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The effect of antichagasic benznidazole (BZL; 100 mg/kg body weight/day, 3 consecutive days, intraperitoneally) on biotransfor-
mation systems and ABC transporters was evaluated in rats. Expression of cytochrome P-450 (CYP3A), UDP-glucuronosyltrans-
ferase (UGT1A), glutathione S-transferases (alpha glutathione S-transferase [GST-a], GST-p, and GST-17), multidrug-resis-
tance-associated protein 2 (Mrp2), and P glycoprotein (P-gp) in liver, small intestine, and kidney was estimated by Western
blotting. Increases in hepatic CYP3A (30%) and GST-p (40%) and in intestinal GST-a (72% in jejunum and 136% in ileum) were
detected. Significant increases in Mrp2 (300%) and P-gp (500%) proteins in liver from BZL-treated rats were observed without
changes in kidney. P-gp and Mrp2 were also increased by BZL in jejunum (170% and 120%, respectively). In ileum, only P-gp
was increased by BZL (50%). The activities of GST, P-gp, and Mrp2 correlated well with the upregulation of proteins in liver and
jejunum. Plasma decay of a test dose of BZL (5 mg/kg body weight) administered intraduodenally was faster (295%) and the area
under the concentration-time curve (AUC) was lower (41%) for BZL-pretreated rats than for controls. The biliary excretion of
BZL was higher (60%) in the BZL group, and urinary excretion of BZL did not show differences between groups. The amount of
absorbed BZL in intestinal sacs was lower (25%) in pretreated rats than in controls. In conclusion, induction of biotransforma-

tion enzymes and/or transporters by BZL could increase the clearance and/or decrease the intestinal absorption of coadminis-
tered drugs that are substrates of these systems, including BZL itself.

hagas disease, or American trypanosomiasis, is a neglected

illness that affects at least 8 million people in areas of disease
endemicity in Latin America, and another 100 million people in
the world are at risk of infection. The etiological agent of Chagas
disease is the intracellular obligatory parasite Trypanosoma cruzi, a
hemoflagellate protozoan that is transmitted to humans by hema-
tophagous insect vectors. However, other means of transmission,
such as blood transfusion, organ transplantation, congenital
transmission, and laboratory accidents, have been reported. Once
the parasite enters the body, all types of nucleated cells in the
human host are potential targets for infection (1, 2). The occur-
rence of this zoonosis in areas where the disease is not endemic,
such as the United States and Europe, was reported to be mainly
due to the migration of infected people (3).

Benznidazole (BZL) is the only available drug for treatment of
Chagas disease in most countries where it is endemic. It was re-
ported that BZL is metabolized by a trypanosomal NADH-depen-
dent type I nitroreductase that renders the cytotoxic and muta-
genic agent glyoxal (4). In mammalians, the nitro group is
reduced to an amino group by a type II nitroreductase, with for-
mation of free-radical intermediaries and reactive oxygen species
(ROS) (4, 5).

Organs such as liver, intestine, and kidney play a key role in the
metabolism and elimination of endogenous and exogenous com-
pounds. Biotransformation involves phase I reactions catalyzed
by isoforms of cytochrome P-450 (CYP) and phase II reactions
catalyzed by glutathione S-transferases (GST) and UDP-glucu-
ronosyltransferases (UGT), among others. Metabolite excretion is
mediated mainly by members of the ATP-binding cassette (ABC)
family of transporters, such as P glycoprotein (P-gp/ABCB1/
MDRI1) and multidrug-resistance-associated protein 2 (Mrp2/
ABCC2). P-gp transports a broad diversity of lipophilic and cationic
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compounds, including environmental pollutants and therapeutic
agents such as cyclosporine, ritonavir, digoxin, and erythromycin.
Mrp2 extrudes organic anions like bilirubin, bile salts, carcinogens,
and therapeutic drugs (acetaminophen, ethynylestradiol, diclofenac,
etc.) in the form of conjugates with glutathione (GSH), glucuronic
acid, or sulfate (6).

The relationship between biotransformation systems and
transporters and its significance in drug disposition is well-recog-
nized (7). Changes in these proteins by endo- and xenobiotics may
have a clinical impact on the normal functions of tissues with
pharmacological and toxicological relevance, as mentioned above.
Under these circumstances, the efficacy or toxicity of a very broad
range of xenobiotics, including therapeutic agents, could be mod-
ified (6, 8).

Antiparasitic drugs have been shown to modulate biotransfor-
mation and transporter genes with an important impact on drug
disposition. Bapiro et al. (9) demonstrated that quinine and al-
bendazole induced CYP isoforms in HepG2 cells at concentra-
tions equivalent to those achieved in therapeutic protocols, warn-
ing about the risk of combining quinine or albendazole with other
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drugs that are metabolized by these systems. During antimalarial
treatment with artemisinin, disease reactivation was associated
with decreased artemisinin plasma levels. The authors of this work
postulate that artemisinin induces its own elimination, probably
by increasing first-pass metabolism (10). Consistent with this pos-
tulate, Burk et al. (11) have demonstrated that LS174T cells and
primary human hepatocytes treated with artemisinin show selec-
tive induction of some isoforms of CYP and MDR1 mRNA ex-
pression.

Recently we observed that BZL induces the expression and ac-
tivities of CYP3A4, GST-, P-gp, and MRP2 in a concentration-
dependent manner in HepG2 cells, used as model of human hepa-
tocytes (12). However, at present there is no information
concerning the expression and activities of biotransformation sys-
tems and transporters in an in vivo model and the potential con-
sequences in pharmacokinetics of BZL or coadministered drugs. A
study carried out with patients that received BZL for 30 days (7
mg/kg body weight [b.w.]day, twice a day) showed that the max-
imal plasma concentration after the first dose in the morning
tends to decrease with treatment time (~20% on average after 25
days of treatment) (13). This finding suggests an increase in BZL
metabolism and/or excretion that needs to be experimentally
demonstrated.

Here we evaluate the expression and activities of biotransfor-
mation enzymes and transporter proteins in liver, intestine, and
kidney from BZL-treated rats and how these changes modify the
disposition of BZL.

MATERIALS AND METHODS

Chemicals. Benznidazole (N-benzyl-2-nitroimidazol acetamide),
1-chloro-2,4-dinitrobenzene (CDNB), reduced glutathione (GSH), rho-
damine 123 (Rh123), phenylmethylsulfonyl fluoride, pepstatin A, su-
crose, and leupeptin were from Sigma-Aldrich (St. Louis, MO). Dimethyl
sulfoxide (DMSO) was purchased from Merck (Darmstadt, Germany).
All other chemicals were of analytical grade purity.

Animals and treatment. Adult male Wistar rats (320 to 380 g) were
used throughout. They were maintained ad libitum on a standard labora-
tory pellet diet and were allowed free access to water during treatment.
Rats were randomly divided into two experimental groups. BZL dissolved
in DMSO:propylene glycol (2:13 vehicle) was administered intraperito-
neally (i.p.) in daily doses of 100 mg/kg b.w./day (14) for 3 consecutive
days (BZL group). Control rats (C group) were injected with vehicle ac-
cording to the same schedule. Preliminary experiments using other sets of
rats that received daily doses of 25 or 50 mg/kg b.w./ day for 3 consecutive
days (14) did not show statistical differences in the expression of P-gp and
Mrp2. All procedures were conducted in accordance with NIH guidelines
for the care and use of laboratory animals (15). Studies were performed 24
h after the last injection of BZL or vehicle.

Specimen collection. Animals were anesthetized with pentobarbital
(50 mg/kg b.w., i.p.) and sacrificed by exsanguination. Liver, kidney,
proximal jejunum, and distal ileum were used in the studies. Liver-mixed
plasma membranes (MPM) were prepared by differential centrifugation
as described previously (16). Renal cortex was isolated and brush border
membranes (BBM) were obtained by Mg-EGTA precipitation as de-
scribed previously (17), with some modifications (18). For collection of
the proximal jejunum, the first 10 cm starting from the pylorus valve and
corresponding to the duodenum were excluded, and the following 30 cm
were considered the proximal jejunum. The last 30 cm of small intestine,
proximal to the ileocecal valve, were considered the distal ileum. These
segments were carefully rinsed with ice-cold saline. For Western blot anal-
ysis, they were immediately opened lengthwise, the mucus layer was care-
fully removed, and mucosa was obtained by scraping, weighed, and used
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for BBM preparation (19). MPM and BBM were used for P-gp and Mrp2
immunoquantifications.

Microsomal fractions and cytosols were obtained from aliquots of the
four tissues as described previously (20) and were used for UGT and GST
protein detection, respectively, and for GST activity.

The protein concentrations in all these preparations were measured
using bovine serum albumin as a standard (21).

Western blot analysis. Western blotting and band quantification were
performed as previously described (20, 22). The primary antibodies used
were GST-a and GST-w (GS9 and GS23, respectively; Oxford Biomedical
Research, Rochester Hills, MI), GST-m (Immunotech, Marseille, France),
Mrp2 (M2III-6; Enzo Life Sciences, Farmingdale, NY), and CYP3A and
P-gp (H-300 and H-241, respectively; Santa Cruz Biotechnology, Santa
Cruz, CA). UGT1A was detected using a rabbit polyclonal anti-rat anti-
body (23). Equal loading and transfer of protein were checked by detec-
tion of B-actin using a monoclonal antibody (A-2228; Sigma-Aldrich)
and by Ponceau S staining of the membranes.

GST activity. GST activity was measured according to the method of
Habigetal. (24), based on the enzymatic conjugation of CONB with GSH,
thus generating dinitrophenyl-glutathione (DNP-SG). The reaction mix-
ture contained cytosol from liver, jejunum, or ileum, phosphate-buffered
saline (PBS; pH 6.50), and 1 mM CDNB. The reaction was initiated by the
addition of GSH (1 mM). Formation of DNP-SG was determined spec-
trophotometrically at 340 nm.

P-gp and Mrp2 in vivo activities. The activities of P-gp and Mrp2
were evaluated through assessment of the excretion rates of model sub-
strates. To estimate P-gp activity, we used Rh123 as the substrate because
it diffuses freely into the cells and then is actively extruded by this trans-
porter (25). Mrp2 activity was evaluated through determination of the
secretion rates of DNP-SG, a model substrate for Mrp2 generated endog-
enously after systemic administration of CDNB, and its major derivative,
dinitrophenyl-cysteinylglycine (DNP-CG), resulting in gamma-glutamyl
transferase action on DNP-SG at the luminal side of the secretory epithelia
(26, 27).

Both studies were performed with the animals under pentobarbital
anesthesia, using the in situ single-pass intestinal-perfusion technique
(28) with simultaneous collections of bile and urine. After a 30-min sta-
bilization period, a single bolus of Rh123 (0.52 pmol/kg b.w. in 1:19
dimethyl sulfoxide-saline) was administered intravenously (i.v.) for eval-
uation of P-gp activity. Another set of rats received CDNB (30 wmol/kg
b.w. in 1:19 dimethyl sulfoxide-saline, i.v.) for estimation of Mrp2
activity.

Bile, urine, and intestinal perfusate were collected for 90 min at 10-,
30-, and 15-min intervals, respectively. Saline was administered intrave-
nously throughout the experiment to replenish body fluids. At the end of
the experiment, livers, kidneys, and perfused intestinal segments were
removed and weighed. Bile, urine, and perfusate volumes were deter-
mined gravimetrically. Samples of bile, urine, and perfusate were used for
assessment of Rh123 by spectrofluorometry (excitation wavelength, 485
nm; emission wavelength, 528 nm) (25) or of DNP-SG and its derivative
by high-performance liquid chromatography (HPLC) (29).

Mrp2 transport activity in isolated hepatocytes. Hepatocytes were
isolated by collagenase perfusion and mechanical dissociation (30). The
cells, suspended in Krebs-Henseleit Ringer-HEPES (N-2-hydroxyethyl-
piperazine-NI-2-ethanesulfonic acid) buffer (pH 7.40), were used for the
determination of DNP-SG content and excretion rate. Protein concentra-
tion was determined using bovine serum albumin as the standard (21).
Cell viability was determined by trypan blue exclusion and was always
greater than 90%. Preloading of the hepatocytes with DNP-SG was per-
formed by incubating the cells with CDNB (100 mM in Krebs-Henseleit
Ringer-HEPES buffer [pH 7.40]) at 10°C to avoid enzymatic conjugation
and transport, as described previously (31). Aliquots of cell suspensions
(70,000 cells) were taken, loaded in test tubes (Beckman-type 0.4-ml poly-
ethylene tubes) containing a lysis solution (3 M NaCl-0.1% Triton
X-100) and a silicone layer (Wacker-Chemie GmbH, Munich, Germany),
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and incubated at 37°C for 0, 30, 60, and 90 s in CDNB-free buffer. At the
end of the incubation period, the suspensions were centrifuged at 9,000 X
g for 20 s. DNP-SG concentrations in the supernatants were determined
by HPLC. The initial excretion rate was estimated as the slope of the
regression curve of the amount of DNP-SG present in the supernatants
per milligram of hepatocyte protein over time (22).

BZL pharmacokinetics. Another set of control and BZL-treated (100
mg/kg b.w./day; 3 consecutive days) rats were used to estimate the elimi-
nation rate of BZL. For this purpose, 24 h after the last injection rats were
anesthetized and bile ducts, bladders, and femoral veins were cannulated.
After a 15-min stabilization period, a single bolus of BZL (5 mg/kg b.w. in
saline) was intraduodenally administered. Then bile and urine were col-
lected at designated intervals over 90 min and volumes were determined
gravimetrically. Samples of venous blood were taken from the tails at
selected periods of time during the experiment. Saline was administered
intravenously to replenish body fluids. Bile, urine, and serum samples
were subjected to solvent extraction with acetonitrile-DMSO (1:1) and
deproteinized with 10% trichloroacetic acid. BZL was measured by HPLC
(Waters 600; Waters, Milford, MA). Isocratic elution was performed with
aC, g column (Luna 5 w; Phenomenex) with a mobile phase of acetonitrile
and water (2:3, vol/vol) at a flow rate of 1.0 ml/min as described by Morilla
et al. (32). BZL was detected at 324 nm and quantified by the external
standard method by the height of the peak. A one-compartment pharma-
cokinetic analysis was applied to the plasma concentration-versus-time
data using the computer program GraphPad Prism. The area under the
plasma concentration-versus-time curve (AUC) after intraduodenal ad-
ministration of BZL was calculated using the linear trapezoidal rule up to
the last measured plasma concentration (90 min). The first-order rate
constant of elimination (k) was calculated through regression analysis of
the straight tail of the curve from 30 to 90 min.

An additional group of pretreated animals (BZL, 100 mg/kg b.w./day,
3 consecutive days) was also used as a control to evaluate the plasma decay
and biliary and urinary excretion rates of remnant BZL 24 h after the last
injection. The data obtained with this last group were deducted from data
for the BZL-pretreated group that received the BZL test dose.

BZL intestinal absorption. In a different set of rats, the jejunum was
removed, gently rinsed with ice-cold saline, and immediately used to mea-
sure the mucosa-to-serosa transport of BZL. Three-centimeter segments
were filled with 750 wl of Krebs-Henseleit buffer (40 mM glucose [pH
7.40]) previously gassed with carbogen (O,CO,; 95:5) containing 50 pM
BZL (mucosal compartment). They were incubated in 7 ml of the same
buffer (serosal compartment) (29). The serosal medium was continuously
gassed with O,CO, (95:5), and aliquots of 100 wl were sampled for a
20-min period. Then the sacs were gently dried with filter paper and
weighed. Serosal BZL concentration was determined by HPLC (32) as
described above in “BZL pharmacokinetics.”

Statistical analysis. Data are presented as means = standard devia-
tions (SDs). Statistical analysis was performed using the Student ¢ test.
Significance was set at P << 0.05. Studies were performed using GraphPad
Prism 3.0 software (GraphPad Software, La Jolla, CA).

RESULTS

Effect of BZL on expression and activity of biotransformation
systems and ABC transporters. We first evaluated the effect of
BZL treatment (100 mg/kg b.w./day, 3 consecutive days) on the
biotransformation systems CYP450, UGT, and GST, whose par-
ticipation usually precedes the transport process. As shown in Fig.
1A, BZL slightly increased CYP3A content only in liver (30%), as
detected using an antibody which recognizes a common region of
the C termini of CYP3A members.

The expression of UGT1A was detected using an antibody de-
veloped against a C terminus peptide common to all isoforms of
this group (23). We found that expression of UGT1A was not
modified by BZL in the studied tissues (data not shown).
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For GST, a modest increase in hepatic . class GST was detected
after BZL treatment (40%) (Fig. 1B). Alpha class GST was the only
one increased by BZL treatment in the jejunum (72%) and ileum
(136%) (Fig. 1Cand D, respectively). No changes were detected in
kidney (data not shown). When total GST activity toward CDNB
in the liver, jejunum, and ileum was measured, an increase that
correlated well with the higher levels of protein was observed for
BZL-treated rats in comparison with that in the controls (2,630 =
85 versus 1,898 = 93, 510 = 10 versus 257 = 81, and 260 * 20
versus 183 * 35 nmol/min/mg protein, respectively; n = 3; P <
0.05).

Figure 2 shows that P-gp and Mrp2 protein levels were signif-
icantly increased (about 500% and 300%, respectively) in liver
from BZL-treated rats. The figure also shows an increment in P-gp
and Mrp2 levels (about 170% and 120%, respectively) in jejunum
from the BZL group. In ileum, BZL treatment was able to increase
only P-gp levels (50%). In kidney, no change was detected (data
not shown).

To evaluate whether the upregulation of P-gp or Mrp2 in liver
and intestine could have functional consequences, we measured
the efflux rate of a model substrate for each transporter in BZL-
treated and control rats in an in situ single-pass intestinal perfu-
sion model with simultaneous bile and urine collection. Figure 3A
shows that biliary and intestinal excretions of the P-gp substrate
Rh123 were increased by BZL (95% and 85%, respectively), which
agrees well with the augmented levels of its transporter in liver and
jejunum. No difference in the renal excretion rate of the dye in
BZL-treated rats in comparison with that in controls was found.
Furthermore, excretion of Rh123 was estimated as a percentage of
the administered dose and was significantly higher in bile (11.0%
versus 6.0%; P < 0.05; n = 4) and in intestinal perfusate (3.8%
versus 2.7%; P < 0.05; n = 4) from BZL-treated rats than in those
from controls, whereas in urine it remained unchanged (11%).
These results indicate higher rates of biliary and intestinal elimi-
nation of P-gp substrates in BZL-treated rats.

Figure 3B shows that the biliary excretion of DNP-SG and its
major derivative, DNP-CG, as an estimation of Mrp2 activity was
slightly increased (49%) in BZL-treated rats in comparison with
that in controls in spite of the important increase in hepatic Mrp2
content in the BZL group. In proximal jejunum, the excretion rate
of DNP-SG/CG in BZL-treated rats correlated with the aug-
mented levels of Mrp2. No difference was found in renal excretion
of Mrp2 substrate. Excretion of DNP-SG/CG was also calculated
as a percentage of the dose of CDNB. The contribution of the renal
route in BZL excretion was similar in BZL-treated rats and con-
trols (10.4% and 9.7%, respectively), whereas excretion through
the biliary and intestinal routes was increased by BZL (68.6% ver-
sus 46.1% and 3.04% versus 1.68%, respectively; P < 0.05; n = 4).
These data suggest higher biliary and intestinal excretion rates for
Mrp2 substrates in rats under BZL treatment.

Effect of BZL on DNP-SG transport in isolated hepatocytes.
Because in in vivo experiments we detected a modest change in
hepatic Mrp2 activity, not correlated with the significant increase
in Mrp2 expression, we decided to evaluate the transporter intrin-
sic activity in isolated hepatocytes. We analyzed the secretion rate
of DNP-SG, an exogenous model substrate of Mrp2. DNP-SG
transport into the medium was significantly increased by BZL
(377 = 116 versus 721 * 258 pmol/min/mg protein for control
and BZL groups, respectively; P < 0.05; n = 4), agreeing well with
the higher Mrp2 protein content detected by Western blotting.
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FIG 1 Effect of BZL on CYP3A expression and GST expression and activity in hepatic and intestinal tissues. (A) Microsomal CYP3A was detected by Western
blotting in liver from rats treated with BZL (100 mg/kg b.w./day, 3 consecutive days) or vehicle (control [C]). (B) Cytosolic GST-p was detected by Western
blotting in liver from rats treated with BZL (100 mg/kg b.w./day, 3 consecutive days) or vehicle. (C and D) Cytosolic GST-a was detected by Western blotting in
jejunum and ileum, respectively, from rats treated with BZL (100 mg/kg b.w./day, 3 consecutive days) or vehicle. Equal amounts (15 pg) of total protein were
loaded in the gels. The optical densities (ODs) of CYP3A and GST were related to the OD of B-actin. Uniformity of loading and transfer from gel to polyvinylidene
difluoride (PVDF) membrane were controlled with Ponceau S. Data on densitometric analysis are presented as percentages relative to the value for the control,
considered 100%, and were expressed as means = SDs (n = 3). Typical Western blot detections from each group are shown at the bottom. *, significantly different

from control; (P < 0.05).

Effects of BZL pretreatment on its own disposition. Plasma
concentrations over time of a test dose of BZL after intraduodenal
administration to control and BZL-treated rats are shown in Table
1. The decay rate of BZL concentration in plasma (k) was higher
(295%) in pretreated rats than in controls. In addition, a lower
AUC was seen in the BZL-pretreated group than in the controls
(41%).

Table 1 also shows data for biliary and urinary elimination of
BZL in pretreated rats over 90 min. The excreted amount of BZL
was significantly increased (60%) in bile from BZL-pretreated rats
in comparison with that from control rats. The amount of BZL in
urine did not differ between groups.

Effects of BZL pretreatment on its intestinal absorption. To
evaluate if the induction of transporters at the intestinal level
could affect the absorption of BZL, we used an in vitro model. We
determined the rate of BZL absorption in sacs from jejunum,
where the induction of Mrp2 and P-gp was quantitatively more
significant. After 20 min of incubation, the mucosa-to-serosa
transport of BZL was lower in jejunum from pretreated rats than
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in jejunum from controls (61 * 15 versus 82 = 11 pmol of BZL/g
of intestine, respectively; n = 4 to 6; P < 0.05), implying that
reduced absorption could occur in vivo.

DISCUSSION

The expression and activities of enzymatic systems and transport-
ers can be altered by many factors, including diet, hormones, dis-
eases, aging, and inducers. Thus, the effectiveness and/or toxicity
of a broad range of xenobiotics, including therapeutic agents,
could be modified.

Drugs with antiparasitic properties regulate biotransformation
and transporter genes with an important impact on drug disposi-
tion (9-11). BZL is the only drug available for the treatment of
Chagas disease in most countries where it is endemic. Although
BZL can be coadministered with other drugs (diuretics, antibiot-
ics, antiretrovirals, immunosuppressants, etc,), no study has been
conducted to evaluate its effects on the systems involved in drug
disposition. Recently we observed an increase in P-gp, MRP2,
CYP3A4, and GST-1 protein levels with a concomitant enhance-
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FIG 3 Effect of BZL on P-gp and Mrp2 activities. (A) Excretion rate of Rh123, a prototypical substrate for P-gp, was measured in bile, intestinal perfusate, and
urine at 10-, 15- and 30-min intervals, respectively, for 90 min. Insets depict cumulative excretion of Rh123 at 90 min. The data represent means = SDs for 4 rats
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assessed in bile, intestinal perfusate, and urine at 10-, 15- and 30-min intervals, respectively, for 90 min. Insets depict cumulative excretion of DNP-SG and
DNP-CG at 90 min. The data represent means = SDs for 4 rats per group. *, significantly different from control; P < 0.05.

ment in their activities in cells from a hepatoma cell line, HepG2,
treated with BZL (200 wM, 48 h) (12). Here we studied the effects
of BZL treatment on phase I and phase II biotransformation en-
zymes and ABC efflux transporters in rat liver, small intestine, and
kidney and the consequences in BZL disposition.

At present little is known about the effects of BZL on biotrans-

TABLE 1 Pharmacokinetic parameters for BZL after intraduodenal
administration to rats”

Value for group

Body
fluid Parameter Control BZL-treated
Plasma C,,, (WM) 188 +2.3 14.7 = 1.6*
AUC (nmol/min/ml) 80.0 = 11.0 47.5 * 1.2%
k (min™") —0.0042 = 0.0020 —0.0166 = 0.0045*
Bile Accumulative excretion 152 * 18 244 * 23%
(pmol/g liver)
Dose (%) 0.64 = 0.17 1.16 = 0.10*
Urine  Accumulative excretion 1178 % 299 1016 + 184
(pmol/g kidney)
Dose (%) 1.01 £ 0.67 1.55 £ 0.19

“ BZL was administered at a dosage of 5 mg/kg b.w. C,,,,, plasmatic maximal
concentration; AUC, area under the concentration-time curve; k, elimination rate; *,
significantly different from the control group (P < 0.05). Each value represents the
mean = SD (n = 4to 5).
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formation systems. In phase I, the CYP3A subfamily as a whole
significantly influences drug bioavailability in humans, since 40 to
50% of all drug metabolism involves some degree of CYP3A-me-
diated oxidation (33). It was reported that pentobarbital-induced
sleep time is extended after acute administration of BZL to rats (30
mg/kg b.w., i.p.). This effect was associated with inhibition of the
hepatic microsomal biotransformation systems aminopyrine and
ethylmorphine N-demethylase by covalent interactions with BZL
electrophilic metabolites (noncompetitive inhibition) (34). In ad-
dition, Workman et al. (35) observed that pharmacological con-
centrations of BZL were able to inhibit lomustine hydroxylation
by CYP in mouse liver. They postulate that this BZL effect could
explain modification of lomustine pharmacokinetics and en-
hanced response of mouse tumor to this drug. Our present study
demonstrates a modest increase in the overall expression of
CYP3A members only in liver of BZL-treated rats after 3 days of
treatment (100 mg/kg b.w./day). Thus, despite the increase in
CYP3A protein expression, the predominant effect of BZL seems
to be inhibition of enzyme activities that can lead to drug-drug
interactions.

In phase II metabolism, the expression of UGT1A was not
modified by BZL in any tested tissues, indicating that glucuroni-
dation is not essentially affected, at least for the isoforms recog-
nized by our antibody, which represent the most relevant isoen-
zymes involved in the glucuronidation of phenol derivatives such
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as acetaminophen and endogenous compounds such as bilirubin
(23).

It is known that reactive electrophilic metabolites are metabo-
lized and excreted by a GSH-dependent process that reduces their
toxicity. The conjugation reaction is generally catalyzed by GSTs,
a family of detoxification enzymes that protects cellular macro-
molecules from attack by reactive electrophiles (36). The 2-amino
reduction of BZL is catalyzed by isoforms of cytochrome P-450
nitroreductases present in host cells, rendering electrophilic me-
tabolites (5). In the therapeutic protocol, BZL is orally adminis-
tered. It is possible that increased global GST activity and expres-
sion of GST-p in liver and GST-« in jejunum and ileum by BZL
represents a presystemic compensatory mechanism to cope with
overproduction of electrophilic metabolites.

Apart from overexpression of biotransformation systems, in-
creased clearance of endo- and xenobiotics is also frequently as-
sociated with higher levels of efflux transporter proteins, such as
P-gp and/or MRPs (8, 37). In this study, we observed upregulation
of P-gp and Mrp2 proteins by BZL mainly in liver and jejunum. A
global approach was used to further evaluate whether induction of
these transporters had functional consequences. With an in vivo
model, we demonstrated increased transport activity for P-gp in
liver using a typical substrate, Rh123, in agreement with trans-
porter upregulation. It is known that Rh123 is also a substrate for
breast cancer resistance protein (Bcrp) (38). However, its influ-
ence in increased Rh123 transport is unlikely, since we did not
observe changes in Berp levels (unpublished results). The induc-
tion of hepatic Mrp2 is usually followed by an increase in the
excretion rate of its substrates. The slight increment in the biliary
excretion of DNP-SG and DNP-CG observed in BZL-treated rats
did not correlate with the significant increase in Mrp2 protein
expression. This could be due to synthesis of a nonfunctional pro-
tein (e.g., Mrp2 not localized to canalicular membrane), the pres-
ence of other compounds competing with Mrp2-mediated excre-
tion, or a nonsaturating concentration of CDNB. To further
clarify this issue, we estimated the transport activity of Mrp2 in
isolated hepatocytes. In the isolation process, hepatocytes are
washed out of the intracellular compounds, including derivatives
from BZL metabolism that could compete with DNP-SG for se-
cretion via Mrp2. In this model, we found a direct correlation
between activity and increased protein levels, suggesting that the
in vivo results could be, at least in part, a consequence of compe-
tition among DNP-SG and other potential Mrp2 substrates, such
as BZL-thiol or glucuronic conjugates. Thus, overexpression of
these transporters in liver may result in faster biliary excretion of
drugs that are their substrates, depending on their relative affini-
ties diminishing their effectiveness and/or toxicity.

Itis known that P-gp and Mrp2 expression levels vary inversely
along the small intestine (29, 39). Mrp2 is the most highly ex-
pressed in the proximal intestine, whereas P-gp expression is
higher distally (40). In our study, the major induction of both
transporters occurred at the proximal segment of the small intes-
tine. Interestingly, the increase in P-gp levels was extended beyond
the ileum, its normal site of expression. When the intestinal excre-
tion rate of Rh123 was tested in the in vivo model, we observed a
significant increase in BZL-treated rats in comparison with con-
trols, in agreement with P-gp upregulation. Again, Berp levels did
not vary between groups (unpublished results). For intestinal
Mrp2, when in vivo activity was measured, a higher DNP-SG/CG
elimination rate was detected in BZL-treated rats than in controls,
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consistent with the upregulation of this protein by the drug. Con-
sequently, the substantial increases in P-gp and Mrp2 expression
rates and activities in proximal intestine can lead to an increased
secretion of substances that are present in blood or a reduced
absorption of drugs that are orally administered, including BZL
itself.

Whether the current findings on the induction of biotransfor-
mation and transport systems also occur in patients receiving BZL
is not known. The usual doses used for the treatment of Chagas
disease vary between 5 and 10 mg/kg b.w. administered for 30 to
60 days, or even up to 5 months in the case of disease reactivation
(41). In our study, 100 mg/kg b.w./day for 3 consecutive days was
the dose of BZL that showed inductive effect. The BZL plasma
concentration measured 24 h after the last injection in rats was 15
M on average, similar to that found in patients (13 to 26 uM) 24
h after the last dose of a 30-day treatment (13). In general, rodents
need a higher dose of a given compound to reproduce the same
effects as in humans. Thus, an inducer effect of BZL in patients
cannot be ruled out because the time of treatment is more ex-
tended than in our experimental approach. Drug-drug interac-
tions could be particularly important in chagasic patients under
immunosuppressant treatment with cyclosporine, corticoste-
roids, and azathioprine for heart or kidney transplantation (42,
43) or in HIV patients infected with T. cruzi and receiving antiret-
rovirals (44, 45).

In addition, changes in BZL pharmacokinetics would also be
expected. In support of this hypothesis, Raaflaub (13) observed
that the maximal plasma concentration in male patients that re-
ceived BZL (7 mg/kg b.w./day for 30 days, twice a day) tends to
decrease with the course of treatment (—20% on average after 25
days), suggesting an increase in BZL metabolism (autoinduction)
and/or excretion and/or limited absorption. Here, the calculated
BZL pharmacokinetic parameters show a higher elimination rate
from plasma in the treated group than in controls. The lower AUC
observed in plasma from BZL pretreated rats in comparison with
controls can result from a higher amount of BZL excreted in bile
90 min post-BZL administration. In addition, as a lower maxi-
mum concentration in plasma (C,,,,) was achieved in the BZL
group, reduced BZL absorption is suggested. The decreased mu-
cosa to serosa transport of BZL in intestinal sacs confirms this
assumption. The participation of P-gp in BZL efflux was observed
in P-gp knockdown HepG2 cells (12). Further experiments are
needed to corroborate the contribution of this transporter or any
other in BZL transport in an in vivo model. The data from the
current study suggest the possibility of a progressive decrease in
BZL absorption and/or increase in BZL metabolism/elimination
after therapeutic administration. Unfortunately, we found no
studies in the literature evidencing this possibility or a link with
decreased therapeutic efficacy.

Although the reason CYP3A, GST, P-gp, and Mrp2 in kidney
are not induced by BZL is unknown, it seems to be organ specific.
The pregnane X-receptor (PXR) is a nuclear receptor that controls
the expression of phase I and phase II biotransformation enzymes
as well as xenobiotics transporters (6, 46). PXR is highly expressed
in liver and to a lesser extent in small intestine in humans, rats,
mice, and rabbits. Interestingly, these are the same tissues where
biotransformation and transporter systems are most highly ex-
pressed and induced by BZL. Lower levels of PXR have also been
detected in kidney (46). The knockdown of PXR in HepG2 cells
was able to abolish the induction of CYP3A4, GST-mr, P-gp, and
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MRP2 by BZL, suggesting that this nuclear receptor is involved in
BZL effects (12). We postulate that the differential induction of
studied systems in liver and intestine versus those in kidney could
be related to tissue-specific differences in PXR expression and/or
other transcription factors. Further studies are required to eluci-
date the mechanisms underlying the effects of BZL on these sys-
tems (i.e., transcriptional versus nontranscriptional, nuclear re-
ceptor participation, etc.).

In conclusion, BZL increases the expression and activities of
P-gp and Mrp2 mainly in liver and proximal intestine along with
upregulation of hepatic CYP3A and hepatic and intestinal GST.
These findings suggest that under BZL treatment, drug-drug in-
teractions could appear, especially at the excretion level, the lim-
iting pathway in the depuration of endogenous and exogenous
compounds.
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