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Background: Berberine (BR) shows promise as a candidate for treating irritable bowel syndrome with diarrhea (IBS-D). However,
the undesired physicochemical properties and poor oral absorption limit its clinical translation. A ketogenic diet (KD) can induce
intestinal overexpression of cannabidiol (CB) receptors, which may offer a potential target for IBS-D-specific delivery of BR.
Methods: The microemulsions loaded with BR and decorated with cannabidiol (CBD/BR-MEs) were developed through a one-step
emulsion method. The pharmaceutical behaviors of the CBD/BR-MEs were measured using dynamic light scattering and high-
performance liquid chromatography. The efficacy of the anti-IBS-D therapy was evaluated by assessing fecal water content, Bristol
score, and AWR score. The intestinal permeability were assessed through immunofluorescent staining of CB1 and ZO-1, respectively.
The signaling of CREB/BDNF/c-Fos was also studied along with immunofluorescent and immunohistochemical examination of brain
sections.

Results: The CBD/BR-MEs, which had a particle size of approximately 30 nm and a surface density of 2% (wt%) CBD, achieved
greater than 80% (wt%) encapsulation efficiency of BR. The pharmacokinetics performance of CBD/BR-MEs was significantly
improved in the KD-fed IBS-D rats than the standard diet-fed ones, which is highly related to intestinal expression of CB1 receptors.
The treatment with CBD/BR-MEs and KD exhibited evident comprehensive advantages over the other groups in terms of anti-IBS-D
efficacy. CBD/BR-MEs and KD synergistically decreased intestinal permeability. Moreover, the treatment with CBD/BR-MEs and KD
not only blocked the CREB/BDNF/c-Fos signaling in the brain but also decreased the levels of neurotrophic factors, neurotransmitters,
and inflammatory cytokines in the serum of IBS-D model rats.

Conclusion: Such a design represents the first attempt at IBS-D-targeted drug delivery for improved oral absorption and efficacy
through KD-induced target exposure, which holds promising potential for the treatment of IBS-D.
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Introduction

Irritable bowel syndrome (IBS) is a prevalent gastrointestinal disease with an overall incidence of 7%~21% worldwide.'~
Among the various subtypes of IBS, irritable bowel syndrome-diarrhea (IBS-D) is one of the most common subtypes,’
accounting for ~35% according to the Rome IV diagnostic criteria. Until now, the pathogenesis of IBS-D has not been
entirely understood, but it is related to abnormal signaling of the brain-gut axis,” visceral hypersensitivity,* gastrointest-
inal (GI) inflammation,’ abnormal GI motility,® and imbalance of the gut microbiome.” Among these, the brain-gut axis
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as the most concerning area establishes a dialogue channel connecting the central nervous system (CNS) and the GI,
involving GI intestinal inflammation, neurotransmitter conduction, anxiety, and depression.® Current clinical strategies

are mainly symptomatic drug-based therapies,’’

such as antispasmodics (pinaverium bromide), antidiarrheal drugs
(loperamide), intestinal flora changes (ketogenic diet, KD), and antidepressants (paroxetine). Unfortunately, comprehen-
sive drug treatment guidelines have not been established so far.

Berberine (BR), an isoquinoline alkaloid compound, has been used for treating gastroenteritis, dysentery, and enteritis
for decades in the clinic.'® BR was reported to be a potential small-molecule drug for the treatment of IBS-D as it can
modulate the release of neurotransmitters.'' However, due to the low solubility, first-pass metabolism, P-glycoprotein
(P-gp) efflux, and self-aggregation in the GI, the oral absorption of the BR is poor and limits its clinical application.'? To
enhance the feasibility of IBS-D treatment, designing a rational BR-based oral delivery system is highly desired.

Microemulsion, a nano-sized drug delivery system, is self-assembled by the oil phase, surfactant, and co-surfactant in
an aqueous system, with the widely-recognized advantages in solubilization, enhancing oral absorption, and improving
stability in vivo.'*>'* BR has been prepared as the O/W microemulsion, which significantly improved the absorption of
BR in the four intestinal segments,'> creating favorable conditions for various treatments. However, there are two
hypotheses needed to be clarified urgently. One is such a simply-encapsulated strategy might be helpful to the treatment
of IBS-D; the other one is whether IBS-D-specific drug delivery based on the microemulsion encapsulation could boost
its efficacy.

Targeted drug delivery to the desired sites is the primary concern of pharmacists. However, precise drug delivery is
challenging for IBS-D, as it lacks exact lesions and targets. The ketogenic diet (KD) is an effective strategy for treating
IBS-D through altering the gut microbiota.'® More notably, IBS-D model rats treated with KD overexpressed cannabidiol
receptors (CB receptors) in the gut,'” which is a promising target for IBS-D-specific delivery of BR. Cannabidiol is
a non-psychoactive small-molecule compound, which can not only inhibit neuralgia and reduce inflammation but also
has a high affinity with CB1 and CB2 receptors.'®'? Therefore, cannabidiol can be used as a potential targeted ligand to
help BR achieve IBS-D-targeted drug delivery.

Herein, an amphiphilic material CBD-PEG400 was firstly synthesized and then inserted into the berberine-loaded
microemulsion (BR-MEs) to fabricate the CBD-decorated BR-MEs (CBD/BR-MEs). Such a microemulsion system
showed high encapsulation efficiency, small particle size, and strong cellular uptake by intestinal cells. With the
pretreatment of the KD, the oral absorption of CBD/BR-MEs of the IBS-D model rats was significantly enhanced.
The intestinal distribution of CBD/BR-MEs was highly correlated to the intestinal expression of CBI receptors.
Combinational CBD/BR-MEs and KD boosted the comprehensive efficacy of IBS-D models in comparison with the
mono CBD/BR-MEs or the free BR treatments. Under the assistance of KD, CBD/BR-MEs interfered with signaling in
the gut-brain axis, reduced visceral hypersensitivity, and downregulated the inflammatory cytokines. To the best of our
knowledge, our design is the first attempt at IBS-D-targeted delivery of BR, offering promising technologies and ideals
for boosting the combinational therapy of IBS-D.

Materials and Methods

Materials

Cannabidiol (CBD) and berberine (BR) were purchased from Nanjing NanoTCM BioTECH Co., Ltd (Jiangsu, China).
Kolliphor® RH 40 (RH40) and Kolliphor® HS15 (HS15) were purchased from BASF Co., Ltd (Shanghai, China).
Labrafil M 1944CS was offered by Gattefossé Co., Ltd (Nanterre Cedex, France). Succinic anhydride (SA) was bought
from Sigma-Aldrich Co., Ltd. (Poole, UK). Polyethylene glycol 400 (PEG400) was provided by Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). 4-Dimethylaminopyridine (DMAP) and dicyclohexylcarbodiimide (DCC) were
purchased from Aladdin Chemical Reagent Co., Ltd (Shanghai, China). Experimental water was produced from the
Elix®5 Milli Q-water purification system (Millipore, MA, USA). Other chemicals and solvents were used of analytical
grade unless otherwise stated.
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Synthesis of Cannabidiol-Conjugated PEG400 (CBD-PEG400)

SA (10.0 g, 0.1 mol) and CBD (31.4 g, 0.10 mmol) were dissolved in 150 mL of anhydrous CH,Cl, with DMAP (1.23 g,
0.01 mol) as a catalyst, followed by stirring at room temperature for 24 h.2° After the removal of the solvent, the crude
CBD-SA was purified by column chromatography (DCM/MeOH, 30/1, v/v). The synthesize route (Figure S1) was
displayed in supporting information. Next, CBD-SA (414 mg, 1 mmol) and PEG400 (380 mg, 0.95 mmol) were
dissolved in anhydrous CH,Cl, (50 mL) in an ice water bath. DCC (200 mg, 1 mmol) and DMAP (11 mg, 0.1 mmol)
dissolved in 20 mL of anhydrous CH,Cl, were added dropwise to the mixture.?! After 24 h of stirring at room
temperature, the reaction mixture was filtered and the solvent was removed under the reduced pressure. The crude
product (yield, 78.9%) was purified with cold ether thrice. The chemical structure was confirmed by hydrogen nuclear
magnetic resonance (‘H-NMR), Fourier-transform infrared (FT-IR), and high-resolution mass spectrometry (HRMS).
The synthesize route (Figure S2) was displayed in supporting information.

Preparation of CBD/BR-MEs

CBD/BR-MEs were prepared according to previous reports but with some modifications.** Briefly, 35 mg of BR, 335 mg
of Labrafil M 1944CS, 230 mg of HS15, 250 mg of RH40, 110 mg of PEG400, and 19.6 mg of CBD-PEG400 were
strongly stirred at room temperature overnight. Next, 5.0 mL of ultrapure water was added dropwise until the solution
was transparent with opalescence. The crude CBD/BR-MEs were purified with a dialysis bag (molecular weight cut off,
MWCO, 3000 kDa) for 8 h to obtain CBD/BR-MEs solution.

Characterizations of CBD/BR-MEs

To evaluate encapsulation efficiency (EE) and loading efficiency (LE), CBD/BR-MEs at a total concentration of 2 mg/
mL were diluted with 5 volume equivalents of methanol and centrifugated the supernatant, followed by quantifying with
high-performance liquid chromatography (HPLC). The EE and LE of BR were calculated by the following equations,

respectively.”?
EE(%) _ W(encapsulated drug) %100
W(feeding drug)
LE(%) _ W(encapsulated drug) x100

W(freeze—dried microemulsion)

To investigate the centrifugation stability, CBD/BR-MEs were centrifuged at 13,000 g for 10 min, followed by
detecting the EE and LE by HPLC. To study the storage stability, CBD/BR-MEs were placed at 25°C for 1 ~ 7 days, and
assay the particle size and zeta potential, as well as the EE and LE.

The particle size and zeta potential of the microemulsions were measured by dynamic light scattering (DLS,
NanoZS90, Malvern, UK) according to the manipulator protocol. The morphology of the microemulsion was observed
by transmission electron microscopy (TEM, Tecnai 12, Netherlands) with the method reported previously. The release
profile of BR from the microemulsion was studied according to the previous report. 1 mL of the microemulsion solution
placed on a dialysis bag was immersed in 100 mL of artificial intestinal juice (AlJ), artificial gastric juice (AGJ), or
phosphate buffer saline (PBS), and stirred at 100 rpm at 37 °C for 48 h. At predetermined time points, 100 puL of the
medium was withdrawn to quantify by HPLC. The cumulative release of BR was calculated by the formula as follows.**
Release (%) = Ciegex 100/50 % 100%, where Ci represents the BR content of the sample.

Chromatographic Conditions of BR

BR was determined at 30°C by an Agilent 1260 Infinity instrument (Agilent Technologies Inc., Santa Clara, CA, USA)
with an Agilent Zorbax C18 column (250 x 4.6 mm, 5 pm) eluted with a gradient elution procedure as follows,
acetonitrile - 0.1% phosphate buffer (12/88, v/v) from 0 ~ 13 min; acetonitrile - 0.1% phosphate buffer (26/74, v/v) from

13 ~ 28 min. The flow rate was set at 1 mL/min and the detection wavelength was at 345 nm.**
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Cell Culture

Caco-2 cells purchased from Biobw BioTech Co., Ltd. (catalog number: bio-69125) were cultured in a cell incubator by
using a DMEM medium with fetal bovine serum (FBS, 20%, v%), penicillin (100 IU/mL), and streptomycin (100 pg/
mL). The incubator parameters were set as follows, CO, atmosphere: 5% and relative humidity: 90%. The culture
medium was replaced once cell density reached 60%.

Cytotoxicity of Microemulsions

Five thousand Caco-2 cells seeded in 96-well plates were treated with BR, BR-MEs, and CBD/BR-MEs at BR
concentrations ranging from 0.1 ~ 50 pg/mL. After 24 h of the treatments, the cells were stained with MTT solution
for 4 h, followed by removing the cell medium and dissolving the resulting formazan crystals with dimethyl sulfoxide
(DMSO). The absorbance of each well at 570 nm was recorded using a microplate reader (Varioskan Flash, Thermo).
Viability (%) = absorbance of sample/absorbance of control x 100%.

Cellular Uptake

Two hundred thousand Caco-2 cells seeded in 6-well plates were treated with 1.2 mL of BR, BR-MEs, and CBD/BR-
MEs at BR concentrations ranging from 10 ~ 50 pg/mL. After 6 h of incubation, the cells were washed with ice-cold PBS
thrice, and then prepared 200 pL of single-cell suspension using trypsin solution (Beyotime, Hangzhou, China), followed
by extracting the BR with 400 pL of methanol. The cell protein was quantified by the BCA protein kit (Thermo-Fisher,
Beijing, China). The cellular uptake (ug/mg) = Agr/Ap, where Agr and Ap represent the amount of intracellular BR and
cellular protein, respectively.

Animals

Wistar male rats weighing ~250 g (8 weeks old) were purchased from Speyford (Beijing) Biotechnology Co., Ltd. The
rats were fed at the Experimental Animal Center of Jiangsu Province Academy of Traditional Chinese Medicine with an
environment of 23 + 3°C and a humidity of 55 £ 5%. All animal experiments were approved by the Animal Ethics
Committee of Jiangsu Province Academy of Traditional Chinese Medicine (AEWC-20220611-212).

Experimental Diets

Diets (standard diet and ketogenic diet) were purchased by Nantong Trophy Feed Technology Co., Ltd (Nantong, China),
and administered ad libitum for two weeks before the establishment of the IBS-D model. The composition is shown in
Table 1."7

Establishment of IBS-D Model

After 1 week of acclimation, The IBS-D rats model was established according to the AL-Chaer method but with some
modifications.'” The rats were intragastrically administrated with senna leaf decoction once every day for 14 days. The
senna leaf was immersed in 5 times volume of boiling water overnight, filtered, and concentrated to 0.45 g/mL. In
addition, the rats were treated with 2 h of restraint stress every day. To verify the IBS-D model, the abdominal
withdrawal reflex (AWR) scoring system was used to evaluate visceral hypersensitivity. Bristol scores and fecal water
ratio (%) were also employed to evaluate the grades of diarrhea.

Table | Composition of the Standard Diet and Ketogenic Diet

Analytical Constituents Standard Diet Ketogenic Diet
Moisture 6.8% 0%
Crude protein 12.5% 17%
Crude oils and fats 4% 70%
Crude fibers 6% 6%
Crude ash 3.89% 4%
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Pharmacokinetics

The IBS-D model rats were randomly divided into 5 groups (n = 6) as follows, (1) CBD/BR-MEs (KD); (2) CBD/BR-
MEs; (3) BR-MEs (KD); (4) BR-MEs; (5) BR. All the rats were intragastrically administrated with above-mentioned
formulations once at a BR dose of 250 mg/kg. At the predetermined time intervals, 500 pL of blood was collected from
orbital venous plexus. The BR in the plasma was quantified with HPLC, and the main pharmacokinetics indicators were
calculated with Kinetica 5.0 software.

Therapeutical Regimen

The rats were randomly divided into 9 groups (n = 8) as follows, (1) healthy rats (control); (2) IBS-D (model); (3) CBD/
BR-MEs (KD); (4) CBD/BR-MEs; (5) BR-MEs (KD); (6) BR; (7) CBD/MEs (KD); (8) CBD/MEs; (9) KD only. All the
rats were intragastrically administrated once every day with different formulations at a BR dose of 250 mg/kg (or a CBD
dose of 20 mg/kg) for 14 days after the establishment of the IBS-D model. (KD) represents the rats were pretreated with
a KD. During the treatments, the body weight and fecal water (%) were recorded every day.

AWR Scores

The rats fasted 24 h before the test were put into a glass container to restrict their activities. Behavioral responses to
various treatments were according to the AL-Chaer method but with some modifications.”**° The standards of an AWR
score were determined as follows. AWR 0: normal behavior without any responses; AWR 1: slight head movement once
received the stimulus with immobility; AWR 2: abdominal muscles contraction was observed; AWR 3: the abdomen lift
off the platform; AWR 4: strong contraction of abdominal muscles with body arching and lifting of pelvic structures.

Bristol Stool Score

The fecal properties of rats were scored according to the Bristol stool form scale.?” The water content of feces before and
after the administrations were tested by the following equation, respectively. The water content of rat feces (%) = (mass
of fresh feces - mass of dried feces)/mass of fresh feces x 100%. The dried feces were obtained by drying at 105°C for
8 h.

Immunohistochemistry and Immunofluorescence

The brain and colon tissue of rats treated with different formulations were embedded with paraffin, followed by preparing
a 5 uM-thick section. After standardized dewaxing procedures, the slices were repaired with sodium citrate solution at
120°C for 10 min, sealed with 5% (v%) BSA for 1 h, and then incubated with different primary antibodies at 4°C
overnight. Next, the sections were successively rinsed with PBS thrice, labeled with anti-rabbit IgG, and stained with
DAB solution to perform immunohistochemistry studies.”® Likewise, the primary antibody-treated sections were
incubated with secondary fluorescence antibodies for 1 h and stained with DAPI at room temperature for 10 min to
perform immunofluorescence studies.”” All the sections were immediately observed with an inverted fluorescence
microscope (Carl Zeiss, Axiovert 200M, Germany).

Hematoxylin and Eosin Staining

After 24 h of the last administration, the colon tissues of the rats were collected, histologically examined, and fixed in 4%
paraformaldehyde for 24 h. Next, the tissues were embedded with paraffin and prepared 5 uM-thick sections. After
standardized dewaxing procedures, the slices were stained with hematoxylin and eosin staining (H&E) and then observed
with an optical microscope.

Cytokine Detection

Eight hundred microliters of the blood of the rats were collected after 24 h of the last administration. For cytokine
detections, 300 uL of serum was prepared to detect various cytokines, including calcitonin gene-related peptide (CGRP,
Abcam, ab288597), substance P (SP, Abcam, ab240683), serotonin transporter (SERT, 5-HT, Abcam, ab132415),
interleukin-1p (IL-1B, Abcam, ab197742), interleukin-6 (IL-6, Abcam, ab222503), and tumor necrosis factor-o (TNF-
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o, Abcam, ab181421). The detection methods were in accordance with the corresponding manufacturer’s protocol of
enzyme-linked immunosorbent assay (ELISA) kits.

Systemic Toxicity

At 24 h of the last administration, 100 puL of blood samples of the rats treated with different formulations were collected
for blood routine.*® Likewise, 200 pL of serum samples were prepared for biochemical tests (Indiko, Thermo-Fisher
Scientific, China),' including aspartate transaminase (AST), alanine transaminase (ALT), blood urea nitrogen (BUN),
creatinine (CREA), and uric acid (UA).

Statistical Analysis

All data are expressed in mean + standard deviation (SD). The statistical difference was compared by Student’s #-test and
ANOVA. *P < 0.05 and **P < 0.01 represent significant and extremely significant differences, respectively. All analyses
were performed by using GraphPad 8.0 (GraphPad Software, Inc.).

Results and Discussion

Synthesis and Chemical Characterizations of CBD-PEG400

To modify the BR-MEs with CBD, CBD-PEG400 was synthesized by connecting PEG400 and CBD using succinic
anhydride as a linker. According to the "H-NMR spectrum displayed in Figure S3, the intensive signals between 6 (ppm)
3.58 ~ 3.92 ppm were attributed to the PEG segments. The triple peaks at 6 (ppm) 2.08 and 2.46 belonged to the linker.
The characteristic chemical shift at 6 (ppm) 5.80 ~ 6.26 was attributed to the hydrogens of the CBD aromatic ring. The
aliphatic chain hydrogen peaks belonging to CBD at & (ppm) 0.83 ~ 0.98 were also observed. The HRMS result
presented the molecular weight at 752.4267 + 44 x, which is a typical molecular weight of the PEG derivatives (Figure
S4). Additionally, the characteristic absorption peaks attributed to the succinic linker (1733.7 cm ', ester bonds), PEG
segments (1298.0, 1249.3, and 1106.7 cmfl), and CBD segments (1375.5, 2874.4 cmfl, the aliphatic chain; 1621.7 cmfl,
the vinyl; 1642.9 cm™', the aromatic ring) were observed from the FT-IR spectrum, respectively (Figure S5). All these
results indicate the successful synthesis of CBD-PEG400.

Preparation and Characterizations of CBD/BR-MEs

Based on our previous studies,’* we determined the weight ratio of the oil phase to the surfactant at ~1/2 and the Ky,
value at 3/1, as these parameters were suitable for the formation of the microemulsion. In this section, the effects of
introducing CBD-PEG400 on the formation of the microemulsion were investigated. As shown in the pseudo-ternary
phase diagram (Figure 1A), the microemulsion areas of various groups did not differ significantly after adding 0.5% ~
2.7% (wt%) CBD-PEG400. Furthermore, the particle size and transmittance of the CBD-decorated blank microemulsions
(CBD/MEs) (Figure 1B) were not significantly affected when the added CBD-PEG400 was not greater than 2% (wt%).
To ensure the sufficient density of CBD and smaller size, 2.0% (wt%) CBD-PEG400 was introduced into the micro-
emulsion. After encapsulating BR, CBD/BR-MEs exhibited an approximately spherical shape with a particle size of ~33
nm (Figure 1C), similar to CBD/MEs and BR-MEs, indicating that BR encapsulation and CBD modification have little
effect on particle size. The EE was beyond 80% until overloading (30% feeding, Figure 1D) and the LE of BR increased
with feeding until reaching 30% (Figure 1E). CBD/BR-MEs released 75.5 + 4.6% BR at the AGJ within 48 h, which is
significantly faster than that at the AIJ (48.9 £ 3.9%, Figure 1F). Such accelerated drug release of microemulsions at
acidic pH is consistent with previously reported literature.*?

Cellular Studies

To investigate the safety of the formulations toward normal intestinal cells, the potential cytotoxicity of the BR-based
formulations was studied. As shown in Figure 2A, CBD/BR-MEs at a BR concentration below 50 pg/mL did not inhibit
the growth of Caco-2 cells. Likewise, the free BR and BR-MEs were both noncytotoxic toward Caco-2 cells at the BR
concentrations ranging from 0.1 ~ 50 ug/mL. To verify whether the microemulsion system could promote the
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Figure | Preparation and characterizations of CBD/BR-MEs. (A) Pseudo-ternary phase diagram of CBD/BR-MEs incorporating a different amount of CBD-PEG400. (B)
Effects of CBD-PEG400 introduction on particle size and transmittance of CBD/BR-MEs. (C) DLS analysis of the microemulsions. The inserted pictures (left) and (right) are
CBD/BR-MEs solution and its TEM image, respectively. The bar is 50 nm. (D) EE and (E) LE of BR from CBD/BR-MEs with different feeding of BR. Data are represented as
mean * SD, n = 4. *P < 0.05. The EE above the red dash line (>80%) represents a good encapsulation. (F) Release profile of BR from CBD/BR-MEs at different mediums
within 48 h. Data are represented as mean  SD, n = 6. **P < 0.01.

internalization of BR, the cellular uptake of BR, BR-MEs, and CBD/BR-MEs were investigated. As exhibited in
Figure 2B, the cellular uptake of BR-MEs was significantly higher than that of BR at the three observed concentrations.
CBD/BR-MEs did not further increase the internalization based on BR-MEs. These results suggest that CBD/BR-MEs

are safe and capable of increasing the cellular uptake of free BR, but the modification of CBD did not promote the uptake
of normal intestinal cells.
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Pharmacokinetics

According to our design, IBS-D model rats fed the KD overexpressed CB1 receptors, which could be used for targeted BR
delivery and enhanced intestinal absorption. In this part, the pharmacokinetics of the microemulsions with or without the KD were
studied and compared in the IBS-D model rats. As shown in Figure 3, the average plasma BR concentration of all four
microemulsions was significantly higher than that of the free BR, suggesting that the microemulsion system is favorable to
intestinal absorption.*® As expected, after the administration of CBD/BR-MEs, the concentration of BR in the plasma of rats fed
a KD was significantly higher than that of standard diet-fed rats. Notably, the presence of KD did not change the oral absorption of
BR-MEs. As presented in Table 2, The AUC and C,,,,,. of CBD/BR-MEs with a KD were 1.71 times and 1.47 times that with the
standard diet, respectively. Such a trend was also observed in ¢;,, and MRT, further validating that KD-resulted CB-1 receptor
overexpression promotes the oral absorption of CBD/BR-MEs. The main pharmacokinetic parameters of BR-MEs were
comparable regardless of whether the rats were fed a KD or not. These results suggested that CBD modification and microemul-
sion encapsulation are two critical factors for enhancing the oral absorption of CBD/BR-MEs in KD-fed rats.

Intestinal CB| Expression and Microemulsions Distribution

In this part, C6-labeled microemulsions were utilized to further validate that KD-induced CBI1 receptors overexpression in the
intestine of IBS-D model rats improved the absorption of CBD/C6-MEs. As shown in Figure 4A and B, the red fluorescence (CB1
receptors) in the intestine of the KD-treated rats was significantly stronger than that of the IBS-D model rats, which is in agreement
with a previous report.'” The colocalization coefficient of CBD/C6-MEs (KD) group reached about 0.432, which is significantly
higher than that of C6-MEs (KD) group (0.072). The distribution profiles of C6-MEs had no significant differences between the

3.00 +— BR - BR-MEs BR-MEs (KD)
§2_5- ~+ CBD/BR-MEs —=- CBD/BR-MEs (KD)
3., i
= 2.0
g L
£ 1.5-

s {5
2 1.0
£ 1§
& 0.5-
00 T T T T T ",’ T T T T 1
0 1 2 3 4 5 10 20 30 40 5
Time (h)

Figure 3 BR concentration-time curve of the plasma after the rats orally-administrated with different formulations at a BR dose of 250 mg/kg within 48 h. Data are
represented as mean * SD, n = 6.
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Table 2 Pharmacokinetic Parameters of Various BR Formulations After l.g. Administration at a BR Dose of 250 Mg/Kg

Parameter BR BR-MEs BR-MEs (KD) CBD/BR-MEs CBD/BR-MEs (KD)
AUC ... (ug/mL/h)? 1052 £ 2.16 17.78 + 3.18%* 16.35 £ 3.67% 15.99 £ 3.26%* 27.42 £ 6.25HFHEE
tmax (h)° 0.48  0.12 0.68 + 0.29 ** 0.71 % 0.27% 0.63 + 033 * 1.21 027 w##e&
t12 (h) © 21.15 £ 3.52 27.38 £ 3.34% 29.13 £ 3.42% 25.44 £ 4.04* 37.62 £ 4.| 7 HEE
Comax (ng/mL) ¢ 1.10 £ 0.14 1.52 £ 0.15%* 1.56 £ 0.24%* 1.39 £ 0.22 2.05 + 0.33%H8&
MRT ... (h)° 29.42 £ 2.16 36.24 £ 4.97 39.73 £ 3.52*% 40.16 + 5.47% 52,66 £ 6.24%+ &

Notes: * AUC (..., area under the plasma concentration-time curve; ® tmax time of maximum concentration; © t;,, elimination half-life; ¢ C,,qx, maximum
concentration; ® MRT (..., mean residence time. Data are represented as mean + SD, n = 6. Compared with BR, *P < 0.05, **P < 0.0|; compared with BR-
MEs (KD), P < 0.01; compared with CBD/BR-MEs, %P < 0.05; %5P < 0.01.

KD-fed and standard diet-fed model rats. As expected, the combinational CBD/C6-MEs and KD presented overwhelming green
fluorescence in the intestine among all the treatments (Figure 4A and C), further suggesting that KD-induced CB1 overexpression

indeed increases the oral absorption of CBD/C6-MEs. These results also indirectly verify the rationality of the pharmacokinetics
behaviors.

Anti IBS-D Efficacy

As shown in Figure 5A, there was no significant difference in body weight after all treatments, indicating acceptable

systemic safety. The fecal water content of the KD-fed rats treated with CBD/BR-MEs was significantly lower than the

100- *
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80

60+

CB1 expression in colon (%)

C6-MEs (KD)

colocalization coefficient 0.072

IBS-D model

KD only
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Figure 4 (A) Immunofluorescence staining of CB-1 receptors (red), Cé-labeled microemulsions (green), and DAPI (blue, nucleus) of intestinal sections. The bar is 500 um.
The colocalization coefficient of the red and green signal was displayed in the C6-MEs and CBD/C6-MEs groups. (B) Expression of CB-1 in 5 randomly-selected randomly-
selected field of views (FOVs). (C) MFI of C6 in 5 randomly-selected FOVs. Data are represented as mean + SD, n = 5. *P < 0.05, **P < 0.01. Quantification was calculated by
Image] software.
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Figure 5 (A) Body weight of rats during and after the treatments. Data are represented as mean * SD, n = 8. (B) Fecal water ratio after different treatments. Data are
represented as mean % SD, n = 8. *P < 0.05, **P < 0.01, compared with the IBS-D model. (C) Bristol stool score of rats after different treatments. Data are represented as
mean * SD, n = 8. *P < 0.05, **P < 0.01, compared with the IBS-D model. (D) AWR score of treated-rats receiving the stimulations of 20 ~ 80 mmHg pressure. Data are
represented as mean * SD, n = 8. *P < 0.05, **P < 0.01, compared with the IBS-D model.

IBS-D models (Figure 5B). An obvious decrease in fecal water ratio was also observed after treatments of CBD/BR-MEs
and the other three KD-involved. According to the form of feces, the Bristol stool scale was used to score the animal
stool after the treatments. As exhibited in Figure 5C, the Bristol score of CBD/BR-MEs (KD)-treated rats was the lowest
among all the treatments. Notably, the treatments with CBD/MEs (KD) not only reduced fecal water ratio but also
lowered the Bristol score, indicating that CBD-PEG400 probably has potential in treating IBS-D under the premise of
sufficient intestinal absorption. The AWR scoring system mainly used to evaluate visceral hypersensitivity is an
important indicator for the efficacy of IBS-D therapy. Figure SD demonstrated that CBD/BR-MEs (KD)-treated rats
had a remarkably lower score than the IBS-D model rats under the stimulations of 20 ~ 60 mmHg pressure. Without
synergistic treatment of KD, the AWR scores of CBD/BR-MEs were increased. All KD-involved treatments were
capable of reducing the AWR scores in comparison with the IBS-D model. The mono treatment of CBD/MEs is
ineffective for visceral hypersensitivity, which might be associated with insufficient oral absorption. These results
suggest that combinational CBD/BR-MEs and KD can collaboratively improve anti-IBS-D efficacy, with one of the
potential mechanisms being relative to the IBS-D-targeted delivery of BR.

Intestinal Permeability

Increased intestinal permeability has been considered one of the most potential pathophysiological mechanisms of IBS-D. A large
amount of clinical evidence demonstrated that IBS-D patients with impaired epithelial barrier function had the risk of various
pathogens or toxins invasion through the intestinal mucosa, resulting in a series of digestive symptoms. ZO-1 (zonula occludens-
1) is one of the most well-studied tight junction proteins, whose expression is highly correlated with intestinal permeability. As
shown in Figure 6A and B, the total expression of ZO-1 in the intestines of IBS-D model rats was significantly reduced compared
with that in the healthy rats. After the treatment of CBD/BR-MEs, the ZO-1 expression was upregulated and obviously higher than
the CBD/MEs and BR group, which is probably associated with the microemulsion-enhanced BR intestinal absorption. Notably,
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CBD/BR-MEs with KD can further increase the expression of ZO-1. Besides, all the treatments with KD were capable of
increasing ZO-1 expression to some extent. These results suggest that KD and CBD/BR-MEs synergistically reduce intestinal
permeability. We also evaluated the intestinal permeability by quantifying ZO-1 coverage (Figure 6C), the CBD/BR-MEs (KD)
group showed an overwhelming fluorescence coverage ratio among all the groups. Without assistance from the KD, ZO-1
coverage in the CBD/BR-MEs group significantly dropped, but it was still higher than the CBD/MEs and BR group. The obtained
results demonstrate that the microemulsion encapsulation and KD can synergistically help BR to reduce intestinal permeability.

CREB/BDNF/c-Fos Signaling in the Brain

The previous report has demonstrated a crosstalk mechanism between the GI tract and the CNS.** CREB is an important
transcriptional regulator involved in the regulation of pain pathway signaling. BDNF, widely expressed in the brain, supports and
nourishes neurons in the CNS; however, it can cause intestinal hypersensitivity and promote intestinal motility once the expression
is abnormally elevated. Changes in these markers might affect pain transmission in the gut, leading to the symptoms of IBS-D. The
high expression of c-Fos in the brain has been considered closely related to visceral hypersensitivity in IBS-D patients.* In view
of this, the effects of combinational CBD/BR-MEs and KD on the CREB/BDNF/c-Fos signaling®® in the brain were investigated.
As shown in Figure 7A, the IBS-D model rats exhibited stronger c-Fos fluorescence than the healthy rats. The mono treatment
with the KD did not significantly decrease the level of c-Fos in comparison with the health group. Combinational treatment with
CBD/BR-MEs and KD remarkably reduced the expression of c-Fos, and such a phenomenon was also observed in the CBD/MEs
(KD) and CBD/BR-MEs groups. However, neither CBD/MEs nor BR-MEs (KD) lowered the expression of c-Fos (Figure S6). As
shown in Figure 7B, the CREB fluorescence in the brain sections of the IBS-D model was obviously stronger than that of the
healthy rats. The treatment with CBD/BR-MEs (KD) displayed the lowest CREB signal among all the groups. CBD/BR-MEs,
CBD/ME:s (KD), and KD alone could also downregulate the level of CREB. According to the BDNF-IHC images (Figure 7C), the
positive signal from the CBD/BR-MEs (KD)-treated brain sections was the weakest compared with the other groups. It is worth
noting that both CBD modification and the KD contribute to hindering the CREB/BDNF/c-Fos signaling. These results indicate
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Figure 7 Immunofluorescence staining of (A) c-Fos and (B) CREB in the brain sections. The bar is 2000 um for (A and B). Quantification displayed at the lower right was
calculated by Image] software. (C) IHC-stained BDNF images of the brain sections after the rats treated with different formulations. The bar is 200 um.

that CBD/BR-MEs (KD) might reduce the visceral hypersensitivity of the IBS-D models by blocking the CREB/BDNF/c-Fos
signaling in the CNS.

ELISA Tests

According to the previous report, IBS-D is not only a chronic intestinal disorder but also an enteric neurosis, which is associated
with some psychological disorders, such as generalized anxiety, depression, and panic.>’ In this part, some neurotrophic factors,
neurotransmitters, and inflammatory cytokines were monitored to evaluate the influences of the treatments on the brain-gut axis.
SP has the effects of enhancing gastrointestinal motility, increasing gastrointestinal smooth muscle contraction, stimulating
intestinal mucosal vasodilation, and promoting intestinal secretion of water and electrolytes. As shown in Figure 8A, the SP
concentration in the serum of rats treated with CBD/BR-MEs (KD) was significantly lower than the IBS-D model, which is

helpful to reduce diarrhea and abdominal pain. CGRP can alter visceral sensory transduction signals via changing blood flow,
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Figure 8 Serum concentration of (A) SP, (B) CGRP, (C) 5-HT, (D) TNF-o, (E) IL-1B, and (F) IL-6 after the treatments. Data are represented as mean + SD, n = 8. *P < 0.05,
#P < 0.01, compared with the IBS-D model. **P < 0.01; *P < 0.05.

regulating smooth muscle contraction, and mediating pain transduction, which also might be associated with abnormal gastro-
intestinal motility and abdominal pain. As shown in Figure 8B, the treatment of CBD/BR-MEs (KD) remarkably downregulated
the serum CGRP in comparison with that of CBD/BR-MEs alone. Besides, the treatment of CBD/MEs (KD) also decreased the
level of serum CGRP compared with CBD/MEs alone. 5-HT is one of the neurotransmitters involved in the regulation of visceral
sensation, smooth muscle tension, and gastrointestinal contraction. An increased 5-HT commonly observed in IBS-D patients is
also accompanied by the promotion of intestinal peristalsis and elevation of visceral sensitivity. As shown in Figure 8C, the serum
5-HT concentration tested for the CBD/BR-MEs (KD) group was significantly lower than the IBS-D model, as well as the CBD/
BR-MEs alone. Furthermore, the CBD/BR-MEs (KD) group also notably reduced the serum TNF-a, IL-1p, and IL-6 compared
with the model rats (Figure 8D-F). The KD can not only alone but also synergistically downregulate the levels of inflammatory
cytokines with CBD/BR-MEs. All the BR-loaded microemulsions demonstrated some anti-inflammatory effects to varying
degrees. These results suggest that combinational CBD/BR-MEs and KD possessed the advantages over mono CBD/BR-MEs in
reducing intestinal smooth muscle contraction, blocking pain signaling, and downregulating the level of inflammatory cytokines.
More importantly, the boosted BR delivery to the IBS-D area might be a potential reason for the enhanced efficacy.

Safety Evaluation

After 14 days of the treatments, CBD/MEs, BR-MEs, and CBD/BR-MEs did not lead to any damage against the kidney or liver of
the rats. There were no significant differences in biochemical indicators between the treated and non-treated rats (Figure S7). The
blood routine analysis demonstrated no obvious abnormality among all the treatments (Figure S8). Besides, no obvious lesions or
inflammation sites were observed from all the HE-stained intestinal sections (Figure S9). These results suggest that oral
administration of CBD/BR-MEs for IBS-D therapy has acceptable safety in vivo.

Conclusion
In summary, CBD/BR-MEs were successfully fabricated to enhance oral absorption and treat IBS-D. The pharmacokinetic
performance of the treatment with CBD/BR-MEs was significantly improved with the assistance of KD-induced overexpression
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of CB1 receptors. The combination of CBD/BR-MEs and KD demonstrated stronger anti-IBS-D efficacy compared to CBD/BR-
MEs alone. CBD/BR-MEs (KD) not only reduced intestinal permeability but also blocked the CREB/BDNF/c-Fos signaling
pathway associated with visceral hypersensitivity. Additionally, CBD/BR-MEs (KD) decreased serum levels of neurotrophic
factors, neurotransmitters, and inflammatory cytokines in IBS-D model rats. The CBD modification and microemulsion system
are both crucial contributors to the boosted IBS-D therapy. The design of CBD/BR-MEs and the combinational therapy with KD
provide promising strategies for treating IBS-D.
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