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Abstract

Objective. The objective was to determine the mechanisms of action of berberine (BBR) on
cholesterol homeostasis using in vivo and in vitro models.

Methods. Male Sprague-Dawley rats were fed the AIN-93G diet (normal control), or modified
AIN-93G diet containing 28% fat, 2% cholesterol and 0.5% cholic acid with treatment of 0
(atherogenic control), 50, 100, and 150 mg/kg'd of BBR, respectively by gavaging in water for 8
weeks. Cholesterol absorption rate was measured with the dual stable isotope ratio method, and
plasma lipids determined using the enzymatic methods. Gene and protein expressions of Acyl-
coenzyme A:cholesterol acyltransferase-2 were analysed in vivo and in vitro. Cholesterol
micellarization, uptake and permeability were determined in vitro.

Results. Rats on the atherogenic diet showed significantly hypercholesterolemic characteristics
compared to normal control rats. Treatment with BBR in rats on the atherogenic diet reduced
plasma total cholesterol and nonHDL cholesterol levels by 29-33% and 31-41%, respectively,
with no significant differences being observed among the three doses. The fractional dietary
cholesterol absorption rate was decreased by 40-51%. Rats fed the atherogenic diet showed
lower plasma triacylglycerol levels, and no changes were observed after the BBR treatment.
BBR interfered with cholesterol micellarization, decreased cholesterol uptake by Caco-2 cells
and permeability through Caco-2 monolayer. BBR also inhibited the gene and protein
expressions of acyl-coenzyme A cholesterol acyltransferease-2 in the small intestine and Caco-2
cells.

Conclusion. BBR lowered blood cholesterol levels at least in part through inhibiting the
intestinal absorption and further by interfering with intraluminal cholesterol micellarization and

decreasing enterocyte cholesterol uptake and secretion.



Highlights:
1. Berberine lowers plasma total cholesterol and nonHDL cholesterol levels in rats.
2. Berberine inhibits the intestinal cholesterol absorption.
3. Berberine interferes with cholesterol micellarization.
4. Berberine reduces cholesterol uptake by Caco-2 cell and permeability through Caco-2
monolayer.

5. Berberine downregulates acyl-coenzyme A cholesterol acyltransferease-2 expression.
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Abbreviations: ABCG, ATP-binding cassette sub-family G; AC, atherogenic control; ACAT,
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cholesterol, NPC1L1, Niemann-pick C1-like 1; RIPA, radioimmunoprecipitation assay; TAG,

triacylglycerol; TBST, tris-buffered saline and Tween 20; T-C, total cholesterol.



1. Introduction

Berberine (BBR) is a plant alkaloid, which is the principal bioactive compound of Coptis
Chinensis and many other medicinal plants. BBR possesses a wide range of biological and
pharmacological functions. It has been used for thousands of years in traditional Chinese
medicine to treat various diseases, such as infectious diseases and gastrointestinal disorders,
without apparent side-effects being reported from home remedies and clinical uses [1, 2]. The
cholesterol-lowering effect of BBR was reported back to the 1980°s, with an observation that
BBR lowered the intracellular cholesterol in cultured human aortic intimal cells [3]. However,
this potential health benefit had not been paid serious attention until 2004 when BBR was found
to markedly lower blood cholesterol levels in vivo in humans and hamsters [4]. Since then,
several studies have repeatedly demonstrated the lowering effects of BBR on blood total
cholesterol (T-C), LDL cholesterol (LDL-C), or nonHDL cholesterol (honHDL-C) [5-10],
whereas the mechanism of action remains to be further elucidated [4, 5].

In 2004, BBR was reported to increase LDL receptor (LDLR) gene expression by
stabilizing LDLR mRNA [4]. Following this report, the same groups conducted additional
studies predominantly in HepG2 cells, with similar effects being observed [8, 11-13]. In addition
to LDLR-mediated LDL cholesterol clearance in the liver, several other mechanisms are
involved in cholesterol homeostasis, including cholesterol absorption, cholesterol biosynthesis,
cholesterol secretion, bile acid synthesis and secretion. Nevertheless, the effects of BBR on these
processes have not been reported. Amongst these metabolic pathways, cholesterol absorption
plays a very important role [14, 15]. It is well-known that cholesterol absorption is collectively
controlled by multiple factors or processes in the small intestine. These factors include

cholesterol micellarization in the intestinal lumen[16], the expression of sterol transporters [5,



17, 18], cholesterol uptake, and the expression and activity of enzymes that catalyze the
esterification of free cholesterol in the enterocytes [19].

Cholesterol micellarization determines the amount of cholesterol that can be transported
across the ‘unstirred’ water layer to the apical side of enterocytes for absorption [16]. Cholesterol
is then taken up by the enterocytes. Apart from the passive penetration, cholesterol uptake by
enterocyte also involves the active transport through sterol transporters such as Niemann-Pick C1
Like 1 (NPC1L1) [20] and ATP-binding cassette, subfamily G, member 5 (ABCG5) and 8
(ABCGS8) [21, 22]. The expression of these transporters, together with passive penetration,
mediates the dynamic flux of cholesterol at the apical side membrane of the enterocytes and thus
the net amount of cholesterol that is taken up by the enterocytes. Prior to absorption, cholesterol
esters of dietary and biliary sources are hydrolyzed to free cholesterol, which is the predominant
form being absorbed into the enterocytes. Nevertheless, after entering the enterocytes free
cholesterol needs to be converted back to esters because cholesterol is secreted out
predominantly as ester form from the basolateral side membrane of enterocytes into the
lymphatics and then the general circulation, and ultimately to be delivered to the liver. This step
is catalyzed by acetyl-coenzyme A cholesterol acyltransferase (ACAT), primarily the ACAT2
isoform [19, 23]. Our previous study showed that BBR lowered blood cholesterol through a
mechanism that is independent of the expression of sterol transporters NPC1L1, ABCGS5, and
ABCGS3 [5]. Therefore, in the present study we investigated the mechanism of action of BBR on
cholesterol metabolism in diet-induced hypercholesterolemic rats with a primary focus on the
intestinal absorption and further on cholesterol micellization prior to absorption and the apical

side uptake and basolateral side secretion of the enterocytes during the absorption.



2. Materials and Methods

2.1. Animals and diets

Sixty male Sprague-Dawley rats (Charles River Laboratories, Montreal, QC, Canada), were
housed one per cage with a 12 h light:dark cycle and fed a regular rodent chow. After 1 week of
adaptation, rats were randomly divided into 5 groups (n = 12/group). One group was fed a semi-
purified cornstarch-casein-sucrose-based AIN-93G diet and used as the normal control (NC).
The other four groups were fed an atherogenic diet, which was the NC diet modified to contain
28% fat in a form of mixture of beef tallow and sunflower oil (4:1, w:w), 2% cholesterol and
0.5% cholic acid to induce hyperlipidemia [24]. One group was used as a
hypercholesterolemic/atherogenic control (AC) and the other three were treated, twice a day, by
gavage feeding with 50, 100, and 150 mg/kg'd of BBR in water, respectively. The control rats
were gavaged with water only at the same volume as for the treatment groups. The purity of
BBR (chloride salt) was > 98% (Sigma-Aldrich, ON, Canada). The animal use and experimental
procedures were approved by the Joint Animal Care and Research Ethics Committee of the
National Research Council Canada in Charlottetown and the University of Prince Edward Island.
The study was conducted in accordance with the guidelines of the Canadian Council on Animal
Care.

Rats were treated for 8 weeks to obtain the stable treatment effect. Seventy-two hours prior to
sacrifice, they were injected through tail vein with 0.4 mg *C-cholesterol (99.5 atom% *3C,
CDN Isotopes Inc., Quebec) in 1.0 mL Intralipid (20%, Baxter International Inc., Deerfield, IL),
followed immediately by intragastric administration of 1.5 mg *0-cholesterol (80.0 atom% *20,
CDN Isotopes Inc., Quebec) suspended in 1.0 mL of equal amounts of coconut, olive and

sunflower oil-mix as reported previously [5]. At the end, rats were anaesthetized with isoflurane



inhalation. Blood was collected from cardiac puncture into EDTA-tubes and placed on ice.
Plasma and red blood cells were separated by centrifugation and stored at -80°C for later analysis
of plasma lipids and the determination of cholesterol absorption. Liver and small intestine were
dissected, weighed and immediately frozen in liquid nitrogen and stored at -80°C for the

measurement of protein expression.

2.2. Analysis of plasma lipids

After 2 weeks of storage at -80°C, plasma T-C, HDL cholesterol (HDL-C) and triacylglycerol
(TAG) were measured in triplicate by enzymatic methods using a Pointe-180 Analyzer (Pointe
Scientific Inc., Canton, MI). HDL-C was measured after the precipitation of apolipoprotein-B
containing lipoproteins with dextran sulfate and magnesium chloride. Because the Friedewald
equation may not be applicable in rats [25], nonHDL-C (very low density lipoprotein cholesterol
+ intermediate density lipoprotein cholesterol + LDL-C) instead of LDL-C was used and

calculated by subtracting HDL-C from T-C [26].

2.3. Measurement of fractional dietary cholesterol absorption

The fractional dietary cholesterol absorption rate was measured using the dual isotope ratio mass
spectrometry (IRMS) method as described previously [5]. Briefly, total lipids were extracted
from 0.5 g of red blood cells and cleaned by saponification with 0.5 mol/L methanolic KOH
[26]. The enrichment of C in free cholesterol was analyzed in duplicate using an online
GC/combustion/isotope ratio mass spectrometer (GC/C/IRMS), which is a DELTAP" XP IRMS
coupled with an Agilent 6890 GC unit via a Conflow-I111 interface (Finnigan Mat, Bremen,

Germany). The reference gas for CO, was injected via the Conflow-I111 interface. The enrichment



of 80 was analyzed by GC/pyrolysis/IRMS (GC/P/IRMS). The CO reference gas was injected
through the dual inlet system. The enrichments of both isotopes in free cholesterol are expressed
in per mil (%/q0) relative to PeeDee Belemnite (PDBY), the limestone standard of the National
Bureau of Standards (NBS). The percent cholesterol absorption was calculated using the ratio of

orally ingested *®0- to intravenously administered **C-cholesterol as described elsewhere [27].

2.4.Cholesterol micellarization

A solution was made in 50 mL tubes by mixing 1 mL of 264 mmol/L NaCl solution in water and
methanol mixture at a ratio of 1:9 (v/v), 200 pL of 6 mmol/L phosphotidylcholine in methanol,
92.6 pL of monoolein, 40 pL of 50 mmol/L oleic acid in methanol, 400 pL of 5 mmol/L
cholesterol in methanol and different amounts of 1 mmol/L BBR in methanol. The solution was
dried under nitrogen stream, re-dissolved in 2 mL of 6.6 mmol/L sodium taurocholate solution,
and incubated at 37°C for 1 h. Following 15 min of sonication, the solution was kept overnight at
37°C. The cholesterol content was measured as for the blood lipid analysis. The solutions were
then ultracentrifuged at 28,000 RPM at 37°C for 1 h. The supernatant (micelles) was measured
for the cholesterol concentration. The cholesterol micellarization was calculated by comparing
the difference of cholesterol concentrations between micelles and the solution prior to
ultracentrifugation. It is well established that plant stanols interfere with cholesterol
incorporation into micelles [28], and thus used as the positive control to validate the cholesterol

micellarization method.

2.5. Cholesterol uptake in Caco-2 cells
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Caco-2 cells were grown in the Eagle's Minimum Essential Medium (EMEM) supplemented
with penicillin and streptomycin and 20% FBS. At the passage number of 25-28, the cells were
seeded onto 96-well plates at a density of 5 x 10° cells/cm?. After 20 days incubation, the cells
were treated with BBR at indicated concentrations for 20 h. Then, fluorescent 22-(N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-23,24-bisnor-5-cholen-33-ol (NBD-cholesterol; Life
Technologies Inc., Burlington, ON) was added and incubated for additional 2 h. Then, the cells
were washed twice with cold PBS to stop cholesterol uptake and read for the fluorescence
intensity at EX/Em = 470/535 nm on a Varioskan Flash spectral scanning multimode plate reader
(Thermo Fisher Scientific, Waltham, MA). Cholesterol uptake was also estimated by measuring
the absolute amount of intracellular cholesterol using a commercial cholesterol assay kit
(Biovision Inc., Milpitas, CA). Briefly, following 20 h of BBR treatment as mentioned above,
the cells were washed with cold PBS, scratched and collected into glass tubes. Lipids were
extracted and analyzed for cholesterol concentration with the cholesterol kit. The results are
presented as the fold of control (O umol/L of BBR). The assay conditions were optimized for the
dose of NBD-cholesterol and incubation time, and further validated using ezetimibe as the

positive control (supplemental information - validation of cholesterol uptake assay).

2.6. Cholesterol permeability through Caco-2 monolayer

Caco-2 cells were seeded on the inserts of 24-well transwell microplates. The medium containing
20% FBS was added to both the apical (upper) and basolateral (lower) chambers. The cells were
incubated for 21-28 d to allow fully differentiation and formation of a tight junction monolayer.
The integrity of monolayer was confirmed by measuring trans-epithelial electrical resistance

(TEER) prior to the permeation assay and conducting a leaking test with the Lucifer yellow
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assay immediately post the assay. At the beginning of the experiment, both apical and basolateral
chambers of the transwell were incubated with the indicated concentrations of BBR. After 20 h
of incubation, the monolayer was washed with Hank's buffered salt solution (HBSS) in both
chambers. The apical chamber was then treated with HBSS buffer containing 15 pg/mL of
cholesterol and HBSS was added in the basolateral chamber. The samples were collected from
both the apical and basolateral chambers after 2 h of incubation and analyzed for total cholesterol
and free cholesterol contents using the Amplex Red cholesterol assay kit (Life Technologies Inc.,
Burlington, ON). Cholesteryl ester was calculated by subtracting free cholesterol from the total

cholesterol. The results are expressed as fold of the control (0 pg/mL of BBR).

2.7. ACAT1/2 protein expressions in Caco-2 cells

Caco-2 cells were maintained in EMEM supplemented with penicillin and streptomycin and 20%
FBS. For the experiment, the cells were seeded onto 6-well plates and the medium was changed
every other day until fully differentiated. Then, the cells were treated with BBR at concentrations
of 0, 5, 10, and/or 15 pg/mL. After indicated time of incubation, medium was removed and cells
were washed twice with PBS and then 100 uL of radioimmunoprecipitation assay (RIPA) lysis
buffer were added. The cells were scraped and transferred into 1.5 mL tubes, which were kept on
ice for 30 min. Cells were broken by passing through a 21G syringe for 3 times and sonicated for
5 min in an ice water bath. After another 30 min on ice, the suspension was centrifuged at 12,000
g for 10 min at 4°C. The supernatant was transferred into a new tube on ice and the protein
concentration was determined with the BCA assay. A gel with resolving gel (10%) and stacking
gel (4%) was prepared. Protein samples were run on the gel and then transferred onto

nitrocellulose membrane (Amersham Biosciences UK Limited) using a semi-dry transfer
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apparatus (Bio-Rad Laboratories Canada Ltd., Mississauga, ON). The membrane was blocked
for 1 h at room temperature using 5% skim-milk in a mixture of tris-buffered saline and Tween
20 (TBST). The membrane was rinsed twice with TBST, incubated with indicated primary
antibodies ACAT1 (1:1000, a rabbit monoclonal antibody made against a synthetic peptide
corresponding to residues on the C-terminus of human ACAT1, Abcam) or ACAT2 (1:1500, a
mouse monoclonal antibody made against N-terminal amino acids of human ACAT?2 protein,
Abcam) diluted in blocking buffer for 1 h at room temperature, washed 3 times with 10 min each
in TBST. The membrane was incubated with secondary antibodies diluted at 1:3000 or 1:1000
(Peroxidase AffiniPure Goat Anti-Rabbit IgG (H+L); Peroxidase-AffiniPure Donkey Anti-
Mouse IgG (H+L), Jackson ImmunoResearch Laboratories, Inc.) in blocking buffer for 1 h at
room temperature, washed 3 times with TBST. The target protein bands were revealed by BM
chemiluminescence blotting substrate (POD, Roche Diagnostics) and visualized by a Bio-Rad
ChemiDoc imaging system. The intensity of the specific blots was estimated using Bio-Rad
Quantity One software, normalized against f-actin and expressed as fold of the control (0 pug/mL

of BBR).

2.8.Western blot analysis of ACATZ2 in small intestine

Approximately 150 mg of small intestine (jejunum) was homogenized in 800 pL of RIPA lysis
buffer (Upstate, Temecula, CA) containing SIGMAFAST protease inhibitors (Sigma-Aldrich, St-
Louis, MI). The samples were centrifuged at 17,000 g at 4°C for 15 min. Total protein
concentration in the supernatants was determined using the BCA protein assay kit (Thermo
Scientific, Rockford, IL) with BSA (Sigma-Aldrich, St-Louis, M) as a standard. An aliquot (50

ug) of sample proteins was boiled in sample buffer containing 5% B-mercaptoethanol for 5 min
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and loaded onto 8% SDS-PAGE gels. Following electrophoresis separation, proteins were
transferred onto nitrocellulose membrane. The membranes were developed in the presence of
primary and secondary antibodies and the intensity of blots were analyzed as described
elsewhere [5]. The primary antibodies against ACAT2 (1:1500) or -actin (1:1000 dilution)
(Santa Cruz Biotechnology Inc. Santa Cruz, CA) and the second antibodies of goat anti-rabbit
IgG-HRP (1:5000 dilution, Jackson ImmunoResearch Laboratories, Inc. West Grove, PA) were
used. The protein expression was normalized against B-actin and expressed as fold of the AC

control.

2.9. ACAT2 gene expression in small intestine and Caco-2 cells

To further understand how protein expression was altered by BBR, mRNA expression of
ACAT2 in the small intestine was measured using the method reported previously [5]. For the
gene expression of ACAT?2 in Caco-2 cells, the cells were seeded in 6-well plates and cultured
for differentiation in EMEM medium containing 20% FBS for 10 d. The differentiated cells were
treated with various concentrations of BBR in EMEM medium containing 0.5% lipoprotein
deficient serum for 8 h. The cells were harvested and total RNA was extracted with Trizol
reagent (Life technologies Inc., Burlington, ON). The extracted RNA was converted to cDNA
and further analyzed for ACAT2 mRNA levels using the same method as for the tissue gene
expression [5]. The results are expressed as fold of the NC in the small intestine or fold of the

control (0 pg/mL of BBR) in Caco-2 cells.

2.10. Statistical analysis
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Difference between the NC and AC groups was analyzed using the Student’s t-test to determine
whether the AC group was hypercholesterolemic and altered cholesterol metabolism. Then, one-
way ANOVA was used to analyze the treatment effects of BBR on body weight (repeated
measures), food intake (repeated measures), plasma lipids, cholesterol absorption rate,
cholesterol micellarization, and protein expression in the small intestine and intestinal cell line
Caco-2. The results of BBR on ACAT protein expression in Caco-2 cells following different
treatment time were analyzed using two-way ANOVA. When a significant treatment effect was
obtained, differences between treatments were determined by pairwise comparisons using the
least squares means test. Relationships between plasma cholesterol concentrations and intestinal
cholesterol absorption rates were analyzed using Pearson’s correlation coefficients. Significance
level was set at p < 0.05. All analyses were performed using SAS software, version 9.2 (SAS
Institute, North Carolina, USA). Data are presented as means + S.E.M. The statistical power is

over 80% for all the parameters of the animal study.

3. Results

3.1. BBR has no effects on food intake and body weight

All animals completed the 8-week treatment and did not show any abnormal behaviors. There
were no toxic signs observed during the sacrifice in all organs and tissues, in agreement with our
previous study using the same animal model that was treated with 100 mg/kg'd of BBR [7]. In
line with dietary energy densities, food intake was higher in the NC group than the AC group in
every week, and there were no differences among the AC and three treatment groups
(supplemental Table 1). The AC group started to show higher (p < 0.05) body weights than the

NC group in week 7 and remained the difference in week 8 (supplemental Table 2). In
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comparison to the AC group, BBR did not show a significant effect on body weight and there

were no differences among the three doses.

3.2. BBR lowers plasma total cholesterol and nonHDL cholesterol levels

After 8 weeks, rats on the AC diet showed remarkable increases in the plasma T-C and nonHDL-
C but decreases in HDL-C levels, demonstrating the typical characteristics of
hypercholesterolemia (Fig. 1A). The conclusion of BBR in the AC diet showed a significant
effect of reversing the diet-induced hypercholesterolemia. Supplementation of BBR lowered
plasma T-C by 29% (p < 0.01), 33% (p = 0.003), and 33% (p = 0.002) and nonHDL-C by 31% (p
=0.024), 41% (p = 0.003), and 38% (p = 0.004), respectively at the doses of 50, 100, and 150
mg/ as compared with the AC group. There were no significant differences among the three BBR
doses. BBR did not affect HDL-C levels (p > 0.05). The AC group showed lower (p < 0.05)

TAG levels than the NC group, and no effect of BBR was observed.

3.3. BBR inhibits fractional dietary cholesterol absorption rate

The intestinal cholesterol absorption is one of key metabolic pathways determining the
circulating cholesterol levels and is important in understanding the mechanisms of action of BBR
on cholesterol metabolism. As shown in Fig. 1B, the cholesterol absorption rate of the NC rats
was only 16%, but with addition of 0.5% cholic acid, it was increased to approximately 60% (p <
0.0001). As a result, the plasma T-C levels were increased (p < 0.0001) to 2.5-fold of the NC
group. Interestingly, BBR at doses of 50, 100, or 150 mg/kg"d reduced (p < 0.0001) cholesterol
absorption relative to the AC control. There were strong correlations between cholesterol

absorption rates and plasma T-C (p = 0.009) or nonHDL-C (p = 0.018) levels, providing further
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support to the notion that the inhibition of cholesterol absorption by BBR played a significant

role in lowering blood cholesterol levels.

3.4. BBR decreases cholesterol micellarization

Following fat digestion and de-esterification of esters, free cholesterol is incorporated into mixed
micelles in the intestinal lumen prior to delivering to the absorptive epithelium of small intestine.
This step determines the amount of cholesterol available for the uptake at the apical side of the
enterocyte. The in vitro cholesterol micellarization tests revealed that our positive control, plant
stanols, reduced (p < 0.0001) cholesterol micellarization at a concentration as low as 0.15
pmol/L. The maximal inhibition (52%) was reached at 0.2 pmol/L of plant stanols (p < 0.0001;
Fig. 2A). Similarly, BBR reduced (p < 0.005) the amount of cholesterol incorporated into
micelles in a dose-dependent manner. The maximum reduction (32%) was seen at 10 umol/L, (p

< 0.0001, Fig. 2B).

3.5. BBR reduces cholesterol uptake by Caco-2 cells

The effect of BBR on cholesterol uptake was performed in Caco-2 cells with two different
methods. In the first method, a fluorescent NBD-cholesterol was used as a tracer. The amount of
cholesterol taken up by Caco-2 cells was estimated by measuring the fluorescent intensity of
intracellular NBD-cholesterol (Fig. 3A). It was found that cholesterol uptake was significantly
lower in cells treated with 100 pg/mL of BBR for 20 h and further decreased with the increases
of BBR concentration. To confirm this observation, the intracellular cholesterol content was
measured directly with a cholesterol assay kit. Similar results were obtained and a significant

effect was seen at the dose of 50 pg/mL (Fig. 3B).
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3.6. BBR down-regulates ACAT2 protein expression in Caco-2 cells

Treatment with BBR at doses of 5, 10, or 15 pg/mL for 21 h markedly reduced (p < 0.005)
ACAT2 protein levels in Caco-2 cells. There were no significant differences among the three
doses. BBR did not affect ACATL1 protein expression (Fig. 4A). In a separate study, Caco-2 cells
were treated for 6 h or 24 h with 15 pg/mL of BBR to determine if the treatment efficacy
increased with time. Again, BBR reduced (p < 0.0001) ACAT?2 expression but did not alter
ACAT1 protein levels (Fig. 4B). A stronger effect was observed after 24 h compared to 6 h of

the treatment.

3.7. BBR decreases ACAT2 protein expressions in rat small intestine

To confirm the observed in vitro effect of BBR on ACAT2 protein expression, rat small
intestines were analysed. Similar to the findings in Caco-2 cells, BBR at doses of 50 and 100
mg/kg"d decreased ACAT2 protein expression, with no difference being observed between the
two doses (Fig. 5). The dose of 150 mg/kg’d did not show a significant effect. The reason for this
is unclear but could be attributed to the large variations observed within groups, the impact of

polymorphisms among the rats, or the U-shaped dose response [29].

3.8.Effect of BBR on ACAT2 gene expression in rat small intestine and Caco-2 cells
The mRNA levels of ACAT2 in the small intestine were not significantly different between the
AC and NC groups, but decreased (p < 0.05) by BBR compared to the AC group (Fig. 6A).

Similarly, BBR dose-dependently lowered ACAT2 mRNA levels in Caco-2 cells (Fig. 6B).
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3.9. BBR reduces cholesterol permeability through Caco-2 monolayer

To verify the effect of BBR on ACAT2 expression, we performed a permeability assay using
Caco-2 monolayer. BBR decreased the concentration of total cholesterol in the medium of the
basolateral chamber while showing no effect on free cholesterol (Fig 7A, B and C). It is
interesting to note that cholesterol ester in the medium of the basolateral chamber was decreased
by BBR in a dose-dependent manner and in a similar pattern with the changes of total cholesterol
concentration. As no cholesterol esters were added in the apical chamber, esters detected in the
basolateral chamber medium must be the product of esterification of free cholesterol within the
enterocytes. Thus, the results indicate that cholesterol esterification in Caco-2 cells was inhibited

by BBR, in accordance with the decreased protein expression of ACAT?2.

4. Discussion

Rats have a low cholesterol absorption rate compared to humans. Thus, the inclusion of cholic
acid in a cholesterol diet has been widely used to improve cholesterol absorption and induce
hypercholesterolemia in rats for studying human cholesterol metabolism [30-32]. In agreement
with these previous reports, rats fed the diet without cholic acid had a very low cholesterol
absorption rate, approximately 16%. When 0.5% cholic acid was added to the diet, cholesterol
absorption rate was increased to about 60%, becoming close to that in humans and hamsters [14,
27]. More importantly, the cholesterol profiles of rats without supplementation of cholic acid
were quite different from that of humans and by contrast became similar when cholic acid was
provided [14]. Using this rat model, we demonstrated that BBR significantly inhibited the
intestinal cholesterol absorption, leading to the large decreases of plasma total and nonHDL

cholesterol levels. An indirect support has been provided by a recent study showing that BBR
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promoted the excretion of neutral sterols [33]. Strong correlations between cholesterol absorption
rates and plasma total or nonHDL cholesterol levels provide further support that BBR lowered
blood cholesterol levels through inhibiting the intestinal absorption. This is another mechanism
that is distinct from the previously reported enhancement of LDLR-mediated liver LDL-C
clearance [13].

The small intestine is the only organ responsible for the absorption of dietary and biliary
cholesterol, leaving the unabsorbed cholesterol to be excreted in feces and together contributing
to the body cholesterol homeostasis [14, 22, 34, 35]. Following intraluminal hydrolysis, free
cholesterol is first incorporated into micelles and then transported across the ‘unstirred’ water
layer to the brush border membrane of small intestine. This process has been demonstrated to be
essential for the intestinal cholesterol absorption [16]. Thus, cholesterol micellarization assays
have been developed and used, together with other methods, to study cholesterol absorption [36],
particularly a product or compound that potentially disrupts cholesterol solubilisation in micelles
[28]. It is well documented that plant stanols/sterols inhibit cholesterol absorption by interfering
with cholesterol incorporation into micelles [14, 36, 37]. Therefore, in the present study we used
plant stanols as a positive control to validate the cholesterol micellarization assay, which was
further used to assess the effect of BBR. It was found that in the presence of BBR, the content of
cholesterol in micelles was significantly decreased. This effect could be explained by the
physical-chemical properties of BBR molecule. With both hydrophobic and hydrophilic binding
sites, BBR can interact with the corresponding molecules of micelles. The bindings of BBR to
hydrophobic and hydrophilic molecules of micelles lead to the formation of agglomerates and
subsequently reduce the capacity of micelles to incorporate cholesterol [38, 39]. This property

has in return been used in recent years to improve the bioavailability of BBR in mice and rats by
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mixing BBR in different emulsions or other similar solutions [40, 41]. Micellar size may affect
the diffusion rate of micelles through the unstirred water layer and thus cholesterol absorption
[42]. This potential effect was not measured in the present study.

Once delivered to the epithelium of the small intestine, free cholesterol penetrates into the
enterocytes from the apical side, esterified, and then secreted out from the basolateral side into
the lymphatic system, further into the blood stream and ultimately delivered to the liver. The
uptake of cholesterol by enterocyte is determined by the passive penetration and active transport,
in addition to the availability of cholesterol to the brush border membrane as mentioned above.
In the in vitro assay, disruption of cholesterol micellarization less likely occurred as micelles
were not used, but instead cholesterol was dissolved in small quantity of ethanol and then mixed
in the culture medium. In addition, there was not an unstirred water layer surrounding the
cultured Caco-2 cells. The sterol transporters NPC1L1 and ABCG5/8 are not involved in the
cholesterol-lowering effect of BBR in hamsters [5]. Thus, the reduction of cholesterol uptake in
Caco-2 cells by BBR might be a result of interference with the passive penetration and/or the
effect on other sterol transporters and proteins involved in the intraluminal cholesterol influx and
efflux. Similar to the effect on micelles, the dual binding properties of BBR could interact with
molecules on the enterocyte membranes, resulting in a change of cell membrane properties. This
in turn reduced its permeability, leading to a decrease of cholesterol uptake. However, further
experiments are warranted to determine how BBR affects cholesterol uptake in the enterocyte.

Following uptake into the enterocyte, the re-esterification of free cholesterol becomes a
key step because cholesterol is secreted out from the basolateral side in a form of esters [19].
This step is catalyzed by ACAT. Several studies have shown that inhibition of ACAT expression

decreases cholesterol absorption and plasma cholesterol levels [19, 43]. In mammals, two ACAT
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genes have been identified, which are referred to ACAT1 and ACAT2 [19]. ACATlisa
ubiquitous protein and functions in converting cellular cholesterol into cholesteryl ester in
response to intracellular cholesterol abundance. ACAT2 is expressed only in hepatocytes and
enterocytes and appears to provide cholesteryl esters for transport in lipoproteins. In line with
their differential functions, the deletion of ACAT?2 is consistently atheroprotective whereas
deletion of ACATL is varyingly problematic [44-46]. BBR decreased ACAT?2 protein expression
while having no effect on ACATL. Further experiments demonstrated that BBR decreased
ACAT2 protein expression by downregulating its gene transcription. These results suggest that
BBR might be an ACAT2 specific inhibitor in the enterocyte.

To further verify the effect of BBR on ACAT?2 protein expression, we have conducted an
in vitro permeability assay using Caco-2 monolayer. This assay has long been used to predict the
in vivo absorption and bioavailability of a compound. It was observed that the amount of
cholesterol esters in the medium of basolateral chamber was significantly decreased in the
presence of BBR and the effect was dose-dependent. A similar effect was seen on the
permeability of total cholesterol while no effect was found on free cholesterol. It is indicated by
the results that cholesterol esterification in Caco-2 cells was inhibited by BBR, in agreement
with the reduced gene and protein expressions of ACAT?2 in both the Caco-2 cells and small
intestine.

As there were no significant differences of cholesterol-lowering efficacy among the three
BBR doses, a lower dose than 50 mg/kg'd might be equally effective. Thus, a dose optimization
study should be conducted prior to clinical application. According to the dose translation from
animals to humans [47], the dosage of 50 mg/kg'd in rats is equivalent to 567 mg/d for a 70 kg

adult, which is highly achievable. Various dosages were used in different in vitro assays. For the
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micellarization assay, a series of dosage was applied. The results were presented only for those
that showed significant effects and a few higher concentrations that showed no further
improvement. For cell-based assays, cell toxicity was performed first and then treatment
concentrations were chosen within the non-toxic range. These concentrations are physiologically
relevant in rats as estimated on the dosages of BBR and water consumption [48], the primary
dilutor in the gastro-intestinal lumen, and the bioavailability of BBR [49]. However, a
pharmacokinetic study is required to determine whether the concentrations used in the present
studies are physiologically relevant.

In human subjects, cholesterol absorption is partially determined by genetic traits and
increased body weights were also reported to lower cholesterol absorption efficiency due to
increased biosynthesis [5]. In the current study, there was not a huge difference in the body
weights of rats fed the AC and NC diets and no significant correlation was found between the
body weights and cholesterol absorption rates in rats of these two diet groups. It was suggested
that if there was any impact of body weight on cholesterol absorption, the effect might be
minimal and confound with the effects of dietary cholesterol and bile acid supplementation.
Moreover, the NC was used to determine whether rats fed the AC diet significantly increased
blood cholesterol levels and thus validated the experimental model. The primary focus was to
determine the efficacy and mechanisms of action of BBR on cholesterol metabolism by
comparing among the AC and three treatment groups. The significant difference in blood lipid
levels but no significant difference in body weights occurred among the AC and three treatment
groups provided meaningful determinations on the mechanism of action of BBR in cholesterol
absorption and homeostasis.

The present study investigated the intestinal cholesterol absorption rate, which was
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measured in a biology system using the plasma dual isotope ratio method. This method was well-
established and cross-validated against several other methods that have long been used to
quantitatively measure cholesterol absorption [50]. The rate of cholesterol absorption in a
biology system is a result of comprehensive effects of multiple steps involved in the absorption
process and a reliable parameter for the effect of a given compound on cholesterol absorption in
vivo. Further in vitro and in vivo experiments on these steps using biochemical and molecular
approaches consistently supported the inhibitory effect of BBR on cholesterol absorption. The
effect of BBR on cholesterol micellarization and absorption could be further evaluated in vivo by
measuring cholesterol content in the intestinal lumen micelles and lymphatic chylomicrons,
respectively, which become the limitations of the present study.

In conclusion, BBR lowered blood cholesterol levels in diet-induced
hypercholesterolemic rats at least in part through inhibiting intestinal cholesterol absorption.
BBR is an inhibitor of intraluminal cholesterol micellarization and cholesterol uptake by
enterocytes. BBR is also an inhibitor of ACAT2 gene and protein expressions in the small
intestine, leading to the reduction of cholesterol esterification and secretion, i.e., permeability
through the Caco-2 monolayer. In rats, the NC diet is better than the AC plus BBR. However,
due to the differences in diet composition and cholesterol metabolism between humans and rats,
it is not possible to conclude that the NC diet is a better approach than the AC plus BBR in
humans. Generally, the NC diet does not apply in humans, as people, even vegetarians, eat diets
containing cholesterol and have high cholesterol absorption rates. This study provides important
information for better understanding the mechanism of action of BBR on cholesterol metabolism
and homeostasis. Together with previously published data, the results of this study demonstrate

that BBR is a promising lipid-lowering agent that may be further developed into a function
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ingredient for hyperlipidemic subjects and those who want to maintain healthy lipid profiles.

25



Acknowledgements
The authors appreciate Mr. Stephen Locke for his technical assistance in the use of stable isotope

mass spectrometer (IRMS).

Funding
Canadian Institutes of Health Research, operating grant NMD-83126 and the internal funding

from the National Research Council Canada, Charlottetown, PE, Canada.

Disclosure statement

The authors declare that there is no conflict of interests.

Author contributions

Y. Wang designed the experiments, assisted animal study, analyzed data, and wrote the
manuscript; Y. Xin conducted animal experiment and analyzed blood lipids; K. Ghanam
conducted stable isotope analysis for the determination of cholesterol absorption; S. Zhang
conducted the experiments for the measurement of gene and protein expressions of ACAT1/2 in
rat small intestine tissues and Caco-2 cells; X. Zhu performed the experiments for the
determination of cholesterol micellarization; and T. Zhao measured cholesterol uptake and

permeability in Caco-2 cells.

26



References

[1] Zeng XH, Zeng XJ, Li YY. Efficacy and safety of berberine for congestive heart failure
secondary to ischemic or idiopathic dilated cardiomyopathy. Am J Cardiol 2003;92:173-6.

[2] Jagetia GC, Baliga MS. Effect of alstonia scholaris in enhancing the anticancer activity of
berberine in the ehrlich ascites carcinoma-bearing mice. J Med Food 2004;7:235-44.

[3] Ren LH, Vasil'ev AV, Orkehov AN, Tertov VYV, Tutel'ian VA. Evaluation of the
antiatherosclerotic properties of natural compounds of plant origin on cell cultures of the human
aortic intima. Farmakol Toksikol 1989;52:44-6.

[4] Kong W, Wei J, Abidi P, et al. Berberine is a novel cholesterol-lowering drug working
through a unique mechanism distinct from statins. Nat Med 2004;10:1344-51.

[5] Wang Y, Jia X, Ghanam K, Beaurepaire C, Zidichouski J, Miller L. Berberine and plant
stanols synergistically inhibit cholesterol absorption in hamsters. Atherosclerosis 2010;209:111-7.
[6] Kim WS, Lee YS, Cha SH, et al. Berberine improves lipid dysregulation in obesity by
controlling central and peripheral ampk activity. Am J Physiol Endocrinol Metab
2009;296:E812-9.

[7] Jia X, Chen'Y, Zidichouski J, Zhang J, Sun C, Wang Y. Co-administration of berberine
and plant stanols synergistically reduces plasma cholesterol in rats. Atherosclerosis
2008;201:101-7.

[8] Kong WJ, Wei J, Zuo ZY, et al. Combination of simvastatin with berberine improves the
lipid-lowering efficacy. Metabolism 2008;57:1029-37.

[9] Zhang XJ, Deng Y X, Shi QZ, He MY, Chen B, Qiu XM. Hypolipidemic effect of the
chinese polyherbal huanglian jiedu decoction in type 2 diabetic rats and its possible mechanism.

Phytomedicine 2014;21:615-23.

27



[10] YinJ, Xing H, Ye J. Efficacy of berberine in patients with type 2 diabetes mellitus.
Metabolism 2008;57:712-7.

[11] LiYH, Yang P, Kong WJ, et al. Berberine analogues as a novel class of the low-density-
lipoprotein receptor up-regulators: Synthesis, structure-activity relationships, and cholesterol-
lowering efficacy. J Med Chem 2009;52:492-501.

[12]  Abidi P, Chen W, Kraemer FB, Li H, Liu J. The medicinal plant goldenseal is a natural
Idl-lowering agent with multiple bioactive components and new action mechanisms. J Lipid Res
2006,47:2134-47.

[13] Kong W, Wei J, Abidi P, et al. Berberine is a novel cholesterol-lowering drug working
through a unique mechanism distinct from statins. Nat Med 2004;10:1344-51.

[14] Vanstone CA, Raeini-Sarjaz M, Parsons WE, Jones PJ. Unesterified plant sterols and
stanols lower Idl-cholesterol concentrations equivalently in hypercholesterolemic persons. Am J
Clin Nutr 2002;76:1272-8.

[15] Cusack LK, Fernandez ML, Volek JS. The food matrix and sterol characteristics affect
the plasma cholesterol lowering of phytosterol/phytostanol. Adv Nutr 2013;4:633-43.

[16] Woollett LA, Wang Y, Buckley DD, et al. Micellar solubilisation of cholesterol is
essential for absorption in humans. Gut 2006;55:197-204.

[17] ZhangJH, Ge L, Qi W, et al. The n-terminal domain of npcll1 protein binds cholesterol
and plays essential roles in cholesterol uptake. J Biol Chem 2011;286:25088-97.

[18] Kidambi S, Patel SB. Cholesterol and non-cholesterol sterol transporters: Abcg5, abcg8
and npclll: Areview. Xenobiotica 2008;38:1119-39.

[19] ChangTY, Li BL, Chang CC, Urano Y. Acyl-coenzyme a:Cholesterol acyltransferases.

Am J Physiol Endocrinol Metab 2009;297:E1-9.

28



[20] Altmann SW, Davis HR, Jr., Zhu LJ, et al. Niemann-pick c1 like 1 protein is critical for
intestinal cholesterol absorption. Science 2004;303:1201-4.

[21] Repa JJ, Berge KE, Pomajzl C, Richardson JA, Hobbs H, Mangelsdorf DJ. Regulation of
atp-binding cassette sterol transporters abcg5 and abcg8 by the liver x receptors alpha and beta. J
Biol Chem 2002;277:18793-800.

[22] Field FJ, Born E, Mathur SN. Stanol esters decrease plasma cholesterol independently of
intestinal abc sterol transporters and niemann-pick c1-like 1 protein gene expression. J Lipid Res
2004,45:2252-9.

[23] Farese RV, Jr. The nine lives of acat inhibitors. Arterioscler Thromb Vasc Biol
2006;26:1684-6.

[24] Reeves PG, Nielsen FH, Fahey GC, Jr. Ain-93 purified diets for laboratory rodents: Final
report of the american institute of nutrition ad hoc writing committee on the reformulation of the
ain-76a rodent diet. J Nutr 1993;123:1939-51.

[25] Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentration of low-density
lipoprotein cholesterol in plasma, without use of the preparative ultracentrifuge. Clin Chem
1972;18:499-502.

[26] Wang YW, Jones PJ, Pischel I, Fairow C. Effects of policosanols and phytosterols on
lipid levels and cholesterol biosynthesis in hamsters. Lipids 2003;38:165-70.

[27] Ntanios FY, Jones PJ. Dietary sitostanol reciprocally influences cholesterol absorption
and biosynthesis in hamsters and rabbits. Atherosclerosis 1999;143:341-51.

[28] Brown AW, Hang J, Dussault PH, Carr TP. Phytosterol ester constituents affect micellar

cholesterol solubility in model bile. Lipids 2010;45:855-62.

29



[29] Calabrese EJ, Baldwin LA. U-shaped dose-responses in biology, toxicology, and public
health. Annu Rev Public Health 2001;22:15-33.

[30] Onody A, Csonka C, Giricz Z, Ferdinandy P. Hyperlipidemia induced by a cholesterol-
rich diet leads to enhanced peroxynitrite formation in rat hearts. Cardiovasc Res 2003;58:663-70.
[31] Park CH, Cho EJ, Yokozawa T. Protection against hypercholesterolemia by corni fructus
extract and its related protective mechanism. J Med Food 2009;12:973-81.

[32] WuJH, Wang QH, Li F, Shu YL, Chan CO, Mok DK, Chan SW. Suppression of diet-
induced hypercholesterolemia by turtle jelly, a traditional chinese functional food, in rats. Evid
Based Complement Alternat Med 2012;2012:320304.

[33] Hsieh YL, Yeh YH, Lee YT, Hsieh CH. Ameliorative effect of pracparatum mungo
extract on high cholesterol diets in hamsters. Food Funct 2014;5:149-57.

[34] Amiot MJ, Knol D, Cardinault N, et al. Phytosterol ester processing in the small intestine:
Impact on cholesterol availability for absorption and chylomicron cholesterol incorporation in
healthy humans. J Lipid Res 2011;52:1256-64.

[35] Khanderia U, Regal RE, Rubenfire M, Boyden T. The ezetimibe controversy:
Implications for clinical practice. Ther Adv Cardiovasc Dis 2011;5:199-208.

[36] Mel'nikov SM, Seijen ten Hoorn JW, Eijkelenboom AP. Effect of phytosterols and
phytostanols on the solubilization of cholesterol by dietary mixed micelles: An in vitro study.
Chem Phys Lipids 2004;127:121-41.

[37] CohnJS, Kamili A, Wat E, Chung RW, Tandy S. Reduction in intestinal cholesterol
absorption by various food components: Mechanisms and implications. Atheroscler Suppl

2010;11:45-8.

30



[38] MikesV, Kovar J. Interaction of liposomes with homologous series of fluorescent
berberine derivatives. New cationic probes for measuring membrane potential. Biochim Biophys
Acta 1981,640:341-51.

[39] Megyesi M, Biczok L. Berberine alkaloid as a sensitive fluorescent probe for bile salt
aggregates. J Phys Chem B 2007;111:5635-9.

[40] Wang T, Wang N, Song H, Xi X, Wang J, Hao A, Li T. Preparation of an anhydrous
reverse micelle delivery system to enhance oral bioavailability and anti-diabetic efficacy of
berberine. Eur J Pharm Sci 2011;44:127-35.

[41] Gui SY, Wu L, Peng DY, Liu QY, Yin BP, Shen JZ. Preparation and evaluation of a
microemulsion for oral delivery of berberine. Pharmazie 2008;63:516-9.

[42] Reynier MO, Lafont H, Crotte C, Sauve P, Gerolami A. Intestinal cholesterol uptake:
Comparison between mixed micelles containing lecithin or lysolecithin. Lipids 1985;20:145-50.
[43] Leon C, Hill JS, Wasan KM. Potential role of acyl-coenzyme a:Cholesterol transferase
(acat) inhibitors as hypolipidemic and antiatherosclerosis drugs. Pharm Res 2005;22:1578-88.
[44] Rudel LL, Lee RG, Parini P. Acat? is a target for treatment of coronary heart disease
associated with hypercholesterolemia. Arterioscler Thromb Vasc Biol 2005;25:1112-8.

[45] Nissen SE, Tuzcu EM, Brewer HB, et al. Effect of acat inhibition on the progression of
coronary atherosclerosis. N Engl J Med 2006;354:1253-63.

[46] Tardif JC, Gregoire J, L'Allier PL, et al. Effects of the acyl coenzyme a:Cholesterol
acyltransferase inhibitor avasimibe on human atherosclerotic lesions. Circulation
2004,110:3372-7.

[47] Reagan-Shaw S, Nihal M, Ahmad N. Dose translation from animal to human studies

revisited. Faseb J 2007;22:659-61.

31



[48] Suckow MA, Weisbroth SH, Franklin CL. The laboratory rat. Corporate Drive,
Burlington, MA: Elsvier Academicn Press. 2006.

[49] ChenJ, Yan X, Kim KT, et al. Comparative pharmacokinetics of berberine after oral
administration of pure berberine, coptidis rhizoma extract, and decoctions of two different
complex herbal formulas to rats. Bull Korean Chem Soc 2013;35:1559-62.

[50] Wang DQ, Carey MC. Measurement of intestinal cholesterol absorption by plasma and
fecal dual-isotope ratio, mass balance, and lymph fistula methods in the mouse: An analysis of

direct versus indirect methodologies. J Lipid Res 2003;44:1042-59.

32



Figure legends

Fig. 1 - Effect of berberine on the plasma lipids (A) and fractional dietary cholesterol
absorption rate (B) in rats fed a high-cholesterol and high-fat diet for 8 weeks. NC, normal
control; AC, atherogenic control; B50, B100, and B150, rats fed the AC diet supplemented
twice a day by gavage feeding with 50, 100, and 150 mg/kg'd of berberine in water,
respectively. Difference between the NC and AC was analyzed using the student’s t-test.
Treatment effect was analyzed using one-way ANOVA and differences among the AC and
three treatment groups were determined by pairwise comparisons using the least squares
means test. Results are presented as means +S.E.M (n = 12). "Different from the NC group

(p < 0.05); Tdifferent from the AC; *different from the AC and B50, p < 0.05.

Fig. 2 - Effect of BBR on cholesterol micellarization (A). Plant stanols were used to validate
the assay (B). Data were analyzed using one-way ANOVA and differences among the
various concentrations were determined by pairwise comparisons using the least squares
means test. Results are means + S.E.M (n = 4-7). "p < 0.0001 vs. control (0 pmol/L of plant

stanols or BBR).

Fig. 3 - Effect of berberine on cholesterol uptake in Caco-2 cells. The uptake of cholesterol
was quantitated using a fluorescent NBD-cholesterol tracer (A) or directly measured using
the Biovision cholesterol assay kits (B). Data were analyzed using one-way ANOVA

followed by pairwise comparisons using the least squares means test. The results are
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presented as means + S.E.M (n=3). In Fig. 3A, "different from 0 and 50 pg/mL; Tdifferent

from 0, 50, and 100 pg/mL, respectively and in Fig. 3B, “different from 0 pg/mL, p < 0.05.

Fig. 4 - Effect of BBR on ACAT1/2 protein expressions in Caco-2 cells treated with
different concentrations of BBR for 21 h (A) or treated with 0 and 15 pug/mL of BBR,
respectively for 6 or 24 h (B). CT, control of 0 pg/mL of BBR; B5, B10, and B15, treatments
with 5, 10, and 15 pg/mL of BBR, respectively. Data were analyzed using one-way ANOVA
(Fig. 4A) or two-way ANOVA (Fig. 4B) followed by pairwise comparisons using the least
squares means test. Results are presented as means + S.E.M (n=3). “different from the CT,

p < 0.05.

Fig. 5 - Effect of BBR on ACAT2 protein expression in the small intestine of rats fed an
atherogenic high-cholesterol and high-fat diet for 8 weeks. AC, atherogenic control; B50,
B100, and B150, rats fed the AC diet supplemented twice a day by gavage feeding with 50,
100, and 150 mg/ kg'd of BBR in water, respectively. Data were analyzed using one-way
ANOVA followed by pairwise comparisons using the least squares means test. Results are

means + S.E.M (n=6). “different from the AC, p < 0.05.

Fig. 6 - Effect of BBR on the mRNA expression of ACAT2 in the small intestine (A) and
Caco-2 cells (B). NC, normal control; AC, atherogenic control; B50, B100, and B150, rats
fed the AC diet supplemented with 50, 100, and 150 mg/kg'd of berberine in water,
respectively by gavage feeding twice a day. The treatment effects were analyzed using one-

way ANOVA followed by pairwise comparisons using the least squares means test. The

34



difference between the AC and NC was determined using the student’s t-test. The results
are presented as means + S.E.M (n=3). "different from the AC group in Fig. 6A and the

control of 0 pg/mL in Fig. 6B, p < 0.05.

Fig. 7 - Effect of BBR on the concentration of total cholesterol (A), free cholesterol (B), and
cholesterol esters (C) in the medium of basolateral chamber determined in vitro by the
cholesterol permeability assay in Caco-2 cells. Data were analyzed using one-way ANOVA
followed by pairwise comparisons using the least squares means test. The results are
presented as means + S.E.M (n=4). In Fig. 7A, *different from the control of 0 pg/mL;
fdifferent from 0 ug/mL and 10 pg/mL, respectively and in Fig. 7C, “different from the

control of 0 pg/mL and 10 pg/mL; different from all other concentrations, p < 0.05.
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