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Aim: To investigate the mechanisms underlying the intestinal absorption of the major bioactive component forsythoside A (FTA) 
extracted from Forsythiae fructus.  
Methods: An in vitro Caco-2 cell model and a single-pass intestinal perfusion in situ model in SD rats were used.
Results: In the in vitro Caco-2 cell model, the mean apparent permeability value (Papp-value) was 4.15×10-7 cm/s in the apical-to-
basolateral (AP-BL) direction.  At the concentrations of 2.6–10.4 μg/mL, the effl ux ratio of FTA in the bi-directional transport experi-
ments was approximately 1.00.  After the transport, >96% of the apically loaded FTA was retained on the apical side, while >97% of the 
basolaterally loaded FTA was retained on the basolateral side.  The Papp-values of FTA were inversely correlated with the transepithelial 
electrical resistance.  The paracellular permeability enhancers sodium caprate and EDTA, the P-gp inhibitor verapamil and the multi-
drug resistance related protein (MRP) inhibitors cyclosporine and MK571 could concentration-dependently increase the Papp-values, 
while the uptake (OATP) transporter inhibitors diclofenac sodium and indomethacin could concentration-dependently decrease the 
Papp-values.  The intake transporter SGLT1 inhibitor mannitol did not cause signifi cant change in the Papp-values.  In the in situ intestinal 
perfusion model, both the absorption rate constant (Ka) and the effective permeability (Peff-values) following perfusion of FTA 2.6, 5.2, 
and 10.4 μg/mL via the duodenum, jejunum and ileum had no signifi cant difference, although the values were slightly higher for the 
duodenum as compared to those in the jejunum and ileum.  The low, medium and high concentrations of verapamil caused the largest 
increase in the Peff-values for duodenum, jejunum and ileum, respectively.  Sodium caprate, EDTA and cyclosporine resulted in concen-
tration-dependent increase in the Peff-values.  Diclofenac sodium and indomethacin caused concentration-dependent decrease in the 
Peff-values.  Mannitol did not cause signifi cant change in the Papp-values for the duodenum, jejunum or ileum.  
Conclusion: The results suggest that the intestinal absorption of FTA may occur through passive diffusion, and the predominant absorp-
tion site may be in the upper part of small intestine.  Paracellular transport route is also involved.  P-gp, MRPs and OATP may partici-
pate in the absorption of FTA in the intestine.  The low permeability of FTA contributes to its low oral bioavailability.  
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Introduction
Intestinal absorption evaluated using an in vitro Caco-2 model 
and a single-pass intestinal perfusion in situ model has become 
increasingly important in pharmaceutical designation[1, 2].  The 
human colon adenocarcinoma cell line (Caco-2) is now rou-
tinely cultivated as monolayers on permeable filters for the 
transepithelial transport of drugs[3], and this model has been 
used extensively to screen the absorptive capability and capac-

ity of a variety of nutrients and pharmaceuticals[4–6].  How-
ever, one of the functional differences between normal cells 
and Caco-2 cells is the lack of expression of the cytochrome 
P450 isoenzymes, particularly CYP3A4, as well as some uri-
dine diphosphate-glucuronosyltransferases (UGTs), such as 
UGT1A1[7].  In summary, Caco-2 cells do not always express 
the appropriate amounts of transporters or enzymes, which 
may introduce bias in the determination of some drug candi-
dates that are transported via a carrier-mediated process or 
are metabolised via a particular pathway.  Compared to the 
Caco-2 monolayer model, in situ intestinal perfusion in rats 
is a more reliable technique for investigating drug absorp-
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tion potential in combination with intestinal metabolism[8].  
However, it is time consuming, and therefore is not normally 
recommended for screening purposes.  Due to the advan-
tages and disadvantages of each of these models, most of 
the published reports investigate the intestinal absorption of 
drugs using both models simultaneously.  For example, Zuo 
et al, 2006[9] studied the intestinal absorption of hawthorn fl a-
vonoids using Caco-2 cells and in situ intestinal perfusion and 
found that hyperoside (HP), isoquercitrin (IQ) and epicatechin 
(EC) had quite limited permeability.  EC and IQ demonstrated 
more extensive metabolism in the rat in situ intestinal perfu-
sion model than in the Caco-2 monolayer model.  

Forsythoside A (FTA), the major active component of the 
extracts from Forsythiae fructus[10], is present in traditional 
Chinese medicinal preparations such as Shuang-Huang-Lian 
or the Forsythiae fructus-Lonicerae japonicae flos herb couple, 
which possesses strong antibacterial, antioxidant and antivi-
ral activities[11].  However, its oral bioavailability (BA) in rats 
was low (0.5%)[12].  Surprisingly, until recently, the absorption 
mechanism of FTA was completely unknown.  In a previ-
ous study, Lu et al, 2010[13] found that the oral BA of the FTA 
oily formulation was fi vefold higher than that of the non-oily 
formulation, but the reason for this difference was not stud-
ied.  Zhang et al, 2002[11] conducted a physicochemical study 
of FTA, showing it to be a highly hydrophilic compound that 
was almost completely dissociated in biological fluids.  This 
physicochemical property of the drug led us to postulate that 
the low permeability of the drug in the intestinal mucosa was 
one important reason for its reported low bioavailability.  The 
Food and Drug Administration (FDA) also recognises that 
the poor permeation of drugs across the intestinal mucosa 
(usually due to their high hydrophilicity) was one of the com-
mon factors leading to failed absorption and thus to low drug 
BA[14].  Whether the improvement of the lipid solubility of FTA 
can increase its oral BA and whether other infl uencing factors 
such as effl ux transporters, P-glycoprotein (P-gp), multidrug 
resistance related proteins (MRPs) also decrease the bioavail-
ability of FTA are yet to be investigated.

Therefore, verapamil (VER), a P-gp inhibitor[15]; cyclosporine 
(CSA) and MK571, MRP inhibitors[16]; mannitol (MAN), a 
SGLT1 inhibitor[17, 18]; diclofenac sodium (DFS) and indometha-
cin (INDO), OATP inhibitors[19, 20] and sodium caprate and 
EDTA, paracellular permeability enhancers (PPEs)[21, 22] were 
selected to study the absorption mechanism and the factors 
that infl uence the intestinal absorption of FTA using an in vitro 
Caco-2 model and an in situ intestinal perfusion model to elu-
cidate why the oral BA of FTA was low and to identify suit-
able pharmaceutical methods to improve the BA of FTA.  

Materials and methods
Materials
FTA (98% purity, structure shown in Figure 1) was purchased 
from Shanghai NatureStandard Biotech Co, Ltd.  Chlorogenic 
acid (CHA) (used as an internal standard, IS), VER, CSA, man-
nitol, DFS and INDO were purchased from the National Insti-
tute for the Control of Pharmaceutical and Biological Prod-

ucts.  MK571, EDTA, sodium caprate, Lucifer yellow (LY) and 
DMSO were purchased from Sigma Chemical Co (St Louis, 
MO, USA).  Methanol and acetonitrile (HPLC grade) were 
purchased from Merck (Merck, Germany), and water was 
purifi ed using a Milli-Q water purifi cation system (Millipore, 
Bedford, MA, USA).  All other chemicals and reagents were of 
analytical grade.

In vitro Caco-2 cell model
Preparation of the calibration standard and quality control (QC) 
samples
Stock solutions of IS and FTA with concentrations of 10.28 and 
26 μg/mL were prepared in Hanks’ Balanced Salt Solution 
(HBSS) with a pH 6.0[23] and stored at -20 °C away from light.  
The working solutions used for HBSS were all freshly pre-
pared by diluting the stock solution with HBSS to the appro-
priate concentrations.

The calibration standard samples were prepared in HBSS at 
concentrations of 5.28–264 ng/mL for FTA and processed as 
described in the sample preparation.  The QC samples used 
for the intra-day and inter-day accuracy and precision, extrac-
tion recovery and stability study were prepared in the same 
way as the calibration standard samples.

Cell culture 
Caco-2 cells obtained from the Chinese Academy of Medical 
Sciences were cultured in high glucose Dulbecco’s modified 
Eagle’s medium (DMEM, Gibco, Bethesda, MD, USA) with 
10% fetal bovine serum (Gibco) and 1% nonessential amino 
acids (Gibco).  Cells were cultured in a humidifi ed atmosphere 
of 5% CO2 at 37 °C.  After reaching 80% confl uence, the Caco-2 
cells were harvested with a 0.25% trypsin-EDTA solution and 
seeded in Transwell inserts (Corning Coster Corp, Action, MA, 
USA) in 12-well plates at a density of 1.0×105 cells/cm2.  The 
protocols for cell culture in the Transwell inserts were similar 
to those described previously.  

FTA transport experiments 
Caco-2 cells at passages of 50–55 were used for transport 
experiments after 21 days post seeding.  The integrity of the 
monolayer was verifi ed by measuring the transepithelial elec-
trical resistance (TEER) value across the monolayer using a 
Millicell-ERS Volt-Ohm meter (Millipore, Billerica, MA, USA) 
and monitoring the permeability of the paracellular leakage 
marker LY across the monolayer.  The cell monolayer was con-

Figure 1.  Chemical structure of forsythoside A (FTA).
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sidered tight enough for transport experiments when the Papp 
for LY <0.3×10-6 cm/s and the TEER value >350 Ω/cm2.  All 
transport studies were conducted in an orbital shaker incuba-
tor at 37 °C and a constant stirring rate (50–60 r/min).  Prior to 
the experiment, the cells were washed twice and equilibrated 
for 30 min with the transport medium, HBSS containing 25 
mmol/L of HEPES.  The stock solutions of compounds were 
prepared in DMSO and diluted to the desired fi nal concentra-
tion using HBSS.  The concentration of DMSO in the fi nal solu-
tions was less than 0.10% (v/v).  The transport studies were 
conducted in both the absorptive and effl ux directions, sepa-
rately.  The transport solutions were added on either the api-
cal (A, 0.4 mL) or the basolateral (B, 0.6 mL) side of the inserts, 
while the receiving compartment contained the corresponding 
volume of blank transport medium.  After 30, 60, 90, and 120 
min of incubation, aliquots of 200 μL or 150 μL were with-
drawn from the basolateral or the apical receiver chambers, 
respectively, and replenished with an equal volume of HBSS.  
The concentrations of the test compound were analysed imme-
diately using the HPLC-MS method described below.  The 
effects of different concentrations, paracellular permeability 
enhancers (PPEs; EDTA and sodium caprate) and various 
transporter inhibitors, such as CSA, MK571, VER, mannitol, 
DFS and INDO, on the absorption of FTA were investigated.

Sample preparation
Samples were removed from -80 °C storage and thawed under 
ambient conditions.  Samples of 100 μL were extracted using 
a liquid-liquid extraction technique after the addition of 10 μL 
of IS solutions, 20 μL of HCl (1 mol/L) and 1000 μL of ethyl 
acetate.  After vortexing for 120 s and centrifugation at 12 000 
r/min for 5 min, the organic phase was transferred into a clean 
centrifuge tube and evaporated to dryness under a nitrogen 
stream at 25 °C away from light.  The residue was reconsti-
tuted in 100 μL of methanol aqueous solution containing 20% 
water.  After centrifugation at 10 464×g for 10 min, the super-
natant was injected to the LC–MS system.

Determination of FTA in HBSS
The chromatographic separation was achieved on an Agilent 
Zorbax SB-C18 column (2.1 mm id×150 mm, 5 μm, Agilent 
Technologies, Wilmington, DE, USA) with a security guard 
column (2.1 mm id×12.5 mm, 5 μm, Agilent Zorbax SB-C18, 
DE, USA) and was eluted with an isocratic mobile phase of 
MeOH and water (20:80).  The mobile phase was delivered at 
a flow-rate of 0.2 mL/min, and the column temperature was 
maintained at 30 °C.  An Alliance 2695 LC system (Waters, 
Milford, MA, USA) coupled with a Waters Quattro Micro 
tandem triple quadrupole mass spectrometer was used.  The 
Mass Lynx 4.1 software was used for instrumental control and 
for the acquisition and processing of the data.  A MS detec-
tor with an electrospray ionisation (ESI) interface in negative 
ion model (ESI-) was used for quantitative analysis, and an 
MRM model was used for acquisition.  The m/z ratios, [M-H]–, 
m/z 623.8→161.3 for FTA and [M-H]–, m/z 353.3→191.2 for IS, 
were recorded simultaneously.  The optimised electrospray 

conditions were: capillary voltage - 3.0 kV; cone voltage - 30 V; 
source temperature - 110 °C; desolation temperature - 350 °C; 
desolation gas flow - 500 L/h.  The method was fully vali-
dated for its specifi city, linearity, lower limits of quantifi cation 
(LLOQ), accuracy and precision.  To evaluate assay specifi city, 
six independent lots of blank Caco-2 receiver solutions were 
analysed to exclude any endogenous co-eluting interferences 
by comparing them with the assay of the receiver solutions 
spiked with analytes.  The precision was calculated as the rela-
tive standard deviation (RSD), and the accuracy was evaluated 
as analytical recovery.  The intra-day precision and accuracy 
were evaluated at three different concentrations (5.28, 26.4, 
and 132 ng/mL) of the receiver solutions spiked with analytes 
by replicate analysis of five samples on the same day.  The 
inter-day precision and accuracy determinations were carried 
out on three different days.  The recovery experiments were 
performed by comparing the analytical results of the extracted 
samples at three concentrations with pure standards without 
extraction.  The LLOQ was defi ned as the concentration that 
produced a signal-to-noise (S/N) ratio greater than 10.  The 
sample solution stability was assessed at three concentration 
levels (5.28, 26.4, and 132 ng/mL).  For the freeze/thaw sta-
bility study, samples at three concentrations were stored at 
-20 °C and subjected to two freeze-thaw cycles.  The short-term 
stability test of FTA during storage in the autosampler at 4 °C 
was performed by repeated injections every 2 h for a period of 
24 h.  The long-term stability of FTA in HBSS was assessed at 
three concentration levels after storage at -20 °C for 4 weeks.  

Data analysis
The apparent permeability coefficient (Papp) and efflux ratio 
were calculated using the following equations:

Notes: dQ/dt (μg/s) was the flux rate, A was the effective 
surface area of the cell monolayer (0.67 cm2), and C0 (μg/mL) 
was the initial drug concentration in the donor chamber.  The 
net effl ux was expressed as the quotient of Papp (B→A) to Papp 
(A→B).  The data are expressed as the mean±SD of six deter-
minations (performed on two different days).
     The parameters obtained above were compared via an anal-
ysis of variance (following logarithmic transformation of the 
Papp, effl ux ratio and two-tailed t-tests).  The differences were 
considered to be signifi cant when P<0.05.

The single-pass intestinal perfusion in situ model
Preparation of the perfusion buffer (Krebs-Ringer buffer contain-
ing 20 mg/L of phenol red)
The perfusion buffer contained 133.3 mmol/L NaCl, 4.7 
mmol/L KCl, 0.2 mmol/L MgCl2, 3.3 mmol/L CaCl2, 2.7 
mmol/L NaH2PO4, 7.8 mmol/L glucose, 16.3 mmol/L 
NaHCO3, and 56.4 μmol/L phenol red in 1000 mL water and 
was adjusted to pH 6.0 using concentrated phosphoric acid[23].

Papp=
 dQ ×    1                                                    (1)          dt      A*C0 

Effl ux ratio =
 Papp (BL→AP)                              (2)                       Papp (AP→BL)



1072

www.nature.com/aps
Zhou W et al

Acta Pharmacologica Sinica

npg

Preparation of calibration standard and quality control (QC) 
samples
Stock solutions of IS and FTA with concentrations of 508 and 
123 μg/mL were prepared in Krebs-Ringer buffer with pH 6.0 
and stored at -20 °C away from light.  The working solutions 
used for the Krebs-Ringer buffer were all freshly prepared 
by diluting the stock solution with Krebs-Ringer buffer to the 
appropriate concentrations.

The calibration standard samples were prepared in Krebs-
Ringer buffer at concentrations of 0.615–12.3 μg/mL for FTA 
and processed as described for the sample preparation.  The 
QC samples used for the intra-day and inter-day accuracy, 
precision, extraction recovery and stability study were pre-
pared in the same way as the calibration standard samples.

The in situ uptake experiment
Male Sprague Dawley (SD) rats weighing 250 g to 300 g were 
supplied by the Experimental Animal Center of Nanjing Uni-
versity of Chinese Medicine (Certifi cate No SCXK2008-0033).  
The rats were fasted for 12 h prior to the experiment but were 
allowed free access to water.  The SD rats were anesthetised 
with a 20% urethane solution (6 mg/kg).  A midline abdomi-
nal incision was made, and the small intestine was exposed.  
The bile duct was ligated to avoid bile secretion into the per-
fusate.  For the regional absorption of FTA, three intestinal 
sections were isolated and cannulated (all were 10 cm long): 
the duodenum, the jejunum and the ileum.  Each segment 
was rinsed with normal saline at 37 °C for 20 min until the 
wash appeared clear.  After that, the FTA perfusion solution 
was connected to each segment and perfused through each 
part of the three intestine sections.  After 30 min, the circula-
tion rate was 0.2 mL/min, controlled by a peristaltic pump to 
pre-balance.  The perfusate samples were collected at 30–60, 
60–90, 90–120, and 120–150 min.  A 0.5 mL sample was taken 
to determine the concentration of phenol red, and the remain-
ing samples were stored at -80 °C until analysis following 
centrifugation at 10 464×g for 5 min.  The effects of different 
concentrations, intestinal sections, PPEs (EDTA and sodium 
caprate) and various transporter inhibitors, including CSA, 
VER, mannitol, DFS and INDO, on the absorption of FTA 
were investigated.

Sample preparation
Samples were removed from -80 °C storage and thawed under 
ambient conditions.  Samples (100 μL) were extracted using a 
protein precipitation technique after the addition of 5 μL of IS 
solution, 10 μL HCl (10-3 mol/L) and 90 μL of methanol.  After 
vortexing for 120 s and centrifugation at 10 464×g for 5 min, 
the supernatant was injected into the HPLC system.

Determination of phenol red
The phenol red in the phosphate buffer (pH 6.0) had a charac-
teristic red colour, which was measured spectrophotometri-
cally at 558 nm.  

Determination of FTA in the intestinal perfusion fl uid
The analyses were performed using an Agilent 1100 liquid 
chromatography system equipped with a quaternary solvent 
delivery system, an autosampler and a DAD detector.  The 
separation was carried out on a Hedera ODS-2 column (250 
mm×4.6 mm, 5 μm).  The mobile phase consisted of solvent 
A (0.2% Phosphate) and solvent B (methanol).  The gradient 
elution was as follows: initial 0–7 min, linear change from A–B 
(67:33, v/v) to A–B (63.5:36.5, v/v); 7–9 min, linear change from 
A–B (63.5:36.5, v/v) to A–B (60.5:39.5, v/v); 915 min, linear 
change from A–B (60.5:39.5, v/v) to A–B (57.5:42.5, v/v); 15–17 
min, linear change from A–B (57.5:42.5, v/v) to A–B (67:33, 
v/v) and hold for 3 min.  The mobile phase flow rate was 1 
mL/min.  The chromatogram was recorded at 332 nm.  The 
column temperature was controlled at 30°C, and the sample 
injection volume was 40 μL.  Calibration curves were gener-
ated by plotting the IS to analyte peak area ratios against ana-
lyte concentrations.  The intra-day and inter-day precision and 
accuracy were carried out by quantifying three QC samples 
(n=5) on the same day and on three consecutive validation 
days, respectively.  The results of the intra-day and inter-day 
precision were determined by the RSD, and the detected con-
centration/nominal concentration was calculated to evaluate 
the accuracy.  The recovery was determined as the ratio of the 
peak area of the precipitated QC samples to that of the sam-
ples without precipitation at equivalent concentrations.  The 
storage stability was evaluated by determining QC samples at 
fi ve replicates stored at -80 °C for 30 d.  

Data analysis
The concentration of the perfusion fl uid, the effective perme-
ability coefficient (Peff) and the absorption rate constant (Ka) 
were calculated using the following equations: 

Notes: Cout (corrected) is the effl uent drug concentration with cor-
rection; Cout is the effl uent drug concentration without correc-
tion; Cin is the infl uent drug concentration; PRin is the infl uent 
phenol red concentration; PRout is the effl uent phenol red con-
centration; Q is the perfusate fl ow rate; r is the radius of intes-
tinal segment and l is the length of intestinal segment.  
   The reported values are presented as the mean±SD.  The 
data were analysed using the Student’s t-test or a one-way 
ANOVA.  For all tests, P<0.05 was considered signifi cant.  

Results
In vitro Caco-2 cell model
Determination of FTA in HBSS
Under the current chromatography conditions, all analyses 
were completed within 3.0 min.  The negative mass spectra of 

Cout (corrected) =
 Cout PRin                                          (3)                        PRout 

Peff = 
Q ln[Cin/Cout (corrected)]                                  (4)                        2πrL

Ka =[1–  Cout (corrected)  ] Q/πr2L                              (5)                     Cin
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FTA and IS are shown in Figure 2.  The mass spectra of FTA 
and IS exhibited a protonated molecular ion at m/z 623.8 and 
353.3, respectively.  The high collision energy gave the most 
abundant production at m/z 161.3 and 191.2, respectively.  
Therefore, the precursor to product transition was assigned in 
the multi-reaction-monitoring (MRM) model as follows: m/z 
623.1→161.3 for FTA and m/z 353.3→191.2 for IS.  The MRM 
chromatograms of FTA and IS are shown in Figure 3.  No 
signifi cant interference from endogenous substances with the 
analytes or IS was detected.  The calibration curve was linear 
in the range of 5.28 to 132 ng/mL, with a correlation coefficient 
of 0.992 (n=6).  The regression equation was as follows: Y= 
0.0002X–0.0002 (Y: the ratio of peak area, X: the concentration 
of FTA) when a 10 μL sample was used for assay.  The preci-
sion and accuracy data for the within-run and between-run 
assays are shown in Table 1.  The results indicate that the pres-
ent method had good reproducibility with precision less than 
10.64% and excellent accuracy ranging from 93.15% to 104.25% 
at low (5.28 ng/mL) to high (264 ng/mL) concentrations.  The 
extraction recoveries of FTA had average values ranging from 
56.06% to 63.26% at the three QC concentrations (Table 2).  

The matrix effect of the blank Caco-2 cell receiver solutions 
spiked after the sample preparation with 5.28, 26.4, and 132 
ng/mL of FTA were found to be within the acceptable range 
(Table 2).  The same evaluation was performed on the IS, and 
no signifi cant peak area differences were observed (Table 2).  
The results of the short-term stability, freeze/thaw stability, 
autosampler stability and long-term stability are shown in 
Table 3.  The mean percentages of the deviation of calculated 
versus theoretical concentrations were less than or equal to 
14.97% for short-term stability, less than or equal to 14.06% 
for freeze/thaw stability, less than or equal to 11.93% for 
autosampler stability, and less than or equal to 8.32% for long-
term stability, indicating that the analytes were stable during 
the analytical procedures.

Characteristics of the transepithelial transport of FTA 
The bi-directional permeation of FTA across Caco-2 cell mono-
layers was examined (Table 4).  The permeation of FTA in 
the apical-to-basolateral direction was similar to that in the 
basolateral-to-apical direction at a medium concentration, and 
all of the efflux ratios were less than 1.5, indicating that the 

Figure 2.  Full-scan product ion 
spectra of [M-H]- of FTA (A) and CHA 
(IS) (B) in negative ion mode.
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absorption of FTA was not affected by the transport direction.  

The distribution of FTA
After the transport experiments, >96% of the apically loaded 
FTA was retained on the apical side and >97% of the basolat-
erally loaded FTA was retained on the basolateral side when 
the TEER value was 424±35 Ω/cm2, suggesting that the perme-
ability of FTA may be restricted by tight junctions (Table 5).

The paracellular transport of FTA across the Caco-2 cell 
monolayers
Caco-2 cell monolayers exhibiting different TEER values were 
prepared by treatment with cytochalasin D.  The apical-to-
basolateral transport of FTA was then characterised using 
the monolayers.  As illustrated in Figure 4, the Papp-values 
of FTA were inversely correlated with the TER, suggesting 
that they permeated across Caco-2 cell monolayers via the 
paracellular pathways.  This finding also suggests that the 
intestinal absorption of FTA is restricted when the epithe-
lial tight junction was tight enough.  As shown in Figure 5, 
the Papp values also increased significantly (P<0.01) to 779% 
(31.87±5.92)×10-7 cm/s, 1126% (46.07±2.92)×10-7 cm/s and 
1540% (62.98±6.76)×10-7 cm/s following a prior 40-min expo-
sure of the Caco-2 cells to 10, 20 and 30 μmol/L of the paracel-
lular permeability enhancer sodium caprate, suggesting that 
FTA permeates via the paracellular pathways. the Papp-values 
increased signifi cantly (P<0.01) to 528% (21.60±3.88)×10-7 cm/s, 
934% (38.22±7.10)×10-7 cm/s and 1538% (62.91±4.82)×10-7 cm/s 
following a prior 40-min exposure of the Caco-2 cells to 10, 
20, and 30 μmol/L of the paracellular permeability enhancer 
EDTA.

Figure 3.  Typical MRM chromatograms of FTA and IS. (A) Blank Caco-2 
receiver solution. (B) Blank HBSS spiked with IS and FTA.  (C) Samples 
collected in Caco-2 cell model spiked with IS.  

Table 1.  Intra- and inter-day accuracy and precision of FTA assay in Caco-2 cells.  

                                                                        Intra-day (overall mean, n=5)                                                            Inter-day (overall mean, n=15)
   Concentration             Concentration found             Accuracy                           CV                    Concentration found             Accuracy                       CV
        (ng/mL)                             (ng/mL)                           (%)                                 (%)                             (ng/mL)                            (%)                             (%)

 
     5.28     5.50 104.25   9.83     5.15 97.59 11.40
   26.4   25.05   94.89 10.99   25.73 97.45   6.40
 132 126.52   95.85 10.64 122.95 93.15   6.08

Table 2.  Recovery of FTA and CHA (internal standard) in Caco-2 cells.  
mean±standard deviation (SD). n=3 

 Sample         Concentration                 Recovery            Matrix effect
                               (ng/mL)                            (%)                              (%)

 
 FTA       5.28 56.06±5.84 97.0±2.3
 FTA     26.4 63.26±9.36 92.3±1.3
 FTA   132 59.70±1.41 91.4±4.7
 IS 2056 88.02±1.39 92.4±2.6

Figure 4.  Correlation between TEER and the Papp-values.  TEER values are 
indicated as follows: high, 800, and low, 383 Ω/cm2.  Each point is the 
mean±SD of three experiments. 
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The concentration dependence of FTA
As shown in Table 4, there were no signifi cant differences in 
permeability calculated by different concentrations ranging 
from 2.6 μg/mL to 10.4 μg/mL, suggesting that passive diffu-
sion might be involved.  This result is in good agreement with 

the distribution study and the results shown in Figure 4 and 
5, showing that FTA was mainly permeated via paracellular 
diffusion.  LY, a marker compound for paracellular transport, 
also showed this trend[24].  

The infl uence of different inhibitor concentrations on the trans-
port parameters of FTA in the Caco-2 cell model
Figure 6 summarises the permeability coefficients of FTA in 
the absence and presence of inhibitors.  Our statistical analysis 
revealed that exposure to VER (50 and 100 μmol/L), CSA (5 
μmol/L) and MK571 (50 μmol/L) did not increase the Papp-
values significantly.  However, the Papp-values increased 
significantly (P<0.05) to 184% (7.52±0.35)×10-7 cm/s in the 
presence of 150 μmol/L of VER.  The Papp-values increased 
signifi cantly (P<0.05) to 152% (6.23±1.47)×10-7 cm/s and 298% 
(12.20±3.46)×10-7 cm/s in the presence of 10 and 15 μmol/L of 
CSA, and the Papp-values increased significantly (P<0.05) to 
220% (9.00±7.60)×10-7 cm/s and 249% (10.20±4.40)×10-7 cm/s in 
the presence of 100 and 150 μmol/L of MK571.  These results 
indicate that the permeability of FTA is enhanced as the con-
centrations of VER, CSA, MK571 are increased, exhibiting 
a clear concentration-dependent effect.  However, the Papp-
values decreased gradually in the presence of 40 μmol/L of 
DFS and INDO.  In addition, the Papp-values in the presence of 

Table 3.  Stability of FTA in Caco-2 cells.  n=3.  Mean±SD. 

                                                                                                                                                                  FTA nominal concentration (ng/mL)
                                                                                                                            5.28                         26.4                                    132

 
 Room temperature (4 h) Measured concentration (ng/mL)     5.78±0.79 24.62±2.32 125.10±10.81
 Accuracy (%) 109.52±14.97 93.27±8.79   94.77±8.19
 Three freeze/thaw cycles Measured concentration (ng/mL)     5.46±0.80 26.30±3.10 124.99±10.93
 Accuracy (%) 103.40±14.06 98.59±11.73   94.69±8.28
 Autosampler rack for 24 h Measured concentration (ng/mL)     5.43±0.63 24.50±1.31 123.32±11.64
 Accuracy (%) 102.92±11.93 92.81±4.97   93.43±8.81
 Stored at -20 ºC for 4 weeks Measured concentration (ng/mL)     5.09±0.19 24.96±2.20 122.78±8.01
 Accuracy (%)   96.34±3.57 94.54±8.32    93.01±6.07

Table 5.  Distribution of FTA after transepithelial transport experiments. 

 Transport                                    % Compound recovered from
 direction               Apical side            Basolateral side Cells

 
 AP-BL 96.84±0.55 3.10±0.56 0.02±0.01
 BL-AP    2.51±0.12              97.44±0.12 0.04±0.02

Table 4.  Transport parameters of different concentrations of FTA in 
Caco-2 cells.  n=3.  Mean±SD. 

Concentration                            Papp×10-7 (cm/s)                      
PBA/PAB    (μg/mL)        AP-BL                         BL-AP

 
   2.6 3.99±0.23 3.99±0.69 1.00
   5.2 4.15±1.20 3.52±0.73 0.85
 10.4 4.09±1.37 3.89±0.87 0.95

Figure 5.  Effects of paracellular permeability enhancers at different 
concentrations on absorption parameters of FTA in Caco-2 cell model.  
Results are expressed as the mean±SD of at least four experiments.   
cP<0.01 compared with the control group.  Low, Middle, High: 10, 20, 30 
μmol/L for both sodium caprate and EDTA.

Figure 6.  Effects of inhibitors of different concentrations on absorption 
parameters of FTA in Caco-2 cell model.  Results are expressed as the 
mean±SD of at least four experiments.  aP>0.05, bP<0.05, cP<0.01 
compared with the control group.  VER: 50, 100, 150 μmol/L; CSA: 5, 10, 
15 μmol/L; MK571: 50, 100, 150 μmol/L; MAN: 10, 20, 30 μmol/L; INDO 
and DFS: 10, 20, 40 μmol/L.
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10, 20, and 30 μmol/L of mannitol did not change signifi cantly 
compared to the control group.  Together, these results indi-
cate that FTA absorption might be infl uenced by effl ux trans-
porters (P-gp, MRPs) and uptake transporters (OATP).  

The single-pass intestinal perfusion in situ model
The determination of phenol red
A linear relationship between the phenol red concentration 
in the range of 10 to 50 mg/L and the absorbance was found.  
The calibration was A=0.0098C–0.0038, (A: absorbance, C: the 
concentration of phenol red), r=0.9999 (n=6).  The average 
recovery was 100.03%, and the precision (RSD) was less than 
1.18%.  These results indicate that this method is suitable for 
the determination of phenol red in the intestinal perfusion 
fl uid.

The determination of FTA in the intestinal perfusion fl uid
No interfering peak was observed in the blank intestinal per-
fusion fluid under the assay conditions.  The retention time 
was approximately 14.7 min for FTA and 5.8 min for IS.  The 
calibration curve was linear in the range of 0.615–12.3 μg/mL 
with a correlation coeffi cient of 0.9985 (n=7).  The regression 
equation was as follows: Y=0.023X+0.0006 (Y: the concentra-
tion of FTA, X: the ratio of peak area) when 100 μL of perfu-
sion fl uid was used for assay.  The precision and accuracy data 
for the within-run and between-run assays are shown in Table 
6.  The results indicate that the developed HPLC method had 
good reproducibility with precision less than 4.61% and excel-
lent accuracy ranging from 88.65% to 110.83% at low (1.23 
μg/mL) to high (11.07 μg/mL) concentrations.  The extraction 
recoveries of FTA had average values ranging from 96.86% to 
102.98% at the three QC concentrations (Table 6).  The stabil-
ity results (data not shown) showed that the concentrations 
of FTA were between 96.8% and 108.5% of the initial values, 
indicating that the analytes were stable in the intestinal perfu-

sion fl uid for at least 30 d storage at -80 oC.

The absorption parameters of different concentrations in 
different segments of rat intestine
As shown in Table 7, the Ka and Peff-values changed little 
(P>0.05, ANOVA) in the presence of 2.6, 5.2, and 10.4 μg/mL 
of FTA after perfusion via the duodenum, jejunum and ileum, 
indicating that the absorption of FTA might be primarily 
through passive diffusion.  In addition, it was shown that 
the Ka and Peff-values in the duodenum were slightly higher 
compared to the jejunum and ileum, but this difference was 
not signifi cant (Table 7).  This indicates that the predominant 
absorption site might be in the upper part of small intestine.  

The influence of different concentrations of inhibitors and 
paracellular permeability enhancers on the absorption para-
meters of FTA
As shown in Figure 7, the addition of VER induced the great-
est increase in the Peff-values at a relatively low concentration 
(50 μmol/L) in the duodenum, a medium concentration (100 
μmol/L) in the jejunum and a high concentration (150 μmol/L) 
in the ileum.  CSA at low (2 μg/mL), medium (4 μg/mL) and 
high (8 μg/mL) concentrations produced a signifi cant, dose-
dependent increase in the Peff-value, and the duodenum, jeju-
num and ileum showed the same trend in Peff-values when 
CSA was added.  The treatment with a high concentration of 
CSA led to a significant increase in the Peff-value compared 
to the control (P<0.05), and the Peff-value in the duodenum 
group when CSA was added was higher than that of the jeju-
num and ileum groups.  Both sodium caprate and EDTA at 
the same low (5 μg/mL), medium (10 μg/mL) and high (15 
μg/mL) concentrations caused a significant, concentration-
dependent increase in the Peff-value compared to the control 
group (P<0.05).  Treatment with sodium caprate and EDTA at 
the same high concentrations had the highest Peff-value.  These 

Table 6.  Within-run and between-run precision and accuracy, and extraction recovery of the method for determination of FTA in rat intestinal perfusate. 

  Concentration                         Within-run (n=5)                                      Between-run (n=5, three runs)                                     Recovery (%)
       (μg/mL)                   Precision (RSD%)             Accuracy (%)               Precision (RSD%)             Accuracy  (%)        Mean                         RSD%

 
   1.23 2.60 88.65 4.61   95.90 102.98 4.54
   4.92 0.29 95.44 0.99 110.83   96.86 0.04
 11.07 0.12 98.06 2.45 106.92 101.27 1.12

Table 7.  Absorption parameters of three concentrations of FTA in different segments of rat intestine.  n=5.  Mean±SD. 

       Concentration                                      Parameter                   Duodenum                    Jejunum                                   Ileum

 
 Low (2.6 μg/mL) Peff×10-6 (cm/s) 5.485±2.621 3.811±3.036 3.008±2.249
  Ka×10-5 (min-1) 5.707±2.410 3.907±2.419 3.115±2.325
 Middle (5.2 μg/mL) Peff×10-6 (cm/s) 4.550±0.417 4.433±2.704 4.306±2.107
  Ka×10-5 (min-1) 5.671±0.516 5.554±1.534 5.370±0.149
 High (10.4 μg/mL) Peff×10-6 (cm/s) 5.494±3.883 4.682±2.971 3.191±2.519
  Ka×10-5 (min-1) 5.501±4.309 4.385±3.714 4.720±1.298
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results show that the permeability of FTA is enhanced as the 
concentrations of EDTA and sodium caprate increase, exhib-
iting a clear concentration-dependent effect.  However, DFS 
and INDO at the same low (25 μg/mL), medium (50 μg/mL) 
and high (100 μg/mL) concentrations resulted in a signifi-
cant, dose-dependent decrease in the Peff-value.  Treatment 
with DFS and INDO at the same high concentration led to a 
signifi cant decrease in the Peff-value compared to the control 
(P<0.05, P<0.01) in the duodenum, jejunum and ileum.  The 
Peff-value in the duodenum group when DFS and INDO were 
added showed less of a decrease than that of the jejunum and 
ileum groups.  In addition, there was no signifi cant difference 
between treatments with MAN at low (5 mg/mL), medium (10 
mg/mL) and high (15 mg/mL) concentrations and the control 

in the duodenum, jejunum or ileum groups.  Together, these 
results indicate that the absorption of FTA may be infl uenced 
by paracellular permeability enhancers, efflux transporters 
(P-gp, MRPs) and uptake transporters (OATP), which is in 
accordance with the results from the Caco-2 cell model.  

Discussion
For drugs to be therapeutically effective, they have to possess 
favourable characteristics to cross the biological membranes 
into systemic circulation and reach the site of action.  Drugs 
cross membranes via transcellular or paracellular routes.  The 
transcellular pathway involves the passage of the drug across 
the cells, while the paracellular pathway refers to the passage 
of drugs between adjacent cells.  The major pathway for the 
absorption or transport of a drug depends on its physicochem-
ical characteristics as well as the membrane features.  Salama 
et al, 2006[25] reported that lipophilic drugs cross biological 
membranes transcellularly, while hydrophilic drugs cross the 
membrane paracellularly.  The results of the distribution study 
(Table 5) and the permeability study (Figure 5) support the 
conclusion that the absorption of FTA mainly involved para-
cellular diffusion owning to its high hydrophilicity.  

Based on the single-pass intestinal perfusion in situ model, 
VER was reported as an inhibitor of P-gp and the CYP3A 
enzyme.  The finding that the addition of VER induced the 
greatest increase in the Peff-values at a relatively low concen-
tration (50 μmol/L) in duodenum, a medium concentration 
(100 μmol/L) in the jejunum and a high concentration (150 
μmol/L) in the ileum while exhibiting no concentration-de-
pendent effect might be explained by the fact that P-gp expres-
sion was increased gradually, but CYP3A enzyme expression 
showed the opposite pattern.  As shown in Table 7, the Ka-
value of the duodenum was slightly higher than the jejunum 
and ileum, which is consistent with this expression pattern.  
Furthermore, it was also reported that CSA inhibits MRPs and 
OATP, while DFS and INDO inhibit OATP.  Our fi nding that 
the Peff-value in the duodenum group treated with CSA was 
higher than that of the jejunum and ileum groups while the 
Peff-value in the duodenum group treated with DFS and INDO 
was decreased less than that of the jejunum and ileum groups 
are consistent with the report by Kusuhara et al, 2003[19] show-
ing that the uptake transporter (OATP) is expressed mainly in 
the jejunum and ileum.  Ma et al, 2007[18] reported that MAN 
was an inhibitor of SGLT1.  As shown in Figure 7, there was 
no signifi cant difference between the MAN and control treat-
ments in the duodenum, jejunum or ileum groups, indicating 
that the absorption of FTA was not infl uenced by intake trans-
port (SGLT1).  The mechanism of the absorption enhancing 
effect of sodium caprate was proposed to be an effect on tight 
junctions (TJs) through PLC-dependent IP3/DAG pathways.  
The Peff-value of FTA was enhanced as the concentration of 
sodium caprate was increased, exhibiting a clear concentra-
tion-dependent effect.  Zornoza et al, 2004[26] reported that the 
absorption enhancing effect of sodium caprate for acamprosate 
showed a clear concentration-dependent effect.  Therefore, 
our present results are consistent with the previous report.  In 

Figure 7.  Effects of inhibitors at different concentrations and paracellular 
permeability enhancers on absorption parameters of FTA in rat single 
pass intestinal perfusion via duodenum, jejunum and ileum in situ model.  
Results are expressed as the mean±SD of at least four experiments.  
aP>0.05, bP<0.05, cP<0.01 compared with the control group.  VER: 50, 
100, 150 μmol/L; CSA: 5, 10, 15 μmol/L; MK571: 50, 100, 150 μmol/L; 
MAN: 10, 20, 30 μmol/L; INDO and DFS: 10, 20, 40 μmol/L.
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addition, calcium depletion by a chelating agent (EDTA) was 
also reported to increase paracellular permeability[21], and the 
Peff-value of FTA was increased as the concentration of EDTA 
was increased, further illustrating that the absorption of FTA 
involved paracellular transport.

In the Caco-2 cell model in vitro, the Papp-value of FTA was 
enhanced as the concentrations of VER, CSA, and MK571 were 
increased, exhibiting a clear concentration-dependent effect.  
However, the Papp-values decreased signifi cantly as DFS and 
INDO were added.  In addition, the Papp-values increased sig-
nifi cantly in the presence of paracellular permeability enhanc-
ers (EDTA and sodium caprate).  These results indicate that 
the absorption of FTA primarily involves the paracellular 
transport route, and P-gp, MRPs and OATP might participate 

in the absorption of FTA in the intestine as shown in Figure 8.  
As shown in Table 4, the effl ux ratio was <1.5 over the range 

of 2.6–10.4 μg/mL of FTA in the bi-directional transport stud-
ies, suggesting that the absorption of FTA is not infl uenced by 
efflux/uptake transporters[27].  However, our present study 
showed that the absorption of FTA was affected by the inhibi-
tor of P-gp (VER) and the inhibitor of MRPs (CSA, MK571), as 
illustrated in Figure 6 and 7, which suggests that effl ux trans-
porters might influence the absorption of FTA little or that 
uptake transporters might participate in the absorption of FTA 
to counteract the effect of effl ux transporters[28].  Evidence sup-
porting this hypothesis is shown in Figure 6 and 7.  The Papp-
value and Peff-value of FTA were decreased signifi cantly by the 
addition of OATP inhibitors (DFS, INDO) in both the in vitro 
Caco-2 cell model and the in situ single-pass intestinal perfu-
sion model.  Therefore, the absorption of FTA may involve not 
only effl ux (P-gp, MRPs) but also uptake (OATP) transporters.  

As shown in Tables 4 and 7, FTA was transported at approx-
imately a 10-fold slower rate in the Caco-2 monolayers than in 
the rat small intestine.  Plausible explanations for the different 
values were that the permeability of the paracellular pathway 
and the absorptive surface areas of the two models were dif-
ferent[29, 30].  In addition, the differences in metabolism between 
in situ single-pass intestinal perfusion and in vitro Caco-2 cell 
models resulting from intestinal bacteria and enzymes[31] could 
also explain the differences in the absorption parameters.  

According to Table 4, Papp (AP→BL) was less than 2×10-6 cm/s[32] 

due to the effl ux (P-gp, MRPs) function and high hydrophilic-
ity paired with low lipid solubility, indicating that FTA might 
belonged to the class III of the biopharmaceutical classifica-
tion system (BCS)[33].  The permeation through biomembranes 
is a rate-limiting process that results in low oral BA.  It was 
reported that chitosan and its derivatives[34], sodium caprate[35], 
L-arginine[36] and glycyrrhetinic acid, an active ingredient in 
Radix Liquiritiae[37], could modulate TJs to enhance paracel-
lular transport.  Pluronic block copolymers, like Pluronic F68, 
could inhibit P-gp/CYP3A4[38].  In addition, prodrug designa-
tions, like peptide prodrug modifications, could also shield 
FTA from the efflux pump[39].  Therefore, investigations into 
improving the permeability of FTA using pharmaceutical 
methods based on the above research and evaluating the toxic-
ity of pharmaceutical excipients (functional excipients or addi-
tives) are required to improve the oral BA of FTA.  
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