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Introduction
Carbamoylphosphonates (CPOs) are small molecules [1] that share 

a common structure of phosphonate group linked to a sulfonamide 
moiety by polymethylene linker as shown in Figure 1 [2].

The diverse CPO's vary from each other in the length of the 
polymethylene linker, where JS403 is a CPO compound with chain 
of 6 methylenes and MW of 456 g/mol [2]. We have previously 
demonstrated that JS403 is an inhibitor of three cancer promoting 
and metastasis microenvironment supporting zinc-enzymes: matrix 
metalloproteinase (MMP-II), carbonic anhydrase 9 and 12 (CA-
IX, CA-XII) and autotaxin (ATX) [3]. At physiological pH JS403 is 
ionized, and therefore does not penetrate into cells [2]. Thus, following 
administration its distribution in the body is restricted mainly to the 
extracellular fluids where the relevant zinc-enzymes are located. In-vivo 
examination of murine melanoma model where mice were injected 
with B16F10 cells and treated by JS403, have shown promising results 
of 71 percent decrease in lung metastasis following oral administration 
[3]. Those figures pose JS403 as a worthy candidate for anti-metastatic 
treatment.

The ionization of JS403 at physiological pH dictates its absorption 

through paracellular pathway and therefore is responsible for its low 
intestinal permeability. Therefore, JS403 oral bioavailability is less than 
1% [2]. Poor oral bioavailability is a stumbling difficulty when a chronic 
preventative anti-metastatic treatment is required. Amidon et al. have 
classified drugs into four groups according to their aqueous solubility 
and membrane permeability [4]. According to this categorization JS403 
may be the candidate of BCS Class III with properties of high solubility 
and poor permeability. Improving oral bioavailability of BCS Class III 
medications is an unmet need in pharmaceutical industry. Thus, our 
investigation in search for enhancing the bioavailability of this CPO 
may contribute to the broader issue regarding BCS III in general.

The primary strategy to deal with low oral availability of hydrophilic 
drugs is by using absorption enhancer [5]. The experimental strategy in 
the current investigation was to evaluate the capacity of three known 
absorption enhancers: sodium caprate (C10), sodium deoxycholate 
(SDC) and mono-carboxymethylated chitosan (MCC), to affect the 
intestinal permeability of JS403, and compare it to the efficacy of blends 
of these enhancers in the same models.

Sodium caprate is a salt of a saturated fatty acid with n=10 carbons. 
It is one of the most studied absorption enhancers and it is approved as 
a food additive and a component of a rectal suppository in Sweden and 
Japan [6]. Its proposed mechanism of action as absorption enhancer 
for hydrophilic drugs is by altering the paracellular route [7].
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Figure 1: CPO structure.
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The paracellular pathway is transport of molecules through 
the intercellular spaces. It is governed by tight junctions (TJ), a 
dynamic structure of macromolecular assembly of multi proteins 
which are located at the apical side of epithelial cells and function 
as a regulated barrier between cells in tissues such as the intestines 
[8]. C10 elevate paracellular transport via complex mechanisms 
that include redistribution of the TJs proteins ZO-1 and occluding, 
followed by additional processes that lead to increase in paracellular 
permeability [9].

Sodium deoxycholate (SDC) produced in the body as bile salt. 
In-vivo study with SDC showed improved absorption capacity of 
cefotaxime sodium, a hydrophilic molecule with low permeability 
that has been classified as BCS class III [10]. It has been reported that 
the absorption enhancement mechanism of action of SDC on the 
paracellular pathway is by loosening of the TJ [11].

Chitosan and its derivatives have also been studied for their ability 
to enhance intestinal permeability [12]. Chitosan is a polysaccharide 
derived by N-deacetylation from the natural polymer chitin. Its ionic 
effect with the cell membrane enable augmentation of permeability by 
mucoadhesion and opening the tight junctions [12]. Chitosan is not 
soluble through all of physiological pH range and thus it cannot be used 
when with its natural structure [13]. Therefore, chitosan derivatives are 
required for use within the intestinal fluids. One such derivative is MCC 
that has polyampholytic character. It allows the formation of solutions 
even in the presence of polyanionic compounds. According to previous 
report, MCC showed ability to increase heparin permeability through 
intestine epithelial cells [14].

All the three permeability-enhancing agents that were selected in 
this work are presumably safe to use and seem to have potential to 
improve the oral bioavailability of JS403.

Our explicit aim for this study was to improve the intestinal 
permeability of JS403, by co-administration with the absorption 
enhancers: C10, SDC and MCC, each one alone and specifically 
their blends in order to learn whether such combinations can lead 
to synergistic effects. For this purpose, Caco-2 monolayer model was 
used first. It is accepted as standard model for assessment of intestinal 
transport of test molecules in in-vitro setup [15]. Subsequently, to 
ascertain the in-vitro findings, the preferred enhancing formulation has 
been investigated in-vivo in rats.

Materials and Methods
Chemical synthesis

All materials, unless otherwise stated, were purchased from Sigma-
Aldrich (Rehovot, Israel). Mono-carboxymethyl (MCC) chitosan and 
JS403 were synthesized by Prof. Eli Breuer's laboratory, Institute for 
Drug Research, Hebrew University, Jerusalem, Israel.

Caco-2 cell monolayer assay

Growth and maintenance of cells: Caco-2 cells were obtained 
from ATCC (Manassas, VA, USA) and then grown in 75 cm2 flasks at 
37°C in 5% CO2 atmosphere and a relative humidity of 95%. The culture 
growth medium consisted of Dulbecco’s modified Eagle medium 
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum 
(FBS), 1% nonessential amino acids, 2 mM L-glutamine, 2 mM sodium 
pyruvate and 2 mM penicillin-streptomycin solution. 

Preparation of cells for transport studies: Cells in a passage range 
of 52-60 were seeded at a density of 25- 105 cells/cm2 on untreated 

culture inserts of polycarbonate membrane with 0.4 μm pores and 
a surface area of 1.1 cm2. The culture inserts containing the Caco-2 
monolayer were placed in 24 trans-well plates 12 mm, Co-star. The 
culture medium was replaced every other day. Transport studies 
were performed 21-23 days after seeding, when the cells were fully 
differentiated and the TEER values were stable (300-500 Ω x cm2).

Transport experiment protocol: Transport study (apical to 
basolateral, A to B) was initiated by medium removal from both sides 
of the monolayer and replacement with apical buffer (600 μL) and 
basolateral buffer (1500 μL), both warmed to 37°C. The cells were 
incubated for 30 min at 37°C with shaking (100 cycles/min). Test 
solutions were preheated to 37°C and added (600 μL) to the apical 
side of the monolayer. 50 μL samples were taken from the apical side 
immediately at the beginning of the experiment, resulting in 550 μL 
apical volume during the experiment. For the period of the experiment, 
cells were kept shaken at 37°C. At certain predetermined times (20, 
40, 60, 80, 100, 120 and 150 min), 200 μL samples were taken from the 
basolateral side and replaced with the same volume of fresh basolateral 
buffer to maintain a constant volume.

Data analysis: The permeability coefficients (Papp) for JS403 and 
atenolol were calculated using the following equation:

0
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∆ ×

where Q/t is the steady state rate of appearance of the drug on the 
receiver side (obtained from the linear plot of drug accumulated vs. 
time), C0 is the initial concentration of the drug on the donor side, and 
A is the surface area available for permeation [16].

In vivo pharmacokinetic studies

Male Wistar rats (275 - 300 g) were purchased from Harlan 
laboratories (Rehovot, Israel). All rats receive free access to water 
and food up to three hours before the experiment. All surgical and 
experimental procedures were reviewed and approved by the Animal 
Experimentation Ethics Committee of the Hebrew University Hadassah 
Medical Center, Jerusalem. In order to enable convenient blood 
sampling, an indwelling cannula was implanted into the right jugular 
vein 24 hours before the pharmacokinetic experiment as described 
before [17]. During the cannula implantation rats were anesthetized 
by intra-peritoneal injection of 1 mL/kg of ketamine-xylazine solution 
(9:1, respectively). The cannula was tunnelled beneath the skin and 
exteriorized at the dorsal part of the neck. After completion of the 
surgical procedure, the animals were kept overnight in individual cages. 
Four hours post oral administration free access to food and water was 
available. Animals were randomly assigned to different experimental 
groups. JS403 was administered IV through the implanted cannula 
or PO using oral gavage. The IV JS403 dose was 30 mg/kg in 1 ml/
kg solution and for the oral formulation JS403 solution (30 mg/ml) 
was prepared with 300 mg/kg JS403 dose and 100 mg/kg dose for C10, 
sodium deoxycholate [18]. The solution was freshly prepared prior to 
administration. Dosing blood samples of 300 µL were taken at 0, 0.05, 
0.5, 1, 3, 7, 12, 24, 36 and 48 h post-dosing for IV and at 0, 0.16, 0.5, 1, 
3, 6, 10, 24, 36, and 48 h for PO. Equal volumes of heparinized saline 
were administered after each blood sampling. Plasma samples were 
separated by centrifugation (4 g, 10 min, and 4°C) and stored at -20°C 
pending analysis.

Analytical methods

150 µL of plasma were mixed with 15 µL of the internal standard 
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TCH18, a CPO compound with a linker of seven methylenes. 
Then, 285 µL of methanol were added and vortex-mixed for 1 min. 
After centrifugation at 10000 rpm for 10 min, the organic layer was 
transferred to fresh glass test tubes, filtered and evaporated to dryness 
(Vacuum Evaporation System, Labconco, Kansas City, MO) and 
reconstituted in 80 µL of mobile phase. JS403 amount was determined 
by using a high-performance liquid chromatography (HPLC) system 
(Waters 2695 Separation Module) with a mass-spectrometer (Waters 
Micro-mass ZQ, Waters Corporation, Milford, MA). The HPLC-MS 
conditions were as follows: Xterra MS C18, 3.5 µm, 100A, 100 x 2.1 
mm column (Waters), an isocratic mobile phase, methanol: water: 
ammonium formate buffer in water 50 mM titrated with formic acid to 
pH- 3.8-3.9 (57:23:20 v/v/v), flow rate of 0.2 mL/min at 45°C.

Pharmacokinetic (PK) analysis

To determine PK parameters area under the plasma concentration-
time curve (AUC) was calculated by using the trapezoidal rule.

Statistical analysis

All values are expressed as mean ± standard deviation mean 
(SD). To determine statistically significant differences among the 
experimental groups, t-test or one-way ANOVA, followed by Tukey`s 
test, was used. A p value less than 0.05 were termed significant.

Results
In vitro Transport Studies

Caco-2 cells monolayer were used to assess the effect of C10, SDC 
and MCC as single or blends on JS403 permeability. The permeability 
was determined by comparing the permeability constant (Papp) of 
JS403 with and without the absorption enhancers. Atenolol served as 
positive control for paracellular permeability [19]. Although its oral 
bioavailability higher than expected, it is at the high range of the low 
permeability.

The effect of single absorption enhancer: C10, sodium 
deoxycholate and MCC on JS403 permeability.

The Papp values obtained following co-administration of JS403 
with single enhancer is summarized in Figure 2. The statistical analysis 
showed no significant differences in JS403 Papp value with or without 
enhancer.

Effect of combined absorption enhancers on JS403 permeability 
in Caco-2 model: The permeability enhancing effect of the following 
binary combinations: (1) C10+MCC, (2) SDC +MCC and (3) 

C10+ SDC and combination of the three of them together on JS403 
permeability is depicted in Figure 3. The MCC+ C10, MCC+ SDC and 
C10+SDC+MCC combinations did not elevate the permeation of JS403 
through Caco-2 cells. However, the combination of C10 with SDC 
resulted with 10-fold increase in Papp of JS403 as shown in Figure 3.

In-vivo absorption study

In light of the in-vitro results, the impact of the preferred 
combination C10 and SDC on JS403 oral bioavailability was examined. 
The JS403 serum concentration vs. time following single oral 
administration of JS403 at dose of 300 mg/kg with or without C10 and 
SDC at 100 mg/kg dose is showed in Figure 4. In agreement with the 
in-vitro results, co-administration of JS403 with this blend solution 
resulted in 2-fold increase in AUC as presented in Table 1.

In addition, the semi log presentation of JS403 PK data compared 
to intravenous administration has been added in Figure 5 showing 
similarity between the three elimination graphs.

Discussion
JS403 is a promising candidate for the prevention of recurring 

cancer metastasis. Therefore, following of eradication of solid tumour 
by surgery or chemotherapy, to prevent recurrent episodes, it should 
be administered for a lifetime. For this reason, it is very important 
to assure the patient's convenience and good compliance via oral 

Figure 4: JS403 plasma concentration versus time curve following single oral 
administration of JS403 compared to single oral co-administration of JS403, 
C10 and SDC to rats (n=3). JS403 300 mg/kg, C10 and SDC 100 mg/kg.

Figure 2: JS403 permeation through Caco-2 cells with or without the presence 
of C10, SDC and MCC (n=3). Concentrations of C10 and SDC were 0.02 %w/v 
and 0.01% for MCC.

*

Figure 3: JS403 permeation through Caco-2 cells with or without the blends of 
C10, SDC and MCC (n=3). Concentrations of C10 and sodium deoxycholate 
were 0.02 %w/v and 0.01% for MCC (*) A significant difference from JS403 
(p<0.05).
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administration [20]. The poor oral bioavailability of less than 1% of 
JS403 is considered as an obstacle. Thus, the aim of this study was to 
find suitable absorption enhancers and particularly their blends for 
designing a suitable pharmaceutical formulation. The findings may lead 
also for a more generic solution that would be a suitable formulation 
for other BCS class III compounds that are hydrophilic drugs, highly 
soluble but poorly permeable thorough the intestinal membrane [4]. 
Many BCS class III compounds are not used clinically due to the 
permeability limitation. Thus, improving JS403 permeability is a major 
academic and pharmaceutical industry challenge.

For this purpose, we performed in-vitro studies using the Caco-
2 model. These studies were conducted with intention to inspect the 
impact of the absorption enhancers on JS403 permeability. To verify 
the validity of the in-vitro study, atenolol served as reference standard 
being positive control of paracellular pass-way transport mechanism 
with Papp of 6.21E-07 (± 0.83E-07).

Previously reported data demonstrated that all three absorption 
enhancers presented, were shown to increase permeability of certain 
medications [21-24]. Based on these reports JS403 permeability 
following co-administration with either one of the enhancers or their 
blend was tested. When the drug is tested with each of the enhancers 
separately, they fail to improve permeability (Figure 2). The selected 
concentrations that were used were relatively low to minimize possible 
vulnerability of intactness or cell vitality, and with the intention of 
being clinically relevant. The selected concentrations were shown 
before to serve as proper absorption enhancers by affecting TJ. The 
results of the current investigation clearly demonstrate lack of effect on 
the JS403 Papp. These results followed the underlying hypothesis of this 
investigation that a blend of such enhancers, that affect TJ by different 
mechanisms, may have a synergistic effect. The impact of all possible 
combinations on the JS403 Papp was inspected, including: C10 + SDC, 
C10 + MCC, SDC + MCC and C10 + SDC + MCC. The corresponding 
Papp values were 1.81 ± 0.23, 0.22 ± 0.01, 0.11 ± 0.07 and 0.08 ± 0.02 
respectively as summarized in Figure 3. Of all the examined blends, 

the one that led to a significantly elevation in permeability was C10 + 
SDC, a binary combination that resulted in a 10-fold increase of JS403 
permeability, apparently by a synergistic effect.

In light of these finding, this preferred binary combination that 
provided high effectiveness in the in-vitro enterocytes monolayer was 
examined in the freely moving rat model.

This model enables to effectively evaluate the intestinal 
absorption mechanisms involved in the input of drugs from the gut 
lumen into the systemic circulation. It enables also to characterize 
the PK profile of the drug's appearance in the blood. The in-vivo 
doses selection was based on a previous study which examined the 
effect of C10 and SDC separately in in vivo system and showed that 
each enhancer separately improved the gastrointestinal absorption 
of berberine chloride. The conclusion of this study group was to test 
the combined administration of these two absorption coefficients 
as we did in this study [18]. Our results of the in vivo experiment 
in rats show that C10 and SDC blend increased bioavailability, 
thus corroborated our in-vitro results (Figure 4). Namely, the 
selected enhancer pairing increased the AUC of JS403 by 2 folds. 
The terminal slope of the two oral formulations (representing the 
elimination phase) where comparable to that seen following bolus 
intravenous administration, as expected (Figure 5).

Although there is a difference in the proportion of enhancement, 
there is a similar trend of improvement in JS403 permeability for both 
in-vitro and in vivo outcomes. This difference is attributed to the fact that 
the in-vitro model does not fully simulate the physiological processes 
that occur in the intestinal fluids and other first pass mechanisms 
which affect the molecule’s absorption from the gastrointestinal tract 
into the systemic blood circulation. The findings reinforce the necessity 
of in-vivo experiments to verify the in-vitro findings.

Conclusion
Our hypothesis that combination of permeability enhancers may 

have synergistic effect was indeed validated. The findings highlight the 
power of absorption enhancers blends as the preferred formulation for 
enhancing oral bioavailability of BCS class III compounds. In order to 
enhance the oral administration of JS403, the findings of the current 
investigation should be extended seeking for an optimal ratio between 
the enhancers in order to have the appropriate blend of C10 and SDC 
with JS403.
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