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Abstract Berberine (BBR) and dihydroberberine

(HBBR) were investigated as inhibitors of pancreatic lipase

in an attempt to explore their potential hypolipidemic

activities. The study included docking simulations and in

vitro enzymatic inhibition assays. At the molecular level,

docking simulations revealed several significant binding

interactions between the docked natural compounds and

the key amino acids in the binding pocket of the pancreatic

lipase enzyme. BBR had similar pattern of binding inter-

actions as HBBR; however, BBR has a permanent cationic

center which is suggested to have an adverse influence on

ligand–pancreatic lipase affinity. This trend is explainable

by the proposition that ionized ligands favor hydration

instead of docking into the binding site. This might explain

the lower inhibitory activity of BBR comparing to HBBR,

which appeared from their estimated IC50 values. The

logarithmic regression of PL inhibition versus concentra-

tion revealed estimated IC50 values of 106 and 8.0 lg/mL

for BBR and HBBR, respectively.

Keywords Berberine � Dihydroberberine �
Pancreatic lipase � Obesity � Docking simulations �
Enzyme inhibition

Introduction

Obesity is one of the most common nutritional dilemmas in

the modern countries and is considered a potential risk

factor for the development of a plethora of devastating

diseases, including insulin resistance and type 2 diabetes,

lipid profile disorders, osteoarthritis, hyperuricemia,

malignancies, and cardiovascular diseases which includes

hypertension, coronary heart diseases, and stroke (Arbeeny,

2004; Cairns, 2005; Gurevich-Panigrahi et al., 2009).

Many recent studies have placed obesity as one of the

greatest threats to global health in this millennium. Recent

reports showed that there are more than one billion over-

weight adults worldwide including at least 300 million

classified as clinically obese with increased risk of mor-

bidity and mortality (Arbeeny, 2004; Vega, 2001). Unfor-

tunately, these numbers are growing in alarming rates.

Obesity is considered as a metabolic disorder, which is

mainly caused by an imbalance between the energy intake

and expenditure. However, comprehensive understanding

of the molecular mechanisms that tightly regulate body

weight has afforded potential opportunities for therapeutic

managements and offered renewed hope for introducing

antiobesity drugs into the market (Bray and Tartaglia,

2000; Foster-Schubert and Cummings, 2006; Halford,

2006b).

Despite the surfeit of research data available on obesity,

it still remains alarming, unsolved medical and socioeco-

nomical problem (Cooke and Bloom, 2006; Halford,

2006a; Hofbauer, 2002). The relatively few medications

that are available in the market for obesity management

have minimal efficacy and are poorly tolerated. As such,

there is an urgent need for the development of new thera-

peutic agents to overcome obesity and its malicious clinical

consequences (Shi and Burn, 2004).
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Recently, new approaches for fighting obesity have

involved inhibition of dietary triglyceride absorption

through inhibition of pancreatic lipase (PL) which is being

the major source of excess calories (Ballinger and Peikin,

2002). PL (triacylgycerol acyl hydrolase), the primary

lipolytic enzyme synthesized and released in the pancreatic

juice by the pancreas, plays an essential role in the efficient

digestion and absorption of triglycerides from the gut.

PL is responsible for the hydrolysis and absorption of

50–70 % of total dietary fats.

X-ray crystallography has clarified the three-dimen-

sional structure of human PL. This enzyme is a monomeric

glycoprotein, composed of 449 amino acids, which is

divided into two main folding domains, the larger N-ter-

minal domain and a C-terminal domain (Vantilbeurgh

et al., 1992; Winkler et al., 1990). The N-terminal domain

is the catalytic domain to which substrate binds; while the

C-terminal domain binds to colipase, another enzyme that

acts as a required cofactor for activity (Vantilbeurgh et al.,

1992, Winkler et al., 1990).

Orlistat (Xenical�), widely prescribed for the manage-

ment of obesity, is the only FDA approved drug that acts

through inhibition of PL. Although Xenical� is one of the

best-selling drugs in the western countries, its use is

accompanied by uncomfortable intestinal adverse events

like oily stools, oily spotting, and flatulence (Drent et al.,

1995). Natural compounds identified from traditional

medicinal plants provide an enormous pool of PL inhibitors

that can possibly be turned into clinical products (Birari

and Bhutani, 2007; Bustanji et al., 2010, 2011a, b; Issa

et al., 2011).

Berberine (BBR) is an isoquinoline alkaloid found in

Hydrastis canadensis, Berberis, and Cortex phellodendri. It

has been comprehensively reviewed in the literature as an

attractive natural compound of broad potential medical

applications including hypolipidemic effects (Vuddanda

et al., 2010). BBR was found to ameliorate diabetes and

serum lipid profile by reducing serum cholesterol, triglyc-

erides, and LDL-cholesterol in animals and human (Bustanji

et al., 2006; Hu and Davies, 2010; Kong et al., 2004; Lee

et al., 2006).

Consequently, current work was devoted to evaluate

BBR’s potential PL inhibitory activity as well as its bio-

logically available derivative dihydroberberine (HBBR).

Initially, we used computer-aided molecular docking of

BBR and HBBR into the binding pocket of PL to reach

preliminary conclusions about BBR/PL and HBBR/PL

binding energetics. Eventually, the docked active com-

pounds were tested in vitro against PL to evaluate their

inhibition potential.

Our findings help in understanding the mechanism of

action of BBR as hypolipidemic agent. It can also provide

new insights toward the binding interactions of BBR and

HBBR with PL which can lead to the screening and dis-

covery of new natural and safe PL inhibitors.

Materials and methods

Materials

Chemicals and reagents used in these experiments were

reagent grade and obtained from the following sources:

porcine PL type II, Tris–HCl buffer, orlistat; BBR, and

p-nitrophenyl butyrate (Sigma, USA). HBBR (PhytoLab

GmbH, Germany).

Docking experiment

Docking simulations and settings were employed as pre-

viously described in Bustanji et al. (2011a). Briefly, the

chemical structure of BBR and HBBR (Fig. 1) were sket-

ched in Chemdraw Ultra (7.01) and saved in MDL molfile

format. Subsequently, an ensemble of energetically acces-

sible conformers were created using OMEGA2 software

(OMEGA, 2006). OMEGA builds initial models of struc-

tures by assembling fragment templates along sigma bonds.

Once an initial model of a structure is built, OMEGA

generates additional models by enumerating ring confor-

mations and invertible nitrogen atoms. The produced

conformers are saved in SD format.

The 3D coordinates of PL were recovered from the Pro-

tein Data Bank (PDB code: 1LPB, resolution; 2.46 (Å)

(Egloff et al., 1995). Hydrogen atoms were inserted to the

protein using the DS visualizer templates for protein resi-

dues. The docking study was performed in the presence of

crystallographically explicit water molecules. The tested

compounds were docked into the binding site of PL using

FRED software (FRED, 2006). The ligand conformers and

protein structure are treated as rigid items during the docking

process. FRED’s docking plan is to comprehensively score

all possible positions of each ligand in the binding pocket

(FRED, 2006). The conformational ensemble of the BBR

N

O

O

H3CO

OCH3

N

O

O

H3CO

OCH3

Berberine Dihydroberberine

Fig. 1 Two-dimensional structure of berberine (BBR) and dihydrob-

erberine (HBBR)
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and HBBR generated using OMEGA software was used as

input in the FRED software. For further details about FRED

parameters which were employed in docking simulations

see reference (Bustanji et al., 2011a).

Preparation of compounds and extract for in vitro assay

BBR or HBBR were initially dissolved in sufficient vol-

umes of DMSO to give five stock solutions with an esca-

lating concentration range of about 5–250 lg/mL.

Thereafter, 20 lL of each stock solution was accurately

transferred to the reaction mixture to produce BBR or

HBBR final concentration range of 0.1–5 lg/mL.

PL inhibition assay

The PL activity was determined using a colorimetric assay

approach as previously described, in which, the release of

p-nitrophenol (PNPB) will be measured spectrophotomet-

rically at 410 nm (Bustanji et al., 2011a). Briefly, 50 mg

(2,000 unit) of crude porcine PL type II (Sigma, USA, EC

3.1.1.3) was suspended in 10 mL of Tris–HCl buffer

(2.5 mmol, pH 7.4 with 2.5 mmol NaCl) and mixed well

using a stirrer for 15 min. Thereafter, the prepared solution

was centrifuged at 1,5009g for 10 min and the clear

supernatant was collected. The final enzyme concentration

was about 200 unit/mL.

BBR and HBBR solutions were preincubated with

0.10 mL of PL solution in Tris–HCl buffer for 5 min at

37 �C. After that, the PNPB substrate (10 mM in acetoni-

trile, 5 lL) was added to obtain a final volume of 1 mL of

the reaction mixture. The absorbance was spectrophoto-

metrically measured at 410 nm for at least 5 time points:

1–5 min. The release of PNPB is estimated as the incre-

ment increase in absorbance against blank. The percentage

of residual activity of PL was determined for BBR and

HBBR by comparing the lipase activity in the presence and

the absence of the tested inhibitors. Orlistat was used as a

positive standard inhibitor and all experiments were repe-

ated thrice.

Results and discussion

Lipid metabolism is cunningly balanced to maintain

homeostasis (Foster-Schubert and Cummings, 2006;

Mukherjee, 2003). When the balance is misplaced, obesity

or dyslipidemia appears ending with a range of serious

metabolic diseases. One of the most important strategies to

control obesity is to develop inhibitors of PL.

Phytochemicals identified from traditional medicinal

plants provide exciting opportunity for the development of

novel antiobesity therapeutics. As a part of our screening

project for biologically active antiobesity agents from

natural resources, BBR and HBBR have been investigated

for their antilipase activities. Several studies, however,

have reported the hypolipidemic activity of BBR alkaloid

(Kong et al., 2004). BBR was found to decrease weight

gain and food intake in mice. Moreover, serum glucose,

triglyceride, and total cholesterol levels were reduced

accompanied with a down-regulation of PPARc expression

in mice fed a high fat diet (Hu and Davies, 2010). Like-

wise, BBR improved lipid profile in obese mice by its

effect on central and peripheral AMP-dependent protein

kinase activities (Kim et al., 2009). Furthermore, oral

administration of BBR in hypercholesterolemic patients

ameliorated lipid profile and reduced serum triglycerides

and LDL-cholesterol with a suggested mechanism of

stimulation of LDL-receptors expression (Kong et al.,

2004).

Our investigation started by evaluating the possibility of

BBR/HBBR-PL binding via computer-aided molecular

modeling technique. Accordingly, both BBR and HBBR

were docked into the binding cleft of PL (PDB code:

1LPB). Generally, docking process consists of two stages:

(i) prediction of the conformation and pose of the bioactive

ligand into the binding pocket, and (ii) evaluation of the

rigidity of target-ligand interactions (scoring). The final

docked conformations are chosen according to their scores.

The docking experiments were performed utilizing the

docking capabilities of the software engine FRED (Fred).

However, an optimal set of parameters for the docking

experiments should be provided to FRED. Therefore, to

identify the optimal docking configuration and scoring

function for PL, the ligand CllP (Fig. 2) was first extracted

from PL crystallographic structure (PDB code: 1LPB)

(Egloff et al., 1995) and then redocked again into the same

protein (self-docking) via a variety of docking conditions.

Chemgauss2 was found to yield the closest model to the

crystallographic structure as shown in Fig. 2.

The preliminary docking study has postulated that BBR

and HBBR might have PL inhibitory activity and this has

encouraged further investigation to evaluate the antilipase

activities of the two alkaloids. Accordingly, BBR and

HBBR were used for in vitro activity bioassay. The enzy-

matic reaction progression was monitored through the

release of PNPB. The in vitro activity was expressed as the

concentration of natural alkaloids that could inhibit PL

activity by 50 % (IC50).

Figure 3 shows clearly the dose-dependent relation

between the BBR/HBBR concentrations and the degree of

PL inhibition. However, HBBR showed higher inhibitory

effect (Fig. 3b) than that of BBR (Fig. 3a) as indicated by

Med Chem Res (2013) 22:2273–2278 2275
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relatively lower IC50 value of HBBR. The logarithmic

regression of PL inhibition versus concentration revealed

estimated IC50 values of 106 and 8.0 lg/mL for BBR and

HBBR, respectively (Table 1). Our assay was validated

using orlistat as a positive control with IC50 equal to

0.21 lg/mL (see Table 1).

On the molecular level, docking simulations have

revealed several significant binding interactions between the

docked natural compounds and the PL (Fig. 4). Comparison

of the docked poses of the BBR and HBBR (Fig. 4b, c) with

the co-crystallized ligand within the binding site of PL

(Fig. 4a) illustrates similarities in their binding profiles.

Both have potential hydrophobic interactions with the key

amino acids Phe-215, Phe-77, and Tyr-114. However, the

dioxymethylene substituted-aromatic ring of BBR and

HBBR is well fitted in the hydrophobic pocket which sug-

gests the existence of van der Waals’ aromatic stacking

attraction between them. Moreover, the two natural com-

pounds having the oxygen of the 1,3-dioxolane ring moiety

seem to be tightly hydrogen-bonded to the hydroxyl and

imidazole NH groups of Ser-152 and His-263, respectively,

albeit at closer proximities in the HBBR (Fig. 4). These

multiple strong hydrogen bonds with Ser-152 and His-263

stabilizes the ligand–protein complex and contributes to the

relatively good affinity of the two alkaloids. Similarly, the

co-crystallized ligand has analogous interactions with Ser-

152 and His-263 (Fig. 4a). In the structure of PL, His-263,

Asp-176, and Ser-152 form a triad representing the lipolytic

site. Furthermore, enzymatic activity has shown to be

diminished after chemical modification of Ser-152 indicat-

ing its essential role for the catalytic activity (Winkler et al.,

1990). Therefore, it is predictable that compounds that

strongly bind to the catalytic triad, especially Ser-152, could

inhibit the lipolytic activity. Although BBR has similar

pattern of binding interactions as HBBR (Fig. 4), it has a

permanent cationic center which may have an adverse effect

on the ligand–PL affinity. This trend is explainable by the

proposition that ionized ligands favor hydration instead of

docking into the binding site, particularly if they are misa-

ligned with their corresponding counterparts in the binding

pocket. A similar analysis was recently used to explain the

general nonspecific enhancement in ligand–receptor affinity

concomitant to increases in ligand lipophilicity (Manly et al.,

2008). This may help to explain the lower affinity of BBR

comparing to HBBR. In our study, the reported significant

decrease in serum cholesterol, triglycerides, LDL-choles-

terol, and weight gain can be attributed, at least partially, to

its inhibitory action of PL. This hypothesis can be supported

by the initial docking studies and in vitro inhibitory assay.

Fig. 2 a Comparison between the docked pose (green) of the ligand

CllP as produced by docking simulation and the crystallographic

structure of this ligand (red) within the binding pocket of PL. b The

solvent accessible surface area of the binding site of PL (1LPB) and

the co-crystallized inhibitor (CllP) [18] (Color figure online)
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Fig. 3 The inhibitory effect of

escalating concentrations of

BBR (a) and HBBR (b) on the

PL activity

Table 1 IC50 values for tested compounds estimated from logarith-

mic regression of PL inhibition versus concentration

Compound IC50 (lg/mL)

Berberine (BBR) 106.0

Dihydroberberine (HBBR) 8.0

Orlistat 0.21

2276 Med Chem Res (2013) 22:2273–2278

123



Conclusion

The results of this study clearly proved, through experi-

mental testing and theoretical docking simulations, that

HBBR and BBR have substantial PL inhibition activities.

This PL inhibitory effect can be used to explain, at least

partially, the reported use of BBR as an effective hypo-

lipidemic and fat-mass reduction activities. In conclusion,

this work is considered a step toward the discovery of

new natural and safe hypolipidemic/antiobesity PL

inhibitors.
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