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Objective: A non-lipolysis nanoemulsion (NNE) was designed to reduce the first-pass
metabolism of raloxifene (RAL) by intestinal UDP-glucuronosyltransferases (UGTs) for
increasing the oral absorption of RAL, coupled with in vitro and in vivo studies.
Methods: In vitro stability of NNE was evaluated by lipolysis and the UGT metabolism
system. The oral bioavailability of NNE was studied in rats and pigs. Finally, the absorption
mechanisms of NNE were investigated by in situ single-pass intestinal perfusion (SPIP) in
rats, Madin-Darby canine kidney (MDCK) cells model, and lymphatic blocking model.
Results: The pre-NNE consisted of isopropyl palmitate, linoleic acid, Cremophor RH40, and
ethanol in a weight ratio of 3.33:1.67:3:2. Compared to lipolysis nanoemulsion of RAL
(RAL-LNE), the RAL-NNE was more stable in in vitro gastrointestinal buffers, lipolysis, and
UGT metabolism system (p < 0.05). The oral bioavailability was significantly improved by
the NNE (203.30%) and the LNE (205.89%) relative to the suspension group in rats.
However, 541.28% relative bioavailability was achieved in pigs after oral NNE intake
compared to the suspension and had two-fold greater bioavailability than the LNE (p <
0.05). The RAL-NNE was mainly absorbed in the jejunum and had high permeability at the
intestine of rats. The results of both SPIP and MDCK cell models demonstrated that the
RAL-NNE was absorbed via endocytosis mediated by caveolin and clathrin. The other
absorption route, the lymphatic transport (cycloheximide as blocking agent), was signifi-
cantly improved by the NNE compared with the LNE (p < 0.05).

Conclusion: A NNE was successfully developed to reduce the first-pass metabolism of
RAL in the intestine and enhance its lymphatic transport, thereby improving the oral
bioavailability. Altogether, NNE is a promising carrier for the oral delivery of drugs with
significant first-pass metabolism.

Keywords: non-lipolysis nanoemulsion, raloxifene, first-pass metabolism, stability,
bioavailability, endocytosis

Introduction

Oral preparations are the mainstay drug formulations as they are convenient and
result in better patient compliance. However, their complex physical and biological
barriers result in several challenges during their absorption, regarding their solubi-
lity, permeability, and stability." Solid dispersions, inclusion technologies, nanopar-
ticle formulations, such as nanoemulsions (NEs), as well as self-nanoemulsifying
drug delivery systems and nanoparticles have been employed to improve the oral
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absorption of Biopharmaceutics Classification System
(BCS) class II drugs (poorly water-soluble and highly
permeable drugs) by promoting drug dissolution and inhi-
biting drug efflux in the gastrointestinal tract (GIT).>™
Some BCS class II drugs, including isoproterenol, testos-
terone, berberine, and raloxifene (RAL), undergo signifi-
cant first-pass metabolism in the GIT.>® Furthermore,
improvements in drug dissolution and solubilization via
formulation development are insufficient to solve the issue
of poor oral absorption.

In the traditional NE, such as the lipolysis nanoemul-
sion (LNE}, the highly lipophilic BCS class II drugs are
encapsulated in the lipid cores of the NE globules, and the
oils in the NE are digested in the same manner as food
lipids. Bile salts, lecithin, and related endogenous surfac-
tants are secreted, and the lipid cores are emulsified and
hydrolyzed by lipases in order to form fatty acids and

monoglycerides.” '

Through the application of an
in vitro lipolysis model to examine some of the drugs
loaded into NEs, studies have shown that when the oils
in the NEs are digested by lipase, the NE collapses and the
loaded drugs are released and exposed during lipolysis. In
this way, the drug undergoes the first-pass metabolism
after the digestion of NE in the GIT.">' In contrast,
only a small part of NNEs can be hydrolyzed and of the
majority of non-lipolysis nanoemulsion (NNE) are
absorbed as the globules or mixed micelles which maybe
differ with LNE. Therefore, in this study, we attempted to
develop a NNE that could not only enhance the solubility
and permeability of drugs but also avoid the first-pass
metabolism of drugs in the GIT by the different absorption
mechanisms.

RAL is a second-generation estrogen receptor modulator
that is used as a first-line drug for the prevention and treatment
of postmenopausal osteoporosis.'® However, owing to its poor
aqueous solubility (solubility: 0.25 ng/mL; log P: 5.2) and the
significant first-pass metabolism, the oral bioavailability of
RAL is only 2% in humans.'®'® In the intestine, RAL is
mainly metabolized by UDP-glucuronosyltransferase (UGT)
1A8 and UGT1A10." Therefore, the oral bioavailability of
RAL was surmised to be improved via loading into the NNE,
which could enhance its solubility and reduce the intestinal
first-pass metabolism.

The present study aimed to develop and characterize
a NNE formulation. The NNE was
improved by in vitro lipolysis. Thereafter, its solubility

systematically

for RAL, emulsification efficiency, as well as drug-
loading properties were derived to screen the required

components, optimize the ratio of the components, and
confirm the NNE formulation. After characterizing the
morphology and globule size of the RAL-NNE, its toler-
ance in the intestine, namely, its intestinal stability was
evaluated by dilution in GIT buffer, followed by in vitro
lipolysis and UGT metabolism studies. The protective
effect of the NNE on RAL was demonstrated via bioavail-
ability studies in rats and pigs. The absorption mechanism
of NNE was investigated by the Madin-Darby canine
kidney (MDCK) cells model, situ single-pass intestinal
perfusion (SPIP) in rats, as well as the chylomicron flow
blocking approach.

Materials and Methods

Materials

RAL (99.8%), RAL-6-B-glucuronide (M1, 95%), and RAL-
4'-B-glucuronide (M2, 97.4%) were purchased from Toronto
Research Chemicals (North York, Canada). Cycloheximide
(CHX; 99.86%) was obtained from MedChemExpress (New
Jersey, USA). Soybean oil (SO; 98.0%; triglyceride), isopro-
pyl palmitate (IP, 97%; monoester), and alamethicin (98%)
were obtained from Aladdin Reagent Inc. (Shanghai, China).
Linoleic acid (LA, 99.0%) and Tween 80 (98.0%) were
obtained from AIKE Reagent (Chengdu, China). Cremophor
RH40 (99.0%), Cremophor EL (99.0%), Pluronic F68
(99.0%), and Pluronic F-127 (99.0%) were purchased from
BASF (Ludwigshafen, Germany). Labrafac PG (diester),
Labrafil M 1944 CS, Maisine 35-1 (monoester), Peceol
(monoester), Plurol oleique CC 497, and Transcutol HP
(99.9%) were obtained from Gattefossé (Lyon, France).
Medium-chain triglyceride (MCT) was purchased from
CNAC Pharma Co. (Beijing, China). Lipoid E 80 (PC, egg
phospholipids with 80% phosphatidylcholine) was obtained
from Lipoid GmbH (Ludwigshafen, Germany). Sodium taur-
odeoxycholate hydrate (NaTDC, 95%), Trizma maleate
(95%), porcine pancreatin (from porcine pancreas, 8xUSP),
saccharolactone, berberine hydrochloride (BH, 98%), testos-
terone, and undine 5'-diphosphoglucuronil acid were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Tris-HCl
was procured from Beyotime Institute of Biotechnology
(Shanghai, China). Human UGT1A10 and UGT1A8 were
purchased from Corning (New York, USA). Nystatin (4500
units/mg), chlorpromazine (98%), and amiloride (99%) were
obtained from Solarbio Life Sciences (Beijing, China).
Dulbecco’s Modified Eagle Medium (DMEM, high glucose),
Trypsin-EDTA  (0.25%), fetal serum (FBS),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

bovine
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(MTT), phosphate buffer saline (PBS), BCA protein assay kit,
and MDCK cells were obtained from GIBCO (New York,
USA). Transwell plates (96 well and 24 well) were purchased
from Corning (New York, USA). Ethanol and 1.2-propanediol
(AR) were supplied by Damao Chemical Reagent Factory
(Tianjin, China). Other reagents were of high-performance
liquid chromatography (HPLC) or analytical grade.

Methods

The Extent of Lipolysis of Excipients

The excipients (Figure 1) were emulsified and screened by
in vitro lipolysis. Briefly, the oil phase comprised of oil
mixed with LA (1:1, w/w). The oils, Cremophor RH40, and
ethanol were emulsified in a weight ratio of 3:5:2 in order to
form the pre-nanoemulsion (pre-NE). The pre-NE was
titrated with water at 50°C and stirred at 1000 rpm to obtain
the NE (15 mL). The NE was then used to explore the extent
of the lipolysis of the oils. A water-soluble surfactant (0.5 g)
and co-surfactant (0.2 g) were respectively dissolved in water
to explore the extent of the lipolysis of the surfactants and co-
surfactants. The in vitro lipolysis study was conducted in

—e— Medium chain triglycerides
—e— Labrafac PG

A

—e— Tween 80

—eo— Labrafil M 1944 CS

accordance with a previously applied method.?® The diges-
tion buffer consisted of 50 mM Trizma maleate and 150 mM
NaCl; while 5 M NaOH was also used to adjust the pH to 6.8.
The NaTDC/PC solution was prepared by adding digestion
buffer, with 5SmM and 1.25 mM concentration of NaTDC and
PC, respectively. The prepared NE and NaTDC/PC solution
were mixed together to obtain a total volume of 46 mL and
the pH was adjusted to 6.8 using 1 M NaOH. After the
addition of 4 mL of pancreatin, lipolysis was initiated at
37°C with stirring at 100 rpm. After the induction of the
lipolysis, a 0.25 M Ca®" solution was added at a rate of 34
pL/min. The temperature and the pH of the lipolysis system
were maintained at 37°C and pH 6.8 (by 1 M NaOH). NaOH
consumption was recorded and lipolysis was allowed to
proceed for 60 min. To assess the extent of lipolysis, the
titration volume of NaOH was used to calculate fatty acid
production.

The Solubility of RAL in Excipients
The solubility of RAL was tested in the excipients (oils,
surfactants, and co-surfactants) that had a low extent of
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Figure | Excipient screening for NNEs. Consumption of NaOH by (A) oils, (B)

surfactants, and (C) co-surfactants during the lipolysis; (D) Solubility of RAL in the

excipients; (E) Emulsification efficiencies of surfactants; (F) Emulsification efficiencies of RH40 with different ratios of LA and IP.
Notes: Vs other oils, °p < 0.05, **p < 0.01; vs other surfactants, bp < 0.05, bbp < 0.01; vs other co-surfactants, “p < 0.05, “p < 0.01.
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lipolysis. Excess RAL was added into the excipients, ultra-
sonically mixed for 30 min, and agitated in a shaking bath
(SPH-200B, Shanghai ShiPing Laboratory Equipment Co.,
Ltd., China) at 37°C for 72 h. Thereafter, the samples were
centrifuged at 37°C for 10 min at 10,142 x g to obtain the
supernatant. RAL was quantified at 289 nm with a UV-Vis
spectrophotometer (UV-1600; Mapada, Shanghai, China)
after appropriate dilution.

Emulsification Efficiency of Surfactants and
Co-Surfactants

After lipolysis, the emulsification efficiencies of the sur-
factants with oils which had low extent of lipolysis were
investigated. The surfactant and oil were mixed in differ-
ent ratios (1:9, 1.5:8.5, 2:8, etc., up to 9:1) and stirred at
50°C and 1000 rpm to prepare the pre-NE. Water was
added to the pre-NE to obtain the NE (15 mL). The
emulsification efficiency of the optimal surfactant was
assessed using the amount of oil emulsified, globule size
(< 100 nm), and the polydispersity index (PDI < 0.3) after
24 h. Globule size and PDI were measured with a Malvern
Zetasizer (Nano ZS90, Malvern, Worcestershire, UK).
When the RAL loading dosage was considered, different
ratios of LA and IP (1:2, 1:1 and 2:1, w/w) were used as
a mixed oil phase of pre-NE to determine the emulsifica-
tion efficiency of mixed oils. The optimal mixed oil ratio
was chosen to prepare the pre-NNEs in two proportions
(oily mixtures: surfactants: co-surfactants = 3:5:2 and
5:3:2, w/w) and then select the optimal co-surfactant
(Transcutol HP, ethanol, and 1.2-propanediol) according
to the indexes of no phase separation and the smaller
globule size.

Optimization and Characterization of the RAL-NNE
For comprehensive consideration on RAL loading dose
and emulsification efficiency, three pre-NNE composed
of mixed oils (LA:IP = 1:2 or 2:1), Cremophor RH40,
and ethanol at weight ratios of 3:5:2 (NNE1 and NNE2)
and 5:3:2 (NNE3) were used to select the optimal RAL-
NNE formulation. The optimized NNE achieved a high
drug-loading dose, small globule size, and did not preci-
pitate within 24 h.

The pre-NE of the optimal RAL-NNE (1.0 g) was
prepared by mixing RAL (33.75 mg) and LA. After stir-
ring and heating the mixture to dissolve the components,
the remaining excipients were added. The pre-NE was
emulsified with water titrated at 37°C and 1000 rpm. The
final concentration of RAL in NNE was 2.25 mg/mL

(15 mL). The IP was replaced with SO to prepare the
RAL-LNE.

RAL-NNE and RAL-LNE were diluted 50-fold with
water to measure the globule size and PDI. After staining
with a phosphotungstic acid solution for 30 s, NNE and
LNE were diluted 500-fold with water to determine their
morphology with a transmission electron microscope
(JEOL JEM-1400, Japan).

Stability of the RAL-NNE in Different pH Buffers at
Various Dilutions

RAL-NNE was diluted 10-, 50-, 100-, and 200-folds in
water, hydrochloric acid buffer (pH 1.2), and phosphate
buffer (pH 5.0 and 6.8), respectively. The globule size and
PDI of RAL-NNE were measured to evaluate its pH and
dilution stability.

Stability of RAL-NNE in the in vitro Lipolysis System
RAL-NNE (15 mL) was added to the in vitro lipolysis
system (total 50 mL) at 37°C and stirred at 100 rpm for 60
min. The lipolysis experiment was performed as described
above. Briefly, after lipolysis, the mixture was stirred at
100 rpm and maintained at 37°C for 9 h to determine the
changes in RAL content. Before (0 h) and after lipolysis
(1, 2, 3,5, 7, and 9 h), 1 mL was retrieved from the
lipolysis reaction for sampling and centrifuged at 37°C
for 10 min at 10,142 x g. After appropriate dilution, the
content of RAL in the NNE and lipolytic fluid was
detected by HPLC.

Stability of RAL-NNE in the Intestinal UGT
Metabolism System

After 60 min of lipolysis, RAL-NNE (6 uM) was used in the
UGT-mediated metabolic experiment. UGT1A8 (200 pg
protein/mL) or UGT1A10 (400 pg protein/mL), MgCl,
(10 mM), alamethicin (60 pug/mL), saccharolactone (4.4
mM), undine 5'-diphosphoglucuronil acid (5 mM), and
Tris-HCI (pH 7.4, 50 mM) were mixed and stored at 0°C
for 20 min to activate the UGTs. The mixture was pre-
incubated at 37°C for 5 min with 200 rpm of stirring;
thereafter, RAL-NNE (before or after lipolysis) was added
to the mixture. By adding undine 5'-diphosphoglucuronyl
acid, the reaction was initiated and allowed to proceed for
120 min. The reaction was terminated by the addition of
400 pL cold acetonitrile (containing 3 uM testosterone as an
internal standard) and stored at —20°C. Similarly, the meta-
bolism of the RAL solution (suspension) and RAL-LNE
was evaluated. The content of RAL and its metabolites
(M1 and M2) was analyzed by HPLC. The metabolic rate
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of RAL was calculated by determining the content of the
metabolized drug as a percentage of the total drug content.
The production rate of M1 and M2 was calculated as the
content of transferred drugs based on the percentage of the

metabolized drug.

Bioavailability in Rats
Female Sprague—Dawley rats (220 + 20 g) were purchased
from the Animal Research Center of Guangzhou University
of Chinese Medicine (Guangzhou, China). All procedures in
this study were approved by and performed in compliance
with the regulations of the Animal Ethics Committee of
Guangdong Pharmaceutical University (NO. SPF2017127).
Rats were allowed to acclimatize for 1 week in a standardized
lab environment with free access to food and water. Rats
were fasted for 12 h before the experiments and given free
access to water.

Twenty rats were randomly divided into four groups
(n = 5). Three normal groups, namely RAL suspension
(RAL-control), RAL-NNE, and RAL-LNE, were orally
administered 45 mg/kg, respectively. The fourth group,
RAL solution (ethanol:1,2-propanediol: dimethyl sulfox-
ide: normal saline = 1:2:2:10, v/v), was intravenously
injected 7.5 mg/kg. Blood samples were collected from
the caudal vein at 0, 0.5, 1, 2, 4, 6, 8, 10, 12, and 24 h after
administration and stored in tubes containing heparin.

Plasma (150 pL) was extracted in four volumes of
1:1, v/v)
containing 70 uM BH (internal standard). The mixtures

extraction solvent (methanol: acetonitrile =

were vortexed for 2 min and centrifuged at 4°C for
15 min at 10,142 x g. The extracts were evaporated to
dryness under a nitrogen atmosphere at 60°C. The
residue was reconstituted with 100 pL of the mobile
phase and the concentration of RAL was quantified by
HPLC.

The bioavailability parameters (Cyax, Tmax, and AUC)
were calculated by non-compartmental analysis of the
drug concentration-time profiles using the Drug and
Statistics (DAS) 3.0 software (Chinese Mathematical
Pharmacology Society, Beijing, China). The relative bioa-
vailability (F,) and absolute bioavailability (F,) of RAL
were calculated according to Equation (1) and Equation
(2), respectively.

F, = (AUC)E, /AUCSYST) /(Doseng /Dosesuse) (1)

F, = (AUC)E /AUCH"") / (Doseng /Dosermjection)  (2)

Bioavailability in Pigs
Female Wuzhishan pigs (25 £ 2 kg) were purchased from
the Feed Research Institute (Guangzhou, China), as per-
mitted by the Animal Ethics Committee of South China
Agricultural University (NO. 2018B038). Pigs were
allowed to acclimatize for 1 week with free access to
food and water, and fasted for 12 h before the experiments
but given free access to water.

Three pigs were administered each formulation in
a randomized crossover design, with a washout period of
1 week between administration. Before administration, the
pigs were anesthetized with atropine sulfate, Zoletil 50,
and xylazine hydrochloride. The oral and intravenous
administration dosages were 10 mg/kg and 1.7 mg/kg,
respectively. Blood samples were collected from the super-
ior vena cava at 0, 0.25, 0.5, 1, 2, 4, 6, 8, 10, 12, 24, and
36 h after drug administration. The plasma (0.5 mL) was
used and the sample was prepared as described in
“Bioavailability in rats”. The concentration of RAL was
quantified by HPLC and the pharmacokinetics data was
analyzed as described above.

Absorption Site and Endocytosis of RAL-NNE in situ
SIPI

An in situ SIPI investigation was performed following an
established method.”' Briefly, rats were intraperitoneally
anesthetized with ethyl carbamate (1.5 mg/kg). Thereafter,
the tested intestinal segments (the duodenum, jejunum,
ileum, and colon) were identified, cannulated with plastic
tubing, and ligated for perfusion. The segment was
attached to an infusion pump (Longerpump, Baoding,
China) and rinsed with saline (37°C) to remove residues.
All perfusates contained the non-absorbable marker, phe-
nol red (30 M), to correct the water flux. The perfusate
containing RAL-NNE was perfused at a flow rate of
0.2 mL/min for 20 min to ensure steady-state. Similarly,
the perfusates containing RAL-NNE and endocytosis inhi-
bitors, nystatin (30 M), chlorpromazine (30 M), and
amiloride (100 M), were respectively injected into the
jejunum to assess their impact on the absorption of RAL-
NNE.

Perfusion was then performed and the perfusate was
collected into microtubes at the predetermined time inter-
vals (0, 10, 20, 30, 40, 50, 60, and 70 min). The length and
internal diameter of the perfused segment were measured
at the last collection and the rats were killed. The perfusate
was extracted using 1-fold methanol containing 70 pM BH
(internal standard). The mixtures were vortexed for 2 min,
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centrifuged (10,142 x g, 15 min) and filtrated. The samples
(10 pL) were collected and analyzed by HPLC.

The absorption rate constant (K,) and effective perme-
ability (P.sy) of RAL across the rat gut wall were deter-
mined using Equation (3) and Equation (4), respectively.”'

K‘l = (Q/ﬂ'l"zl) X (1 - Cout(correct)/cin) (3)

Pq‘ﬁ = _Q X In (Cout(correct)/cin)/(277rl) (4)

where Q was the perfusion speed (0.2 mL/min); C;, and
Cout (correcty Were the concentrations of RAL in the perfu-
sate in and out of the intestinal segment, respectively; and
r and | were the radius and length of the test intestinal
segment, respectively.

Viability of MDCK Cells

The endocytosis mechanisms of RAL-NNE were further
investigated using MDCK cells. The RAL-NNE or free
RAL was diluted by EMEM to prepare a series of RAL-
EMEM (0.47, 0.94, 1.88, 3.75, 7.50, 15.00, 30.00, and
60.00 pg/mL). For investigating cell toxicity of RAL-
NNE, 200 pL of EMEM was added into plates (n=6) and
cultured at 37°C for 24 h. The MTT method (5mg/mL)
was used to detect the viability of MDCK cells and cell
viability was calculated by Supplementary Equation (1)

(Supplementary data).

Uptake and Transport of RAL-NNE by MDCK Cells
The endocytosis inhibitors, nystatin (30 M), chlorproma-
zine (30 M), and amiloride (100 M), are the inhibitors of
caveolin, clathrin, and macropinocytosis, respectively.?
The inhibitors were respectively added into well and
incubated for 30 min before the uptake experiment for
establishing the blocking model. The MDCK cells were
rinsed 3x with PBS and EMEM contained RAL-NNE
was added and further cultured for 3 h. Then the uptake
was stopped by rinsing with PBS. The cells were lysed
and centrifuged at 10,142 x g, 4°C, for 15 min. The
supernatant was withdrawn and 3-fold acetonitrile was
mixed to extract RAL twice. The supernatants were
combined and dried then reconstituted with 100 pL
mobile phase. RAL content and the protein amount
were determined by HPLC and BCA protein assay Kkit,
respectively. The amount of cell uptake was calculated
by the ratio of the concentration of RAL and protein
(Supplementary data).

When the transepithelial electrical resistance of MDCK
cells was > 180 Q-cm?, the cells were used for a transport

experiment.> Prior to the transport experiment, the cells at
the apical side were rinsed 3x with PBS. The endocytosis
inhibitors used in the uptake experiment were applied to
block the transport of RAL-NNE and the cells were rinsed
before EMEM (containing RAL-NNE) adding. RAL content
was determined by HPLC. The cumulative transport amount
(Q) was calculated by the Supplementary Equation (2)

(Supplementary data).

Lymphatic Transport of RAL-NNE in Rats

The rats were purchased and fed as “Bioavailability in
rats”. CXH has been used to inhibit the secretion of
chylomicrons from the enterocytes and without causing
damage to other active and passive absorption pathways
of drugs.***° For investigating the lymphatic transport of
RAL, the RAL-NNE and RAL-LNE (45 mg/kg) were
respectively orally administered after intraperitoneal injec-
tion of 1 mg/mL CHX (1 mg/kg) for 30 min as blocking
groups (n = 5). The rat was orally given of RAL-NNE or
RAL-LNE but without CHX injection as the normal
groups. Blood was collected and treated as described in
“Bioavailability in rats”.

HPLC Analysis

RAL concentration was detected using the Waters HPLC
System (Waters Corp., Milford, MA, USA), which com-
prised a 2707 autosampler, a 1525 binary pump, and a 2489
UV-VIS detector. RAL was eluted from a Luna polar omega
C18 column (4.60 mm x 250 mm, 5 pm; Phenomenex,
Torrance, USA) at a flow rate of 1.0 mL/min.

In the UGT metabolism system, the RAL, M1, and M2
were separated by gradient elution and the mobile phase
consisted of ammonium acetate buffer (mobile phase A,
pH 4.0) and acetonitrile (mobile phase B). The gradient
elution process as follows, 0—16 min, 78% A; 16—32 min,
78-51% A; 32-38 min, 51% A; 38-42 min, 51-78% A;
42-43 min 78% A. The testosterone as internal standard
and it was detected at 254 nm. The column temperature,
detection wavelength, and injection volume were 30°C,
289 nm, and 10 pL, respectively.

The RAL content in lipolysis, uptake and transport
experiments of MDCK cells, SIPI experiment, plasma of
rats and pigs were quantitated using isocratic elution. The
mobile phase was in a ratio of 30:70 (B:A, v/v). However, in
the SIPI experiment, in vivo absorption of rats and pigs, the
internal standard, BH was detected at 352 nm. Other separa-
tion conditions were the same as previously described but
the injection volume of in vivo sample was 20 pL.
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Statistical Analysis

Statistical analysis was conducted using SPSS 22.0. Data
are presented as mean + SD. Data were analyzed by one-
way ANOVA, and p values < 0.05 were considered to
indicate statistical significance.

Results
Screening the Components of NNE

The extent of lipolysis for the NE excipients is shown in
Figure 1. Among the tested oils, unsaturated fatty acid
(LA) displayed the lowest NaOH consumption, followed
by the monoester (Peceol ~ Maisine 35-1), long-chain
triglycerides (SO), medium-chain diester (Labrafac PQG),
and MCT (Figure 1A, p <0.01). NaOH consumption by the
oil, LA, was lower than that by Peceol and Maisine 35-1;
however, the oil, IP, did not consume any NaOH. NaOH
consumption of the surfactants was found to occur in the
following descending order: Tween 80 and Labrafil
M 1944 CS > Cremophor EL = Cremophor RH40
(Figure 1B, p <0.05). Furthermore, Pluronic F-127 and
Pluronic F68 did not consume any NaOH. Similarly, the
co-surfactants, Transcutol HP, 1.2-propanediol, and etha-
nol did not consume NaOH, whereas Plurol Oleique CC
497 could consume NaOH (Figure 1C, p <0.01).

The solubility of RAL was measured in the excipi-
ents with a low degree of lipolysis including the oils (IP
and LA), surfactants (Cremophor EL, Cremophor RH40,
Pluronic F-127, and Pluronic F68) and co-surfactants
HP,
Figure 1D, RAL was most soluble in LA, Cremophor

(Transcutol 1.2-propanediol, and ethanol). In

RH40, and ethanol, respectively.

Emulsification Efficiency of the Surfactants

and Co-Surfactants
Based on the extent of lipolysis and RAL solubility, the
emulsification efficiency of the surfactants for LA and IP

was screened. From the results, the surfactant Cremophor
RH40 had the highest capability to emulsify a single oil; this
was followed by Cremophor EL (Figure 1E). At the condi-
tions used in this study, the oils could not be emulsified by
Pluronic F-127 and Pluronic F68. Furthermore, Cremophor
RHA40 led to a higher emulsification efficiency when a higher
ratio of IP was used in the oil mixture (Figure 1F). Thus, this
mixture of oils (LA:IP = 1:2, w/w) and Cremophor RH40
were used to select the co-surfactant. As shown in Table 1,
the characteristics of the NNE prepared with the three co-
surfactants were not significantly different in the 3:5:2 weight
ratio of oil, surfactant, and co-surfactant. However, ethanol
displayed excellent emulsification efficiency at the weight
ratio of 5:3:2. Phase separations were apparent in formula-
tions containing Transcutol HP and 1.2-propanediol. Also,
their globule size was larger than that of the NNE containing
ethanol. From these results, LA, IP, Cremophor RH40, and
ethanol were selected as the components of the NNE.

Optimization and Characterization of the
RAL-NNE

Although the higher ratio of IP could enhance emulsifica-
tion efficiency, the solubility of RAL in LA was signifi-
cantly higher than IP (Figure 1D). As shown in Table 2,
the loading dose of the RAL in NNE3 was higher than that
in NNE1 and NNE2; however, its globule size and PDI
were smaller. Besides, RAL precipitation did not occur in
NNE3. Taking account for the emulsification efficiency
and the loading dose of RAL, NNE3 was the optimal
formulation for RAL. Because of the lipolytic nature of
SO, IP was replaced with SO to prepare the LNE for
comparison to the NNE.

The globule size and PDI of RAL-NNE and RAL-LNE
are presented in Table 2 and Figure 2A. The images obtained
from transmission electron microscopy (Figure 2B) demon-
strate the spherical shape of NNE and LNE.

Table | Emulsification Efficiency of the Co-Surfactants (n = 3)

Pre-NE ratio (LA:IP=1:2, wiw) Assessment Indexes Transcutol HP Ethanol 1,2-Propanediol
3:5:2 Globule size (nm) 31.7+£05 224 £ 0.6 19.8 £ 0.8

PDI 0.14 = 0.0l 0.25 £ 0.03 0.18 £ 0.02

Phase separation
5:3:2 Globule size (nm) 957 +55 63.8 + 4.6 109.9 + 3.4

PDI 0.30 = 0.04 0.36 £ 0.02 0.34 + 0.03

Phase separation Yes No Yes

Abbreviations: NE, nanoemulsion; PDI, polydispersity index.
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Table 2 Composition and Characteristics of NEs in the Different Formulations

Pre-NE (I g, wiw) NNEI NNE2 NNE3 * LNE *
Mixed oil LA:IP (1:2) LA:IP (2:1) LA:IP (2:1) LA:SO (2:1)
QOils:RH40:Ethanol 3:5:2 3:5:2 5:3:2 5:3:2
RAL/pre-NEs (mg/g) 23.50 + 1.76 2775 £ 1.19 33.75 £ 1.05 35.50 £ 2.10
Globule size (nm) 638 £ 46 727 £ 1.3 535107 446 + 0.4
PDI 1.40 + 0.02 0.23 + 0.0l 0.15 £ 0.04 0.23 £+ 0.09
Zeta potential (mV) —1.75 £ 0.98 -1.74 £ 0.22 —0.95 + 0.23 —1.97+£0.42
Precipitation at 24 h Yes No No No

Note: *Optimal formulations of RAL-NNE and RAL-LNE.

Abbreviations: NNE, non-lipolysis nanoemulsion; pre-NE, pre-nanoemulsion; RAL, raloxifene; IP, isopropyl palmitate; LA, linoleic acid; SO, soybean oil; PDI, polydispersity index.

Stability of the RAL-NNE in the Buffers

and Lipolysis System
RAL-NNE was stable in water and buffers with a pH from 1.2
to 6.8. However, there were no significant changes in the
globule size and PDI of the RAL-NNE with the different
dilutions, thereby indicating its good stability in the buffers
(Figure 3A).

During the 60 min lipolysis period, although NaOH
consumption of the RAL-LNE was significantly higher
than that of the RAL-NNE (Figure 3B), RAL content

A

Size Distribution by Intensity

Intensity (Percent)

was similar between RAL-NNE (77.18%) and RAL-LNE
(76.23%). However, after completion of lipolysis, RAL
content in LNE was markedly lower than that in the
NNE after 3 h. Over time, the difference was found to
generally increase (Figure 3C).

Stability of the RAL-NNE in the Intestinal

UGT Metabolism System
As shown in Figure 3D, 99.29 + 2.83% and 57.41 =
0.86% of the RAL in solution were metabolized by
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Figure 2 Characterizations of RAL-NNE and RAL-LNE. Globule sizes (A), morphology (B) of RAL-NNE and RAL-LNE (x 15,000).
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UGT1A10 and UGT1AS, respectively. The respective
production ratios of M1 and M2 were 4.66 £ 1.74%
and 63.41 + 1.89% by UGT1AI10 and 20.61 + 0.33%
and 36.71 =+ 1.07% by UGTI1AS, respectively. In the
RAL-LNE, no evident change in the RAL level was
observed before lipolysis. However, after lipolysis, the
ratios of the RAL metabolized by UGTI1A10 and
UGTI1A8 were 51.83 + 2.95% and 46.00 + 0.83%,
respectively. These values were 4-fold and 38-fold higher
than those for the RAL-LNE without lipolysis. In RAL-
NNE, only a small amount of RAL was metabolized by
intestinal UGT1A10 and UGTIA8 (without lipolysis:
UGT1A10, 5.69 + 1.34%; UGTIAS, 0.50 = 0.49%;
after lipolysis: UGT1A10, 10.84 + 3.13%; UGTIAS,
5.70 £ 1.45%), independent of whether lipolysis was
performed (Figure 3D). These results indicate that RAL-

Globule size:
Polydispersity index:

Il B = =
—_— =

W

A

NNE was stable following lipolysis and UGT metabolism
in the intestinal environment.

Oral Bioavailability of RAL-NNE in Rats
After oral administration to rats, RAL exhibited a similar
bioavailability both in the LNE and NNE groups, but the
oral bioavailability of NEs was two-fold than that of
the RAL-control group (Figure 4A). The AUC of RAL
in the LNE and NNE groups was 4.31 + 0.57 h-ug/mL
and 4.36 = 0.93 h-pg/mL, respectively; these values were
significantly higher than that of the RAL-control group
(» < 0.01). The F, and F, of RAL in the NE group were
200% and 14%, respectively. No significant differences in
Tmax and AUC were found between the NNE and LNE
groups (Table 3), but the C,,,x of LNE was significantly
higher than that of the other group (p < 0.05).
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Figure 3 Stability of RAL-NNE in gastrointestinal situation. (A) Stability in different media after dilution; (B) Lipolysis curves of RAL-NNE and RAL-LNE; (C) Content
change of RAL in the NNE and LNE during and after the lipolysis; (D) UGT-mediated metabolism rates of RAL solution, RAL-NNE, and RAL-LNE.

Notes: *p < 0.05, *p < 0.01 *+%p < 0.001.
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Oral Bioavailability of RAL-NNE in Pigs
In pigs (Table 4 and Figure 4B-D), the F, of RAL-NNE
was 541.28% while F, was 23.34% relative to the RAL-
control group. Furthermore, F, and F, of RAL were
230.23% and 9.93%, respectively, in the LNE group.
Unlike in rats, two Cp,.x values were found in pigs
after RAL-NE was orally administered. Although the
C'yax did not significantly differ between NNE and
LNE, the C?,.x of NNE was higher than its C'hax and
the Cpax of LNE (p < 0.05). Similarly, there was no
significant difference in T!ax but at 24 h, the T2, of
the NNE and LNE groups was prolonged relative to the
control group. The large standard deviation for the
T?nax of RAL-LNE was due to the inter-individual
differences for animals. In contrast, the inter-individual
differences in the absorption of RAL-NNE were much
smaller (Figure 4C and D).
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Absorption of RAL-NNE in situ SIPI in Rats
RAL loaded into NNEs could be absorbed in different parts of
the gut. However, absorption was found to predominantly
occur in the jejunum (Table 5). In the jejunum, when RAL-
NNE was perfused with amiloride, chlorpromazine, and nys-
tatin, the K, and P.s values of RAL were significantly
decreased. The P.g of RAL-NNE was reduced by 3—10-fold
while K, was reduced by 2—7-fold. The inhibition efficiency
followed the order nystatin (caveolin) = chlorpromazine (cla-
thrin) > amiloride (macropinocytosis). These findings suggest
that the intestinal absorption of RAL-NNE was significantly
inhibited by the endocytosis inhibitors (p < 0.05).

Cell Viability as Well as Uptake and

Transport of RAL-NNE in MDCK Cells
The cell viability of free RAL and RAL-NNE was com-
pared in Supplementary Figure 1 (A) and the cell viability
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Figure 4 Plasma concentration-time profiles of RAL-LNE and RAL-NNE in rats (A) and pigs (B) after oral administration. Plasma concentration-time profiles of RAL-LNE

(C) and RAL-NNE (D) in pigs.
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Table 3 Bioavailability Parameters and Lymphatic Transport of RAL in Rats (n = 5)
RAL RAL- RAL-LNE RAL-NNE RAL-LNE RAL-NNE
(i.v.) Control (i.g.) (i.g.) +CHX +CHX
(-g) (-g) (i-g)

Rat | Coae (ng/ml) 1.89£0.18 | 0.24 % 0.12 072£026* | 057 £008* | 0.15+0.10+ 0.07 + 0.02 t
Trmax (h) — 3.83 + 1.47 2.67 + 0.58 2.67 + 0.58 3.00 + 1.73 1.20 £ 0.45
AUCo4 1 672+020 | 2.12 £ 045 431 £ 057 % | 436+ 093 % | 2.77 + 0.82 1 1.69 + 0.66 1
(hpg/mL)

AUCq 24 h- AUCp24 hWCHX (hpg/mL) | — — — — 1.54 £ 0.35 267 + 033 #
F. (%) — — 203.30 205.89 —_ —
F. (%) — 7.01 14.25 14.43 — —

Notes: *p < 0.05, #p < 0.01 vs RAL-control; Tp < 0.05, 'p < 0.01 vs CHX group; #p < 0.05, *p < 0.01 vs RAL-LNE+CHX.
Abbreviations: NNE, non-lipolysis nanoemulsion; LNE, lipolysis nanoemulsion; RAL, raloxifene; C,,.x, peak concentration; Ty, time to Cp,ay; AUC, area under the curve;
F,, relative bioavailability; F,, absolute bioavailability.

Table 4 Bioavailability Parameters of RAL in Pigs (n = 3)

RAL RAL-Control RAL-LNE RAL-NNE
(iv) (i-g) (i.g) (i-g)

Pig C e (1g/mlL) 252 £ 0.11 0.42 + 0.04 0.54 + 0.05 0.42 + 0.04
C2 e (ng/ml) — — 0.46 + 0.10 1.04 £ 0.11 *##
T e () — 133 + 045 .58 £0.72 133 + 0.58
Tmax (h) — — 1533 £ 7.57 %* 24.00 + 0.01 **
AUCo.24 1 (h ug/mL) 13.56 + 3.08 3.44 + 072 7.92 + 0.36 ** 18.62 + .21 *t
F. (%) — — 230.23 541.28
F, (%) — 431 9.93 23.34

Notes: *p < 0.05, **p < 0.01 vs RAL-control; Tp < 0.05, TTp < 0.01 vs RAL-LNE; *p < 0.01 vs C' ..« of RAL-NNE.

> 80% when the concentration of RAL < 3.75 pg/mL. The
uptake amounts of RAL were significantly inhibited by
nystatin and amiloride (p < 0.05, Supplementary Figure 1
(B)). The cumulative transport amount of the RAL-NNE
was decreasing but there were no significant differences

compared with the absence of inhibitors.

Table 5 Intestinal Absorption Parameters (K, and P.;) of the
RAL-Loaded NNE Administered to Rats (n = 3)

Segments | K, x107% P X107%
min~! cm min”!
RAL-NNE Duodenum | 10.01 +5.13 15.20 + 8.40
RAL-NNE Jejunum 21.39 £ 1.33 36.90 £ 6.83
RAL-NNE lleum 9.85 + 2.32 17.75 £ 5.10
RAL-NNE Colon 2.84 £ 1.39 4.05 + 2.05
+ Amiloride Jejunum 1045 = 1.36 ** | [1.07 £ 1.3] **
+ Jejunum 3.30 + 0.25 3.14 £ 0.71 *t
Chlorpromazine Ry
+ Nystatin Jejunum 3.28 £ 0.63 2.83 * 0.57 ¥4t
it

Notes: *p < 0.05, *p < 0.01 vs RAL-NNE in the jejunum; Tp < 0.05, Ttp < 0.01 vs +
amiloride in the jejunum.

Abbreviations: NNE, non-lipolysis nanoemulsion; LNE, lipolysis nanoemulsion;
RAL, raloxifene; P, effective permeability; K,, absorption rate.

Lymphatic Transport of RAL-NNE in Rats
After injecting CHX (Table 3), the C,x and AUCy.4 1,
of RAL-LNE and RAL-NNE decreased significantly
(» < 0.05) compared with the normal groups (CHX
absence). In Figure 4A, the plasma concentrations of
RAL-LNE+CHX and RAL-NNE+CHX were lower than
the normal group. The values of AUCy.,4 n-AUCg24 1
CHX were above zero and that of NNE was higher than
LNE (p < 0.05).

Discussion

RAL-NNE Development

In the present study, RAL-NNE was developed according to
the resistance of the excipients to lipolysis, the higher loading
of RAL in the pre-NE, and good particle morphology. As
shown in Figure 1, chain length and steric hindrance of the
oils and the number of ester bonds in the excipients can affect
the extent of lipolysis. Of the oils, MCT exhibited the highest
NaOH consumption over a 60 min lipolysis period.
Comparatively, the NaOH consumption by SO (long-chain
triglycerides) displayed an intermediate extent of lipolysis,
with a rate lower than that by Labrafac PG and propylene
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glycol dicaprylate (medium-chain diester). This is because
the long-chain triglycerides have a slower lipolysis rate than
the medium-chain diester, which aligns with the results of
previous studies.”” >’ Maisine 351 and Peceol consumed
less NaOH than Labrafac PG due to the fewer ester bonds.
Interestingly, the isopropyl ester of the monoester, IP, did not
consume NaOH and was not digested (Figure 1A). The steric
hindrance of the isopropyl group against the active pocket of
the porcine pancreatic lipase resulted in resistance to
lipolysis.>® LA also consumed a low amount of NaOH.
Therefore, the oils, IP and LA, were resistant to lipolysis
and the extent of lipolysis in the other oils followed the order,
medium-chain triglycerides > medium-chain diglycerides >
long-chain triglycerides > long-chain monoglycerides.

As the surfactants, Pluronic F-127 and Pluronic F68
lacked ester bonds, they were resistant to lipolysis.
Although Cremophor EL was highly variable in the com-
position of poly-oxyethylene glycerol triricinoleate, it con-
tained polyethylene glycol and polyethylene glycol ether,
which could affect its combination with pancreatin and
cause a lower extent of lipolysis than Tween 80 or
Labrafil M 1944 CS (containing a lot of ester bonds).>’!
Cremophor RH40 has a similar composition to Cremophor
EL, and thus, underwent a similar extent of lipolysis.
Therefore, the excipients without esters might be resistant
to lipolysis. The co-emulsifiers, Transcutol HP, ethanol,
and 1.2-propylene glycol, did not consume NaOH,
whereas Plurol oleique CC 497 did. After the emulsifica-
tion capacity of the surfactants for oils (Table 2) and the
solubility of RAL in these excipients were considered, IP,
LA, Cremophor RH40, and ethanol were selected as the
components of RAL-NNE.

The LA ratio in the oil phase can increase RAL loading
in NNE. As shown in Table 2, the proportion of the oil
phase was increased while that of Cremophor RH40 was
reduced; these changes not only caused higher drug-
loading but also led to a smaller globule size. This may
have been because the greater proportion of Cremophor
RH40 increased the viscosity of the pre-NE, which formed
more lamellar liquid crystals and gels, owing to the
absence of thorough mixing, and larger globule size for-
mation during the emulsification process.>? Furthermore,
the intermolecular forces of the ionic bond between RAL
and LA were enhanced, resulting in smaller globule
sizes.'>?* Although RAL was most soluble in ethanol,
which could efficiently improve its emulsification effi-
ciency, the weight ratio of ethanol in the pre-NE was

limited to 10%-20% as ethanol did not retain its

solubilization capacity after dispersion in an aqueous sys-
tem because of its water solubility, which may lead to drug
precipitation.***> Therefore, we identified that IP:LA (1:2,
w/w), Cremophor RH40, and ethanol in a 5:3:2 weight
ratio in pre -NNE was used to prepare the optimal RAL-
NNE.

Improvement of the in vitro Stability of
RAL-NNE

The stability results from in vitro lipolysis support those
from the in vitro metabolism studies. RAL-NNE was
found to be stable in buffers of different pH, and the
globule size did not change with different dilutions
(Figure 3A). The unchanged globule size of NNE demon-
strated the successful preparation of the NE and its stabi-
lity in the GIT environment.*® After lipolysis of NNE and
LNE for 60 min, an equal decrease in RAL content was
found in the aqueous phase (Figure 3C), a finding related
to the 7% lipolysis of Cremophor RH40 in the NNE
formulation. A small amount of RAL was also released
from the NNE.*>” However when lipolysis was terminated
by halting the addition of NaOH and Ca*" to the lipolytic
system, and continuously stirring the system for 8 h, the
RAL content of the LNE was significantly reduced from
76.23% to 39.45% (p < 0.01), while that of the NNE in the
aqueous phase was only decreased from 77.18% to
70.75%. Such findings indicate that most of the LNE
droplets collapsed during the lipolysis period. Also, the
much higher consumption of NaOH indicated that the
RAL-LNE globules were broken after the lipolysis,
whereas those of the RAL-NNE remained intact.

The results of the in vitro metabolism study supported
those of in vitro lipolysis. As demonstrated by the in vitro
metabolism data (Figure 3D), the significant reduction in
the rate of RAL metabolism from the RAL-NNE (< 11%)
revealed that RAL was encapsulated in the NNE globule
and could avoid metabolism by UGTs. Conversely, the rate
of the RAL metabolism was much higher after the lipoly-
sis of the RAL-LNE. This is because the LNE was hydro-
lyzed by pancreatin and the released RAL was
metabolized by UGTs. Therefore, the NNE was deemed
stable, and the globule remained intact during the lipolysis
and metabolism processes in vitro.

The in vivo Absorption of RAL-NNE

The in vivo oral bioavailability results were found to
support the in vitro stability data, thereby confirming that
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the stability and protection of RAL in the GIT was
improved by the NNE. After lipolysis, RAL was rapidly
released and the chylomicrons were formed by lipolytic
products of LNE and then uptake into the blood or lym-
phatic system, resulting in a higher C, than those of
SUSP and NNE.">~® In contrast, the RAL encapsulated in
NNE was slowly released and resulted in the lower C,x.
Although no evident difference between the oral bioavail-
ability of NNE and LNE in rats (Table 3), the bioavail-
ability of NNE in pigs was significantly higher than that of
LNE (Table 4). Unlike humans or pigs, rats do not have
UGT1A10, which is the most important enzyme in RAL
metabolism. UGT1A10 also causes a higher rate of RAL
metabolism than UGT1A8 (Figure 4).***° Therefore, the
protective effect of NNE on RAL was not completely
demonstrated or could not be distinguished from that of
LNE in rats.

In pigs, the Clmax was relatively higher than the szax
of LNE, thereby demonstrating that most RAL was
exposed at Tl ae and the T2, occurred between 10
and 24 h (Figure 4C). These findings may be related to
the saturated absorption of RAL after LNE lipolysis and
the massive formation of the RAL precipitate. Unlike
RAL-LNE, the C?,.« of RAL-NNE was significantly
higher than its C',.c (p < 0.01), which indicated that
RAL was encapsulated in the NNE and transported by
endocytosis, ultimately delaying T ..

The prolonged delay of the T2, in pigs may be owing
to their anesthetic status after oral administration (Table 4
and Figure 4B). In this study, the persistent movement and
struggling by pigs led to persistent diarrhea, which may
affect RAL absorption seriously. The oral absorption of
RAL in pigs occurred while animals were under the influ-
ence of the anesthetic, thereby causing a slow RAL
absorption rate in pigs. The slow absorption rate intensi-
fied the protective effect of RAL-NNE, thereby prolonging
Tmax and causing a slower elimination rate. In addition, the
safety of NNE had been checked by the experiment of cell
viability (Supplementary Figure 1 (A)), which indicated
that the RAL-NNE was safe to enterocytes when the con-
centration of RAL was <3.75 pg/mL. Thus, oral RAL-
NNE administration may not have caused diarrhea in

pigs. The findings indicate that oral absorption of RAL
in pigs could be significantly improved by NNE because
of its intactness when transported via blood circulation.
However, whether the improvement in oral absorption
induced by NNE was indeed superior to that induced by

LNE requires further verification under the normal phy-
siological state.

Different from NNE, LNE had been used to enhance the
bioavailability of the RAL and it was improved by 2—4-fold
compared with SUSP, as previously reported.*'
However, although the concept of NNE had been proposed,
the NNE never be designed for RAL or other poorly soluble
drugs to increase their oral absorption.** Above all, NNE
was designed, through a series of systemic studies, the oral
bioavailability of RAL in pigs was significantly enhanced
by NNE (5 folds) when compared with RAL-SUSP.
Moreover, the AUC of NNE was also significantly higher
than that of RAL-LNE (Table 4), indicating that NNE was
much stable in the GIT and protected RAL from enzymatic
(pancreatin and UGT) metabolism, which showed a better
oral absorption on RAL-NNE.

Other interesting results include that the plasma concen-
tration profiles in Figure 4C and D revealed the large inter-
individual differences in the absorption of RAL-LNE in
pigs. However, only a small difference was found in the
absorption profiles of RAL-NNE. Previously, large inter-
individual differences were reported to exist for the
enhancement of oral bioavailability by NEs.* By loading
vitamin K;, which has variable bioavailability, into self-
nanoemulsifying lyophilized tablets, El-Say et al found
that the bioavailability of vitamin K, increased and its inter-
individual differences in humans decreased relative to that
of commercial tablets post-dosing.*® As the LNE is digested
in the GIT, the released RAL may form a precipitate with
various components, leading to different in vivo profiles.*’
However, when RAL was encapsulated in the NNE, it can
be absorbed via a more regular route in humans, thereby
reducing the inter-individual differences. Such finding indi-
cates that NNE may be a promising drug delivery tool,
withminifying inter-individual differences in humans.
However, as the oral absorption was only tested in three
pigs, further data are required to support the conclusions.
Moreover, owing to the complicated GIT environment, the
intestinal disposition of RAL-NNE must be investigated.

The Absorption Mechanisms of

RAL-NNE
As shown in Table 5 and Supplementary Figure 1 (B),

NNE was uptake by endocytosis which mediated by
caveolin and clathrin and that was in agreement with
previous research.** ' The chylomicron flow blocking
approach has been used to study the intestinal lymphatic
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transport of drugs in lipid-based formulations.***** The
AUC(.o4 -AUCy.o4 ,CHX of the LNE and NNE was 1.54
+ 0.35 h-pg/mL and 2.67 + 0.33 h-pg/mL, respectively,
which confirmed the lymphatic transport of RAL in NE.
Compared with the LNE, a small part of the NNE was
hydrolyzed by lipase and the rest of NNE was uptake by
the way of endocytosis. The higher AUCy_54 ,-AUCy.04 1,
CHX of NNE than that of LNE demonstrated more RAL
was transported into lymph by NNE. The inhibition effect
of CHX on M cell has been demonstrated by Sun et al.>*
Moreover, lymphatic transport of the drugs mainly
occurred in the jejunum, such as chylomicron
formation.”> These results indicated that the RAL-NNE
was absorbed by endocytosis, which was mediated by
caveolin and clathrin into the blood system, and by chy-
lomicrons or M cells into the lymphatic system.

Conclusions

In the present study, the RAL-NNE was developed success-
fully and its in vitro GIT stability and UGT enzyme metabo-
lism demonstrated better stability than the LNE. The in vitro
stability data were in agreement with the oral bioavailability
results obtained from pigs and the oral absorption of RAL
was markedly enhanced by NNE. Through uptake and trans-
port in MDCK cells and in situ SPIP study, RAL-NNE was
found to be mainly absorbed via endocytosis in the jejunum.
The lymphatic transport of RAL was significantly improved
by NNE than that of LNE in rats. In conclusion, NNE is
a promising method for enhancing oral administration of
BCS class II drugs that undergo significant first-pass intest-
inal metabolism. Through encapsulation with intact NNE,
small drug molecules, such as RAL, and macromolecules,
such as insulin, may be protected by the NNE through
a multiple emulsion system. Therefore, NNE may have
numerous applications in the pharmaceutical field.
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