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a b s t r a c t 

Labrasol, as a non-ionic surfactant, can enhance the permeation and absorption of drugs, 

and is extensively used in topical, transdermal, and oral pharmaceutical preparations as an 

emulsifier and absorption enhancer. Recent studies in our laboratory have indicated that 

labrasol has a strong absorption enhancing effect on different types of drugs in vitro and 

in vivo . This study was performed to further elucidate the action mechanism of labrasol on 

the corneal penetration. In this research, the fluorescein sodium, a marker of passive para- 

cellular transport of tight junction, was selected as the model drug to assess the effect of 

labrasol on in vitro corneal permeability. To investigate the continuous and real-time influ- 

ence of labrasol on the membrane permeability and integrity, the Ussing chamber system 

was applied to monitor the electrophysiological parameters. And, furthermore, we eluci- 

dated the effect of labrasol on excised cornea at the molecular level by application of RT-PCR, 

Western blot, and immunohistochemical staining. The results indicated that labrasol obvi- 

ously enhance the transcorneal permeability of fluorescein sodium, and the enhancement 

was realized by interacting with and down-regulating the associated proteins, such as F- 

actin, claudin-1 and β-catenin, which were contributed to cell-cell connections, respectively. 

© 2018 Shenyang Pharmaceutical University. Published by Elsevier B.V. 
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. Introduction 

t is widely known that cornea is the major site of drug ab- 
orption via intraocular drug delivery. Cornea has a multilay- 
red structure, which can be mainly divided into epithelium,
troma and endothelium, and each layer offers a different po- 
arity and a potential rate-limiting structure for drug perme- 
tion. Hence, the cornea is a relatively independent organ with 

 complete and complex barrier system for protecting the oc- 
lar structures from external substances. The corneal epithe- 

ium is natural lipoidal, containing 90% of the total cells in the 
ornea, and poses a significant resistance to the permeation 

f topically administered hydrophilic drugs [1] . The optimum 

andidates that could transport across the cornea readily are 
ipophilicity drugs, which are in the range of 10–100 when re- 
ected by its n-octanol/buffer partition coefficient (PC) [2] . A 

ot of potentially therapeutic compounds, however, were lim- 
ted to gain access to their sites of action due to the poor 
orneal permeability and failed to reach effective treatment 
ecause of the low bioavailability, which were the major chal- 

enges for treating ocular illnesses. To solve these problems, a 
ot of researches have been carried out to improve the corneal 
ermeability of drugs. Generally, there are two approaches in- 
olved in improving the bioavailability of drugs and promot- 
ng cornea absorption. In the first way, drugs were modified 

s pro-drugs to alter their properties or processed into more 
dvanced dosage forms by the application of modern phar- 
aceutical technology, such as liposome, nanoparticle, mi- 

roemulsion, micelle and vesicle, etc. Penetration enhancers 
ere required in the second method, such as nonionic surfac- 

ants Polyoxyethylene-9-lauryl ether [3] , d -Alpha-tocopheryl 
oly (ethylene glycol) 1000 succinate (VE-TPGS) [4] , solvents 
zone [5] , ethyl alcohol, traditional Chinese medicines borneol 
6] , menthol [7] , volatile oil and so on. 

Labrasol, a nonionic surfactant containing saturated 

olyglycolysed C 8 –C 10 glycerides with perfect solubilization 

ffect, can promote the transdermal permeation and absorp- 
ion of drugs with different polarity. It can also improve the 
ispersion stability of drugs and help self-emulsifying in wa- 
er phase to form fine dispersed self-microemulsifying drug 
elivery systems [8] . Thus labrasol is widely applied as emul- 
ifier and penetration promoter in all kinds of drug delivery 
ystems. In addition, labrasol has an excellent biocompati- 
ility and shows high tolerance and low toxicity in animals,
f which LD 50 is 22 g/kg for rats by oral administration [9] .
he toxicity and irritation of labrasol to eye tissues had been 

arried out in our previous studies, which indicated non- 
rritation and nontoxicity at the concentrations studied (0.5% 

 8.0%, v/v). As a pharmaceutical excipient, labrasol has been 

ecorded in European pharmacopoeia and American phar- 
acopoeia. Labrasol has been extensively studied to enhance 

ransepithelial permeability for different substances. In the in 
itu absorption studies, Lin Y et al. found that labrasol (0.1%,
/v) could significantly enhance the intestinal absorption of 
hodamine123 in rats, although the absorption enhancing 
ffect of labrasol was much less than that of verapamil [10] .
ur previous study also demonstrated that, with the con- 
entration of labrasol increased from 1.5% to 3.0% (v/v), the 
ermeability of baicalin through the excised rabbit cornea was 
t
ignificantly enhanced [11] . Furthermore, Huang L et al. inte- 
rated borneol or menthol with labrasol and found that the 
enetrating effects were significantly increased by combining 
he application of labrasol with menthol or borneol. Among 
he various combined penetration enhancers, 0.1% borneol 
ith 2% labrasol achieved the best apparent permeability,

pproximately 16.35 times that of the control [12] . 
The hydrophilic marker compound fluorescein sodium,

hich is transported passively through paracellular pathway,
s commonly used as a fluorescent probe to observe the per- 

eability of all sorts of physiologic barriers or the passive 
aracellular transport of tight junction [13,14] . The perme- 
tion amount of fluorescein sodium is determined by the 
orneal epithelium, which in return reflects the degree of in- 
egrity of epithelial tissues. 

A great deal of studies demonstrated that the paracellu- 
ar pathway permeability is limited primarily by the interac- 
ions of epithelial cells with each other and the extracellular 

atrix via the apical junctional complexes, which are com- 
osed of four kinds of connections: the tight junctions, ad- 
erens junctions, desmosomes and gap junctions [15] . The 
ytoskeleton, composed of the actin cytoskeleton, the micro- 
ubule network and the intermediate filaments, play a central 
ole in maintenance of the morphological structure of epithe- 
ial cells. The actin cytoskeleton is a dynamic structure with 

ontinuous directional polymerization and disassembly, and 

he polymers are known as filamentous actin (F-actin) [16] .
-actin appears to be the major cytoskeletal components in- 
uencing tight junction permeability [17] , which is closely 
onnected with adherens junctions. 

Tight junctions comprise of a series of different transmem- 
rane proteins, such as occludins, claudins, junctional adhe- 
ion molecules (JAMs) and tricellulin, as well as increasing 
umbers of their scaffold proteins [18] . The classical functions 
f tight junctions are the regulation of paracellular perme- 
bility and the formation of an apical-basolateral intramem- 
rane diffusion barrier that helps to maintain cell-surface 
olarity [19–21] . Moreover, paracellular permeability may dif- 
er greatly between diverse tissue barriers, depending on the 
omposition of the expressed tight junction proteins and their 
xpression level [22] . The claudins are transmembrane pro- 
eins with two extracellular loops and four transmembrane 
omains, which consist of at least 24 members ranging from 

0 to 27 kDa. What is more, claudins directly regulate the gate 
unction as paracellular tight junction channels (PTJC) by the 
ealing claudins. Claudin-1, in particular, contributes to para- 
ellular sealing [23] . In addition to claudins, JAMs are a family 
f adhesion molecules also found in intercellular junctions,
hich are implicated in a variety of cellular process. For ex- 

mple, in studies by Liu Y et al., the antibodies to JAM-1 were 
ound for the first time to express inhibition effect on the re- 
overy of epithelial barrier function after transient calcium 

epletion, showing a direct evidence of JAM involvement in 

he regulation of barrier function of human epithelial mono- 
ayers [24] . 

The adherens junctions perform multiple functions in- 
luding initiation and stabilization of cell-cell adhesion, reg- 
lation of the actin cytoskeleton, intracellular signaling and 

ranscriptional regulation [25] . β-catenins are member of cy- 
oplasmic proteins termed catenins that participate in the 
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formation, maintenance and function of adherens junctions
[26] . Despite of the differences in proteins, structures and
functions, adherens junctions and tight junctions regulate
and interact with the actin cytoskeleton, respectively [27] . Co-
ordinated interactions of all these constituents abovemen-
tioned are pivotal for the regulation and maintenance of inter-
cellular tight junctions. Therefore, the changes of these pro-
teins expression indirectly reflect the integrity of tight junc-
tion. 

Despite the large numbers of studies on enhancement of
absorption and penetration through epithelial, its effect on
rabbit corneal tight junctions was less characterized. For this
reason, the present study was aimed to provide an insight into
the potential mechanism of labrasol for the enhancement of
in vitro rabbit corneal permeability. We evaluated the perme-
ability of model drug fluorescein sodium by the utilization of
Ussing chamber, in parallel with the measurement of transep-
ithelial electrical resistance of rabbit cornea tissues. To further
reveal the potential molecular mechanisms which were in-
volved in the improvement of corneal permeability for model
drug, the pre-treated tissue samples were then analyzed by
RT-PCR and Western blot at molecular level. The changes in
expressions of proteins which contribute to integrity of the ep-
ithelial tissue was confirmed and then further proved by im-
munohistochemical staining results eventually. Accordingly,
it could be assumed that the enhancement of labrasol on
the permeability of rabbit cornea in vitro for the selected sub-
stance was realized through the mechanism of tight junctions
opening. 

2. Materials and methods 

2.1. Materials 

Fluorescein sodium, oxidized glutathione and peroxidase-
conjugated secondary antibodies were purchased from
Sigma-Aldrich (Shanghai) Trading Co., Ltd. (Shanghai, China).
Labrasol was purchased from Gattefosse (Shanghai) Trading
Co., Ltd. (Shanghai, China). Agarose, UNIQ-10 column total
RNA extraction kit, total protein extraction kit, tris base,
SDS, TEMED and 40% acrylamide solution were obtained
from Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China).
Transcriptor First Strand cDNA short Kit, FastStart Universal
SYBR Green Master (ROX) and DAPI were purchased from
Roche Diagnostics (Shanghai) Co. Ltd. (Shanghai, China). BCA
protein quantitative analysis kit, PageRuler Unstained Protein
Ladder and ECL Western Blotting Substrate were purchased
from Thermo Fisher Scientific (China) Co., Ltd. (Shanghai,
China). Rabbit claudin-1 antibodies, rabbit JAM-A antibod-
ies were purchased from Aviva Systems Biology, Corp. (San
Diego, CA, USA). Rabbit F-actin antibodies, rabbit β-catenin
antibodies, rabbit GAPDH antibodies were purchased from
Abcam PLC (Cambridge, UK). PVDF ProBloot membrane was
purchased from Merck Millipore Corporation (Darmstadt,
Germany). CY3-conjugated goat anti-rabbit ( β-catenin) and
CY3-conjugated goat anti-mouse (F-actin) were obtained from
Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA,
USA). All other reagents were of analytical grade and were
offered by our laboratory. 
2.2. Animals 

New Zealand albino rabbits weighting 2.0–2.5 kg, male and fe-
male unlimited, were used for the determination of in vitro
corneal permeability, and were provided by Tianjin university
of Traditional Chinese Medicine (TUTCM) animal experiment
center. The animals were supplied with plenty of food and wa-
ter and housed in standard cages in a light-controlled room
at 25 ± 1 °C. All procedures involving the animals used in the
present study were approved by TUTCM’s Institutional Ani-
mal Care and Use Committee (IACUC) (January 9, 2013 (docu-
ment number TCM-LAEC2013009)) and were consistent with
the guidelines set by the National Institutes of Health (NIH
publication no. 85–23, revised 1985). 

2.3. Methods 

2.3.1. Ussing chamber experiments 
All animals were divided into five groups: the blank group
(GBR solution), the control group (fluorescein sodium), 0.5%
labrasol group (fluorescein sodium with 0.5% labrasol), 2.0%
labrasol group (fluorescein sodium with 2.0% labrasol) and
8.0% labrasol group (fluorescein sodium with 8.0% labrasol). 

After sacrificing, the freshly excised rabbit corneas with
2 mm sclera ring were gently mounted in the sample clip,
and then were inserted vertically between the two halves of
Ussing chambers (EM-CSYS-8, Physiologic Instruments, USA).
The donor compartment (epithelium side) and the receiver
compartment (endothelium side) were each filled with 5 ml
GBR solution, and were continuously aerated with gas mixture
(95% O 2 and 5% CO 2 ) to maintain the activity of cornea and
balance the liquid. The corneas were stimulated by a contin-
uous electric current pulse of 10 mV for 0.2 s every 1 min, and
real-time monitoring for the electrical parameters of cornea
was controlled by LabChart7 software. When the electric pa-
rameters were basically stable, the total liquid in both sides
were withdrawn. Immediately, 5 ml of the GBR solution, flu-
orescein sodium solution and fluorescein sodium contain-
ing different concentrations of labrasol were added to the
donor compartment, respectively and simultaneously, while
the sample volume in the receiver compartment was replaced
with fresh preheated GBR. At fixed intervals of 10 min, 300 μl
samples were taken from the receiver chamber and equal vol-
ume of GBR solution were supplemented, and samples col-
lection continued to 240 min. During the penetration exper-
iment, viability of tissue was routinely checked by measuring
the electrical resistance every 1 min, as the main parameter
for assessing monolayer integrity. Samples were analyzed by
microplate reader to detect the fluorescence intensity. 

The apparent permeability coefficient (Papp, cm/s) was cal-
culated as follows: 

Papp = �Q/ ( �t · C 0 · A · 3600 ) 

C 0 means the initial concentration of drugs in the donor
compartment; A means the available area of 0.50 cm 

2 ; �Q/ �t
could be obtained by calculating the slope of the steady-state
part of accumulative penetration amount-time curve. 

Transepithelial electrical resistance (TEER) is the important
parameter that reflects the permeability and the activity of
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Table 1 – The Real-time PCR oligonucleotide primers. 

Primer name Accession number Primer Sequence (5’ −3’) PCR product (bp) 

Rabbit NM_001082253.1 Forward ATCACTGCCACCCAGAAGAC 146 
GAPDH Reverse GTGAGTTTCCCGTTCAGCTC 

Rabbit NM_001089316.1 Forward TGCATGGAAGATGATGAGGA 186 
Claudin-1 Reverse GCCAGTGAAAAGAGCCTGAC 

Rabbit XM_008262318.1 Forward TGGGACAGAACCTACGGAAC 134 
Occludin Reverse GGATCCGTGTAGCCTCCATA 

Rabbit XM_008269782.1 Forward GACTGATGCGAAGACGTTGA 117 
ZO-1 Reverse GCAGAATGGATGCTGTCAGA 

Rabbit XM_008265032.1 Forward GAGCTTCATCAGCCCAAGAC 125 
F-actin Reverse CATCACCCTTGCCAAGTTTT 
Rabbit XM_008264206.1 Forward GTAGGAAAGCCGAAGCACAG 141 
JAM-A Reverse TCAGAGGGCTCTGTCCAGTT 
Rabbit XM_002713075.2 Forward CCCAGTTACCGTTCCTTTCA 120 
β-catenin Reverse CAGCCCATCAACTGGGTAGT 
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pithelial tissue, which could be calculated as follows: 

 = �U / �I 

The approach to calculate the resistance by applying a 
oltage on the tissue and measuring the resulting change in 

urrent was generally called “voltage clamping”. The output 
ignal of electrical parameters measured by voltage/current 
lamp could then be visualized and recorded by a data acqui- 
ition system. 

After the Ussing chamber experiments, the corneas were 
ut carefully to remove the scleral ring around the cornea and 

hen stored at −80 °C till the next assay. 

.3.2. Reverse transcription polymerase chain reaction (RT- 
CR) assay 
NA Extraction: (1) The cornea tissues were broken by ultra- 
onic cell disruptor after adding 0.4 ml Trizol to release RNA 

nd shear genomic DNA from the tissues, and then the sam- 
les were diverted into the 1.5 ml sterile RNA enzymes-free 
icrofuge tubes. (2) 100 ul of chloroform/isoamyl alcohol (24:1,

/v) was mixed into each tube, which were blended by vio- 
ent oscillation and centrifuged at 12 000 rpm (Fresco 21, Ther- 

oFisher, USA) for 5 min. (3) The supernatant, blending with 

50 μl of anhydrous ethanol, was loaded onto the adsorp- 
ion columns, and wash with RPE solution twice. (4) Carefully 
ransfer the pillars to 1.5 ml sterile RNA-enzymes free cen- 
rifuge tube, pipette 50 μl of RNase-free water onto the cen- 
er of the cylindrical lining, and incubate at 80 °C for 2 min.
5) Centrifuge at 10 000 rpm for 1 min, and the solution in col- 
ection tube were the RNA samples. The concentration of RNA 

as quantitatively determined, and the reverse transcription 

xperiment was implemented immediately. The RNA samples 
hould be cryopreserved at −80 °C in case of failing to being 
sed timely. 

The design and synthesis of primer sequences: the primer 
as designed by Primer Express2.0. (ABI) software and syn- 

hesized by the Sangon Biotech (Shanghai) Co., Ltd. The se- 
uences of primers for examined gene were shown in Table 1 .

Synthesis of cDNA by reverse transcription: The experi- 
ent of RNA reverse transcription cDNA was carried out by 
mploying the Transcriptor First Strand cDNA Synthesis Kit 
n accordance with the Kit operating manual. Briefly, 1 μg total 
NA and 2 μl of random primers were mixed, and add RNase- 

ree water up to 13 μl. Add 7 μl reverse transcription mixture 
nd incubate the reactions at 25 °C for 10 min to allow primer
nnealing. Incubate the reactions at 55 °C for 30 min to allow 

DNA synthesis. Incubate the reaction at 85 °C for 5 min on 

he thermal cycler to inactivate the reverse transcriptase to 
erminate cDNA synthesis. 

Real-time PCR: The Real-time PCR experiments were im- 
lemented by utilizing the FastStart Universal SYBR Green 

aster amplification kit. The dissolution curves were also an- 
lyzed to ensure the specificity of amplification of target gene.
ecord the results and analyze the datum. 

.3.3. Western blot 
rotein Extraction: The total proteins of corneal were ex- 
racted by use of the Total protein extraction kit. The animal 
issues were blended with precooled Lysis buffer and homog- 
nized with ultrasonic homogenizer. Then the homogenate 
as incubated in ice water bath for 30 min in the shaker. After
eing centrifuged at 12 000 rpm for 10 min at 4 °C, the super-
atant was obtained as the total protein samples of tissues. 

Determination of total protein content: The protein de- 
ermination kits of BCA method were applied to quantita- 
ive analysis the protein samples. Add the standard/samples 
nd 200 μl BCA working liquid mixture into 96-well plates 
nd oscillate to blend them. After incubation at 37 °C for 20 -
0 min, the absorbance was detected on the microplate reader 
t 562 nm. 

SDS-Polyacrylamide Gel Electrophoresis: (1) Prepare SDS- 
AGE gel, which the separating gel was prepared with con- 
entration of 8% and the stacking gel of 5%. The details were 
hown in Table 2 . (2) 40 μg of each sample was boiled with
 × sample buffer for 5 min. (3) Load each sample to all wells,
un the gel unit at 80 V until the samples have passed through
he stacking gel for 30 min, and run at 100 V for a further 1.5 h
o make sure the Marker protein is clearly separated. 

Western blotting: (1) Cut the corresponding target protein 

ommures and soak them into the transfer buffer. At the same 
ime, divert the PVDF membranes soaked with anhydrous 
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Table 2 – Preparation of SDS-PAGE gel. 

Separating gel (8%) Stacking gel (5%) 

Volume 15 ml 6 ml 
40% acrylamide 3 ml 0.75 ml 
Tris 3.8 ml (1.5 M, pH 8.8) 0.75 ml (0.5 M, pH 6.8) 
10% SDS 0.15 ml 0.06 ml 
10% AP 0.15 ml 0.06 ml 
TEMED 0.009 ml 0.006 ml 
ddH 2 O 7.90 ml 4.35 ml 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 – Effect of different concentrations of labrasol on the 
accumulative penetration amount of fluorescein sodium 

(mean ± SD, n = 6). 

Table 3 – Effect of labrasol on the permeability of fluores- 
cein sodium (mean ± SD, n = 6). 

groups Accumulative penetrated 
amount (ng) 

P app × 10 6 (cm/s) 

Control 13.74 ± 5.78 2.94 ± 1.54 
0.5% Labrasol 131.51 ± 42.93 ∗∗ 41.12 ± 14.22 ∗∗

2.0% Labrasol 230.34 ± 39.31 ∗∗ 64.95 ± 9.44 ∗∗

8.0% Labrasol 572.22 ± 75.65 ∗∗ 146.14 ± 25.69 ∗∗

Notes: 
∗∗ P < 0.01 vs. Control 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

methanol into the transfer buffer and then transfer in ice
bath. (2) Once the transfer is complete, incubate PVDF mem-
branes in blocking buffer of PBST containing 5% skimmed milk
powder for 1 h. (3) Dilute the primary antibody of proteins
(claudin-1, F-actin, JAM-1, occludin, ZO-1, β-catenin) with
PBST containing 5% skimmed milk powder, and add suitable
amount of volume of primary antibody dilution buffer prior
to rotating incubation overnight at 4 °C so as to react com-
pletely with target proteins. (4) Wash the films three times
for 10 min each with PBST on a rocking platform. (5) Incubate
membranes with the dilution of HRP-labeled secondary anti-
body for 1 h to achieve an exhaustive reaction with target pro-
teins. Repeat the step of (4). (6) After being dry, the PVDF mem-
brane was soaked with ECL chromogenic reagent (Chemilu-
minescent HRP Substrate) for 5 min to blot. (7) Imaging, fixing
and film processing were carried out in a dark room. The op-
tical density of films was analyzed using the software of NIH
Image J version 1.42q to analyze and calculate the gray value
in target bands, and were expressed as the ratio of grey level
of target strips with GAPDH. 

2.3.4. Immunofluorescence 
The corneas were demounted quickly and preserved in 4%
paraformaldehyde solution after Ussing chamber experi-
ments. All resected cornea tissues were made into paraffin
sections prior to immunohistochemistry assay. After dewax-
ing and antigen repairing, the specimens were incubated with
the primary antibody and secondary antibody, respectively,
and then counterstained with DAPI to stain the nucleus, se-
quentially. The stained samples were observed using a Nikon
fluorescent microscope and photographed with a digital
camera. 

2.3.5. Statistical analysis 
Data are presented as mean ± SD and were compared by Stu-
dent’s t -test with SPSS13.0 software. P < 0.05 and P < 0.01 re-
ferred to significant and extremely significant, respectively. 

3. Results and discussion 

3.1. The corneal permeability of fluorescein sodium with 

labrasol in vitro 

In order to evaluate the absorption enhancing effect of labra-
sol, permeability studies were performed on rabbit cornea in
vitro using the Ussing chamber method. Fluorescein sodium
solutions with labrasol (0.5%, 2.0% and 8.0%) were added in the
donor compartment separately, and their impacts on the per-
meability of fluorescein sodium (10 μg/ml) could be observed
as shown in Fig. 1 . It was easy to note that different concen-
trations of labrasol distinctly promoted the transport of flu-
orescein sodium across the rabbit cornea, and the accumu-
lated permeation amount increased dramatically with the in-
creasing of the concentration of labrasol. There were signifi-
cant differences between the groups with or without penetra-
tion enhancer ( P < 0.01, Table 3 ). The accumulated penetration
amount of fluorescein sodium with labrasol at the 160 min
were 10-, 17-, 42-fold higher than that of control group, respec-
tively. 

The Papp value is an important parameter commonly used
for the evaluation of transport processes. Calculated Papp val-
ues for each group were summarized in Table 3 . The influ-
ences of different concentrations of labrasol on Papp of fluo-
rescein sodium for corneal transport were expressed in Fig. 2 .
The results showed a significant difference in apparent per-
meability between groups with or without labrasol ( P < 0.01).
In contrast to fluorescein sodium solution group, the Papp in-
crease by 14-, 22- and 50-fold respectively, with the increase
of applied concentrations of labrasol (0.5%, 2.0% and 8.0%),
in a concentration-dependent manner. Hence, labrasol was
thought to be an effective absorption enhancer for facilitating
the delivery of fluorescein sodium in rabbit cornea. 
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Fig. 2 – Effect of different concentrations of labrasol on the 
permeability of fluorescein sodium (mean ± SD, n = 6). 
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.2. Measurement of resistance of the cornea by Ussing 
hamber 

he viability and integrity of tissue is particularly important 
or transporting drugs. Therefore, the resistance value, re- 
arded as an indication of changes in cornea, was measured 

ontinuously at a 1 min interval during the overall process. It is 
 known fact that immediately after tissue insertion, the val- 
es of electrical parameters tend to oscillate. This is most of- 
en caused by the mechanical stress imposed on the samples 
28] . It was crucial to confirm that the resistance values were 
n equilibrium to ensure the reliability of obtained data prior 
o the addition of applied materials. About 80 min later, the 
orneal resistance reached to a steady state. During the pro- 
ess of experiment, the resistance values were different be- 
ween the groups with considerable standard deviation, which 

ight be attributable to the individual differences in rabbit 
yes. A similar phenomenon occurred in penetrated quantity 
f fluorescein sodium. Nevertheless, the general trend of resis- 
ance values intra-group was consistent, declining gradually 
ith the incubation time. It was also found that corneal resis- 

ance decreased slightly after addition of fluorescein sodium 

nd gradually returned to a time-independent steady state. In 

ur experiments, the average resistance value of freshly ex- 
ised rabbit cornea in GBR solution was in the range of approx- 
mately 800 �• cm 

2 - 1500 �• cm 

2 , which was in good agreement 
ith the previous documents [29] . 

Fig. 3 illustrated the effect of labrasol on the TEER of in 
itro rabbit cornea, which has been widely recognized as an 

ndicator for confirming tissue integrity. As Fig. 3 A showed,
n the blank group, the resistance of rabbit cornea exposed 

o GBR solution rose slowly at first and then tended to a sta- 
le state gradually. During the steady state, the resistance of 
abbit cornea changed little. Interestingly, a rapid decrease in 

he resistance was found in the first 10 min when fluores- 
ein sodium was added, however, the resistance recovered to 
 steady state value progressively ( Fig. 3 B). In Fig. 3 C–E, the re-
istance value of rabbit cornea was markedly reduced after 
ncubation with labrasol at concentrations of 0.5%, 2.0% and 

.0% (w/v). The similar results that the values of resistance re- 
uce to approximately 100 �• cm 

2 eventually were occurred in 

ll groups. In addition, the resistance tended to show a slow 

ecrease in the case of exposure to 0.5% or 2.0% of labrasol.
evertheless, 8.0% labrasol seemed to directly minimize the 

esistance to about 100 �• cm 

2 without a gradual process, sug- 
esting that 8.0% labrasol could enhance the penetration of 
rugs across the cornea more efficiently. Fig. 3 F displayed the 
rofile of resistance values of 2% labrasol without fluorescein 

odium. The values were close to that of 2% labrasol group 

 Fig. 3 C) and didn’t recovered to a steady state value as Fig.
 B showed, illustrating that the changing in resistance val- 
es were mainly attributed to the effect of labrasol, instead 

f fluorescein sodium. The profile of resistance values was in- 
omplete and discontinuous as shown in the picture, because 
t was drawn by taking a data every 10 min. In essence, af-
er the addition of penetration enhancer of labrasol, the re- 
istance reduced continuously until it reached the minimum 

nd maintained stable about 30 min later. The results above 
emonstrated that labrasol of applied concentrations could 

ignificantly reduce the rabbit corneal resistance, while flu- 
rescein sodium resulted in a slight and reversible decrease 

n corneal resistance. Taken together, it could be concluded 

hat labrasol exerted a damaged effect on corneal barrier 
unction. 

.3. Reverse transcription polymerase chain reaction 

RT-PCR) assay 

he Ussing chamber experiments showed that 0.5%, 2.0% and 

.0% (w/v) of labrasol would significantly increase the cornea 
ermeability of fluorescein sodium and significantly decrease 
he corneal resistance value at the same time. The effect 
f labrasol on mRNA expression of cytoskeleton protein F- 
ctin, adhesion link protein β-catenin, tight junction proteins 
AM-1and claudin-1 were summarized in Table 4 and Fig. 4 . 

As shown in Fig. 4 , the difference of F-actin mRNA expres- 
ion between control group and blank group was unobvious,
hile in 2.0% and 8.0% of labrasol groups, the F-actin mRNA 

xpression were differ from control group ( P < 0.05, Table 4 ).
t was conspicuous that labrasol group were able to down- 
egulate the F-actin mRNA expression in a concentration- 
ependent manner. 

For β-catenin mRNA expression, the control group up- 
egulated mRNA expression of β-catenin obviously in com- 
arison with control group. Nevertheless, 2.0% and 8.0% of 

abrasol groups showed obvious inhibiting effect on β-catenin 

RNA expression ( P < 0.05, Table 4 ), compared to control 
roup. 

It was notable that there was little difference in JAM-1 
RNA expression between control group and blank group as 

hown above. Furthermore, the JAM-1 mRNA expression in 

.5%, 2.0% and 8.0% of labrasol groups exhibited no signifi- 
ant difference compared with control group as well; indicat- 
ng that mRNA expression of corneas JAM-1 protein was little 
nfluenced by the penetration enhancer of labrasol. 

Compared to blank group, claudin-1 mRNA expression 

n control group was obviously up-regulated. However, 0.5%,
.0% and 8.0% of labrasol groups could down-regulate the 
laudin-1 mRNA expression to some extent compared with 

ontrol group. In addition, it was statistically significant 
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Fig. 3 – The effect of labrasol on electrical resistance of rabbit cornea. (A) Blank; (B) Control; (C) 0.5% labrasol; (D) 2% labrasol; 
(E) 8.0% labrasol; (F) 2% labrasol without fluorescein sodium (mean ± SD, n = 6). 

Table 4 – The effect of labrasol on mRNA expression of 
tight junction associated proteins (mean ± SD, n = 3). 

groups F-actin β-catenin JAM-1 Claudin-1 

Blank 0.96 ± 0.14 1.03 ± 0.04 1.07 ± 0.16 1.07 ± 0.11 
Control 1.11 ± 0.40 1.62 ± 0.23 # 1.27 ± 0.36 2.08 ± 0.65 
0.5% Labrasol 0.55 ± 0.18 1.97 ± 0.29 1.45 ± 0.13 1.43 ± 0.12 
2.0% Labrasol 0.10 ± 0.13 ∗ 0.40 ± 023 ∗ 1.71 ± 0.01 1.49 ± 0.29 
8.0% Labrasol 0.04 ± 0.01 ∗ 0.27 ± 0.04 ∗ 1.71 ± 0.45 0.14 ± 0.04 ∗∗

Notes: 
# P < 0.05 vs. Blank. 
∗ P < 0.05, ∗∗ P < 0.01 vs. Control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

( P < 0.01) when comparing the difference of claudin-1 mRNA
expression between 8.0% of labrasol group with control
group. 
3.4. Western blot 

To demonstrate the effects of labrasol on the expression lev-
els of several tight junction proteins, Western blotting was ap-
plied for qualitative and quantitative analysis of the four pro-
teins. The impacts of labrasol in a series of concentrations
on tight junction associated proteins expression of F-actin,
β-catenin, JAM-1and claudin-1 were described in Figs. 5 , 6 and
Table 5 . 

After the treatment of cornea with fluorescein sodium, the
levels of F-actin expression was lower than blank group as
Fig. 6 depicted ( P < 0.05), indicating that exposure to fluores-
cein sodium might exert a certain influence on F-actin ex-
pression. Results shown in Fig. 6 indicated that protein lev-
els were respectively reduced in response to 0.5%, 2.0% and
8.0% of labrasol, correlated with the concentration increasing
of labrasol. In comparison with control group, 8.0% of labra-
sol exerted the strongest suppression effect on F-actin protein
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Fig. 4 – The effect of labrasol on mRNA expression of tight junction associated proteins (Mean ± SD, n = 3). 
Notes: # P < 0.05 vs. Blank; ∗P < 0.05, ∗∗P < 0.01 vs. Control. 

Fig. 5 – The effect of labrasol with different concentrations 
on expression of tight junction associated proteins. 
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xpression ( P < 0.05), demonstrating that labrasol contributed 

he most to F-actin expression at the concentration of 8.0%. 
The Fig. 6 shows that β-catenin expression level in con- 

rol group increased significantly ( P < 0.05) compared to blank 
roup, however, in contrast with control group, 0.5%, 2.0% and 

.0% of labrasol respectively repressed the β-catenin protein 

xpression ( P < 0.05, Table 5 ). 
JAM-1 protein expression levels were unaltered when com- 

aring control group with blank group. Similarly, there was 
o obvious variation in JAM-1 protein expression between 

.5%, 2.0% of labrasol and the control groups. Although 8.0% of 
abrasol elevated JAM-1 protein expression slightly, the stan- 
ard deviation was considerable, which might relate to ex- 
erimental operation, and it was thought that the JAM-1 pro- 
ein expression changed without variation on the whole. The 
esults pointed that labrasol had no effect on JAM-1 protein 

xpression. 
Additionally, the control group could significantly promote 

he claudin-1 protein expression compared to the blank group,
hereas 0.5%, 2.0% and 8.0% of labrasol separately reduced 

he claudin-1 protein expression ( P < 0.05, Table 5 ), revealing 
hat labrasol exerted a strong inhibitory effect on claudin-1 
rotein expression. 

With regard to hydrophilic molecules, the transport across 
pithelium barrier is subject to paracellular route, which is 
odulated by intercellular junctional complexes. Thus, any 

o-called “permeation enhancer” that enhance the transport 
f hydrophilic drug can be assumed to exert its activity by de- 
truction of tight connections between epithelium cells. In a 
egatively or positively charged SMEDDS preparation, labra- 
ol is able to increase the paracellular transport of mannitol.
t is capable of opening tight junction by modifying F-actin 

nd ZO-1 proteins [30] . Ujhelyi et al. reported that Polyethy- 
ene glycol esters (labrasol and polysorbate 20) could influ- 
nce reversibly the paracellular permeability and had impact 
n intestinal absorption. These surfactants have effect on 

ight junctions. Labrasol resulted in stronger realignment of 
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Fig. 6 – The effect of labrasol on expression of tight junction associated proteins. 
Notes: # P < 0.05, ## P < 0.01 vs. Blank; ∗P < 0.05, ∗∗P < 0.01 vs. Control. 

Table 5 – The effect of labrasol on expression of tight junc- 
tion associated proteins (mean ± SD, n = 3). 

Groups F-actin/ 
GAPDH 

β-catenin/ 
GAPDH 

JAM-1/ 
GAPDH 

Claudin-1/ 
GAPDH 

Blank 0.94 ± 0.10 1.13 ± 0.17 1.03 ± 0.05 1.08 ± 0.14 
Control 0.44 ± 0.07 # 2.07 ± 0.17 # 1.08 ± 0.03 1.70 ± 0.16 ## 

0.5% Labrasol 0.56 ± 0.11 1.08 ± 0.10 ∗ 1.20 ± 0.10 1.41 ± 0.10 ∗

2.0% Labrasol 0.25 ± 0.01 0.37 ± 0.01 ∗ 1.17 ± 0.10 0.86 ± 0.05 ∗∗

8.0% Labrasol 0.07 ± 0.01 ∗ 0.34 ± 0.02 ∗ 1.35 ± 0.21 ∗ 1.00 ± 0.10 ∗∗

Notes: 
# P < 0.05, ## P < 0.05 vs. Blank. 
∗ P < 0.05, ∗∗ P < 0.01 vs. Control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tight junction proteins (claudin-1, β-catenin and ZO-1) than
polysorbate 20 [31] . Claudin-1 is a main sealing claudin in
epithelia for paracellular tightness [32] . In both RT-PCR and
Western blotting assays, a reduction in expression of claudin-
1 was found after treating with labrasol at concentrations of
2.0% and 8.0%, compared to the control group. Goswami et al.
studied disease specificity and changes in proteins pertain-
ing to the tight junctions permeability of duodenal villi and
crypts, and did not identify any role of JAM-1 in either Celiac or
Crohn’s diseases [33] . Our results, similar to these reports, did
not identify significant alterations in JAM-1 protein expression
between corneas treated with or without labrasol by either
RT-PCR or Western blotting. Therefore, JAM-1 protein expres-
sions tended to not susceptible to labrasol and contribution
of JAM-1 protein in maintenance of corneal permeability was
ambiguous. 

3.5. Immunofluorescence 

In this experiment, we investigated immunohistochemistry of
F-actin, β-catenin and claudin-1, the influences of which were
comfirmed in RT-PCR test and Western blot experiment. 

In blank group, F-actin expression was confirmed mainly
in corneal epithelium with a distribution along with the cell
membrane in a net-like manner, and the intact cell morphol-
ogy was obvious. Similar results were observed in control
group treated with fluorescein sodium solution. The decrease
of F-actin expression and blurry cell morphology shown in
Fig. 7 A were attributed to the application of 0.5% labrasol,
which made the intracellular expression of F-actin increased.
Expression of F-actin was down-regulated significantly after
treating with 2.0% labrasol, and the contour of cells were il-
legible caused by the loss of protein with observation of de-
creased pericellular fluorescence. With the increase of con-
centration of labrasol, the expression of F-actin abated cor-
respondingly, suggesting that labrasol was likely to influence
the expression and redistribution of F-actin in a certain de-
gree. The results in Fig. 7 B showed that β-catenin was mainly
present at intercellular borders in reticulate structure, encir-
cling the cells and delineating the cellular borders, with nor-
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Fig. 7 – Immunohistochemistry of F-actin, β-catenin and claudin-1 influenced by labrasol. (A) The effect of labrasol on 

F-actin expression (B)The effect of labrasol on β-catenin expression (C) The effect of labrasol on Claudin-1 expression. 
Red: β-catenin, Blue: Nucleus, Scale bar: 200 μm. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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al cell morphology in control group. When treated with 2.0% 

abrasol, the fluorescence intensity of corneal epithelial was 
bated, and fluorescence distribution circling the cell was dis- 
ontinuous, prompting that the cell membranes appeared to 
e not integrated and tight junctions function was disturbed.
s shown in Fig. 7 C, claudin-1 expression was mainly visu- 
lized in the corneal epithelium, a little in the stromal layer 
s well. The claudin-1 expressed much in corneal epithelial in 

lank group, where the boundary between cortex layer and the 
ubstrate was clear. The control group showed an enhanced 

ntracellular expression level of claudin-1 and epithelium in- 
egrity, while claudin-1 expression gradually weaken after be- 
ng incubated with 0.5% and 2.0% of labrasol. According to the 
mmunohistochemistry studies, intracellular junctions were 
isrupted and fluorescence intensity of related proteins was 
ecreased visibly when labrasol was employed to the in vitro 
abbit cornea. 

. Conclusion 

n summary, the study demonstrated that labrasol was ca- 
able of enhancing the excised rabbit corneal permeabil- 

ty for fluorescein sodium dramatically, accompanied by re- 
uction in expression of proteins contributed to intracellu- 

ar connections, which directly determined and modulated 

he paracellular pathways. It could be proposed that F-actin,
laudin-1and β-catenin took part in maintenance of tightness 
f the corneal epithelium, collectively and coordinately. Labra- 
ol was a potent penetration enhancer for ocular drug delivery 
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to improve the bioavailability. One mechanisms of action was
to enhance the permeability of intercellular space by down-
regulating the expression level of related tight junction pro-
teins. Much more systematic research, for instance, a range of
compounds including both hydrophilic and lipophilic would
be applied synchronously as model drugs to investigate the
corneal penetration enhancing effects of labrasol, and also the
further in vivo study would be required to explore insights into
the complex mechanisms. 
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