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Abstract

Purpose To examine methotrexate (MTX) tumor delivery

in a mouse model using an in vivo microdialysis technique

and to characterize the impact of prior administration of the

known transporter inhibitors probenecid and cyclosporine

(CsA), alone and in combination, on plasma and tumor

pharmacokinetics of MTX.

Methods Different groups of mice were used to evaluate

the plasma pharmacokinetics of MTX and the impact of

prior administration of probenecid and/or CsA on the

plasma pharmacokinetics. Xenografted nude mice were

used for microdialysis experiments to measure the subcu-

taneous (SC), peri- and intratumoral pharmacokinetics of

MTX without and with coadministration of probenecid,

CsA, and both probenecid and CsA.

Results The SC dialysates in pre-treated groups demon-

strated a delayed disappearance and an enhanced MTX

exposure. Similar effects were observed in the tumor

peripheral zone. However, this increase was less pro-

nounced. The central tumor findings demonstrated that

CsA had a more significant impact on the enhancement of

MTX exposure. Probenecid did not increase the exposure

of MTX inside the tumor, but caused a longer half-life of

central MTX.

Conclusions This study revealed significant differences

in the relative estimated PK parameters of the plasma, SC,

peri-, and intratumoral zones. Additionally, this study

demonstrated that the coadministration of MTX with CsA

can enhance the intratumoral exposure levels of the drug,

whereas coadministration of MTX with probenecid alone,

or with a combination of probenecid and CsA, increases

intratumoral half-life.

Keywords Microdialysis � Methotrexate �
Pharmacokinetics � Cancer chemotherapy

Introduction

The therapeutic efficacy of anticancer drugs is critically

dependent upon the maintenance of adequate dose intensity

in a target tissue. Despite many chemotherapeutic suc-

cesses in recent years against hematological cancers, anti-

cancer drugs have had a more limited impact on solid

tumors. Although intracellular mechanisms of tumor cell

resistance to anticancer drugs are widely recognized as a

key component in cancer therapeutic failure, more atten-

tion is focused on drug transport and delivery to tumors as

the sources of treatment failures [1]. Clinical drug resis-

tance still remains a major obstacle to the successful

treatment of cancer, and one of the mechanisms by which

cancer cells become resistant to chemotherapy is the
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expression of several members of the ATP-binding cassette

(ABC) superfamily of membrane transporters. There are

primarily three ABC transporters associated with the

multidrug resistance phenomenon; P-glycoprotein (Pgp),

multi-drug resistance proteins (MRPs/ABCC), and breast

cancer resistance protein (BCRP/ABCG2). These trans-

porters have broad and overlapping substrate specificities,

and they efflux major drugs currently used in cancer che-

motherapy [2]. Several recent reviews have discussed the

pharmacological, physiological, and crucial roles of these

transporters in limiting the bioavailability and tumor

penetration of their substrate drugs [3–8].

Methotrexate (MTX) has had a crucial role in cancer

chemotherapy, in combination with other chemotherapeu-

tic agents, in the treatment of various human malignancies

such as breast cancer, osteosarcoma, acute lymphocytic

leukemia, choriocarcinoma, lung cancer, and chronic

myeloid leukemia [9]. The pharmacological activity of

MTX is attributed to its reversible inhibition of dihydro-

folate reductase (DHFR), a key intracellular enzyme in

folic acid metabolism which leads to disruption of the

synthesis of essential nucleic acids for the replication of

DNA and RNA [10].

Previous attempts to utilize plasma levels of cytotoxic

drugs as indicators of tumor responses to therapy have

generally failed, suggesting that plasma concentration–time

profiles for anticancer drugs are not necessarily a good

measure of concentration–time profiles at target sites, i.e.

the vicinity of tumor cells [11]. Additionally, preliminary

clinical investigations in breast cancer patients have dem-

onstrated that there is no association between the plasma

concentration of a chemotherapeutic agent and the tumor

response, but that concentrations of chemotherapeutic

agents in a tumor may correlate with the response to che-

motherapy [12, 13]. Studies have also shown that anti-

cancer drugs do not distribute uniformly in the body, but

rather reach varying concentrations in different tissues.

These tissue concentrations are more predictive of clinical

outcomes than plasma concentrations in some cases

[14–16].

The therapeutic responses of tumors to MTX can be

hindered by suboptimal tissue/target site concentrations

and development of drug resistance due to active drug

efflux. This is mediated by several members of the ABC

superfamily of membrane transporters, including MRPs/

ABCC and BCRP/ABCG2 [17]. The first direct evidence

that MRPs are likely to have a significant role in MTX

disposition was provided by Masuda et al. in 1997, when

they demonstrated that MTX is transported into the bile in

wild type rats, but not in mutant Eisai hyperbilirubinemic

rats (EHBR) which have a hereditary defect in the function

of MRP2 transporters [18]. Three years later in 2000, Volk

et al. [19] showed that cancer cells with marked BCRP

overexpression were cross-resistant to MTX. Both MRPs

and BCRP are located primarily in the plasma membrane,

where they actively extrude a variety of structurally diverse

drugs and metabolites, including MTX [5].

In recent decades, there has been a growing interest in

the use of the microdialysis technique to evaluate the dis-

position of anticancer agents in tumors and tissues of

interest, in order to identify factors associated with a lack

of tumor response [1]. More specifically, it is often the

interstitial tissue space that is most closely related to the

site of action of a drug. Microdialysis samples the unbound

fraction of the drug in the interstitial space, which is in

equilibrium with biophase membrane barriers and recep-

tors [20].

Over the past decade, quantitative microdialysis has

been used to examine the brain penetration of drugs in

numerous studies and a great number of publications have

examined the CNS microdialysis studies to characterize the

distribution of a variety of drugs to the brain as well as the

roles of transporters as they relate to the brain distribution

of the drugs [21–26]. Additionally, in animal models,

Bihorel et al. [27] demonstrated the proof of principle that

inhibiting multi-drug efflux transporters can enhance drug

delivery to the brain for selected compounds and can

thereby improve tumor response.

Quantification of drug delivery to tumor tissues using

the microdialysis technique can be an attractive way to

assess whether sufficient amounts of anticancer drugs can

reach their targets. The number of studies conducted in

animal tumor models to investigate target site disposition is

very limited, and to our knowledge, no study has yet been

conducted to investigate the effects of coadministration of

anticancer agents with selective transport inhibitors on the

intratumoral exposure level.

The objective of this study was, therefore, to evaluate

the impact of prior administration of the known MRP and

BCRP inhibitors probenecid and cyclosporine A (CsA),

alone and in combination, on the pharmacokinetic profiles

and exposure levels of MTX subcutaneously, and at both

peri- and intratumoral zones of an MDA-MB-231 breast

tumor in athymic nude mice.

Materials and methods

Drugs and chemicals

Methotrexate [(±) amethopterin], probenecid, cyclosporin,

NaH2PO4, and Na2HPO4 were obtained from Sigma–

Aldrich (St. Louis, MO, USA). Purified water was obtained

from a Nanopure ultrapure water system (Barnstead,

Thermo Fisher Scientific, Boston, MA, USA). All other

reagents were of analytical grade.
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Microdialysis system

Linear microdialysis probes (CMA30, 10 mm cuprophane

membranes, 6,000 Da cutoff) and peripheral perfusion

fluid T1 were purchased from CMA Microdialysis

(Chelmsford, MA, USA). The peripheral perfusion solution

was delivered, using a 1 mL glass microsyringe at ambient

temperature, by a Harvard apparatus pump, and perfusates

were collected manually at specified time intervals.

Animals

Animals were obtained from Charles River Laboratories,

Wilmington, MA. All animals underwent a period of

environmental acclimation and were fed ad libitum. A 12 h

light: 12 h dark cycle was maintained. Animals were

euthanized immediately after study procedures by CO2

asphyxiation. All animal-related experimental protocols

were approved by the Institutional Animal Care and Use

Committee (IACUC) at Charles River Laboratories,

Shrewsbury, MA.

Analytical HPLC method

Samples were analyzed for MTX concentrations by high-

performance liquid chromatography (HPLC). The pub-

lished HPLC method for MTX analysis [28] was modified

to improve both resolution and sensitivity. The HPLC

system consisted of an ESA autosampler, dual-piston

pump, Phenomenex Luna C18 (2) column (150 9 4.6 mm,

5 lm particles), a mobile phase of 0.1 M sodium dihy-

drogen phosphate: methanol (75:25 v/v) at pH 7.0, 1 mL/

min flow rate, and UV detection at 370 nm. The modified

HPLC method was validated for precision and reproduc-

ibility. Limits of detection and limits of quantification

in different matrices were determined. Plasma proteins in

blood samples were precipitated with methanol (1:1

methanol to sample ratio) and the dialysate samples

were injected into the HPLC system without further

modification.

Cell culture

Tumor cells from a breast adenocarcinoma cell line (MDA-

MB-231) were purchased from ATCC� (Manassas, VA,

USA) and were grown in Leibovitz’s L-15 medium sup-

plemented with 10% fetal bovine serum and 1% penicillin–

streptomycin solution, in 25 cm2 culture flasks maintained

at 37�C. Cells were harvested during their logarithmic

growth phase by trypsinization, and appropriate aliquots of

cell suspension were added to new culture vessels with

6–8 mL of complete growth medium. The medium was

renewed two to three times per week.

Tumor model

Subcutaneous, peri-, and intratumoral dialysate concentra-

tions of MTX were obtained from nude mice bearing an

(MDA-MB-231) xenograft. Injections of 107 cells were

made into the right lateral thorax of athymic nude mice.

Throughout the study, the length (L) and width (W) of each

developed tumor was measured in millimeters with cali-

brated vernier calipers, where L was the longer of the two

dimensions. The corresponding tumor weight was calcu-

lated using the experimental formula: weight of tumor

(mg) = (L 9 W2)/2. Animals were selected for use in the

study when tumors reached a palpable size of approxi-

mately 600 mg. This was generally within 4–5 weeks of

inoculation. In total, 12 tumor-bearing mice were randomly

selected and assigned to three different treatment groups

and a control group for the experiment.

Microdialysis probe calibration

In vitro calibration

Microdialysis probe recovery rates were evaluated in vitro

and in vivo. The objective of the in vitro calibration study

was to determine the diffusion characteristics of MTX at

different concentrations by the CMA30 dialysis probe. For

this, each linear probe (2 lL/min flow rate, n = 3) was

exposed to various concentrations of MTX (1, 10, and

100 lM) at 37�C with gentle agitation. Samples from the

probe outlet were collected every 10 min for 2 h and the

resulting concentrations of MTX were determined. Subse-

quently, the relative recoveries were calculated by deter-

mining the ratio of the probe outlet concentration of MTX

to the concentration of the external solution of MTX in the

proximity of the probe, and expressing the ratio as a per-

centage (Cout/Cmedium) 9 100.

In vivo calibration

Relative recovery (RR) of MTX in vivo was evaluated

using the retrodialysis method. In retrodialysis, or reverse

dialysis, the drug itself is added to the perfusate fluid and

its in vivo loss is used as a measure of in vivo recovery.

The principle of this method relies on the assumption that

the diffusion process is quantitatively equal in both direc-

tions across the semi-permeable membrane. Therefore, the

relative loss of the drug into the tissue, before the experi-

ment, is representative of its recovery, or relative gain,

from the tissue during the experiment. Thus, based on this

principle, known concentrations of MTX solution were

included in the perfusate fluid and the rate of drug disap-

pearance through the membrane was subsequently
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calculated as the in vivo recovery. Cout (MTX concentra-

tion in the dialysate) was measured and RR (%) was cal-

culated as the in vivo recovery according to the following

equation:

RRð%Þ ¼ 100� ½100�ðCdialysate=CperfusateÞ�

The in vivo recovery assessment based on the retrodialysis

method was performed using three different concentrations

of MTX (1, 10, and 100 lM) in nude mice (three animals/

concentration). The mean in vivo recovery value was used

to correct the concentrations of MTX in dialysate samples.

Calculations for microdialysis experiments

The concentrations of MTX in the dialysate samples

obtained in microdialysis experiments were corrected

based on the mean in vivo recovery obtained from the in

vivo recovery study. Estimates of the interstitial concen-

trations were calculated based on the in vivo relative

recovery by the following equation:

Interstitial concentration ¼ 100 � dialysate concentration=

in vivo recovery value:

Pharmacokinetic experiments

Plasma pharmacokinetic study

A group of male CD-1 mice (n = 20, 2 animals/time point,

Group 1) was used to evaluate the plasma pharmacoki-

netics of MTX following a single intravenous dose of MTX

in PBS (200 mg/kg, 20 mg/mL concentration). Samples

were collected via cardiac puncture after animals were

euthanized with CO2 at 1, 3, 5, 15, 30, 60 min, 2, 4, and 6 h

post dose. A refrigerated centrifuge (3,500 rpm for 10 min)

was used to process whole blood to plasma. Plasma sam-

ples were transferred directly to appropriate tubes and

stored at -70 ± 10�C until HPLC analysis. Similarly,

another group of male CD-1 mice (n = 26, 2 animals/time

point, Group 2) was used to evaluate the impact of

probenecid (50 mg/kg) and/or CsA (10 mg/kg) when used

as a pretreatment on the plasma pharmacokinetics of

MTX following intravenous administration (200 mg/kg).

All pretreatment solutions were given 30 min prior to

dosing with MTX.

Dialysate pharmacokinetics study

Nude mice with human (MDA-MB-231) breast tumor cell

xenografts (n = 3 per group) were used for microdialysis

experiments to measure the subcutaneous, peri-, and in-

tratumoral pharmacokinetics of MTX (200 mg/kg),

administered without (Control Group) and with probenecid

(50 mg/kg, Group 3), CsA (10 mg/kg, Group 4), or both

probenecid and CsA (Group 5). To each animal was

administered medetomidine (0.75 mg/kg, i.p.) and keta-

mine (70 mg/kg, i.p.), prior to subcutaneous probe inser-

tion. Microdialysis probes were placed subcutaneously

(SC) and into the peripheral and central areas of each

tumor. Serial extracellular fluid (ECF) samples were col-

lected every 10 min for 3 h after dosing. Animals received

MTX (200 mg/kg) via an i.v. injection and all pretreat-

ments were given 30 min prior to MTX dosing.

Pharmacokinetic data analysis

The plasma concentration–time data of MTX were sub-

jected to a two-compartmental pharmacokinetic analysis

using WinNonlin� professional edition software, version

5.2 based on the non-linear regression method of Gauss–

Newton with the Levenberg/Hartley modification. The

applied weighing scheme in the plasma data modeling was

weighted by 1/observed Y2.

The mean concentration–time points were fitted to the

equation; C(t) = Ae-at ? Be-bt where a and b (a[ b) are

hybrid first-order rate constants for the distribution and

elimination phase, respectively, and A and B are intercepts

on the y-axis for each exponential segment of the curve.

The dialysate concentration–time data was subjected to a

non-compartmental pharmacokinetic analysis based on the

linear trapezoidal (linear interpolation) method. Major

pharmacokinetic parameters were obtained and interstitial

AUC of free peri- and intratumoral MTX was defined as the

main outcome variable. The ratios for SC and tumor pene-

tration were determined as AUCsc/AUCplasma and AUCtumor/

AUCplasma, respectively. Additionally, one-way analysis of

variance (SigmaStat, Version 3.5) with the Holm-Sidak

post-hoc test was used to compare differences among the

various zones (SC zone was considered as a reference to

compare other tumor zones) and to compare differences

between the three pretreatments in each zone. Student t test

was also used to compare the differences in PK parameters.

A p value of less than or equal to 0.05 was considered to

be statistically significant.

Results

In vitro calibration

In vitro recovery experiments demonstrated that a stable

equilibrium was attained after 30 min, and that the relative

recovery of MTX after equilibration was constant at three

different concentrations: 1, 10, and 100 lM (Fig. 1). The

mean in vitro recovery for MTX was 39 ± 3.5%.
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In vivo calibration

In vivo data indicated that equilibrium conditions in nude

mice were reached after 40 min and that recovery was

concentration-independent. The mean in vivo recovery for

all concentrations of MTX was 25 ± 4%.

Plasma pharmacokinetics

An overlay plot combining the plasma concentration

(mean ± SE) versus time for MTX in male CD-1 mice

following nominal intravenous doses of 200 mg/kg, coad-

ministered without (Group 1) and with inhibitors (Group 2)

is shown in Fig. 2. Summary statistics of the pharmaco-

kinetic parameters of MTX are compared in Table 1. The

plasma concentrations of MTX showed a bi-exponential

PK profile, with a rapid decline over the initial 15 min

followed by a slower second phase. The initial distribution

phase was clearly distinguishable due to the frequency of

initial sampling times. The pharmacokinetic parameter

estimates in Group 1 (mean ± SE) were t1/2 = 2.4 ±

1 min, Cmax = 1,691 ± 922 lg/mL, K10 = 0.3 ± 0.1

1/min, and AUC = 5,827 ± 989 min lg/mL. The systemic

clearance of MTX was observed to be 34 ± 6 mL/min

per kg.

In Group 2, pretreated with inhibitors, the plasma con-

centrations of MTX also showed a bi-exponential profile

with a rapid decline over the initial 15 min, followed by a

slower second phase; however, the disappearance of MTX

was delayed. The MTX pharmacokinetic parameter esti-

mates (mean ± SE) were t1/2 = 8 ± 0.1 min, Cmax =

1,247 ± 19 lg/mL, K10 = 0.08 ± 0.001 1/min and

AUC = 14,608 ± 97 min lg/mL. The systemic clearance

of MTX (14 ± 0.09 mL/min per kg) was observed to be

reduced by one-half and the level of MTX exposure was

higher than in the control group.

Dialysate pharmacokinetics

A plot combining the dialysate concentration (mean ± SE)

versus time curve for MTX in the SC space, peripheral, and

central zones of the tumor in the control group, following a

nominal, single intravenous dose of MTX (200 mg/kg) is

depicted in Fig. 3. Dialysate data are corrected for in vivo

recovery. The individual profiles reflect the unbound con-

centration of MTX in the subcutaneous extracellular space,

peripheral, and central zones of the tumor, respectively.

The concentration of MTX in the subcutaneous space

peaked with a delay of 30 min and had a prolonged ter-

minal half-life (k1/2 = 26 ± 2 min). The other PK

parameter estimates were Cmax = 65 ± 4 lg/mL, Tmax =

30 min and AUCinf = 2,945 ± 399 min lg/mL. The ratio

of MTX exposure in the subcutaneous space to that of

plasma (AUCsc/AUCplasma) was 0.4, indicating that only

40% of the systemic plasma exposure level was achieved

subcutaneously. Cmax and Tmax at the peripheral zone of the

tumor were comparable to those of the SC space; however,

the exposure level (AUCinf = 2,077 ± 156 min lg/mL)

was decreased and the terminal half-life (k1/2 = 31 ±

7 min) was more prolonged than in SC.

Fig. 1 In vitro relative recovery (%) of MTX. Time-dependent

equilibration of 100 lM MTX during in vitro microdialysis. Micro-

dialysis was performed at 37�C with gentle agitation. Data are

expressed as mean ± SE (n = 3)

Fig. 2 Plasma concentration

versus time curve in mice

following a nominal intravenous

dose of 200 mg/kg MTX

without (filled circle) and with

inhibitor pre-treatments

conditions (filled square). Data

are expressed as mean ± SE
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The Cmax and AUCinf in the center of the tumor

were significantly decreased (Cmax = 14 ± 3 lg/mL,

AUCinf = 1,323 ± 193 min lg/mL) and the terminal half-

life (k1/2 = 63 ± 8 min) was 2.4-fold longer than that of

SC. The ratio of systemic MTX exposure in the center of

the tumor to that of plasma (AUCcenter/AUCplasma) was

found to be 0.2, indicating that only 20% of the systemic

plasma exposure and one-half of the SC exposure level was

achieved in the center of the tumor.

The SC disappearance of MTX in groups receiving

inhibitor pretreatments was delayed, as compared to the

control animals (Figs. 4, 5, 6). The terminal elimination

half-lives (mean ± SE) in Groups 3–5 were 40 ± 1,

41 ± 16, and 68 ± 24 min, respectively, compared to that

of the control animals (26 ± 2 min), which indicated a

longer SC half-life for MTX in all treatment groups. This

increase was more pronounced (2.6-fold) in Group 5

(probenecid ? CsA) than in Groups 3 and 4. Also, a sig-

nificant difference in MTX exposure level (AUCinf) was

observed between pretreated groups and control animals.

The AUCinf in Groups 3–5 were 3,671 ± 1,064,

4,220 ± 1,168, and 9,661 ± 1,686 min lg/mL, respec-

tively, and compared to that of the control animals

(2,945 ± 399 min lg/mL), indicated a higher exposure

level of SC MTX in all treatment groups. The increase was

also more pronounced (3.2-fold) in Group 5 (probene-

cid ? CsA) than in Groups 3 and 4. A similar pattern was

also observed in SC Cmax; when Groups 3–5 (67 ± 27,

75 ± 8, and 86 ± 7, lg/mL, respectively) were compared

to the control animals (65 ± 4 lg/mL), a higher Cmax was

indicated in Groups 4 and 5. The increase was most pro-

nounced in Group 5, in which animals received pretreat-

ment with both probenecid and CsA, while in Group 3,

which received the pretreatment of probenecid alone, Cmax

was comparable to that of the control group.

The peripheral disappearance of MTX was also delayed

in all treatment groups when compared with the control

animals. The peripheral terminal elimination half-lives in

Groups 3–5 were approximately twice as long as that in the

control animals, indicating a longer half-life of MTX at the

tumor periphery in all treatment groups. Contrary to the SC

site, this half-life increase at the peripheral site was smaller

in Group 5 (probenecid ? CsA) than in the other treatment

groups. Also, a significant difference in the MTX exposure

level (AUCinf) was observed between Groups 4 and 5, and

the control animals. The AUCinf in Groups 3–5 were

2,100 ± 341, 2,847 ± 1,039, and 5,052 ± 1,750 min lg/

mL, respectively, compared to 2,076 ± 156 min lg/mL in

the control animals. This indicates that a higher tumor

peripheral MTX level was attained in Groups 4 and 5,

while the exposure level in Group 3 was similar to that in

the control animals. This increase was also more pro-

nounced (2.5-fold) in Group 5 (probenecid ? CsA). Cmax

and Tmax at this site were comparable to those of the

controls and no significant increase was observed.

The central tumor disappearance of MTX was delayed

in Groups 3 and 5, but was similar in Group 4

Table 1 Comparison of estimated PK parameters of MTX following

nominal intravenous doses of 200 mg/kg in mice without and with

pre-treatment conditions

Plasma PK parameters MTX MTX ? Inhibitors

AUC (min lg/mL) 5,827 ± 989 (16) 14,608 ± 97* (1)

CL (mL/min per kg) 34 ± 6 (17) 14 ± 0.09* (1)

a1/2 1.3 ± 0.5 (37) 3 ± 0.1 (3)

b1/2 25 ± 5 (19) 27 ± 0.6 (2.3)

t1/2 (min) 2.4 ± 1 (43) 8 ± 0.1* (2)

K10 (1/min) 0.3 ± 0. 1 (43) 0.08 ± 0.001 (2)

Cmax (lg/mL) 1,691 ± 922 (54) 1,247 ± 19 (1.5)

Vss (mL/kg) 628 ± 209 (33) 384 ± 6 (1.5)

Values are Mean ± SE; CV% shown in parentheses

* p B 0.05 based on student t test between groups

Fig. 3 Subcutaneous

(filled triangle), peripheral

(filled square), and central

(filled circle) tumor dialysate

concentrations versus time

following a nominal intravenous

dose of 200 mg/kg MTX in

tumor-bearing mice. Individual

data points represent the

mean ± SE. Data were

analyzed by one-way ANOVA

and Holm-Sidak post-hoc

method. *Significantly different

from the value of SC zone at

each time point, *p \ 0.05
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(CsA pretreatment only) to that of the control animals,

indicating a longer half-life of MTX in the center of the

tumor only in treatment Groups 3 and 5. However, sig-

nificant increases in the MTX exposure level (AUCinf) and

Cmax were observed in Group 4 (twofold increase in AUC

and Cmax compared to those of the controls). The AUCinf

in Group 5 indicated a lesser increase over the control

group (1,703 ± 404 min lg/mL vs. 1,323 ± 192 min lg/mL),

Fig. 4 Effect of transporter

inhibitors on SC dialysate

concentrations of MTX versus

time in three different pre-

treatment groups (filled circle
Probenecid? CsA, filled square
Probenecid, and filled diamond
CsA) following an IV dose of

200 mg/kg MTX administered

in PBS (data are corrected for

recovery). Individual data points

represent the mean ± SE.

*Significantly different from the

value of (filled circle
Probenecid? CsA) pretreatment

at each time point, *p \ 0.05

Fig. 5 Effect of transporter

inhibitors on peripheral

dialysate concentrations of

MTX versus time in three

different pre-treatment groups

(filled circle Probenecid? CsA,

filled square Probenecid, filled
diamond CsA) following an IV

dose of 200 mg/kg MTX

administered in PBS

Fig. 6 Effect of transporter

inhibitors on central dialysate

concentrations of MTX versus

time in three different pre-

treatment groups (filled circle
Probenecid? CsA, filled square
Probenecid, filled diamond
CsA) following an IV dose of

200 mg/kg MTX administered

in PBS. Individual data points

represent the mean ± SE.

*Significantly different from the

value of other pre-treatment

groups, *p \ 0.05
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while the Group 3 AUCinf was comparable to the control

group. Tmax was also significantly decreased in Group 4

compared to the other groups. The results for Tmax in

Groups 3–5 were 80 ± 27, 19 ± 3, and 40 ± 6 min,

respectively, compared to 33 ± 3 min in the control

animals.

Discussion

A key question in delivery of an anticancer drug to a tumor

is whether the anticancer drug reaches the intended site of

action and achieves sufficient concentrations to result in

pharmacological response. In this study, we characterized

and compared the impact of prior administration of the

known MRP and BCRP inhibitors, probenecid and CsA,

alone and in combination, on the pharmacokinetic profiles

and exposure levels of MTX in an experimental breast

tumor model by subcutaneous and intratumoral microdi-

alysis sampling following i.v. administration of MTX. As a

commonly used drug for treating autoimmune or inflam-

matory diseases, CsA has been demonstrated to be a broad-

spectrum modulator for multidrug resistance proteins such

as P-gp, BCRP, MRP1, and MRP2 [5, 29]. Anionic drugs

such as probenecid have been shown to interact with MRP2

and MRP1 [30, 31]. Although more selective BCRP, P-gp,

and MRP1/2 inhibitors exist, CsA and probenecid are

widely used standard inhibitors of these multi-drug trans-

porters in clinical practice to reverse multi-drug resistance

(MDR) in therapy and to improve drug disposition [29, 32,

33]. Furthermore, using broad spectrum inhibitors for some

clinical applications might be advantageous because more

than one transporter; BCRP, MRP1/2, and P-gp can be

blocked at the same time to improve drug disposition and

penetration into the tumor.

In vitro recovery experiments were performed prior to in

vivo recovery experiments, to investigate whether diffu-

sivity of MTX is, indeed, independent of concentration. In

vitro recovery experiments indicated that equilibrium

conditions were reached within 30 min and were inde-

pendent of absolute MTX concentration. These results

were in line with previous findings by Muller et al. [14] and

Ekstrom et al. [28]. The mean in vitro recovery for MTX

was 39.3%, similar to that reported by Muller et al. [14],

but higher than the in vitro recoveries reported by Ekstrom

et al. and Dukic et al. [28, 34]. This could be due to the

longer length of the membrane and the specific conditions

employed in our experiment. These findings needed to be

verified in vivo to evaluate whether in vitro recovery is

relevant to in vivo conditions. When the probe is implanted

into a tissue which has a more complicated microenvi-

ronmental matrix, the in vivo recovery is altered relative to

the in vitro recovery, as the diffusion coefficient and mass

transport of a compound can be very different in living

tissue. This can be affected by other factors such as tissue

tortuosity, blood flow, microviscosity, limited volume

fraction in the extracellular space of the extracellular fluid,

interaction of analyte with structural macromolecules of

the tissue, and the degree of tissue vascularization and

metabolism [1, 20]. Our in vivo recovery data indicated

that equilibrium conditions in nude mice were reached after

40 min and that recovery was concentration-independent

and did not closely approximate the in vitro recovery. It is

also noteworthy that the measured in vitro and in vivo

recoveries are unique to the specific experimental setup

employed.

The estimated plasma PK parameters in our experiments

were lower than those reported by Lobo et al. [35] in Swiss

Webster male mice (clearance: 2.4 ± 0.4 L/kg per hour;

half-life: 33.8 ± 6.5 min) after an i.p. bolus of 3–600 mg/

kg MTX. Our estimated clearance value was similar to that

reported by Osman et al. [36] in female Swiss albino mice

after i.p. bolus of 50 mg/kg MTX. The disappearance of

MTX from plasma when coadministered with inhibitors

was slower than in control animals, as indicated by the

reduced systemic clearance of MTX and a higher level of

exposure. These results corroborate previous clinical find-

ings on the increased efficacy of low to moderate doses of

MTX when coadministered with CsA in rheumatoid

arthritis patients. This is due to elevated plasma levels

(?18%) and decreased plasma clearance of MTX, resulting

from the inhibitory effect of CsA on renal blood flow,

which alters the pharmacokinetics of MTX [32, 37, 38].

The prolonged and enhanced MTX plasma levels can

also be attributed to the inhibitory effect of probenecid on

biliary secretion and renal tubular transport of MTX, as

previously reported in both rats and monkeys [39, 40].

The feasibility of using microdialysis for the in vivo

measurement of MTX was first investigated in 1994

by Ekstrom et al. [28] in a rat model, in a study which

demonstrated that microdialysis can be used to provide

reproducible pharmacological data in various tissues. Three

years later, the same authors studied the differences in

MTX distribution within the same xenograft tumor of

subcutaneous human osteosarcoma, grown in nude rats

given MTX infusion (37.5 mg/kg/3 h) with the aid of

microdialysis probes inserted into the center and periphery

of the tumor. Significant differences were observed in

microdialysis data for MTX levels within sub-compart-

ments of the tumor, as the central part of the tumor was

exposed to a lower MTX concentration during the infusion

[41]. Our findings of differences in the relative estimated

PK parameters of the plasma, SC space, peri- and intratu-

moral sites are in agreement with their findings. Addi-

tionally, we observed that despite the decrease in the

exposure level of MTX toward the center of the tumor,
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the elimination half-life became longer, indicating a slower

efflux and elimination of the drug from the center of the

tumor. These differences in the relative estimated PK

parameters of the plasma, SC space, peri- and intratumoral

sites might be attributed to the potential heterogeneity of

the tumor tissue. Comparisons of histological sections of

tumors, using staining techniques, have revealed differ-

ences between the central and peripheral portions of the

tumors. For instance, necrosis in the central part of a tumor

has been found to be more evident than in the periphery

[41]. Moreover, the structure of vasculature and the degree

of vascularization in different parts of the tumor could

be variable, resulting in significant differences in the esti-

mated PK parameters at different sites. These recognized

differences in vascular permeability of different parts of the

tumor, together with the frequent absence of an anatomi-

cally well-defined and functioning lymphatic network, can

affect drug uptake and retention inside the tumor, resulting

in a prolonged drug terminal half-life within the tumor sub-

compartments. The elevated level of intratumoral pressure

and reduced drug efflux generally demonstrated in the lit-

erature might also result in a diminished convection of the

drug and a reduced degree of drug exposure [11].

To our knowledge, the effects of transporter inhibitors

on intratumoral differences of MTX exposure have not

been studied previously. Since microdialysis measures

unbound fraction of the drug in the interstitial space, there

are several factors which can determine the ‘‘measured’’

concentration of MTX in interstitial fluid (ISF) near the

tumor. These include the systemic exposure of unbound

drug in plasma (plasma protein binding), blood flow to the

tumor, the degree of drug binding in tumor ISF, and the

degree of equilibrium between intracellular fluid and ISF

along with intracellular protein binding. One would antic-

ipate that the inhibition of the efflux pumps on the plasma

membrane of cancer cells could increase intracellular

retention of MTX, leading to the alteration of the equilib-

rium of both MTX cellular influx and efflux along with

their relationship with the accumulated form of intracel-

lular MTX (polyglutamylated MTX) [17]. Therefore, the

degree of inhibition of the efflux pump is expected to

influence MTX concentration in ISF. Although it is beyond

the scope of the present study, information about dose-

dependent inhibition of MTX efflux following adminis-

tration of inhibitors would allow quantification of the

effects pump inhibitors on MTX concentrations in ISF.

The SC dialysate results from groups pretreated with

transporter inhibitors demonstrated a delayed disappear-

ance, a longer half-life, and an enhanced MTX exposure

level in all pretreated groups. A more pronounced increase

was observed in the group pretreated with both probenecid

and CsA than in the groups pretreated with either pro-

benecid or CsA alone. This can be attributed to the

inhibitory effect of CsA on renal blood flow [37] and the

effects of probenecid to decrease the biliary secretion and

renal tubular transport of MTX [39, 40].

In peripheral tumor dialysates from groups pretreated

with transporter inhibitors, similar effects were observed;

there were delayed peripheral disappearances and longer

MTX half-lives in all treated groups. In contrast to the SC

space, these effects in the periphery were less pronounced

in the group pretreated with the combination of probenecid

and CsA than in groups pretreated with either probenecid

or CsA alone. Also, a comparable exposure level of MTX

was observed between the group pretreated with probene-

cid and the control group.

Our findings from central tumor dialysates in groups

pretreated with transporter inhibitors demonstrated that

CsA had a more significant impact on the enhancement of

MTX exposure level (twofold increase in AUCinf and Cmax

compared to controls) than the combination of probenecid

and CsA (28% increase in AUCinf) and probenecid alone

(comparable to the controls); however, the terminal elim-

ination half-life in the CsA-treated group was comparable

to that of the control group. Probenecid, on the other hand,

did not increase the exposure level of MTX inside the

tumor, but contributed to a longer half-life of central MTX

than that resulting from exposure to combined probenecid

and CsA or to CsA alone.

These observations can be attributed to both systemic

and local (tumor) inhibitory effects of CsA and proben-

ecid and the relative distribution of each transporter

involved. The inhibitory effect of CsA on BCRP is

dependent upon BCRP expression. Human (MDA-MB-

231) breast tumor cells are known to have a high

expression of BCRP transporters. Moreover, mice have

displayed the highest expression of BCRP in kidney [5].

CsA not only has an inhibitory effect on renal tubular

excretion and clearance reduction (secondary to renal

capillary constriction) but also is expected to have a local

inhibitory effect. Furthermore, CsA can block oxidation

of MTX (aldehyde oxidase enzyme) to its relatively

inactive metabolite,7-OH-MTX, all of which potentiate

higher systemic and local exposure of MTX. However,

the local inhibitory effect of probenecid on breast tumor

cells might be quite limited with probenecid exerting its

systemic inhibitory effects primarily by decreasing biliary

secretion and renal tubular transport of MTX [39, 40].

Probenecid, on the other hand, when used in combination

with CsA might serve as a competitive inhibitor of CsA

systemic action leading to a smaller central tumor expo-

sure than seen with CsA alone.

Other possible explanations for these observations might

be differences in the expression and distribution of par-

ticular transporters in the center and periphery of the

tumor, compared to those in the SC space. Other
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contributing factors might be the relative impact of each

particular transporter, its cross-interaction with CsA and

probenecid, and the considerably broad specificity of CsA

inhibiting BCRP on one hand and Pg-p, MRP1, and MRP2

on the other hand [5]. The challenge still remains to clarify

the relative impact of each particular transporter, cross-

interactions, potential interactions with other drug pro-

cessing systems, such as uptake carriers of drugs, and

metabolizing enzymes. Further studies are needed to better

characterize the impact of inhibitors on MTX efficacy and

toxicity. In particular, additional experimental evidence to

determine the relative contribution of each efflux trans-

porter using more selective inhibitors such as elacridar and

tariquidar may be required.

A logical extension of the present work should include

investigation of the relationship between the measured

local (tumor) concentrations and a pharmacodynamic

parameter such as a reduction in tumor size of 50% or more

with direct measurement of tumor diameters in order to

establish a local PK/PD relationship. This information

could help to predict effective anti-cancer drug concen-

trations in human tumors and could be useful in elucidating

the relationship between local drug exposure and the

therapeutic response in the treatment of superficially

located solid tumors.

Conclusion

In these studies, utilization of the in vivo microdialysis

technique to examine MTX delivery in a human breast

cancer model revealed significant differences in the relative

estimated PK parameters of the plasma, subcutaneous

space, peri- and intratumoral target sites, all of which

indicated that in vivo microdialysis is a valuable tool to

study drug biodistribution in small animals. Additionally, it

was revealed that coadministration of MTX with CsA can

enhance the intratumoral exposure levels of the drug,

whereas coadministration of MTX with probenecid alone,

or probencid plus CsA, causes a longer intratumoral half-

life. Also, the effects of drug transporter inhibitors on

plasma/subcutaneous exposure levels are not a predictor of

the effects of these inhibitors on the intratumoral exposure

levels.

These types of studies provide detailed information

about drug exposure levels achieved in tumor tissues, and

could ultimately help to select novel cytotoxic compounds

with favorable biodistribution and tumor penetration

characteristics, and also to explain why some patients are

drug resistant. This information will help to optimize

dosing and administration schedules of solid tumor thera-

pies by themselves, or in combination with drug transporter

inhibitors.

Conflict of interest statement None.

References

1. Chu J, Gallo JM (2000) Application of microdialysis to charac-

terize drug disposition in tumors. Adv Drug Deliv Rev 45:243–

253

2. Robey RW, Polgar O, Deeken J, To KW, Bates SE (2007)

ABCG2: determining its relevance in clinical drug resistance.

Cancer Metastasis Rev 26:39–57

3. Haimeur A, Conseil G, Deeley RG, Cole SP (2004) The MRP-

related and BCRP/ABCG2 multidrug resistance proteins:

biology, substrate specificity and regulation. Curr Drug Metab

5:21–53

4. Glavinas H, Krajcsi P, Cserepes J, Sarkadi B (2004) The role of

ABC transporters in drug resistance, metabolism and toxicity.

Curr Drug Deliv 1:27–42

5. Schinkel AH, Jonker JW (2003) Mammalian drug efflux trans-

porters of the ATP binding cassette (ABC) family: an overview.

Adv Drug Deliv Rev 55:3–29

6. Doyle LA, Ross DD (2003) Multidrug resistance mediated by the

breast cancer resistance protein BCRP (ABCG2). Oncogene

22:7340–7358

7. Kruh GD, Belinsky MG (2003) The MRP family of drug efflux

pumps. Oncogene 22:7537–7552

8. Borst P, Evers R, Kool M, Wijnholds J (2000) A family of drug

transporters: the multidrug resistance-associated proteins. J Natl

Cancer Inst 92:1295–1302

9. Micromedex� Healthcare Series [internet database] (2007).

Version 5.1. Ed. Thomson Micromedex, Greenwood Village, CO.

Accessed 10 February 2009

10. Bleyer WA (1978) The clinical pharmacology of methotrexate:

new applications of an old drug. Cancer 41:36–51

11. Saeter G, Alvegard TA, Elomaa I, Stenwig AE, Holmstrom T,

Solheim OP (1991) Treatment of osteosarcoma of the extremities

with the T-10 protocol, with emphasis on the effects of preop-

erative chemotherapy with single-agent high-dose methotrexate:

a Scandinavian Sarcoma Group study. J Clin Oncol 9:1766–1775

12. Muller M, Mader RM, Steiner B, Steger GG, Jansen B, Gnant M,

Helbich T, Jakesz R, Eichler HG, Blochl-Daum B (1997) 5-flu-

orouracil kinetics in the interstitial tumor space: clinical response

in breast cancer patients. Cancer Res 57:2598–2601

13. Ekstrom PO, Andersen A, Saeter G, Giercksky KE, Slordal L

(1997) Continuous intratumoral microdialysis during high-dose

methotrexate therapy in a patient with malignant fibrous histio-

cytoma of the femur: a case report. Cancer Chemother Pharmacol

39:267–272

14. Muller M, Brunner M, Schmid R, Mader RM, Bockenheimer J,

Steger GG, Steiner B, Eichler HG, Blochl-Daum B (1998)

Interstitial methotrexate kinetics in primary breast cancer lesions.

Cancer Res 58:2982–2985

15. Muller M, Dela Pena A, Derendorf H (2004) Issues in pharma-

cokinetics and pharmacodynamics of anti-infective agents: dis-

tribution in tissue. Antimicrob Agents Chemother 48:1441–1453

16. Presant CA, Wolf W, Waluch V, Wiseman C, Kennedy P,

Blayney D, Brechner RR (1994) Association of intratumoral

pharmacokinetics of fluorouracil with clinical response. Lancet

343:1184–1187

17. Assaraf YG (2006) The role of multidrug resistance efflux

transporters in antifolate resistance and folate homeostasis. Drug

Resist Updat 9:227–246

18. Masuda M, I’izuka Y, Yamazaki M, Nishigaki R, Kato Y,

Ni’inuma K, Suzuki H, Sugiyama Y (1997) Methotrexate is

168 Cancer Chemother Pharmacol (2010) 66:159–169

123



excreted into the bile by canalicular multispecific organic anion

transporter in rats. Cancer Res 57:3506–3510

19. Volk EL, Rohde K, Rhee M, McGuire JJ, Doyle LA, Ross DD,

Schneider E (2000) Methotrexate cross-resistance in a mitoxan-

trone-selected multidrug-resistant MCF7 breast cancer cell line is

attributable to enhanced energy-dependent drug efflux. Cancer

Res 60:3514–3521

20. Chaurasia CS, Muller M, Bashaw ED, Benfeldt E, Bolinder J,

Bullock R, Bungay PM, DeLange EC, Derendorf H, Elmquist

WF, Hammarlund-Udenaes M, Joukhadar C, Kellogg DL Jr,

Lunte CE, Nordstrom CH, Rollema H, Sawchuk RJ, Cheung BW,

Shah VP, Stahle L, Ungerstedt U, Welty DF, Yeo H (2007)

AAPS-FDA workshop white paper: microdialysis principles,

application and regulatory perspectives. Pharm Res 24:1014–

1025

21. Chaurasia CS (1999) In vivo microdialysis sampling: theory and

applications. Biomed Chromatogr 13:317–332

22. Sawchuk JR, Elmquist FW (2000) Microdialysis in the study of

drug transporters in the CNS. Adv Drug Deliver Rev 45:295–307

23. Scism JL, Powers KM, Artru AA, Lewis L, Shen DD (2000)

Probenecid inhibitable efflux transport of valproic acid in the

brain parenchymal cells of rabbits: a microdialysis study. Brain

Res 884:77–86

24. Yang Z, Brundage RC, Barbihaiya RH, Sawchuk RJ (1997)

Microdialysis studies of the distribution of stavudine into the

central nervous system in the freely-moving rat. Pharm Res

14:865–872

25. Bouw MR, Xie R, Tunblad K, Hammarlund-Udenaes M (2001)

Blood–brain barrier transport and brain distribution of morphine-

6-glucuronide in relation to the antinociceptive effect in rats-

pharmacokinetic/pharmacodynamic modeling. Br J Pharmacol

134:1796–1804

26. Yang H, Wang Q, Elmquist WF (1996) Fluconazole distribution

to the brain: a crossover study in freely-moving rats using in vivo

microdialysis. Pharm Res 13:1570–1575

27. Bihorel S, Camenisch G, Lemaire M, Scherrmann JM (2007)

Modulation of the brain distribution of imatinib and its metabo-

lites in mice by valspodar, zosuquidar and elacridar. Pharm Res

24:1720–1728

28. Ekstrom O, Andersen A, Warren DJ, Giercksky KE, Slordal L

(1994) Evaluation of methotrexate tissue exposure by in situ

microdialysis in a rat model. Cancer Chemother Pharmacol

34:297–301

29. Xia CQ, Liu N, Miwa GT, Gan LS (2007) Interactions of

cyclosporin A with breast cancer resistance protein. Drug Metab

Dispos 35:576–582

30. Bakos E, Evers R, Sinko E, Varadi A, Borst P, Sarkadi B (2000)

Interactions of the human multidrug resistance proteins MRP1

and MRP2 with organic anions. Mol Pharmacol 57:760–768

31. Xia CQ, Milton MN, Gan LS (2007) Evaluation of drug-trans-

porter interactions using in vitro and in vivo models. Curr Drug

Metab 8:341–363

32. Fox RI, Morgan SL, Smith HT, Robbins BA, Choc MG, Baggott

JE (2003) Combined oral cyclosporin and methotrexate therapy

in patients with rheumatoid arthritis elevates methotrexate levels

and reduces 7-hydroxymethotrexate levels when compared with

methotrexate alone. Rheumatol (Oxf) 42:989–994

33. Loscher W, Potschka H (2002) Role of multidrug transporters in

pharmacoresistance to antiepileptic drugs. J Pharmacol Exp Ther

301:7–14

34. Dukic SF, Heurtaux T, Kaltenbach ML, Hoizey G, Lallemand A,

Vistelle R (2000) Influence of schedule of administration on

methotrexate penetration in brain tumours. Eur J Cancer

36:1578–1584

35. Lobo ED, Balthasar JP (2003) Pharmacokinetic-pharmaco-

dynamic modeling of methotrexate-induced toxicity in mice.

J Pharm Sci 92:1654–1664

36. Osman AM, Saad SF, Saad SY, el-Aaser AB, el-Merzabani MM

(1994) Pharmacokinetic profile of methotrexate and 5-fluoro-

uracil in normal and bilharzial-infested mice. Chemotherapy

40:227–231

37. Cavarape A, Endlich K, Feletto F, Parekh N, Bartoli E, Stein-

hausen M (1998) Contribution of endothelin receptors in renal

microvessels in acute cyclosporine-mediated vasoconstriction in

rats. Kidney Int 53:963–969

38. Gremese E, Ferraccioli GF (2004) Benefit/risk of cyclosporine in

rheumatoid arthritis. Clin Exp Rheumatol 22:S101–S107

39. Kates RE, Tozer TN (1976) Biliary secretion of methotrexate in

rats and its inhibition by probenecid. J Pharm Sci 65:1348–1352

40. Bourke RS, Chheda G, Bremer A, Watanabe O, Tower DB

(1975) Inhibition of renal tubular transport of methotrexate by

probenecid. Cancer Res 35:110–116

41. Ekstrom PO, Giercksky KE, Andersen A, Bruland OS, Slordal L

(1997) Intratumoral differences in methotrexate levels within

human osteosarcoma xenografts studied by microdialysis. Life

Sci 61:PL275–PL280

Cancer Chemother Pharmacol (2010) 66:159–169 169

123


	The effects of drug transporter inhibitors on the pharmacokinetics and tissue distribution of methotrexate in normal  and tumor-bearing mice: a microdialysis study
	Abstract
	Purpose
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Drugs and chemicals
	Microdialysis system
	Animals
	Analytical HPLC method
	Cell culture
	Tumor model

	Microdialysis probe calibration
	In vitro calibration
	In vivo calibration
	Calculations for microdialysis experiments

	Pharmacokinetic experiments
	Plasma pharmacokinetic study
	Dialysate pharmacokinetics study
	Pharmacokinetic data analysis

	Results
	In vitro calibration
	In vivo calibration
	Plasma pharmacokinetics
	Dialysate pharmacokinetics

	Discussion
	Conclusion
	Conflict of interest statement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


