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ABSTRACT
The pentapeptide L-R5 has previously been shown to transiently increase the permeability of nasal 
epithelial cell layers in vitro, allowing paracellular transport of molecules of up to 4 kDa. Protein 
kinase C zeta (PKC ζ), a member of a family of serine/threonine kinases was shown to be involved in 
tight junction modulation induced by L-R5. We show here that the ability of L-R5 to modulate tight 
junctions is comparable to other permeability enhancers such as bilobalide, latrunculin A or C10. 
Interaction of the peptide with the target protein occurs via electrostatic interaction, with the 
presence of positive charges being essential for its functionality. L-R5 is myristoylated to allow quick 
cell entry and onset of activity. While no epithelial cytotoxicity was detected, the hydrophobic 
myristoyl rest was shown to cause haemolysis. Taken together, these data show that a structural 
optimization of L-R5 may be possible, both from a toxicological and an efficacy point of view.
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1. Introduction

Drug development is often hampered by the physi-
cochemical properties of the drug candidate. The 
selection of excipients may lead to an optimization 
of key pharmacokinetic parameters such as absorp-
tion and distribution.1 Since the majority of 
approved drugs are administered orally,2 sufficient 
intestinal absorption and resulting bioavailability is 
decisive for drug efficacy and safety. At epithelia, 
drug absorption can occur by the transcellular or 
paracellular pathway.3 It has been estimated that 
the intercellular (paracellular) space in the intest-
inal epithelium is about 4 Å.4 In addition, the 
passage of molecules through the paracellular 
space is regulated by networks of proteins forming 
different types of intercellular junctions. The most 
important of these connections are tight junctions 
(TJs),5 located at the apical side of the epithelial 
cells.

TJs comprise a network of different proteins, 
with the most important being occludin,6 zonula 
occludens proteins (ZO-1, −2)7 and the claudin 
family.8 The modulation of these junctions is 
a dynamic process triggered by intracellular and/ 
or extracellular stimuli, such as inflammatory 
signals.9,10 In addition to managing cell tissue 

permeability, TJs also play a role in cell differentia-
tion and proliferation, as well as in the establish-
ment of cell polarity.11,12 In addition, TJs also close 
the intercellular space between the apical and baso-
lateral sides, and form a transmembrane exchange 
zone (TJ fence function).13 Their regulation is 
mainly regulated by protein kinases C (PKCs).14,15 

The controlled modification of these junctions has 
been one of the pathways used to open the inter-
cellular space, thereby increasing paracellular 
permeability.

In order to increase oral bioavailability of drugs, 
different types of permeation enhancers (PEs) have 
been developed16 that act through different 
mechanisms of TJ modulation, but also of other 
types of intercellular connections such as adherens 
junctions (AJs). Modulation of these junctions in 
a selective manner would allow to transiently 
increase transepithelial permeability. Several PEs 
have been introduced into the market, such as 
SNAC and C10.17 Some of these PEs have a well- 
described mechanism of action, such as bilobalide, 
which interacts with the adenosine A1 receptor,18 

or latrunculin A, which interferes with the cytoske-
leton structure.19 An issue to be addressed is the 
potential toxicity of these PEs, as has been 
described, for example, for sodium dodecyl sulfate 
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(SDS).20 PEs addressing the regulation of TJ pro-
teins such as occludin and ZO-121,22 may directly 
lead to an increase in epithelial permeability 
through a well-defined mechanism. Accordingly, 
PKCs, which regulate the balance of certain TJ 
proteins are prime targets for such a PE.

PKCs are a family of serine/threonine kinases.23 

These enzymes have been identified to be involved 
in many intracellular mechanisms, such as 
apoptosis,24 proliferation,25 or inflammation,26 

and are grouped into conventional, novel, and aty-
pical PKC subfamilies.27 PKCs may have opposing 
roles.16 An imbalance in their expression was found 
in certain diseases, such as certain cancer types, 
where an increase in the expression of certain 
PKCs is present,28 and in diabetes.29 Management 
of this expression imbalance through therapeutic 
intervention has already been studied, however, 
until now in the absence of real clinical success.30

PKC ζ belongs to the atypical sub-family and has 
been identified to be overexpressed in some cancer 
types.31 In addition, this kinase has also been found 
to be responsible for the activation of the TJ proteins 
occludin32 and ZO-133 through phosphorylation of 
threonine and serine residues, respectively. 
Phosphorylation takes place through the interaction 
between PKC ζ and the target proteins mediated by 
the pseudosubstrate (PS) part of the enzyme through 
electrostatic interaction34 (Figure 1). The PS is 
a segment that is part of the enzyme between the 
amino acids 113 and 12935 and has initially a self- 
inhibitory function on the enzyme keeping it in an 
inactive state.36 When PKC ζ is activated, the role of 

the PS is to interact with the target protein to allow 
its phosphorylation.34 Inhibition of PKC ζ may pre-
vent the activation of TJ proteins and the closure of 
these junctions, increasing paracellular permeability.

A myristoylated peptide with the PS sequence of 
PKC ζ (zeta inhibitory peptide ZIP) has been com-
mercialized as an inhibitor of the enzyme.37 

Inhibition of the kinase by ZIP was originally 
thought to be achieved by taking the place of the 
PS to keep PKC ζ in an inactive state. However, it 
was recently shown34 that this peptide does not 
interact with the enzyme. A ZIP-derived peptide 
(L-R5) tested in our laboratory showed that the 
inhibition of PKC ζ activity was not achieved by 
interacting with the enzyme, but with the target 
protein.38 The interaction between PS and occlu-
din, for example, was competitively blocked by the 
presence of L-R5, inhibiting phosphorylation and 
thus activation of TJ proteins. Moreover, a decrease 
of TJs proteins expression by ZIP has been 
noted.38,39

The increase in permeability by L-R5 entering in 
the cell has already been demonstrated,40 as has its 
lack of epithelial cytotoxicity in vitro. This study 
further characterizes L-R5, compares the peptide to 
other PEs, and assesses the toxicity of several fatty 
acids potentially replacing the myristoyl rest toward 
an improved efficacy of the peptide.

2. Materials and methods

2.1. Materials

Phosphate buffered saline (PBS) solution, sodium pyr-
uvate, Dulbecco’s Modified Eagle’s Medium 
(DMEM), penicillin and streptomycin (penstrep), 
non-essential amino acids (NEAA), foetal bovine 
serum (FBS), Hank’s balanced saline solution 
(HBSS), trypsin EDTA and saline solution (NaCl 
0.9%) were obtained from Gibco (Zug, Switzerland). 
Latrunculin A, bilobalide, sodium caprate (C10) 
(Table 1), collagen solution PureCol, myristoyl-Gly 
(myr), methyl myristoleate (myro), methyl octanoate 
(octa) and methyl palmitate (palm) were obtained 
from Sigma-Aldrich (Buchs, Switzerland). Sodium 
fluorescein, fluorescein dextran 4 kDa, fluorescein 
dextran 150 kDa and fresh defibrinated sheep blood 
were obtained from Thermo Fisher Scientific (Zug, 
Switzerland). Water for injection (WFI), T75 flasks, 

Figure 1. Mechanism of electrostatic interaction between PS of 
PKC ζ and the target protein (here p62). In a normal situation PS 
interacts with a part of the target protein (here PB1). The zeta 
inhibitory peptide (ZIP) competes with the PS and prevents 
interaction between the enzyme and the protein. 
Phosphorylation and activation of the target protein does not 
occur.34
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96-well plates as well as 24-well plates with 6.5 mm 
inserts of 0.4 µm pore size and a surface area of 
0.33 cm2 were obtained from Corning (Root, 
Switzerland). Sodium dodecylsulfate (SDS) was pur-
chased from Merck (Schaffhausen, Switzerland). 
Ethanol 99.8% was purchased from Biosolve 
(Dieuze, France). Caco-2 cells were purchased from 
ATCC (HTB-37, Manassas, USA). WST-1 reagent 
was purchased from Roche (Basel, Switzerland). All 
peptides were obtained from Bachem AG (Bubendorf, 
Switzerland), their respective structures are detailed in 
Table 2.

2.2. Cell culture

Mycoplasma-free Caco-2 cells were cultured in T75 
flasks in a humidified atmosphere at 37°C and 5% 
CO2. These cells were used at passage numbers 35–39. 
Cells were cultured in DMEM supplemented with 
10% FBS, 1% PenStrep, 1% NEAA and 1% sodium 
pyruvate. The medium was changed every 2 to 3 days, 
and the cells were passaged using trypsin every 5 days 
at a split ratio of 1:3. For toxicity studies, cells were 
seeded at a density of 4.5*104 cells/cm2 in 96-well 
plates. 100 µl of medium was added and cells were 
incubated for 2 days. 24-well plate inserts were coated 
for 3 hours with a 0.003% collagen solution in PBS 
before seeding cells at a density of 6*104 cells/cm2. 
600 µl and 100 µl of medium were changed every 2 to 
3 days on the basolateral and apical side, respectively, 
for 21 days. Before the start of permeability experi-
ments, cells were equilibrated in warm HBSS with the 
same volumes for 30 minutes in the incubator under 
the conditions described above.

2.3. Assessment of cytotoxicity

Impact of the peptides and fatty acids (FA) on cell 
proliferation as a measure of toxicity was tested by 
WST-1 assay. The peptide solutions in NaCl 0.9% had 
concentrations between 25 and 100 µM, and FA solu-
tions between 50 µM and 5 mM. SDS 0.1% in water 
for injection and culture medium were used as posi-
tive control and negative controls, respectively. The 
prepared cell plate was taken out of the incubator and 
100 µl of the different solutions were applied, mixed 
with culture medium, and incubated for 24 hours 
under conditions as described above. Finally, the 
supernatant was removed and a mix (100 µl) of 
WST-1 reagent and cell culture medium at a ratio of 
1:1 was added. Absorbance was measured at 450 nm 
and 690 nm after 2 hours with a plate reader (Biotek 
Synergy Mx, Sursee, Switzerland). The signal mea-
sured by the second wavelength was considered as 
the baseline. To determine the percentage of cellular 
viability, equation 1 was used: 

Cytotoxicityð%Þ ¼
Absexp value � Abs neg control

Abspos control � Absneg control
� 100 (1) 

2.4. In vitro haemolysis assay

As previously described,40 fresh defibrinated sheep 
blood was used to evaluate the influence of peptides 
and fatty acids on the integrity of the cellular mem-
branes. The blood was washed using PBS and cen-
trifuged at 1500 rpm for 1 minute. Supernatant was 
discarded and the pellet was resuspended in 1 ml of 
PBS. These steps were repeated 5 times. Finally, 
11 ml of PBS were added, and the suspension was 
stored at 4°C. Solutions of peptides and fatty acids 
(myr, myro, octa, palm) at concentrations between 
1 mM and 5 µM were prepared in HBSS. WFI was 
used as a positive control and HBSS was used as 
a negative control. 50 µl of each condition were 
incubated with 50 µl of washed sheep blood 

Table 1. Permeation enhancers used and their suggested mechanism of action.
Permeation 
enhancer Mechanism of action

Concentration 
reported Reference

Latrunculin A Prevents actin repolymerization, disrupts actin cytoskeleton 0.2 µM 40

Bilobalide A1R-mediated phosphorylation of actin-binding proteins 5 µM 41

Sodium caprate Reversible removal of tricellulin from tricellular tight junction 8.5 mM 20

Sodium 
dodecylsulfate

Integration into cell membrane increasing cell membrane fluidity causing loss of integrity and 
increase in permeability

2 mM 42

Table 2. Designation and structures of peptides used.
Peptide designation Peptide structure

L-R5 L-myr-ARRWR
D-R5 D-myr-ARRWR
Scrambled L-myr-WRARR
L-A5 L-myr-AARWR
L-W5 L-myr-ARRAR
ZIP L-myr-SIYRRGARRWRKL

myr: myristoyl; ZIP: zeta inhibitory peptide
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suspension (47.2 million cells/ml) in each well of 
a round bottom 96-well plate for 30 minutes under 
slow agitation at room temperature. The plate was 
centrifuged at 3700 rpm for 10 minutes. 50 µl of 
supernatant of each well was then transferred and 
mixed with 250 µl of ethanol in a flat bottom 96 well 
plate. The absorbance was then read at 412 nm 
(Biotek Synergy Mx, Sursee, Switzerland) with 
a maximum of 0.724 and a minimum of 0.095, 
respectively, for WFI and HBSS. The absorbance 
values obtained for the positive control were 
defined as 100% haemolysis and the negative con-
trol as 0%.

2.5. Transepithelial electrical resistance

Transepithelial electrical resistance (TEER) was mea-
sured as previously described40 right after the equili-
bration of the cells and immediately after the 
permeability experiments using an EVOM volt- 
ohmmeter (World Precision Instruments, Stevenage, 
UK) equipped with chopstick electrodes. TEER values 
were calculated by using equation 2: 

TEER ðΩ cm2Þ ¼ ðresistance value ðΩÞ � 100 Ωð ÞÞ � 0:33 cm2� �
(2) 

where 100 (Ω) is the resistance of the porous mem-
brane coated with the collagen layer the cells were 
seeded upon, and 0.33 cm2 is the total surface of the 
epithelial cell layer and of the insert. TEER was 
always measured in warm HBSS.

2.6. Permeability studies

As previously described,40 the apparent permeabil-
ity (Papp) of fluorescein dextran 4 kDa (FD-4) and 
150 kDa (FD-150) was calculated using the equa-
tion 3: 

Papp ¼
ΔQ
Δt
�

1
A� C0

(3) 

where C0 is the initial concentration (106 ng/ml) of 
the permeant in the donor compartment (apical 
side), A is the surface area of the cell layers 
(0.33 cm2 for inserts in 24 well plates) and dQ/dt 
is the appearance rate of FD-4 or FD-150 in the 
receiver compartment (basolateral side). All experi-
ments were performed in triplicate.

After equilibration and TEER measurement, the 
peptide or FA solutions containing 0.25 mM FD-4 
or 6.6 µM of FD-150 in HBSS were applied to the 
apical side. The concentration of the other PEs was 
determined based on the literature referring to their 
permeability enhancing effect. Instead of peptides or 
FA, bilobalide,41 latrunculin A,42 SDS43 and C10

20 

were applied at a concentration of 5 µM, 0.2 µM, 
2 mM, and 8.5 mM, respectively. Samples of 100 µl 
were taken from the basolateral compartment of each 
well every 15 minutes during the first half hour, and 
then each 30 minutes for a final period of 3 hours, 
with each volume being replaced by an equal volume 
of warm HBSS to maintain sink conditions. The 
fluorescence of FD-4 and FD-150 was then measured 
in black 96-well plates at excitation and emission 
wavelengths of 485 and 520 nm, respectively, using 
a plate reader (Biotek Synergy Mx, Sursee, 
Switzerland). A calibration curve was established to 
determine the concentration of the fluorescent com-
pound over time at the basolateral side.

2.7. Statistical analysis

Data are reported as mean ± standard deviation (S. 
D.). Statistical significance was considered at 
a p-value < 0.05. Significance is denoted as 
*p < 0.05, ** p < 0.01, *** p < 0.001, **** 
p < 0.0001. The data were analyzed using two-way 
analysis multiple comparison of variance 
(ANOVA) with GraphPad Prism. The data were 
analyzed using multiple t-test comparisons.

3. Results

3.1. L-R5 compared to other PEs

The L-R5 peptide had already shown its ability to 
increase the permeability of molecules through an 
epithelial cell layer.40 This increase in permeability 
and decrease in TEER was compared to other PEs 
with different mechanisms of action (Table 1). L-R5 
was compared to bilobalide and latrunculin 
A (Figure 2A,B), and subsequently to C10 and SDS 
(Figure 2C,D). The passage of FD-4 is further 
increased by L-R5 compared to latrunculin A and 
bilobalide, which showed similar increases in per-
meability. The decrease in TEER, however, is com-
parable between the 3 PEs. By contrast, both SDS 
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and C10 drastically decreased TEER at concentra-
tions tested. Epithelial permeability caused by C10 
showed a strong increase only after 150 minutes, 
which corroborates data previously reported in the 
literature.17 On the other hand, the effect of sur-
face-active agent SDS is considered to be due to its 
toxicity.44

3.2. Influence of fatty acids on permeability and 
toxicity

The impact of length or state of saturation of the 
fatty acid moiety on in vitro cytotoxicity and per-
meability was examined. A haemolysis test was 
performed on defibrinated blood cells (Figure 3A) 
with fatty acids of different chain lengths (C8:0 
octanoyl, C13:0 myristoyl and C16:0 palmitoyl) as 
well as an unsaturated myristoleyl (C13:1) moiety 
and L-R5, which is myristoylated. The extent of 
haemolysis was detected to increase with the chain 
length of the fatty acid. Furthermore, the unsatu-
rated fatty acid showed a higher hemolytic index 
than the other fatty acids, despite being shorter 

than palmitoyl. In addition to the haemolysis test, 
a WST-1 cell toxicity test was performed 
(Figure 3B). Solutions of the same fatty acids (50 
and 500 µM) and the L-R5 peptide (25–100 µM) 
were incubated with Caco-2 cells for 24 hours. In 
contrast to the haemolysis test, no significant toxi-
city was revealed by this test.

The permeability and opening of TJs was also 
tested for these FAs in comparison to the L-R5 pep-
tide (Figure 4A and 4B). The fatty acids as well as the 
peptide were incubated with Caco-2 cell layers for 
3 hours after application to the apical side and the 
permeability of FD-4 was quantified. No significant 
increase in permeability was observed compared to 
HBSS control, with the exception of L-R5, which 
increased significantly the passage of FD-4 through 
the Caco-2 cell layers. The inability of fatty acids to 
increase permeability either by TJ modulation or toxic 
effects was further documented by the maintenance of 
the initial TEER value during incubation. However, 
the initial increase in permeability profile in the pre-
sence of FAs is different from that in the presence 
of L-R5.

Figure 2. Comparison of permeability enhancement between L-R5 and other PEs. The permeability of FD-4 (0.25 mM solution) through 
Caco-2 epithelial cell layers was measured in the presence of L-R5 50 µM, Bilobalide 5 µM and Latrunculin A 0.2 µM over 180 minutes 
(A). TEER was measured before and after the experiment (B). The permeability of FD-4 (0.25 mM solution) through Caco-2 epithelial cell 
layers was measured in the presence of L-R5 50 µM, C10 8.5 mM and SDS 2 mM over 180 minutes (C). TEER was measured before and 
after the experiment (D). Values are mean ± S.D. (n = 3), ***P < 0.001, ****P < 0.0001. The data were analysed using multiple t-test 
comparisons.

TISSUE BARRIERS e2060692-5



3.3. TJs opening range with L-R5

The increase in permeability for FD-4 caused by 
L-R5 has been demonstrated previously.40 In order 
to detect the extent of permeability increase for 
compounds of increasing molecular weights, the 
passage through Caco-2 cell layers of sodium fluor-
escein, FD-4 and FD-150 in the presence of L-R5 
was measured (Figure 5). As expected, sodium 
fluorescein showed a higher permeability compared 
to FD-4. In contrast, FD-150 showed a permeability 
in the presence of the peptide, which was not sig-
nificantly different from the control group. 
A molecular weight of 150 kDa therefore appears 
to be the limit of opening of TJs caused by L-R5 
activity.

3.4. Structural modifications of L-R5 and their 
impact on permeability enhancement

As electrostatic and possibly hydrophobic interaction 
between L-R5 and the target protein may play a role in 
the modulation of TJs, several structural modifica-
tions were applied to the peptide. For the peptide 
L-W5, the hydrophobic amino acid tryptophan was 
replaced by the neutral amino acid alanine, and in the 
case of peptide LA-5, one of the positively charged 
arginines was replaced by alanine. The passage of FD- 
4 through cell layers of Caco-2 cells in the presence of 
these peptides was measured in addition to TEER 
measurements (Figure 6). The removal of a positive 
charge (LA-5) appears to negate any effect on TJ 
modulation, with FD-4 Papp data showing no 

Figure 3. Toxicity comparison between L-R5 and FAs. The haemolytic activity measured in fresh defibrinated sheep blood (47.2 × 106 

cells/ml), incubated with various concentrations (5–1000 µM) of L-R5 and FAs (octanoyl, myristoyl, myristoleyl, palmitoyl) for 
30 minutes at room temperature under slow shaking. HBSS and water for injection (WFI) were used as negative (0%) and positive 
(100 %) controls, respectively (A). Cytotoxicity was measured by WST-1 test. Caco-2 cells were incubated for 24 hours with various 
concentrations of L-R5 (25–100 µM) and FAs (50 and 500 µM). SDS 0.1% and cell culture medium were used as positive (0%) and 
negative control (100%), respectively (B). Values are mean ± S.D. (n = 3).

Figure 4. Comparison of permeability enhancement between L-R5 and other PEs. The permeability of FD-4 (0.25 mM solution) through 
Caco-2 epithelial cell layers in the presence of L-R5, myristoyl, myristoleyl, octanoyl and palmitoyl (all at a concentration of 50 µM) was 
investigated over 180 minutes (A). TEER was measured before and after the experiment (B). Values are mean ± S.D. (n = 3), *P < 0.05, 
***P < 0.001. The data were analyzed using multiple t-test comparisons.
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significant difference to the control group. By con-
trast, the peptide without tryptophan (LW-5) still has 
an influence on the increase in FD-4 permeability. 
However, the effect is significantly lower than 
with L-R5.

The same peptide as L-R5 using D-amino acids 
(D-R5), as well as L-R5 with a scrambled sequence 
of amino acids (myr-WRARR) and ZIP were com-
pared with respect to their effect on permeability 
and TEER in Caco-2 cell monolayers (Figure 7). 

Figure 5. Size-dependent increase in permeability by L-R5. The permeability of sodium fluorescein, FD-4 and FD-150 (all 0.25 mM 
solution) through Caco-2 epithelial cell layers was measured in the presence of L-R5 (50 µM) over 180 minutes. Values are mean ± S.D. 
(n = 3), ****P < 0.0001. The data were analyzed using multiple t-test comparisons.

Figure 6. Permeability enhancement comparison between L-R5 and structural modifications of L-R5. The permeability of FD-4 
(0.25 mM solution) through Caco-2 epithelial cell layers in the presence of L-R5, L-R5 with the tryptophan replaced by an alanine 
and L-R5 with the first arginine replaced by an alanine (all at a concentration of 50 µM) was investigated over 180 minutes (A). TEER 
was measured before and after the experiment (B). Values are mean ± S.D. (n = 3). *P < 0.05, ***P < 0.001. The data were analysed 
using multiple t-test comparisons.

Figure 7. Permeability enhancement comparison between L-R5, its D form (D-R5), its scrambled form and ZIP. The permeability of FD-4 
(0.25 mM solution) through Caco-2 epithelial cell layers was measured in the presence of L-R5, D-R5, scrambled L-R5 and ZIP (all at 
a concentration of 50 µM) over 180 minutes (A). TEER was measured before and after the experiment (B). Values are mean ± S.D. 
(n = 3). ****P < 0.0001. The data were analysed using multiple t-test comparisons.
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All 5-amino acid peptides, including the scrambled 
peptide, were shown to influence the permeability 
of FD-4 and the TEER of the cell layer in the same 
way, with FD-4 permeability increased and the 
TEER significantly decreased compared to the con-
trol group. Furthermore, the ZIP peptide increased 
the passage of FD-4 and decreased TEER to 
a higher extent than the other peptides.

4. Discussion

The aim of this study was to investigate more dee-
ply the ability of L-R5 to transiently open TJs. This 
opening seems to allow for the increase in permea-
tion of molecules with a molecular weight < 150 
kDa. Hemolytic and cytotoxicity tests were per-
formed. In addition, a comparison with other PEs 
was carried out in order to attest the effect of L-R5. 
Finally, structural modifications of the peptide were 
applied to further elucidate the mechanism of 
action of the peptide.

L-R5 is more successful in increasing the perme-
ability of FD-4 compared to the PEs bilobalide and 
latrunculin A (Figure 2A). The mechanisms of 
action of these two molecules are similar, as they 
both influence the cytoskeleton of the cell. By inter-
acting with the adenosine A1 receptor, bilobalide 
causes contraction of the actin filament, which 
transiently opens intercellular junctions.41 

Latrunculin A enters the cell and disrupts the cytos-
keletal filaments, distorting the cell and allowing 
larger molecules to pass through cellular 
junctions.42 L-R5 has been designed to inhibit the 
activity of PKC ζ in phosphorylating TJs proteins. 
Opening of TJs may be also due to influence of 
L-R5 cytoskeleton, as the enzyme was shown to be 
involved in cytoskeletal organization.31,45 The 
opening induced by L-R5 appears to lead to 
a higher permeability with a faster onset, however, 
it should be noted that the applied concentrations 
of the other two molecules necessary to open TJs 
are much lower. An equivalent concentration of the 
peptide may give the same or even better results. 
The problem is that since latrunculin A is derived 
from a sponge toxin,46 an increase in concentration 
may lead to safety issues. By contrast, bilobalide 
showed no cytotoxicity at a concentration of 
625 µM and may be more effective at higher 

concentrations if no increase in toxicity is 
observed.41 The fast increase in the first 15 minutes 
of each condition may be due to a hormetic effect,47 

even if this difference is not significant. More spe-
cifically, the modification of the ambient environ-
ment will inevitably force the cell to adapt. 
A greater disruption of the cell membrane by FAs 
is also a potential reason for this increase, which 
would lead to a short increase in paracellular per-
meability. Another explanation of this short greater 
permeation enhancement the formation of micelles 
between FD-4 and FAs.

L-R5 activity was also compared to C10 and SDS 
(Figure 2C). SDS is supposed to increase transcel-
lular permeability.48 However, the concentration 
used here is toxic at 2 mM as reported in 
literature.44 The increase in permeability is there-
fore probably due to cell death induced by this 
surfactant. TEER results for C10 would suggest 
that it was also toxic at a concentration of 8.5 mM 
(Figure 2D). This molecule is thought to be respon-
sible for a redistribution of TJ proteins.49 The per-
meability profile shows that the increase in FD-4 
passage is gradual. C10 is therefore more effective 
than L-R5, but at a much higher concentration. 
Although no toxicity was demonstrated for 
C10,50,51 administration of a reduced quantity may 
be beneficial for cellular health. On the other hand, 
a concentration of C10 below its critical micellar 
concentration (CMC) has been shown to be more 
toxic due to medium chain fatty acid (MCFA) 
synthesis.52 CMC may be pivotal for C10 toxicity. 
For now, C10 has been widely tested, above CMC at 
8.5 mM, as a permeation enhancer in the absence of 
toxicity.

Although L-R5 has previously been shown not to 
cross epithelial cell layers, potentially avoiding sys-
temic circulation,40 the hemolytic effect of the pep-
tide was tested (Figure 3A). Hemolysis occurs when 
the erythrocyte’s cell membrane is disrupted. The 
haemolysis induced by L-R5 appears to be directly 
related to the fatty acid to which it is attached. The 
fatty acid moiety is necessary for its uptake into the 
cell. The larger the fatty acid, the greater the hemo-
lytic effect. In addition, the unsaturated fatty acid 
induces hemolysis to a greater extent, which can be 
explained by a strong deformation of the cell 
membrane.53 In view of these results, a reduction 
in the length of the fatty acid bound to L-R5 would 
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be desirable. However, this would result in 
a reduction of the penetrability of the peptide into 
the cell, and thus a reduction in the permeation 
effect, with the need to increase the dose adminis-
tered. Increasing the peptide concentration does 
not appear to be toxic to the cell (Figure 3B). 
Furthermore, none of the fatty acids showed cyto-
toxicity in epithelial Caco-2 cell layers, even at high 
concentrations of up to 500 µM. The hemolytic 
effect induced by the myristoyl tail would not 
have any consequence on in vivo application as we 
previously demonstrated that the peptide does not 
pass through the epithelial cell layer.40

It may be considered that the fatty acid is respon-
sible for the increase in permeability, as it disrupts the 
membrane. However, as shown in Figure 4A, the 
passage of FD-4 in the presence of fatty acids through 
the Caco-2 cell layer remains similar to the control 
condition. Furthermore, TEER is not reduced by the 
fatty acids either (Figure 4B). All these results there-
fore confirm that L-R5 penetrates the cell by disrupt-
ing the cell membrane without being toxic and 
increases the permeability of FD-4 by a mechanism 
other than cell membrane disruption.

The permeability of FD-150 is only slightly 
increased by L-R5 (Figure 5). Very few non-specific 
paracellular PEs16 were shown to increase the para-
cellular permeation of such large molecules, such as 
chitosan particles or liposomes.54,55 150 kDa there-
fore appears to be the limiting size for increased 
permeability induced by L-R5. However, an increase 
in peptide concentration may be sufficient to be 
more effective. 150 kDa is the average size of anti-
bodies and therefore the largest treatments that can 
be prescribed.56 The potential risk of pathogens and/ 
or xenobiotics gaining access to subepithelial tissue 
through open TJs is a recurring concern in the dis-
cussion of permeation enhancers. We could show in 
this study that the upper size limit of substances 
permeating the disrupted tight junctions lies below 
a threshold of 150 kDa, which translates into 
a hydrodynamic radius of approximately 9 nm for 
dextran. This value is below the size of the majority 
of viral particles. In addition, as discussed in our 
recent paper,40 the negative charge present at these 
junctions would additionally reduce the likelihood 
of viral permeation. Finally, TJ modulation by the 
peptide was demonstrated to be rapidly reversible.40 

The intestinal absorption of antibody formats or 

large therapeutic proteins may be conceivable. 
Being able to formulate this type of treatment in 
a non-invasive dosage form would increase safety 
and reduce treatment costs. More in vitro and 
in vivo studies are needed to assess the suitability of 
using L-R5 in combination with a therapeutic drug.

Some structural modifications were applied to 
L-R5. It was shown that the presence of positive 
charges, conferred by arginine, is essential for the 
activity of the peptide (Figure 6A and 6B). In addition, 
the presence of a hydrophobic amino acid provides 
complementarity in the interaction, as the replace-
ment of tryptophan by alanine significantly reduces 
the effect of the peptide. Further investigation on the 
correlation between peptide structure and its activity 
may lead to the development of more specific PKC ζ 
competitors. As an example, phosphorylation of TJ 
protein occludin by PKC ζ occurs at the C-terminal 
domain of the protein (between amino acids 403– 
438).57 Specificity of the inhibition of this phosphor-
ylation step may be achieved by adapting the sequence 
of small peptide inhibitors, possibly by increasing the 
number of positive charges. However, this would have 
to be weighed against a potential increase in toxicity 
caused by the higher cationic charge density of the 
compound.

The other peptides tested were D-R5, L-R5 with 
mixed amino acids (scrambled) and ZIP (Figure 7). 
D-R5 and scrambled peptides showed the same effect 
on FD-4 permeability as L-R5. The effect of D-R5 was 
expected, as it has the same sequence as L-R5. The use 
of D-R5 would be useful in vivo as a more metaboli-
cally stable form,58 and a longer effect would poten-
tially be visible due to its slower degradation. The 
effect of ZIP is stronger than for L-R5, which can be 
explained by its greater complementarity with the 
sequence of the target protein. ZIP has the same 
sequence as the PS and therefore the sequence that 
interacts with the protein in vivo. The advantage of 
using L-R5 instead of ZIP is found in the reduction of 
the time of action,40 resulting in shorter disturbance 
of TJ integrity. The use of a peptide with a scrambled 
sequence compared to L-R5 resulted in a comparable 
activity, as was expected seen the nature of peptide– 
protein interaction.

The use of L-R5 as a PE can add value to 
a formulation for drug candidates of low bioavailabil-
ity. Its effect is comparable to other PEs and no 
cytotoxicity has been revealed. Furthermore, the 
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opportunities for combination with drugs are wide 
given the possibility of increasing the paracellular 
permeation of molecules with a molecular weight of 
up to 150 kDa.

5. Conclusion

Modulation of TJs by interfering with PKC ζ phos-
phorylation of TJ proteins has been shown to be 
suitable to increase epithelial permeability. The appli-
cation of L-R5 peptide to intestinal cells in vitro is 
non-toxic and effective in transiently increasing the 
permeation of molecules with a suggested upper 
molecular weight limit of 150 kDa. Furthermore, 
the efficacy of permeation enhancement of the pep-
tide is comparable to other PEs. Optimization of 
L-R5 in terms of target protein affinity and adapta-
tion of activity kinetics appears to be possible by 
modification of the nature of the amino acids 
included. Finally, increase in activity through these 
modifications must be weighed against safety aspects.
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