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Raltitrexed (RTX) has shown clinical activity in a variety of advanced solid tumours. Its oral bioavailability
is low and its intestinal absorption mechanism is not clear. In the present study, the absorption mecha-
nism of RTX in the small intestine was investigated, and the effects of absorption enhancers and efflux
transporter inhibitors were evaluated by in vitro transport studies using the Caco-2 cell model and in situ
perfusion experiments in rats. Oral bioavailability of RTX in rats in the presence or absence of enhancers
were also investigated. The results of in vitro and in situ experiments indicated that the kinetic model
of combined mechanism (active and passive transport) fitted the concentration-time data of RTX best
with the highest R2 and lowest SSE (Sum of Squares for Error). The apparent or effective permeabil-
ity coefficient (Papp or Peff) of RTX remained statistically constant in a certain concentration range, then
decreased when the concentration increased. But the decrease trend did not continue with further increase
in concentration. And folic acid could competitively inhibit RTX absorption. These results suggested that
a combined absorption mechanism for RTX existed. Furthermore, within certain concentration ranges,
Carbomer 934P and sodium caprate (Cap-Na) exhibited significant absorption enhancement effects with
low toxicity, whereas the enhancement effects of sodium deoxycholate (Deo-Na) were accompanied with
acute toxicities. Moreover, probenecid and pantoprazole obviously enhanced RTX absorption, demonstrat-
ing that RTX is a substrate of the multidrug resistance protein (MRP) and breast cancer resistance protein
(BCRP). A secretion experiment indicated that RTX could be effluxed into the intestines both with bile and
by active efflux action. Oral bioavailability of RTX was significantly improved by the investigated absorption
enhancers and transporter inhibitors, which is consistent with the in vitro and in situ experiments.

1. Introduction

Raltitrexed (RTX, ZD-1694) is a quinazoline folate analogue,
which acts as a potent and specific inhibitor of thymidylate syn-
thase (Van Vutsem et al. 2002). It has shown clinical activity in
a variety of advanced solid tumours, such as colorectal cancer
(Michels et al. 2006), head and neck cancer (Planting et al. 2005),
malignant pleural mesothelioma (Woods et al. 2012) and non-
small cell lung cancer (Manegold et al. 2002), both as a single
agent and in combination with other compounds. The distribu-
tion, metabolism and excretion of RTX following intravenous
administration have been extensively investigated in clinical and
preclinical pharmacokinetic studies (Clarke et al. 2000). How-
ever, no research about the mechanism and influencing factors
of intestinal absorption of RTX has been reported. Furthermore,
the oral bioavailability of RTX in rats is only 10–20% (Jodrell
et al. 1991), which greatly restricts oral administration.
The poor oral bioavailability of RTX is related to its chemical
structure. Fig. 1 shows that RTX possesses a chemical structure
similar to that of methotrexate (MTX), another folate analog
(Wang et al. 2006), which is assigned as BCS (biopharmaceuti-
cal classification system) class III drug due to its high solubility
and poor permeability (Lindenberg et al. 2004). Besides the

Fig. 1: Chemical structure of RTX (a) and MTX (b).

permeability, the efflux transport mediated by ATP-binding
cassette (ABC) transporter proteins including P-glycoprotein
(P-gp), multidrug resistance protein (MRP) and breast cancer
resistance protein (BCRP) (Leslie et al. 2005) may be factors
responsible for the low oral bioavailability of RTX.
In order to improve the oral bioavailability of drugs with poor
permeability, absorption enhancers have been often adopted to
transiently increase permeation (Leone-Bay et al. 2000). In the
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Table 1: Effects of folic acid and ABC transporter inhibitors on
bi-directional transport of RTX in Caco-2 cell mono-
layer model (mean ± S, n = 3)

Group Papp(AP→BL) (10−7cm/s) Papp(BL→AP) (10−7cm/s) Efflux ratio

control 0.67 ± 0.10 1.12 ± 0.07 1.82 ± 0.10
folic acid 0.38 ± 0.05* 0.71 ± 0.08* 1.87 ± 0.18
verapamil 0.70 ± 0.06 1.25 ± 0.19 1.79 ± 0.27
probenecid 2.37 ± 0.52* 2.04 ± 0.30* 0.86 ± 0.13*

pantoprazole 3.49 ± 0.92* 1.32 ± 0.16 0.38 ± 0.05*

*P < 0.05, compared to the control group.

present study, three different types of absorption enhancers with
proven enhancement effects were selected, including sodium
caprate (Cap-Na) (Maher et al. 2009; Mori at al. 2004), a fatty
acid salt; sodium deoxycholate (Deo-Na) (Huang et al. 2006;
Sharma et al. 2005), a bile acid salt; and Carbomer 934P (Thanou
et al. 2001), a polyacrylate derivative. Their enhancement mech-
anisms have been related to promotion of transport through both
transcellular and paracellular pathways. Research on the effects
of these well-studied enhancers may provide supporting infor-
mation for the investigation of absorption mechanisms for RTX.
Moreover, application of efflux transporter inhibitors is another
frequently-used strategy for oral bioavailability improvement.
As extensively characterized inhibitors for P-gp, MRP and
BCRP, verapamil (Bansal et al. 2009), probenecid (Zhou et al.
2010) and pantoprazole (Breedveld et al. 2006) are often co-
administrated with drugs to improve the oral bioavailability and
evaluate the role of P-gp and MRP in drug absorption.
The objectives of this study were to investigate the absorption
and efflux mechanisms of RTX in the small intestine, and to eval-
uate the effects of absorption enhancers (Cap-Na, Deo-Na and
Carbomer 934P) and efflux transporter inhibitors (verapamil,
probenecid and pantoprazole) on the intestinal absorption of
RTX. All the experiments were carried out in vitro using a Caco-
2 cell monolayer model, rat in situ intestinal perfusion model
and rat in vivo model.

2. Investigations and results

2.1. Bi-directional transport of RTX in Caco-2 cell
monolayer model

The apical-to-bisolateral directional Papp values of RTX at vari-
ous concentrations have been summarized and shown in Fig. 2A.
The Papp values of RTX were quite low (<10−7 cm/s) within
the tested concentration range of 10–60 �g/mL, suggesting that
RTX was poorly absorbed orally. When the RTX concentra-
tion was not more than 20 �g/mL, the Papp values showed
no significant difference (P > 0.05). As the RTX concentration
increased to 30 �g/mL, the Papp values obviously decreased to
0.35 ± 0.06 × 10−7 cm/s (P < 0.05). However, when the concen-
tration continually increased to 45 and 60 �g/mL, the Papp values
did not show significant decreases (P > 0.05).
In the basolateral-to-apical direction, the Papp value of RTX was
1.12 ± 0.07 × 10−7 cm/s (n = 3) at a concentration of 20 �g/mL.
The efflux ratio (Papp(BL→AP)/Papp(AP→BL)) was 1.82, suggesting
an efflux action during the RTX absorption.

2.2. Effects of folic acid and ABC transporter inhibitors
on RTX transport in Caco-2 cell monolayer model

Table 1 shows the bilateral transport parameters of RTX with
or without the addition of folic acid, verapamil, probenecid or
pantoprazole. In comparison with the control group, addition

Fig. 2: Intestinal absorption of RTX at various concentrations in vitro and in situ. (A)
Caco-2 cell monolayer model (n = 3), (B) In situ recirculating perfusion
model (n = 5). ∗P < 0.05, compared to the group of 20 �g/mL (A) and
3.6 �g/mL (B); ∗∗P < 0.05, compared to the group of 30 �g/mL (A) and
4.8 �g/mL (B).

of folic acid resulted in a significant decrease in the bilateral
Papp values of RTX. The verapamil group showed no signifi-
cant difference in all parameters, while a significant increase in
the apical-to-basolateral Papp value (3.54-fold, 5.21-fold) and a
decrease in the efflux ratio (2.12-fold, 4.79-fold) were observed
for the probenecid and pantoprazole group (P < 0.05), respec-
tively. The results demonstrated that folic acid competitively
inhibited RTX transport and RTX was a substrate of MRP and
BCRP rather than P-gp.

2.3. Effects of absorption enhancers on the intestinal
absorption of RTX in Caco-2 monolayer model

Papp value of RTX, without any enhancer, was set as the
control, and the relative enhancement ratio was calculated as
Papp(groups)/Papp(control). In the presence of absorption enhancers,
significant accumulation of RTX in the basolateral compart-
ment caused notably higher Papp values (P < 0.05). As shown
in Table 2, the Papp values of RTX increased in a concentration-
dependent manner for all the three enhancers within the
tested concentration ranges (Cap-Na: 0.1%–0.5% w/v, Deo-
Na: 0.025%–0.25% w/v, Carbomer 934P: 0.1%–1% w/v). The
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Table 2: Permeation enhancing effects of Cap-Na, Deo-Na and Carbomer 934P on the transport of RTX and related toxic values in
Caco-2 cell monolayer model (mean ± S, n = 3)

Group Papp (10−7 cm/s) Enhancement ratio TEER3h (%) TEER24h post (%) Protein-release amount(mg/mL) Viability rate (%)

HBSS - - 87.65 ± 4.79 90.20 ± 5.65 0.0565 ± 0.0058 100%
RTX 0.35 ± 0.06 1 88.52 ± 11.31 89.49 ± 12.89 0.0579 ± 0.0063 102.47 ± 4.80
Cap-Na

0.1% 1.86 ± 0.43 5.32 45.54 ± 2.05 81.82 ± 4.34 0.0546 ± 0.0077 104.84 ± 14.56
0.125% 18.23 ± 4.20 52.00 13.10 ± 0.81 80.94 ± 7.60 0.0613 ± 0.0121 90.43 ± 9.74
0.15% 54.60 ± 5.11 155.75 4.88 ± 0.61 34.64 ± 12.50 0.1320 ± 0.0123 7.29 ± 0.80
0.25% 76.44 ± 9.12 218.04 5.01 ± 0.75 1.18 ± 0.13 0.1415 ± 0.0153 6.80 ± 0.77
0.5% 86.39 ± 6.29 246.42 4.09 ± 1.17 1.10 ± 0.35 0.1525 ± 0.0117 6.31 ± 0.45

Deo-Na
0.025% 3.60 ± 0.53 10.28 25.10 ± 3.23 64.52 ± 4.80 0.0899 ± 0.0048 23.38 ± 4.28
0.05% 3.76 ± 0.21 10.72 27.32 ± 1.95 69.47 ± 4.71 0.0964 ± 0.0120 10.99 ± 0.66
0.075% 36.88 ± 3.71 105.21 14.92 ± 2.11 41.54 ± 9.64 0.2110 ± 0.0489 5.30 ± 1.43
0.1% 65.81 ± 8.73 187.73 4.62 ± 0.24 13.49 ± 1.27 0.4889 ± 0.0537 3.00 ± 0.53
0.25% 74.53 ± ± 5.26 212.60 3.03±1.23 2.10 ± 0.33 0.5813 ± 0.0650 1.58 ± 1.10

Carbomer 934P
0.1% 1.05 ± 0.24 3.00 90.39 ± 13.09 93.22 ± ± 8.94 0.0575 ± 0.0104 105.45 ± 10.46
0.25% 7.75 ± 1.20 22.10 76.28 ± 0.63 85.67 ± 8.55 0.0637 ± 0.0054 99.92 ± 5.85
0.5% 11.29 ± 1.24 32.21 12.65 ± 2.97 81.32 ± 7.89 0.0706 ± 0.0164 61.23 ± 7.14
0.75% 20.16 ± 3.58 57.53 14.96 ± 2.61 14.82 ± 2.68 0.0711 ± 0.0059 29.17 ± 1.63
1% 35.21 ± 2.87 100.43 16.34 ± 3.19 5.48 ± 0.94 0.0941 ± 0.0015 13.63 ± 0.13

absorption enhancement effect among the three enhancers could
be ranked as Deo-Na > Cap-Na > Carbomer 934P.

2.4. Toxic effects of absorption enhancers on Caco-2 cell
monolayers

2.4.1. TEER measurement

As shown in Table 2, the increase in Papp values was accom-
panied with a decrease of TEER values, indicating the opening
of tight junctions. Also, TEER values were measured after 24 h
recovery from the effects of enhancers. The data demonstrated
that TEER values were restored to > 80% after recovery for
monolayers treated with 0.1%, 0.125% (w/v) Cap-Na and 0.1%,
0.25%, 0.5% (w/v) Carbomer 934P, suggesting good reversibil-
ity of their effects on monolayers. All the three enhancers at
other concentrations exhibited permanent damage to the cells
with irreversible decreased TEER values. The result indicated
that the enhancement effects of Cap-Na and Carbomer 934P at
proper concentrations were due to reversible opening rather than
loss of intercellular tight junctions.

2.4.2. Protein-release measurement

Perturbation of membrane by absorption enhancers results in the
release of proteins from enterocytes into lumen, and the extent
of protein-release is considered as a direct measure of cytolytic
potential of compounds (Gao et al. 2008; Hamid et al. 2009).
Therefore, the amount of protein released from cell monolayers
can be employed as an indication of toxic effects of absorption
enhancers toward Caco-2 cells. Table 2 shows that Cap-Na at
concentrations of 0.1%, 0.125% (w/v) and Carbomer 934P at
all tested concentrations except 1% (w/v) exhibited low tox-
icity compared with the negative control (P > 0.05). Deo-Na
presented obvious toxic effects on membrane even at a concen-
tration of 0.025% (w/v). The membrane toxicity toward Caco-2
cells among the three enhancers could be ranked as Deo-Na >
Cap-Na > Carbomer 934P.

2.4.3. Cytotoxicity measurement

As summarized in Table 2, Cap-Na (0.1%, 0.125% w/v) and
Carbomer 934P (0.1%, 0.25% w/v) exhibited total safety to
Caco-2 cells with cell viability rate of > 90%. However, Deo-
Na showed obvious cytotoxicity toward Caco-2 cells even at
an extremely low concentration (0.025% w/v) with a cell via-
bility of 23.38 ± 4.28%. A concentration dependent increase in
the cytotoxicities was seen among all the three enhancers in the
tested ranges of concentration.

2.5. Intestinal absorption of RTX in rat in situ
recirculating perfusion model

Fig. 2B shows the variation trend of Peff values for RTX at vari-
ous concentrations. The Peff values were quite low (<10−6 cm/s),
which could explain the poor oral bioavailability of RTX.
Data demonstrated that higher RTX concentration resulted in
lower Peff. Moreover, no statistically significant differences
were observed among Peff values (P > 0.05) within the RTX
concentration range of 1.2–3.6 �g/mL. When the RTX concen-
tration increased to 4.80 �g/mL, Peff showed apparent decrease
(P < 0.05). However, the Peff of RTX at 4.80 �g/mL was not
significantly different from that of RTX at 7.2 and 9.60 �g/mL
(P > 0.05).

2.6. Effects of folic acid and ABC transporter inhibitors
on intestinal absorption of RTX in rat in situ recirculating
perfusion model

Table 3 lists the Peff values for RTX with or without the addi-
tion of folic acid, verapamil, probenecid and pantoprazole. With
the addition of folic acid, Peff values of decreased obviously
comparing with the control group (P < 0.05). And no statisti-
cally significant difference of Peff values was observed (P > 0.05)
between the verapamil group and control group. In contrast,
the probenecid group and pantoprazole group displayed signifi-
cantly enhanced Peff values (P < 0.05). The results indicated that
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Table 3: Effects of folic acid and ABC transporter inhibitors on intestinal absorption of RTX in rat in situ perfusion model
(mean ± S, n = 5)

Group control folic acid verapamil probennecid pantoprazole

Peff ×10−7(cm·s−1) 1.14 ± 0.32 0.65 ± 0.18* 1.62 ± 0.80 2.02 ± 0.22* 2.15 ± 0.30*

*P < 0.05, compared to control group.

folic acid was the competitive inhibitor for RTX absorption and
RTX could be effluxed by MRP and BCRP in the intestine.

2.7. Secretion of RTX from in situ intestine segment

The Peff values of RTX for secretion were 53.57 ± 4.38 cm·s−1

for the control group and 13.54 ± 1.61 cm·s−1 for the bile duct
ligation group, respectively (n = 5). And the RTX concentra-
tion in the perfusion solution began to increase at 15 min after
the RTX injection in both groups. The results indicated that
RTX could be serected into the in situ intestine segment in both
groups, and the serection parameters of the bile duct ligation
group were obviously higher than those of the control group.

2.8. Effects of absorption enhancers on the intestinal
absorption of RTX in rat in

As shown in Fig. 3, the addition of Cap-Na, Deo-Na and Car-
bomer 934P (0.25–1% w/v) resulted in significantly increased
Peff values by 2.32–2.70-fold, 1.81–2.61-fold and 2.34–4.13-
fold, respectively. And the Peff value of RTX increased in a
concentration-dependent manner for all the three absorption
enhancers. The absorption enhancement effect among the three
enhancers could be ranked as Carbomer 934P > Cap-Na > Deo-
Na.

2.9. Epithelial toxicities of absorption enhancers on the
intestinal segments

2.9.1. Protein-release measurement

Fig. 4 shows that the amount of protein released from epithelium
treated with Carbomer 934P at all tested concentrations and Cap-

Fig. 3: Permeation enhancing effects of Cap-Na, Deo-Na and Carbomer 934P on the
intestinal absorption of RTX in rat in situ single-pass perfusion model, n = 5.
∗P < 0.05, compared to the RTX group.

Na at the concentration of 0.25% (w/v) was not significantly
different from that of the negative control (P > 0.05). Deo-Na
at all tested concentrations and Cap-Na at other concentra-
tions presented evident epithelial toxicities. Cap-Na and Deo-Na
increased the amount of released protein in a concentration-
dependent manner. The epithelial toxicities among the three
enhancers could be ranked as Deo-Na > Cap-Na > Carbomer
934P.

2.9.2. Histological evaluation of intestinal segments

Fig. 5 shows that NPA of enterocytes and Vi of villus decreased
in the presence of all the three enhancers, while increases of mor-
phological scoring were observed. Both Cap-Na and Carbomer
934P at concentrations of 0.25% and 0.5% (w/v) exhibited low
toxicities with slight decrease of NPA, Vi and morphological
scorings of no more than 2. All the three enhancers at other
concentrations showed obvious epithelial toxicity (P < 0.05).
Photomicrographs of duodenum were selected to display the
morphological changes of intestine (Fig. 6).

2.10. Fitting of kinetic models to concentration-time data
of RTX

The indexes of goodness of fit for the three kinetic models are
listed in Table 4. In the comparison with the other two models,
the model of combined mechanism (active and passive trans-
port) provided the best fit with the highest R2 (0.9040 for in
vitro and 0.9172 for in situ) and the lowest SSE (0.02071 for
in vitro and 0.00056 for in situ). So the absorption process of
RTX in intestine should be described as a combined mechanism
involving both active and passive transport.

Fig. 4: Comparison of epithelium toxicity among Cap-Na, Deo-Na and Carbomer
934 in rat in situ intestinal perfusion model, n = 5. ∗P < 0.05, compared to the
RTX group.
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Table 4: Evaluation of fit goodness for the three kinetic model to the concentration-time data of RTX obtained from in vitro and
in situ experiments

Index In vitro In situ

R2 SSE R2 SSE

Passive transport −2.724 0.8032 −1.1 0.01408
Active transport 0.8891 0.02393 0.9023 0.00066
Combined mechanism 0.9040 0.02071 0.9172 0.00056

2.11. Effects of absorption enhancers and ABC
transporter inhibitors on oral bioavailability of RTX in
rats

As shown in Table 5, the plasma Cmax and AUC0-24 of RTX in the
presence of all tested enhancers and transporter inhibitors fol-

Fig. 5: Morphological parameters of different intestinal segments of rat after in situ
perfusion experiments with absorption enhancers, n = 5. (A) NPA, (B) Vi,
(C) Morphological scoring. ∗P < 0.05, compared to the RTX group.

lowing oral administration in rats were significantly improved
in comparison with the control group. And the enhance-
ment effects of the three enhancers were consistent with the
concentration-dependent manner mentioned in the in vitro and
in situ experiments. Tmax of RTX was significantly postponed
with the addition of Carbomer 934P at all the tested con-
centrations. Plasma concentration-time profiles of the selected
enhancers with low toxicities toward intestinal epithelium were
plotted in Fig. 7.

3. Discussion

3.1. Adoption of in situ perfusion models

In the present study, two different in situ perfusion models
were adopted for different research purposes: the recirculat-
ing model for absorption mechanism study and the single-pass
model for absorption enhancers investigation. The adoptions
were based on the different means of volume correction in the
two models: addition of non-absorbable marker for recirculat-
ing model (Li et al. 2009; Zhou et al. 2010) and gravimetric
measurement for single-pass mode (Jonker et al. 2002; Li et al.
2011). Since the non-absorbable marker may be absorbed in the
presence of absorption enhancers (Nakamura et al. 1979), the
recirculating perfusion model is not adaptable for the study of
absorption enhancers. However, the single-pass perfusion model
may be unsuitable in the investigation of absorption mecha-
nism due to its constant drug concentration of influent perfusate,
which does not exist in the actual process of intestinal drug
absorption.

Table 5: Pharmacokinetic Parameters of RTX after oral
administration in rats in the presence or absence of
absorption enhancers (mean ± S, n = 5)

Group Cmax (�g/mL) Tmax (h) AUC0-24 (�g·mL−1·h)

control 1.56 ± 0.17 2.00 ± 0.02 16.74 ± 1.48
Cap-Na

0.25% 1.82 ± 0.11* 2.00 ± 0.05 21.00 ± 1.95*

0.5% 2.53 ± 0.20* 2.05 ± 0.12 24.40 ± 1.86*

1% 2.86 ± 0.26* 2.11 ± 0.18 26.47 ± 2.38*

Deo-Na
0.25% 1.72 ± 0.16* 1.98 ± 0.13 19.49 ± 1.79*

0.5% 2.01 ± 0.20* 2.03 ± 0.06 21.03 ± 1.73*

1% 2.20 ± 0.27* 2.09 ± 0.20 22.93 ± 2.38*

Carbomer 934P
0.25% 2.27 ± 0.23* 2.52 ± 0.41* 23.40 ± 2.17*

0.5% 2.93 ± 0.30* 2.93 ± 0.18* 27.58 ± 2.08*

1% 3.17 ± 0.28* 3.04 ± 0.14* 32.27 ± 3.25*

probennecid 1.65 ± 0.18* 2.02 ± 0.09 19.03 ± 1.68*

pantoprazole 1.72 ± 0.17* 2.07 ± 0.10 20.26 ± 1.59*

*P < 0.05, compared to the control group.
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Fig. 6: Representative photomicrographs (×200) of duodenal segment of rat after in situ perfusion experiments with absorption enhancers. (A) Control, (B) 0.25% Cap-Na,
(C) 0.5% Cap-Na, (D) 1.0% Cap-Na, (E) 0.25% Deo-Na, (F) 0.5% Deo-Na, (G) 1.0% Deo-Na, (H) 0.25% Carbomer 934P, (I) 0.5% Carbomer 934P, (J) 1.0% Carbomer
934P (w/v, Bar = 50um).

3.2. Intestinal absorption mechanism of RTX

Papp and Peff are absorption parameters that are usually calcu-
lated to describe the absorption behavior of drugs and reflect the
absorption mechanism (Lennernas 1998; Yasuno et al. 2012;
Zhou et al. 2010). In the present study, the in situ investiga-
tion of RTX absorption at six different concentrations indicated
that as the RTX concentration increased, Peff values decreased
and there was a saturable process, suggesting a carrier-mediated
transport mechanism. And the absorption process could be com-
petitively inhibited by folic acid. So RTX and folic acid might
share the same transport system. This was consistent with the
reported transport mechanism of MTX (Cercos-Fortea et al.

1997). Because the quantity of carrier was limited and invari-
able, at low concentrations, the absorption rate was positively
correlated with drug concentration and Peff was a theoreti-
cal constant. However, when the transport was saturated, the
absorption rate stopped increasing, and Peff began to decrease
with further increase of drug concentration. Statistical analy-
sis showed that there was no statistically significant difference
among the Peff values (P > 0.05) within the concentration range
of 1.2–3.6 �g/mL. When the RTX concentration increased to
4.80 �g/mL, Peff decreased significantly (P < 0.05). However,
the Peff of RTX at 4.80 �g/mL did not significantly differ from
that of 7.2 and 9.60 �g/mL (P > 0.05), which demonstrated
that another transport mechanism may also contribute to RTX

Pharmazie 68 (2013) 737



ORIGINAL ARTICLES

Fig. 7: Plasma concentration-time profiles of RTX in the presence or absence of
selected enhancers after oral administration in rats, n = 5.

absorption. Similar results were obtained from the in vitro trans-
port experiment through the Caco-2 cell monolayer model. The
Papp values remained basically stable (P > 0.05) within the con-
centration range of 10–20 �g/mL and then an obvious decrease
(P < 0.05) appeared at a concentration of 30 �g/mL. But when
the concentration was raised to 45 and 60 �g/mL, no significant
difference of Papp values was observed (P > 0.05). According
to the chemical structure, RTX is partly of ionic state at phys-
iological pH, so it also can be absorbed through paracellular
pathways. Therefore, passive transport can not be excluded, and
the intestinal absorption of RTX should be considered as a com-
bined mechanism. Besides, according to the results of Nonlinear
Curve Fit process, the combined mechanism model (active and
passive transport) provided the best fit to the concentration-time
data of RTX obtained from in vitro and in situ experiments with
the highest R2 and lowest SSE, which demonstrated the exis-
tence of a combined mechanism during the intestinal absorption
of RTX. In summary, the whole absorption process could be
described as: active transport played the major role when the
carriers were undersaturated; after the saturation of carriers, pas-
sive transport through the paracellular pathways would take the
dominant position with the RTX concentration increasing; the
Ka values for passive transport were significantly lower than
those for active transport.

3.3. Efflux behavior of RTX in intestine

A drug can be secreted into intestine with bile or by active
efflux action. The comparison of bilateral Papp values of RTX
in Caco-2 cell monolayer model showed that the efflux ratio
was 1.82, suggesting an efflux action during the RTX trans-
port. During the rat in situ perfusion experiment, RTX could be
detected in perfusate 15 min after the injection with or without
bile duct ligation. And the accumulation of secreted RTX in the
bile duct ligation group was less than that in the control group.
The results demonstrated that RTX could be secreted into the
intestine both with bile and by other efflux routes, which could
contribute to the low bioavailability. Furthermore, evaluation
of the effect of verapamil on RTX absorption exhibited nega-
tive results. In contrast, probenecid and pantoprazole enhanced
the RTX transport in apical-to-basolateral direction significantly
both in vitro and in situ, and the oral bioavailability of RTX was
obviously improved in the presence of probenecid and panto-
prazole (Fig. 7). These results indicated that the efflux action

for RTX in intestine was mediated by MRP and BCRP. This
is consistent with the reported efflux mechanism for antifolates
(Assaraf 2006).

3.4. Investigation of absorption enhancers

Since cell culture models are usually more sensitive to absorp-
tion enhancers than intact intestine membranes (Zhou et al.
2009), both the absorption enhancement effects and toxic effects
of enhancers on the Caco-2 cell monolayers were much more
obvious than those on in situ intestinal segments in this study.
These differences could be due to the existence of a protective
mucous layer acting as a diffusion barrier in the intact intes-
tine. Moreover, the intact tissue has mechanisms of recovery
from trauma, which may not be present in cell cultures (Aùngst
2000). Our data showed that Deo-Na and Cap-Na exhibited sig-
nificantly different absorption enhancement effects between the
in vitro and in situ models. The relative enhancement ratios of the
two enhancers were no more than 3-fold in the in situ perfusion
model even when their concentration was as high as 1% (w/v).
In contrast, the ratios of Deo-Na and Cap-Na at lower concen-
tration (0.25% and 0.5% w/v, respectively) acquired from the
in vitro transport experiment became more than 200-fold. Inter-
estingly, this type of variance for Carbomer 934P between the
two models was not as huge as with the other two enhancers. It
could be explained by different action mechanisms of absorp-
tion enhancers. As a mucoadhesive polymer, Carbomer 934P
is thought to interpenetrate the mucous layer, thus reaching
the physical barrier and facilitating transport of hydrophilic
molecules across the mucous layer (Lehr et al. 1992; Pitelka et al.
1983). Its enhancement mechanism is probably a combination
of mucoadhesive properties and influence on the intercellular
tight junctions (Luessen et al. 1996). The opening of the tight
junctions is realized by removing the endogenous Ca2+ from the
intestinal epithelial cells through the formation of poly(acrylic
acid)-Ca2+ complexes (Junginger and Verhoef 1998). The mild
mechanism determines its low membrane toxicity, which is con-
sistent with the results of protein-release measurement in this
study. However, due to the high viscosity and adhesive char-
acter, not all of the polymer solutions can be removed without
damaging the cells (Borchard et al. 1996), which could explain
the relatively high cytotoxicity at concentrations of more than
0.5% (w/v).
Previous studies have suggested that the absorption enhance-
ment effects of Deo-Na and Cap-Na are implemented through
both the transcellular and paracellular routes (Lo and Huang
2000). With a high capacity for phospholipid solubiliza-
tion (Aùngst. 2000), Deo-Na promotes the absorption mainly
through removing phospholipids from cell membrane compo-
nents, solublizing the cell membrane to facilitate transcellular
transport and interacting with Ca2+ to loosen intercellular tight
junctions (LeCluyse and Sutton 1997; Lin and Shen 1991;
Sharma et al. 2005). Membrane solublization has been observed
as the major mechanism, and the breakdown of membrane struc-
ture may result in the release of proteins and phospholipids,
leading to the damage to the intestinal mucosa. This mechanism
could explain its significant enhancement effects in cell model
and extremely high toxic effects in vitro and in situ in this study.
As one of the most extensively used absorption enhancers, Cap-
Na has been studied for years, and its action mechanism has
also been thoroughly investigated. It acts on both the paracel-
lular and transcellular pathways. The promotion of paracellular
transport is modulated by opening intercellular tight junctions
through interactions with Ca2+ (Kurasawa et al. 2009; Sug-
ibayashi et al. 2009). For transcellular permeation, Cap-Na can
also partition into lipid bilayers to disrupt intermolecular forces
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between membrane phospholipids and even result in destabi-
lization and solubilisation of enterocyte membranes (Tomita
et al. 1988, 1992). Modulation of paracellular transport plays the
major role at low concentrations, the contribution of transcel-
lular permeation pathways may be improved with the increase
of concentration. Therefore, proper concentrations always exist,
at which Cap-Na may present significant absorption enhance-
ment effect with low toxicity. In our study, 0.25% (w/v) was the
proper concentration for in situ perfusion experiment, and 0.1%
and 0.125% (w/v) were the proper concentrations for in vitro
experiment.
In addition, the insignificant effect of verapamil on RTX trans-
port excluded the possible existence of inhibition of P-gp from
the enhancement mechanism of all three enhancers. Moreover,
the conspicuous effects of Carbomer 934P on RTX absorption
both in vitro and in situ supported the point that transport through
paracellular routes was a part of the combined mechanism of
RTX transport.
The oral bioavailability study in rats indicated that the inves-
tigated enhancers (Cap-Na, Deo-Na and Carbomer 934P) and
transporter inhibitors (probenecid and pantoprazole) promoted
the absorption of RTX significantly with increased Cmax and
AUC0-24. These results were consistent with those of in vitro and
in situ experiments. Besides, an significantly postponed Tmax of
RTX in the presence of Carbomer 934P suggested that a sus-
tained release process may exist during the absorption of RTX
due to the swelling properties of Carbomer 934P (Wang and
Tang. 2008).
Taken together, the intestinal absorption of RTX was real-
ized through a combined mechanism, involving active transport
mediated by carriers and passive transport through paracellu-
lar routes. RTX was a substrate of MRP and BCRP. It could
be effluxed into the intestine both with bile and through active
efflux. Furthermore, within certain concentration ranges, Car-
bomer 934P and Cap-Na had significant enhancement effects on
RTX absorption with low toxic effects both in vitro and in situ,
whereas the enhancement effects of Deo-Na were accompanied
with acute toxicities. So probenecid, pantoprazole, Cap-Na and
Carbomer 934P were potentially applicable enhancers for RTX
absorption, which could be utilized in the oral delivery systems
of RTX alone or in combination. This study provides referenced
value for the research on oral delivery system of RTX.

4. Experimental

4.1. Materials

RTX was supplied by East China University of Science and
Technology (Shanghai, China). Phenol Red (PR) was purchased
from Kelong Reagent Co., Ltd. (Chengdu, China). Folic acid
and pantoprazole were obtained from Sigma-Aldrich, Inc. (St.
Louis, MO, USA). Cap-Na was provided by TCI (Shanghai)
Development Co., Ltd. (Shanghai, China). Deo-Na was obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Carbomer 934P was purchased from Shanghai Cansepec Scien-
tific Instruments Co., Ltd. (Shanghai, China). Probenecid was
obtained from Alfa Aesar (Tianjin) Chemicals Co., Ltd. (Tian-
jin, China). Verapamil was provided by Coben Pharmaceutical
Co., Ltd. (Hangzhou, China). All other reagents were of at least
analytical grade.
Dulbecco’s Modified Eagle Medium (DMEM) was obtained
from Thermo-Fisher Biochemical Products (Beijing) Co., Ltd.
(Beijing, China). Fetal bovine serum (FBS) and non-essential
amino acids solution were purchased from Hyclone Laborato-
ries, Inc. (Logan, Utah, USA). Trypsin (1:250), HEPES and
MTT were purchased from Sigma-Aldrich, Inc. (St. Louis, MO,
USA). Moreover, 12-well Transwell insert (pore size of 0.4 �m,

1.12 cm2, polycarbonate filter, Costar 3460) and plate were
obtained by Corning Inc. (NY, USA).
Caco-2 cells were provided by Cell Biology Institution of Chi-
nese Academy of Science (Shanghai, China). Wistar rats were
obtained from the West China Laboratory Animal Center of
Sichuan University (Chengdu, China).

4.2. In vitro transport studies of RTX in the Caco-2 cell
monolayer model

4.2.1. Caco-2 cell culture

Caco-2 cells (passage of 46th-55th) were seeded in collagen
coated Transwell insert at a density of 80,000 cells/cm2 and
cultured for 21 days prior to the transport experiments. The
formation of confluent monolayers and tight junctions was con-
firmed by a transepithelial electrical resistance (TEER) value of
above 300–500 � cm2 and an apparent permeability coefficient
(Papp) value of less than 10−6 cm/s for Flu-Na (Li et al. 2008), a
hydrophilic marker primarily transported via paracellular path-
way. TEER test was performed using a Millicell ERS Volt-Ohm
Meter (Millipore, Bedford, MA, USA).

4.2.2. Bi-directional transport of RTX

The TEER values across the Caco-2 cell monolayer after 21 days
cultivation were above 800 � cm2 and the Papp values of Flu-Na
were less than 10−7 cm/s, suggesting the formation of conflu-
ent monolayers. To begin the transport experiment, cells were
rinsed with Hanks’ Balanced Salt Solution (HBSS) containing
25 mM HEPES at pH 7.4 for three times, and the chambers
were equilibrated with different transport buffers (apical cham-
ber: HBSS without Ca2+/Mg2+; basolateral chamber: HBSS with
Ca2+/Mg2+) for 30 min. In order to investigate the RTX trans-
port in the apical-to-basolateral direction, 0.5 mL test solution
and 1.5 mL blank receiver solution were loaded at the apical side
and basolateral side, respectively. The RTX concentration in the
test solutions was 5, 15, 20, 30, 45 and 60 �g/mL, respectively.
Aliquots of 0.1 mL samples were taken from receiver chambers
at various time intervals (30, 60, 90, 120, 150 and 180 min), and
the volume was substituted by 0.1 mL blank receiver solution.
Similarly, to investigate the RTX transport in the basolateral-
to-apical direction, 1.5 mL test solution containing 20 �g/mL
RTX was added at the basolateral side, while 0.5 mL blank
receiver solution was added at the apical side. The procedures of
sampling and replacement were performed as described above.
Transport studies were carried out at 37 ◦C in an atmosphere of
5% CO2.
RTX concentrations in the transport samples were analyzed by
a high-performance liquid chromatographic (HPLC) method.
And the apparent permeability coefficient (Papp) was calculated
using the following equation (Zhou et al. 2009):

Papp = dC/dt × V

A × C0

where dC/dt (�g·mL−1s−1) is the change of the accumulated
drug concentration in the receiver chamber over time, V (mL)
is the volume of the receiver compartment (1.5 mL), A (cm2)
represents the membrane surface area of Caco-2 monolayer
(1.12 cm2), and C0 (�g/mL) is the initial RTX concentration
in the donor chamber. All reported values were expressed as
mean ± SD (n = 3).
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4.2.3. Effects of folic acid and ABC transporter inhibitors
on the bi-directional transport of RTX

Folic acid was selected as a competitive inhibitor of RTX absorp-
tion. Verapamil, probenecid and pantoprazole were utilized as
P-gp, MRP and BCRP inhibitors, respectively. Their effects on
the transport of RTX in both directions were investigated. Test
solutions containing 20 �g/mL RTX with or without the addition
of 10 �g/mL folic acid, 2 mM verapamil, probenecid or panto-
prazole were applied as donor solutions. Transport experiments
in both direction were performed as the procedures described
above.

4.2.4. Effects of absorption enhancers on the transport of
RTX

In order to investigate the enhancement effects of absorption
enhancers on the RTX transport, 0.5 mL test solution containing
30 �g/mL RTX with or without the addition of various concen-
trations of Cap-Na (0.1%, 0.125%, 0.15%, 0.25% and 0.5%
w/v), Deo-Na (0.025%, 0.05%, 0.075%, 0.1% and 0.25% w/v)
or Carbomer 934P (0.1%, 0.25%, 0.5%, 0.75% and 1% w/v) was
loaded at the apical side, and 1.5 mL of blank receiver solution
was loaded at the basolateral side. The procedures of sampling
and replenishment were performed as described above. To eval-
uate the toxic effects of absorption enhancers, 0.1 mL samples
were collected from the donor chambers at the end of the exper-
iment, and the amount of protein released from the cells was
measured with BCA method.
TEER values were also measured at the end of each transport
experiment (3 h). Then the cells were gently washed with HBSS
for three times and supplemented with complete medium. TEER
measurements were repeated after a 24-h culture. The TEER
values measured prior to the transport experiments (t = 0) were
employed as the initial values and expressed as 100%. All subse-
quent TEER values were presented as a percentage of the initial
value.

4.2.5. Cytotoxicity tests of absorption enhancers on
Caco-2 cells

The cytotoxicity of absorption enhancers on Caco-2 cells was
evaluated by MTT method. The Caco-2 cells were seeded onto
a 96-well plate at a density of 10,000 cells/well and cultured at
37 ◦C for 36 h. After the culture medium was aspirated, the cells
were exposed to 100 �L test solution containing 30 �g/mL RTX
with or without the addition tested concentrations of Cap-Na,
Deo-Na or Carbomer 934P. Blank HBSS was taken as nega-
tive control. The 96-well plate was incubated at 37 ◦C for 3 h.
Then the test solutions were removed, and the cells were rinsed
by HBSS. Subsequently, 20 �L MTT (5 mg/mL) solution and
200 �L FBS-free DMEM were added to each well. After another
4-h incubation, the solution in each well was replaced by 200 �L
of DMSO. The absorbance at a wavelength of 490 nm was then
measured with varioskan@Flash instrument (Thermo Scientific,
Waltham, MA, USA). The cytotoxicity of each compound was
calculated as the percentage of the absorbance relative to that of
the negative control.

4.3. Rat in situ intestinal absorption studies of RTX

4.3.1. Animals

Male Wistar rats (200–250 g) were provided by the West China
Laboratory Animal Center of Sichuan University (Chengdu,
China). Animal experiments were performed in accordance with
the Guidelines for Animal Experimentation Sichuan Univer-
sity (Chengdu, China), and animal protocols were approved

by the Animal Ethics Committee. Prior to the experiments,
rats were housed in a temperature and humidity controlled
room with free access to water and standard rat chow. The
rats were starved overnight with free access to water before the
surgery.

4.3.2. Intestinal absorption of RTX in rat in situ intestinal
recirculating perfusion model

Absorption experiments were performed through the in situ
intestine recirculating perfusion model according to the previ-
ously reported method (Li et al. 2009; Zhou et al. 2010), and
Krebs-Ringer (K-R) solution was used as a perfusion buffer.
Prior of the perfusion experiment, the loss of drug from per-
fusates was demonstrated due to absorption but not to instability
and adsorption. To begin the perfusion experiment, rats were
anaesthetized with 20% urethane (1 g/kg) intraperitoneally. The
desired intestine from the duodenum to ileum was exposed
through a midline abdominal incision. A small incision was
made at the proximal duodenum and terminal ileum to allow
washing of the intestinal luminal contents with pre-warmed nor-
mal saline (37 ◦C). Then the intestinal segment was cannulated
with two polyethylene tubes, and the tubes were attached to
a peristaltic pump and a glass vial to form a closed loop sys-
tem. The entire system was rinsed with test solution (37 ◦C) at
a constant flow rate of 5 mL/min with the peristaltic pump for
approximately 10 min until the effluent perfusates were clear.
Subsequently, 100 mL test solution (37 ◦C) was introduced into
the loop, and the perfusion was conducted at a flow rate of
2.5 mL/min. The RTX concentration in test solution was 1.2,
2.4, 3.6, 4.8, 7.2 and 9.6 �g/mL, respectively. The entire sur-
gical area was covered with a piece of sterilized absorbent
gauze wetted with normal saline (37 ◦C). During the surgi-
cal process, the body temperature was maintained by a heat
lamp. Each perfusion experiment lasted for 120 min, and 1 mL
sample solution was replaced by equivalent fresh K-R solu-
tion at an interval of 15 min. At the end of the experiments,
the animals were sacrificed, the segment between two cannu-
las was quickly excised without dragging, and its length was
recorded.
In order to determine the volume change of perfusate in the
intestinal perfusion experiment, PR (Ling et al. 2007) was added
as non-absorbed marker in this study.

4.3.3. Sample treatment and analysis

Briefly, 0.5 mL collected sample was mixed with 1 mL
methanol. Then the mixture was thoroughly vortexed and cen-
trifuged at 12,000 rpm for 10 min. The supernatant was filtered
through a 0.22-�m millipore membrane. A 20-�L filtrate was
injected into HPLC system.
RTX and PR determination in the perfusion solution was per-
formed by a HPLC method. And the amount of remaining RTX
(Xt, �g) in each sample was determined. Then the effective
permeability coefficient (Peff, cm·s−1) was calculated using the
following equation (Neerati et al. 2011):

Peff = dX/dt

2π rLC0

where dX/dt (�g·s−1) indicates the change of RTX amount in the
perfusateover time. C0 (�g/mL) is the initial RTX concentration
in the perfusate and 2�rL is the diffusion area of the intestinal
segment which is assumed to be a cylinder area.
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4.3.4. Effects of folic acid and ABC transporter inhibitors
on the intestinal absorption of RTX in rat in situ intestinal
recirculating perfusion model

Test solutions containing 3.6 �g/mL RTX with or without the
addition of 1.8 �g/mL folic acid, 2 mM verapamil, probenecid
and pantoprazole were employed as perfusion solutions. The
perfusion procedures were performed as described above.

4.3.5. Secretion of RTX from in situ intestine segments

After a tail vein injection of RTX (100 mg/kg), perfusion exper-
iment was performed using blank K-R solution as the perfusate
with or without bile duct ligation, respectively. Peff values were
calculated to assess the serection behavior of RTX from in situ
small intestine segment.

4.3.6. Effects of absorption enhancers on the intestinal
absorption of RTX in rat in situ single pass intestinal
perfusion model

All operations until cannulation were performed as in the recir-
culating perfusion experiment. After cannulation, the proximal
tube was attached to a peristaltic pump and a pre-weighed donor
vial filled with test solutions successively, while the distal tube
was linked into a pre-weighed receiver vial, and then a sin-
gle pass intestinal perfusion (SPIP) system was formed (Jonker
et al. 2002; Li et al. 2011). Prior to the experiment, the entire
system was rinsed with test solution at a constant flow rate of
5 mL/min at 37 ◦C for approximately 10 min until the effluent
perfusates were clear. Subsequently, the flow rate was adjusted
to 0.25 mL/min, and the intestinal segment was perfused with
test solution for about 30 min to achieve the absorption equilib-
rium and stable outflow rate. Test solution contained 4.8 �g/mL
RTX with or without the addition of Cap-Na, Deo-Na or Car-
bomer 934P at various concentrations (0.25%, 0.5% and 1%
w/v). The entire surgical area was covered with a piece of steril-
ized absorbent gauze wetted with normal saline (37 ◦C). During
the surgical process, the body temperature was maintained by
a heat lamp. Each perfusion experiment lasted for 120 min, and
the donor vial and receiver vial were replaced with new ones at
an interval of 15 min. At the end of the experiments, the animals
were sacrificed, the segment between two cannulas was quickly
excised without dragging, and its length was recorded.
The procedures of sample treatment and determination were
performed as described in section 4.3.3. The perfusate volume
correction was carried out by a gravimetric method. Volume of
the influent and effluent perfusates was calculated according to
the following equations:

Qin = min/ρin, Qout = mout/ρout

where Qin, Qout, min, mout, �in and �out are the volume (mL),
quality (g) and density (g/mL) of the influent and effluent per-
fusates, respectively. The densities of the influent and effluent
perfusates were determined by weighing the contents of a known
volume of perfusates using an electronic weighing balance.
The effective permeability coefficients (Peff, cm/s) were calcu-
lated using following equations (Li et al. 2011):

Peff = -Q × In
[
(Cout × Qout) / (Cin × Qin)

]

2πrL

where Q is the inflow rate (mL/min), Cin and Cout are the con-
centrations of RTX in the influent and effluent perfusates, t is the
perfusion time (2 h), r is the radius of the intestinal segment (set
as 0.2 cm), L is the length of the intestinal segment, and 2�rL
is the diffusion area of the intestinal segment which is assumed
to be a cylinder area.

4.3.7. Protein-release measurement

In order to measure the cumulative amount of protein released
from the rat intestinal epithelium during the in situ SPIP exper-
iments, 0.1 mL of samples were collected from the effluent
perfusates at each time point and then mixed. The amount of
released protein was determined by the modified BCA method
using BSA as a standard. Blank K-R solution was used as a neg-
ative control. The relative protein-release ratios were expressed
as folds of the amount of released protein caused by absorption
enhancers relative to that of the negative control.

4.3.8. Histological evaluation of intestinal segments

At the end of the in situ SPIP experiments, the intestine
was rapidly removed from the anesthetized rats and randomly
cut into 3-cm segments from duodenum, jejunum and ileum,
respectively. The tissue was made into slice through fixation,
dehydration, embedding and dyeing serially. All slices were
observed and photoed with Zeiss LSM510 Confocal Microscopy
system (Carl Zeiss Co., Germany). To describe possible changes
in the tissue structure during the experiment, following param-
eters (Sharma at al. 2005) were determined:
Nudeo-apical distance (NPA): measurement of the distance
between the nucleus and apical membrane in enterocytes with a
micrometer.
Villus index (Vi): measurement of the height (villi) and full
width at half maximum (Width 1/2) with a micrometer. The index
was calculated according to the equation:

Vi = Height/Width1/2

Morphological scoring: evaluation of the morphological condi-
tions of segments, including epithelial integrity, thickness, villus
oedema and height. A scale from 0 to 4 was introduced, where
0 represents a normal undamaged segment and 4 indicates the
severe damage on segment.
Five villus were randomly selected from each segment, and each
villus was measured for five times.

4.4. Fitting kinetic models to concentration-time data of RTX

Three kinetic models were fitted to the concentration–time data
of RTX obtained from in vitro and in situ absorption experi-
ments. The first model assumes a passive absorption mechanism,
the second corresponds to an active Michaelis-Menten process,
and the third one is a combination of an active Michaelis-Menten
and a passive mechanism. These models were described as fol-
lowing equations (Fernandez-Teruel et al. 2005):
Passive diffusion: dC

dt = Ka × C
Active transport: dC

dt = Vm×C
Km+C

Combination of passive and active transport:
dC
dt = Ka × C + Vm×C

Km+C

where Ka represents the passive absorption rate coefficient. Vm

indicates the maximum transport rate and Km is the Michaelis-
Menten constant (the concentration of substrate at which the
transport rate is Vm/2).
The fitting procedures were performed through Nonlinear Curve
Fit and the goodness of fit was evaluated by and R2 and SSE
(Jaymin and Shah 1996).

4.5. Effects of absorption enhancers and ABC transporter
inhibitors on oral bioavailability of RTX in rats

The oral bioavailability of RTX was studied in male Wistar
rats (200 ± 20 g). The animals were fasted overnight prior to
drug administration, with free access to water. Test solutions
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contained 10 mg/ml RTX with or without addition of the absorp-
tion enhancers (Cap-Na, Deo-Na and Carbomer 934P at 0.25%,
0.5% and 1% g/mL, respectively) and transporter inhibitors
(2 mM probenecid and pantoprazole) which were demonstrated
effective in vitro and in situ. All animals received intragastric
administration of test solution at a RTX dose of 100 mg/kg.
Blood samples (0.25 ml) were withdrawn at 5, 30, 60, 120,
180, 240, 360, 480, 600 and 1440 min post-dosing from the
retro-obital plexus. Serum (100 �l) was obtained by centrifug-
ing at 4000 rpm for 10 min. Samples were stored at −20 ◦C until
HPLC analysis.The collected samples were mixed with 200 �l
methanol. Then the mixture was thoroughly vortexed and cen-
trifuged at 12,000 rpm for 10 min. The supernatant was filtered
through a 0.22-�m millipore membrane. A 20-�L filtrate was
injected into HPLC system.
Pharmacokinetic parameters were calculated using Drug and
Statistics Software (DAS 2.0; Mathematical Pharmacology Pro-
fessional Committee of China). The plasma RTX concentration
versus time curves were used to determine maximum plasma
concentration (Cmax), time to achieve maximum plasma con-
centration (Tmax) and area under the concentration-time curve
to the final sampling point (AUC0-24).

4.6. Statistical analysis

The statistical analysis of the samples was performed using a
Student’s t-test with P-values < 0.05 as the minimal level of
significance.
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