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ABSTRACT

Intestinal permeation enhancers (PEs) are agents aimed to improve oral delivery of therapeutic
drugs with poor bioavailability. The main permeability barrier for oral delivery is the intestinal
epithelium, and PEs act to increase the paracellular and/or transcellular passage of drugs.
Transcellular passage can be achieved by cell membrane permeabilization and/or by endocytic
uptake and subsequent transcytosis. One broad class of PEs is surfactants which act by inserting
into the cell membrane, thereby perturbing its integrity, but little is known about how the
dynamics of the membrane are affected. In the present work, the interaction of the surfactants
lauroyl-L-carnitine, 1-decanoyl-rac-glycerol, and nonaethylene glycol monododecyl ether with
the intestinal epithelium was studied in organ cultured pig jejunal mucosal explants. As
expected, at 2 mM, these agents rapidly permeabilized the enterocytes for the fluorescent polar
tracer lucifer yellow, but surprisingly, they all also blocked both constitutive -and receptor-
mediated pathways of endocytosis from the brush border, indicating a complete arrest of apical
membrane trafficking. At the ultrastructural level, the PEs caused longitudinal fusion of brush
border microvilli. Such a membrane fusogenic activity could also explain the observed
formation of vesicle-like structures and large vacuoles along the lateral cell membranes of the
enterocytes induced by the PEs. We conclude that the surfactant action of the PEs selected in
this study not only permeabilized the enterocytes, but profoundly changed the dynamic
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properties of their constituent cell membranes.

Introduction

Limited oral bioavailability of several drugs, such as
peptides, other types of macromolecules or hydro-
philic small molecules, together with a desire to offer
“needle-free” administration, has long spurred a quest
for development of non-injection formulations of
drugs with poor membrane permeability." Within this
context, interest has focused on intestinal permeation
enhancers (PEs), also commonly termed “absorption
enhancers,” which are agents aimed to improve oral
delivery of therapeutic drugs.””> Here, the main obsta-
cle to overcome is the intestinal mucosal barrier.®”®
Under normal physiologic conditions, this is a selec-
tive barrier upheld to allow uptake of dietary
nutrients, vitamins and minerals while simultaneously
protecting the organism from invasion or intoxication
by luminal pathogens. Limited diffusion through the
luminal “unstirred” mucus layer may present the

initial barrier for drugs, but the primary obstacle to
overcome is the poor transepithelial passage.> Gener-
ally, some PEs therefore act selectively to increase the
paracellular permeability by opening of tight junctions
between adjacent epithelial cells, whereas others may
act by increasing transcellular pathways. Either mode
of action typically involves functional interactions
with the enterocyte cell membrane. The majority of
PEs acting to increase transcellular permeability are
broadly defined chemically as surfactants; i. e. amphi-
philic, surface active agents with a capacity to adsorb
to the enterocyte cell membrane. By a detergent-like
action, they insert into the outer leaflet of the bilayer
and subsequently reach the inner leaflet by a flip-flop
mechanism. This incorporation of PEs typically ren-
ders the cell membrane more fluid and causes it to
expand, leading to a loss of integrity and an increase
in permeability.>® At higher concentrations, PEs may
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cause solubilization of membrane constituents, and
ultimatively, buckling and lysis of the cell membrane
itself.”

Numerous studies have been performed over the
years on PEs in search of candidates suitable for use in
oral drug delivery,' but with the focus having fore-
most been concentrated on their permeabilizing prop-
erties, little is yet known about how these agents affect
the dynamic properties of their primary target, the
intestinal brush border. Despite the lipid raft organiza-
tion of this membrane'® and the rigid microvillus
structure defining its shape,'"'> the enterocyte brush
border is a highly dynamic cell membrane. Thus,
uptake studies in organ cultured mucosal explants,
using both lipophilic -and polar tracers, have revealed
a widespread constitutive apical endocytosis.'>'* Fur-
thermore, a second, receptor-mediated and clathrin-
dependent pathway is inducible, for instance by
enterotoxins.'> In the present work, we investigated
the interaction of 3 commonly used surfactant PEs,
(LO),
(DG), and nonaethylene glycol monododecyl ether
(Cy2Ey), with enterocyte cell membranes, using a
mucosal organ culture system. Of these, LC is a main
PE in PeptelligenceTM, which has been licensed for
clinical development and successfully reached a phase
I1I trial of oral calcitonin.'® Predictably, all 3 PEs per-
meabilized enterocytes for the fluorescent polar tracer

lauroyl-L-carnitine 1-decanoyl-rac-glycerol

lucifer yellow (LY), but surprisingly, they also blocked
both constitutive and receptor-mediated pathways of
endocytosis from the brush border. At the ultrastruc-
tural level, the PEs caused longitudinal fusion of brush
border microvilli. In addition, they caused formation
of vesicle-like structures and large vacuoles along the
lateral sides of the enterocytes. Overall, these findings
indicate that the surfactant action of the PEs studied
not only permeabilized the enterocytes, but pro-
foundly changed the dynamic properties of their cell
membranes.

Materials and methods

Materials

Lauroyl-L-carnitine (L-carnitine dodecanoyl ester), 1-
decanoyl-rac-glycerol
glycol monododecyl ether (C;,E), heat-labile entero-

(monocaprin), nonaethylene
toxin, B subunit, from Escherichia coli (LTB), and
fluorescein 5(6)-isothiocyanate (FITC) were supplied
by Sigma-Aldrich (www.sigmaaldrich.com), lucifer

yellow CH (ammonium salt), Alexa 488 hydrazide,
Alexa 594-conjugated secondary antibodies for immu-
nofluorescence microscopy, ProLong antifade reagent
with DAPI, Alexa 488-conjugated phalloidin, and a
monoclonal antibody to Na®/K"-ATPase (a-chain)
from Thermo Scientific (www.thermodanmark.dk). A
rabbit antibody to pig intestinal aminopeptidase N
was described previously."”

Animals

Animal experimentation in Denmark is subject to eth-
ical evaluation by the Ministry of Justice’s Council for
Animal Experimentation. Animal experimentation
included in this work was performed only by licensed
staff at the Department of Experimental Medicine, the
Panum Institute, University of Copenhagen, and was
covered by license 2012-15-2934-00077 issued to the
Dept. of Experimental Medicine.

Segments of porcine jejunum, taken about 2 m
from the pylorus of overnight fasted, postweaned ani-
mals, were surgically removed from the anaesthetized
animals. After excision of the tissue, the animals were
killed by an injection with pentobarbital/lidocaine
(1 mg/kg bodyweight). As this study contained no fur-
ther animal experimentation, no specific approval by
an ethics committee was required.

Organ culture of pig jejunal mucosa

Organ culture of intestinal tissue was performed
essentially as described previously.'"® Briefly, after
removal from the animals, jejunal segments (~20 cm)
were quickly cut open longitudinally and placed in
ice-cold RPMI medium. Mucosal tissue specimens
weighing ~0.1 g were excised with a scalpel and trans-
ferred to metal grids in organ culture dishes to which
1 ml of RPMI medium was added. The dishes were
placed in an incubator kept at 37 °C and subjected to
15 min of preincubation without any additions to the
medium. The permeation enhancers (PEs) lauroyl-L-
carnitine (LC), 1-decanoyl-rac-glycerol (DG), and
nonaethylene glycol monododecyl ether (C,,Ey) were
dissolved in 10 mM Na,HPO,, 0.9% NaCl, pH 7.0
(PBS) and added to the culture medium at a final con-
centration of 2 mM. The following microscopy
markers for cellular uptake were added together with
the PEs: Lucifer yellow (0.5 mg/ml), Alexa 488 hydra-
zide (10 png/ml), and FITC-LTB (10 pg/ml).
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After addition of the above reagents, the explants
were cultured in the presence of the probes for 1 h at
37 °C, and after culture they were carefully rinsed in
fresh medium and immersed in a fixative overnight at
4°C.

Preparation of FITC-conjugated LTB

FITC-LTB was prepared for use in fluorescence
microscopy as follows: 0.5 mg of LTB and 0.25 mg of
FITC were dissolved in 1 ml 50 mM sodium borate,
pH 8.5. After incubation in the dark for 1 h at room
temperature with magnetic stirring, unconjugated dye
was removed by extensive dialysis against PBS. The
FITC-LTB was finally aliquoted and stored in the dark
at -20 °C until use.

Fluorescence microscopy

Explants were fixed at 4°C for 2 h or overnight in 4%
paraformaldehyde in 0.1 M sodium phosphate, pH 7.2
(buffer A). Following fixation and a quick rinse in buffer
A, the explants were immersed overnight in 25% sucrose
in buffer A before mounting in Tissue-Tek and section-
ing (~7 pm thick sections cut parallel to the crypt-villus
axis) at -19 °C in a Leica CM1850 cryostat. For immuno-
labeling, the sections were incubated for 1 h at room tem-
perature with antibodies to aminopeptidase N (diluted
1:500) or Na'/K*-ATPase (diluted 1:100) in 50 mM
Tris-HCl, 150 mM NaCl, 0.5% ovalbumin, 0.1% gelatin,
0.2% teleostan gelatin, 0.05% Tween 20, 0.05% Triton X-
100, pH 7.2 (buffer B). Incubation with Alexa 488/594-
conjugated secondary antibodies (diluted 1:200) was
performed for 1 h at room temperature in buffer B. For
staining of the actin cytoskeleton, sections were incubated
for 1 h with Phalloidin in buffer B (0.4 U/ml).

Controls with omission of primary antibodies were
routinely included in the labeling experiments.

Hematoxylin-eosin staining of fixed tissue sections
was performed according to a standard protocol.

All sections were finally mounted in antifade
mounting medium with DAPI and examined in a
Leica DM 4000B microscope fitted with a Leica
DFC495 digital camera. Images were obtained using
Leica HCX PL Fluotar objectives with the following
magnification/numerical aperture: 20x/0.40, 40x/0.65,
63x/0.90, and 100x/1.30. The following filter cubes
were used: I3 (band pass filter, excitation 450-
490 nm), TX2 (band pass filter, excitation 560/40 nm),
and A4 (band pass filter, excitation 360/40 nm).
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Electron microscopy

Cultured explants for electron microscopy were fixed
in 3% glutaraldehyde (v/v), 2% (w/v) paraformalde-
hyde in buffer A overnight at 4 °C. After a rinse in
buffer A, the explants were post-fixed in 1% osmium
tetroxide in buffer A for 1 h at 4 °C, dehydrated in ace-
tone and finally embedded in Epon. Ultrathin sections
were cut in a Pharmacia LKB Ultrotome III, stained
with 1% (w/v) uranyl acetate in H,O and lead citrate,
and finally examined in a Zeiss EM 900 electron
microscope equipped with a Mega View II camera.

Preparation of microvillus membrane vesicles
and treatment with PEs

Pig jejunal mucosa was fractionated by the divalent
cation precipitation method." Briefly, the mucosa was
scraped from the gut and homogenized in 10 volumes
of 2 mM Tris-HCI, 50 mM mannitol, pH 7.1, contain-
ing 10 pg/ml aprotinin and leupeptin. After centrifu-
gation at 500 g, 5 min, MgCl, was added to the
supernatant (final concentration: 10 mM), and after
10 min on ice, the preparation was centrifuged at
1.500 g, 10 min. The Mg**- precipitated pellet (con-
taining intracellular- and basolateral membranes) was
discarded, and the resulting supernatant centrifuged
at 48.000 g, 30 min, to yield a pellet of microvillus
membrane vesicles that were stored at -20 °C until use.

For subsequent treatment with PEs, microvillus
vesicles (~1 mg/ml) were resuspended in 25 mM
HEPES-HCI, 150 mM NaCl, pH 7.1, and samples of
75 ul were mixed with 25 ul of LC, DG or C,E, at a
final concentration range of 0-5 mM. After 10 min
incubation at 37 °C and rapid cooling on ice, the vesi-
cle suspensions were centrifuged at 25.000 x g,
10 min, to yield a membrane pellet and a supernatant
of solubilized protein. Both fractions were collected
and subjected to SDS/PAGE in 10% gels as described
by Laemmli.”® After electrophoresis and electrotrans-
fer onto Immobilon membranes, protein was visual-
ized by staining with Coomassie brilliant blue.

Results

LC, DG and C,,E, as surfactants and PEs
in organ culture of mucosal explants

LC, DG and C,E, (Fig. 1) are all compounds capable
of exerting surfactant action on cell membranes, with
LC and C,,E, belonging to the broad chemical class of
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Figure 1. The chemical structure of lauroyl-L-carnitine (LC), 1-dec-
anoyl-rac-glycerol (DG) and nonaethylene glycol monododecyl
ether (Cy;Eg). (The images were downloaded from the PubChem
Open Chemistry Data Base (https://pubchem.ncbi.nlm.nih.gov/).)

soluble PEs, while DG is classified as an insoluble sur-
factant.” Thus, they share a common ability to adsorb
to, and insert into, the outer leaflet of cell membranes,
and, at higher concentrations, even to solubilize both
lipids —and proteins from the bilayer. Owing to differ-
ences in their chemistry, they may be expected to per-
turb the integrity of the lipid bilayer to a varying
extent and thus to affect the membrane dynamics and
overall cellular permeability differently.

Figure 2 shows the surfactant action of the PEs, as
measured by their concentration-dependent ability to
solubilize brush border proteins, including the major
digestive hydrolases, from outside-out microvillus
membrane vesicles. In this experiment solubilization
was shown as transfer of proteins from the mem-
brane-bound pellet fraction (P) to the supernatant
fraction (S) following centrifugation and SDS/PAGE,
and in the absence of any of the PEs little or no pro-
tein was released from the P to the S fraction. LC and
Ci2Es exhibited roughly similar profiles with only
moderate solubilization at 0.5 mM, gradually increas-
ing to almost complete release of all major compo-
nents at 5 mM from the P to the S fraction. In
contrast, DG only weakly solubilized the brush border
proteins even at 5 mM. In subsequent studies with
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Figure 2. Solubilization of microvillus vesicles by LC, DG, and
Ci2Eo. Microvillus membranes were prepared as described in
Methods and treated with PEs at a range of concentrations as
indicated. After treatment, the pellet (P) -and supernatant (S)
fractions following a centrifugation were subjected to SDS/PAGE.
Arrows indicate the molecular mass-values of the brush border
enzymes sucrose-isomaltase (250 kDa), aminopeptidase N
(150 kDa) and the cytoskeleton protein actin (42 kDa).
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mucosal explants, a fixed concentration of 2 mM was
chosen for all 3 PEs as a balanced compromise
between tissue damage and enhancer effect. In con-
trast to the brush border membrane of intact mucosal
tissue, microvillus vesicles are not protected by mucus
and should therefore be expected to be more suscepti-
ble to surfactant action of PEs at low concentrations.
Organ culture of intestinal mucosal explants is an
in vivo-like model suitable for studies on short-term
effects of compounds interacting with the mucosal

epithelium,'®?"**

and we have previously used it to
investigate the action of different types of enterotox-
ins, including cholera toxin B,'° S. aureus enterotox-
ins A- and B*® and LTB from E. coli,®? as well as that
of another type of PE, glycol chitosan.** As shown in
Fig. 3, LC, DG and C;,E, all caused foci of denuda-
tion to form at the tip of villi, whereas the epithelium
appeared to be intact along the sides of the villi. A
similar denuding effect of other PEs on the intestinal
epithelium has previously been reported by others
and is rapidly repaired by villus contraction and
resealing of the epithelium under normal in vivo

A Control
LP :
E
C DG
-
-
E LP
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conditions.>*>?*® Thus, the organ culture system used
here faithfully mimicked the known effect of the PEs
on the overall morphology of the epithelium. In all
the results presented below we focused on how the
PEs affected the parts of the absorptive epithelium
where no gross effect on tissue morphology was
apparent, i. e. along the sides of the villi rather than
at the extrusion zone at the tip.

PEs induce permeabilization of enterocytes
and inhibit endocytic uptake

LY is a small (molecular mass 444) polar tracer nor-
mally non-permeable to cell membranes.?’” It has pre-
viously been used in an enhancer study to assess
paracellular permeability in Caco-2 monolayers,*® and
we have used it in the mucosal organ culture system
for studying epithelial cell integrity during fat absorp-
tion.”” In control explants cultured in the presence of
LY for 1 h, uptake into distinct subapical punctae just
below the brush border of enterocytes could be seen
(Fig. 4A), as previously observed.”” These punctae are

B LC
LP
E <«
<
D ¢ Cy5Es o
E
LP

Figure 3. Hematoxylin-eosin stained sections showing villi of mucosal explants cultured for 1 h in the absence (A) or presence of 2 mM
of LC (B), DG (C) or Cy,Eq (D), as described in Methods. All 3 PEs caused denudation at foci near the villus tips (arrows), whereas the epi-
thelium along the sides of the villi generally remained intact. Enterocytes (E) and lamina propria (LP) are indicated. The images shown

of each situation are representative of at least 5 images. Bars: 50 pm.
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Figure 4. PE-induced permeabilization of enterocytes revealed by LY. Mucosal explants cultured for 1 h in the absence (A) or presence
of 2 mM of LC (B), DG (C) or C;,Es (D), and in the presence of 0.5 mg/ml of the fluorescent polar tracer LY. All images shown were cap-
tured at identical settings of the microscope. A: A narrow line of punctate labeling of LY is seen just below the enterocyte brush border
(arrow and enlarged insert), but diffuse cytoplasmic staining of the cytosol is weak or absent. LY is also seen in the paracellular space
between enterocytes and, most strongly, in areas of the lamina propria. B-D: LC, DG, and C;,Es all caused a diffuse cytoplasmic staining
of the enterocytes in a mosaic pattern, but subapical punctae were not detected. The images shown of each situation are representative

of at least 5 images. Bars: 20 um.

early endosome antigen-1 (EEA-1)-positive and thus
represent early endosomes in the terminal web region
(hence termed “TWEEs” for “terminal web early
endosomes”), and they have previously been visual-
ized by use of lipophilic markers of endocytosis.'>'*
Otherwise, the cytoplasm of the enterocytes was
largely devoid of staining, indicating that the integrity
of cell membranes is generally preserved during cul-
ture. Labeling of the intercellular space along the lat-
eral sides of the epithelial cells and accumulation in
areas of the lamina propria implies that the tight junc-
tions between adjacent cells are permeable to LY. As
seen in Fig. 4B-D, both LC, DG and C,,E, caused an
uptake of LY into the cytoplasm and most nuclei of
the enterocytes, indicating a widespread cell mem-
brane permeabilization. A conspicuous cell-to-cell
variation in labeling intensity was evident, resulting in
a mosaic appearance of the epithelium. Subapical LY-
positive punctae were not readily detectable, sugges-
tive of an impaired endocytosis, but alternatively, a
punctate labeling may have been obscured by a high

background of diffuse cytoplasmic staining. Therefore,
to explore this issue further, another polar tracer of
low molecular mass (570), Alexa 488 hydrazide, was
used. Like LY, Alexa 488 hydrazide was previously
reported to be taken up into TWEEs in enterocytes,”
and as shown in Fig. 5A, it appeared in the control as
a string of subapical punctae in the enterocytes similar
to LY (Fig. 4A). In addition, little or no Alexa 488
hydrazide was seen laterally along the enterocytes,
suggesting that the tight junctions are less permeable
to this tracer. Unlike LY, Alexa 488 hydrazide was not
staining the cytoplasm to any great extent in the pres-
ence of PEs, implying that the cell membranes did not
become leaky to this tracer (Fig. 5D). Remarkably, in
the presence of DG, little or no uptake of Alexa 488
hydrazide into TWEEs was detected, indicating that
the apical constitutive pinocytotic uptake of small
molecules is blocked by DG Similar results were
obtained for LG and C,,E, (data not shown).

Figure 5 also shows the localization of aminopepti-
dase N (apical membrane marker), Na*/K*-ATPase
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Figure 5. PE-induced inhibition of constitutive endocytosis revealed by Alexa 488 hydrazide. Mucosal explants cultured for 1 h in the
absence (A-C) or presence (E-F) of 2 mM DG and in the presence of 10 pg/ml of the fluorescent polar tracer Alexa 488 hydrazide (green
color in A, D). Sections were immunolabeled for aminopeptidase N (red color in A, D), Na*/K*-ATPase (red color in B, E), or with Alexa
488-conjugated phalloidin (green color in C, F). All images shown were captured at pairwise identical settings of the microscope. A: The
fluorescent polar tracer Alexa 488 hydrazide is taken up into distinct subapical punctae like LY (Fig. 4), but is not visible in the paracellu-
lar space and only weakly stains the lamina propria. D: No Alexa 488 hydrazide accumulated in subapical punctae, and diffuse cyto-
plasmic staining of the enterocytes was moderate in comparison with LY (Fig. 4). Neither the brush border marker aminopeptidase N,
the basolateral marker Na*/K*-ATPase, nor the cortical cytoskeleton marker phalloidin were visibly affected by DG. The images shown

of each situation are representative of at least 5 images. Bars: 20 pm.

(basolateral membrane marker), and phalloidin (actin
cytoskeleton marker) in controls and DG-treated
explants. The distribution of none of these markers
was visibly perturbed by DG, suggesting that the over-
all cell membrane polarity and gross cortical cytoskel-
etal architecture of the enterocytes
compromised by DG. Similar results were obtained
for LG and C;,E, (data not shown).

were not

In addition to the constitutive pinocytosis of small
molecules visualized by LY and Alexa 588 hydrazide, the
enterocyte brush border possesses another uptake mech-
anism, receptor-mediated endocytosis. Bacterial toxins
belonging to the heat-labile enterotoxin family of AB5
multimer proteins, such as cholera toxin B and E. coli
LTB,>"** exploit this pathway for intoxication. Glycoli-
pids in the brush border, notably ganglioside GM, act as



€1361900-8 e E. M. DANIELSEN AND G. H. HANSEN

cell surface receptors for LTB,* and as shown in Fig. 6A,
FITC-LTB efficiently labeled the villus surface. In addi-
tion to the surface labeling, subapical punctae were also
seen, indicative of an endocytotic uptake. By comparison,
LC, DG and C,E, all caused a marked reduction in LTB
binding to the villus surface, and few, if any, distinct sub-
apical punctae were detectable (Fig. 6 B-D). In case of
Ci2Eo, a more diffuse apical staining was seen in some
enterocytes, suggestive of an entry into the cytoplasm
(Fig. 6D).

Collectively, the results presented above indicate a
common functional mechanism of interaction between
the 3 PEs studied and the mucosal epithelium. Firstly,
they all permeabilized the cell membranes of the entero-
cytes, rendering them leaky to a compound like LY. Sec-
ondly, they blocked both the constitutive -and the ligand-
induced endocytotic uptake from the brush border.

PEs functionally perturb enterocyte cell membranes

Electron microscopy was used for examining in
greater structural detail the epithelial changes caused

Control

by the PEs, and Fig. 7A, C shows that the overall
microvillus length was not markedly affected by LC,
and that tight junctions between adjacent cells likewise
appeared normal. However, microvesiculation of
entire, single microvilli was occasionally seen, indicat-
ing a breakdown of the longitudinal actin cytoskele-
ton. In cross sections (Fig. 7B, D-F), a highly regular
hexagonal array of brush border microvilli was seen in
control explants, but remarkably, LC and DG dis-
rupted this organization by causing lateral fusion of
adjacent microvilli. Thus, pair-wise fused microvilli
were frequently observed, and occasionally structures
consisting of 3 fused microvilli were also detected. The
2 central bundles of the actin cytoskeleton in the
microvillus dimers apparently remained intact, result-
ing in oblong oval microvilli. Finally, Fig. 7F depicts
pairs of microvilli connected by a “stalk," suggestively
in the early stage of complete fusion. However, in
enterocytes closer to the denudation zone at the tip of
and blebbing
occurred (Fig. 8A, B). Here, electron micrographs

villi, apical membrane buckling-

revealed a more extensive deterioration of the brush

Figure 6. Inhibition of enterotoxin uptake by PEs. Mucosal explants cultured for 1 h in the presence of 10 pg/ml FITC-LTB and in the
absence (A) or presence of 2 mM of LC (B), DG (C) or C;,E, (D). A: Punctate labeling with FITC-LTB is seen at, and below, the apical
surface of the enterocytes. B-D: Reduced labeling at the apical surface and only few subapical punctae. In the presence of C;,E,, a diffuse
staining of the apical cytoplasm was seen. (Inserts in A and D show enlarged image details.) The images shown of each situation are rep-

resentative of at least 5 images. Bars: 20 um.
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A Control

Figure 7. PE action on the enterocyte brush border. Electron micrographs of the microvillus membrane from mucosal explants cultured
for 1 h in the absence (A, B) or presence of 2 mM LC (C, D) or 2 mM DG (E, F). A, C: Longitudinal sections of microvilli. Only in the control
were membrane invaginations frequently seen between adjacent microvilli (arrowheads), implying an ongoing endocytosis. LC induced
sporadic microvesiculation of microvilli (arrow). B, D-E: Cross sections of microvilli. LC and DG disrupted the hexagonal order by inducing
widespread pair-wise fusion of microvilli (arrow), and occasionally 3 fused microvilli of various shapes were also seen (asterisks). F: Cross
section of microvilli at high magnification. Arrows indicate pairs of microvilli connected by a “stalk," possibly in the early stage of fusion.
The images shown of each situation are representative of at least 5 images. Bars: 1 um (A, C); 0.2 um (B, D); 0.1 um (E, F).

border with widespread fragmentation and disappear-
ance of microvilli. The formation of blebs seemed to
be a process resulting from available surplus apical
membrane following the collapse of the microvillus
architecture and blocked endocytosis (Fig. 8C, D).

As shown in Fig. 9, also the lateral parts of the
enterocyte cell membrane were affected by LC. In con-
trols, this membrane is seen as a distinct, meandering
border with only a narrow intercellular space between
adjacent cells (Fig. 9A). LC caused an extensive

vacuolization in the lateral region of the cells together
with the appearance of numerous cytoplasm-filled,
vesicle-like structures. Although the vacuoles were
lighter in color than the cytoplasm, they seemed to
contain material of cellular origin (Fig. 9B-D).

In summary, PEs perturbed both the apical —and
lateral aspects of the enterocyte cell membrane. The
formation of fused microvilli directly indicates that
they render the cell membrane spontaneously fuso-
genic. Conceivably, a similarly induced fusogenic
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Figure 8. Deterioration of the brush border near a zone of denudation induced by 2 mM LC. A, B: Immunofluorescent images of sections
labeled for the apical membrane marker aminopeptidase N as in Fig. 5, showing buckling (A) and blebbing (B) of the brush border. C, D:
Electron micrographs showing microvillus deterioration and formation of blebs by surplus membrane (arrows). The images shown of
each situation are representative of at least 5 images. Bars: 20 um (A, B); 2 um (C); 1 um (D).

activity might also underlie the formation of vacuoles
and vesicle-like structures along the lateral surfaces,
either by causing fusion of meandering parts of mem-
branes belonging to the same cell or by fusion of
membrane parts of adjacent cells. In contrast, no gross
changes in the morphology of the tight junctions were
revealed by electron microscopy despite the fact that
long chain acylcarnitines are known to act as tight
junction openers.”* Most likely, this reflects that mod-
ulation of tight junction permeability can be achieved
without causing a full disintegration of the junctional
complex.

Discussion

Acyl carnitines, acyl glycerols, and ethoxylates are all
examples of surfactant types of agents that have been
commonly explored as candidate PEs in commercial
formulations for oral drug delivery.” Understandably,
most studies performed on these agents so far have
focused on various parameters reflecting their ability to
increase epithelial permeability, i. e. typically determi-
nation of transepithelial electrical resistance (TEER)

and transport rates of soluble markers across mono-
layers of epithelial cells, such as Caco-2 cells.***” The
organ culture system used in the present work is not
suitable for quantitative measurements of this type, but
instead allows visualization of the impact of PEs on the
brush border membrane of authentic mucosal tissue.
Here, our results show that surfactant action on cell
membranes exerts a wider biologic effect than simply
increasing paracellular —or transcellular permeability.
One essential feature of cell membrane functioning is
the membrane-confined trafficking connecting the cell
surface with the intracellular cellular compartments,
and the results obtained revealed that LC, DG, and
C),E, all blocked both the constitutive —and receptor-
mediated endocytosis from the brush border. This
observation indicates that irrespective of the particular
surfactant chemical structure, incorporation into the
bilayer is sufficient to perturb the ability of the mem-
brane to engage in any type of endocytosis. Surfactants
are generally thought to fluidize the membrane and
cause swelling, ultimately leading to loss of integrity
and permeabilization.” It is now also evident that such
changes in bilayer organization must be equally
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Figure 9. LC action on the enterocyte lateral cell membranes. Electron micrographs of the lateral cell membranes from mucosal explants
cultured for 1 h in the absence (A) or presence of 2 mM LC (B-D). A: Highly meandering lateral cell membranes between adjacent cells
(arrows). B: Formation of vacuoles (arrows) along the intercellular space. C: Formation of vesicle-like structures filled with cytoplasmic
material (arrows). D: Lateral vesicles shown in higher magnification. The images shown of each situation are representative of at least 5

images. Bars: 1 um (A, C); 5 um (B); 0.2 uum (D).

prohibitive of the processes involved in the formation
of a membrane invagination and its progression to an
endocytotic vesicle. Likewise, the formation of the
peculiar-looking apical fused microvilli, as well as lat-
eral vesicle-like structures and vacuoles, most likely can
be ascribed to a common surfactant-induced mem-
brane fusogenic activity. To occur, a membrane fusion
process must typically be initiated by the formation of
a focal hemifusion connection, commonly referred to
as a “stalk," which subsequently leads to a larger fusion
pore.*®** However, spontaneous membrane fusion in
living cells would be highly detrimental and is normally
prevented by repulsive forces between the opposing
bilayers, resulting from electrostatic repulsion of
equally charged surfaces and from hydration, together
with the lateral tension of the bilayer interface. When
required to occur under physiologic processes, such as
exocytosis, a specialized fusion machinery, including
SNARE proteins, acts to overcome this energy bar-
rier.*” Spontaneous fusion events in artificial model
membranes can be induced, for instance by Ca’" and
polyethylene glycol,*"*** but to our knowledge fusion of

microvilli has not previously been reported as a conse-
quence of PE action. Notably, however, the same strik-
ing membrane defect was previously observed in
myosin VI (myo6) knockout mice.> Myo6 is a cyto-
skeleton protein localized primarily in the inter-micro-
villus/terminal web region of enterocytes, and its
absence causes disorganization of the brush border
morphology as well as reduced endocytotic uptake of
luminal lactoferrin. Although seemingly unrelated phe-
nomena, this observation also implies a functional rela-
tionship between the membrane fusion defect and an
impaired endocytotic membrane trafficking.

In conclusion, concurrently with the continued
pharmacological interest in surfactants and their use
in formulations of oral drugs,2 there is also a wide-
spread safety concern regarding this use.>”® The main
unsettled issues here are questions related to the effec-
tiveness of epithelial repair mechanisms following
damage caused by PEs, and fears that PEs may also
inadvertently enable absorption of luminal pathogens
(the so-called bystander argument). In this context,
the novel effects on cell membrane functioning
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described in the present work add to the complexity of
what is currently known about surfactant PE action in
the gut and ought to be taken into consideration when
assessing this type of agents as candidate PEs. The
mucosal explant culture system used here may prove a
valuable tool for future studies addressing these
problems.
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