.e., without quercetin)
according to a two-tailed/unpaired Student’s t-test (* p < 0.05, power > 0.8). Data are expressed as the
mean ± SD of quadruplicate runs.

Table 1. Pharmacokinetic parameters of sulfasalazine after its oral administration (2 mg/kg dose) with
and without pretreatment with quercetin (10 mg/kg) in rats. Data are expressed as the mean ± SD
(n = 4 per group).

Parameter Control
Pre-Administration Group

(10 mg/kg Quercetin)

t1/2 (min) 383 ± 111 242 ± 80.7
tmax (min) 30 ± 0 22.5 ± 8.70

Cmax (ng/mL) 122 ± 23.2 179 ± 23.0 *
AUC8h(min·ng/mL) 25700 ± 9980 44500 ± 11800
CL/F (mL/min/kg) 52.5 ± 33.5 33.2 ± 10.2

* significantly different from the control (i.e., without the pre-administration of quercetin) (p < 0.05, power > 0.8).

4. Discussion

Increasing lines of evidence from animal and human studies regarding food–drug interactions
have indicated that a wide range of flavonoids can interact with ABC transporters, thereby leading to
overexposure or underexposure of clinically important substrate drugs [13]. However, the accurate
prediction of such interactions has been found to be difficult owing to limited in vitro data. The
objective of this study was to investigate the inhibitory potential of quercetin against BCRP in vitro and
in vivo. This study, which integrated the in vitro and in vivo effects of quercetin, was indeed necessary
because a thorough understanding of the pharmacokinetic influence of this flavonoid is needed because
of its high dietary intake as well as the lack of clear corresponding pharmacokinetic data.

Here, we demonstrated that the presence of quercetin can effectively enhance the cellular
accumulation and associated cytotoxicity of mitoxantrone in HeLa cells (Figures 2 and 3), consistent
with previous reports [38]. In the current study, the efficacy of quercetin as a BCRP inhibitor was
quantitively demonstrated via a significant reduction in the IC50 of mitoxantrone even in the presence
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of quercetin at a concentration as low as 1 µM (i.e., it decreased to 19.3% of the control value; from 5.83
to 1.13 µM). When the concentration of quercetin increased to 100 µM, the IC50 of mitoxantrone was
further decreased (i.e., to 8.23% of the control value; 0.48 µM), similar to that in the presence of Ko143
(i.e., 0.62 µM), a stereotypical BCRP inhibitor. In addition, pharmacokinetically relevant parameters
were obtained in a bi-directional transport study using MDCKII/BCRP cells, where the IC50 values
of quercetin for the inhibition of BCRP-mediated efflux were estimated to be 4.22 µM. Assuming the
mechanism of inhibition to be competitive, the IC50 value was further transformed to a Ki value of
3.91 µM, using the Km value of 128 µM [27] for prazosin. The values obtained in the bi-directional
transport studies were comparable to those previously observed in MCF-7/MX and MDCKII/BCRP
cells using Hoechst 33342 accumulation (IC50 values of 7.6 and 6.9 µM, respectively) [21]. In both
assays, it was shown that while quercetin is a less potent inhibitor compared to Ko143, it can show a
similar inhibitory effect compared to 1 µM Ko143 in higher concentrations (Figures 3 and 5).

The US Food and Drug Administration recommends that orally administered compounds with an
[Igut] value (the maximal gastrointestinal concentration; defined as the dose divided by 250 mL) divided
by the Ki value greater than 10 be evaluated for potential in vivo interactions [36]. For quercetin, the
estimated [Igut] value (662 µM, assuming a dietary quercetin intake of 50 mg/day) or even the estimated
intestinal concentration (86.2 µM, when the intestinal fluid volume is assumed to be 1.92 L [39]) divided
by the Ki (3.91 µM) value is far greater than 10. Thus, although the bioavailability of quercetin is
somewhat low [40] and the daily dietary intake reportedly results in sub-micromolar concentrations in
circulation [3], the substantially higher concentration in the gut is likely to result in the inhibition of
intestinal BCRP and thereby an increase in the intestinal absorption of BCRP transporter substrates.

Consequently, the in vivo inhibitory potency of quercetin was further assessed to clarify its
interaction with intestinal BCRP. In this study, the pharmacokinetic profile of orally administered
sulfasalazine was used as an indicator of any alterations in intestinal BCRP activity. While sulfasalazine
has been reported to be effluxed by P-gp and MRP2 to a low extent, previous studies have consistently
demonstrated that the intestinal absorption of the compound following its oral administration was
essentially unaffected in P-gp- or MRP2-knockout rats in contrast to the significantly higher AUC8h

and Cmax values observed in BCRP-knockout rats [24], strongly suggesting that sulfasalazine is a
good probe for observing intestinal BCRP activity. In this study, higher AUC8h and Cmax values of
sulfasalazine (1.8-fold (p < 0.05, power < 0.8) and 1.5-fold (p < 0.05, power > 0.8), respectively) were
observed in the presence of 10 mg/kg quercetin than in its absence (Table 1). The increased absorption
in the presence of quercetin is clearly significant, but the degree is somewhat lower than that expected
considering the approximately 20-fold increase observed in knockout rats [24] and, especially, the
low Ki value of the flavonoid obtained in the current study. One possible reason for this discrepancy
might be the rapid conjugation of quercetin to quercetin-3-glucuronide that occurs in the small
intestine [20]. Once quercetin enters the intestinal cells by passive diffusion or uptake by the uptake
transporters, it is subjected to glucuronidation by a UDP-glucuronosyltransferase present in both rat
and human intestines [41–43], which results in the rapid clearance of quercetin from sites adjacent to
the efflux transporter. Indeed, the oral bioavailability of quercetin was only 5.3% and the Cmax value
was the sub-micromolar range (i.e., 0.21 µg/mL) following 10 mg/kg oral administration to rats [44].
Another possibility that might result in relatively limited alterations in sulfasalazine absorption is
the involvement of OATP2B1 in the intestinal absorption of sulfasalazine [25]. Sulfasalazine is a
high-affinity substrate of OATP2B1 [25,45], whereas quercetin has been reported to be an inhibitor
of OATP2B1 [46]. Therefore, the relatively low increase in sulfasalazine exposure in the presence
of quercetin may be attributed to complex interactions between the simultaneous inhibition of the
efflux by BCRP and the uptake by OATP2B1. In addition, considering that we only observed a single
dosing of quercetin on the sulfasalazine pharmacokinetics, further studies regarding multiple dosing
of quercetin are likely needed.

In a previous study by Zhang et al., an apparent discrepancy between the in vitro and in vivo
inhibition of BCRP by the flavonoids chrysin and 7,8-benzoflavone was reported. In their investigation,
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the flavonoids were demonstrated to be potent inhibitors of human BCRP but weak inhibitors of
mouse BCRP [23]; one possible explanation for this discrepancy may be species differences between the
human and rodent transporters. Although a further study regarding food–drug interaction is required
in humans, this may also be true for quercetin, in which case the clinical impact of the modulation
of BCRP activity in humans may be much greater than that estimated from pharmacokinetic studies
performed in rats.

5. Conclusions

The in vitro and in vivo inhibitory potencies of quercetin against BCRP were examined focusing
on functional and/or kinetic aspects. Quercetin significantly increased the cellular accumulation and
associated cytotoxicity of mitoxantrone in HeLa cells in a concentration-dependent manner. The
transcellular efflux of prazosin was significantly reduced in the presence of quercetin as observed in a
bi-directional transport assay using MDCKII/BCRP cells. These modulations in BCRP activity were
consistent with the in vivo results, where pretreatment with quercetin led to not very dramatically
different but still significantly higher intestinal absorption of sulfasalazine compared to that in the control
group. Collectively, these results provide evidence that quercetin acts as a potent inhibitor of BCRP
both in vitro and in vivo. Considering the high dietary intake of quercetin as well as its consumption
as a dietary supplement, careful attention should be paid to potential flavonoid–drug interactions.
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Abstract: Since diabetes mellitus and osteoarthritis are highly prevalent diseases, combinations of
antidiabetic agents like repaglinide (REP) and non-steroidal anti-inflammatory drugs (NSAID) like
celecoxib (CEL) could be commonly used in clinical practice. In this study, a simple and sensitive
bioanalytical HPLC method combined with fluorescence detector (HPLC-FL) was developed and fully
validated for simultaneous quantification of REP and CEL. A simple protein precipitation procedure
and reversed C18 column with an isocratic mobile phase (mixture of ACN and pH 6.0 phosphate
buffer) were employed for sample preparation and chromatographic separation. The fluorescence
detector was set at a single excitation/emission wavelength pair of 240 nm/380 nm. The linearity
(10–2000 ng/mL), accuracy, precision, extraction recovery, matrix effect, and stability for this method
were validated as per the current FDA guidance. The bioanalytical method was applied to study
pharmacokinetic interactions between REP and CEL in vivo, successfully showing that concurrent
administration with oral REP significantly altered the pharmacokinetics of oral CEL. Furthermore, an
in vitro metabolism and protein binding study using human materials highlighted the possibility of
metabolism-based interactions between CEL and REP in clinical settings.

Keywords: celecoxib; drug–drug interaction; fluorescence; HPLC; metabolism; repaglinide

1. Introduction

Arthritis and diabetes mellitus are highly prevalent diseases with a total of over 350 million
patients worldwide [1,2]. The most common types of arthritis and diabetes mellitus are osteoarthritis
(OA) and type 2 diabetes mellitus (T2DM), respectively [3]. OA affects 14% of adults aged ≥25 years,
and 34% of these patients are aged >65 years [4]; similarly, T2DM affects 12% of adults aged ≥20 years,
and 26% of these are aged >65 years [5]. A recent survey estimated that the prevalence of OA was
higher in individuals with T2DM than in those without T2DM [6]. Thus, T2DM is generally recognized
as a comorbidity of arthritis [7], while some previous studies have focused on diabetes as a risk factor
of arthritis [8,9]. Anyway, it is evident that T2DM is closely associated with an increased incidence and
prevalence of OA, though the reasons remain unclear.
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Repaglinide (REP), as shown in Figure 1, is a short-acting oral antidiabetic drug belonging to the
class of meglitinides and is used to lower postprandial blood glucose levels in T2DM patients [10].
It stimulates insulin release from the pancreas, depending on the residual function of β-cells in the
pancreatic islets [11]. REP is eliminated primarily by CYP2C8- and CYP3A4-mediated oxidative
metabolism [12]. Systemic exposure to REP has been reported to be altered by co-administration of
trimethoprim (inhibitor of CYP2C8) [13], itraconazole (inhibitor of CYP3A4) [14], or rifampicin (inducer
of CYP3A4) [11]. Celecoxib (CEL), as shown in Figure 1, is a cyclooxygenase-2 (COX-2) selective
non-steroidal anti-inflammatory drug (NSAID) and is used to treat pain and inflammation associated
with OA and rheumatoid arthritis (RA) [15]. Because gastrointestinal mucosal integrity is compromised
by COX-1 inhibition, traditional nonselective NSAIDs such as aspirin, ibuprofen, and indomethacin
that inhibit both COX-1 and COX-2 may cause serious side effects in the gastrointestinal tract [16].
Thus, CEL exhibits distinctly reduced gastrointestinal toxicity as compared to conventional NSAIDs,
thereby becoming a blockbuster drug for treating OA and RA [17]. CEL is eliminated primarily by
extensive metabolism through methyl hydroxylation to form hydroxycelecoxib, which is catalyzed by
CYP2C9 and CYP3A4 [18].
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Figure 1. Chemical structures of repaglinide, celecoxib, and ketoconazole (internal standard, IS).

Because T2DM frequently co-exists with OA, there is a possibility of concurrent administration of
REP and CEL. Hence, a bioanalytical method of simultaneous determination of REP and CEL could be
useful and efficient for further pharmaceutical development and therapeutic optimization. To date,
several bioanalytical methods have been developed and validated for quantitative determination of REP
or CEL individually using HPLC with UV/Vis detection [19–23] or using liquid chromatography with
tandem mass spectrometry (LC-MS/MS) systems [24–26]. However, these methods are associated with a
few limitations, such as an insufficient sensitivity, relatively large sample volume, and/or time-consuming
liquid–liquid extraction procedures with volatile solvents that are potentially hazardous to health.
Moreover, LC-MS/MS methods require relatively complex and/or expensive instrumentation, which
may not be affordable for small-sized laboratories and companies in resource-limited settings. To the
best of our knowledge, there have been no reported methods of simultaneous quantification of REP and
CEL in biological samples using HPLC coupled with a fluorescence detector (HPLC-FL). Furthermore, a
previous in vitro study reported that CEL inhibited REP metabolism in pooled human liver microsomes
(HLM) with a Ki of 3.1 µM [27]. This suggests the possibility of pharmacokinetic drug interaction
between REP and CEL, but no information is currently available regarding this issue. Therefore, further
investigation of the pharmacokinetic drug interaction between REP and CEL is necessary to prevent
adverse effects in the use of these drugs.
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In the current study, a sensitive and simple HPLC-FL method was developed and fully validated
for simultaneous quantification of REP and CEL in rat plasma. The linearity, sensitivity, precision,
accuracy, recovery, matrix effect, and stability of this HPLC-FL method were determined. Next, the
potential for the pharmacokinetic drug interactions between REP and CEL was investigated in vivo
using Sprague-Dawley rats and in vitro using rat liver microsomes (RLM) and HLM.

2. Materials and Methods

2.1. Materials

CEL (purity ≥98%), ketoconazole (as internal standard [IS]; purity ≥98%), as shown in Figure 1,
and REP (purity >98%) were purchased from Tokyo Chemical Industry Co. (Tokyo, Japan). DMSO,
ethanol, potassium phosphate monobasic/dibasic, and polyethylene glycol 400 were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). β-nicotinamide adenine dinucleotide phosphate (NADPH),
HLM, and RLM were purchased from BD-Genetech (Woburn, MA, USA). ACN and methanol of HPLC
grade were purchased from Thermo Fisher Scientific, Inc. (Waltham, MA, USA).

2.2. Animals

Male Sprague-Dawley rats (nine-week-old; approximately 300 g) were purchased from Samtako
Bio Korea Co. (Gyeonggi-do, Korea). They were kept in a clean room of the Laboratory Animal Center
of Pusan National University (Busan, Korea) at a relative humidity of 50 ± 5% and temperature of
20–23 ◦C with 12 h dark (19:00–07:00) and light (07:00–19:00) cycles. They were housed in metabolic
cages (Tecniplast USA Inc., West Chester, PA, USA) with tap water and standard chow diet (Agribrands
Purina Canada Inc., Levis, QC, Canada) provided ad libitum. The present animal study protocols
were approved by the Pusan National University-Institutional Animal Care and Use Committee
(PNU-IACUC, Busan, South Korea) for ethical procedures and scientific care (approval number:
PNU-2018-1848; approval date: 01/05/2018).

2.3. Calibration Standards and Quality Control Samples

Stock solutions of REP, CEL, and IS (1000 µg/mL in DMSO) were prepared. The stock solutions
of the mixture of REP and CEL were diluted with mobile phase for the preparation of working
standard solutions with concentrations ranging from 1 to 200 µg/mL. The working solution of IS
(final concentration of 5 µg/mL in ACN) was prepared by diluting the stock solution of IS with ACN.
Calibration standard samples were prepared by spiking blank rat plasma with each working solution,
yielding final plasma concentrations of 10, 20, 50, 100, 200, 500, 1000, and 2000 ng/mL. Quality control
(QC) samples were prepared from separate stocks of REP and CEL in an identical manner to the
preparation of calibration standards. The concentration levels of QC samples were 10 (lower limit of
quantification; LLOQ), 30 (low; LQC), 120 (middle; MQC), and 1200 ng/mL (high; HQC).

2.4. Sample Preparation

For deproteinization, 400 µL ice-cold ACN containing IS (50 ng/mL) was added to 120 µL plasma
samples. The resultant mixture was vortex-mixed for 5 min, followed by centrifugation at 15,000× g

for 5 min. Next, 400 µL supernatant was transferred to another microtube and dried by N2 gas
stream. For reconstitution, 60 µL mobile phase was added to the resultant residue, and after sufficient
vortex-mixing, 20 µL finally prepared sample solution was injected to the HPLC system.

2.5. Chromatographic Conditions

In this study, we used a Shimadzu HPLC system (Shimadzu Co., Kyoto, Japan) equipped with
a fluorescence detector (RF-20A), column oven (CTO-20A), autosampler (SIL-20AC), and pump
(LC-20AT). A Kinetex C18 column (250 × 4.6 mm, 5 µm, 100 Å; Phenomenex, Torrance, CA, USA)
protected by a C18 guard column (SecurityGuard HPLC Cartridge System; Phenomenex) at 40 ◦C was
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used for chromatographic separation. Isocratic elution of mobile phase consisting of 10 mM phosphate
buffer (pH 6.0) and ACN (53.6:46.4, v/v) was performed at a flow rate of 1 mL/min. The injection
volume and total run time were 20 µL and 23 min, respectively. The fluorescence excitation and
emission wavelengths for REP, CEL, and IS were 240 and 380 nm, respectively.

2.6. Method Validation

This new bioanalytical method for simultaneous determination of REP and CEL was validated
based on the US-FDA guidelines [28]. The selectivity was assessed based on the comparison among
chromatograms of REP, CEL, and IS in blank rat plasma; blank rat plasma spiked with REP, CEL, and
IS; and rat plasma sample obtained from a pharmacokinetic study in rats. The presence of endogenous
interferences at the acquisition windows of the analytes was examined.

The linearity was determined by the addition of increasing amounts of REP and CEL to a blank
biological matrix. Calibration curves (n = 5) were constructed by plotting the peak area ratios of
analytes to IS (y-axis) versus the concentration ratios of REP and CEL (10–2000 ng/mL) to IS (50 ng/mL)
in plasma (x-axis), and linear regression analysis was conducted using the least squares method with a
weighting factor of 1/x (x = concentration). The sensitivity was assessed based on LLOQ, defined as
the lowest quantifiable concentration levels of REP and CEL in calibration curves (signal-to-noise [S/N]
ratio of more than 5). REP and CEL peaks at the LLOQ level should be identifiable, reproducible, and
discrete with acceptable accuracy (within 80–120%) and precision (<20%).

The precision and accuracy were estimated by comparison between the measured concentrations
and their respective nominal concentrations in the QC samples, which were prepared as five separate
sets on one day (intra-day) and five different days (inter-day). Precision was expressed as a coefficient
of variation (CV) of the mean values of the measured concentration. Accuracy was expressed as a
relative error between the measured and nominal concentrations. They were determined with plasma
samples spiked with REP and CEL at the four different QC levels in five replicates.

The extraction recovery and matrix effect were determined by comparison among the analytical
signals (peak area) obtained from (A) the extracted sample, (B) the post-extracted spiked sample
(extracts of blanks spiked with the analyte post extraction), and (C) non-extracted neat sample (diluted
stock solution). The recovery was calculated as ‘A/B × 100’, and the matrix effect was calculated as
‘B/C × 100’. Five replicates were assessed at the four different QC levels.

The stability was assessed by comparison of the analytical signals (peak area) obtained from plasma
samples exposed to various handling and storage conditions with those obtained from plasma samples.
Bench-top stability was determined by exposing spiked plasma samples to room temperature for 180 min.
Freeze–thaw stability was determined by exposing spiked plasma samples to freeze–thaw cycles (from
−20 ◦C to room temperature) three times on consecutive days. Long-term stability was determined by
storing spiked plasma samples at −20 ◦C for 30 days. Autosampler stability (post-preparative stability)
was determined by exposing extracted plasma samples to 25 ◦C for 1 day in an autosampler. The stability
was determined at the four different QC levels.

2.7. In Vivo Pharmacokinetic Study in Rats

Rats were fasted for 12 h prior to the pharmacokinetic experiment and then anesthetized with
zoletil (intramuscular, 20 mg/kg). The femoral artery and vein of the rats were cannulated with a
polyethylene tube (BD Medical; Franklin Lakes, NJ, USA) at 240 min prior to drug dosing. A single
oral dose of REP alone (0.4 mg/kg), CEL alone (2 mg/kg), or REP and CEL at the same doses was
administered to the rats (n = 5 per group). Drugs were dissolved in a vehicle that is a clear mixture of
DMSO, ethanol, polyethylene glycol 400, and saline at a ratio of 1:5:30:64 (v/v/v/v). Approximately
300 µL aliquots of blood were collected in heparin pre-treated microcentrifuge tubes via the femoral
artery at 0, 10, 20, 30, 45, 60, 90, 120, 180, 240, 360, and 480 min after the oral dosing. Following
centrifugation of blood samples at 2000× g at 4 ◦C for 10 min, 120 µL aliquots of plasma were stored at
−80 ◦C until HPLC analysis.
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2.8. In Vitro Metabolism and Protein Binding Study

An in vitro microsomal metabolism study was conducted using Corning® GentestTM pooled
male RLM (from Sprague-Dawley rats) and HLM (from more than 5 male donors) as previously
described [29,30], with slight modifications and in accordance with the manufacturer’s protocol.
To assess the possibility of metabolic interaction between REP and CEL, a microsomal reaction mixture
was prepared as follows (total volume: 0.2 mL): RLM or HLM (0.5 mg/mL), 50 mM phosphate buffer,
1 mM NADPH, 10 mM MgCl2, 1 µM substrate, and various concentrations of inhibitor (1–100 µM).
The disappearance rates of REP (as a substrate) in the absence or presence of CEL (as an inhibitor),
and vice versa, were determined. At 0 and 15 min (REP) or 0 and 45 min (CEL) after starting the
metabolic reaction, a 50 µL aliquot of microsomal incubation mixture was sampled and transferred
into a clean 1.5 mL microcentrifuge tube containing 100 µL cold ACN containing IS (50 ng/mL) to stop
the metabolic reaction. After vortex mixing and centrifugation at 15,000× g for 10 min, a 100 µL aliquot
of the supernatant was stored at −80 ◦C until HPLC analysis.

The fractions of unbound REP and CEL (fu) in rat and human plasma were measured using the
rapid equilibrium dialysis (RED) device (Thermo Fisher Scientific, Inc.) as previously described [31].
The plasma was spiked with REP alone, CEL alone, and both drugs, yielding final concentration of
10 µM. A 0.2-mL spiked plasma was placed into the ‘sample’ chamber, and a 0.35 mL isotonic phosphate
buffered saline was placed into the adjacent ‘buffer’ chamber. The fraction unbound was calculated as
the ratio of the drug concentrations in the ‘buffer’ compartment to those in the ‘sample’ compartment.

2.9. Data Analysis

The IC50 of CEL for the inhibition of the metabolism of REP was determined by GraphPad Prism
5.01 (GraphPad Software, San Diego, CA, USA) according to the following Hill equation:

y = Min +
Max−Min

1 + ( x
IC50

)−P
.

Analytical data were acquired and processed using the LC Solution Software (Version 1.25; Shimadzu
Co.). Non-compartmental analysis was conducted to estimate pharmacokinetic parameters such as
total area under plasma concentration versus time curve from time zero to infinity (AUCinf), total area
under plasma concentration versus time curve from time zero to time of last sampling (AUClast), and
terminal half-life (t1/2) using the NCA200 and 201 models of WinNonlin software (Version 3.1; Certara
USA Inc., Princeton, NJ, USA) [32]. Peak plasma concentration (Cmax) and time to reach Cmax (Tmax)
were directly read from the observed data.

2.10. Statistical Analysis

A p-value below 0.05 was considered statistically significant by using t-test for comparison
between two unpaired means or by using analysis of variance (ANOVA) with post-hoc Tukey’s
honestly significant difference test for comparison among three unpaired means. Unless indicated
otherwise, all data except Tmax were expressed as mean ± standard deviation (median (ranges) for
Tmax). All data numbers were rounded to three significant figures.

3. Results and Discussion

3.1. Method Development

In this study, various chromatographic conditions were evaluated for sufficient sensitivity and
good separation of analytes from endogenous substances of biological matrix within an appropriate
run time. Several experiments were performed to choose suitable stationary phase, mobile phase,
sample preparation procedure, and IS.
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To choose a stationary phase, several types of HPLC columns including AccucoreTM HILIC LC
column (150 × 4.6 mm, 2.6 µm; Thermo Fisher Scientific, Waltham, MA, USA), XTerra Shield RP18
column (150 × 3.9 mm, 5 µm; Waters Co., Milford, MA, USA), and Kinetex® C8 and C18 columns
(250 × 4.6 mm, 5 µm; Phenomenex) were tested. Our analysis found that Kinetex® C18 column showed
higher peak resolution and intensity than other columns (data not shown). Therefore, Kinetex® C18
column was chosen as a stationary phase for the analytes.

The composition of mobile phase was optimized with different buffer types, such as citrate buffer
(pH 3–5) and phosphate buffer (pH 6–7), and various ACN contents. Changes in the pH of mobile
phase considerably influenced the peak retention times of REP (acidic compound) and endogenous
interferences; however, it exerted little influence on those of CEL and ketoconazole that are neutral
compounds. As a result, the mobile phase of pH 6.0 containing 46.4% ACN achieved good separation
from endogenous interference in plasma with acceptable peak resolution. Thus, we settled for this
mobile phase in developing the present HPLC-FL method.

Sample preparation was performed using a solvent precipitation-reconstitution method which
is an efficient and economical sample pretreatment procedure compared with a solid phase or
liquid–liquid extraction method. For optimization, several organic solvents, such as acetone, methanol,
trichloroacetic acid, ACN, and their mixtures, were evaluated. Among them, ACN yielded the lowest
matrix effect and highest recovery for analytes following centrifugation at 15,000× g for a relatively
short precipitation time of 5 min.

Several fluorescent compounds, such as diclofenac, diflunisal, doxorubicin, metoprolol, naproxen,
propranolol, and quinidine, were tested as a potential IS. However, these were unsuitable as IS,
due to poor separation from analytes and endogenous substances in biological matrix. As a result,
ketoconazole was finally chosen, because it exhibited good separation with acceptable retention time,
peak resolution, and fluorescence intensity at the same wavelength as REP and CEL.

3.2. Method Validation: Selectivity, Linearity, Sensitivity, Precision, and Accuracy

As shown in Figure 2, the analyte peaks were well separated from each other and from endogenous
matrix peaks in the blank plasma. Thus, it appears that the present bioanalytical method could offer
acceptable selectivity without endogenous interferences occurring at the retention times of the analytes.
The calibration curves (REP-to-IS or CEL-to-IS peak area ratio versus REP or CEL concentration,
respectively) for REP and CEL were observed to be linear from 10 to 2000 ng/mL in rat plasma samples.
A representative equation for the calibration curves was constructed, as follows: y = 1.018x − 3.029 for
REP and y = 2.093x − 0.723 for CEL, where y represents the ratio of the peak area of REP or CEL to that
of IS, and x represents the ratio of nominal concentration of REP or CEL. The correlation coefficients
(r2) were over 0.999, showing good linearity of this method. Generally, the sensitivity of a bioanalytical
method is represented by the LLOQ value, which, in the present study, was determined to be 10 ng/mL
for both REP and CEL. Moreover, the present method offered good sensitivity for CEL, with LLOQ
comparable to those reported by previous LC-MS/MS methods in human plasma (LLOQ: 5–10 ng/mL;
plasma volume: 100–200 µL) [25,26,33]. The intra- and inter-day precision and accuracy of this method
were determined for REP and CEL at the four different QC levels, as shown in Table 1. The precision
was estimated to be 8.30% or less, and the accuracy ranged from 98.6% to 112%. These values are within
a generally acceptable range, showing that the present method was precise, accurate, and reproducible.
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Figure 2. Representative chromatograms of repaglinide (REP), celecoxib (CEL), and ketoconazole (IS)
in rat plasma: blank rat plasma (A); blank rat plasma spiked with REP, CEL (10 ng/mL, lower limit of
quantification (LLOQ)), and IS (B); blank rat plasma spiked with REP, CEL (120 ng/mL, middle quality
control (MQC)), and IS (C); plasma sample collected 120 min after concurrent oral administration of
REP and CEL solution in rats, where calculated concentrations of REP and CEL were 53 and 968 ng/mL,
respectively (D). EU: emission unit.

Table 1. Intra- and inter-day precision and accuracy of REP and CEL in rat plasma (n = 5). HQC: high
quality control.

Nominal Concentration
(ng/mL)

Precision (%) Accuracy (%)

Intra-Day Inter-Day Intra-Day Inter-Day

Repaglinide (REP)

LLOQ (10) 2.69 6.21 112 101
LQC (30) 1.20 3.99 104 99.4

MQC (120) 1.16 0.70 102 101
HQC (1200) 0.79 1.43 99.2 99.8

Celecoxib (CEL)

LLOQ (10) 4.06 8.30 111 103
LQC (30) 0.79 2.15 104 103

MQC (120) 1.19 2.18 100 102
HQC (1200) 1.55 1.63 98.6 100

3.3. Method Validation: Recovery, Matrix Effect, and Stability

As shown in Table 2, we assessed the recovery and matrix effect of the method for REP and
CEL at the four different QC levels and for IS at 50 ng/mL. The mean recovery of REP and CEL
was observed to be 98.5–104% with CV values of ≤2.57%. There were no significant differences in
recovery values among the four different QC levels (p = 0.066 for REP and 0.502 for CEL), indicating
concentration-independent recovery for both drugs. The mean matrix effect for REP and CEL was
observed to be 92.1–102% with CV values of ≤5.25%. The stability was assessed under various handling
and storage conditions relevant to this HPLC-FL method. Bench-top stability, autosampler stability,
freeze–thaw stability, and long-term stability were determined for REP and CEL at the four different
QC levels. The extent of bias in the concentration was within ±15% of the corresponding nominal
value, while the remaining fraction of REP and CEL was observed to be 89.2–106% with CV values
of ≤6.04%, as shown in Table 3. These data clearly indicate that the sample preparation procedure
employed in the bioanalytical method proposed herein offered sufficient extraction recovery with
minimal matrix effect, and that REP and CEL remained stable under several conditions related to the
present bioanalytical procedures.
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Table 2. Recovery and matrix effect of REP, CEL, and IS in rat plasma (n = 5).

Nominal Concentration (ng/mL) Recovery (%) Matrix Effect (%)

Repaglinide (REP)

LLOQ (10) 98.5 ± 5.3 101 ± 6
LQC (30) 98.6 ± 1.1 102 ± 4

MQC (120) 103 ± 2 95.6 ± 3.0
HQC (1200) 101 ± 1 92.1 ± 2.5

Celecoxib (CEL)

LLOQ (10) 104 ± 3 97.6 ± 3.0
LQC (30) 102 ± 4 98.5 ± 3.5

MQC (120) 104 ± 2 93.8 ± 1.8
HQC (1200) 103 ± 2 90.7 ± 2.4

IS (Ketoconazole, 50) 96.7 ± 1.2 99.4 ± 1.3

Table 3. Stability (%) of REP and CEL in rat plasma (n = 5).

Nominal Concentration (ng/mL) Bench-Top a Autosampler b Freeze-Thaw c Long-Term d

Repaglinide (REP)

LLOQ (10) 102 ± 6 106 ± 3 106 ± 6. 96.4 ± 3.4
LQC (30) 92.7 ± 4.2 102 ± 4 98.1 ± 3.7 97.6 ± 3.7

MQC (120) 92.9 ± 1.4 104 ± 0 102 ± 2 95.1 ± 1.8
HQC (1200) 90.6 ± 0.7 101 ± 1 100 ± 1 93.3 ± 0.8

Celecoxib (CEL)

LLOQ (10) 98.3 ± 2.4 95.2 ± 2.6 90.3 ± 2.4 92.7 ± 3.0
LQC (30) 89.2 ± 2.7 97.8 ± 1.8 97.9 ± 2.1 92.7 ± 3.5

MQC (120) 93.1 ± 2.2 103 ± 1 101 ± 2 92.9 ± 1.2
HQC (1200) 89.6 ± 1.9 101 ± 1 99.6 ± 0.4 91.7 ± 0.7

a Room temperature for 3 h. b 10 ◦C for 1 day in the autosampler. c Three freezing and thawing cycles. d −20 ◦C for
30 days.

3.4. Pharmacokinetic Drug Interaction Studies

Rats received oral REP (0.4 mg/kg) and CEL (2 mg/kg) either alone or in combination. Then, plasma
concentration versus time profiles of REP and CEL were evaluated as shown in Figure 3. The relevant
pharmacokinetic parameters are listed in Table 4. The oral doses used were selected based on previous
rat pharmacokinetic studies on REP or CEL [34–36]. After oral dosing of REP, plasma REP levels
increased for 20 to 45 min and then declined in a multi-exponential fashion. The AUClast, AUCinf,
and t1/2 of REP were not significantly changed by concurrent administration with oral CEL, as shown
in Table 4. After oral administration of CEL, its plasma concentration profiles markedly fluctuated
during the whole period of blood collection (480 min). Thus, the AUCinf and t1/2 of CEL could not be
determined in this study because there was no discernible linear terminal phase observed in the plasma
concentration versus time curves of CEL. The multiple peaks in the plasma concentration profiles of CEL
may be caused by slow and variable gastrointestinal absorption, which warrants further investigation.
Notably, the AUClast of CEL was significantly higher (by 76.2%) after co-administration of CEL and REP
than after administration of CEL alone (p = 0.0213). Because CEL is eliminated primarily by extensive
metabolism [15], the increased systemic exposure of oral CEL could be attributable to a reduction of
hepatic first-pass and/or systemic metabolism of CEL caused by concurrent administration of REP.
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Figure 3. Plasma concentration versus time profiles of REP (A) and CEL (B) after oral administration
of 0.4 mg/kg REP and 2 mg/kg CEL either alone (closed circle) or in combination (open circle) to rats.
The circles and vertical bars represent means and standard deviations, respectively (n = 5).

Table 4. Pharmacokinetic parameters of REP and CEL in rats after oral administration of 0.4 mg/kg
REP and 2 mg/kg CEL either alone or in combination (n = 5).

Parameter
REP CEL

Single Combined Single Combined

AUClast (×103 ng·min/mL) 21.1 ± 5.1 25.9 ± 2.8 189 ± 70 333 ± 89 *

AUCinf (×103 ng·min/mL) 30.5 ± 5.5 35.4 ± 8.3 ND ND

Cmax (ng/mL) 297 ± 103 224 ± 102 741 ± 299 954 ± 196

Tmax (min) 20 (20–45) 45 (20–60) 180 (30–240) 120 (45–360)

t1/2 (min) 374 ± 45 290 ± 123 ND ND

* Significantly different from the single group (p < 0.05).

Previously reported pharmacokinetic parameters of intravenous REP and CEL in rats are listed in
Table S1. Because the blood-to-plasma concentration ratio (RB) was 0.61 for REP and 2.66 for CEL in
rat blood (our in-house data), the blood CL (CLB) was determined to be 8.52 mL/min/kg for REP and
2.92 mL/min/kg for CEL (calculated as plasma CL/RB). Because the urinary excretion of the unchanged
drug was reported to be negligible for both drugs, as shown in Table S1, it is plausible to assume
that the CLB of REP and CEL could represent their hepatic clearance, which is far below the reported
hepatic blood flow rate in rats (QH; ranging from 50 to 80 mL/min/kg) [37]. This indicates that REP
and CEL are drugs with low hepatic extraction ratios of 0.037 to 0.170 (calculated as CLH/QH). Based
on the well-stirred model, the CLH of a drug with a low hepatic extraction ratio primarily depends
on its intrinsic metabolic clearance (CLint) and fraction unbound in blood (fB) [30]. Thus, the hepatic
metabolism and plasma protein binding of the drugs were further investigated using an in vitro rat and
human liver microsomes and plasma. As shown in Figure 4, dose-response curves for the inhibitory
effect of REP on the metabolism of CEL were constructed in RLM and HLM. REP significantly inhibited
the metabolic reaction of CEL with IC50 values of 16.1 ± 4.5 µM in RLM and 14.4 ± 0.6 µM in HLM.
However, the metabolism of REP in RLM and HLM was not significantly altered by CEL (data not
shown). Additionally, protein binding interactions between the two drugs in rat and human plasma
were assessed. As shown in Figure 5, there were no significant differences in fractions of unbound
drugs either alone or in combination, suggesting the minimal possibility of protein binding-based
interactions between the two drugs.
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Figure 4. Dose-response curves for the inhibitory effect of REP on metabolic reactions of CEL in
RLM (A) and HLM (B). The circles and vertical bars represent the means and standard deviations,
respectively (n = 4).
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Figure 5. Fraction of unbound REP (A) and CEL (B) either alone or in combination in rat and human
plasma (n = 3).

Since oral AUC is calculated as F × D/CL (F, oral bioavailability; D, dose; CL, total clearance), an
increase in F and/or decrease in CL result in an increase in AUC. Moreover, hepatic metabolism is the
major elimination route for both REP and CEL that are drugs with a low hepatic extraction ratio. Thus,
the inhibition of hepatic metabolism of the two drugs can reduce their hepatic first-pass effect (increase
in F) and hepatic systemic clearance (decrease in CL), consequently leading to an increase in AUC.
In our present in vitro metabolism study in RLM and HLM, as shown in Figure 4, the metabolism
of REP was not significantly changed by CEL, while the metabolism of CEL was inhibited by REP
with a mean IC50 of 16.1 µM in RLM and 14.4 µM in HLM. Assuming that the in vivo concentration
levels of REP in the rat liver after oral dosing are high enough to inhibit the metabolism of CEL, the
increased oral systemic exposure of CEL by concurrent administration of REP (AUClast in Table 4)
could be attributable to a reduction of hepatic first-pass effect and/or hepatic systemic clearance of CEL
caused by the inhibitory activity of REP on the hepatic metabolism of CEL.

The present rat study highlighted the possibility for metabolism-based interactions between
CEL and REP in clinical settings. As shown in Figure 4, REP significantly inhibited the metabolic
reaction of CEL with comparable IC50 values between RLM and HLM. The Cmax of REP administered
orally to rats was reported to be 297 ± 103 ng/mL (dose: 0.4 mg/kg) in this study, as shown in Table 4,
and 105.1 ± 30 ng/mL (dose: 0.5 mg/kg) in a previous study [35], which are roughly comparable to
the reported Cmax of 65.8 ± 30.1 ng/mL (dose: 4 mg; converted to 0.41 mg/kg in rats based on the
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human equivalent dose concept proposed by the FDA) in humans (FDA drug label information).
Moreover, there were no significant differences in the unbound fraction of REP between rat and human
plasma, as shown in Figure 5. Based on these findings, it is plausible that the increased systemic
exposure of CEL by co-administration of REP in the present rat pharmacokinetic study could have some
clinical relevance, depending on species differences in hepatic distribution profiles of REP between
rats and humans.

Additionally, there have been no reported studies on the relationships between the AUC and
toxicity of CEL. However, the FDA drug label of CEL indicates that the steady-state AUC of CEL is
increased about 40% and 180% by mild (Child-Pugh Class A) and moderate (Child-Pugh Class B)
hepatic impairment, respectively. Thus, the daily recommended dose of CEL should be reduced by
approximately 50% in patients with moderate (Child-Pugh Class B) hepatic impairment. In our present
study, the AUClast of CEL in rats was observed to be 189 (ranging from 113 to 285) µg·min/mL after
administration of CEL alone and 333 (ranging from 458) µg·min/mL after administration of CEL and
REP in combination. If these rat data could be extrapolated to humans, it is plausible that careful
toxicity monitoring and/or dose modification may be needed for the combined dose of CEL and REP in
clinical practice. Despite intrinsic limitations associated with nonclinical studies, our present in vivo
rat and in vitro HLM data warrant further clinical study on drug interactions between REP and CEL.

4. Conclusions

This study successfully developed a simple, sensitive, and validated HPLC-FL method for
simultaneous determination of REP and CEL in rat plasma. The new bioanalytical method provided
several merits, including good sensitivity, high extraction recovery, negligible matrix effect, and simplicity
of sample preparation procedures. The application of this method in the study of pharmacokinetic
interactions between REP and CEL revealed that the pharmacokinetics of oral CEL were significantly
altered by concurrent administration with oral REP. Furthermore, an in vitro metabolism and protein
binding study using HLM and human plasma highlighted the possibility of metabolism-based
interactions between CEL and REP in clinical settings. Therefore, the bioanalytical method proposed
herein could become a promising tool for preclinical pharmacokinetic studies and, by extension, clinical
use after partial modification and validation.

Supplementary Materials: The following is available online at http://www.mdpi.com/1999-4923/11/8/382/s1,
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Abstract: The pharmacokinetics of a drug is dependent upon the coordinate work of influx transporters,
enzymes and efflux transporters (i.e., transporter-enzyme interplay). The transporter–enzyme
interplay may occur in liver, kidney and intestine. The influx transporters involving drug
transport are organic anion transporting polypeptides (OATPs), peptide transporters (PepTs), organic
anion transporters (OATs), monocarboxylate transporters (MCTs) and organic cation transporters
(OCTs). The efflux transporters are P-glycoprotein (P-gp), multidrug/toxin extrusions (MATEs),
multidrug resistance-associated proteins (MRPs) and breast cancer resistance protein (BCRP).
The enzymes related to drug metabolism are mainly cytochrome P450 enzymes (CYP450s) and
UDP-glucuronosyltransferases (UGTs). Accumulating evidence has demonstrated that diabetes alters
the expression and functions of CYP450s and transporters in a different manner, disordering the
transporter–enzyme interplay, in turn affecting the pharmacokinetics of some drugs. We aimed
to focus on (1) the imbalance of transporter-CYP450 interplay in the liver, intestine and kidney
due to altered expressions of influx transporters (OATPs, OCTs, OATs, PepTs and MCT6), efflux
transporters (P-gp, BCRP and MRP2) and CYP450s (CYP3As, CYP1A2, CYP2E1 and CYP2Cs) under
diabetic status; (2) the net contributions of these alterations in the expression and functions of
transporters and CYP450s to drug disposition, therapeutic efficacy and drug toxicity; (3) application
of a physiologically-based pharmacokinetic model in transporter–enzyme interplay.

Keywords: diabetes; transporter-enzyme interplay; influx transporter; efflux transporter;
physiologically based pharmacokinetic model; pharmacokinetics; cytochrome P450 enzymes

1. Introduction

The pharmacokinetics of a drug is determined by absorption, distribution, excretion and
metabolism. Drug absorption, distribution and excretion are mainly controlled by drug transporters,
while drug metabolism is mediated by metabolic enzymes. These drug transporters are classified into
the ATP binding cassette (ABC) family and the solute carrier (SLC) family. The main SLC transporters
involved in drug transport are multidrug/toxin extrusions (MATEs), organic anion transporting
polypeptides (OATPs), monocarboxylate transporters (MCTs), organic anion transporters (OATs),
peptide transporters (PepTs), and organic cation transporters (OCTs). Most SLC transporters belong to
influx transporters, except for MATEs. The identified ABC transporters related to drug efflux include
P-glycoprotein (P-gp), multidrug resistance-associated proteins (MRPs) and breast cancer resistance
protein (BCRP). These transporters are widely expressed in the intestine, liver and kidney. They affect
drug therapeutic effects/toxicity via regulating drug uptake or secretion. Enzymes involved in drug
metabolism mainly include cytochrome P450 enzymes (CYP450s) and UDP-glucuronosyltransferases
(UGTs). These enzymes are also widely distributed in the liver, intestine and kidney. Drug disposition
in tissues is highly dependent on the coordinate work of these influx transporters, enzymes and
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efflux transporters, termed as the “interplay of transporters and enzymes” [1–3]. Moreover, multiple
SLC transporters, ABC transporters and enzymes often participate in the disposition of drugs. A
typical example is atorvastatin. Atorvastatin is a substrate of P-gp, MRP2, BCRP, OATP1B1, OATP1B2,
OATP2A1, CYP3A4/5 [4] and UGTs [5,6]. Sodium taurocholate co-transporting polypeptide (NTCP)
also mediates hepatic uptake of atorvastatin [7]. In the liver, atorvastatin enters hepatocytes from
portal blood mainly via influx transporters at the basolateral surface of hepatocytes. In hepatocytes,
atorvastatin is metabolized via CYP3As or UGTs. Atorvastatin and its metabolites are excreted into
bile via efflux transporters (MRP2, BCRP and P-gp) or returned to the blood via MRP3 [8]. The
transporter–enzyme interplay also occurs in the intestine and kidney. Accumulating studies [9–12]
have demonstrated that diabetes remarkably alters the expression and functions of drug transporters
and CYP450s, disordering transporter-CYP450 interplay and in turning affecting the disposition of
corresponding drugs, their therapeutic efficacy or drug toxicity. Here, we aimed to focus on (1) the
imbalance of transporter-CYP450 interplay in the liver, intestine and kidney due to alterations in the
expression of influx transporters, efflux transporters and CYP450s under diabetic status; (2) the net
contributions of the altered expressions and functions of transporters and CYP450s to drug disposition,
therapeutic efficacy and drug toxicity; (3) application of a physiologically based pharmacokinetic
model (PBPK) in the imbalance of transporter–enzyme interplay under diabetic conditions.

2. Liver

Drugs are eliminated in the liver mainly via metabolism and biliary excretion. The liver highly
expresses various drug transporters (such as P-gp, BCRP, MRPs, OATPs, OCTs, OATs and MATEs)
(Figure 1A) and drug metabolic enzymes (such as CYP450s and UGTs). They work in series to control
the disposition of drugs in the liver (Figure 1B).

 

 

Figure 1. (A) Possible location of main transporters in liver. (B) Transporter–enzyme interplay in
the elimination of drugs in the liver. Symbol: BCRP, breast cancer resistance protein; BSEP, bile salt
export pump; CA, concentrations of drug in arterial blood; CLint,all, overall hepatic intrinsic clearance;
CLint,up, intrinsic uptake clearance; CLint,back, intrinsic clearance of backflux to blood; CLint,met, intrinsic
metabolism clearances; CLint,bile, biliary clearance of unbound drug; CV, concentrations of drug in
venous blood; MATEs, multidrug/toxin extrusion; MRPs, multidrug resistance-associated proteins;
NTCP, sodium taurocholate co-transporting polypeptide; OATs, organic anion transporters; OATPs,
organic anion transporting polypeptides; OCTs, organic cation transporters; QH, hepatic blood flow;
P-gp, P-glycoprotein.

2.1. OATPs

OATPs, expressed at the basolateral membrane of hepatocytes, mediates hepatocyte uptake
of many anions from the blood, which becomes a rate-limited process of hepatic clearances for
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some drugs [3]. It was found that in diabetic rats (type 2 diabetes) induced by a streptozocin (STZ)
and high-fat diet (HFD) combination (termed as STZ/HFD), hepatic OATP1B2 (rodent orthologue
of human OATP1B1 and OATP1B3) is remarkably induced, leading to increased hepatic uptake of
repaglinide [9,10], atorvastatin [9,11] and simvastatin [12] as well as hepatic clearances [9,11]. In line
with this, the diabetic rats showed lower plasma concentrations of atorvastatin [9,11], simvastatin [12]
and pravastatin [13] compared with control rats. Clinical trials also showed that tuberculosis patients
with diabetes showed significantly lower concentrations of rifampicin than non-diabetic patients [14,15],
which may be attributed to the induction of hepatic OATPs by diabetes and rifampicin.

2.2. P-gp

P-gp, expressed at the canalicular membrane of hepatocytes, mediates biliary excretion of its
substrates. Diabetes was reported to upregulate the expression of hepatic Mdr1b (ABCB1b) mRNA
and P-gp protein in 8-day diabetic Wistar rats (type 1 diabetes) induced by STZ, which was associated
with the activation of protein kinase C alpha (PKCα) and nuclear factor kappa-B (NF-κB) [16]. A
similar increase in the expression of hepatic Mdr1b mRNA was found in STZ-induced diabetic
rats [17]. The induction of hepatic P-gp protein expression was also observed in STZ/HFD-induced
diabetic rats [11]. However, a report showed that in STZ-induced diabetic Sprague-Dawley rats,
5-week diabetes significantly increased Mdr1a (ABCB1a) and decreased Mdr1b mRNA expression, but
significantly decreased expressions of both Mdr1a and Mdr1b mRNA were found in 8-week diabetic
rats. Immunoblotting demonstrated that 5-week diabetes significantly reduced the expression of P-gp
protein in rats, but the decreases were not found in 8-week diabetic rats, indicating that the regulation
of P-gp protein occurred at post-transcriptional level under diabetic status [18].

2.3. BCRP

BCRP, expressed at the canalicular membrane of hepatocytes, is also involved in the biliary
excretion of its substrates. Altered expressions of hepatic BCRP under diabetic status are dependent on
the type of diabetes, and diabetic progression. For example, expressions of hepatic BCRP mRNA in
5-week and 8-week diabetic rats induced by STZ were significantly downregulated, but expression of
BCRP protein only showed a trend to decrease [19]. Similarly, He et al. reported that hepatic BCRP
mRNA level was decreased in STZ-induced diabetic rats, whereas in type 2 diabetic patients and
Goto-Kakizaki (GK) rats BCRP mRNA expression was significantly increased, although BCRP protein
was unaltered [20]. Decreased expression of hepatic BCRP protein was observed in 10-day (but not
22-day) diabetic rats induced by STZ/HFD [11]. Interestingly, pregnancy also affected the expression of
hepatic BCRP under diabetic status. For example, STZ treatment upregulated the expression of BCRP
mRNA and protein in non-pregnant mice, but not in pregnant mice [21].

2.4. MRP2

MRP2 is co-expressed with P-gp and BCRP at the canalicular membrane of hepatocytes. Alterations
in the expression of MRP2 by diabetes are also dependent on species. STZ-induced diabetic Donryu
rats showed significantly lower expression of hepatic MRP2 mRNA, which was in line with lower
biliary excretion of pravastatin [13]. A similar decrease in the protein (not mRNA) of hepatic MRP2 was
found in STZ-induced diabetic male Wistar rats [22]. However, STZ-induced diabetic Sprague-Dawley
rats showed higher expression of hepatic MRP2 protein, which was in line with higher biliary excretion
of sulfobromophthalein compared with control rats [23]. Moreover, STZ treatment upregulated the
expression of MRP2 in non-pregnant mice but not in pregnant mice [21]. The induction of hepatic
MRP2 may partly explain the increased biliary excretions of cefoperazone and some anions (such as
bengal, indocyanine green and bromcresol green) under diabetic status [24,25].
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2.5. CYP450s

Growing evidence has demonstrated that diabetes increases the expression of some CYP450s
(such as CYP2A1, CYP1A2, CYP2B1/2, CYP2C6, CYP2C7, CYP3A1/2 and CYP2E1) in rats [9,11,12,26–30],
although opposite reports have also been shown [31,32]. The induction of CYP3A1/2 led to lower
plasma exposure of simvastatin [12], atorvastatin [9,11], verapamil [27,29] and lidocaine [30] following
intravenous dose to diabetic rats. The formation of 1,3-dimethyluric acid from theophylline is mainly
mediated via CYP1A2 and CYP2E1. Both alloxan-induced diabetes and STZ-induced diabetes were
reported to increase expressions of hepatic CYP2E1 and CYP3A2 by three-fold, leading to a lower
area under the curve (AUC) of theophylline and a higher AUC of 1,3-dimethyluric acid following
oral and intravenous administration to rats [28]. The induction of CYP1A2 (and CYP3A1/2) may
contribute to a lower AUC of oltipraz [33], higher non-renal clearances of omeprazole [34] and
systemic clearance of antipyrine [35] in diabetic rats. Diazinon is metabolized to toxic metabolite
diethylphosphate via CYP3A2 and CYP1A2. The increases in diazinon toxicity and urinary recovery
of its metabolite diethylphosphate in diabetic rats may be attributed to the enhancement of hepatic
CYP1A2 (and CYP3A2)-mediated metabolism of diazinon [35]. A report showed that protein expression
and activity of hepatic CYP2E1 in STZ-induced diabetic rats were increased by three- and 2.5-fold
in comparison to control rats, respectively. The increases were in line with the increased oxidative
stress, demonstrating crucial roles of CYP2E1 in stress-induced pathological processes under diabetic
status [31,32,36].

Hyperketonemia (such as acetone) is considered as a reason for diabetes inducing CYP2E1. Data
from primary cultured rat hepatocytes demonstrated that insulin decreased the expression of CYP2E1
and CYP2B protein and mRNA, inferring that a deficiency of insulin is also a reason that diabetes
induces the expression of CYP2El and CYP2B [37]. Furthermore, data from both Fa2N-4 cells and
HepG2 cells demonstrated that fatty acids (palmitic acid, oleic acid, stearic acid and linoleic acid),
but not insulin, upregulated the activity and expression of CYP3A4 mRNA and protein, indicating
that increased levels of fatty acids may be one of the reasons that diabetes elevated the function and
expression of CYP3A4 [38]. Recent studies showed that diabetes reduced the expression of hepatic
peroxisome proliferator activated receptor γ (PPARγ) protein [39,40] and PPARα protein [41]. The
decreased expression of hepatic PPARα was attributed to the increased palmitic acid [41]. A report
showed that PPARα agonist gemfibrozil in PPARα-null mice showed more induction of the mRNA,
protein and activity of CYP3a, CYP2b and CYP2c than in wild-type mice, indicating that the induction
of gemfibrozil on CYP450s was suppressed by PPARα activation [42]. The downregulation of PPARα
protein expression by diabetes [41] might attenuate the inhibition of PPARα on the expression of
CYP450s, leading to the induction of hepatic CYP450s, which needs further investigation. Moreover,
diabetes was reported to increase the expression of hepatic glucocorticoid receptor and increase the
circulating level of corticosterone [43,44]. The increased level of corticosterone might induce expressions
of CYP2B [45] and CYP2C [46] via activating glucocorticoid receptor. All these results demonstrate that
alterations in the expressions of hepatic CYP450s were involved in various mechanisms. In contrast to
CYP2C6 induction, diabetes significantly lowered the expression of CYP2C11 [26,47–50], impairing
the metabolism of diclofenac [49], glibenclamide [48] and nateglinide [47]. The increase in CYP2C6
expression and decrease in CYP2C11 expression may partly explain why the AUC values of both
phenytoin and 4′-hydroxylphenytoin in diabetic rats were comparable to control rats [51].

Some contradictory results have also been reported. In Goto-Kakizaki rats, it was
found that expressions of hepatic CYP reductase and CYP3A2 were significantly upregulated,
accompanied by increases in the activities of midazolam 4-hydroxylase and CYP reductase. In
contrast, hepatic expressions of CYP1A2 and CYP3A1 were downregulated, and the activities of
7-methoxyresorufin-O-demethylase and 7-ethoxyresorufin-O-deethylase were decreased. Expressions
of other CYP450s, such as CYP1B1, CYP2B1, CYP2C11 and CYP2E1, were unaltered, inferring
that diabetes regulates the expression of hepatic CYP450s in an isoform-specific manner [30,52].
Similarly, in 20-week-old male db/db mice, testosterone-6β-hydroxylation but not midazolam-1-

154



Pharmaceutics 2020, 12, 348

hydroxylation was significantly decreased, the intrinsic clearance (CLint) value of testosterone-6β-
hydroxylation (CYP3A11) was less than 46% of control mice. Other metabolic reactions such as
dextromethorphan-O-demethylation (CYP2D), phenacetin-O-deethylation (CYP1A2), coumarin-7-
hydroxylation (CYP2A4/5), tolbutamide-4-hydroxylation (CYP2C), bupropion-hydroxylation
(CYP2B10) and omeprazole-5-hydroxylation (CYP2C29), chlorzoxazone-6-hydroxylation (CYP2E1)
were unaltered [53]. Expressions and functions of hepatic CYP450s are dependent on diabetic
progression. It was reported that 25-week-old db/db mice showed substantial decreases in mRNA
expressions and functions of CYP2B10 and CYP2C29 compared with those of the 10-week-old
db/db mice. But mRNA expressions of CYP3A11 and CYP2E1 in the 25-week-old db/db mice
were comparable to those of the 10-week-old db/db mice [54]. In Zucker diabetic fatty (ZDF)
rats, CYP1A1/2, and CYP3A1 levels were similar among the livers of 5 and 11-week-old ZDF
rats and control rats, although 11-week-old ZDF rats possessed the higher serum glucose and
glycated hemoglobin levels, but not 5-week-old ZDF rats. Moreover, 5-week-old ZDF rats, but
not 11-week-old ZDF rats, showed lower levels of cytochrome b5, CYP2B1, CYP2C11, CYP2E1 and
CYP3A2. Consistently, pentoxyresorufin O-depentylation, testosterone 2α- and 16α-hydroxylation,
chlorzoxazone 6-hydroxylation, and midazolam 1’- and 4-hydroxylation were decreased only in
5-week-old ZDF rats [55]. Expressions (mRNA and proteins) of CYP3A11/13 and their activities were
significantly increased in STZ-induced diabetic C57BLKS/J mice and db/db mice [56]. In contrast,
Wang et al. reported that the levels of hepatic CYP3A11 mRNA in C57BL/6 mice diabetic mice induced
by HFD/STZ were less than 30% of control mice [31]. All these results indicate that alterations in the
expressions of hepatic CYP450s are highly dependent on the type of diabetes, diabetic progression and
animal species.

Expressions of hepatic CYP450s in diabetes patients have been widely investigated, although
some results are often in contrast to findings in diabetic mice. Gravel et al. [57] assessed the activities
of seven major CYP450s (CYP1A2, CYP2B6, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3A4/5)
in 38 type 2 diabetic patients and 35 non-diabetic subjects following the oral administration of a
cocktail of probes (caffeine, bupropion, tolbutamide, omeprazole, dextromethorphan, chlorzoxazone
and midazolam). They found that the activities of CYP2C19, CYP2B6, and CYP3A in diabetic patients
were decreased by about 46%, 45%, and 38%, respectively. CYP1A2 and CYP2C9 activities showed
a trend to slightly increase in subjects with diabetes, but activities of CYP2D6 and CYP2E1 were
unaltered [57]. Meanwhile, obese children showed higher oral clearance of chlorzoxazone and lower
AUC of chlorzoxazone. The AUC was only 46% of nonobese peers, inferring the increased CYP2E1
activity [58].

In vitro data demonstrated that protein expressions and activities of CYP3A4 in hepatic microsomes
of diabetic livers were significantly lower than those in non-diabetic donors, although a great variability
(8.2-fold) in CYP3A4 protein levels was observed. However, the expression and activity of CYP2E1 were
significantly increased [59]. The disposition of nisoldipine in humans was investigated. The results
show that the disposition of nisoldipine is enantioselective and nisoldipine is preferentially metabolized.
Compared with non-diabetes patients, AUC values of (+)-nisoldipine and (−)-nisoldipine in diabetes
patients were increased by 94% and 143%, respectively. Similar increases were also found in their peak
concentration (Cmax). Lidocaine tests demonstrated a decrease in activity of CYP3A (and CYP1A2) [60].
Similarly, pregnant women with gestational diabetes showed significantly higher Cmax and AUC of
lidocaine following peridural anesthesia administration of lidocaine than non-diabetic patients [61].
However, oral plasma concentrations of nifedipine [62] and metoprolol [63] in pregnant women with
gestational diabetes were comparable to those in non-diabetic pregnant women. Adith et al. [64]
investigated phenytoin kinetics in 10 male type 1 and 10 type 2 diabetic patients. Age- and sex-matched
epileptic patients receiving phenytoin alone served as control groups. They found that steady-state
concentrations of phenytoin were significantly lower in both types of diabetic patients compared to
the respective controls. In line with this, diabetes patients showed significantly increased Vmax/Km

values of phenytoin. Similarly, the AUCs of cyclosporin A in kidney transplant recipients with diabetes
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mellitus were approximately 50%~60% that of non-diabetic patients [65,66], which was partly attributed
to the delayed gastric emptying [66]. Moreover, no difference in cyclosporine A trough levels between
renal transplant patients and renal transplant patients with diabetes was found [67]. Diabetes patients
were also reported to show a trend to increase in the expression and activity of CYP3A4, although no
statistical significance was observed. Importantly, significant decreases were found in diabetic patients
with non-alcoholic fatty liver or non-alcoholic steatohepatitis. Furthermore, the decrease in activity
and protein level of CYP3A4 continued with the severity of disease as it progressed from non-alcoholic
fatty liver to non-alcoholic steatohepatitis [68]. Matzke et al. [69] also investigated the activities of
CYP1A2 and CYP2D6 in type 1 diabetes and type 2 diabetes patients using the probes antipyrine,
caffeine and dextromethorphan. The results show that compared with controls, oral clearance of
antipyrine was increased 72% in type 1 diabetes patients. Formation clearances of 4-hydroxyantipyrine
and 3-hydroxymethylantipyrine were increased by 74% and 137%, respectively. The caffeine metabolic
index (paraxanthine/caffeine) was increased by 34%, but no statistical significance was obtained.
These alterations did not occur in type 2 diabetes patients. Similarly, although plasma clearance of
theophylline in diabetic patients was comparable to that in healthy subjects, there was a positive
correlation between hemoglobin A1c values and formation clearances of both 1,3-dimethyluric acid
and 1-methyluric acid [70], in line with inductions of CYP1A2 and CYP2E1.

Although antipyrine is widely used to assess the activity of CYP450s in diabetic patients, the
results are often confusing [69,71–73]. Sotaniemi et al. [73] assessed the effects of diabetes on hepatic
drug metabolism clearance in men using antipyrine in 298 diabetic patients, who were classified by
type of the disease, age, gender, duration of therapy and liver involvement. They found that a 13-fold
individual variation in antipyrine metabolism existed among all the diabetic patients. Antipyrine
was eliminated faster in untreated type 1 patients, which was reversed by insulin treatment. Males
aged 16–59 years, who responded insufficiently to insulin therapy, had a rapid antipyrine elimination,
which could be normalized by the readjustment of insulin. The antipyrine elimination rate in women
with insufficient glucose control on insulin therapy was comparable to controls. In type 2 diabetic
patients, the clearance of antipyrine was unaltered in women, but men over 40 years of age showed a
reduced antipyrine metabolism. Diet/drinking-habits also affect the expression of hepatic CYP450s.
Urry et al. [74] investigated CYP1A2 activity in diabetic patients using coffee as a probe in 57 type 2
diabetes and 146 non-type 2 diabetes. They found that diabetes patients showed higher activity of
CYP1A2 than control groups. Further studies showed that participants habitually consuming more
caffeine showed higher CYP1A2 activity than participants with lower caffeine consumption. Several
studies have demonstrated that CYP2D6 activity is unaltered by diabetes [43,69,75].

2.6. Interplay of Transporter-CYP450s in Liver

In the liver, drugs enter hepatocytes from portal blood through passive diffusion or
transporter-mediated transport. In hepatocytes, drugs are metabolized by metabolic enzymes. Parent
drugs and their metabolites are pumped out of hepatocytes to bile through efflux transporters (such as
P-gp, BCRP or MRP2) and are exported to the blood through passive diffusion or efflux transporters
(such as MRP3 and MRP4) (Figure 1B). Typical examples are statins. Most statins are substrates of
CYP450s, MRPs, OATPs, BCRP and P-gp, characterizing transporter–enzyme interplay. The overall
hepatic intrinsic clearance (CLint,all) is a hybrid parameter which is composed of intrinsic influx
clearances (CLint,up) from portal blood, intrinsic metabolism clearance (CLint,met), biliary excretion
clearance (CLint,bile) and intrinsic efflux clearance (CLint,back) of unbound drugs from hepatocytes to
the blood, i.e.,

CLintt,all = CLint,up ×
CLint,bile + CLint,met

CLint,bile + CLint,met + CLint,back
(1)

According to the relative values of CLint,bile and CLint,met, to CLint,back, the drugs are classified
into three groups.
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1. CLint,back is much smaller than the sum of CLint,bile and CLint,met, thus, CLint,all is equal to CLint,up;
this is to say, CLint,all is only controlled by uptake clearance, which is mainly mediated by influx
transporters. Typical drugs are statins.

2. Sum of CLint,bile and CLint,met is much less than CLint,back. CLint,all = CLint,up × (CLint,bile +

CLint,met)/CLint,back, indicating that CLint,all is determined by the net effect of CLint,up, CLint,back,
CLint,bile and CLint,met.

3. Some drugs (such as midazolam) are not substrates of transporters. These drugs also rapidly
penetrate the sinusoidal membrane, i.e., CLint,up = CLint,back, thus, CLint,all = CLint,bile + CLint,met.

Diabetes significantly disorders transporter-CYP450 interplay via altering expressions and
functions of transporters and CYP450s, finally affecting pharmacokinetics and activity/toxicity of
drugs. For example, diabetes upregulated expressions and functions of hepatic CYP3A and OATP1B2,
enhanced hepatic uptake and metabolism of simvastatin [12], atorvastatin [9,11], in turn, increasing
hepatoxicity of atorvastatin [76]. Data from PBPK also showed that both hepatic OATP1B2 and CYP3A
contribute to the clearance of atorvastatin, but the roles of hepatic OATP1B2 were much larger than
that of CYP3A [11]. Another example is cyclosporin A. Cyclosporin A is also a substrate of CYP3A,
MRP2, P-gp, OATP1B1 and BCRP. Significantly increased systemic clearance of cyclosporin A in
diabetic rats [77] should be attributed to the net effect of alterations in these transporters and CYP3A.
Methotrexate transport in the liver is mediated by various transporters such as OATP1B1, MRP2, BCRP
and OAT2. Moreover, induction of CYP2E1 also enhanced methotrexate-induced hepatocytoxicity [78].
These results indicate that the regulation of hepatic OATPs and CYP2E1 expressions and functions
may explain clinic findings that diabetic patients were particularly at increased risk of methotrexate
hepatotoxicity [79].

3. Intestine

A series of transporters (such as P-gp, BCRP, OATPs, OCT1, PepTs, MRP2, MRP3 and MCTs)
and enzymes (such as CYP450s and UGTs) have been expressed in enterocytes, implicating intestinal
absorption of drugs and first-pass effects (Figure 2).

 

 

 

Figure 2. (A) Possible location of main transporters in human intestine and (B) roles of
transporter-CYP3A interplay in disposition of atorvastatin in enterocytes. Symbol: ATR, atorvastatin;
BCRP, breast cancer resistance protein; MCTs, monocarboxylate transporters; MRPs, multidrug
resistance-associated proteins; OATPs, organic anion transporting polypeptides; OCTs, organic cation
transporters; PepT1, peptide transporters; P-gp, P-glycoprotein; OH-ATR, hydroxyl atorvastatin;
ATR-Glu, atorvastatin acyl glucuronide.

3.1. P-gp

P-gp is highly expressed at the apical membrane of the intestinal epithelium, pumping out of
its substrates from enterocytes to the intestinal lumen. The expression of intestinal P-gp protein is
region-dependent. P-gp protein progressively increases from proximal to distal regions. The highest
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expression of P-gp occurs at the ileum [80]. Several studies have demonstrated that diabetes impairs
expression and function of intestinal P-gp, leading to the enhancement of intestinal absorption and
increasing plasma exposure following oral administration of P-gp substrates such as arctigenin [81],
protoberberine alkaloids [82], digoxin [83], grepafloxacin [84], paclitaxel [17] and morphine [85]. In
line with the increased plasma levels of morphine, diabetic mice showed a stronger analgesic effect
following an oral dose compared with control mice [85]. The decreased expression and function of
intestinal P-gp under diabetes status may explain that clinic findings that diabetic patients also showed
higher serum concentration of digoxin compared with non-diabetic patients following an oral dose of
digoxin [86,87].

Downregulation of intestinal P-gp expression by diabetes was considered to be partly attributed
to the acceleration of the ubiquitin-proteasome [88] via nitric oxide synthase (NOS) activation [89–91].
However, the role of NO in intestinal P-gp is time-dependent. In Caco-2 cells, it was reported
that short-term exposure to sodium nitroprusside impaired P-gp function and expression, whereas
long-term exposure stimulated P-gp function and expression [92]. Increased levels of short chain fatty
acids (SCFAs) were also found in the intestinal content of diabetic rats [47]. A recent study showed
that SCFAs downregulated the expression of intestinal P-gp via inhibiting histone deacetylase and
NF-κB pathways [93].

3.2. MRP2

MRP2 (and MRP1) is co-located with phase II conjugating enzymes (such as UGTs and glutathione
S-transferase) in the small intestine, pumping out of anions from enterocytes to the intestinal lumen.
In contrast to P-gp, diabetes was reported to enhance the expression and function of intestinal MRP2
in rats [23]. Gliclazide is also a substrate of MRP2 [94]. Cmax and AUC0–tn of gliclazide following
oral administration to diabetic rats were only 55% and 56% of those in control rats [94], respectively,
which seemed to be attributed to the increased expression of intestinal MRP2. As expected, gliclazide
administration significantly decreased glucose concentrations in healthy rats, but hypoglycemic effects
of gliclazide were not observed in diabetic rats [95].

3.3. BCRP

Similarly to P-gp, BCRP is expressed at the luminal membrane of enterocytes. The BCRP protein
gradually rises from proximal to distal regions. Diabetes-induced alterations in the expression of
intestinal BCRP are dependent on the type of diabetes and duration of diabetes. STZ-induced
diabetic rats showed significantly lowered expression and function of intestinal BCRP, accompanied by
decreased intestinal clearance of glibenclamide and increased apparent intestinal effective permeability
(Peff) [48], leading to the increased oral plasma exposure of glibenclamide following oral administration
to diabetic rats. However, in STZ/HFD-induced diabetic rats, 10-day diabetic rats showed significantly
lowered expression and function of intestinal BCRP, but remarkable inductions of intestinal BCRP
expression and function were found in 22-day diabetic rats [11]. The induction of intestinal BCRP
was considered to be related to the increased levels of short chain fatty acids (SCFAs) via activating
PPARγ [96].

3.4. PepT1

PepT1, located on the luminal membrane of enterocytes, is responsible for intestinal absorption of
peptidomimetic drugs, dipeptides and tripeptides resulting from the dietary breakdown of proteins
and bacterial peptidomimetics. Several investigations have demonstrated that diabetes downregulated
the expression and function of intestinal PepT1 in experimental animals [47,97–99], decreasing oral
plasma exposures of cephalexin and acyclovir following oral dose of cephalexin and valacyclovir [99].
Importantly, altered expression and function of intestinal PepT1 are also dependent on sex. For
example, in Sprague-Dawley rats, it was reported that STZ-induced diabetes decreased the expression
and function of intestinal PepT1 in male rats, but increased them in female rats [100]. Leptin and insulin
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deficiencies may contribute to the downregulation of intestinal PepT1 [101,102]. Dyshomeostasis of
bile acid compositions was observed in intestinal content of diabetic rats. Bile acids downregulated the
expression of intestinal PepT1 via activating farnesoid X receptor (FXR) [99].

3.5. MCT6

MCT6, located on the apical side of human intestinal villous epithelial cells, mediates intestinal
absorption of nateglinide [103]. Loop diuretics such as furosemide, piretanide, azosemide, and
torasemide may also be substrates of MCT6 [104]. Diabetes significantly decreased the expression of
intestinal MCT6 and decreased plasma exposure of nateglinide following oral dose to rats. Further
study demonstrated that SCFAs, especially butyrate, downregulated the expression of intestinal MCT6
via activating PPARγ [47]. The downregulation of intestinal MCT6 may also partly explain that
diabetes significantly decreased plasma exposures of furosemide [105] and azosemide [106] following
oral doses to rats.

3.6. CYP450s

Intestine also highly expresses CYP450s, especially CYP3As, which mediate drug metabolism,
contributing to first-pass effects. In STZ-induced diabetes, it was found that diabetes significantly
decreased CYP3A activity. In line with this, formations of norverapamil [27] and 6-β
hydroxyltestosterone [107] were reduced to 21% and 50% that of control rats, respectively. Significant
downregulation of intestinal CYP3A expression and function was also found in STZ/HFD-induced
diabetic rats [11] and in Tsumura Suzuki obese diabetic (TSOD) mice [108]. Insulin treatment partly
reversed the decreased CYP3A expression in STZ-induced diabetic rats [107], but not in TSOD
mice [108]. However, the real mechanism leading to the decreased expression of intestinal CYP3A was
unclear. In generally, expressions of CYP3A and P-gp were mainly controlled by pregnane X receptor
(PXR). We recently reported upregulation of intestinal FXR [83]. A report showed that FXR agonist
GW4064 remarkably induced expression of small heterodimer partner (SHP) [109], in turn, inhibiting
the transcriptional activity of PXR [109,110]. Moreover, levels of bile acids, FXR agonist, were increased
in intestinal contents of diabetic rats, which inhibited the expression of intestinal CYP3A and P-gp via
the activation of FXR-SHP pathway.

3.7. Transporter-CYP450 Interplay in Intestine

Some drugs are often substrates of various transporters and CYP3As. Alterations in oral plasma
exposure of drug should be attributed to common effects of the altered transporters and CYP3As.
For example, atorvastatin is a substrate of intestinal P-gp, BCRP and OATPs, indicating that the Peff

of atorvastatin should be the integrated effects of passive diffusion, OATP1A5-mediated absorption,
P-gp mediated efflux and BCRP-mediated efflux. Diabetes also downregulated the expression of
intestinal OATP1A5 [11]. Thus, the Peff of atorvastatin under diabetic status should be the net effects
of these altered transporters. Downregulation of intestinal CYP3A expression by diabetes was also
involved in the first-pass effect of atorvastatin. PBPK simulation demonstrated that contributions of
intestinal transporters and CYP3A was intestinal BCRP> intestinal CYP3A> intestinal P-gp> intestinal
OATP1A5 [11]. Cyclosporin A is also a substrate of BCRP, OATPs, CYP3A and P-gp, indicating that
increased oral plasma exposure of cyclosporin A in diabetic rats [111] was also partly attributed to the
common effects of the intestinal transporters and CYP3A. Verapamil is a substrate of P-gp and CYP3As.
PBPK simulation also showed that the contribution of intestinal P-gp was much larger than that of
intestinal CYP3A [93], indicating that increased oral plasma exposure of verapamil [27] was mainly
attributed to downregulation of intestinal P-gp. Grepafloxacin [112] is also a substrate. Decreased
expression of BCRP may partly explain why the decreased secretory transport of grepafloxacin was
not in line with the decrease in expression of P-gp protein in diabetic rats [84]. Similarly, intestinal
OATP1A5 also mediates intestinal absorption of glibenclamide [113], inferring that the increased Peff
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of glibenclamide by impairment of intestinal BCRP [48] may be partly weakened by the decreased
expression of OATP1A5 protein.

4. Kidney

Drugs are eliminated in the kidney via urinary excretion. The process consists of glomerular
filtration, secretion and reabsorption at the renal tubule. The secretion and reabsorption are mainly
mediated by transporters. The identified renal transporters include OAT1/3, OCT1/2, PepT1/2, MATE1,
MATE2/K, P-gp, BCRP, MCTs and urate transporter 1 (URAT1) (Figure 3A). Transporter interplay
occurs at the kidney. For example, metformin, a substrate of OCTs and MATEs, is taken in renal
epithelial cells via OCT1/2 at the basolateral membrane, then secreted into urine via MATEs at the
brush-border membrane of renal tubular cells, mediating the renal excretion of metformin. The
transporter interplay also participates in renal excretion of uric acid. URAT1, OAT1, OAT3, OAT4,
OAT10, BCRP, sodium-dependent phosphate transport protein 1/4 (NPT1/4) and glucose transporter 9
(GLUT9) work together to regulate the excretion of uric acid via the kidney [114] (Figure 3B).
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Figure 3. (A) Possible location of main transporters in human kidney and (B) roles of transporter
interplay in renal excretion of uric acid. Symbol: OATPs, organic anion transporting polypeptides;
OATs, organic anion transporters; OCTs, organic cation transporters; PepTs, peptide transporters;
P-gp, P-glycoprotein; MRPs, multidrug resistance-associated proteins; BCRP, breast cancer resistance
protein; MATEs, multidrug and toxin extrusion, NPTs, sodium-dependent phosphate transport proteins,
GLUT9, glucose transporter 9, URAT1, urate transporter 1.

4.1. OAT1 and OAT3

The basolateral membrane of renal proximal tubule cells highly expresses OAT1 and OAT3,
mediating the excretion of their substrates including ACE inhibitors, angiotensin II receptor blockers,
diuretics, β-Lactam antibiotics, antiviral agents and endogenous compounds [3]. Several studies
demonstrated that diabetes also impaired the function and expression of renal OATs. In STZ-induced
diabetic rats, it was found that diabetes significantly decreased the membrane expression of renal
OAT3, leading to lower uptake of [3H] estrone sulfate in renal cortical slice. These decreases were in
line with the activation of PKCα and NF-κB pathways, increased nuclear factor erythroid 2-related
factor 2 (Nrf2) and oxidative stress [115,116]. Alteration in OATs by diabetes is dependent on sex. In
lean and obese Zucker spontaneously hypertensive fatty (ZSF1) rats, it was found that the levels of
renal OAT1 and OAT3 mRNA were higher in lean females than in lean males. Obesity remarkably
reduced the expression of renal OAT1 and OAT3 in female ZSF1 rats but not in male ZSF1 rats [117].
Clinical trials showed that expressions of renal OAT1 and OAT3 in patients with diabetic kidney
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disease were less than 50% of the normal levels, which were in line with decreased urinary excretion of
some organic acid metabolites and increased plasma levels of organic acid metabolites [118].

Diuretics show their diuretic effect via affecting proximal tubular epithelial cells. Some
diuretics (such as torasemid and furosemide) are also substrates of OATs [3]. Several studies
have showed that OAT1 or OAT3 deficiency damage the natriuretic effects of furosemide and
bendroflumethiazide [119,120], inferring that the decreased expression of OATs by diabetes may
impair the diuretic effect of diuretics. In line with the deduction, alloxan-induced diabetes significantly
increased the plasma exposure of furosemide and decreased recovery from urine following intravenous
dose to rats [105]. Importantly, diuretic efficiency, natriuretic efficiency, kaluretic efficiency and
chloruretic efficiency of furosemide in diabetic rats showed a trend to decrease. Similarly, the diuretic
efficiency, natriuretic efficiency, kaluretic efficiency and chloruretic efficiency of torasemide were
significantly impaired both in alloxan-induced diabetic rats and STZ-induced diabetes, although
its plasma exposure was unaltered [50]. These findings also may explain the clinical finding that
diabetic patients need higher furosemide doses [121]. Moreover, sodium-glucose cotransporter (SGLT2)
inhibitor empagliflozin is a substrate of OAT3. A report showed that OAT3 deficiency damaged the
glucosuric effect of empagliflozin [122], indicating that the decreased expression of renal OAT3 by
diabetes may attenuate the glucosuric effect of empagliflozin, which may also explain the clinic finding
that compared with normal renal function and normal-to-mildly reduced renal function, diabetic
patients with mild-to-moderately reduced renal function showed the lowest lowering glucose effect of
luseogliflozin [123].

4.2. OCTs

Renal OCT1/2, mainly expressed at the basolateral membrane of tubule cells, transport a variety
of organic cations, such as metformin, cisplatin, cephalexin and acyclovir. In STZ/HFD-induced
diabetic rats, it was found that OCT2 protein expression was only 50% of control rats [124]. Similarly,
in STZ-induced diabetic rats, the expressions of renal OCT1 and OCT2 were decreased by 50% and
70%, respectively [125]. The reduced mRNA and protein expressions of OCT1, OCT2 and OCT3 under
diabetic status were also associated with a reduction in the clearance of N1-methylnicotinamide [126,127].
The decreased mRNA and protein expressions of renal OCT2/3 were reported to be negatively correlated
with the accumulation of renal and plasma advanced glycation end-products (AGEs) [127]. Insulin or
AGE inhibitor aminoguanidine could reverse the decreased OCT2/3 by diabetes [125,127], inferring
that the accumulation of AGEs may be involved in impaired expression of renal OCTs by diabetes [127].
Expressions of OCT1 and OCT2 are also be dependent on sex. In lean female ZSF1 rats, the mRNA
expression level of OCT1 was significantly higher than that in their male counterparts. Obesity
significantly reduced renal mRNA expressions of OCT1 and OCT2 in female ZSF1 rats, but not in
male rats [117]. The decreased expression of renal OCTs by diabetes may affect pharmacokinetics of
their substrates. For example, significantly higher AUC of metformin and lower renal clearance were
observed in alloxan-induced diabetic rats than in normal rats following an intravenous dose [128]. A
clinic trial [129] showed that renal clearance of metformin decreased along with diabetes progression. A
report demonstrated the rank of the renal clearances of metformin in healthy subjects (525 ± 125 mL/min)
> newly diagnosed maturity onset diabetic patients (322 ± 166 mL/min) > maturity onset diabetic
patients (224 ± 38 mL/min). Interestingly, pregnancy seems to increase the functions of renal
MATEs and OCTs [130]. Renal clearances of N1-methylnicotinamide (endogenous probe for the
renal OCTs and MATEs) in both mid (504 ± 293 mL/min) and late pregnancy (557 ± 305 mL/min)
were reported to be higher than in postpartum (240 ± 106 mL/min). The renal secretion of
N1-methylnicotinamide was 3.5-fold higher in mid pregnancy and 4.5-fold higher in late pregnancy
compared with postpartum [130]. In line, gestational diabetes mellitus pregnant women showed higher
renal clearance and renal secretion [131], and lower plasma concentrations of metformin [131,132]
compared with non-pregnant controls. Another example is cisplatin. Cisplatin is a substrate of OCTs.
Its main toxicity is nephrotoxicity. Several studies have demonstrated that both insulin-dependent
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and insulin-independent diabetes show resistance against cisplatin-induced nephrotoxicity [133–135].
Animal experiments showed that diabetes prevented nephrotoxicity partly via decreasing the renal
accumulation of cisplatin [136,137]. However, cisplatin treatment was not beneficial in diabetes due to
its compromising its antitumor effect [136].

4.3. Other Transporters

Diabetes induced an approximately two-fold increase in renal PepT1 protein and slightly induced
mRNA of PepT1 and PepT2 [138]. Reports on the expression of ABC transporters are often contradictory.
For renal P-gp, it was reported that spontaneous type 1 and type 2 diabetic mice showed lower
expressions of renal P-gp protein. The high glucose was considered to be a reason reducing the
expression and function of P-gp [139]. However, the expression of P-gp protein was also reported to be
unchanged [17,111,138], although level of Mdr1a mRNA was increased [17,138].

For MRP2, increased expression of renal MRP2 protein was found in STZ/HFD-diabetic rats [124]
and in STZ-induced diabetic rats [23]. For BCRP, HFD/STZ-induced diabetes significantly increased
the expression of BCRP protein in rats, but STZ-induced diabetes significantly decreased mRNA level
of renal BCRP in rats [136]. These discrepancies may result from the duration of diabetes, sex and the
type of diabetes. For example, in female rats, obesity decreased the expressions of MRP4 and Mdr1b
mRNA, but the expression of MRP2 mRNA was unaltered. In male ZSF1 rats, expressions of MRP2,
MRP4 and Mdr1b mRNA remained unchanged in obese rats compared to lean rats [117].

4.4. CYP450

The identified renal CYP450s include CYP2C, CYP2J, CYP2E1, CYP4As and CYP4Fs. They
mainly mediate local biotransformation of endogenous compounds such as arachidonic acid. For
example, arachidonic acid is metabolized by CYP4As and CYP4Fs to 20-hydroxyeicosatetraenoic acid
(vasoconstrictor) and by CYP2C and CYP2J to epoxyeicosatrienoic acid (vasodilator), synergistically
regulating renal vasoactivity. Several reports have shown that diabetes also affect the expressions
of renal CYP450s. In mice, it was found that HFD feeding significantly decreased activities of
CYP3A (1′-hydroxymidazolam), CYP2E1 (hydroxychlorzoxazone), CYP2J (ebastine hydroxylation)
and CYP2B6 (hydroxybupropion) and CYP4A (12-hydroxydecanoic acid), but increased the activities of
CYP2C (hydroxytolbutamide) and CYP2D (Hydroxybufuralol) [140]. Diabetes affects the expressions
and activities of renal CYP450s in an isoform- and species-specific manner. In STZ-induced
diabetic rats, formations of hydroxyandrostenedione and 2α-hydroxytestosterone were significantly
increased by 250% and 300% compared to control rats, but formations of androstenedione and
6β-hydroxytestosterone were significantly decreased. The formations of 16α-hydroxytestosterone and
7α-hydroxytestosterone were unaltered [141]. Induction of CYP2E1, 4A2 and K-4 as well as increases
in omega- and (omega-1) hydroxylation of lauric acid were also observed in kidney of STZ-induced
rats [26]. Insulin treatment partly reversed these alterations by diabetes [26,141]. However, a
recent report showed that expression of CYP4A protein in diabetic mice induced by HFD/STZ was
downregulated by 29.16% of control mice [142]. The roles of altered renal CYP450s by diabetes in
disposition of drugs needed further investigation.

4.5. Transporter Interplay in Kidney

Transporter interplay occurs in the kidney. For example, methotrexate is eliminated mainly via
renal active excretion, which is involved in OAT1/3 at basolateral membrane of tubule and BCRP and
MRP2 at brush-border membrane of tubule, these transporters in series work to regulate renal active
excretion of methotrexate. Both higher plasma concentration of methotrexate and higher toxicity of
methotrexate in STZ-diabetic rats [143] may partly be explained by the imbalance of expressions of renal
OATs, BCRP and MRP2. Another example is β-lactam antibiotics. OATs mediate the uptake of β-lactam
antibiotics into the tubule from the blood and PepT1/2 located in the brush-border membrane of the
tubule, mediate reabsorption of antibiotics from the urine, and regulate urinary excretion of β-lactam
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antibiotics. Downregulation of renal OATs may partly contribute to a decrease in the renal clearance
of DA-1131 (a carbapenem antibiotics) [144] and lower renal cortical cephaloridine accumulation in
diabetic rats [145]. Creatinine is also substrate of OCT1/2, MATEs and OAT1/3, indicating that the
decreased expressions of renal OATs and OCTs at least partly contribute to decreased clearance of
creatinine under diabetic status.

5. Application of PBPK to Transporter-Enzyme Interplay

The above statements demonstrated that diabetes may simultaneously affect functions and
expressions of transporters and enzymes in the intestine, liver and kidney. Their contributions to the
disposition of drugs are often opposite. Moreover, some physiological parameters such as blood flow
rates, intestinal transit and the free fraction of drug in plasma are often altered. Thus, the effects of
diabetes on pharmacokinetics of drugs should be the integrated effects of these alterations, which may
be accomplished using PBPK.

5.1. Atorvastatin

Atorvastatin is a substrate of P-gp, OATPs, BCRP and CYP3As. Diabetes reduced expressions
of intestinal P-gp, CYP3A and OATP1A5, while induced expressions of liver OATP1B2 and CYP3A.
Intestinal BCRP was highly dependent upon diabetes course, which was decreased at an early phase of
diabetes (10-day) but induced at a late phase (22-day). A pharmacokinetic study showed that oral
plasma exposure was increased in 10-day diabetic rats, but decreased in 22-day diabetic rats. PBPK
simulation demonstrated that contributions of these targeted protein to altered oral plasma exposure of
atorvastatin were intestinal BCRP > hepatic OATP1B2 > hepatic CYP3A > intestinal CYP3A > intestinal
P-gp > intestinal OATP1A5. The increased oral plasma atorvastatin exposure in 10-day diabetic rats
and the decreased oral plasma atorvastatin exposure in 22-day diabetic rats were attributed to the
altered intestinal BCRP [11].

5.2. Verapamil

Verapamil is substrate of CYP3As and P-gp. Rat experiments showed that diabetes increased
plasma exposure of verapamil following an oral dose but decreased plasma exposure of verapamil
following an intravenous dose [29]. A semi-PBPK model (Figure 4) was successfully developed
to simulate the pharmacokinetics of verapamil (Figure 5A,B) in rats using the parameters listed in
Tables 1 and 2. Intestinal P-gp in diabetic rats was set to 60% of control rats [82]. The contributions of
intestinal/hepatic CYP3A and intestinal P-gp to alterations in oral plasma concentration of verapamil
in diabetic rats were investigated. The results demonstrate that increased oral plasma exposure of
verapamil was mainly attributed to the impairment of intestinal P-gp (Figure 5E) and the role of
intestinal CYP3As was minor (Figure 5D). Furthermore, the contribution of increased expression of
hepatic CYP3As to the altered plasma concentration of verapamil following oral dose to rats was less
than that of intestinal P-gp impairment, whose net effect was to increase oral plasma exposure of
verapamil (Figure 5G).
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Figure 4. Schematic diagram of semi-physiologically based pharmacokinetic model (PBPK) model
describing the pharmacokinetics of verapamil and furosemide in rats. Ai, Qi and Vi indicate drug
amount, blood flow and volume in corresponding compartment, respectively. ki, ka,i and kb,i represent
the transit rate constant, drug absorption rate constant and efflux rate constant from enterocytes to the
gut lumen, respectively. Clint,gwi, Clint,liver and Clint,kidney mean the intrinsic clearance in enterocytes,
hepatocytes and kidney, respectively.

Table 1. The physiological parameters of rats for the semi-PBPK model [11].

Parameters Unit Control Rats Diabetic Rats

Gastric emptying rate h−1 20.8 20.8
Duodenum transit time h−1 28.74 28.74

Jejunum transit time h−1 4.2 4.2
Ileum transit time h−1 0.789 0.789
Intestinal radius cm 0.2 0.2

Duodenum wall volume mL 1.08 1.08
Jejunum wall volume mL 9.94 9.94

Ileum wall volume mL 0.32 0.32
Portal vein volume mL 0.25 0.25

Liver volume mL 10 10
Renal volume mL 1.83 [146] 1.83

Duodenum wall blood flow mL/min 0.972 2.223
Jejunum wall blood flow mL/min 9.125 20.877

Ileum wall blood flow mL/min 0.253 0.580
Portal vein blood flow mL/min 16.043 23.68

Hepatic artery blood flow mL/min 2.243 11.914
Liver blood flow mL/min 18.286 35.594
Renal blood flow ml/min 11.7 [146] 4.10a

Hepatic microsomal protein mg/g liver 44.8 44.8
Intestinal microsomal protein mg/g intestine 25.9 25.9

Liver weight g/kg body weight 40 36
a Renal blood flow was reduced by 65% of control rats [147].
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Figure 5. Observed (point) and predicted (line) plasma concentrations of verapamil (Ver) following (A)
oral (10 mg/kg, ig) and (B) intravenous dose (1 mg/kg, iv) to diabetic rats (DM) and control rats (CON);
(C) comparison of mean observed and predicted plasma concentrations of verapamil at each time point;
(D) individual contributions of altered hepatic CYP3A, (E) intestinal CYP3A and (F) intestinal P-gp
to oral plasma exposure of verapamil as well as (G) their integrated effects. The observations were
obtained from the literature [27].
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Table 2. Pharmacokinetic parameters of verapamil and furosemide for PBPK simulation in diabetic
rats (DM) and control rats (CON).

Parameter Unit Furosemide Verapamil

CON rats DM rats CON rats DM rats

Vc L/kg 0.127 [148] 0.127 0.505 a 0.505
k21 h−1 0.835 [148] 0.835 11.880 a 11.88
k12 h−1 0.989 [148] 0.989 10.740 a 10.74
fu % 10.4 [105] 10.4 [89] 0.05 [93] 0.05

Kt:p Liver 0.33 [148] 0.33 8.20 b 8.20
Kt:p Intestine 0.517 [148] 0.517 319.39 b 319.39
Kt:p Kidney 1.36 [148] 1.36 / /

Papp,A-B (caco-2) cm/s × 10−6 6.90 [149] 3.45 c 13.8 13.8
Papp,B-A (caco-2) cm/s × 10−6 / / 24.84 14.90 d

CLkidney mL/min/kg 4.33 [105] /

CLliver mL/min/kg 2.20 [105] /
Fu × CLint,liver mL/min/250 g 0.60 e 0.75 f / /

Fu × CLint,kidney mL/min/250 g 1.19 e 0.48 g / /

Microsomes

Liver
Vmax nmol/(min/mg prot) / / 1.60 [27] 2.38 [27]
Km µM / / 13.21 [27] 16.09 [27]

Intestine
Vmax pmol/(min/mg prot) / / 49.04 [27] 22.70 [27]
Km µM / / 34.06 [27] 55.37 [27]

a Estimated using the reported data [150]; b estimated according to a method [151] reported by Ruark et al. and
physicochemical properties of verapamil; c function of intestinal MCT6 was set to be 50% that of control rats [47];
d level of intestinal P-gp protein was 60% that of control rats [82]; e fu × Clint were estimated using equation fu*Clint
= Q × CL/(Q − CL); f contribution of CYP2C11 was 61.5% of the total metabolism [152], rests (38.5%) were assumed
to attributed to CYP2E1 and CYP3As. Diabetes increased the expression of CYP2E1 and CYP3As by 3-fold [28]
and expression of CYP2C11 mRNA was decreased to 16% that of control rats [47]; g function of renal OATs was
decreased to 40% that of control rats [115].

5.3. Furosemide

Rat experiments demonstrated that diabetes decreased plasma furosemide exposure following
oral dose but increased plasma furosemide exposure following intravenous dose [105]. Intestinal
absorption of furosemide may be involved in MCT6 [84]. It was assumed that intestinal absorption
of furosemide was mediated by MCT6. Function of intestinal MCT6 under diabetic status was set
to be 50% according previous report [47]. Furosemide is eliminated mainly via renal secretion due
to OAT1/2 [3]. Part of furosemide is metabolized by CYP2C11, CYP3As and CYP2E1 [152]. The
contribution of CYP2C11 was 61.5% of the total metabolism [152], rests (38.5%) were assumed to
attributed to CYP2E1 and CYP3As. Hepatic clearance (CLliver) of furosemide was reported to be
2.20 mL/min/kg [105] and the estimated value of fu × CLint,liver was 0.75 mL/min/250g. Diabetes
increased the expression of CYP2E1 and CYP3As by 3-fold [28] and the expression of CYP2C11 mRNA
was decreased to 16% that of control rats [47]. Thus, fu × CLint,liver and CLliver were estimated to be
0.75 mL/min/250g and 2.20 mL/min/kg. The estimated CLliver of furosemide was near to observed
data (2.98) in diabetic rats [105]. Diabetes altered expression of these targeted proteins (CYP2C11,
CYP3As, CYP2E1 and OATs), intestinal blood, liver blood flow and renal blood flow. It was assumed
that intestinal absorption of furosemide was mediated by MCT6. All these contribute to the altered
furosemide pharmacokinetics, whose integrated effects (Figure 6) were predicted using PBPK model.
The results demonstrate that the contribution of increases in CYP3A and CYP2E1 to hepatic clearance
of furosemide was partly attenuated by decreases in CYP2C11, which may explain why non-renal
clearance of furosemide was only slightly increased under diabetic status [105]. PBPK simulation
demonstrated that decreases in renal excretion of furosemide due to downregulation of renal OATs
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and renal blood flow rates mainly contributed the increased plasma exposure of furosemide following
an intravenous dose. Decreased oral exposure of furosemide was mainly attributed to the impairment
of intestinal absorption due to the suppression of intestinal MCT6. The contribution of decreased
expression of renal OATs to the altered oral plasma exposure of furosemide was less than that of
intestinal MCT6 impairment, whose net effect was to decrease oral plasma of furosemide (Figure 6G).

 

 
Figure 6. Observed (point) and predicted (line) plasma concentrations of furosemide (Fu) following
(A) oral (6 mg/rat, ig) and (B) intravenous dose (6 mg/rat, iv) to diabetic rats (DM) and control rats
(CON). Comparison of mean observed and predicted plasma concentrations of furosemide at each
time point (C). Contributions of altered (D) renal OATs, (E) intestinal MCT6 and (F) renal blood flow
(Qkidney) to oral plasma exposure of furosemide as well as (G) integrated effects of intestinal MCT6
impairment and renal OATs impairment. The observations were obtained from the literature [89].
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5.4. Metformin and Nisoldipine

A whole-body PBPK model was also used to predict the pharmacokinetics of metformin in
diabetic patients [153]. The results show that increased plasma levels of metformin following oral dose
mainly resulted from both the impairment of renal function and delaying gastrointestinal transit. The
metabolism of nisoldipine is mediated by CYP3As. Decreased CYP3A activity may partly explain the
increased oral plasma exposure. However, when nisoldipine, in controlled-release tablets, was given
to diabetic patients, the roles of gastrointestinal transit were nonnegligible. PBPK simulation also
demonstrated that delaying gastrointestinal transit increased the intestinal absorption of nisoldipine,
indicating that increased oral plasma of nisoldipine following oral administration of nisoldipine
controlled-release tablet in diabetes patients was mainly attributed to both decreased CYP3As and
delaying gastrointestinal transit.

6. Future Perspective

Growing evidence has demonstrated that diabetes often simultaneously affects transporters
and enzymes in the intestine, liver and kidney. Moreover, these alterations are dependent on tissue
and diabetic progression. For example, diabetes induced the expression of hepatic CYP3A, but
downregulated the expression of intestinal CYP3A. In STZ/HFD-induced diabetic rats, 10-day diabetes
decreased the expression of both intestinal and hepatic BCRP, but 22-day diabetes induced the
expression of intestinal BCRP not hepatic BCRP protein [11]. Moreover, mRNA levels are often indexed
as the expression of targets, but mRNA levels do not always reflect the protein expression and activity.
For example, a report showed that diabetes induced a five-fold increase in the expression of renal
Mdr1a mRNA in rats, but the expression of renal P-gp protein was unaltered [138]. Similarly, mRNA
expression of BCRP in the liver of GK rats was increased by 20-fold, but the expression of BCRP protein
and function (biliary excretion of rosuvastatin) was unchanged [19]. In contrast, diabetes decreased
the level of hepatic MRP2 protein by 80% in rats without affecting the mRNA expression of MRP2 [22].
Similarly, no correlation between the mRNA level and activity (chlorzoxazone 6-hydroxylation activity)
of CYP2E1 was also found in human liver [154]. All these indicate that data based on mRNA sometimes
give the wrong conclusion. Clinical trials [66,68,73,74,131,132] have also demonstrated that many
factors such as type of diabetes, diabetic progression, gender, age, therapy/effectiveness, diet/drinking
habits, complications and co-medicines affect expressions and functions of CYP450s and transporters,
which may partly explain contradictory effects of diabetes on expressions of CYP450/transporters and
pharmacokinetics. Alterations in expressions and functions of transporters and CYP450s by diabetes
are dependent on specific isoforms (CYP450s and transporters) and tissues. Moreover, physiological
parameters such as blood flow rates in tissues are altered. All these results indicate that alterations in
the disposition of drugs under diabetes should be attributed to the integrated effect of these factors.
We thought that PBPK model could be used to accomplish the prediction of drug disposition under
diabetic status. Furthermore, the PBPK model could separately illustrate individual contributions of
each factor to drug disposition and their integrated effects.
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Abstract: The combination of Carthamus tinctorius extract (CTE) and notoginseng total saponins
(NGTS), namely, CNP, presents a synergistic effect on myocardial ischemia protection. Herein,
comparative pharmacokinetic studies between CNP and CTE/NGTS were conducted to clarify
their synergistic mechanisms. A large volume direct injection ultra-high performance liquid
chromatography–tandem mass spectrometry (LVDI-UHPLC-MS/MS) platform was developed for
sensitively assaying the multi-component pharmacokinetic and in vitro cocktail assay of cytochrome
p450 (CYP450) before and after compatibility of CTE and NGTS. The pharmacokinetic profiles
of six predominantly efficacious components of CNP, including hydroxysafflor yellow A (HSYA);
ginsenosides Rg1 (GRg1), Re (GRe), Rb1 (GRb1), and Rd (GRd); and notoginsenoside R1 (NGR1),
were obtained, and the results disclosed that CNP could increase the exposure levels of HSYA,
GRg1, GRe, GRb1, and NGR1 at varying degrees. The in vitro cocktail assay demonstrated that
CNP exhibited more potent inhibition on CYP1A2 than CTE and NGTS, and GRg1, GRb1, GRd,
quercetin, kaempferol, and 6-hydroxykaempferol were found to be the major inhibitory compounds.
The developed pharmacokinetic interaction-based strategy provides a viable orientation for the
compatibility investigation of herb medicines.

Keywords: Carthamus tinctorius extract; notoginseng total saponins; comparative pharmacokinetic
study; large volume direct injection; compatibility mechanism

1. Introduction

Myocardial ischemia-induced infarction is one of the leading causes of human death worldwide.
The benefits of either Carthamus tinctorius extract (CTE) or notoginseng total saponins (NGTS) towards
myocardial ischemia injury on rats have been well defined, and more interestingly, previous studies
have demonstrated that better cardio-protective effects were observed when using their combination
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preparation (CNP) [1–3]. However, the underlying synergetic mechanisms of CTE and NGTS
combination, their pharmacokinetic (PK) interactions in particular, still remain unclear.

It is widely accepted that the drug–drug interactions (DDIs) and herb–herb interactions (HHIs)
can cause changes of pharmacokinetic profiles, which result in the possible improvement of drug
efficacy and in the decrease of side effects, or vice versa [4,5]. However, most of the literature has
merely focused on the pharmacokinetic profile variations of these primary components between
individual dosing and combined use, but has overlooked the reasons responsible for the changed
pharmacokinetic behaviors, which may be caused, at least in part, by cytochrome p450 (CYP450)-
and/or transporter-mediated HHIs [6]. Therefore, the objective of this study was to gain insight into
the synergistic actions between CTE and NGTS by determination of the pharmacokinetic profiles of six
major active components from CTE and NGTS, as well as their CYP450-based synergetic mechanisms.
An in vitro cocktail assay, which is an efficient and widely favored approach for CYP450-mediated
HHIs, was employed to pursue the factors accounting for the different pharmacokinetic patterns before
and after compatibility.

Our previous pharmacological evaluations optimized a relatively low dosage CNP for the
anti-myocardial ischemia effect [2]. Furthermore, the cocktail method usually suffers from extensive
CYP450 crossover within the probe substrates [7]. Therefore, the emerging demand is to develop a
sensitive and efficient method for reliable detection and determination of the trace ingredients for the PK
and cocktail studies. Attempts were made herein to propose and apply a large volume direct injection
ultra-high performance liquid chromatography–tandem mass spectrometry (LVDI-UHPLC-MS/MS)
method for direct and sensitive multiple-component PK and cocktail studies.

2. Materials and Methods

2.1. Plant Materials

Notoginseng total saponins (NGTS), containing ginsenoside Rg1 (GRg1, A1, 26.6%), ginsenoside
Rb1 (GRb1, A2, 32.5%), ginsenoside Rd (GRd, A3, 6.6%), ginsenoside Re (GRe, A4, 4.1%), and
notoginsenoside R1 (NGR1, A5, 6.2%), prepared according to the Monograph of NGTS recorded in
Chinese Pharmacopoeia [8], was purchased from Yunnan Plant Pharm. Co., Ltd. (Yunnan, China).
Besides NGR1, GRg1, GRe, GRb1, and GRd (Han et al., 2010), the remaining amount of around 25%
ginsenosides in NGTS were further clarified as previously described [9]. Carthamus tinctorius extract,
containing hydroxysafflor yellow A (HSYA; A9, 8.0%) and kaempferol-3-O-rutinoside (A11, 0.2%) was
prepared following the protocol described in a previous report [1]. The chemical structures of the
main components contained in CNP are shown in Figure 1. The chemical profiling based on LC–MS
(Figure S1) and the detail chemical composition information were reported in our previous research
papers [10]. The detailed information of other chemicals and reagents is shown in the Supplementary
Materials section.
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Figure 1. The chemical structures of the main components contained in the combination of
Carthamus tinctorius extract and notoginseng total saponins (CNP).

2.2. Animals and Rat Liver Microsomes

Male Sprague-Dawley (SD) rats (12–14 weeks, 200–240 g) were provided by the Experimental
Animal Center, Peking University Health Science Center. All animal experimental protocols were
approved by the Biomedical Ethical Committee of Peking University Health Science Center (SYXK
(Jing) 2016-0041, 23 December 2016). The animal experiments were carried out in accordance with the
National Institutes of Health guide for the care and use of laboratory animals (NIH Publications no.
8023, revised 1978).

Pooled SD rat liver microsome (RLM, 20 mg/mL, LM-DS-02M, BDVH) were purchased from the
Research Institute for Liver Diseases (Shanghai, China) Co. Ltd.

2.3. Plasma Pharmacokinetic Studies

CTE, NGTS, and CNP powders were dissolved using saline, and were orally dosed at 50 mg·kg−1,
60 mg·kg−1, and 50 mg·kg−1 CTE + 60 mg·kg−1 NGTS, respectively, whereas saline was administered to
the vehicle group. Six rats were used in each group, and all rats fasted overnight but had free access to
water prior to treatment. A terminal sampling design was used to collect blood samples at 0 (pre-dose),
0.08, 0.16, 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, 24, 48, 72, and 96 h. At each time, 0.5 mL of blood was collected in
the heparin sodium tubes. Plasma was separated by centrifugation at 4000 rpm for 10 min and stored
below −80 ◦C until bioanalysis. Oasis PRiME HLB SPE cartridges (1 cc/30 mg, Waters, Milford, MA,
USA) were used to process the plasma samples (Supplementary Materials).

2.4. Incubation Procedure and CYP450 Activity Assay

The effects of CTE, NGTS, CNP, and 18 representative compounds (A1–A18,
Supplementary Materials) on CYP450 activities were investigated using a pool of SD RLM
following the procedure in [11]. Incubations were conducted at 37 ± 1 ◦C in 200 µL of
incubation mixtures containing RLM (0.2 mg/mL), phosphate buffer saline (PBS) (pH 7.4,
0.1 mM), MgCl2 (5 mM), nicotinamide adenine dinucleotide phosphate (NADPH) (1 mM),
and CYP450 probe substrates (90/1.07/18/0.13/0.02/3.6/90 µM of phenacetin/omeprazole/
tolbutamide/dextromethorphan/midazolam/chlorzoxazone/ bupropion, respectively).
CYP450 inhibitors (triethylenethiophosphoramide/sulfaphenazole/ticlopidine/furafylline/
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ketoconazole/quinidine/4-methylpyrazole for CYP2B6/2C9/2C19/1A2/3A4/2D6/2E1, respectively)
were added as the positive control, and blank solvents (PBS containing methanol and/or dimethyl
sulfoxide (DMSO)) were used as the negative control. The incubation mixtures also contained eight
concentrations for CTE (2.5–200 µg/mL), NGTS (2.5–200 µg/mL), CNP (2.5–200 µg/mL), A1–A17
(5–200 µM), and A18 (0.25–10 µM). Reactions were initiated by adding the NADPH-generating system
and terminated after 15 min by 200 µL of cold methanol containing 105 nM hydroxybupropion-[D6]
(OHBUP-[D6]) and 5 nM 4′-hydroxydiclofenac-[13C6] (OHDIC-[13C6]) as internal standards (ISs).
The mixture was placed in an ice bath for 30 min, and the precipitated protein was removed by
centrifugation (12,000 rpm for 10 min at 4 ◦C) three times. Then an aliquot of 100 µL supernatant was
diluted with 100 µL ultrapure water, and centrifuged at 12,000 rpm for 10 min, before being subjected
to LVDI-UHPLC-MS/MS analysis.

2.5. LVDI-UHPLC-MS/MS Analysis

The generic layout of instrumentation setup of the LVDI-UHPLC-MS/MS was conducted on
a Shimadzu UHPLC system consisting of two LC-20ADXR pumps, a DGU-20A3R degasser, and a
CBM-20A controller (Kyoto, Japan) with a SCIEX 4500 QTRAP mass spectrometer mounted with an
electron spray ionization (ESI) interface as well as an electronic 6-port/2-channel valve (Foster City, CA,
USA). Analyst software package (version 1.6.2, SCIEX) was implemented to control and synchronize
the entire system, and also for data acquisition and processing. A single analytical run was fragmented
into two phases, namely, loading and elution phases, by switching the electronic valve (Figure 2). At the
loading phase, the valve was maintained at A-channel. The specimen aliquot of large volume delivered
from the auto-sampler was captured onto a guard column. Meanwhile, the pumps were responsible
for delivering the mobile phase at a high flow rate, aiming to dilute the sample solvent, thus facilitating
the candidate constituents to concentrate on the pre-guard column. Then, the valve was automatically
switched to the B-channel to trigger the elution phase. The trapped components were flushed from the
pre-guard column into an analytical column, and underwent multiple reaction monitoring (MRM)
analysis on the optimized LC gradients. The detailed information of LVDI-UHPLC-MS/MS analysis
for pharmacokinetic and cocktail studies is shown in the Supplementary Materials section.

Figure 2. Connectivity sketch of the six-port/two-channel switching valve controlling the large
volume direct injection ultra-high performance liquid chromatography–tandem mass spectrometry
(LVDI-UHPLC-MS/MS) system. At the loading phase, the valve was maintained at A-channel. The
sample delivered from the auto-sampler was captured onto a pre-guard column. Meanwhile, the
pumps delivered the mobile phase at a high flow rate. Then, the valve was automatically switched to
the B-channel to trigger the elution phase. The trapped components were flushed from the pre-guard
column into an analytical column.
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2.6. Method Validations

Method validations for the pharmacokinetic and cocktail assays, in terms of specificity, linearity,
and sensitivity; precision and accuracy; recovery and matrix effect; and stability, were individually
carried out by following the U.S. Food and Drug Administration (FDA) Guidance on Bioanalytical
Method Validation and Drug Interaction Studies [12].

2.7. Data Processing

Calibration data were fitted to linear calibration curves using 1/x2 weighting. For the PK study,
the half-time (T1/2), maximum plasma concentration (Cmax), time to reach the maximum concentration
(Tmax), and area under concentration-time curve (AUC) were determined by non-compartmental
method using Drug and Statistics 3.0 (DAS 3.0, Mathematical Pharmacology Professional Committee
of China, Shanghai, China). For the cocktail assay, the activity is expressed as the percentage of activity
remaining comparing with that of a control sample containing no inhibitor. Substrate inhibition data
were analyzed using GraphPad Prism 6 (version 6.01; San Diego, CA, USA) in logistic regression.
All the data were described as mean ± standard deviation (SD). Normality assumptions were tested
by the Kolmogorov–Smirnov statistic setting p = 0.10 as the limit for rejection of the null hypothesis
of normality. If the distribution of the data was normal with equal variances, a two-sided test was
performed at the 5% level of significance. The Welch’s correction was then applied when the underlying
variances were not equal. When the assumption of normality must be rejected, the Mann-Whitney test,
a non-parametric equivalent of the independent-measures t-test, was used.

3. Results

3.1. Injection Solvent Optimization

It is well known that the sample solvent and volume have large effects on the peak asymmetry and
column efficiency [13]. Herein, we established a LVDI-UHPLC-MS/MS method, assisted by injection
solvent optimization, for sensitive bioassays of the pharmacokinetic interactions and cocktail analysis
of CTE and NGTS. Considering the solubility and the sample pretreatment methods (Supplementary
Materials) of the target analytes, the mixed standard solution of the six reference compounds was
diluted with methanol (MeOH)/water (H2O) in a ratio of 20% increment ranging from 100% H2O to
100% MeOH for the PK study, and all the six standards of the PK study showed the highest responses
when using 40% or 60% aqueous MeOH as the injection solvent. The CYP450 probe substrates and their
corresponding metabolites for the in vitro cocktail assay were chosen according to the FDA guide [14].
Likewise, the six metabolites for the cocktail assay showed the best chromatograms when the 25%
aqueous MeOH was served as the sample solvent, with exception of 1′-hydroxymidazolam, for which
50% aqueous MeOH was selected as the injection solvent (Figure S2).

3.2. Optimization of the Loading Phase for the LVDI-UHPLC-MS/MS-Based Method

The instrument stability of the LVDI-UHPLC-MS/MS setup was first investigated, and the results
indicated the LVDI-UHPLC-MS/MS could meet the demands of quantitation (Table S3). An analytical
run of the LVDI-UHPLC-MS/MS-based method was fragmented into a loading phase and an elution
phase. The gradient condition for the elution phase turned out to be the same as that of the regular
UHPLC-MS/MS analysis. Thus, the optimization works were concentrated on the loading phase,
including the flow rate, mobile phase, and dilution time. According to the optimized gradient programs
of the elution phases, both PK and cocktail studies employed water as the mobile phase for their
loading phase after evaluating the solvents ramped from 0% to 20% aqueous acetonitrile. The flow
rate of the loading phase for the PK study was finally optimized as 3.0 mL·min−1 after assays of 0.4,
1.0, 2.0, and 3.0 mL·min−1 flow rates. Because the higher the flow rate, the lower the signal responses
of paracetamol and 6-hydroxychlorzoxazone, the cocktail assay finally chose 0.4 mL·min−1 as the flow
rate of the loading phase. It turned out that the dilution time did not have a profound effect on the
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total chromatogram by comparing 0.5, 1, and 2 min. Thus, the shortest time, 0.5 min, was chosen to
promote the analytical efficiency. The corresponding bioanalytical method validations were carried
out by following the FDA guidance [12], and the results demonstrated that the newly developed
LVDI-UHPLC-MS/MS-based methods enabled reliable detection and precise determination of the
multiple-component in PK and cocktail studies. The lower limits of quantitation (LLOQ) of most
analytes (except Rb1 and Rd) were lower than 60 pg/mL.

3.3. Comparative Multiple-Component PK Studies

Considering the bioavailability improvement of active ingredients is a key point of traditional
Chinese medicine compatibility, we executed a multiple-component PK study. HSYA, GRb1, GRd, GRe,
GRg1, and NGR1 were the primary circulating compounds and the main cardio-protective components
in CNP [15,16], and thus were chosen as the PK markers. Meanwhile, the optimized injection solvent
and LVDI-UHPLC-MS/MS method were integrated to achieve a much more sensitive method for
reliable quantification of these components in vivo. After validation (Figure 3, Tables S4–S7), the
developed method was first applied to characterize the pharmacokinetic characters of HSYA, GRb1,
GRd, GRe, GRg1, and NGR1 in rat plasma. Their plasma concentrations versus time profiles are
displayed in Figure 4 and Table S8. The combination group showed greater Cmax and AUC0-t values
(Table 1) of HSYA, GRg1, GRb1, NGR1, and GRe over the individual extract groups. Exceptionally, GRd
exhibited considerable AUC0-t and Cmax between NGTS and CNP dosing groups, whereas significantly
different T1/2 values, which indicated the combination use of CTE and NGTS, may have accelerated
the elimination processes of GRd. The reason may have been due to the hydrolysis of GRb1 to GRd
in vivo [17], resulting in a more complicated PK behavior of GRd than other compounds in CNP.

Figure 3. Representative multiple reaction monitoring (MRM) chromatograms of target analytes in rat
plasma in a positive mode: (A) blank plasma; (B) blank plasma spiked with six chemical standards and
internal standards (IS); (C) plasma sample collected at 2 h following oral administration of extract CNP
(Carthamus tinctorius extract (CTE) 50 mg/kg + notoginseng total saponins (NGTS) 60 mg/kg) to rats.
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Figure 4. Mean plasma concentration-time profiles of the six analytes in rats after oral administration
of CTE, NGTS, and CNP. Each point represents the mean ± SD (n = 6).

Table 1. Pharmacokinetic parameters of hydroxysafflor yellow A (HSYA), ginsenoside Re (GRe),
ginsenoside Rb1 (GRb1), ginsenoside Rd (GRd), ginsenoside Rg1 (GRg1), and notoginsenoside R1

(NGR1) after oral administration of CTE, NGTS, and CNP to rats. Each point represents the mean ± SD
(n = 6).

Analyte Group t1/2 (h) Tmax (h)
Cmax

(ng·mL−1)
AUC0–t

(ng·h·mL−1)
AUC0–∞

(ng·h·mL−1)

HSYA
CTE 2.01 ± 0.34 0.88 ± 0.54 12.16 ± 3.09 33.05 ± 10.70 33.85 ± 10.78
CNP 1.68 ± 0.79 1.17 ± 0.41 15.17 ± 4.39 38.33 ± 8.42 38.94 ± 8.60

NGR1
NGTS 10.53 ± 3.06 1.15 ± 1.06 0.64 ± 0.18 6.30 ± 2.41 8.14 ± 3.60
CNP 12.36 ± 4.48 1.04 ± 0.97 0.79 ± 0.18 8.12 ± 1.53 11.49 ±3.54

GRb1
NGTS 36.89 ± 9.65 5.50 ± 1.80 113.08 ± 41.78 2317.66 ± 682.70 2808.87 ± 617.99
CNP 34.47 ± 8.45 6.33 ± 3.45 129.00 ± 65.97 2472.33 ± 394.72 2816.01 ± 563.44

GRd
NGTS 42.75 ± 8.84 * 4.50 ± 1.76 29.43 ± 10.69 460.90 ± 117.22 618.90 ± 157.23
CNP 27.79 ± 6.94 6.33 ± 3.44 31.07 ± 16.78 459.04 ± 51.04 549.18 ± 58.09

GRg1
NGTS 11.68 ± 2.09 * 4.71 ± 3.71 0.78 ± 0.13 13.99 ± 5.03 16.72 ± 3.93
CNP 15.11 ± 8.89 5.38 ± 4.66 1.04 ± 0.34 16.69 ± 3.42 20.23 ± 3.35

GRe
NGTS 5.25 ± 2.27 2.60 ± 0.89* 0.29 ± 0.04* 1.82 ± 0.19 2.90 ± 0.60
CNP 5.99 ± 3.86 0.80 ± 0.41 0.39 ± 0.08 1.93 ± 0.19 3.33 ± 1.13

*: p < 0.05, versus the combination group. Tmax: the time of peak concentration; t1/2: half-life; Cmax: the peak or
maximum concentration; AUC: area under concentration-time curve. For abbreviations of analytes A6–A18, please
refer to the Supplementary Materials section.

3.4. CYP450-Mediated Herb–Herb Interactions

To investigate the possible HHIs between NGTS and CTE, an in vitro cocktail assay involving
seven probe substrates was conducted, with the assistance of LVDI-UHPLC-MS/MS method to avoid
CYP450 crossovers (Figure 5, Tables S9–S11). The incubation system was optimized in the aspects of
substrate choice, enzyme concentration, incubation time, and substrate concentration (Figures S3–S4,
Table S12), following the guidance of the FDA [14]. According to the half inhibiting concentration
(IC50) values of CTE, NGTS, and CNP (Table 2), CTE showed weak inhibition on CYP1A2, CYP2D6,
and CYP2C9 and moderate inhibition on CYP2B6 and CYP2E1, whereas NGTS presented much more
potent inhibitions on all these detected CYP450s than CTE (Table 2). After combination, CNP showed
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more potent inhibition on CYP1A2 than CTE and NGTS, and more potent inhibition on CYP2C9,
CYP2C19, CYP3A4, and CYP2D6 than CTE (Table 2).

Figure 5. Representative MRM chromatograms of all probe metabolites and two ISs in the incubated
rat microsomal sample with no substrate cocktails: (A) blank microsomal sample, (B) blank microsomal
sample spiked with seven chemical standards and two ISs monitored in a polarity switching mode.
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Table 2. IC50 values of CTE, NGTS, CNP, and the 18 representative compounds for inhibiting cytochrome p450 (CYP450) isozymes.

No.
IC50 (µg·mL−1/µM) #

CYP2C9 CYP2E1 CYP2C19 CYP2D6 CYP2B6 CYP1A2 CYP3A4

CNP 21.66 ± 1.15 31.85 ± 4.15 62.95 ± 1.17 25.27 ± 0.25 52.19 ± 2.24 26.36 ± 6.98 91.77 ± 5.16
CTE 183.30 ± 17.98 35.47 ± 2.98 >200 126.17 ± 17.63 58.09 ± 13.41 138.60 ± 14.36 >200

NGTS 9.32 ± 0.56 16.12 ± 2.59 40.85 ± 6.98 12.23 ± 4.25 43.90 ± 7.91 60.68 ± 2.26 106.27 ± 14.00
GRg1 (A1) 36.49 ± 1.32 34.08 ± 4.76 78.12 ± 5.25 55.73 ± 6.08 11.02 ± 0.87 13.09 ± 8.24 39.25 ± 4.57
GRb1 (A2) 17.57 ± 2.03 27.96 ± 2.39 16.80 ± 2.52 17.06 ± 1.29 120.83 ± 10.89 5.84 ± 0.14 30.04 ± 2.47
GRd (A3) 73.01 ± 3.71 43.46 ± 0.06 71.36 ± 14.28 64.81 ± 11.68 >200 4.36 ± 2.31 61.43 ± 14.32
GRe (A4) >200 25.59 ± 9.03 50.53 ± 15.39 >200 39.40 ± 4.81 94.41 ± 4.52 75.11 ± 7.24

NGR1 (A5) 154.47 ± 16.65 121.70 ± 8.96 107.59 ± 29.58 20.42 ± 3.45 >200 112.07 ± 7.72 84.59 ± 1.79
A6 55.84 ± 3.40 40.76 ± 1.65 53.67 ± 0.22 19.46 ± 2.83 114.70 ± 3.04 52.77 ± 1.93 26.45 ± 1.39
A7 80.47 ± 1.05 13.59 ± 0.60 18.50 ± 1.60 31.02 ± 4.17 177.17 ± 4.21 153.27 ± 8.73 126.70 ± 4.24
A8 1.21 ± 0.51 9.06 ± 1.85 111.26 ± 21.57 10.54 ± 1.11 >200 >200 34.38 ± 9.16

A9 (HSYA) 0.17 ± 0.02 0.73 ± 0.15 49.33 ± 3.28 0.14 ± 0.06 >200 >200 9.42 ± 2.26
A10 39.06 ± 0.09 >200 >200 >200 >200 >200 >200
A11 24.92 ± 4.96 5.45 ± 1.37 >200 64.55 ± 7.71 17.33 ± 0.96 53.17 ± 6.12 16.18 ± 4.30
A12 >200 >200 >200 98.56 ± 12.30 >200 >200 >200
A13 93.00 ± 2.56 10.22 ± 0.65 48.91 ± 4.36 37.12 ± 8.85 21.02 ± 2.31 13.35 ± 2.27 58.52 ± 0.66
A14 >200 >200 >200 >200 >200 >200 >200
A15 >200 >200 >200 >200 >200 127.47 ± 6.55 >200
A16 13.48 ± 2.41 20.29 ± 4.13 46.35 ± 7.05 31.11 ± 3.91 68.48 ± 9.88 41.22 ± 3.18 73.74 ± 13.64
A17 14.92 ± 4.24 32.46 ± 5.79 70.38 ± 1.18 59.17 ± 1.01 >200 21.46 ± 4.50 117.00 ± 6.77
A18 2.13 ± 0.64 4.27 ± 1.30 1.79 ± 0.52 0.98 ± 0.38 4.42 ± 1.31 0.12 ± 0.01 2.48 ± 0.48

#: Values were obtained from triplicate tests, and presented as mean ± SD. The units of IC50 values for CTE, NGTS, and CNP are µg·mL−1, whereas for the 18 single components are µM.
Potent inhibitors (IC50 < 15 µM for 1A2, 2C9, 2C19, 2D6, 2B6, and 3A4) are presented in italic. For abbreviations of analytes A6–A18, please refer to the Supplementary Materials section.
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To identify the major CNP components responsible for the inhibition, 18 representative components
from CNP were evaluated by the cocktail assays. The results (Table 2) showed that HSYA and
ginsenosides showed high or moderate inhibition activities on the seven CYP450 isozymes. Although
flavonoid glycosides showed moderate or weak inhibition activities, or even no inhibition activities
(IC50 values of >200 µM, Table 2), the flavonoid aglycones quercetin (A16), kaempferol (A17),
and 6-hydoxykaempferol (A18), in contrast, exhibited potent inhibitory activities against the seven
CYP450 isozymes. In particular, 6-hydroxykaempferol (A18) showed remarkably stronger inhibitory
activities on the seven CYP450 isozymes (IC50 < 5 µM, Table 2). In conclusion, the ginsenosides
GRg1 (A1), GRb1 (A2), and GRd (A3), and the flavonoids 6-hydoxykaempferol-3-O-glucoside (A6),
kaempferol-3-O-glucoside (A7), anhydroxysafflor yellow B (AHSYB, A8), hydroxysafflor yellow A
(HSYA, A9), 6-hydroxykaempferol-3,6-di-O-glucoside (A13), quercetin (A16), kaempferol (A17), and
6-hydroxykaempferol (A18) were presented as being the intensive inhibitors to different CYP450s
(IC50 ≤ 15 µM). Among them, GRg1 (A1), GRb1 (A2), GRd (A3), quercetin (A16), kaempferol (A17), and
6-hydroxykaempferol (A18) were the main active components of CNP for the inhibition of CYP1A2.

3.5. Discussion

Herbal pair, the most fundamental and simplest form of Chinese herbal medicine formula, has
been favored for centuries because of its better therapeutic outcomes and fewer side effects [18].
Herein, we primarily aimed to clarify the compatibility mechanisms between NGTS and CTE from
PK interactions. Given the low dosage, more efforts were paid onto the detection and quantification
of trace CNP-derived components in vivo. We found the injection solvent extensively affected the
chromatographic performances. Increasing the injection volume could advance the sensitivity owing
to the subjection of larger amounts of analytes [19]. However, the solvent effect might be initiated by
directly injecting large volume of solution onto the chromatographic column without any additional
treatment. Increasing the flow rate of the mobile phase could guarantee the dilution of the injection
solvent and retention of the target analytes, which should be a practical choice to minimize, or even
avoid the solvent effect. However, a rapid flow rate gave rise to a higher back pressure. Therefore,
the evaporation–reconstitution step often involved loading the sufficient quantity of sample onto
the column for LC–MS analysis. Fortunately, the electronic six-port/two-channel valve mounted
on the QTRAP system can be applied as a viable solution to split the back pressure. Therefore,
LVDI-UHPLC-MS/MS method was proposed. With the LVDI-UHPLC-MS/MS method, the sample
can be directly injected into LC-MS analysis without any evaporation–reconstitution step, which is
time-consuming and risks crucial chemical degradation during the evaporation procedure. Under the
assistance of the injection solvent optimization, the validated LVDI-UHPLC-MS/MS-based method
turned out to be extremely sensitive, accurate, and qualified for the bioassay measurement.

The pharmacokinetic results of HSYA, GRg1, GRe, GRb1, and NGR1 indicated that after
combination, the absorption of these active components was increased inferred from their higher Cmax

and AUC0-t values over that of the individual extract groups (Table 1). The increment of Cmax and
AUC0-t values suggested that CYP450-mediated HHIs between CTE and NGTS may primarily account
for the compatibility mechanisms of CTE and NGTS. An in vitro cocktail assay was then carried out to
find the clues being responsible for HHIs between CTE and NGTS. The results showed CNP exhibited
more potent inhibition on CYP1A2 (Table 2), the key enzyme involved in the oxidation reactions of
most xenobiotics [20], compared with CTE and NGTS. In order to search for the single components
contained in CNP responsible for the inhibition of CYP1A2 and other CYP450s, 18 main components
from CNP were evaluated for their inhibition on CYP450s.

The results showed that GRg1 (A1), GRb1 (A2), GRd (A3), 6-hydoxykaempferol-3-O-glucoside
(A6), kaempferol-3-O-glucoside (A7), anhydroxysafflor yellow B (AHSYB, A8), hydroxysafflor yellow
A (HSYA, A9), 6-hydroxykaempferol-3,6-di-O-glucoside (A13), quercetin (A16), kaempferol (A17), and
6-hydroxykaempferol (A18) were the main active components for the CYP450 inhibition, and GRg1
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(A1), GRb1 (A2), GRd (A3), quercetin (A16), kaempferol (A17), and 6-hydroxykaempferol (A18) were
the main active components for CYP1A2 inhibition.

To further discuss the possibility of in vivo interaction between CTE and NGTS, the inhibitions of
GRg1, GRb1, GRd, HSYA, NGR1, and GRe to CYP450s at their Cmax levels were calculated by their
respective “dose–response curve”. The results (Table S13) showed GRg1, GRb1, GRd, HSYA, NGR1,
and GRe could not significantly inhibit CYP450s at their Cmax levels, which is in accordance with the
results that the combination use of CTE and NGTS can only increase the system exposures of these
components to some extent.

4. Conclusions

In conclusion, the findings gained from the comparative pharmacokinetic investigations
revealed there were pharmacokinetic interactions between CTE and NGTS, which may explain
the integrative mechanisms of CNP and provide the experimental data and theoretical basis for
further development and clinical applications of CNP. The developed LVDI-UHPLC-MS/MS method
and pharmacokinetic interaction-based strategy provide a viable orientation for the compatibility
investigation of herb medicines.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/2/180/s1:
Figure S1. The total ion current chromatogram (TIC) of CTE; the corresponding chemical composition information
was reported in previous research (Chen, et al., 2014; Analyst 139, 6474–6485). Figure S2. The optimization of
sample solvents for the pharmacokinetic analysis (A) and the cocktail assay (B) (n = 3). Figure S3. Kinetic profiles
for the enzymatic turnover of CYP450-mediated probe reactions. Figure S4. Inhibition curves of the seven positive
inhibitors obtained from the substrate cocktail incubation. Table S1. Multiple reaction monitoring transitions
and fragmentation parameters of six standards and IS1 for PK analysis. Table S2. Multiple reaction monitoring
transitions and fragmentation parameters of seven metabolites and two internal standards (IS2 and IS3) for cocktail
assay. Table S3. The instrument stability of the LVDI-UHPLC-MS/MS setup. Table S4. Regression equations, linear
ranges, and low limits of quantification (LLOQ) of the six standards in rat plasma for the PK study. Table S5. Intra-
and inter-day precisions and determination accuracies of six standards for the pharmacokinetic study. Table S6.
Extract recoveries and matrix effects of six target constituents in rat plasma samples for the PK study. Table S7.
Stability of the six CNP constituents in rat plasma samples for the PK study. Table S8. Plasma concentration time of
the six target constituents after oral administration of CTE, NGTS, and CNP. Table S9. Regression equations, linear
ranges, and LLOQs of the seven metabolites for the cocktail analysis. Table S10. Intra- and inter-day precisions
and determination accuracies of the seven metabolites for cocktail analysis. Table S11. Extract recoveries and
matrix effects of seven target constituents and two ISs for the cocktail analysis. Table S12. Michaelis constant (Km)
determined for the enzymatic reaction of the probe substrates and the inhibition IC50 values were measured for
the positive inhibitors of seven CYP450s. Table S13. Responses (% control) of HSYA, GRb1, GRd, GRe, GRg1, and
NGR1 at their Cmax levels in the rat plasma.
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Abstract: The Caco-2 model is a well-accepted in vitro model for the estimation of fraction absorbed
in human intestine. Due to the lack of cytochrome P450 3A4 (CYP3A4) activities, Caco-2 model is
not suitable for the investigation of intestinal first-pass metabolism. The purpose of this study is to
evaluate a new human intestine model, EpiIntestinal microtissues, as a tool for the prediction of oral
absorption and metabolism of drugs in human intestine. The activities of relevant drug transporters
and drug metabolizing enzymes, including MDR1 P-glycoprotein (P-gp), breast cancer resistance
protein (BCRP), CYP3A4, CYP2J2, UDP-glucuronosyltransferases (UGT), carboxylesterases (CES),
etc., were detected in functional assays with selective substrates and inhibitors. Compared to Caco-2,
EpiIntestinal microtissues proved to be a more holistic model for the investigation of drug absorption
and metabolism in human gastrointestinal tract.

Keywords: Caco-2; EpiIntestinal; first-pass; P-gp; BCRP; drug transporter; CYP3A4;
UDP-glucuronosyltransferase; carboxylesterase; oral availability

1. Introduction

Despite the recent innovations in drug delivery, oral administration remains the major route of drug
administration. Understanding the drug absorption and metabolism in the intestine is thus essential
for drug development. To date, several in vitro or ex vivo models are available for the evaluation of
drug absorption and metabolism in human intestine. The Caco-2 cell culture model, e.g., is considered
the gold standard in vitro model for studies of drug absorption, although there are limitations of this
model with regards to drug metabolism [1,2]. Although a number of drug metabolizing enzymes
(DME) have been identified in Caco-2 cells, including UDP glucuronosyltransferases (UGT) [3] and
carboxylesterases (CES) [4], cytochrome P450 3A4 (CYP3A4), the major drug metabolizing enzyme in
human intestine and liver is missing in Caco-2 cells [5]. Alternatively, sections of human intestinal tissue
or mucosal biopsy mounted in Ussing chamber can be used to study drug absorption and metabolism in
human intestine [6]. The advantage of this method is the combined measurement of permeability/active
transport and metabolism. However, throughput, cost and availability of human tissues limit the
routine use of this model. In order to integrate CYP3A4 activities into Caco-2 model, Takenaka et al.
co-expressed recombinant human CYP3A4 and NADPH-CYP P450 reductase in Caco-2 cells [7].
Although a good correlation between extraction ratios observed in vitro and the gastro-intestinal (GI)
extraction ratios in human could be observed for a number of reference compounds, the in vitro model
tend to underestimate the GI extraction, indicating a rather low CYP3A4 activity in the model. Since

191



Pharmaceutics 2020, 12, 405

CYP3A4 activities are readily detected in microsomes prepared from liver or intestine, Gertz et al.
used another approach to improve the predictivity of firstpass extraction in human by combining
the metabolic clearance of CYP3A4 compounds measured in human intestinal microsomes and the
permeability data from Caco-2 or MDCK-MDR1 assay [8]. A clear disadvantage of this approach is
that two separate in vitro measurements are needed. In recent years, new in vitro models for human
intestine like microfluidic tissue-on-chip [9] or organoids [10] are emerging. These models have been
shown as useful models for testing compound toxicity in GI tract or as disease models [9,10]. As an
ADME model for human gut, however, a tissue model on a Transwell basis would be more favorable
because the equipment for Caco-2 permeability assay could be easily adapted to the new model and
would enable the measurement of transcellular permeability and transport in the new model. Two such
models have been published recently with basic characterization regarding drug transporters and
DMEs: The EpiIntestinal microtissues provided by MatTek [11] and the 3D bioprinted human intestinal
tissues provided by Organovo [12]. Due to the earlier availability and easier accessibility we decided
to evaluate the EpiIntestinal model as an ADME tool in more detail. The aim of the present study is the
in-depth characterization of the EpiIntestinal microtissues as a model for the investigation of activities
of drug transporters and DME and for the prediction of GI firstpass availability in human.

2. Materials and Methods

2.1. Material

All marketed drugs used in this manuscript and the metabolites and the deuterated standards
thereof are purchased from commercial providers (Sigma, LKT laboratories, Roche, BD Gentest,
Toronto Research, Cerilliant or Syncom). Dabigatran etexilate and its metabolites BIBR 951, BIBR 953,
BIBR 1087 and internal research compounds of Boehringer Ingelheim are provided by the internal
compound management.

2.2. Cell Culture

Caco-2 cells were obtained from Leibniz Institute DSMZ-German Collection of Microorganisms
and Cell Cultures (Braunschweig, Germany) and cultured in DMEM containing 10% FCS, 1% NEAA,
2 mM Glutamin, 100 U/mL Penicillin and 100 µg/mL Streptomycin. Caco-2 cells were seeded either
onto 24-well Transwell inserts (Corning, #3379) for bidirectional permeability assays or onto 96-well
Transwell inserts (Corning #3391) for the screening of DME activities at a density of 160,000 cells/cm2

and cultured for 3 weeks, with media change on every second day. EpiIntestinal microtissues were
obtained from MatTek (Bratislav, Slovakia) and cultured according to the manufacturer’s instruction
(24-well format for bidirectional permeability assays and GI firstpass availability assays and 96-well
format for screening of DME activities).

2.3. Bidirectional Permeability Assay

Bidirectional permeability assays were performed as described previously [13,14]. Briefly, compounds
were diluted in transport buffer (128.13 mM NaCl, 5.36 mM KCl, 1 mM MgSO4, 1.8 mM CaCl2,
4.17 mM NaHCO3, 1.19 mM Na2HPO4, 0.41 mM NaH2PO4, 15 mM 2-[4-(2-hydroxyethyl)piperazin-
1-yl]ethanesulfonic acid (HEPES), 20 mM glucose, pH 7.4) containing 0.25% bovine serum albumin to a
final concentration of 10 µM and added to the apical or basal compartment. In indicated experiments,
inhibitors were added to both compartments. Cells were incubated with the compounds for up to 2 h.
Samples from the opposite compartment were taken at different timepoints. Compound concentrations
in the samples were determined by HPLC-MS/MS (standard equipment: HPLC series 1000 or higher
from Agilent, Santa Clara, CA, USA, and mass spectrometers API 4000 or higher from AB Sciex,
Toronto, ON, Canada). Prior to bioanalysis samples were spiked with internal standard solution and
diluted with acetonitrile (ACN) for protein precipitation. Measurement was operated in multiple
reaction monitoring (MRM) mode. Quantification was performed using external calibration. Apparent

192



Pharmaceutics 2020, 12, 405

permeability coefficients in the apical to basal direction (Papp,AB) and in the basal to apical direction
(Papp,BA) and efflux were calculated as follows

Papp,AB =
QAB

(C0 × s× t)

Papp,BA =
QBA

(C0 × s× t)

E f f lux =
Papp,BA

Papp,AB

where Q is the amount of compound recovered in the receiver compartment after the incubation time t,
C0 the initial compound concentration given to the donor compartment, and s the surface area of the
Transwell inserts. Efflux ratio is calculated as the quotient of Papp,BA to Papp,AB. As quality controls,
one reference P-gp substrate (apafant) and one low permeable compound (BI internal reference,
Papp ≈ 3 × 10−7 cm/s, no efflux) is included in every assay plate. In addition, Transepithelial electrical
resistance (TEER) values are measured for each plate before the permeability assay and total recovery
in donor and receiver compartments was determined for each compound. All these parameters (efflux
of apafant, Papp values of the low permeable compound, TEER values, and total recovery) are used to
ensure the quality of the assays.

2.4. Measurement of DME Activities in EpiIntestinal and Caco-2

For measurements of DME activities in EpiIntestinal microtissues and Caco-2 cells, both were
cultured in 96-well Transwell inserts. Drugs (Table 1) were dissolved in the respective solvent at 200×
concentration and diluted in a pre-warmed transport buffer. Diluted substrate solution was applied
to the apical (100 µL) and basal (250 µL) compartment of the Transwell and incubated at 37 ◦C and
5% CO2 and 60 rpm continuous shaking. DME activities were determined by monitoring metabolite
formation in basal compartment over time (0, 0.5, 1, 2, 3 and 4 h) with LC-MS/MS. For LC-MS/MS,
an HTS-xt PAL autosampler (CTC Analytics), LC 1290 infinity G4220A (Agilent Technologies), column
oven (Agilent Technologies) and 6500 TripleQuad (AB Sciex) were used. Chromatographic separation
of samples was performed on YMC Triart C18 (1.9 µm, 30 × 2 mm; YMC Europe, Dinslaken, Germany)
LC analytical column. Quantification of all metabolites listed in Table 1 was achieved by the use of
calibration curves for the individual metabolites with appropriate concentration ranges.

Table 1. Drugs applied for drug metabolizing enzymes (DME) activity screen.

Drug DME/Metabolite Internal Standard
Drug

Concentration
(µM)

Solvent

Phenacetin CYP1A2/Acetaminophen d4-Acetaminophen 10–100 20% ACN
Bupropion CYP2B6/2-OH-Bupropion d8-OH-bupropion 15–300 Aqua bidest.

Amodiaquine CYP2C8/OH-Desethyl-Amodiaquine d5-Desethylamodiaquine 20–200 Aqua bidest.
Diclofenac CYP2C9/4-OH-Diclofenac (13C6)4′-OH-Diclofenac 20–200 20% ACN

S-Mephenytoin CYP2C19/4-OH-Mephenytoin d3-OH-Mephenytoin 20–200 40% ACN
Testosterone CYP3A4/6β-OH-Testosterone d3-6β-OH-Testosterone 40–400 ACN/MeOH
Midazolam CYP3A4/1-OH-Midazolam d4-1-OH-Midazolam 5–100 Ready-to-use solution

Dextromethorphan CYP2D6 Dextrorphan d3-Dextrorphan 10–100 Aqua bidest.
7-OH-Coumarin UGT/7-OH-Coumarin-Glucuronid α-Naphtylglucuronid 15–150 40% ACN
7-OH-Coumarin SULT/7-OH-Coumarin-Sulfat α-Naphtylglucuronid 15–150 40% ACN

β-Estradiol UGT1A1/β-Estradiol-3-Glucuronid α-Naphtylglucuronid 20–200 DMSO
Astemizol CYP2J2/O-Desmethyl-Astemizol Dextrorphan tartrate 2–50 30% ACN + 10 mM HCl
BIBF1120 CES/BIBF1202 d8-BIBF1202 10–100 ACN/MeOH

A total of 10 µL of the incubation sample were diluted with 90 µL of water containing 10–20%
ACN or methanol, 0.1% formic acid and the respective internal standard. To analyze the intracellular
metabolite concentration, cells on Transwell inserts were washed twice with ice-cold PBS and stored at
−80 ◦C for 20 min. Afterwards, 150 µL 50% ACN diluted with transport buffer was added to the cells
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and incubated at room temperature for 30 min. Cell lysate was transferred to a fresh 96-well plate
and centrifuged at 4 ◦C, 4000 rpm for 10 min. Subsequently, 10 µL of the supernatant were diluted
with 90 µl water containing 10–20% ACN or methanol, 0.1% formic acid and the respective internal
standard. A total of 2 µL sample was injected into the LC-MS/MS system operated with an electrospray
ionization source.

2.5. CES-Mediated Metabolism of Dabigatran Etexilate

CES-mediated metabolism of dabigatran etexilate was measured in cryopreserved human
hepatocytes (BioIVT, West Sussex, UK) and cryopreserved human intestinal mucosa (in vitro ADMET
laboratories, Columbia, MD, USA) in suspension and in Caco-2 cells and EpiIntestinal microtissues
grown on Transwell inserts. Dabigatran etexilate was diluted in culture media for the respective cells
or tissues. The final concentrations of dabigatran etexilate were selected in an earlier experiment to
ensure reasonable turnover of the compound within the incubation time: 2 µM for hepatocytes and
intestinal mucosa, 10 µM for Caco-2 and EpiIntestinal microtissues. In the experiments with Transwell
inserts, dabigatran etexilate was given to the apical compartments, metabolites were measured in the
basal (receiver) compartments. Concentrations of the metabolites were determined by HPLC-MS/MS
(Section 2.3).

2.6. Metabolite Identification

Raloxifene or ezetimibe (10 µM) in culture media was added to the apical compartment of
EpiIntestinal microtissues or incubated with cryopreserved human intestinal mucosa (HIM). Samples
from basal compartment of EpiIntestinal microtissues or lysates of the incubation mixture with mucosa
were prepared for metabolite identification as follows: samples were mixed with the same amount
of 0.1% formic acid in ACN and subsequently evaporated and resuspended in water containing
25% methanol and 0.1% formic acid. Analysis was performed on a LC-MS system containing a
Vanquish UPLC (ThermoFisher Scientific, San Jose, CA, USA) coupled to an Orbitrap FusionTribrid
high resolution mass spectrometer (ThermoFisher Scientific). Structure elucidation was based on exact
mass measurements in combination with the interpretation of fragment spectra.

2.7. Measurement of Intestinal First-Pass Availability in EpiIntestinal Microtissues and Caco-2

Compounds were diluted in culture media to a final concentration of 10 µM and added to the
apical (donor) compartment (total volume: 100 µL for EpiIntestinal and 200 µL for Caco-2). After the
incubation at 37 ◦C for 2, 4, 6, and 24 h, samples (50µL) were taken from the basal (receiver) compartment
(total volume: 5000 µL for EpiIntestinal and 800 µL for Caco-2). After the last timepoint, samples from
the donor compartments and the cell lysates were also collected. Compound concentrations in the
samples were determined by HPLC-MS/MS (Section 2.3).

GI first-pass availability of the tested compounds was expressed as fraction (%) of the total amount
of a compound added to the donor compartment recovered in the receiver compartment.

2.8. Calculation of Fa × Fg in Human

The first-pass GI availability (Fa × Fg) of selected drugs was calculated using the equation:

Fa × Fg = F/Fh

where F is the total oral availability, Fa the fraction absorbed, Fg the intestinal availability and Fh the
hepatic availability. The hepatic availability Fg can be estimated with the equation:

Fg = 1−CLh/QH

194



Pharmaceutics 2020, 12, 405

where CLh is the hepatic clearance of a drug and QH the hepatic blood flow in human (20.7 mL/min/kg).
The hepatic clearance CLh is calculated with the equation:

CLh = CLb × (1− fe)

where CLb is the blood clearance of a drug and fe the fraction of renal excretion. Blood CLb can be
converted from plasma clearance CLp with the blood-to-plasma ratio RB:

CLb = CLp/RB

A set of 12 marketed drugs are selected for the evaluation of EpiIntestinal microtissues. The clinical
data for the calculation of Fa × Fg are summarized in Table 2.

Table 2. Clinical pharmacokinetic data of the selected drugs for the calculation of Fa × Fg. Data sources
are indicated. Due to a lack of literature data or conflicting data in the literature, RB values for several
compounds are measured in-house (#).

Drug F RB CLp (mL/min/kg) fe

Atenolol 0.5 [8] 0.95 # 2.5 [15] 1 [16]
Atorvastatin 0.14 [17] 0.85 # 8.93 [8] 0.01 [18]

Buspirone 0.05 [8] 0.81 [8] 28.3 [8] 0.45 [19]
Felodipine 0.15 [8] 0.7 [8] 11 [15] 0 [16]
Indinavir 0.6 [8] 0.84 [8] 18 [20] 0.085 [16]
Irinotecan 0.25 [8] 0.82 [21] 7 [15] 0.32 [16]

Midazolam 0.4 [8] 0.64 # 5.3 [15] 0 [16]
Nifedipine 0.9 [8] 0.67 [8] 7.3 [15] 0 [16]

Oxybutynin 0.06 [8] 0.686 [22] 5.1 [15] 0 *
Quinidine 0.9 [8] 0.87 [8] 4 [15] 0.15 [16]

Rosuvastatin 0.2 [8] 0.75 # 11 [23] 0.3 [23]
Saquinavir 0.04 [8] 0.74 [8] 13 [15] 0.01 *

* Prescription information at fda.gov.

3. Results

3.1. Barrier Function and Transporter Activities

EpiIntestinal microtissues as an intestinal permeability model have been tested in detail by
Ayehunie et al. [11]. Our evaluation with in-house compounds and reference drugs (atenolol,
fexofenadine, dabigatran, dabigatran etexilate, fenoterol, and otenzepad) showed similar data (not
shown). However, the drug rosuvastatin which was used as a P-gp model drug by Ayehunie et al. [11]
showed different results in our hands. Both in Caco-2 cells and in EpiIntestinal microtissues, the selective
BCRP inhibitor Ko-143 (3 µM) strongly reduced the efflux of rosuvastatin, whereas the selective P-gp
inhibitor zosuquidar (5 µM) only showed a minor effect on the efflux of rosuvastatin (Table 3).
These data indicate BCRP as the major transporter in both in vitro models.

Table 3. Inhibition of transporter-mediated efflux of rosuvastatin in Caco-2 and EpiIntestinal
microtissues. Data are mean values of duplicates (Caco-2) or triplicates (EpiIntestinal microtissues).

Substrate Inhibitor Caco-2 EpiIntestinal

PappAB (10−6 cm/s) Efflux PappAB (10−6 cm/s) Efflux
Rosuvastatin None 0.3 21.0 0.3 100.0

Ko-143 (3 µM) 0.5 5.5 2.6 3.1
Zosuqidar (5 µM) 0.3 19.0 0.9 25
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3.2. Drug-Metabolising Enzymes (DME) in EpiIntestinal Microtissues

We studied the effect of DME on the GI first-pass availability with two model drugs: Midazolam
for CYP3A4 [24] and astemizole for CYP2J2 [25,26]. As shown in Figure 1, midazolam showed a lower
availability in EpiIntestinal microtissues than in Caco-2 (recovery in basal/receiver compartment after
24 h: 46.7% vs. 81.0%) when added to the apical compartment of both models. The addition of the
covalent CYP3A4 inhibitor CYP3cide [27] increased the availability of midazolam in EpiIntestinal
microtissues (46.7% vs. 75.9%), but had almost no effect on the availability in Caco-2 (81.0% vs. 87.9%).
Moreover, substantial amount of 1-hydroxymidazolam, the CYP3A4-selective metabolite of midazolam,
was detected in EpiIntestinal microtissues and was suppressed by the addition of the selective inhibitor,
whereas only a negligible amount of the metabolite was detected in Caco-2, consistent with the low
level of CYP3A4 expression in this cell line.

 

Figure 1. Apical-to-basal transport of midazolam in EpiIntestinal microtissues and Caco-2 cells.
Midazolam (10 µM) was added to the apical compartment of EpiIntestinal microtissues (left panels) or
Caco-2 cells (right panels) grown on Transwell inserts and incubated at 37 ◦C. At the time points as
indicated, samples were taken from the basal (receiver) compartment. Midazolam (upper panels) and
1-Hydroxymidazolam (lower panels) were quantified in the samples via HPLC-MS/MS. The incubation
was carried out in the absence or in the presence of the selective covalent CYP3A inhibitor CYP3acide
(1 µM). Data are shown as mean values of triplicates. Error bars show standard deviations.

In contrast to CYP3A4, CYP2J2 activities were readily detected both in EpiIntestinal microtissues
and in Caco-2 (Figure 2). In both models, co-incubation with the CYP2J2 inhibitor Ebastein (50 µM) [26]
increased the availability of astemizole in the receiver compartment.
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Figure 2. Apical-to-basal transport of astemizole in EpiIntestinal microtissues and Caco-2 cells.
Astemizole (10 µM) was added to the apical compartment of EpiIntestinal microtissues (left) or Caco-2
cells (right) grown on Transwell inserts and incubated at 37 ◦C. At the indicated timepoints, samples
were taken from the basal (receiver) compartment. Astemizole was quantified in the samples via
HPLC-MS/MS. The incubation was carried out in the absence or in the presence of the competitive
CYP2J2 inhibitor Ebastine (50 µM). Data are shown as mean values of triplicates. Error bars show
standard deviations.

Encouraged by the results regarding CYP3A4 and CYP2J2 activities, we screened the activities
of DME in EpiIntestinal microtissues more systematically: we quantified the formation of selective
metabolite of the respective enzymes at different substrate concentrations (Figure S1). The substrate
concentration approaching enzyme saturation (marked dots in Figure S1) was subsequently used to
compare the activities in EpiIntestinal microtissues and Caco-2 cells. As shown in Table 4, the most
prominent difference in DME activities between both models are the CYP3A4 activities, which could
be demonstrated by two different substrates (testosterone and midazolam). In addition, CYP1A2 is
the only enzyme with much lower activities in EpiIntestinal than in Caco-2 cells. Furthermore, we
measured all metabolites also in the cell lysate. Some of the metabolites showed substantial intracellular
accumulation. In order to monitor batch variability with regard to DME activities, experiments shown
in Table 4 were repeated with microtissues from a different batch with comparable results (not shown).

Table 4. Determination of activities of DMEs in EpiIntestinal microtissues and Caco-2 cells. Enzyme
activities in EpiIntestinal microtissues and Caco-2 cells in 96-well Transwell plates were measured with
the respective substrates shown in Figure S1 and at the marked concentration. Data shown as mean
and SD from triplicates.

DME/Substrate Caco-2 EpiIntestinal

Enzyme Activities *
(pmol/h/cm2)

Mean/SD

>Intracellular
Metabolite
(% of Total)

Enzyme Activities *
(pmol/h/cm2)

Mean/SD

Intracellular
Metabolite
(% of Total)

CYP1A2/Phenacetin 123.1/4.8 BLQ 17.4/3.0 BLQ
CYP2B6/Bupropion BLQ BLQ 2.6/0.9 BLQ

CYP2C8/Amodiaquine 11.2/1.9 36.5 107.9/49.1 37.5
CYP2C9/Diclofenac 20.8/1.6 12.8 28.4/1.6 14.7

CYP2C19/S-Mephenytoin 7.1/0.7 4.5 6.9/0.7 4.3
CYP3A4/Testosterone 26.5/3.6 BLQ 176.4/8.0 0.9
CYP3A4/Midazolam BLQ BLQ 1.9/0.5 14.9

CYP2D6/Dextromethorphan 10.9/2.7 BLQ 9.2/1.3 BLQ
UGT/7-OH-Coumarin 10,770.5/721.9 5.5 7583.4/855.2 10.0
SULT/7-OH-Coumarin 508.0/46.1 BLQ 1747.4/140.0 3.4
UGT1A1/β-Estradiol 65.3/6.9 3.2 243.3/6.7 2.8
CYP2J2/Astemizole 4.9/0.3 62.9 17.7/5.2 68.7

CES/BIBF 1120 370.9/31.4 24.7 400.0/12.9 13.3

* Determined as the rate of metabolite formation in supernatant; BLQ: Below limit of quantification.
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3.3. Differential Expression of CES1 and CES2 in EpiIntestinal Microtissues and Caco-2 cells

Ishiguro et al. reported that Caco-2 cells, albeit originated from human colorectal carcinoma,
resemble rather hepatocytes with regard to expression of the isoforms CES1 and CES2 [4]: Whereas
CES2 is predominantly expressed in human intestine, CES1 is the major esterase in human hepatocytes
and Caco-2 cells. In order to profile EpiIntestinal microtissues in this regard, we investigated the
metabolism of dabigatran etexilate, the same substrate used by Ishiguro et al., in human hepatocytes
(huHEP), cryopreserved human intestinal mucosa (HIM), Caco-2 cells and EpiIntestinal microtissues.
The metabolic pathway for dabigatran etexilate is depicted in Figure 3a: the formation of the
intermediate metabolite BIBR 1087 from the double prodrug dabigatran etexilate and the formation of
the active drug from the intermediate metabolite BIBR 951 is catalyzed by CES1. The formation of BIBR
951 from dabigatran etexilate and the formation of the active drug BIBR 953 from BIBR 1087 is catalyzed
by CES2. In tissues and cells with predominant expression of CES1 (liver e.g.,), BIBR 1087 should
be the major metabolite; in tissues and cells with predominant expression of CES2, BIBR 951 should
be the major metabolite (e.g., intestine). As shown in Figure 3b, in human hepatocytes and human
intestinal mucosa, the expected metabolite pattern was observed—BIBR 1087 as the main metabolite in
hepatocytes, and BIBR 951 as the main metabolite in human intestinal mucosa. Consistent with the
data by Ishiguro et al., BIBR 1087 was found to be the main metabolite in Caco-2 cells. Interestingly,
the metabolite pattern of dabigatran etexilate in EpiIntestinal microtissues resembles none of the other
three models. The active drug BIBR 953 was found as the main metabolite in EpiIntestinal microtissues,
suggesting similar CES1 and CES2 enzyme activities in this model.

 

(a) 

Figure 3. Cont.
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Figure 3. Metabolic pathways and metabolite pattern of dabigatran etexilate. (a) Metabolic pathways
of dabigatran involving CES1 and CES2. (b) Detection of metabolites of dabigatran etexilate in human
hepatocytes (huHEP), human intestinal mucosa (HIM), Caco-2 cells, and EpiIntestinal microtissues.
Dabigatran was incubated with hepatocytes and intestinal mucosa in suspension, or given to the
apical compartment of Caco-2 cells and EpiIntestinal microtissues and incubated at 37 ◦C. At the
indicated timepoints, samples were taken from the suspension of huHEP and HIM or from the basal
compartments of Caco-2 cells and EpiIntestinal microtissues. The metabolites were quantified using
LC-MS/MS. Data shown as the mean and SD of triplicates.

3.4. UGT and SULT Activities in EpiIntestinal Microtissues

Extensive glucuronidation in the intestine is one of the major reasons that hamper the oral
availability of drugs. Raloxifene and ezetimibe are two examples showing extensive intestinal
glucuronidation in human [28–30]. When given to the apical compartment of EpiIntestinal microtissues,
two putative glucuronides for both drugs were detected by mass scan (Table 5). We could confirm that
these are glucuronides of both drugs by digestion withβ-glucuronidase (data not shown). For ezetimibe,
glucuronidation was the only metabolism found in EpiIntestinal microtissues. In case of raloxifene,
we found an unexpectedly high amount of sulfation products of raloxifene (Table 5). To verify the
physiological relevance of this finding, we performed metabolite identification for both drugs also
with cryopreserved human intestinal mucosa. As shown in Table 5, the metabolite patterns of both
drugs are similar in EpiIntestinal and in HIM: glucuronidation only for ezetimibe; glucuronidation
and sulfation for raloxifene.
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Table 5. EpiIntestinal microtissues and HIM were incubated with 10 µM ezetimibe or raloxsifene.
Metabolite scan was performed as described in “Materials and Methods”. Amount (Peak areas) of
parent drugs and metabolites at the end of the incubation was expressed as percent of peak areas of
parent drugs at the beginning of the incubation (T0).

Substrate EpiIntestinal Human Intestinal Mucosa (HIM)

Ezetimibe Raloxifene Ezetimibe Raloxifene
Parent (% of parent drug at T0) 8.4 2.4 40.3 33.2

Glucuronides (% of parent drug at T0) 39.1 2.2 58.6 18.7
Sulfates (% of parent drug at T0) n.d. 14.1 n.d. 2.0

n.d.: Not detectable.

3.5. Prediction of Fa × Fg in Human using EpiIntestinal Microtissues

Since most of the relevant drug transporters and DMEs are present in EpiIntestinal microtissues,
we were interested in finding out whether this model could serve as an in vitro model for the prediction
of GI firstpass availability of drugs in human (Fa × Fg). For this purpose, we selected a panel of reference
drugs with known human data and measured the recovery of these drugs in the basal compartment
(equivalent to portal vene) after adding the drugs to the apical compartment (equivalent to GI lumen).
The data are summarized in Table 6. We observed a good agreement between the recovery of the drugs
in basal compartment of EpiIntestinal microtissues and the Fa × Fg in human.

Table 6. Comparison of GI firstpass availability measured in EpiIntestinal microtissues and Fa × Fg

in human. GI firstpass availability in EpiIntestinal microtissues was determined as described in
2.7. Fa × Fg in human for the tested drugs was calculated from the clinical pharmacokinetic data,
as described in Section 2.8.

Drug Recovery in Basal Comp. @ 24h (%) Fa × Fg in Human (%) DMEs/Transporters

Atenolol 86 50
Atorvastatin 43 61 CYP3A4/BCRP/MRP2

Buspirone 60 70 CYP3A4
Felodipine 47 62 CYP3A4
Indinavir 53 100 CYP3A4
Irinotecan 62 39 Esterases, CYP3A4

Midazolam 47 59 CYP3A4
Nifedipine 110 100 CYP3A4

Oxybutynin 16 9 Esterases, CYP3A4
Qunidine 85 100 CYP3A4, etc.

Rosuvastatin 30 62 CYP2C9/BCRP/MRP2
Saquinavir 18 25 CYP3A4/P-gp

4. Discussion

At present, the Caco-2 cell culture model is the most accepted in vitro model in the pharmaceutical
industry for the estimation of drug absorption in human intestine. The lack of the major drug
metabolizing enzyme CYP3A4, however, hampers the use of this model for the holistic understanding
of drug absorption and metabolism during the first-pass GI transition. Recently, Ayehunie et al.
described a new organotypic 3D human intestine model, the EpiIntestinal microtissues, with combined
barrier/drug transproter functions and DME activities [11]. In this work, we could confirm the intact
barrier function of the EpiIntestinal microtissues with transepithelial electrical resistance (TEER)
measurement and with the permeability data of reference drugs and in-house compounds (data not
shown). However, our data did not agree with the conclusion by Ayehunie et al. that rosuvastatin
is a P-gp substrate. In our opinion, the discordance was mainly due to the different interpretation
of the inhibition by Elacridar. Elacridar (GF120918) is a nonselective inhibitor for both BCRP [31]
and P-gp [32]. At the concentration of 10 µM used by Ayehunie et al., a strong inhibition of both
BCRP and P-gp can be expected. Thus, the inhibition of rosuvastatin efflux by Elacridar cannot be
unequivocally attributed to P-gp inhibition. In contrast, the inhibitors we were using in this study are
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selective [31,33]. Our in-house evaluation showed that, at the concentrations we were using here (5 µM
zosuquidar and 3 µM Ko-143), differential inhibition of P-gp and BCRP can be achieved. As shown in
Table 3, only Ko-143 reduced in Caco-2 and EpiIntestinal rosuvastatin efflux strongly. Involvement
of multiple transporters has been reported in the hepatobiliary transport of rosuvastatin, including
OATP1B1, OATP1B3, OATP2B1, MRP2 (ABCC2), MDR1 P-gp (ABCB1), and BCRP (ABCG2) [34].
Except OATP1B1 and OATB1B3, all other transporters are expressed also in human intestine and Caco-2
cells [35–37]. In the clinic, however, only BCRP interaction has been related to increased bioavailability
of rosuvastatin [38]. Our results here are in agreement with the clinical observation.

EpiIntestinal microtissues are an improved in vitro model for the intestinal barrier function.
A clear advantage of this model over the Caco-2 cellular model is the physiologically relevant activities
of CYP3A4 (Figure 1 and Table 4), which accounts for about 80% of total CYP content in human small
intestine [39]. We could also detect activities of CYP2B6, CYP2C8, CYP2C9, 2C19, 2D6 and 2J2 in
EpiIntestinal microtissues (Table 4), as reported for human intestine [39]. CYP1A2 activity, which is very
low in human intestine, were detected in both in vitro models, with Caco-2 showing seven-fold higher
activity (Table 4), suggesting that EpiIntestinal microtissues are closer to human intestine. Moreover,
enzymes involved in phase 2 biotransformation (UGTs and SULTs) and carboxylesterases are present in
EpiIntestinal microtissues at substantial levels (Tables 4 and 5, Figure 3). It is important to note that we
measured the respective metabolites of the tested reference drugs both in supernatant and in cell lysate.
With the exception of amodiaquine and astemizole, the intracellular accumulation of metabolites
was rather low. Since the intracellular accumulation of all measured metabolites is comparable in
Caco-2 cells and in EpiIntestinal microtissues, we do not expect a bias in the relative comparison of
enzyme activities between Caco-2 and EpiIntesitnal by measuring the metabolite in supernatant only
(as shown in Table 4). In the case of carboxylesterase activities, we could demonstrate that EpiIntestinal
microtissues are closer to human intestinal mucosa compared to Caco-2 cells, which resemble rather
hepatocytes regarding relative CES1/CES2 activities. Because of the rather comprehensive expression
of DMEs, EpiIntestinal microtissues can serve as a useful tool for the identification of intestine-specific
metabolites, as we demonstrated with raloxifene and ezetimibe (Table 6). One surprising finding
was the identification of sulfation of raloxifene not only in EpiIntestinal microtissue, but also in
primary human intestinal mucosa. Mono- and diglucuronides were found in human plasma as major
metabolites after oral administration; no other metabolites were identified (Prescription information
for Evista, Eli Lilly). However, raloxifene was identified as a substrate for various SULTs and the
sulfation of raloxifene occurs during incubation with cytosols from human liver and intestine [40,41]
and in Caco-2 cells [42]. Moreover, raloxifene is reported to be a potent competitive inhibitor of
sulfotransferase 2A1 (SULT2A1) with a Ki value very similar to its Km value for SULT2A1 [41,43].
The sulfation of raloxifene we observed in EpiIntestinal microtissues was in line with the reported
in vitro data in the literature and was obviously not due to a biased expression of SULTs in this model.
A possible explanation for the missing raloxifene sulfate in human plasma could be a strong first-pass
hepatic extraction and the subsequent excretion of the sulfate into bile.

Although cryopreserved primary human enterocytes and human intestinal mucosa are now
available for the investigation of intestinal drug metabolism [44,45], the advantage of EpiIntestinal
microtissues is the presence of both intact barrier function and comprehensive DME activities.
The combined barrier function and DME activities in EpiIntestinal microtissues make it possible to
evaluate intestinal first-pass availability (Fa × Fg) in humans in a single experiment. Indeed, the
in vitro intestinal availability of 12 marketed drugs in EpiIntestinal microtissues (% recovery in receiver
compartment) is in good agreement with Fa × Fg calculated from the clinical pharmacokinetic data of
these drugs (Table 6). It is important to note that the in vitro availability in our model was obtained
after an incubation time of 24 h, while the drug absorption in human intestine is usually completed
after a few hours. The longer incubation time in the in vitro model can be mainly attributed to the
higher ratio of drug amounts applied to the microtissues (1 nmol) to the surface area of the microtissues
(0.6 cm2). The human small intestine mucosa, in contrast, has a surface area of 30 m2 [46]. The ratio
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of drug amounts to surface area is much lower. It would be interesting to compare human intestine
tissues mounted in Ussing chambers with the EpiIntestinal microstissues in this regard. One would
assume that the primary tissues would perform at least similarly to the EpiIntestinal model, and the
low availability of suitable human tissues would limit the broader use of the primary materials in drug
screening. There is however one caveat for using the EpiIntestinal model in this regard: the data are
only meaningful if the quantities of DMEs and drug transporters in the model are comparable to the
human intestine. Investigation into the expression of DMEs and drug transporters in EpiIntestinal
microtissues is currently ongoing (transcriptomics) or planned (proteomics).

Although the EpiIntestinal microtissues provide a number of advantages compared to the currently
available tools like Caco-2 cells, primary human enterocytes, or human intestinal mucosa, there are
some limitations with regard to the use of the model in drug screening. One of the limitations is
the unknown donor variability. According to the manufacturer, the microtissues we tested to date
were derived from one single donor. For various reasons, we have not been able to get access to
microtissues derived from other donors from the manufacturer to date. For drugs involving highly
polymorphic metabolizing enzymes, data from a single donor are certainly not representative for the
patient population. Therefore, it will be very important to investigate this model further in this regard
in the future. Another limitation of this model is the static incubation conditions. Under physiological
conditions, both the content in the intestine lumen and the blood at the basal side are under constant
flow. The blood flow, for example, can reduce the diffusion of the drugs back into the enterocytes and
thus limit the “recycling” of the drugs between blood and intestinal mucosa. Under static conditions,
however, the recycling of the drugs might lead to an underestimation of the availability of the drugs,
especially for those with extensive metabolic clearance in the intestinal mucosa. Due to the strong
dilution effect in the apical-to-basal direction (100 vs. 5000 µL media volume in the apical and the
basal compartment, respectively) we consider the effect of recycling, even under the static incubation,
to be rather low. We tried to mimic the blood flow by replacing a large part of the media in the basal
compartment with fresh media at the indicated sampling time points. The results were comparable to
the static incubation (data not shown). Nevertheless, the integration of this model into a microfluidic
system might still be interesting because this will make the combination with other organ models (e.g.,
liver-on-chip) possible.

In summary, our data here demonstrate that the EpiIntestinal microtissues are a useful tool
for understanding drug absorption and metabolism in human intestine. The easy access of the
model makes it very attractive for drug screening in the drug discovery process. It can also be used
for the mechanistic understanding of intestinal drug–drug interaction or for the identification of
intestine-specific metabolites.
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Abstract: Cancer treatment often lacks individual dose adaptation, contributing to insufficient efficacy
and severe side effects. Thus, personalized approaches are highly desired. Although various analytical
techniques are established to determine drug levels in preclinical models, they are limited in the
automated real-time acquisition of pharmacokinetic profiles. Therefore, an online UHPLC-MS/MS
system for quantitation of drug concentrations within 3D tumor oral mucosa models was generated.
The integration of sampling ports into the 3D tumor models and their culture inside the autosampler
allowed for real-time pharmacokinetic profiling without additional sample preparation. Docetaxel
quantitation was validated according to EMA guidelines. The tumor models recapitulated the
morphology of head-and-neck cancer and the dose-dependent tumor reduction following docetaxel
treatment. The administration of four different docetaxel concentrations resulted in comparable
courses of concentration versus time curves for 96 h. In conclusion, this proof-of-concept study
demonstrated the feasibility of real-time monitoring of drug levels in 3D tumor models without
any sample preparation. The inclusion of patient-derived tumor cells into our models may further
optimize the pharmacotherapy of cancer patients by efficiently delivering personalized data of the
target tissue.

Keywords: automatization; drug absorption; drug dosing; head-and-neck cancer; pharmacokinetics;
real-time measurements; taxanes; tissue engineering; UHPLC-MS/MS

1. Introduction

Selecting clinically relevant doses for the evaluation of anticancer drugs remains challenging in
preclinical drug development and contributes to the low translatability of effects in vitro to efficacy in
patients. While the understanding of cancer biology advances as the complexity of tumor models and
analytical techniques increases, the success rate of drug development in oncology remains the lowest
among all therapeutic areas.
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Historically, anticancer drug doses for clinical trials have been determined by extrapolating the
maximum tolerated dose (MTD) in animals to the human patient. Taking the MTD as the starting
point, the effective and safe dose for humans was anticipated in the range of −3 to +3, with three
concentrations below and three concentrations above. The revision of this concept is urgently needed,
since many nonoptimal doses were taken into late stages of drug development. Especially the testing
of high-risk drugs requires a more conservative approach, using the minimum anticipated biological
effect level (MABEL) in first-in-human trials [1,2].

Up to now, new concepts focused on the improved extrapolation from animal studies to clinical
trials, e.g., by introducing drug metabolism and pharmacokinetic studies in early drug development [3].
In particular, model-based, adaptive/Bayesian approaches already helped to better find effective and
safe dosage [4]. Nevertheless, animal models are affected by differences in the human pathophysiology
and even xenograft models do not fully recapitulate the barriers of drug uptake into human solid
tumors [5].

In fact, drug exposure of tumor cells depends on the architecture of solid tumors with cell density,
the spatial arrangement of cells and extracellular matrix proteins, interstitial fluid pressure, and
vascular supply [6–8]. While 2D monolayer cell culture cannot provide meaningful insights into
the pharmacokinetic profiles of solid tumors, sophisticated 3D tumor models such as spheroids or
multilayered tumor models could do this, eventually even in a patient-specific manner [9,10].

The introduction of in vitro tumor models into the dose selection for a particular patient requires
adapting the protocols to high-content, high-throughput approaches to handle high numbers of tests,
e.g., with different drugs and several combinations. However, analytical approaches to quantify drug
amounts in tissues comprise imaging- and microdialysis-based methods. While imaging techniques
and microdialysis closely map the drug distribution within (tumor) tissues, all methods share the high
effort needed in sample preparation [11,12], restricting their use for personalized medicine.

Herein, the development of an in vitro approach for real-time pharmacokinetic investigations
in human cell-based models of head-and-neck squamous cell carcinoma is reported. It aims for an
automated measurement of docetaxel concentrations within the tumor tissue to quantify the drug
absorption. Therefore, an UHPLC-MS/MS method was adapted from clinical practice and optimized
for a maximum number of online measurements per time.

2. Materials and Methods

2.1. Materials

Oral fibroblasts and oral fibroblast medium were purchased from ScienCell (Carlsbad, CA, USA).
Tongue cancer cells from the SCC-25 cell line (RRID:CVCL_1682) were a generous gift from Howard
Green (Dana-Farber Cancer Institute; Boston, MA, USA) [13]. Collagen G was purchased from Biochrom
(Berlin, Germany) and consumables for tumor oral mucosa model culture from Greiner bio-one
(Leipzig, Germany). Docetaxel was purchased from Selleckchem (Houston, TX, USA). Acetonitrile,
formic acid, methanol, and isopropanol, all LC-MS grade, were purchased from Sigma-Aldrich
(München, Germany).

2.2. Cell Culture

Oral fibroblasts were precultured in oral fibroblast medium and SCC-25 cells in DMEM/F-12 Ham
medium, supplemented with 9% fetal calf serum, 0.9% L-glutamine and 0.9% penicillin/streptomycin
at 37 ◦C and 5% CO2. The cancer cells were regularly checked by single nucleotide polymorphism
authentication (Multiplexion; Heidelberg, Germany). The medium was changed three times a week
and the cells were subcultivated after reaching a confluence of 80%. Cell culture was performed
according to standard operating procedures and referred to good cell culture practice.
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2.3. Sample Port Integration into Tumor Oral Mucosa (TOM) Models

Tumor oral mucosa (TOM) models were prepared as described elsewhere [14] but adopted to
a 6-well-plate design to handle the integration of the sample port (Figure 1a). In brief, 0.3 × 106

oral fibroblasts were embedded in collagen G and 1 × 106 SCC-25 cells were seeded on top of these
lamina propria equivalents one week after. The model growth medium was changed three times
a week and replaced by model differentiation medium one week after seeding the tumor cells [14].
The sampling port was created by placing a 24-well insert (400 nm pore size) into the TOM model before
the collagen started to solidify. The tumor cells proliferated and migrated into the collagen matrix
around the sampling port for seven days, before docetaxel was applied. The 24-well insert was fixed
by a custom-made metal support and filled with 600 µL serum-free growth medium. The top of the
6-well plate was sealed with aluminum foil (VWR, Darmstadt, Germany) instead of using the standard
plastic lid. TOM models were incubated at 37 ◦C inside the autosampler of the UHPLC-MS/MS device
(Agilent Technologies GmbH, Waldbronn, Germany) for the 96 h observation period in the final week
of TOM model culture.

Figure 1. Experimental design and morphology of tumor oral mucosa (TOM) models. (a) Schematic
cross-section of (1) sampling port with the needle of the autosampler, (2) TOM model with tumor cells
(brown) and fibroblasts (magenta) within lamina propria, (3) Reservoir with differentiation medium,
supplemented with docetaxel. The arrows indicate drug diffusion equilibria. Hematoxylin and eosin
(H&E) staining of TOM models following two applications of (b) the vehicle control and (c) 7000 ng/mL
docetaxel. Images were representative of four batches; scale bar = 250 µm.

2.4. Docetaxel Treatment of TOM Models

Docetaxel was dissolved in DMSO to a 70 mg/mL stock solution and diluted with construct
differentiation medium to 7; 70; 700; 7000 ng/mL. DMSO, 0.01% in model differentiation medium, served
as vehicle control since this was the maximum DMSO concentration among all samples (0.00001%;
0.0001%; 0.001%; and 0.01% DMSO for 7; 70; 700; 7000 ng/mL docetaxel). Docetaxel solutions were
applied two times per construct with an application interval of 48 h.

2.5. Morphological Analysis

TOM models were snap frozen at the end of the 96 h observation period and cut into 7 µm thick
slices using a cryotome (Leica CM 1510 S; Leica, Wetzlar, Germany). Cryosections were analyzed by
hematoxylin and eosin (H&E) staining and pictures were taken with a microscope (BZ-8000; Keyence,
Neu-Isenburg, Germany).

2.6. UHPLC-MS/MS Analyses

Method A: For automated real-time quantitation of docetaxel, an Agilent 1290 UHPLC coupled to
an Agilent 6495 triple quadrupole tandem mass spectrometer equipped with a Jet Stream electrospray
ionization (ESI) source was used (Agilent Technologies GmbH, Waldbronn, Germany). Separation
of docetaxel was achieved on an Agilent Poroshell Phenyl Hexyl column (50 mm × 2.1 mm, 1.9 µm
particle size) equipped with a corresponding guard column (5 mm × 2.1 mm, 1.9 µm particle size)
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using water (solvent A) and acetonitrile (solvent B) each containing 0.1% formic acid (v/v) as mobile
phase. At a flow rate of 0.350 mL/min, the following gradient was applied: 5% B for 0.5 min, to 100% B
at 4 min, 1 min hold, 5% B at 5.1 min, stop time 6.50 min. The column compartment was kept at 40 ◦C.
The injection volume was 5 µL and the autosampler temperature was set to 37 ◦C. A needle wash
(acetonitrile/methanol/isopropanol/water, 25% each, v/v/v/v) was applied for 20 s while an additional
needle seat backflush using an Agilent Flex Cube was used to minimize carry over (15 s at 2 mL/min
with needle wash solvent, pure isopropanol, and a mixture of water/acetonitrile (95/5, v/v) containing
0.1% formic acid). The total run time was 9.75 min.

The mass spectrometer was operated in multiple reaction monitoring (MRM) acquisition mode.
Positive electrospray ionization mode (ESI+) yielded the sodium adduct of docetaxel [M + Na]+

and was detected at m/z 830.3. Source and MRM parameters were optimized using Mass Hunter
Source Optimizer software (version 1.1, Agilent Technologies Inc., Santa Clara, CA, USA). Final source
parameters were as follows: drying gas temperature: 230 ◦C, drying gas flow: 20 L/min (nitrogen),
nebulizer pressure: 40 psi (nitrogen), sheath gas temperature: 390 ◦C, sheath gas flow: 12 L/min
(nitrogen), capillary voltage: +4,500 V, nozzle voltage: +300 V, high pressure radio frequency (HPRF):
210 V, low pressure radio frequency (LPRF): 160 V. MRM details are listed in Table 1. MassHunter
(Quant) software (version B08, Agilent Technologies Inc., Santa Clara, CA, USA) was used for data
acquisition and processing.

Table 1. Multiple reaction monitoring (MRM) transitions of docetaxel sodium adduct, used in method A.

Precursor Ion (m/z) Product Ion (m/z) Collision Energy Cell Accelerator Voltage Polarity

830.3 549.1 25 4 Positive

830.3 304.1 20 2 Positive

Method B: For identification of degradation products, an Agilent 1290 II HPLC connected to
an Agilent 6550 iFunnel QTOF with Agilent Jet Stream source was used (Agilent Technologies Inc.,
Santa Clara, CA, USA). Separation of docetaxel and its metabolites was achieved on an Agilent
Poroshell Phenyl Hexyl column (50 mm × 2.1 mm, 1.9 µm particle size) equipped with a corresponding
guard column (5 mm × 2.1 mm, 1.9 µm particle size) using water (solvent A) and acetonitrile (solvent
B) each containing 0.1% formic acid (v/v) as mobile phase. At a flow rate of 0.350 mL/min, a longer
gradient was applied: 5% B for 0.5 min, to 37% B at 5 min, 50% B at 10 min, to 98% B at 15 min,
2 min hold, back to 5% B at 17.1 min, stop time 19 min. The column compartment was kept at 40 ◦C.
The injection volume was 5 µL. A needle wash (acetonitrile, methanol, isopropanol, water) was applied
for 20 s. The mass spectrometric parameters were as follows: drying gas temperature: 230 ◦C, drying
gas flow 14 L/min (nitrogen), nebulizer pressure 40 psi (nitrogen), sheath gas temperature: 375 ◦C,
sheath gas flow: 12 L/min (nitrogen), capillary voltage +4,500 V, nozzle voltage +300 V, high pressure
radio frequency 200 V, low pressure radio frequency 100 V, fragmentor 365 V. Data acquisition was
performed in auto MS/MS mode using a mass range of m/z 100–1000 at a scan rate of 1 spectrum/s for
MS1 and m/z 50–1000 for MS2 experiments at 3 spectra/s. The collision energy was adjusted depending
on the target m/z value (offset 4 eV, slope 3 eV/m/z 100).

2.7. Validation

Method A was used for automated real-time quantitation of docetaxel and validated in terms of
selectivity, carry-over, lower limit of quantitation (LLOQ), calibration function, accuracy, and precision
following the recommendations of the European Medicines Agency’s (EMA) guideline on bioanalytical
method validation [15]. All calibration (CAL) and quality control (QC) samples were freshly prepared
in serum-free model differentiation medium as sample diluents.

Selectivity and carry-over: The guidelines require the analysis of matrix from four different lots.
Since the matrix was artificial, no remarkable differences had to be considered. Thus, only one batch
was used for assessing selectivity. Blank samples (serum-free model differentiation medium) were
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analyzed and compared with samples spiked with docetaxel at the LLOQ. Less than 20% detector
response of the LLOQ is required for the blank samples. Carry-over was determined by analyzing
blank samples after the injection of a high concentration QC (HQC) sample (7,500 ng/mL). Again,
less than 20% detector response of the LLOQ is required to comply with the EMA guidelines.

Lower limit of quantitation and calibration: The LLOQ needs to be determined with sufficient
accuracy and precision and with at least 5 times higher detector response than a blank sample.
For evaluation, matrix-matched samples of 0.1, 0.25, 0.5, 1.0, 5.0 ng/mL were investigated. Additionally,
the limit of detection (LOD) was determined based on calculations according to ICH guidelines [16].
Calibration samples in medium ranged from the LLOQ of 0.001 µg/mL to the upper limit of quantitation
(ULOQ) of 10 µg/mL. In addition to an analyte free matrix sample, eight levels of calibration samples
were prepared in triplicate and analyzed on two consecutive days.

Accuracy and precision: Accuracy and precision were assessed on serum-free medium samples
spiked with docetaxel at 4 different QC levels with 5 replicates per level in a concentration range from
the LLOQ to the ULOQ covering the calibration range. Samples were analyzed on two different days.
Mean concentrations and the coefficient of variation (CV) of QC samples were required to be within
±15% in general, or ±20% at the LLOQ of the nominal concentrations, respectively. Within-run and
between-run accuracy and precision were determined.

2.8. Sample Preparation for the Identification of Degradation Products

The degradation products of docetaxel were analyzed in the differentiation medium cultivated
with the models (Table 2). To handle these samples, a protein precipitation procedure was performed.
Aliquots of 100 µL of the samples were added to 400 µL of cold acetonitrile and centrifuged at 3328× g

for 10 min. The serum-free supernatant was then transferred into LC-MS/MS vials for further analysis,
according to method B.

Table 2. LC-MS data of docetaxel (highlighted gray) and postulated degradation products, acquired
using method B.

Degradation Product Formula
RT

(min)
m/z

Exact
Mass

Adduct
Mass

Accuracy
(ppm)

Carbamate C38H45NO12 4.30 708.3010 708.3015 [M + H]+ 0.65

10DABIII C29H36O10 4.55 545.2378 545.2381 [M + H]+ 0.60

Epi-carbamate C38H45NO12 4.72 708.3004 708.3015 [M + H]+ 1.47

Epi-10DABIII C29H36O10 5.31 567.2196 567.2201 [M + Na]+ 0.76

Oxo-10DABIII C29H34O10 5.40 565.2041 565.2044 [M + Na]+ 0.56
Epi-oxo-10DABIII C29H34O10 5.84 565.2040 565.2044 [M + Na]+ 0.67

1-7 Docetaxel C43H53NO14 7.95 830.3374 830.3358 [M + Na]+ −1.9
Epi-Docetaxel C43H53NO14 9.08 830.3377 830.3358 [M + Na]+ −2.26

Oxo-Docetaxel C43H51NO14 9.94 828.3200 828.3202 [M + Na]+ 0.19

Epi-oxo-Docetaxel C43H51NO14 11.07 828.3192 828.3202 [M + Na]+ 1.16

2.9. Pharmacokinetic Analysis

Pharmacokinetic analyses were conducted in R [17]. First, a non-compartmental analysis was
performed. Assumptions were: (i) dose was calculated by concentration in the reservoir x volume
(Figure 1a(3)); (ii) area under the concentration curve (AUC) 0–48 h lasted until 48 h and AUC
48–96 h until the end of the experiment; (iii) for the concentration between 48–96 h the unmeasured
concentrations were not considered. Afterwards, interval AUCs were calculated. For 0–48 h, the AUC
was calculated from 0.0001 h (start of the experiment) to the end of the 1st cycle; for 48–96 h, the AUC
was calculated from the time “end of the 1st cycle” to “end of the 2nd cycle”. However, the end
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of the 2nd cycle varied, since in some experiments, the last concentrations could not be measured.
The maximum concentration (Cmax) was determined based on the measured concentrations; time to
maximum concentration (tmax) was the corresponding time to Cmax.

3. Results

3.1. TOM Models with Sampling Port

The TOM models reproducibly showed an unstructured and hyperproliferative epithelial layer
with pleomorphic tumor cells, also separating from the epithelial layer into the lamina propria. Neither
the sampling port nor the cultivation within the autosampler of the UHPLC-MS/MS device influenced
the tumor growth. The effects of docetaxel on the tumor size in TOM models by supplementing the
differentiation medium with either two drug doses or the vehicle control were determined. Whereas the
vehicle control did not change the tumor morphology (Figure 1b), docetaxel caused a dose-dependent
reduction of tumor size with abundant epithelial cell death (Figure 1c). The average tumor size declined
from 347 ± 72 µm (untreated) to 100 ± 45 µm (max docetaxel concentration, n = 4 each).

3.2. Docetaxel Epimerization and Degradation Products

During electrospray ionization, docetaxel mainly forms a sodium adduct ([M+Na]+theor=830.3358),
which is used as precursor ion for all MS/MS experiments. As shown in Figure 2 (top), the product ion
spectrum of docetaxel shows three major fragments at m/z 549.2095 (taxane nucleus (10-deacetylbaccatin
III, 10DABIII), [C29H34O9 + Na]+, exact mass m/z 549.2095, mass error ∆m/z = 0 ppm), m/z 304.1159
(phenylpropionic acid side chain, [C14H19NO+Na]+, exact mass m/z 304.1155, ∆m/z = −1.17 ppm),
and m/z 248.0537 (side chain with loss of the tert-butyl moiety, [C10H11NO5 + Na]+, exact mass m/z

248.0529, ∆m/z = −3.05 ppm). The two main fragments m/z 549. 1 and m/z 304.1 were later chosen for
MRM transitions in real-time quantitation (method A).

Figure 2. Docetaxel structure fragmentation. (a) Chemical structure of docetaxel and main fragmentation
products. (b) Product ion spectra of docetaxel (top) and its potential 7-epimer (bottom), precursor [M +
Na]+theor = 830.3358 indicated with black rhombus.
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Analyses of docetaxel reference substance as well as cell culture media without cells, and TOM
models, revealed a second peak with almost identical MRM transitions (method A, chromatogram
showing transitions in Figure S1) and product ions (method B, Figure 2 (bottom)). It already appeared
only minutes after preparing the samples for analysis with serum-free medium as sample diluent.
This degradation product is postulated to be the 7-epimer of docetaxel (epi-docetaxel), which is
known to occur in basic and acidic conditions [18,19]. Since the epimerization could not be avoided in
calibration or quality control samples as well, the combined peak areas of docetaxel and the 7-epimer
were considered for all further quantitation experiments of docetaxel.

Based on accurate mass data, we postulated further degradation products beside the main
degradant epi-docetaxel. Oxidized species of docetaxel and several hydrolysis products (ester and
carbamate hydrolysis), as well as oxidation of the products of ester hydrolysis and their respective
epimers (Table 2, Figures S3 and S4) are assigned. Two oxidized species of docetaxel show abundant
sodium adducts in MS1 of m/z 828.3200 (oxo-docetaxel, RT: 9.94 min, [C43H51NO14 + Na+]+, exact
mass m/z 828.3202, ∆m/z = 0.19 ppm) and m/z 828.3192 (epi-oxo-docetaxel, RT: 11.07 min, [C43H51NO14

+Na+]+, exact mass m/z 828.3192, ∆m/z = 1.16 ppm). Their MS/MS spectra show abundant fragments at
m/zoxo-docetaxel 772.2534 and m/zepi-oxo-docetaxel 772.2584 ([C39H43NO14 + Na]+, exact mass m/z 772.2576,
∆m/zoxo-docetaxel =−1.07 ppm and ∆m/zepi-oxo-docetaxel =5.41 ppm), which may originate from the loss
of the tert-butyl residue. They both show a fragment corresponding to an oxidation at the taxane
nucleus at m/zoxo-docetaxel 547.1927 and m/zepi-oxo-docetaxel 547.1955 ([C29H32O9 +Na]+, exact mass m/z

547.1939, ∆m/zoxo-docetaxel = 2.11 ppm and ∆m/zepi-oxo-docetaxel = −3.01 ppm). Analogously to docetaxel,
the fragment m/z 304.1173 originated from the intact phenylpropionic acid side chain ([C14H19NO5 +

Na]+, exact mass m/z 304.1155, ∆m/zoxo-docetaxel = −5.77 ppm).
Further degradation products of docetaxel resulted from the ester hydrolysis of the taxane nucleus

and the phenylpropionic acid side chain and are postulated here as 10DABIII (m/z 545.2378, RT:
4.55 min, [C29H36O10 +H]+, exact mass m/z 545.2381, ∆m/z = 0.60 ppm) and epi-10DABIII (m/z 567.2196,
RT: 5.31 min, [C29H36O10 +Na]+, exact mass m/z 567.2201, ∆m/z = 0.83 ppm). A loss of benzoic acid,
acetic acid and two losses of water from 10DABIII resulted in the fragment m/z 327.1587 ([C20H22O4

+H]+, exact mass m/z 327.1591, ∆m/z = 1.18 ppm). Epi-10DABIII showed a fragment at m/z 445.1791
([C22H30O8 +Na]+, exact mass m/z 445.1833, ∆m/z = 9.41 ppm) which may correspond to the loss of the
benzoic acid moiety and m/z 385.1615 ([C20H26O6 + Na]+, exact mass m/z 385.1622, ∆m/z = 1.71 ppm),
which indicates a subsequent loss of acetic acid.

These two hydrolyzed esters most likely exist in an oxidized form as well, which are proposed
as oxo-10DABIII (m/z 565.2041, RT: 5.40 min, [C29H34O10 + Na]+, exact mass m/z 565.2044, ∆m/z =

0.56 ppm) and epi-oxo-10DABIII (m/z 565.2040, RT: 5.84 min, [C29H34O10 + Na]+, exact mass m/z

565.2044, ∆m/z = 0.74 ppm) based on their accurate mass data. They both show a distinct fragment
at m/zoxo-10DABIII 443.1661 and m/zepi-oxo-10DABIII 443.1680 ([C22H28O8 + Na]+, exact mass m/z 443.1676,
∆m/zoxo-10DABIII = 3.47 ppm and ∆m/zepi-oxo-10DABIII = −0.81 ppm), most likely originating from the loss
of the benzoic acid moiety.

Furthermore, the hydrolysis of the carbamate function of docetaxel revealed two more products:
‘Carbamate’ showed an m/z 708.3010 in MS1 ([C38H45NO12 + H]+, exact mass m/z 708.3015, ∆m/z =

0.64 ppm), and an abundant fragment of m/z 182.0818 in MS/MS which may originate from the cleavage
of the remaining phenylpropionic acid side chain and the taxane nucleus ([C9H11NO3 + H]+, exact
mass m/z 182.0812, ∆m/z = −3.46 ppm). ‘Epi-carbamate’ showed a similar product ion spectrum with
the same base peak of m/z 182.0820 ([C9H11NO3 +H]+, exact mass m/z 182.0812, ∆m/z = −4.56 ppm)
and m/z 708.3004 ([C38H45NO12 + H]+, exact mass m/z 708.3015, ∆m/z = 1.47 ppm) in MS1.

An exemplary chromatogram of the degradation products following two applications of 70 µg/mL
docetaxel for 48 h each is shown in Figure S2. We found only trace amounts of docetaxel degradation
products in the TOM model media following the two applications of 7 µg/mL docetaxel for 48 h each.
Therefore, we did not consider the degradation products in the real-time pharmacokinetic analyses.
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3.3. Validation

As method A is used for quantitation in the online hyphenation of the tumor model with UHPLC
based analysis, it was validated according to the guideline of the EMA [15].

Selectivity and carry-over: The method fulfilled the criteria for selectivity (<20% response in
blank artificial matrix compared to response obtained at LLOQ) with a maximum of 7.45% detector
response. Carry-over was a more critical parameter since the concentration range was very broad.
Even after the optimization of the injector wash procedures, the detector response of analyte-free
matrix samples exceeded the allowed 20% LLOQ detector response with a maximum of 29.42% after
injection of HQC samples. Therefore, additional blank sample injections were included after samples
of high concentrations resulted in successful prevention of carry-over.

Lower limit of quantitation and calibration: The concentration of 0.001 µg/mL showed acceptable
accuracy (92.42–114.17%) and precision (6.58%CV) and was therefore chosen as the lowest point
of the calibration. Based on the EMA guideline, the calculated LLOQ was 0.16 ng/mL and LOD
0.05 ng/mL, respectively.

For the calibration function, a quadratic fit after log-log transformation of the data provided the
best results in terms of a combination of low residuals and best overall accuracy. All CAL samples met
the requirements by EMA.

Accuracy and precision: The method (A) fulfilled the requirements given by EMA. Calculated
concentrations of QC and CAL samples were within ±15% of the nominal values (Table 3), only 8.33%
(within-day) and 15% (between-day) with only individual values outside.

Table 3. Accuracy and precision. c: docetaxel concentration, CV: coefficient of variation, RE: Relative
error as measure of accuracy, LLOQ: lower limit of quantitation, LQC: lower quality control, MQC:
middle quality control, HQC: higher quality control.

QC Within-Day (n = 5) Between-Day (n = 5)

Expected c
(ng/mL)

Mean
Calculated c

(ng/mL)

CV
(%)

RE
(%)

Mean
Calculated c

(ng/mL)

CV
(%)

RE
(%)

LLOQ 1.00 1.06 7.26 5.71 1.01 11.40 1.62

LQC 3.00 2.76 2.27 −7.87 2.67 3.37 −10.94

MQC 3000 3027 7.83 0.89 3254 9.48 8.48

HQC 7500 6982 7.79 −6.91 7676 9.57 2.35

3.4. Docetaxel Pharmacokinetics in TOM Models

The area under the concentration curves (AUC), the maximum concentration (Cmax), and the time
to maximum concentration (tmax) as main pharmacokinetic parameters for the concentration versus
time profiles of docetaxel within the sampling port are summarized in Table 4.

The course of the concentration versus time curves was comparable between the applied drug
doses (Figure 3). Following the administration of docetaxel by supplementing the differentiation
medium of TOM models in the reservoir at 0 h, the drug concentration increased until a plateau phase.
The time to maximum concentration tmax, 39 ± 7.9 h was almost independent of the administered
docetaxel dose, while the Cmax depended on the administered docetaxel dose. Following the exchange
of the differentiation medium, again supplemented with the same docetaxel doses, we detected 2.4-
to 9.1-fold increased maximum concentrations and 2.4- to 8.8-fold increased AUCs in the sampling
port compared to the respective values following the first docetaxel administration. Furthermore,
we detected about 4- to 7-fold higher docetaxel concentrations in the sampling port compared to
the applied docetaxel concentration (Figure 3b,c). This effect was not observed when applying 7 or
7000 ng/mL docetaxel (Figure 3a,d). Again, the tmax values were close to the end of the treatment cycle
with values ranging between 82 and 89 h.
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Table 4. Main pharmacokinetic parameters following 1st docetaxel application (0–48 h) and 2nd
docetaxel application (48–96 h). c: docetaxel concentration, AUC: area under the curve.

c AUC (0–48 h) Cmax (0–48 h) tmax (0–48 h)

(ng/mL)
Mean

(h × ng/mL)
CV
(%)

Mean
(ng/mL)

CV
(%)

tmax

(h)
CV
(%)

7 66.3 44.6 1.9 194.5 43.9 14.5
70 444.4 12.5 14.4 25.3 39.5 20.7
700 13,324 26.0 461 29.0 41 9.9

7000 85,658 8.3 2492 10.4 32 21.4

c AUC (48–96 h) Cmax (48–96 h) tmax (48–96 h)

(ng/mL)
Mean

(h × ng/mL)
CV
(%)

Mean
(ng/mL)

CV
(%)

tmax

(h)
CV
(%)

7 151.4 84.4 6.0 65.1 82.8 16.2
70 3915.1 75.0 131.4 78.5 82.7 15.5
700 78,890 75.1 2850 66.3 83 16.6

7000 211,171 12.2 5920 7.3 90 13.7

Figure 3. Concentration-time curves of docetaxel. Docetaxel concentrations in the sampling port of
TOM models following the application of (a) 7, (b) 70, (c) 700 or (d) 7000 ng/mL docetaxel. Docetaxel
was supplemented to the differentiation at 0 and 48 h (arrows), n = 4 for each concentration.

Moreover, the concentration versus time curves showed a different shape in two experiments
(blue and black curve vs. red and green curve in Figure 3a–c). The slope of the blue and black curves
markedly differed from the slope of the red and green curves after the second docetaxel administration.
The relatively constant docetaxel concentrations within the sampling port could result from evaporation
of medium from the reservoir (Figure 1a(3)), causing in loss of contact of the model with the reservoir.
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Evaporation also affected the accessibility of the sample fluid for the autosampler needle, since we did
not measure docetaxel from certain time points on (e.g., black curve in Figure 3c).

4. Discussion

An automated UHPLC-MS/MS method with online sampling in TOM models is presented here.
This proof-of-concept study demonstrated the feasibility of real-time monitoring of drug levels in TOM
models without any sample preparation. To achieve this, both the analytical method for docetaxel
quantitation in human blood samples [20] and the culture of TOM models [14] needed to be adapted
only slightly. Our approach was validated according to EMA guidelines [15] and is easily transferrable
to other in vitro disease models.

In vitro studies frequently use drug doses far higher than the maximum tolerated dose in
patients [21]. This overdosing causes effects in vitro that are not reproducible in vivo, contributing to
the high attrition rate of investigational new drugs in clinical trials. Even if the patients tolerate such
high doses, they will be prone to off-target effects. Aside from the bench-to-bedside extrapolation of
drug doses, clinical data can be useful to conduct more relevant studies for investigation of personalized
adaptations. Considering the maximum plasma concentration at the highest single dose recommended
in the drug product of marketed drugs provides an upper limit for in vitro studies [22]. This concept
is particularly useful to test potential new indications for approved drugs. We used docetaxel as a
model drug to develop our analytical approach since both the efficacy and the pharmacokinetics of
docetaxel are well-known [22]. After calculating a steady-state concentration of 74 ng/mL docetaxel
in patients following an intravenous application of 75 mg/m2 (for details, see [14]), we selected 7; 70;
700; and 7000 ng/mL as test concentrations in TOM models. The AUC within the TOM models ranged
between 66.32 and 85,658.15 h × ng/mL following the first, and between 151 and 211,171 h×ng/mL
following the second docetaxel application. Together with Cmax values below 2492 and 5920 ng/mL,
these in vitro results were in range of the clinical application of 100 mg/m2, which results in an AUC of
4600 h × ng/mL and Cmax of 3700 ng/mL [23].

Focusing on the nominal concentration of 70 ng/mL, we detected less docetaxel in the sampling
port than has been found in human blood samples. This discrepancy supports the hypothesis of the
poor uptake of anticancer drugs into solid tumors [6]. Likewise, paclitaxel penetrates only to the
periphery of spheroids [5]. Nevertheless, docetaxel uptake into the TOM models increased following
the second drug application. Since apoptosis results in enhanced drug uptake into inner cell layers
of solid tumors [8], tumor cells dying after the first application should favor docetaxel uptake into
TOM models.

Moreover, our method provides an in-depth insight into the formation of docetaxel degradation
products. Since docetaxel epimerization is associated with a loss of potency and tumor resistance
development in vivo [24], the considerable epimer formation will affect the efficacy of docetaxel.
In contrast, the trace amounts of oxidation products and carbamates should not limit docetaxel
effects in TOM models, although they are 10- to 40-fold less active [25]. The degradation products
were identified by QTOF-MS and related to degradation products known from the literature [26].
Nevertheless, our approach allows for only limited insights into clinically relevant clearance due to the
absence of hepatic metabolism and biliary excretion. If tumor cells metabolize the applied drugs, the
quantitation of local metabolites will be feasible as well, but in the case at hand, we observed docetaxel
epimerization and formation of degradation products as artifacts also in cell-free medium.

Differences between docetaxel concentrations in human patients and TOM models also arise
from differences in protein binding. Whereas plasma protein binding of docetaxel is 97% in the
patients [22], protein binding in medium containing fetal bovine serum is saturable. Paclitaxel, close
in chemical structure to docetaxel, shows a protein binding between 79% at 500 ng/mL and 20% at
15,000 ng/mL [27]. Thus, we expect higher amounts of free drug available compared to the patients,
especially following the application of 7000 ng/mL docetaxel. Nevertheless, we were not able to
discriminate free against total docetaxel concentration, since the membrane of the sampling port has a
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pore size of 400 nm. Most protein sizes range between 1 and 100 nm, making protein diffusion into
the sampling port likely. This might also explain higher Cmax values in the sampling port than the
administered concentration in the reservoir, since we quantified all docetaxel within the sampling port.
The first docetaxel administration saturated the protein binding and intracellular fluids, the second
application directly increased the concentration in the interstitial fluid of TOM models and the sampling
port. However, we assume complete equilibration between the interstitial fluid of the TOM model and
the sampling fluid within two hours, equal to the time interval we selected between two measurements.
Thus, signals of the concentration over time curve earlier between zero and two hours might not
recapitulate the concentration within the interstitial fluid of the TOM model, but provide an insight
into the lag-time between docetaxel application and first appearance within the sampling port. As
to be expected, the lag-time decreases with increasing docetaxel concentrations: 11.1 ± 3 h (7 ng/mL
docetaxel application) compared to 1.82 ± 0.6 h (7000 ng/mL docetaxel application).

Since classical microdialysis already allowed insights into tissue-specific drug [28] and cytokine
levels [29], the automated determination of pharmacokinetic profiles will enable patient-specific
analyses in higher throughput. PK-PD modelling already improved dose selection and characterization
of drug effects on tumor growth, overall survival and safety [30], but requires relevant data for the
patient and his/her tumor. Nonclinical testing together with pharmacometrics may provide a more
detailed insight by testing drugs in patient-specific models and extrapolating drug concentrations in
tumors to adapt dose regimen for patients.

UHPLC-MS/MS again proved as the method of choice as it was already useful for a wide range
of applications in pharmacology, toxicology, and forensics [31–33]. Despite first dilute and inject
attempts to reduce the time-consuming sample preparation [34–39], UHPLC-MS/MS analyses still
often utilizes extensive sample preparation to separate the molecule of interest from interfering
proteins and potential enzymatic degradation processes [40]. Our method (A) used for quantitation
of docetaxel was successfully validated in terms of selectivity, carry-over, lower limit of quantitation
(LLOQ), calibration function, accuracy, and precision according to EMA guidelines for bioanalytical
method validation. A very broad concentration range of 1–10,000 ng/mL was covered compared to
already published methods [20,41], allowing the analysis of docetaxel administered ranging from 7
to 7000 ng/mL. The method proved to be accurate and precise, showed acceptable carry-over after
including blank injections between high and low concentration samples, as well as fitness-for purpose
in LLOQ. Furthermore, the method was fast, being able to separate docetaxel and 7-epi-docetaxel in
less than 3.7 min (total run-time including cleaning of injector 9.75 min).

Future studies will compare differences between the patients’ drug responses and drug delivery
systems to optimize the dose regimen and application form. For increased efficacy, model size and
sampling volume may be further optimized in the direction of high-throughput, and therefore, enhance
personalized medicine.

5. Conclusions

We developed and evaluated a real-time approach to automatically measure docetaxel
concentrations in TOM models. Partial epimerization and neglectable amounts of degradation
products were detected instantaneously upon application of docetaxel to the medium. The courses
of concentration versus time curves for 96 h were comparable among four different docetaxel
concentrations. The first drug application resulted in an increase of docetaxel concentration, followed
by a plateau phase, and exceeded after the second drug application. This proof-of-concept study paves
the way for real-time pharmacokinetic and further online investigations in 3D tumor models and
beyond, and thus, helps to improve preclinical drug development and personalized medicine.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/5/413/s1,
Figure S1: Multiple reaction monitoring (MRM) chromatogram, Figure S2: Overlay of extracted ion chromatograms
of docetaxel and degradation products, Figure S3: Product ion spectra of degradation products, Figure S4:
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Suggested chemical structure of docetaxel and degradation products, structural differences in comparison to
docetaxel are displayed in red color.
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Abstract: The purpose of this study was to perform population pharmacokinetic (PPK) analysis
of tiropramide in healthy Korean subjects, as well as to investigate the possible effects of various
covariates on pharmacokinetic (PK) parameters of tiropramide. Although tiropramide is commonly
used in digestive system-related diseases as an antispasmodic, PPK reporting and factors affecting PKs
are not clearly reported. Thus, this study for healthy subjects is very significant because it could find
new covariates in patients that had not been reported before or predict PPK for patients in the clinic
by establishing PPK in healthy adults. By using Phoenix NLME, PK, demographic, and genetic data
(collected to explain PK diversity of tiropramide in population) analyses were performed. As a basic
model, a one-compartment with first-order absorption and lag-time was established and extended
to include covariates that influenced the inter-subject variability. The total protein significantly
influenced the distribution volume and systemic clearance of tiropramide, but genetic factors such
as ABCB1 (1236C>T, 2677G>T/A, and 3435C>T), CYP2D6 (*1 and *10), OCT2 (808G>T), and PEPT1

(1287G>C) genes did not show any significant association with PK parameters of tiropramide.
The final PPK model of tiropramide was validated, and suggested that some of the PK diversity in
the population could be explained. Herein, we first describe the establishment of the PPK model
of tiropramide for healthy Korean subjects, which may be useful as a dosing algorithm for the
diseased population.

Keywords: tiropramide; healthy Korean subjects; modeling; population pharmacokinetic

1. Introduction

Tiropramide is a drug that has been used from the past to the present for symptom relief and
treatment of diseases of the digestive system such as acute spastic abdominal pain and irritable
bowel syndrome. Tiropramide is a structurally equivalent tyrosine derivative and contains amide
functional groups in the structure together with tertiary amines. It has been reported that tiropramide
is widely metabolized into various metabolites (hydroxytiropramide, N-despropyltiropramide,
N-desethyltiropramide, and N-desethyl-N-despropyltiropramide) after oral administration to rats
and humans [1–3]. The mechanism of action of tiropramide has been reported to directly affect the
smooth muscle cells. That is, tiropramide activates intracellular cyclic adenosine monophosphate
(cAMP) synthase (adenylcyclase) to increase the amount of cAMP to regulate calcium ions necessary
for muscle contraction, thereby controlling the relaxation and contraction of intestinal smooth muscle
cells. This mechanism of action is very important for clinical use. Other antispasmodics include
anticholinergics or antimuscarinics that relieve abdominal pain by acting on the intestinal nervous
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system. However, the mechanism of action on the nervous system may cause systemic side effects such
as dry mouth, dry eyes, and drowsiness, which may lower the patients’ compliance with medication.
As a result, tiropramide has been widely used in the clinic for the treatment of diseases related to the
digestive system with the reduction of the systemic side effects.

However, reporting of pharmacokinetic (PK) information of tiropramide for humans is still very
limited. Above all, tiropramide’s population pharmacokinetics (PPK) have not been reported thus
far. Tiropramide has been reported to have hypotension and peripheral vasodilation (as side effects)
like other anticholinergic or antimuscarinic drugs only when a high dose is administered. Overall,
incidences of tiropramide side effects are very low and a very safe profile in humans has been reported [4].
Although the incidence of adverse effects of tiropramide is reported to be low in humans, optimal dosing
algorithm may maximize the therapeutic effect of the drug and reduce its adverse effects by using a
PPK model. PPK modeling can enable effective dose setting and individualized pharmacotherapy
by quantifying the diversity of the drug concentrations among individuals (in the population) with
a variety of related physicochemical factors. In addition, identifying the physicochemical factors
affecting PKs of tiropramide will be a significant scientific basis for the clinical application (such as
usage and dose settings) and formulation of tiropramide in the future.

Tiropramide is usually administered orally to adults at 100 mg (1 tablet) 2-3 times a day in the
clinic. In exceptional cases, it is reported that tiropramide may be additionally administered in cases of
less symptomatic relief. However, it is difficult to judge whether these levels of capacity and usage
are precise when considering the differences among individuals in the population. More scientific
evidence and data on the dose setting and safety of tiropramide are needed. Therefore, we thought
that a study of the PPK model of tiropramide was necessary. In addition, it begs the question on how
the various physicochemical or genetic factors among individuals in the population affect the PKs of
tiropramide. Moreover, even if individual physicochemical or genetic factors affect tiropramide’s PKs,
it is very doubtful as to how large the effect would be. Finding significant covariates of tiropramide
is very difficult due to the lack of detailed PK information on the precise metabolic mechanisms,
absorption, distribution, and excretion of tiropramide (especially in humans), and no PPK studies have
been reported in the past. Therefore, in this study, we set up a variety of candidate covariates early in
the study to establish factors that significantly influence the PK of tiropramide. The process was based
on the physicochemical or physiological properties of tiropramide that have been reported to date.

Tiropramide has amine groups in its structure and will be basic at pH (about 7.4) in vivo on the
basis of its pKa value (of 3.1) [4]. Therefore, the covariate effect was confirmed by genotyping the
OCT gene, which is known to be related to the absorption, distribution, and excretion of various
organic cations [5]. Tiropramide is a substance derived from the amino acid tyrosine [6]. Therefore, the
genotyping of the PEPT gene, which is known to be involved in the absorption and distribution of
the peptide drugs such as peptides and β-lactam antibiotics, was performed to confirm the covariate
effect [7]. P-glycoprotein (P-gp) is a transporter with a broad range of substrate specificities of about
170 kDa and is known to be mainly involved in the efflux of neutral or cationic substances. In addition,
ABCB1 has been reported as a gene that encodes the P-gp. In this study, the covariate effect was
confirmed by genotyping ABCB1 [8]. In the past, the metabolism of tiropramide in the liver was
examined [1], and the covariate effect was confirmed by genotyping metabolism-related CYP2D6.
In particular, we focused on single nucleotide polymorphism (SNP) of the CYP2D6 gene related
to phase I metabolism (oxidation, reduction, hydrolysis, etc.) in the liver, and tried to confirm the
correlation with PKs [9]. In addition, we collected information on various physicochemical factors
(including general functional indicators of the kidney and liver) and sought to find the major covariates
affecting PKs.

We report on PPK modeling of tiropramide in this study, together with factors affecting PK
diversity in the population, which have not been reported yet. In the tiropramide final PPK model
(of this study), we quantitatively reflected on the total protein, physicochemical, or genetic factors
with differences between individuals, suggesting that scientific dose setting can be possible. In these
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aspects, for clinical applications, the tiropramide’s PPK model would be a great advantage. As a result,
development of a tiropramide’s PPK model for use in healthy Korean subjects was the purpose of this
study. The developed tiropramide’s PPK model is expected to be useful for determining a valuable
dosing algorithm for tiropramide in healthy Korean subjects. In addition, the identification of factors
affecting PK of tiropramide is expected to be of great help in related future studies.

2. Methods

2.1. Study Design

Samples obtained from a bioequivalence study of tiropramide in 24 healthy Korean males were
included in this analysis. The age of these subjects ranged from 19 to 29 years (mean ± standard
deviation (SD), 22.96 ± 2.61 years). Their body weights ranged from 55.2 to 82.8 kg (mean ± SD,
67.60 ± 7.28 kg). Their body surface area (BSA) ranged from 1.58 to 1.97 m2 (mean ± SD, 1.80 ± 0.11 m2),
and their body mass index (BMI) ranged from 17.89 to 29.06 kg/m2 (mean ± SD, 22.74 ± 2.72 kg/m2).
Each subject had no hypersensitivity to any drugs or previous history of illness and was physically
normal. All subjects provided informed written consent to perform bioequivalence and PK studies.
All subjects underwent physical examinations, clinical screening, complete blood count, urinalysis,
and analysis of blood chemistry prior to the admission of this study to evaluate their physical health
status. If subjects were taking any medications, other drugs, and/or alcohol for at least 1 week prior
to this study, they were excluded from this study. The Institutional Review Board of the Institute
of Bioequivalence and Bridging Study, Chonnam National University, Gwangju, Republic of Korea,
reviewed and approved (Bioequivalence Test no. 875; 01.16.2003) this study protocol. Clinical studies
were performed in accordance with rules of good clinical practice and the revised Declaration of
Helsinki for biomedical research involving human subjects. Bioequivalence studies were performed
as randomized, single-dose, open-label, crossover, and two-way studies. The data from reference
formulation were only used for the current analysis. The subjects were hospitalized (Chonnam
National University Hospital, Gwangju, Korea) at 7:30 p.m. 1 day before the study. The subjects had a
heparin-locked catheter installed in the median cubital vein. A single dose (100 mg) of tiropramide
was given orally to all subjects (after an overnight fast) in each study group with 240 mL of water.
Before administration (0 h) and at 0.33, 0.67, 1, 1.5, 2, 2.5, 3, 4, 6, 8, and 12 h after oral administration,
blood samples (8 mL) were collected into Vacutainer tubes. At the time of blood sampling, about 2 mL
of blood was drained each time to completely remove the heparinized saline solution remaining in the
IV catheter, and about 8 mL of blood was collected. Following centrifugation (for 20 min, at 5000 × g),
plasma samples were obtained and transferred to polyethylene tubes. They were then stored at −80 ◦C
until analysis. Another study was repeated in the same manner to complete the crossover design after
a washout period of 7 days.

2.2. Determination of Physicochemical Parameters

Plasma samples were used in the determination of physicochemical parameters, including total
proteins, aspartate transaminase (AST), albumin, alkaline phosphatase (ALP), alanine transaminase
(ALT), and creatinine. The determination of main physicochemical parameters in this study, such as
total proteins, albumin, AST, ALT, ALP, and creatinine, was performed in a dry automatic analyzer by
microsides VITROS (Ortho Clinical Diagnostics, NJ, USA) operating by reflectance spectrophotometry.

2.3. Determination of Genotypes

The blood samples of 3 mL, obtained from individuals participating in this study, were used
for genotyping. The blood samples were centrifuged for 10 min at 1000 × g, and deoxyribonucleic
acid (DNA) was extracted from the leukocyte layer using a Wizard Genomic DNA purification kit
(Promega Co., Madison, WI, USA). The extracted DNA was dissolved in 100 µL of DNA hydration
solution and stored at −70 ◦C until analysis. In order to amplify a portion of gene containing a SNP
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by polymerase chain reaction (PCR) from the extracted DNA, each primer was prepared according
to the variation of allele. Moreover, the genotypes were determined using appropriate methods that
have been reported in the past [5,8,10,11]. We conducted experiments three times to acquire exact
genotype data.

2.3.1. Identification of ABCB1 1236C>T (in Exon 12), 2677G>T/A (in Exon 21), and 3435C>T
(in Exon 26)

Candidate SNPs (1236C>T, 2677G>T/A, and 3435C>T) in the ABCB1 gene were genotyped by using
polymerase chain reaction–restriction fragment length polymorphism (PCR-RFLP). Each primer was
prepared according to the variation of allele. Forward primer of 5′-TATCCTGTGTCTGTGAATTGCC-3′

and reverse primer of 5′-CCTGACTCACCACACACCAATG-3′ were used for ABCB1 1236C>T
genotypes. Forward primer of 5′-TGCAGGCTATAGGTTCCAGG-3′ and reverse primer of 5′-TTTAG
TTTGACTCACCT TCCCG-3′ were used for determination of ABCB1 2677G>T/A genotypes.
Forward primer of 5′-TGTTTTCAGCTGCTTGATGG-3′ and reverse primer of 5′-AAGGCATGTAT
GTTGGCCTC-3′ were used for ABCB1 3435C>T genotypes. PCR was performed in 20 µL reaction
mixture including 1 µL of 10 pmol each primer (forward and reverse), 1 µL extracted DNA, and 17 µL
autoclaved distilled water. The PCR program was composed of an initial denaturation at 94 ◦C for
2 min followed by 35 cycles of denaturation at 94 ◦C for 30 s, annealing at 59.8 ◦C for 30 s, and extension
at 72 ◦C for 30 s. The final extension step was performed at 72 ◦C for 5 min. The DNA fragments
amplified by PCR were reacted at 37 ◦C for 16 h with restriction enzymes HaeIII (for ABCB1 1236C>T),
Sau3AI (for ABCB1 3435C>T), and BanI/RsaI (for ABCB1 2677G>T/A), which can recognize and cleave
specific sequences. These digested fragments were separated by electrophoresis in 2.5% agarose gel,
and were visualized under ultraviolet light after staining the gel with ethidium bromide for 30 min.

2.3.2. Identification of CYP2D6 Alleles

Polymorphisms (*1 and *10) in the CYP2D6 gene of individuals were determined using DNA
sequencing analysis. The primers were designed and prepared using the primer3 software. The PCR
was performed in 20 µL reaction mixture including 1 µL extracted DNA, 1 µL of 10 pmol of each primer
(forward and reverse), and 17 µL autoclaved distilled water. The PCR program was composed of an
initial denaturation at 94 ◦C for 3 min followed by 35 cycles of denaturation at 94 ◦C for 20 s, annealing
for at 62 ◦C 30 s, and extension at 72 ◦C for 20 min. A final extension step was conducted at 72 ◦C
for 5 min. The PCR products were then analyzed by direct sequencing using the ABI PRISIM BigDye
Terminator Cycle Sequencing Kit and an ABI Prism 3100 Genetic Analyzer (Applied Biosystems,
Foster City, CA, USA).

2.3.3. Identification of OCT2 808G>T

Candidate SNP (808G>T) in the OCT2 gene was genotyped using pyrosequencing analysis.
Each primer was prepared according to the variation of allele. Forward primer of 5′-CGGAGAACAGT
GGGGATTTTTTAC-3′, reverse primer of 5′-CACGTAATTCCTTCCGTCTGAAGA-3′, and sequencing
primer of 5′-GGTGGTTGCAGTTCACA-3′ were used for OCT2 808G>T genotype. Forward primer
has a 5′ biotin triethylene glycol label necessary for post PCR processing. PCR was performed in 20 µL
reaction mixture including 1 µL extracted DNA, 1 µL of 10 pmol each primer (forward and reverse), and
17 µL autoclaved distilled water. The PCR program comprised an initial denaturation at 94 ◦C for 5 min
followed by 45 cycles of denaturation at 94 ◦C for 20 s, annealing at 52.1 ◦C for 30 s, and extension at
72 ◦C for 20 s. A final extension step was performed at 72 ◦C for 5 min. The biotinylated PCR products
were immobilized on streptavidin-coated Sepharose beads (Amersham Biosciences, Uppsala, Sweden).
A total of 37 µL of binding buffer (10 mM Tris HCl, 2 M sodium chloride, 1 mM EDTA, 0.1% Tween 20,
pH 7.6; Pyrosequencing AB, Uppsala, Sweden), 3 µL of streptavidin-coated Sepharose beads, and 20 µL
of water were added to 20 µL PCR product; then, the solution was vigorously shaken for 10 min at room
temperature. A 96 pin magnetic tool (Pyrosequencing AB, Uppsala, Sweden) was used to transfer up
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to 96 samples at a time to solutions as follows. The beads with bound template were first transferred to
70% ethanol solution and 0.2 N sodium hydroxide solution, then to 1X washing buffer (Pyrosequencing
AB, Uppsala, Sweden), and finally into a solution of 1X annealing buffer (20 mM Tris acetate, 2 mM
magnesium acetate, pH 7.6), including the appropriate sequencing primer of 10 pmol. Lastly, this
mixture was heated for 1 min to 95 ◦C and then cooled to 50 ◦C and incubated at room temperature for
at least 5 min to bind the sequencing primer to the template. After template preparation, a 96-well
plate including the samples was loaded into the instrument (PSQ 96MA; Pyrosequencing AB, Uppsala,
Sweden) along with the optimal reagents (Pyro Gold; Biotage AB, Uppsala, Sweden). This instrument
sequences the templates by dispensing reagents and deoxynucleotide triphosphates in a user-defined
order, achieving real-time sequencing by synthesis in an automated fashion. This is achieved by
creating and monitoring an enzyme cascade initiated by nucleotide incorporation that produces light
emission. Pyrosequencing data were obtained by using Peak Height Determination Software v2.1
(Pyrosequencing AB, Uppsala, Sweden).

2.3.4. Identification of PEPT1 1287G>C (in Exon 16)

Candidate SNP (1287G>C) in the PEPT1 gene were genotyped by using PCR-RFLP. Each primer was
prepared according to the variation of allele. Forward primer of 5′-CCCTTGTCAGGGTTAAGATGA-3′

and reverse primer of 5′-GCTTCTCTAAATCCTATTATAACAGGG-3′ were used for PEPT1 1287G>C
genotypes. PCR was performed in 20 µL reaction mixture including 1 µL extracted DNA, 1 µL of
10 pmol each primer (forward and reverse), and 17 µL autoclaved distilled water. The PCR program
comprised of an initial denaturation at 95 ◦C for 5 min followed by 35 cycles of denaturation at 95 ◦C
for 20 s, annealing for at 54.5 ◦C 30 s, and an extension at 72 ◦C for 20 s. The final extension step was
performed at 72 ◦C for 5 min. DNA fragments amplified by PCR were reacted at 37 ◦C for 1 h with
restriction enzyme Sau961, which can recognize and cleave specific sequences. The digested fragments
were separated by electrophoresis in 2.5% agarose gel, and were visualized under ultraviolet light after
staining the gel with ethidium bromide for 30 min.

2.4. Determination of Plasma Tiropramide Concentrations

Plasma concentrations of tiropramide were determined using a validated column-switching
semi-micro high-performance liquid chromatography (HPLC) method based on a previous study [12].

2.4.1. Chromatographic Conditions

The analytical system consisted of the Nanospace SI-2 series (Shiseido, Tokyo, Japan) with an
ultraviolet-visible (UV–VIS) detector 3002, two 3001 pumps, a 3014 column oven, a high pressure
six-way switching valve 3012, a 3010 degasser, and a 3023 autosampler. The system operation and
signal processing were operated by Syscon (Shiseido, Tokyo, Japan). The columns used in this on-line
extraction system include an analytical column (Capcell Pak C18 UG120, 150 × 1.5 mm I.D. Shiseido),
a pre-column (Capcell Pak MF Ph-1, 10 × 4 mm I.D. 5 µm Shiseido), and an enrichment column
(Capcell Pak C18 UG120, 35 × 2 mm I.D. Shiseido). The mobile phase for primary separation of
tiropramide in the pre-column and concentration in the enrichment column was phosphate buffer
(50 mM, pH 7.0)-acetonitrile (88/12, v/v) with a flow rate of 0.5 mL/min. The mobile phase for analytical
column was phosphoric acid–phosphate buffer (50 mM, pH 7.0)-acetonitrile (0.04/59.96/40, v/v/v) with
a flow rate of 0.1 mL/min. All the columns were maintained at 25–30 ◦C. The quantification was
performed at 230 nm wavelength. The peak with the retention time of tiropramide was verified using
a photodiode array detector (2017 Diode Array, Shiseido, Tokyo, Japan).

2.4.2. Analytical Procedures

The performance of column-switching semi-micro HPLC consists of three steps, as follows: sample
loading and primary separation, enrichment of analyte fraction, and chromatographic separation.
When the column-switching valve was at the precolumn inlet position, an aliquot of filtered (by 0.22 µm,
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Millex-GV syringe filter unit, Millipore, Burlington, MA, USA) plasma sample (80 µL) was loaded
to the pre-column, and a primary separation of tiropramide from plasma proteins was conducted by
using phosphate buffer (50 mM, pH 7.0)-acetonitrile (88/12, v/v). Subsequently, the valve was switched
to the enrichment column inlet position, and the tiropramide fraction was eluted from the pre-column
and concentrated in the enrichment column by phosphate buffer (50 mM, pH 7.0)-acetonitrile (88/12,
v/v). Afterwards, the valve was switched to analytical column inlet position, and tiropramide was
finally isolated and quantified by phosphoric acid–phosphate buffer (50 mM, pH 7.0)-acetonitrile
(0.04/59.96/40, v/v/v).

2.5. Pharmacokinetic Analysis

Basic PK parameters of tiropramide were obtained from non-compartmental analysis (NCA)
through the Phoenix-WinNonlin (8.1 version, Pharsight, Certara Inc., Princeton, NJ, USA) program.
Peak plasma concentration (Cmax) and the time to reach Cmax (Tmax) were individually determined
using plasma concentration–time curve. The area under the curve (AUC0–∞) was calculated as the
sum of AUC0–t and Clast/k, where Clast is the final measured concentration and k is the elimination rate
constant at terminal phase. AUC0–t was calculated using a linear trapezoidal rule from 0 to t (as 24) h
after administration. The half-life (t1/2) was calculated as 0.693/k, and the volume of the distribution
(Vd/F) was calculated as dose/k·AUC0–∞. The clearance (CL/F) was calculated by dividing the dose
of tiropramide by AUC0–∞, where F is the bioavailability of oral administration. All PK parameter
values were calculated as mean ± SD, and the statistical differences in the group parameters (according
to genotype) were confirmed by the analysis of variance (ANOVA) through the Statistical Package
for the Social Sciences (SPSS) program (23 version, IBM). A p-value < 0.05 was established as being
statistically significant.

2.6. Model Development

PPK analysis was conducted with a non-linear mixed effects model (NLME) approach through
the Phoenix NLME (8.1 version, Pharsight, Certara Inc., Princeton, NJ, USA) program. In addition,
PPK model development was performed in the first order conditional estimates method with extended
least squares (FOCE-ELS) estimation (with ŋ–ε interaction).

As the first step of PPK modeling, data were fitted to two or one compartment disposition
models with first order elimination and absorption kinetics without or with absorption lag-time for
determining the structural base model (without covariates). In addition, a multiple transit model with
a compartment added to the absorption phase was evaluated to establish the structural base model.
The final selection of structural base model was performed by the statistical significance between
models using goodness-of-fit (GOF) plots, twice the negative log likelihood (-2LL), and Akaike’s
information criterion (AIC). The initial values for the parameters used in this process were obtained
and referenced using NCA and classic compartment models. As a result, the basic PK parameters
were as follows: clearance for the central compartment (CL), absorption lag time (Tlag), volume of
distribution for the central compartment (V), first oral absorption rate constant (Ka1), and second oral
absorption rate constant (Ka2).

The residual variability was determined to additive error model in log transformed (plasma
concentration) data, as shown in the following equation: Cobs,ij = Cpred,ij·exp(εij), where εij is the
intra-subject variability (including model misspecification and assay error) with mean 0 and variance
σ2, and Cpred,ij and Cobs,ij are the jth predicted and observed plasma concentrations in the ith
subject, respectively.

The inter-individual variability (IIV) in PK parameters of tiropramide was evaluated by using an
exponential error model, as shown in the following equation: Pi = Ptv·exp(ŋi), where ŋi is the random
variable for the ith individual, which was normally distributed with mean 0 and variance ω2; Pi is the
parameter value of the ith individual, and Ptv is the typical value of the population parameter.
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As a second step of PPK modeling, candidate covariates (including demographic and genetic
information) screened during this study were considered in reflecting the structural base model to
account for PK diversity of tiropramide in the population. Height, body weight, age, BMI, BSA,
creatinine, albumin, AST, ALT, ALP, creatinine clearance, and total protein were used as demographic
candidate covariates. Here, BMI was determined by using the metric unit system [13]. BSA was
determined on the basis of the Mosteller equation [14]. Creatinine clearance was determined on the
basis of the Cockcroft–Gault equation [15]. There were also ABCB1 1236C>T, ABCB1 2677G>T/A,
ABCB1 3435C>T, CYP2D6 (*1 and *10), OCT2 808G>T, and PEPT1 1287G>C as genetic candidate
covariates. To confirm the correlation between covariates and PK parameters, these potential covariates
were plotted against individual post hoc parameters. In addition, the covariates were divided into
categorical and continuous types in order to reflect the identified (correlation with PK parameters)
candidate covariates in the PK parameters of the model. Continuous covariates (mainly demographic
candidate covariates) were normalized by median values (of observed values). On the other hand,
categorical covariates (mainly genetic candidate covariates) were reflected as index variables in the
model. The effects of each covariate were confirmed using exponential, power, or additive options.
By stepwise backward elimination and forward addition procedure, the covariates were included or
eliminated. By change in the objective function value (OFV), the inclusion of covariates was determined.
Covariates corresponding to a decrease in the OFV value greater than 3.84 (p < 0.05) were included in
the base model (in the forward addition procedure). In addition, covariates corresponding to the case
where the decrease in OFV value was greater than 6.63 (p < 0.01) through the backward elimination
process were not removed from the model and were included.

2.7. Model Evaluation

The final established models (in this study) were verified and evaluated both visually and
numerically. To evaluate the model, visual predictive check (VPC), bootstrapping, and goodness-of-fit
(including distribution of residuals) analyses were used. The goodness-of-fit was confirmed by using
diagnostic scatter plots as follows: (a) population-predicted concentrations (PRED) versus observed
(DV), (b) individual-predicted concentrations (IPRED) versus DV, (c) PRED versus conditional weighted
residuals (CWRES), (d) time (IVAR) versus CWRES, and (e) quantile–quantile plot of the components
of CWRES.

By using non-parametric bootstrap analysis, the stability of the final model was confirmed, and
the bootstrap option of Phoenix NLME was used. A total of 1000 replicates were generated by the
repeated random sampling with replacement from the original dataset. The estimated parameter
values, such as the standard errors (SE; including confidence intervals) and medians from the bootstrap
procedure, were compared with those estimated from the original dataset.

By using the VPC option of Phoenix NLME, VPCs of the final established models were performed.
The time–DV concentration data were graphically superimposed on the median values and the 5th
and 95th percentiles of the time-simulated concentration profiles. If the DV concentration data were
approximately distributed within the 95th and 5th prediction interval, the model was expected to
be precise. Normalized prediction distribution error (NPDE) was used to evaluate the predictive
performance of the model on the basis of a Monte Carlo simulation with the R package [16]. NPDE results
were summarized graphically using (1) quantile–quantile plot of the NPDE, (2) a histogram of the
NPDE, (3) scatterplot of NPDE vs. time, and (4) scatterplot of NPDE vs. PRED. If the predictive
performance is satisfied, the NPDE will follow a normal distribution (Shapiro–Wilk test) with a mean
value of zero (t-test) and a variance of one (Fisher’s test).
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3. Results

3.1. Study Design and Demographic Analysis

The bioequivalence data (from reference formulation) collected from 24 healthy Korean males
were used in this PK study for tiropramide. For the PK modelling, a total of 288 tiropramide plasma
concentrations were available. There was complete information on height, age, and body weight for
the 24 participants. Additionally, we successfully collected information on the total proteins, albumin,
creatinine, AST, ALT, ALP, and the creatinine clearance levels of each participant, according to the
method described above (Section 2.2). The related demographic information about the participants are
shown in Table 1.

Table 1. Demographic information of the studied subjects (n = 24).

Physicochemical Median (Range) Mean ± SD

Age (year) 23 (19–29) 22.96 ± 2.61
Weight (kg) 66.8 (52.5–82.8) 67.60 ± 7.28
Height (cm) 171.45 (164.3–185.4) 172.59 ± 5.85
BSA (m2) * 1.80 (1.58–1.97) 1.80 ± 0.11

BMI (kg/m2) ** 22.63 (17.89–29.06) 22.74 ± 2.72
Albumin (g/dL) 4.6 (4.2–5.4) 4.64 ± 0.27

Total proteins (g/dL) 7.6 (6.7–8.3) 7.59 ± 0.41
ALT (U/L) 20.5 (8–55) 22.29 ± 11.67
AST (U/L) 20 (10–32) 20.88 ± 5.81
ALP (U/L) 76 (49–126) 81.83 ± 20.66

Creatinine clearance (mL/min) *** 118.49 (91.78–159.77) 122.88 ± 22.25
Creatinine (mg/dL) 0.9 (0.6–1.1) 0.91 ± 0.13

* Body surface area (BSA) was determined on the basis of the Monsteller equation as follows:
√

(height (cm) × weight (kg)/3600); ** body mass index (BMI) was calculated as follows: body weight (kg)/height2

(m2); *** creatinine clearance was determined on the basis of the Cockcroft–Gault equation as follows: [(140-age) ×
body weight (kg)]/[serum creatinine (mg/dL) × 72].

3.2. Genetic Analysis

Genotyping was performed on all 24 individuals who participated in this study. The analyzed
genotypes were ABCB1 (1236C>T, 2677G>T/A, and 3435C>T), CYP2D6 (*1 and *10), OCT2 (808G>T),
and PEPT1 (1287G>C) genes. The results are presented in Table 2. The ABCB1 1236C>T genotyping
revealed that 6 (25.00%) subjects had the mutant type (TT), 13 (54.17%) subjects had the heterozygous
type (CT), and 5 (20.83%) subjects had the homozygous wild type (CC). ABCB1 2677G>T/A genotyping
revealed that eight (33.33%) subjects had the mutant type (TT or AT or TA or AA), nine (37.50%)
subjects had the heterozygous type (GT or GA), and seven (29.17%) subjects had the homozygous wild
type (GG). ABCB1 3435C>T genotyping revealed that 3 (12.50%) subjects had the mutant type (TT),
12 (50.00%) subjects had the heterozygous type (CT), and 9 (37.50%) subjects had the homozygous
wild type (CC). CYP2D6 genotyping revealed that 6 (25.00%) subjects had the homozygous *10 allele
(*10/*10), 14 (58.33%) subjects had the heterozygous *10 allele (*1/*10), and 4 (16.67%) subjects had
the homozygous *1 allele (*1/*1). CYP2D6*2, *4, *5, *14A/B, *36, and *47 alleles were not detected in
any of the subjects of this study. We classified the CYP2D6 genotypes into three groups to investigate
the impact of CYP2D6 genotypes on the PKs of tiropramide as follows: extensive metabolizers (EMs)
(*1/*1), heterozygous intermediate metabolizers (IMs) (*1/*10), and homozygous IMs (*10/*10), on the
basis of the reports of the difference in CYP2D6 enzyme activity according to CYP2D6 genotypes [9,17].
OCT2 808G>T genotyping revealed that 8 (33.33%) subjects had the heterozygous type (GT) and 16
(66.67%) subjects had the homozygous type (GG). PEPT1 1287G>C genotyping revealed that 3 (12.50%)
subjects had the mutant type (CC), 2 (8.33%) subjects had the heterozygous type (GC), and 19 (79.17%)
subjects had the homozygous wild type (GG).
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Table 2. Genetic information of the studied subjects (n = 24).

Genotypes No. (Frequency)

ABCB1
1236C>T (exon 12) CC 5 (20.83%)

CT 13 (54.17%)
TT 6 (25.00%)

2677G>T/A (exon 21) GG 7 (29.17%)
GT, GA 9 (37.50%)

TT, AT, TA, AA 8 (33.33%)
3435C>T (exon 26) CC 9 (37.50%)

CT 12 (50.00%)
TT 3 (12.50%)

CYP2D6 *1/*1 4 (16.67%)
*1/*10 14 (58.33%)
*10/*10 6 (25.00%)

OCT2
808G>T GG 16 (66.67%)

GT 8 (33.33%)
PEPT1

1287G>C (exon 16) GG 19 (79.17%)
GC 2 (8.33%)
CC 3 (12.50%)

3.3. Determination of Plasma Tiropramide Concentrations

After the oral administration of a 100 mg dose, plasma concentrations of tiropramide were
determined by a column-switching semi-micro HPLC method (as mentioned in Section 2.4).
This method analyzed tiropramide at a run time of 25 min per sample, enabling PK studies on
tiropramide. The linearity of calibration curve for tiropramide was excellent (r2 = 0.99) in human
plasma, ranging from 2 to 500 ng/mL. Moreover, the calculation formula of the calibration curve
was as follows: y = 384.51x + 320.45 (p < 0.01), where y is the peak area of tiropramide and x is the
concentration (ng/mL) of the tiropramide. In addition, the lower limit of quantitation (LLOQ) for
tiropramide was as low as 2 ng/mL, and was sufficient for PK studies after the oral administration
of tiropramide tablet to humans. This assay has been validated for specificity, accuracy, precision,
and sensitivity in order to be applied to accurate PK studies. There were no significant interferences
derived from system or endogenous substances peaks, and we confirmed the identical tiropramide
peak spectrum with the diode array detector. Intra-batch (n = 5) accuracies for tiropramide ranged
from 100.70% to 113.50% with precision (coefficient of variation, CV) of < 13.57%. Inter-batch (n = 5)
accuracies for tiropramide ranged from 98.00% to 111.42% with precision (CV) of < 9.23%.

3.4. Pharmacokinetic (NCA) Analysis

The observed plasma concentration–time profiles of tiropramide in the 24 subjects after oral
administration of the 100 mg dose are presented in Figure 1.

In most individuals, the concentration of tiropramide in blood was measured up to 12 h after
dosing. The PK parameters of tiropramide according to the genotypes (ABCB1 1236C>T, ABCB1

2677G>T/A, ABCB1 3435C>T, CYP2D6, OCT2 808G>T, and PEPT1 1287G>C) calculated by NCA are
presented in Table 3. According to the NCA results for each genotype, the diversity of PK parameters
in each group was not significant (p > 0.05). Although the higher mean AUC0-t, AUC0-∞, and Cmax

values but lower mean CL/F values were calculated in the mutant type group (TT) than in the wild
homozygous type groups (CC) in the ABCB1 1236C>T gene, this was not statistically significant
considering the high SD. In the CYP2D6 gene, higher mean AUC0-t, AUC0-∞, and Cmax values were
calculated for IMs (*1/*10 and *10/*10) than EMs (*1/*1), but this was also not statistically significant
considering the high SD. In addition, although the higher mean Cmax, AUC0-t, and AUC0-∞ values
and lower mean CL/F value were calculated in wild homozygous type groups (GG) than in mutant
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type group (CC) in the PEPT1 1287G>C gene, this was not statistically significant considering the
high SD. The AUC0-t, AUC0-∞, Cmax, half-life, and Tmax values calculated by the NCA analysis of
tiropramide were 254.31 ± 197.38 h· ng/mL, 280.34 ± 199.96 h· ng/mL, 69.07 ± 59.74 ng/mL, 3.41 ± 1.99 h,
and 1.74 ± 0.63 h, respectively.

 

Figure 1. Log-transformed plasma concentration–time profiles of tiropramide in 24 subjects (A) and
the mean curves (B). The vertical bars represent standard deviation of the mean.

Table 3. Pharmacokinetic parameters of tiropramide after a single oral administration of a 100 mg
tiropramide tablet according to the genotypes (mean ± SD, n = 24).

Genotypes
Half-Life

(h−1)
Tmax (h) Cmax (ng/mL)

AUC0–t
(h·ng/mL)

AUC0–∞
(h·ng/mL)

CL/F (L/h)

ABCB1
1236C>T CC (n = 5) 2.91 ± 1.42 1.90 ± 0.42 104.56 ± 117.25 394.51 ± 376.32 419.54 ± 376.69 380.72 ± 246.10

CT (n = 13) 3.80 ± 2.41 1.67 ± 0.70 49.06 ± 23.81 182.00 ± 60.62 209.85 ± 72.09 551.43 ± 263.69
TT (n = 6) 2.99 ± 1.36 1.75 ± 0.69 82.83 ± 39.09 293.01 ± 149.02 317.08 ± 154.99 419.44 ± 292.77

ABCB1
2677G>T/A GG (n = 7) 3.86 ± 3.11 1.38 ± 0.52 52.88 ± 15.94 214.50 ± 69.45 247.94 ± 76.58 439.10 ± 136.89

GT (n = 9) 2.77 ± 0.89 2.06 ± 0.73 88.92 ± 89.16 323.04 ± 294.51 339.44 ± 296.97 481.39 ± 359.30
TT, AT, TA, AA

(n = 8) 3.75 ± 1.73 1.69 ± 0.46 60.89 ± 39.69 210.97 ± 122.69 242.22 ± 135.50 522.84 ± 259.46

ABCB1
3435C>T CC (n = 9) 2.82 ± 1.11 1.52 ± 0.46 78.29 ± 88.96 294.77 ± 291.67 317.13 ± 293.75 452.72 ± 201.28

CT (n = 12) 3.44 ± 1.45 1.92 ± 0.70 63.79 ± 38.63 235.35 ± 131.42 259.88 ± 136.73 524.94 ± 338.71
TT (n = 3) 5.10 ± 4.82 1.67 ± 0.76 62.51 ± 23.63 206.48 ± 14.18 251.82 ± 44.95 405.08 ± 67.07

CYP2D6
*1/*1 (n = 4) 4.74 ± 4.00 1.25 ± 0.29 63.24 ± 23.66 240.38 ± 75.18 278.97 ± 67.41 379.92 ± 118.76

*1/*10 (n = 14) 3.14 ± 1.17 1.76 ± 0.59 66.73 ± 72.90 258.15 ± 238.14 280.90 ± 240.02 484.79 ± 223.74
*10/*10 (n = 6) 3.17 ± 1.84 2.00 ± 0.77 78.41 ± 45.97 253.49 ± 168.34 279.97 ± 177.22 547.04 ± 420.10

OCT2
808G>T GG (n = 16) 3.62 ± 2.29 1.51 ± 0.53 60.42 ± 29.24 218.24 ± 89.40 247.77 ± 99.03 459.49 ± 166.01

GT (n = 8) 3.00 ± 1.20 2.19 ± 0.59 86.37 ± 96.84 325.60 ± 319.70 345.50 ± 321.06 529.63 ± 414.56
PEPT1

1287G>C GG (n = 19) 3.07 ± 1.38 1.82 ± 0.65 62.40 ± 32.14 226.40 ± 109.97 248.21 ± 115.65 506.33 ± 278.61
GC (n = 2) 6.36 ± 6.07 1.25 ± 0.35 181.48 ± 184.26 621.48 ± 609.37 688.85 ± 546.19 211.72 ± 167.87
CC (n = 3) 3.63 ± 0.41 1.50 ± 0.50 36.36 ± 9.98 183.99 ± 65.49 211.54 ± 80.59 515.08 ± 168.25

3.5. Population Pharmacokinetic Model Development

By a one-compartment disposition model with first order elimination and absorption with an
absorption lag time, the plasma concentrations of tiropramide were best expressed. Considering
the lag time, the numerical values (such as -2LL and AIC) of the model evaluation and graphical
data fitting were more improved than otherwise. Although we tried a two-compartment model, it
did not show an improved fit when compared with the one-compartment model. In other words,
there was a problem (fail to model fit) in fitting the two-compartment model for some individuals,
but in the one-compartment model, all individuals were fitted properly. In addition, the -2LL and
AIC values significantly decreased in the multiple (two) transit absorption compartment model in
which the additional absorption phase was added to the one-compartment model. However, from
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two or more transit phases of absorption, there was no significant decrease in the -2LL and AIC
values (with increasing number of parameters). As a result, the multiple (two) transit absorption
phase-one compartment model with an absorption lag time was selected as the base structure model
for tiropramide. The model was parameterized in terms of V/F, Tlag, CL/F, Ka1, and Ka2. When the
lag-time or model transit time was given to Ka2 in the parameterization of the model, no significant
model improvement was found with the increasing number of parameters. Therefore, significant
model improvement was found when parameterization with lag-time was carried out only at Ka1, and
the rate constant of substance transit in the absorption compartment. Figure 2 shows a schematic of
the disposition compartment model presented for tiropramide.

 

Figure 2. Schematic of tiropramide population pharmacokinetic (PPK) model (two transit absorption
phase-one compartment model with an absorption lag time). Depot 1 and 2 represent transit
compartments in the absorption phase. Ka1 refers to the rate constant at which the drug is moved from
depot 1 to depot 2. Tlag refers to the delay time for the drug to move from depot 1 to depot 2. Ka2

is the rate constant at which the drug moves from depot 2 to the central compartment. V means the
volume of drug distribution in the central compartment, and CL means removal of the drug from the
central compartment.

An exponential model was used to describe the IIVs on parameters of Tlag, V/F, CL/F, Ka1, and Ka2.
By applying an additive error model on log-transformed data, the residual variability was explained.
Table 4 summarizes the steps for developing a basic structural model of tiropramide.

In order to find the covariates affecting the PK parameters of tiropramide, we analyzed the effects
of each covariate on the PK parameters. The final potential covariates were selected on the basis of the
graphical exploration between candidate covariates and PK parameters. The influence of each selected
candidate covariate on the PK parameters of tiropramide was assessed by incorporating the covariates
into an established basic structural model. The evaluation was based on OFV, which means model
improvement. In this regard, the covariate selection process (according to OFV) to be reflected in the
final model of tiropramide is summarized in Table 5.
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Table 4. Basic structural model building steps.

Model Description n-Parameter -2LL AIC ∆-2LL ∆AIC
Compared

with

Absorption model
1 One compartment with first order (no Tlag) 7 562.27 576.27
2 One compartment with the first order (add Tlag) 9 508.80 526.80 −53.48 −49.48 1

3 * One compartment with the first order (add Tlag
and additonal absorption transit phase one) 11 420.97 442.97 −87.83 −83.83 2

4 One compartment with the first order (add Tlag
and additonal absorption transit phase two) 13 419.84 442.11 −1.13 −0.86 3

Residual error model
3 * Log additive 11 420.97 442.97
5 Additive 11 1964.95 1986.95 1543.98 1543.98 3
6 Proportional 11 1860.33 1882.33 1439.36 1439.36 3

IIV model
7 Remove IIV Ka1 10 428.64 448.64 7.67 5.67 3
8 Remove IIV Ka2 10 428.64 448.64 7.67 5.67 3
9 Remove IIV Tlag 10 434.18 454.18 13.21 11.21 3
10 Remove IIV V/F 10 500.86 520.86 79.89 77.89 3
11 Remove IIV CL/F 10 534.10 554.10 113.13 111.13 3

* Selected model.

Table 5. Stepwise search for covariates.

Model Description OFV ∆OFV n-Parameter Compared with

1 Base model 420.97 11
2 Total protein on CL/F 411.72 −9.25 12 1

3 * Total protein on CL/F and V/F 402.56 −9.16 13 2

4 Total protein on CL/F and V/F,
BMI on Ka1

400.61 −1.95 14 3

5 Total protein on CL/F and V/F,
PEPT1 (1287G>C) on Ka1

402.57 0.01 14 3

6 Total protein on CL/F and V/F,
ABCB1 (1236C>T) on Ka1

401.63 −0.93 14 3

7 Total protein on CL/F and V/F,
CYP2D6 (*1 and *10) on Ka2

397.15 −5.42 15 3

* Selected final model.

There was a significant correlation between the total protein and tiropramide V/F as well as the
total protein and tiropramide CL/F. Figure 3 shows the correlation between the final selected covariates
and CL/F of tiropramide.
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Figure 3. Relationship between subjects’ characteristics and individual predicted pharmacokinetic
parameters. Clearance (CL/F) of tiropramide according to total protein (A). Volume of distribution
(V/F) of tiropramide according to total protein (B).

When the correlation between the total protein and CL/F was reflected in the PPK model of
tiropramide, the ∆OFV was significantly reduced to −9.25 (p < 0.05). Furthermore, the addition of
total protein and V/F correlation to tiropramide PPK model significantly reduced the ∆OFV to −9.16
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(p < 0.05). However, other covariates including BMI, PEPT1 1287G>C, OCT2 808G>T, ABCB1 1236C>T,
ABCB1 2677G>T/A, ABCB1 3435C>T, and CYP2D6 (*1 and *10) had no significant effect on model
improvement. Even by applying genetic factors (such as PEPT1 1287G>C, OCT2 808G>T, ABCB1

1236C>T, ABCB1 2677G>T/A, ABCB1 3435C>T, and CYP2D6 (*1 and *10)) alone to the base model,
we examined whether they affected Ka1, Ka2, CL/F, and V/F, but no significant associations were
identified. The final model of tiropramide (reflecting the effects of covariates) is expressed as follows:

V/F = tvV/F · (1+ (Totalproteins-7.6) · dV/FdTotalproteins) · exp(ŋV)
CL/F = tvCL/F · (1+ (Totalproteins-7.6) · dCL/FdTotalproteins) · exp(ŋCL)

Tlag = tvTlag · exp(ŋTlag)
Ka1 = tvKa1 · exp(ŋKa1)
Ka2 = tvKa2 · exp(ŋKa2)

(1)

Population estimates of tiropramide were 466,711 mL/h for CL/F and 1,889,250 mL for V/F. CL/F
and V/F values by NCA were 482,567 ± 267,433 mL/h and 2,386,871 ± 1,699,847 mL, respectively. As a
result, the CL/F and V/F values estimated in the final model were not significantly different from the
NCA values. In the final model, the relative standard error (RSE, %) was 9.53–83.51%. The Eta shrinkage
values for the estimated PK parameters were suggested as acceptable at 0.02–0.40%. Compared with the
base model, the final model (considering total protein effects) of tiropramide reduced the IIV of V/F from
70.70% to 57.12%, and the IIV of CL/F from 50.55% to 39.95%. Table 6 presents the estimated parameter
values in the base model and final PPK model of tiropramide. The AUC0–t, AUC0–∞, Cmax, half-life,
and Tmax estimated values by the final PPK model of tiropramide were 242.73 ± 175.28 h· ng/mL,
260.92 ± 179.08 h· ng/mL, 54.89 ± 46.18 ng/mL, 2.73 ± 0.88 h, and 1.65 ± 0.53 h, respectively.

Table 6. Population pharmacokinetic parameters for tiropramide in base model and final model.

Parameter Estimate SE RSE (%) Shrinkage (%) IIV (%)

Base model
tvKa1 (1/h) 3.160 0.511 16.143
tvKa2 (1/h) 3.171 0.510 16.086
tvV/F (mL) 1,717,060.491 262,434.751 15.284

tvCL/F (mL/h) 447,163.154 48,667.242 10.884
tvTlag (h) 0.196 0.021 10.480
ω2

V/F 0.500 0.170 33.973 0.044 70.701
ω2

Cl/F 0.255 0.103 40.328 0.016 50.546
ω2Tlag 0.106 0.089 84.320 0.225 32.538
ω2

Ka1 0.608 0.266 43.735 0.399 77.986
ω2

Ka2 0.613 0.261 42.630 0.398 78.269
σ 0.354 0.041 11.673

Final model
tvKa1 (1/h) 3.187 0.538 16.872
tvKa2 (1/h) 3.183 0.524 16.464
tvV/F (mL) 1,889,250.002 289,606.633 15.329

tvCL/F (mL/h) 466,711.101 44,476.962 9.530
tvTlag (h) 0.196 0.021 10.590

dCl/FdTotalproteins −0.804 0.296 36.791
dV/FdTotalproteins −1.049 0.232 22.118

ω2
V/F 0.326 0.158 48.369 0.068 57.118

ω2
Cl/F 0.160 0.067 41.977 0.023 39.947

ω2Tlag 0.107 0.089 83.508 0.225 32.503
ω2

Ka1 0.557 0.276 49.584 0.405 74.627
ω2

Ka2 0.556 0.269 48.406 0.405 74.566
σ 0.357 0.042 11.895

3.6. Population Pharmacokinetic Model Evaluation

The developed PPK model of the tiropramide was comprehensively evaluated for GOF, bootstrap
analysis, and VPC. Figure 4 shows the GOF plots of the base and the final models of tiropramide.
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As shown in Figure 4B, the observed and predicted concentrations of tiropramide showed a relatively
good agreement in the final model. CWRES was well distributed symmetrically with respect to zero,
and CWRES was included in ±4 at all points. In addition, the residuals in the final model were more
improved than in the base model. In other words, without any specific bias, the CWRES was randomly
well distributed, and the residuals in the final model showed a significant decrease when compared
with the base model (larger than ±4).

 

Figure 4. Cont.
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Figure 4. Goodness-of-fit (GOF) plots of base model (A) and final model (B) for tiropramide.
(a) Population-predicted concentrations (PRED) against observed plasma concentration (DV),
(b) individual-predicted concentrations (IPRED) against DV, (c) PRED against conditional weighted
residuals (CWRES), (d) time (IVAR) against CWRES, and (e) quantile–quantile plot of components
of CWRES.

Bootstrap validation was performed to verify the reproducibility and/or robustness of the final
PPK model of tiropramide. Table 7 shows the bootstrapping analysis results. The parameter values
estimated in the final model were in the 95% CI range of the bootstrap analysis results, and were
similar to the median values of the bootstrap (replicates of 1000).
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Table 7. Estimated population pharmacokinetic parameter values of tiropramide and bootstrap
validation (n = 1000).

Parameter
Final Model Bootstrapping

Estimate 95% CI Median 95% CI

tvKa1 (1/h) 3.187 2.128–4.246 3.187 2.332–4.733
tvKa2 (1/h) 3.183 2.151–4.215 3.183 2.273–4.345
tvV/F (mL) 1,889,250.002 1,318,770.124–2,459,730.256 1,889,250.000 1,397,156.042-2,491,555.125

tvCL/F (mL/h) 466,711.101 379,098.212–554,324.163 466,711.000 374,186.003–550,036.012
tvTlag (h) 0.196 0.155–0.237 0.196 0.144–0.234

dCl/FdTotalproteins –0.804 −1.387–(−0.221) −0.804 −1.050–0.082
dV/FdTotalproteins –1.049 −1.506–(−0.592) −1.049 −1.222–0.246

ω2
V/F 0.326 0.017–0.636 0.296 0.020–0.572

ω2
Cl/F 0.160 0.028–0.291 0.134 0.023–0.245

ω2Tlag 0.107 0.068–0.282 0.085 0.045–0.215
ω2

Ka1 0.557 0.016–1.098 0.524 0.016–1.063
ω2

Ka2 0.556 0.028–1.084 0.518 0.013–1.049
σ 0.357 0.273–0.441 0.363 0.276–0.428

The VPC simulation results of the final PPK model of tiropramide are presented in Figure 5.
Most of the observation values of tiropramide were well distributed within the 90% prediction interval
of the prediction values. As a result, this suggests that the final model of the tiropramide is precise and
explains the data well.

 

− − − −
− − − −

ω
ω
ω
ω
ω
σ

Figure 5. Visual predictive check (VPC) of the final model for tiropramide. Observed concentrations
were depicted by the dots. The 95th, 50th, and 5th percentiles of the predicted concentrations are
represented by black dashed lines. The 95% confidence intervals (CI) for the predicted 5th and 95th
percentiles are represented by the blue shaded regions. The 95% CI for the predicted 50th percentiles
are represented by the red shaded regions. The values on the y-axis are logarithms.

The NPDE distribution and histogram are presented in Figure S1. The assumption of a normal
distribution for the differences between predictions and observations was acceptable. The quantile–quantile
plots and histogram also confirmed the normality of the NPDE (Figure S1).

4. Discussion

The mechanism of action of tiropramide, as mentioned in the Introduction section, has been studied
relatively well and has been reported in the past. However, studies on the in vivo PK characteristics
(including metabolism and excretion) of tiropramide are still insufficient. Therefore, little data was
available regarding the dosage and usage of tiropramide in clinical as well as formulation development.
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According to Lee et al., despite the frequent use of tiropramide in clinical practice, studies on safety and
efficacy are very poor [4]. We conducted a PPK model development study of tiropramide to explore
the effective covariates related to PK diversity of tiropramide and to investigate the characteristics of
PK in the population. This study was new and was expected to be useful in the evaluation of the safety
and efficacy of tiropramide in clinical use. As mentioned in the Abstract section, although tiropramide
has a (relatively) broad margin of safety, this study involving healthy subjects was very important
because it could find new covariates in healthy subjects that had not been reported before and/or be
used to predict PPK for patients in the clinic by establishing PPK in healthy adults. In addition to this,
in patients with abdominal pain and irritable bowel syndrome, it is very likely that the absorption
process of tiropramide will change. Therefore, if clinical trials are conducted for patients in the future,
it is thought that the PK variation of tiropramide between individuals can be explained more specifically
through the application of our PPK model.

In this study, the PK of tiropramide was modelled as a two transit absorption phase-one
compartment model with an absorption lag time. Various errors (including residual error and IIV)
models and covariate effects were evaluated to establish factors that significantly influence the PK
parameters of tiropramide and to explain the PK diversity of the tiropramide in the population. As a
result of evaluating the model, the final tiropramide PPK model showed relatively good GOF plots,
suggesting that the final PPK model had an acceptable predictive power. In addition, all CWRES
values over time or predicted concentrations were in the range of -4 and 4, suggesting that the model
is relatively stable. In addition, the bootstrap and VPC simulation results suggested that the final
tiropramide PPK model was accurate, stable, and precise. We compared the estimated parameter
values (of AUC0–t, AUC0–∞, Cmax, half-life, and Tmax) by tiropramide’s final PPK model with these
values by NCA analysis. As a result, there were no significant differences (p > 0.05) between the
parameter values predicted by the final PPK model of tiropramide and those calculated by NCA
analysis. These results suggest that the final PPK model of tiropramide established in this study
explains the experimental data relatively well.

The 24 healthy Korean male PK data used to establish the tiropramide PPK model were similar to
the previously reported PK results. In other words, the previously reported PK parameter values of
tiropramide were similar to our PK results obtained by NCA analysis. After oral administration of
100 mg of tiropramide in humans, the obtained NCA PK parameters (as previously reported values)
were 2.34-6.99 h for t1/2, 0.66-1.6 h for Tmax, 77.4-111 ng/mL for Cmax, and 267.7-812.7 h·ng/mL for
AUC [6,12,18–21]. On the other hand, the NCA PK parameters in this study were 3.41 ± 1.99 h for t1/2,
1.74 ± 0.63 h for Tmax, 69.07 ± 59.74 ng/mL for Cmax, and 280.34 ± 199.96 h·ng/mL for AUC, which were
similar to the previously reported values. Table 8 summarizes these results.

As mentioned above, few studies have been done on the metabolic ratio (including pathway) and
excretion of tiropramide in humans (especially patient groups), making it difficult to predict candidate
covariates. On the basis of previous reports (as drug information provided by the manufacturer)
that tiropramide is metabolized in the liver and excreted into urine (about 10–20% of administered
dose), the covariate effects were tested in this study by obtaining the physicochemical information
of liver function indicators (such as AST, ALT, and ALP) and genotyping the CYP2D6 gene related
to metabolism in the body. The creatinine clearance and the functional indicator of the kidney were
collected for each subject, and the covariate effects related to CL/F were tested. In addition, genotyping
of genes (such as ABCB1, OCT2, and PEPT1) associated with various transporters known to be widely
involved in the distribution, absorption, excretion, and metabolism of drugs in the body has been
performed to identify the effects of the covariate associated with the PK parameters. Despite these
efforts, only total protein was found to have a significant effect on V/F and CL/F of tiropramide.
As shown in Figure 3, the total protein, and the V/F and CL/F showed a significant negative correlation
of 45.72% (r2 = 0.209) and 45.28% (r2 = 0.205), respectively. The correlation values of the total protein
to CL/F and V/F were the largest of all the covariates we collected in this study.
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Table 8. Previously reported pharmacokinetic (PK) parameter values of tiropramide obtained by
non-compartmental analysis (NCA) analysis.

References Subjects
PK Parameters

Half-life (h) Tmax (h)
Cmax

(ng/mL)
AUC0-∞

(h·ng/mL)
CL/F (L/h)

Kwon et al.
(2003) [21]

Human
(n = 2, 100
mg dose)

- 0.66–2 87.3–191.3 267.7–812.7 -

Kwon et al.
(2003) [20]

Human
(n = 16, 100

mg dose)
2.34–2.61 - 96.4 ± 51.6 380.8 ± 239.0 -

Lee et al.
(2003) [6]

Human
(n = 4, 100
mg dose)

2.7 ± 0.5 1.6 ± 0.6 77.4 ± 33.0 319 ± 147 -

Baek et al.
(2003) [12]

Human
(n = 14, 100

mg dose)
6.3 ± 2.0 1.6 ± 0.6 111 ± 62 377 ± 220 -

Jhee et al.
(2006) [19]

Human
(n = 18, 100

mg dose)
6.99 ± 0.83 1.33 ± 0.34 98.77 ± 30.23 434.39 ± 102.35 -

Imran et al.
(2007) [18]

Human
(n = 12, 100

mg dose)
3.3 ± 1.0 1.5 ± 0.2 105.35 ± 15.7 375.4 ± 76.7 -

In this study
Human

(n = 24, 100
mg dose)

3.41 ± 1.99 1.74 ± 0.63 69.07 ± 59.74 280.34 ± 199.96 482.87 ± 267.25

Although the plasma protein binding ratio of tiropramide in humans has not been reported
accurately, it has been reported that the plasma protein binding ratio of tiropramide in rats is about
48–51% [22]. This suggests that the amount of plasma protein may affect the in vivo PK properties
of tiropramide by binding to the plasma proteins in the blood. According to our tiropramide PPK
model, higher total protein levels in the blood mean a smaller distribution of tiropramide in the
body and a lower excretion. This can be explained by the fact that tiropramide binds to proteins
in the blood and affects the distribution and excretion of substances from the body. Tiropramide
combined with proteins in the blood will make it difficult to filter the glomerulus of the kidney and
distribute from blood to many organs. The reflection of the total protein covariates in tiropramide
PPK model reduced V/F IIV and CL/F IIV by 13.58% and 10.60%, respectively. These results suggested
that the variabilities of tiropramide plasma concentrations could be partly explained by individual
variances of total protein level related with V/F and CL/F of tiropramide. On the other hand, other
candidate covariates (such as AST, ALT, ALP, and creatinine clearance) had no significant effect on
the PK parameter values and IIV improvement of tiropramide. Although tiropramide is metabolized
in the liver and excreted in the kidney, our results suggest that tiropramide is a drug that does not
require dose control depending on the liver and renal function. However, because our PPK model was
based on the data from healthy men, further studies (for patient groups) will be needed for further
clarification. That is, if PK data significantly different from the normal group (like our study) was
obtained from the patient groups, and if the PPK analysis was conducted in the same manner as
in this study with our model (from patient groups), other significant covariates may be identified.
Therefore, PK studies or PPK analysis of tiropramide in patient groups will need to be performed in
the future. Nevertheless, this study was important because it is a PPK model study of tiropramide that
has not been previously conducted, and other related studies (such as clinical dose setting, formulation
development, and PK comparison with certain other groups) on tiropramide may be possible in the
future, on the basis of our findings. In addition, another limitation of our study was that PK analysis
and PPK model studies were conducted for limited ages (between 19 and 29 years old). In the future,
PK analysis and/or PPK model studies of tiropramide for more diverse age groups will need to be
conducted in this regard.
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As shown in Table 6, unexplained variability (as IIV) still exists in Ka (74.63% for Ka1 and 74.57%
for Ka2) and Tlag (32.50%). These results meant that multi-complex gastrointestinal (GI) tract absorption
processes of tiropramide including the variabilities of each individual gastric emptying time, GI tract
transit time, and other transporters, among others, could considerably affect the variabilities of
tiropramide plasma concentrations. This study could not find any significant covariates that could
explain Ka IIV and Tlag IIV. Perhaps, despite collecting various genetic and demographic information,
there was still not enough information to explain the Ka and Tlag IIVs of tiropramide. Therefore, further
studies are needed to explore significant covariates related to the absorption of tiropramide in the body.

5. Conclusions

A PPK model for tiropramide was developed on the basis of PK data for healthy Korean men in
this study. The plasma concentration profiles for tiropramide were described well by a two transit
absorption phase-one compartment model with an absorption lag time. The total protein was identified
by significant covariates of CL/F and V/F for tiropramide, and their correlation was finally reflected
in the PPK model of tiropramide. On the other hand, no significant correlation was found between
genetic information such as ABCB1, CYP2D6, OCT2, PEPT1, and the PK parameters of tiropramide.
To the best of our knowledge, this is the first time a PPK model has been studied for tiropramide, and it
is expected to be a valuable resource for future studies (such as in clinical use, as well as dose control
and formulation development).

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/4/374/s1,
Figure S1: Normalized prediction distribution error (NPDE) for the final model.
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