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Abstract. Berberine chloride (BBR) is a natural isoquinoline alkaloid extracted from medicinal herbs. It
has been reported that the intestinal absorption of BBR is very low. In this study, the absolute
bioavailability of BBR was studied, and the enhancing effects of D-a-tocopheryl polyethylene glycol 1000
succinate (TPGS) on intestinal absorption were investigated in rats. BBR injection was administrated via
the femoral vein at a dose of 1.0 mg kg™! in intravenous group, and BBR oral formulations were
administrated by oral gavage at a dose of 100 mg kg ' in BBR control (control) group and BBR-TPGS
(test) group, respectively. The result showed that BBR had a very low absolute bioavailability of 0.68%,
and TPGS could enhance intestinal absorption of BBR significantly. TPGS at a concentration of 2.5%
could improve peak concentration (Cp,.x) and area under the curve (AUC,_3¢) of BBR by 2.9 and 1.9
times, respectively. The absorption enhancing ability of TPGS may be due to its ability to affect the
biological activity of P-glycoprotein and thereby reduce the excretion of absorbed BBR into the intestinal
lumen. This study indicated that absolute bioavailability of BBR was 0.68% in rats, and TPGS was a

good absorption enhancer capable of enhancing intestinal absorption of BBR significantly.
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INTRODUCTION

Berberine chloride (BBR) is a natural isoquinoline
alkaloid isolated from medicinal herbs such as Coptis
chinensis and Hydrastis canadensis, and it has been used for
centuries in traditional Eastern medicines. It has been mainly
used to treat diarrhea and gastroenteritis. Recent research
has shown that BBR has many other biological activities, such
as hypolipidemic, hypoglycemic, antiarrhythmic, antiprolifer-
ative, and antineoplastic activities (1-5). As a hypolipidemic
agent, the blood lipid-reducing mechanism of BBR is distinct
from that of statins. Statins have a hypolipidemic effect by
increasing the transcription of LDLR mRNA. BBR lowers
cholesterol by stabilizing LDLR mRNA, and thus, enhances
the expression of LDL receptors (2). BBR has recently
gained great interest because of its variety of bioactivities, low
toxicity, and low cost properties. However, the wide applica-
tion of BBR is restricted greatly by its poor intestinal
absorption.

It has been reported that BBR is a substrate compound
of P-glycoprotein (P-gp), and the action of P-gp plays an
important role in the absorption of BBR (6). P-gp of
epithelial is a membrane protein located in the apical
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membrane and functions as a multidrug efflux pump. It has
wide substrate specificity and can lower intracellular drug
concentration thereby reducing the cytotoxic activity of drugs
(7,8). Tt has been reported that P-gp could limit the
absorption of many drugs such as digoxin, etoposide, and
paclitaxel as an absorption barrier (9-11). And the oral
absorption of these drugs can be significantly improved by
limiting the activity of P-gp effectively.

D-a-Tocopheryl polyethylene glycol 1000 succinate
(TPGS) is a water-soluble form of vitamin E and is comprised
of a hydrophilic polar head and a lipophilic alkyl tail resulting
in amphiphilic properties. It has a relatively low critical
micelle concentration of 0.02 wt.% and has a hydrophile—
lipophile balance value of 13.2 (12). Recently, TPGS has been
described to be an effective oral absorption enhancer for
improving bioavailability of several poor absorbed drugs. It
has been reported that TPGS increased the oral absorption of
cyclosporine through micelle formulation (13). And it is later
reported that TPGS may interact with P-gp (14). Varma et al.
also reported that the oral absorption of paclitaxel was
enhanced significantly by coadministration of TPGS at a dose
of 50 mg kg ! in rats (15). Collnot et al. investigated the
influence of vitamin E TPGS poly chain length on apical
efflux transporters in Caco-2 cell monolayers and found that
TPGS with a chain length of 1,000 was found to be the most
potent analogs in the series (16).

In the present study, the absorption enhancing ability of
TPGS on intestinal absorption of BBR was studied in rats. As
few papers have reported the absolute bioavailability of BBR,
the absolute bioavailability of BBR was also investigated in
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this study. Histopathological evaluation after using TPGS was
performed in order to investigate the local toxicity of TPGS
in the intestinal tract.

MATERIALS AND METHODS
Materials

BBR was purchased from Northeast Pharmaceutical
Group Co., Ltd. (Shenyang, People’s Republic of China).
The internal standard, tetrahydropalmatine (IS), was pur-
chased from the National Institute for the Control of
Pharmaceutical and Biological Products (Beijing, People’s
Republic of China). TPGS was purchased from the Wuhan
Yuancheng Technology Development Co., Ltd. (Wuhan,
People’s Republic of China). LC grade acetonitrile, meth-
anol, and formic acid were purchased from Dikma (NY,
USA). Purified water, obtained using a Barnstead EASY-
pure® II RF/UV ultra pure water system (Dubuque, Iowa,
USA) and passed through a 0.22-um filter, was used
throughout the study. Male Wistar rats used in the study
were provided by the Laboratory Animal Center of
Shenyang Pharmaceutical University.

Preparation of Formulations

The formulation for injection was prepared by dissolving
weighed quantity of BBR in dextrose solution, and then the
solution was passed through a 0.22-um filter. The BBR
injection was transferred to vials and sealed under the
nitrogen protection, and then autoclaved in a water steam
bath at 121°C for 10 min. TPGS solution with concentration
of 2.5% was prepared by dissolving TPGS in water and
agitated for 5 h. The BBR-TPGS formulation for oral admin-
istration was prepared by adding weighed quantity of BBR in
TPGS solution and mixed well. And the control formulation for
oral administration was prepared by adding quantitative BBR in
0.5% sodium carboxymethyl cellulose solution. The analysis of
content of BBR formulations was performed using a modified
version of a HPLC method reported before (17). The content of
BBR for injection and oral administration with or without
TPGS was 0.22, 5.10, and 5.02 mg mL !, respectively. The TPGS
concentration in the test formulation was 2.5%, and the ratio of
TPGS to BBR was 5.0.

Animal Experiments

All animal experiments were carried out according to the
University Ethics Committee guidelines for experimental
animal care (certificate number: scxk 2009-0004).

Male Wistar rats weighing 220-240 g were fasted over-
night for at least 12 h, with free access to water, and randomly
divided into three groups for intravenous and oral admin-
istration. BBR formulation for injection was administered via
the femoral vein at a dosage of 1.0 mg kg ', and the oral
formulations were administered by oral gavage at a dosage of
100 mg kg . Blood samples (0.3 mL) were obtained from the
retroorbital sinus before dosing and subsequently at 0.083,
0.167,0.25,0.5,0.75, 1, 2, 3, 4, 6, 8, 12, 24, and 36 h following
administration for intravenous group and at 0.25, 0.5, 0.75, 1,
2,3,4,6, 8,12, 24, and 36 h for oral groups. Blood samples
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were centrifuged in heparinized Eppendorf tubes at 4,000 rpm
for 10 min. The supernatant plasma was transferred to clean
tubes and frozen at —20°C until analysis. Five animals were used
per sampling time point.

Preparation of Standard Solutions

Stock solutions of BBR (1.0 mg mL™') and IS
(1.0 mg mL™") were prepared in methanol and stored at 4°C.
Standard solutions of berberine at concentrations of 0.5,
1.0, 2.5, 5.0, 10, 25, 50, 100, 250, 500, and 1,000 ng mL !
were prepared by serial dilution of the stock solution with
methanol. Standard solutions for quality control (QC)
samples were made at concentrations of 1.0, 25, and
1,000 ng mL™'. An IS solution of 10 ng mL™' was also
prepared by diluting the stock solution of IS with
methanol. All solutions were stored at 4°C.

Preparation of Calibration Curves and QC Samples

The samples for standard calibration curves and QC
samples were prepared by spiking the 100 pL blank plasma
with 20 uL appropriate standard solutions. The sample
concentrations for standard calibration curves were 0.1, 0.2,
0.5, 1.0, 2.0, 5.0, 10, 20, 50, 100, and 200 ng mL"". The QCs
were prepared at low, medium, and high concentrations of
0.2, 5.0, and 200 ng mL .

UPLC-MS/MS Analysis of Plasma Samples

Many papers have reported LC-MS methods for BBR
determination in biological samples (18,19). In this study, a
UPLC-MS/MS method was used for the analysis of BBR in
rat plasma. The 100 pL plasma samples were transferred to
polyethylene tubes after the addition of 20 puL IS solution
and vortexed for 1 min. Then 3 mL ether—dichloromethane
(3:2, v/v) was added, and the mixture was mixed for
10 min. After centrifugation and separation, the super-
natant was transferred to a clean tube and evaporated to
dryness at 40°C in a centrifugal concentrator (Labconco
Corp., Missouri, USA). The residue was reconstituted in
120 pL methanol, and an aliquot of 5 pL was injected into
the UPLC-ESI-MS/MS system. The UPLC-ESI-MS/MS
system consisted of a Waters ACQUITY™ TQD triple-
quadrupole tandem mass spectrometer (Waters Corp.,
Manchester, UK) equipped with an electrospray ionization
interface, an ACQUITY™ UPLC system (Waters Corp.,
Milford, MA, USA) with a conditioned autosampler at 4°C
and an ACQUITY UPLC™ BEH C;g column at 35°C
(50x2.1 mm i.d., 1.7 pm; Waters Corp., Milford, MA,
USA). The mobile phase for linear gradient elution was
comprised of (A) water (containing 0.1% formic acid) and
(B) acetonitrile. The gradient conditions started with
solvent B increasing from 20% to 90% within 1.0 min
and maintained at this ratio for 1.0 min. Then, solvent A
was increased to 80% within the next 0.5 min and
maintained at this level from 2.5 to 3.0 min for column
equilibration. The flow rate was 0.2 mL min~'. The total
run time was 3.0 min, and the partial loop mode was used
for sample injection. The ionization was carried out in the
positive ionization mode with the capillary voltage set at
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Table I. Accuracy and Precision of the LLOQ Analysis (n=6)

Concentration added (ng mL ")

Concentration found (ng mL ™)

Mean (ng mL ™) RSD (%) RE (%)

0.100 0.09
0.11
0.09
0.09
0.09

0.11

0.098 11.8 -1.67

0.6 kV. The cone voltage was 50 V, and the extractor and
RF lens voltages were set at 3.0 and 0.2 V, respectively.
The source and desolvation temperatures were 100°C and
450°C, respectively. Nitrogen was used as the desolvation
gas (450 Lh™') and cone gas (50 Lh™') for nebulization.
For collision-induced dissociation, argon was used as the
collision gas at a flow rate of 0.20 mL min~'. Quantification
was carried out using multiple reaction monitoring mode.
The m/z transitions were 336—320 for BBR and 356—192
for IS. All data collected in centroid mode were obtained
using Masslynx™ NT4.1 software (Waters Corp., Milford,
MA, USA). Post-acquisition quantitative analyses were
carried out using a QuanLynx™ program (Waters Corp.,
Milford, MA, USA). The method was validated over the
concentration range of 0.1-200 ng mL . The lower limit of
quantification was 0.1 ng mL ™.

Pharmacokinetics Analysis

Pharmacokinetic parameters were calculated by non-
compartmental analysis using the drug and statistics version
2.0 software (Mathematical Pharmacology Professional Com-
mittee of China, Shanghai, China). Values for area under the
BBR concentration-time curve (AUC_3¢ ,) Were calculated by
the trapezoidal method from the beginning of administration to
the final sampling time. The time to reach the maximum BBR
concentration, Ty, and the maximum plasma BBR concen-
tration, Cyax, Was determined directly from the plasma concen-
tration—time profiles. The absolute bioavailability of BBR was
calculated from the following equation:

AUCy_36
AUCy_36

oral/Doseoral
iv/Doseiy

% 100% (1)

All values are expressed as the mean+SD. Differences in
pharmacokinetics were analyzed by the Student’s ¢ test. A
value of p<0.05 was considered statistically significant.

Histopathological Evaluation of Local Toxicity
The histopathological evaluation was carried out by an

experienced veterinary histopathologist. The ileums of the
control group and the test group were removed at 5 h after

oral gavage administration of drugs and washed using saline.
Segments were removed and immersed in a 10% aqueous
solution of formalin. A vertical section was prepared, stained
using hematoxylin—eosin, and examined by light microscopy.

RESULTS
Method Validation
Selectivity

Assay selectivity was evaluated by analyzing six different
lots of blank rat plasma. The retention time of BBR and IS
was 1.45 and 1.36 min, respectively. The results showed that
drug-free plasma samples had no interference at the retention
time of BBR and the IS.

Calibration Curve Linearity and Lower Limit
of Quantification

The calibration curve was prepared by plotting the peak
area ratios of berberine to IS versus the nominal concen-
trations of berberine. Calibration curves showed good
linearity over the range of 0.1-200 ng mL ™' by linear least
squares linear regression using 1/x” as a weight factor. Typical
regression equation for three consecutive days was:

the first day: Y = 3.193 x 1072x + 1.702 x 107!, r = 0.9958
the second day: Y = 5.741 x 1072x +7.922 x 1072, r = 0.9973
the third day: Y = 8.353 x 1072x + 8.763 x 1072, r = 0.9951

The LLOQ was established at 0.1 ng mL™'. The assay
precision was calculated using the relative standard deviation
(RSD%), and the accuracy was obtained from the relative
deviation expressed as a percentage (RE%). The RSD and
RE of the LLOQ are shown in Table I.

Precision and Accuracy

The precision and accuracy of the assay were determined
by analyzing QCs at three concentration levels (n=6) at 0.2,
5.0, and 200 ng mL ' on three consecutive days. The intra-

Table II. Accuracy and Precision of the Analysis of Berberine in Rat Plasma (Based on Assay of Six Replicates per Day on Three Consecutive Days)

Concentration added (ng mL™") Concentration found (ng mL™") Intra-day RSD (%) Inter-day RSD (%) RE (%)
0.2 0.20 12.5 9.3 0.75
5 4.87 8.4 8.7 -2.59
200 197 10.0 52 -1.70
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Table III. Stability Results of Berberine in Rat Plasma Under Various Storage Conditions (n=3)

Conditions Concentration added (ng mL™") Concentration found (ng mL ") RSD (%) RE (%)

Room temperature (6 h) 0.2 0.205 6.2 2.7
200 194 9.7 -3.2

Three freeze-thaw cycles 0.2 0.201 13.2 0.7
200 195 3.6 2.7

Autosampler (4°C for 12 h) 0.2 0.204 10.1 2.0
200 197 5.8 -1.7

2 weeks at —20°C 0.2 0.197 6.2 -1.5
200 197 9.6 -1.6

and inter-day precision and accuracy are summarized in
Table II. The results demonstrated that the precision and
accuracy of this assay were acceptable.

Extraction Recovery and Stability

The extraction recovery was estimated by analyzing six
replicates of berberine at 0.2, 5.0, and 200 ng mL™!. The
extraction recovery was evaluated by comparing the peak
areas of berberine extracted from plasma samples with those
of six spike-after-extraction samples that represent 100%
recovery. The extraction recovery of IS was calculated in the
same manner as the QC samples of 5.0 ng mL™". The
recovery values of berberine at three concentrations of 0.2,
5.0, and 200 ng mL™' from rat plasma with ether—
dichloromethane (3:2, v/v) were 85.6+10.2%, 84.1+5.5%,
and 84.3+7.0% (n=6), respectively. Also, the recovery of IS
at a concentration of 5.0 ng mL™' was 87.9+83%. The
recovery of berberine and the IS met the requirements for the
analysis of biological samples.

The stability of berberine in plasma was studied by
analyzing three replicates of both low (0.2 ng mL ") and
high (200 ng mL™!) concentrations under various storage
and process conditions. Processed samples were stable after
three cycles of freezing and thawing with a variation of no
more than +15%. After storage at 4°C for 12 h in the
autosampler and at room temperature for 6 h, berberine
remained stable. In the long-term stability test in which
berberine in plasma was kept at —20°C for 2 weeks, no
significant difference in concentration between the test
samples and the standards was found. The stability results

of berberine in rat plasma under various storage conditions
are shown in Table III.

Matrix Effect

The matrix effect was investigated at three concentration
levels of 0.2, 5.0, and 200 ng mL ' using six replicates by
comparing the peak areas of the analyte standards dissolved
in the blank plasma extraction solvent with those dissolved in
blank solution. The blank plasma used in the present study
was obtained from six different lots of blank rat plasma. The
results were in the range of 85-115%, indicating that there
was no matrix effect in this study.

Animal Studies

The plasma BBR concentration—-time profiles of the iv
group, control group, and test group after intravenous or oral
administration different BBR formulations to rats are shown
in Fig. 1. The main pharmacokinetic parameters are shown in
Table IV. The absolute bioavailability of BBR after intra-
venous and oral administration of BBR formulation without
TPGS was calculated from Eq. 1. The result showed that
BBR has an absolute bioavailability of 0.68%.

As shown in Table IV, there was very little BBR
absorbed from the gastrointestinal tract in the control group
without any absorption enhancers after oral administration of
BBR at a dose of 100 mg kgf1 in rats, and the C,,,x and
AUCy 36  values were 9.48+3.40 ng mL™' and 465+
12.8 ng hmL™, respectively. After adding 2.5% TPGS to
BBR formulation, it resulted an increased absorption of BBR

_‘f\
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= —— test
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Pt
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8
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Fig. 1. Plasma BBR concentration-time profile after intravenous (iv) and oral admin-
istration of BBR along (control) and in combination with TPGS (test) in rats. Data are
shown as mean concentration, and error bars represent SD (n=5). The iv BBR dose was
1.0 mg kg™, and the oral dose was 100 mg kg™'. The concentration of TPGS in the

formulation was 2.5%
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Table IV. The Mean (+ SD) Main Pharmacokinetic Parameters of BBR After Intravenous and Oral Administration to Rats at Dosage of
1.0 mg kg ! and 100 mg kg !, Respectively (n=5)

GI'Ollp Cmax (l'lg mLil) Tmax (h) AUC()—36 h (ng thil)
iv 44.9+6.64 0.083+0 68.7+£10.5
control 9.48+3.40 2.60+1.14 46.5+12.8
test 27.9+14.27 0.40+0.14% 87.8+13.47

BBR was intravenously administered at the dose of 1.0 mg kg’ and orally administered at the dose of 100 mg kg’ with or without TPGS
(500 mg kg 7). Control refers to the oral administration of BBR without TPGS. Test refers to the oral administration of BBR with TPGS

BBR berberine chloride, TPGS D-a-tocopheryl polyethylene glycol 1000 succinate, AUC_35 , area under the BBR concentration-time curve
calculated by the trapezoidal method from 0 to36h, C,,,, the maximum plasma BBR concentration, T, the time to reach maximum BBR

concentration, iv intravenous administration of BBR
“Significantly different form control group, p<0.05

with a Cpax value of 27.9+14.2 ng mL ! and an AUCy 36 1,
value of 87.8+13.4 ng hmL ™. With the addition of 2.5%
TPGS to the BBR solutions, the Cy,,,x and AUCy_ 3¢ 1, of BBR
were increased by about 1.9 and 2.9 times compared with the
control group, respectively. It indicated that TPGS produced
a significant enhancement of BBR absorption (p<0.05).

Histopathological Evaluation

Photomicrographs of the intestinal mucosa exposed to
BBR and BBR combined with TPGS are shown in Fig. 2.
The ileum cavity was chosen as the site of testing because
it is very sensitive to absorption enhancer. As indicated in
Fig. 2, the epithelium of each group was undamaged, and
the villus structure was intact. There was no significant
difference between BBR alone and TPGS. It is indicated
that TPGS has no significant local toxicity in the intestinal
tract.

DISCUSSION

BBR has an extremely low absolute bioavailability of
0.68%, which is comparable with the hypothesis that drugs
containing the quaternary ammonium groups in their struc-
tures commonly have low bioavailability (20). Poor bioavail-
ability of BBR is due to many factors, and one important
reason is the physicochemical property. BBR is a hydrophilic
compound with a temperature-dependent aqueous solubility
which increases with an increase in temperature. It has been

reported that BBR has a log p value of —1.5 and is considered
as hydrophilic compound (21), which indicates that BBR is a
biopharmaceutical classification system (BCS) class III drug.
Drugs that belong to BCS class III such as BBR are mostly
lipophobic with poor membrane permeability, and the
absorption of the drugs is mostly limited to the paracellular
pathway, and this limits the intestinal absorption and leads to
the low bioavailability (22). Another important reason is that
BBR is a substrate of P-gp, and the bioavailability of BBR is
greatly limited by this ATP-dependent multidrug transporter
whereby absorbed BBR is secreted into the intestinal lumen
(6). An important method used to increase the absorption of
drugs being the substrate compounds of P-gp such as BBR is
to inhibit the activity of P-gp. It has been previously reported
that BBR absorption is substantially enhanced by coadminis-
tration of P-gp inhibitors such as cyclosporine A, verapamil,
and the monoclonal antibody C219 in in vivo and in vitro
models (6). TPGS has been described to be capable of
inhibiting the biological activity of P-gp and the cytotoxicity
of many drugs such as doxorubicin, vinblastine, and paclitaxel
in G185 cells was enhanced by TPGS (14). Therefore, the
absorption enhancing ability of TPGS at a dose of 500 mg kg
as a P-gp inhibitor was investigated in this study.

It has been reported that TPGS enhances bioavailability
of drugs by enhancing solubility and/or permeability (13,23).
In this study, the solubility enhancing effect of TPGS on BBR
was investigated. The equilibrium solubility of BBR in water
was 2.08+0.3 mg mL ' (n=3) after shaking for consecutive
3 days in a thermostatic shaking water bath (Zhicheng,

Fig. 2. Histopathological comparison between test and control rats. Light micrograph samples were
taken at 5 h after oral gavage administration of drugs (original magnification, x100). / Control, oral
gavage administration of BBR. /I Test, oral gavage administration of BBR formulation containing
2.5% TPGS. The BBR doses were all 100 mg kg '
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People’s Republic of China). And the equilibrium solubility of
BBR in 2.5% TPGS solution was 1.88+0.06 mg mL ! (n=3).
The results indicated that BBR is slightly soluble in water, and
the 2.5% TPGS solution has no significant solubility enhancing
ability on BBR (p>0.05). As mentioned above, BBR is a
substrate of P-gp and the absorption was significantly enhanced
by P-gp inhibitors such as cyclosporine A, verapamil, and
monoclonal antibody C219. Therefore, it is speculated that
TPGS enhanced the gastrointestinal absorption of BBR mainly
by enhancing permeability.

As shown in Fig. 1, the T\, of control group and test group
was greatly different. After oral administration of TPGS-BBR
formulation, the T, of BBR shifted to 0.40+0.14 h, which was
significantly smaller than that of the control group. There
was no paper reported this before. It is speculated that the
shift of T,,.x of BBR is due to the change of physiological
activity of gastrointestinal tract in rats after administration
of TPGS. However, the precise reason of obtaining a
shifted T,,.x With the addition 2.5% is not clear. It has been
reported that surfactants affect the permeability of drugs in
intestinal tract via disruption and fluidization of the cell
membrane (24). And the surfactant-induced alteration in
intestinal tract is associated with acute epithelial damage.
The extent of damage is correlated with the type of
surfactant, the quantity of surfactant, and the time of
exposure; and the damage is rapidly reversible after
removal of the surfactants by means of villus shortening
and epithelial cell migration to cover the injured area
(25,26). Prasad et al. suggested that surfactants such as
TPGS alter the epithelium transport of drugs by changing
the biophysical characteristics of the intestinal epithelial
membrane (27). The interfacial tension between hydro-
philic drugs and intestinal mucosa with lipid nature
resulted in less contact between the formulation and the
epithelium. By using surfactants, the interfacial tension was
reduced and the contact between formulation and epithe-
lium was improved. This change might lead to the
absorption enhancement of low-permeability drugs such
BBR, and it also might play a role in the shift of Ty.x.
However, further studies should be performed to verify the
hypothesis.

CONCLUSION

The absolute bioavailability of BBR in rats was studied,
and the results showed that BBR has an extreme low
bioavailability of 0.68%. TPGS (2.5%) was studied as an
absorption enhancer for BBR, and it showed a significant
absorption enhancing effect. This absorption enhancing
effect may be due to the P-gp inhibition ability. Histopatho-
logical evaluation performed after applying TPGS did not
show any significant morphological changes. This study
showed that TPGS is a good pharmaceutical excipient for
use as an absorption enhancer to improve the absorption of
BBR.
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