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A B S T R A C T

Tacrine (THA), as the first approved acetylcholinesterase (AChE) inhibitors for the treatment of
Alzheimer’s disease (AD), has been extensively investigated in last seven decades. After dimerization of
THA via a 7-carbon alkyl spacer, bis(7)-tacrine (B7T) showed much potent anti-AChE activity than THA.
We here report synthesis, biological evaluation and biopharmaceutical characterization of six THA
dimers referable to B7T. According to IC50 values, the in vitro anti-AChE activities of THA dimers were up
to 300-fold more potent and 200-fold more selective than that of THA. In addition, the anti-AChE
activities of THA dimers were found to be associated with the type and length of the linkage. All studied
THA dimers showed much lower cytotoxicity than B7T, but like B7T, they demonstrated much lower
absorptive permeabilities than that of THA on Caco-2 monolayer model. In addition, all THA dimers
demonstrated significant efflux transport (efflux ratio >4), indicating that the limited permeability could
be associated with the efflux transport during absorption process. Moreover, the dimer with higher Log
P value was accompanied with higher permeability but lower aqueous solubility. A balanced
consideration of activity, solubility, cytotoxicity and permeability should be conducted in selection of
the potential candidates for further in vivo investigation.
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1. Introduction

Alzheimer’s disease (AD), as the most common form of
dementia, is a chronic and neurodegenerative disease that attacks
the brain and leads to the impaired memory, thinking and behavior
in the elderly. AD has been proven to be a multifactorial disease
associated with several aspects including cholinergic deficiency,
glutamate induced excitotoxicity, formation of b-amyloid (Ab)
precipitates, oxidative stress, tau hyperphosphorylation and so on
(Goedert and Spillantini, 2006; Heppner et al., 2004). The
neuropathological alterations described above suggest the possible
treatment of AD could come from drugs that can target at these
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factors. For the past decade the cholinergic approach has been the
first and the most frequently used therapeutic strategy for the
treatment of mild to moderate AD. Levels of acetylcholine can
be enhanced by inhibiting acetylcholinesterase (AChE) with
reversible inhibitors. The AChE inhibitors (AChEIs) were found
to be the only ones that could produce significant and reproducible
therapeutic effects (Standridge, 2004). Since mid-1990s, only four
AChEIs, namely tacrine (THA), donepezil, rivastigmine and galant-
amine, have been approved by the FDA in US for the treatment of
AD (Standridge, 2004). Huperzine, a novel Lycopodium alkaloid
chemically unique from other known AChEIs for AD, was first
discovered in a Chinese medicinal herb Huperzia serrate. The agent
has been approved for AD in China because of its potent memory-
enhancing effects, specific anti-AChE activity, and fewer side
effects (Tang and Han, 1999). In addition to targeting cholinergic
deficiency, reducing glutamate induced excitotoxicity by
N-methyl-D-aspartate receptor antagonists (e.g., FDA approved
memantine) (Reisberg et al., 2003), and preventing the build-up of
Ab by b-secretase 1 (BACE 1) inhibitors (e.g., MK-8931,
LY2886721 in clinical trials) also severed two kinds of treatments

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ijpharm.2014.10.058&domain=pdf
mailto:jasonhcy@sustc.edu.cn
mailto:joanzuo@cuhk.edu.hk
http://dx.doi.org/10.1016/j.ijpharm.2014.10.058
http://dx.doi.org/10.1016/j.ijpharm.2014.10.058
http://www.sciencedirect.com/science/journal/03785173
www.elsevier.com/locate/ijpharm


S. Qian et al. / International Journal of Pharmaceutics 477 (2014) 442–453 443
of AD. However, none of above strategies could completely prevent
the neurodegeneration and cure the AD till now (Evin et al., 2011;
Robinson and Keating, 2006; Terry and Buccafusco, 2003), which
may be due to that they only focused on one targeting site of drug
action. As a consequence, drug discovery in AD is gradually moving
from the development of molecules with a single target to the
“multi-target-directed ligands” (MTDLs), which is capable to
simultaneously address several key pathophysiological processes
as described above (Bajda et al., 2011; Cavalli et al., 2008). Recently,
Voisin et al. reported a well-controlled clinical trial of memantine
(NMDA receptor antagonist)/donepezil (AChEI) dual therapy. They
found that combination of donepezil and memantine has superior
efficacy than donepezil alone in the severe AD subgroup,
potentially supporting a role for dual treatment in more advanced
AD patients (Voisin et al., 2004). Such clinical findings also support
the multi-target strategy for the treatment of AD.

Accordingly, commercial AChEIs have been widely investigated
and modified with additional features, in order to solve the issue of
both cholinergic deficiency and other above-mentioned targets in
AD. As the first approved AChEI drug, THA was the most extensively
investigated drug. Many efforts have been concentrated on the
synthesis of its derivatives as MTDLs for AD treatment (Bajda et al.,
2011) due to its high anti-AChE activity, much low molecular
weight (MW: 198, lower than other approved AChEIs) and
potential attenuating Ab-induced neurotoxicity (Svensson and
Nordberg, 1998). Over the past decade, various THA derivatives
have been developed and indeed demonstrated multi-target
properties in vitro and in animal models, including inhibition of
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Fig. 1. Chemical structures of THA (a), B7T (b), HLS-1 (c), H
AChE, BACE1, Ab aggregation and reactive oxygen species as well
as blockade of NMDA receptor and nitric oxide synthase, etc.
(Alcala Mdel et al., 2003; Alonso et al., 2005; Chao et al., 2012; Fu
et al., 2007, 2008; Li et al., 2006; Minarini et al., 2012; Pi et al.,
2012).

Bis(7)-tacrine (B7T), a dimeric THA analog designed with the aid
of computerdockingprogram and synthesizedbyourresearch group
(Fig. 1b), is a promising anti-AD candidate with multi-potencies
including anti-NMDA receptors, anti-nitric oxide synthase signaling,
andthereductionofAb neurotoxicity inadditiontohighpotencyand
selectivity on AChE inhibition (Fu et al., 2007; Li et al., 2005, 2006,
2007, 2009). Following a single oral administration to rats, B7T
showed significantly improved in vivo brain AChE inhibition,
reduced in vivo serum BChE inhibition, and fewer peripheral
cholinergic side effects than that of THA (Wang et al., 1999b). In
addition, B7T could ameliorate learning and memory impairment
induced by scopolamine (Wang et al., 1999a), AF64A (Liu et al.,
2000), or permanent ligation of the bilateral common carotid
arteries (Shu et al., 2012) in the Morris Water maze. However, the
oral bioavailability of B7T was very low (�10%) in rats mainly due to
its high lipophilicity (Log P = 8.2 (Yu et al., 2008)), poor intestinal
permeability and significant tissue binding (Zhang et al., 2008).
Similar to B7T, HLS-1 and HLS-2 (Fig.1), designed by Bolognesi et al.,
also demonstrated multi-target properties via inhibiting AChE,
reversing AChE-induced amyloid fibrillogenesis and acting as metal
chelators (Bolognesi et al., 2007).

Currently, hundreds of novel AChEIs have been synthesized and
investigated (Bajda et al., 2011; Mehta et al., 2012; Tumiatti et al.,
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LS-2 (d), HLS-3 (e), HLS-4 (f), HLS-5 (g) and HLS-6 (h).



Scheme 1. Reagents and conditions: (a) PhOH, NaI, 180 �C, 5 h (Bolognesi et al.,
2007).
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2010), however, most of studies only focused on how the anti-AChE
activity was and whether the compounds have the potential of
targeting other AD pathological factors described above. Few of
them investigated the properties related to pharmaceutics and
biopharmaceutics, such as solubility (related to formulation
development), cytotoxicity (related to safety of compounds) and
the penetration capacity through intestinal epithelium into
mesenteric vein or across blood–brain-barrier into brain (related
to pharmacokinetics). In addition to pharmacological effect, both
safety and pharmacokinetic aspects are also important factors in
research and development of pharmaceutics. In our study, based
on the structure of B7T, modification of the linkage between two
THA molecular fragments by inserting hydrogen donors and
acceptors (i.e., ether group, amide group and amine group) were
designed in order to optimize their physicochemical properties,
membrane permeability and hence pharmacokinetics. Among all
synthesized compounds, HLS-3, HLS-4, HLS-5 and HLS-6 (Fig. 1)
were novel designed, while HLS-1 and HLS-2 have been reported
by Bolognesi et al. (Bolognesi et al., 2007). The present study aims
to investigate in vitro cholinesterase inhibition and characterize
biopharmaceutical properties (i.e., physicochemical properties,
cell cytotoxicity, in vitro intestinal permeabilities) of six synthe-
sized THA dimers with THA and B7T serving as controls.

2. Materials and methods

2.1. Materials

Bis(7)-tacrine dihydrochloride (B7T) was provided by Prof.
Yifan Han (Department of Applied Biology and Chemical Technol-
ogy, Institute of Modern Chinese Medicine, The Hong Kong
Polytechnic University, Hong Kong). Tacrine hydrochloride (THA)
was purchased from Enzo Life Sciences Inc. (Farmingdale, NY, USA).
Zolpidem (as internal standard), ethopropazine, BW284c51,
acetylcholine iodide, S-butyrylthiocholine iodide, and 5,50-dithio-
bis (2-nitrobenzoic acid) (DTNB) were purchased form Sigma (St.
Louis, MO, USA). Sodium dodecyl sulphate (SDS) was purchased
from USB Corporation (Cleveland, OH, USA). Sodium dihydrogen
phosphate, sodium phosphate dibasic, triethylamine, formic acid
were purchased from BDH (Poole, England). Acetonitrile (HPLC
grade) and ethyl acetate were purchased from RCI Labscan
(Bangkok, Thailand). All other reagents were of at least analytical
grade and were used without further purification. Deionized water
was prepared from Millipore water purification system (Millipore,
Milford, USA).

2.2. Chemistry

Reactions progress was monitored by TLC using EM Science
silica gel 60 F254 plates. The developed chromatogram was
analyzed by UV lamp (254 nm), ethanolic phosphomolybdic acid
(PMA) or potassium permanganate (KMnO4). Liquid chromatogra-
phy was performed using a forced flow (flash chromatography) of
the indicated solvent system on Merck Silica Gel (230–400 mesh,
0.040–0.063 mm) using a coarse fritted glass column. 1H and 13C
NMR spectra were recorded on Bruker spectrometers in CDCl3/
DMSO-d6/D2O (400 MHz for 1H and 100 MHz for 13C). Chemical
shifts in 1H NMR spectra are reported in ppm on the d scale from an
internal standard of residual chloroform (7.27 ppm) or dimethyl
sulfoxide (2.54 ppm) or D2O (4.79 ppm). Data are reported as
follows: chemical shift, multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet, br = broad), coupling constant in
hertz (Hz), and integration. Chemical shifts of 13C NMR spectra are
reported in ppm from the central peak of CDCl3 (77.16 ppm) or
DMSO-d6 (39.52 ppm) on the d scale. High resolution mass spectra
(HRMS) were obtained on a Finnigan MAT 95XL GC Mass
Spectrometer by Miss. Ng Hau Yan of the Chinese University of
Hong Kong, Department of Chemistry.

General Synthetic Schemes for Novel THA dimers were shown
in Schemes 1 and 2.

9-Chloro-1,2,3,4-tetrahydroacridine (1), 9-[10-(1,2,3,4-tetrahy-
droacridin-9-yl)-4,7-dioxa-1,10-diazadecan-1-yl]-1,2,3,4-tetrahy-
droacridine (HLS-1) and N,N0-bis({2-[(1,2,3,4-tetrahydroacridin-9-
yl) amino]ethyl}) ethanediamide (HLS-2) were first reported by
Bolognesi et al. and synthesized according to their reported
methods (Bolognesi et al., 2007).

9-[10-(1,2,3,4-Tetrahydroacridin-9-yl)-1,4,7,10-tetraazadecan-
1-yl]-1,2,3,4-tetrahydroacridine (HLS-3), N-[2-({2-[(1,2,3,4-tetra-
hydroacridin-9-yl) amino]ethyl} amino) ethyl]-1,2,3,4-tetrahy-
droacridin-9-amine (HLS-4), N,N0-bis({2-[(quinolin-4-yl) amino]
ethyl}) ethanediamide (HLS-5) and N,N0-bis({2-[(2-methylquino-
lin-4-yl) amino]ethyl}) ethanediamide (HLS-6) were new com-
pounds, and were prepared according to the general synthetic
schemes shown below.

2.2.1. 9-[10-(1,2,3,4-Tetrahydroacridin-9-yl)-1,4,7,10-tetraazadecan-
1-yl]-1,2,3,4-tetrahydroacridine (HLS-3)
A mixture of 1 (0.74 g, 3.4 mmol), triethylenetetramine (0.25 g,
1.7 mmol), phenol (1.80 g, 19 mmol), and NaI (0.10 g, 0.67 mmol)
was heated at 180 �C under nitrogen for 5 h and then cooled to
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room temperature. The mixture was diluted with CH2Cl2 and made
basic with 10% KOH solution. The organic layer was washed with
water and brine and dried with Na2SO4. Solvent was removed
under vacuum and the resulting residue was washed with Et2O and
further purified by flash-chromatography (CH2Cl2/MeOH/aqueous
28% ammonia = 7.5:2.5:0.05) to give HLS-3 (0.48 g, 56%). 1H NMR
(400 MHz, CDCl3) d: 8.03–7.97 (m, 2H), 7.92–7.89 (m, 2H), 7.56–7.49
(m, 2H), 7.32–7.28 (m, 2H), 4.98 (brs, 2H), 3.58–3.50 (m, 4H), 3.05–
2.98 (m, 4H), 2.93–2.82 (m, 4H), 2.78–2.54 (m, 8H), 1.87–1.84 (m,
10H). 13C NMR (100 MHz, CDCl3) d: 158.3, 151.0, 147.2, 128.4, 128.3,
123.6, 122.8, 120.2, 116.0, 49.8, 49.0, 48.2, 33.8, 24.9, 23.0, 22.8.
HRMS-ESI (m/z): [M + H]+ calculated for C32H41N6: 509.3393; found
509.3395.

2.2.2. N-[2-({2-[(1,2,3,4-Tetrahydroacridin-9-yl) amino]ethyl}amino)
ethyl]-1,2,3,4-tetrahydroacridin-9-amine (HLS-4)
It was obtained from 1 (0.74 g, 3.4 mmol) and diethylenetri-
amine (0.18 g, 1.7 mmol) by following the procedure analogous to
that described for HLS-3 and purified by flash-chromatography
(CH2Cl2/MeOH/aqueous 28% ammonia = 8:2:0.05) to give HLS-4
(0.34 g, 43%).

1H NMR (400 MHz, CDCl3) d: 8.00 (d, J = 8.3 Hz, 2H), 7.91 (d,
J = 8.3 Hz, 2H), 7.54 (t, J = 7.4 Hz, 2H), 7.32 (t, J = 7.4 Hz, 2H), 4.68 (brs,
2H), 3.58–3.50 (m, 4H), 3.07–3.04 (m, 4H), 2.94–2.92 (m, 4H), 2.77–
2.74 (m, 4H), 1.89 (brs, 8H), 1.37 (brs, 1H). 13C NMR (100 MHz, CDCl3)
d: 158.8, 150.7, 147.7, 129.0, 128.4, 123.9, 122.7, 120.6, 116.6, 50.0,
48.7, 34.2, 25.1, 23.2, 22.9. HRMS-ESI (m/z): [M + H]+ calculated for
C30H36N5: 466.2971; found 466.2966.

2.2.3. N,N0-Bis({2-[(quinolin-4-yl) amino]ethyl}) ethanediamide
(HLS-5)
3 (0.20 g) was obtained by following the preparation procedure
of 2 from the commercially available 4-chloroquinoline and 1,2-
diaminoethane in 85% yield. 1HNMR (400 MHz, CDCl3) d: 8.56 (d,
J = 5.2 Hz, 1H), 7.97 (d, J = 8.4 Hz, 1H), 7.81 (d, J = 8.3 Hz, 1H), 7.61 (t,
J = 7.2 Hz, 1H), 7.42 (t, J = 7.2 Hz, 1H), 6.42 (d, J = 5.2 Hz, 1H), 5.76 (brs,
1H), 3.37–3.33 (m, 2H), 3.13–3.10 (m, 2H), 1.46 (brs, 2H). 13C NMR
(100 MHz, CDCl3) d: 151.2, 150.0, 148.6, 130.0, 129.1, 124.7, 119.7,
119.1, 99.1, 45.0, 40.6.

A solution of 3 (0.19 g, 1.0 mmol) and diethyloxalate (63 mg,
0.5 mmol) in MeOH/CH2Cl2 (1:2) 24 ml was stirred at room
temperature for 24 h. Solvent was removed under vacuum and
the resulting residue was purified by flash-chromatography
(CH2Cl2/MeOH/aqueous 28% ammonia = 7.5:2.5:0.05) to give
HLS-5 (0.12 g, 58%). 1H NMR (400 MHz, D2O) d: 8.08 (d, J = 6.9 Hz,
2H), 7.91 (d, J = 8.3 Hz, 1H), 7.77 (t, J = 7.6 Hz, 1H), 7.60–7.55 (m, 2H),
7.53–7.49 (m, 2H), 7.34–7.32 (m, 1H), 7.25–7.23 (m, 1H), 6.60 (brs,
2H), 3.69 (brs, 4H), 3.64 (brs, 4H). 13C NMR (100 MHz, DMSO-d6) d:
160.6, 156.0, 142.9, 138.3, 133.8, 127.0, 123.3, 120.7, 117.1, 98.4, 42.5,
37.6. HRMS-ESI (m/z): [M + H]+ calculated for C24H25N6O2:
429.2034; found 429.2035.
2.2.4. N,N0-Bis({2-[(2-methylquinolin-4-yl) amino]ethyl})
ethanediamide (HLS-6)
4 (0.23 g) was obtained by following the preparation procedure
of 2 from the commercially available 4-chloroquinaldine and 1,2-
diaminoethane in 85% yield. 1H NMR (400 MHz, CDCl3) d: 7.89 (d,
J = 8.3 Hz, 1H), 7.78 (d, J = 8.3 Hz, 1H), 7.55 (t, J = 7.5 Hz, 1H), 7.30 (t,
J = 7.5 Hz, 1H), 6.28 (s, 1H), 5.89 (brs, 1H), 3.24 (brs, 2H), 3.02–2.99
(m, 2H), 2.59 (s, 3H), 1.46 (brs, 1H). 13C NMR (100 MHz, CDCl3) d:
159.4, 149.9. 148.1, 128.9, 128.7, 123.7, 119.6, 117.5, 99.0, 44.9, 40.2,
25.6.

HLS-6 (0.13 g) was obtained by following an analogous
procedure described for HLS-5 in 55% yield. 1H NMR (400 MHz,
CDCl3) d: 7.90 (d, J = 8.3 Hz, 2H), 7.69 (d, J = 8.1 Hz, 2H), 7.60
(t, J = 7.3 Hz, 2H), 7.36 (t, J = 7.3 Hz, 2H), 6.27 (s, 2H), 5.82 (brs, 2H),
3.81–3.76 (m, 4H), 3.53–3.49 (m, 6H), 2.61 (s, 6H). 13C NMR
(100 MHz, DMSO-d6) d: 160.6, 155.5, 155.4, 154.9, 154.3, 138.4,
138.3,133.6,126.4,126.4,123.7,123.2,120.1,120.0,116.2,116.0, 98.9,
98.7, 46.0, 42.3, 40.7, 37.6, 37.5, 20.4, 20.3. HRMS-ESI (m/z): [M + H]+

calculated for C26H29N6O2: 457.2347; found 457.2346.



Scheme 2. Reagents and conditions: (a) NH2CH2CH2NH2, PhOH, NaI, 180 �C, 3 h; (b) diethyl oxalate, CHCl3 or MeOH/CH2Cl2, room temperature, 24 h (Bolognesi et al., 2007).
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2.3. In silico prediction of Log P, solubility and pKa for THA dimers

Log P values (octanol–water partition coefficient), aqueous
solubility and pKas for all the tested THA dimers were calculated by
the ACD/Labs online program (http://ilab.acdlabs.com/iLab2/,
Toronto, Canada). For the neutral form of a molecule, the error
of the calculated Log P is within 0.3 Log P unit or better in most
cases by ACD/Labs program (Malík et al., 2007). Structures
(unionized form) were entered as SMILES notation.

2.4. Inhibition of the tested THA dimers on cholinesterases and related
mechanisms

The cholinesterase assay was performed using a colorimetric
method reported by Ellman et al. with minor modification (Ellman
et al., 1961; Padilla et al., 1999). Individual stock solution (�10 mM)
of the test compounds (HLS-1, HLS-2, HLS-3, HLS-4, HLS-5, HLS-6,
B7T and THA) was prepared in DMSO. Appropriate amount of stock
solution was further diluted with water to yield working solutions
with at least nine different concentrations (in the range of �10�4 to
10�10M). The frozen stocked rat cortex homogenate (AChE source)
was thawed at 4 �C in water bath and further diluted with 5 volume
(v/v) ice-cold phosphate buffer solution (PBS, 0.1 M, pH 7.5) to yield
the rat cortex homogenate. Frozen rat serum was also thawed
without further dilution.

To study in vitro inhibition effect on AChE/BChE, 0.1 ml of cortex
homogenate/serum was pre-incubated for 5 min in 1.7 ml PBS
7.5 containing with ethopropazine (0.1 mM)/BW284c51 (0.01 mM),
which were the selective inhibitors of BChE/AChE, respectively.
Then, 0.1 ml of working solution of tested compound was added
and followed by pre-incubation for 5 min. The reaction was
initiated by addition of 0.1 ml of acetylcholine iodide (20 mM)/S-
butyrylthiocholine iodide (60 mM), substrate of AChE/BChE,
respectively. After incubation at 37 �C in water bath for 30 min,
the reaction was terminated by 1 ml of 3% (w/v) SDS followed by
1 ml of 0.2% (w/v) DTNB (chromogenic reagent) to yield a yellow
anion of 5-thio-2-nitro-benzoic acid. The extent of color produc-
tion was measured spectrophotometrically at 415 nm using
microplate reader (BenchmarkTM; Bio-Rad Tokyo, Japan). For the
reference control, 0.1 ml of water was replaced with the test
compound solution. For blank control, additional 0.1 ml of water
was instead of cholinesterase sources. The enzyme activity was
expressed as a percentage of the activity observed in tested sample
relative to that from the reference control.

To verify the inhibition types of THA dimers on AChE, the
enzyme reaction assay was carried out in presence of inhibitor and
substrate at various concentrations. The Michaelis constant (Km) of
AChE was determined in initial experiment by using different
concentrations of substrate (acetylcholine iodide). After pre-
incubation of AChE source with ethopropazine (0.1 mM) and each
test compound at three concentrations for 5 min, the enzyme
reaction was initiated by addition of the appropriate substrate at
five concentrations close to the predetermined Km. The reaction
was terminated at 15 min by adding 3% SDS, the absorbance of the
generated yellow complex from DTNB was measured as described
above.

2.5. Content analyses of THA and its dimers for bidirectional transport
study

2.5.1. HPLC-UV assay for THA, HLS-1, HLS-2 and B7T
The individual analysis of THA, HLS-1, HLS-2 and B7T were

carried out using HPLC-UV method. The HPLC-UV system consists
of Waters 600 controller (pump), Waters 717 auto sampler and
Waters 996 Photodiode Array detector. Data collection was
performed using a Waters Millennium Chromatography Manager
data system (Version 3.20). Chromatographic separation was
achieved by a Thermo BDS Hypersil C18 analytical column
(250 � 4.6 mm, 5 mm) protected by a guard column (Delta-PakTM

C18 Guard-Pak Waters). Mobile phase consisted of eluent A (50 mM
sodium dihydrogen phosphate and 0.5% (v/v) triethylamine
(adjusted to pH 3.0 by H3PO4) with 5% acetonitrile) and eluent B
(acetonitrile). The HPLC column was isocratically eluted by a
mixture of eluent A: eluent B (2:8 (v/v) for THA, HLS-1 and HLS-2;
3:7 (v/v) for B7T) at a flow rate of 1 ml/min. UV detection was
performed at a wavelength of 241 nm for THA and 245 nm for
studied THA dimers. The temperatures of column and autosampler
were set at ambient and 4 �C, respectively. The sample injection
volume was 50 ml.

2.5.2. LC-MS/MS assay for HLS-3, and HLS-4
The individual analysis of HLS-3 and HLS-4 were carried out

using LC-MS/MS method. The LC-MS/MS system, consisted of an
Agilent 6430 triple quadrupole mass spectrometer equipped with
an electrospray ionization source (ESI), two Agilent 1290 series
pumps and autosampler (Agilent Technologies, Inc., CA, USA), was
used to perform the analysis. Data were acquired and analyzed
using Agilent MassHunter Quantitative Analysis B.03.01 software.
The chromatographic separation was achieved by using an Agilent
ZORBAX Eclipse XDB C18 column (150 � 2.1 mm, 3.5 mm) which
was protected by a pre-column filter. The HPLC column was eluted
by a mixture of 0.1% formic acid in water and acetonitrile (65:35, v/
v) at a flow rate of 0.25 ml/min. The temperatures of column and
autosampler were set at ambient and 6 �C, respectively. The sample
injection volume was 10 ml.

The mass spectrometer was operated at positive ionization
mode. The LC elute was sprayed into the mass spectrometer at a
desolvation gas temperature of 350 �C and at a spray voltage of
+4.0 kV. Nitrogen was used as both desolvation (8 l/min) and
nebulizer gas (30 psi). With the aid of Mass Hunter Optimizer
software (Version B.03.01), the mass spectrometer was optimized
prior to the analysis by post column infusion of 1 mg/ml of analytes
with a LC flow at 0.15 ml/min flow rate. Data acquisition was
conducted at multiple reaction monitoring (MRM) with optimized

http://ilab.acdlabs.com/iLab2/
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parameters for each analyte. The Dwell time for each MRM
transition was set at 150 ms. The LC eluent was discarded 0.25 min
prior to the first peak into the waste bottle by divert valve.

2.6. Evaluation of cytotoxicity, intestinal permeability of THA dimers
by Caco-2 cell model

2.6.1. Cell culture
For cell culture, Caco-2 cells were cultured in DMEM

supplemented with 10% of FBS at 37 �C as we described before
(Zhang et al., 2007). For cytotoxicity study, Caco-2 cells were
seeded onto the 96-well plates in DMEM cultural medium at the
density of 5 �104 cells/well and cultured at 37 �C for 24 h in
incubation chamber. For transport study, Caco-2 cells were seeded
onto the apical surface of 6-well plates Transwell1 inserts at a
density of 3 � 105 cells/well and cultured for 21 days prior to
transport experiments. Caco-2 cells from passage 38–47 and
monolayers with TEER above 600 V cm2 (measured by EVOM-G,
World Precision Instruments, Inc., Sarasota, FL, USA) were
employed in the transport studies.

2.6.2. Cytotoxicity study
The in vitro cytotoxicity of THA dimers on Caco-2 cells was

evaluated byMTTassay(Jeong and Choi, 2007). PBS+was used in this
studyand prepared bydissolving a phosphate-buffered saline tablet
in 200 ml of deionized water, followed by addition of 90 ml of 2 M
calcium chloride and 80 ml of 1 M magnesium chloride, pH value
was adjusted to 6.8 by H3PO4 (Ng et al., 2005). After incubation for
24 h, the cultural medium was replaced by 150 ml of PBS+ containing
test compound at a series of concentrations (in the range of �10�6 to
10�3M). The blank PBS+ was used as negative control. After
incubation for 4 h (at 37 �C, 5% CO2), samples were removedand MTT
reagent dissolved in PBS+ was subsequently applied to each well,
then the plate was incubated at 37 �C for another 2 h. Finally, the
solution in each well was removed and 200 ml of DMSO was added
to dissolve the purple formazan product (reduced from MTT by
living cells (Mosmann,1983)). The wells containing 200 ml of DMSO
were served as blank. Absorbance of the solution in each well was
measured at 595 nm (OD595) by a Kinetic microplate reader
(BenchmarkTM; Bio-Rad Tokyo, Japan).

2.6.3. Bidirectional transport study
The transport study was carried out bidirectionally in PBS+ 6.8

as we described before (Li et al., 2012). Briefly, THA and its dimers
at different concentrations in PBS+were loaded onto the apical side
(AP, 1.5 ml of transport buffer) or basolateral side (BL, 2.6 ml of
transport buffer), the so-called donor chamber. Aliquots of 0.5 ml
samples were collected from the other side, namely the receiver
Table 1
In silico prediction of Log P, pKa, aqueous solubilities at different pH and the number o

Compounds MW NHD NHA Log P Swater
a pKa

THA 198.3 2 2 2.6
(2.4)b

36 9.9 � 0.4 (9.9 � 0.2)b

HLS-1 510.7 2 6 5.7 0.0043 pKa1: 9.7 � 0.4, pKa2: 10.3 � 0.4
HLS-2 536.7 4 8 4.4 0.012 pKa1: 9.6 � 0.4, pKa2: 10.2 � 0.4
HLS-3 508.7 4 6 5.3 0.100 pKa1: 7.3 � 0.5, pKa2: 9.4 � 0.4, p
HLS-4 465.7 3 5 5.6 0.17 pKa1: 7.9 � 0.5, pKa2: 9.7 � 0.4, p
HLS-5 428.5 4 8 2.8 0.011 pKa1: 8.6 � 0.4, pKa2: 9.2 � 0.4 

HLS-6 456.5 4 8 3.6 0.004 pKa1: 9.0 � 0.4, pKa2: 9.6 � 0.4 

B7T 492.7 2 4 7.8
(8.2)b

0.00032 pKa1: 8.6 � 0.4, pKa2: 10.2 � 0.4
8.7 � 0.1)b (pKa2: 10.7 � 0.4)b

a Swater: water solubility, unit = mg/ml.
b Experimental data from reference (Yu et al., 2008).
chamber, at different time intervals (15, 30, 45, 60 and 90 min for
THA; 30, 60, 90, 120 and 150 min for THA dimers) during the
experiment. Same volume of blank PBS+ was immediately added to
the receiver chamber after each sampling in order to maintain a
constant volume. Samples taken from the transport studies were
mixed with 0.1 ml of acetonitrile, and stored at �80 �C until
analyses.

In addition to determination of the permeabilities of the tested
THA dimers, the intracellular amounts of tested compounds were
also measured to estimate the extent of cell uptake of the
compounds during the absorption process. After the transport
studies, the Caco-2 cell monolayers were rinsed twice with ice-
cold saline and collected from Transwell1 inserts by surgical
scissors at the end of transport studies. The tested compounds
were extracted from the obtained monolayers by sonication for
10 min with 1.5 ml of acetonitrile. After centrifugation at 16,000 � g
for 5 min, the collected supernatant was then evaporated to
dryness under a gentle stream of nitrogen at 37 �C. The obtained
residue was reconstituted with the corresponding mobile phase
and analyzed.

2.7. Data analyses

2.7.1. Calculation of relative cell viability in cytotoxicity test
The relative cell viability (%) was calculated based on following

equation as described previously (Yang et al., 2012).

Relative cell activityð%Þ ¼ OD595;sample � OD595;blank

OD595;control � OD595;blank
� 100%

where “OD595,sample” is the average absorbance of the sample
treated Caco-2 cells, “OD595,control” is the average absorbance of the
control cells, and “OD595,blank” is the average absorbance of 200 ml
DMSO in well at 595 nm. Cytotoxicity results of THA dimers was
expressed as 50% lethal concentrations (LC50), calculated by the
probit method (Finney, 1971) with help of GraphPad Prism
software version 5.0.

2.7.2. Calculation of permeability coefficient in Caco-2 cell model
The permeability coefficient (Papp) was calculated by the

equation described previously (Li et al., 2012).

Papp ¼ dC=dt � V
A � C

where “dC/dt” is the change of the compound concentration in
receiver chamber over time, “V” represents the volume of the
solution in receiver chamber (cm3), “A” is the membrane surface
f hydrogen bond donors and acceptors for THA and its novel dimers.

Aqueous solubilities at different pH (mg/ml)

pH 1.7
(Stomach)

pH 4.6
(Duodenum)

pH 6.5
(Jejunum)

pH 7.4
(Ileum)

pH 8
(Colon)

34.45 34.45 28 12.22 4.24

 0.18 0.18 0.16 0.04 <0.01
 0.06 0.06 0.05 0.01 <0.01
Ka3: 10.3 � 0.4 313.7 193.4 29.95 4.13 0.14
Ka3: 10.3 � 0.4 8.28 8.28 5.11 0.22 0.01

2.64 2.58 0.63 0.07 <0.01
0.83 0.83 0.22 0.01 <0.01

 (pKa1: <0.01 <0.01 <0.01 <0.01 <0.01
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area (cm2). “C” is the initial compound concentration in the donor
chamber.

The recoveries of studied compounds from the two cell
monolayer models were calculated using following equation
(Zhang et al., 2008):

Recoveryð%Þ ¼ Aapical þ Abasolateral

A0
� 100%

where A0 is the initial amount of the loading compound, Aapical is
the amount of the compound in apical chamber at the end of
the transport studies, and Abasolateral is the cumulative amount
of the compound permeated to the basolateral chamber at the end
of the transport studies.

In addition, the efflux ratio was calculated by the following
equation to assess the extent of drug efflux (Balimane et al., 2006)
on Caco-2 cell model.

Efflux ratio ¼ PappðB!AÞ
PappðA!BÞ

where “Papp(B!A)” and “Papp(A!B)” are the mean of Papp values from
the basolateral to apical (secretive) and apical to basolateral
(absorptive) direction, respectively.

2.7.3. Statistical analysis
Statistical analysis was performed using a statistical software

package SPSS (version 17, SPSS Inc., Chicago, IL, USA). One-way
ANOVA with multiple comparisons of the means was applied for
analysis of the data form transport studies. A probability level of
p < 0.05 was set as the criterion of significance.
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Fig. 2. Dose-response curves of tested novel THA dimers on inhibition 
3. Results

3.1. In silico prediction of Log P, solubility and pKa of the THA dimers

The n-octanol–water partition coefficient is the ratio of
equilibrated compound concentrations in n-octanol versus that
in water at a specified temperature (typically 25 �C). Partition
coefficient, commonly represented as Log P, is a good surrogate for
evaluating the partitioning ability of chemicals through lipid
membranes, and considered to be one of the most important
physicochemical descriptor to predict the in vitro and in vivo
permeability across biological membranes (Nakao et al., 2009). In
addition to Log P, water solubility, aqueous solubilities as a function
of pH and pKa are also related to compound permeability,
dissolution rate and its formulation strategy. Table 1 summarized
the molecular weight (MW), the number of hydrogen bond donors
(NHD) and acceptors (NHA) and predicted physicochemical
properties of THA and its THA dimers. It is noticed that the
current predicted values on Log P and pKa of THA and B7T were
quite comparable to that obtained from previously reported
experimental values (Yu et al., 2008).

After adding different linkers between two THA molecules, the
MW of THA dimers was close to 500, which was at the borderline of
Lipinski’s rule of five (Lipinski et al., 2001). The NHD and NHA of
THA dimers were within 5 and 10, respectively. Among the studied
THA dimers, B7T had the highest Log P value (7.8), followed by HLS-
1, HLS-4, HLS-3, HLS-2, HLS-6 and HLS-5. Water solubilities of THA
dimers (in the range of 0.00032–0.17 mg/ml) were generally very
poor with HLS-3 and HLS-4 showed relatively higher solubilities
than that of the other THA dimers.

Since the ionizable groups in THA dimers structures were
mainly amine group or amide group, THA dimers demonstrated to
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be basic compounds. The predicted pKa values for all THA dimers
were higher than 7.3 with highest pKa2 of 10.7 after second
ionization. Theoretically, according to the intrinsic solubility (S0) of
a basic compound and its pKa value, the apparent solubility (S) at a
specific pH condition could be estimate from the following
equation (Guo and Shen, 2004):

S ¼ S0 1 þ 10pKa�pH
� �
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Fig. 3. Lineweaver–Burk plots for inhibition of rat cortex AChE by THA (a) and its dimer
(n = 4).
When pH > pKa, the apparent solubility S would be close to its
intrinsic solubility S0 of basic compound. When pH < pKa, S would
be higher than S0 and geometrically increase with the decrease of
pH. Based on the predicted pKa values of the studied THA dimers,
acidic condition rather than neutral and basic condition would
facilitate their dissolving processes. The predicted aqueous
solubilities of THA and its dimers under various physiological
conditions are also summarized in Table 1. Among all studied
f
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compounds, HLS-3 demonstrated the highest aqueous solubility
under all pH conditions.

3.2. Cholinesterases inhibition activities of the THA dimers

3.2.1. Inhibition studies on AChE and BChE
The inhibitory activities of the THA dimers were evaluated

against AChE and BChE with THA and B7T serving as the two
positive controls. Fig. 2 shows the dose-response curves of
inhibition on AChE (Fig. 2a) and BChE (Fig. 2b) by the studied
compounds. Most of the curves demonstrated a characteristic
sigmoidal shape, except for inhibition of BChE by HLS-5 and HLS-6
(due to their relatively low activities). In comparison to THA, all
THA dimers produced greater inhibition against AChE and lower
inhibition against BChE. These dose-response curves indicated that
the studied THA dimers would inhibit AChE more potently and
selectively than THA.

To quantitatively describe the inhibition activity of the studied
compounds, their IC50 values and selectivity index for inhibition of
AChE over BChE were calculated and compared as shown in Fig. 2.
Based on the IC50 for the AChE inhibition, THA dimers were up to
300-fold more potent than that of THA. Among the studied THA
dimers (HLS-1, HLS-2, HLS-3, HLS-4, HLS-5 and HLS-6), HLS-
3 showed the highest activity and selectivity on AChE inhibition,
which was similar to that of B7T.

3.2.2. Inhibition type on AChE
Due to the relatively high IC50 values of AChE inhibition, HLS-

5 and HLS-6 were not selected for further investigation. In order to
identify the type of inhibition, the inhibition of AChE by THA (100,
200 and 400 nM), B7T (0.5, 1 and 2 nM) and four THA dimers
(including HLS-1 (3, 6 and 12 nM), HLS-2 (1.5, 3 and 6 nM), HLS-3
(0.5, 1 and 2 nM) and HLS-4 (10, 20 and 40 nM)) were investigated
at different concentrations of AChE substrate (0.1, 0.125, 0.2,
0.4 and 0.8 mM). For example, the representative Lineweaver–Burk
plots at three different THA concentrations together with control
(without inhibitor) were shown in Fig. 3a. The four lines
intersecting at the same point in the second quadrant indicated
that THA was a mixed type inhibitor, which was consistent with
previous observations (Snape et al., 1999; Wang et al., 1999b). The
calculated inhibition constant Ki (the dissociation constant of
enzyme–inhibitor complex) and K0

i (the dissociation constant of
enzyme–substrate–inhibitor complex) of THA were determined to
Fig. 4. Cytotoxicities of THA and its dimers toward Caco-2 cells. Each data
represents mean � s.d. (n = 5).
be 355.5 and 473.5 nM, respectively (Fig. 2). Since Ki< K0
i, the

affinity of inhibitor THA towards enzyme (AChE) was higher than
that towards the enzyme–substrate complex, which also con-
firmed that THA was a mixed type inhibitor for AChE. After
dimerization, all of the studied THA dimers showed a pattern of
mixed inhibition type with much lower inhibition constants than
that of THA. Among these dimers, HLS-3 showed the highest
inhibition on AChE according to the determined inhibition
constants, which was consistent with the finding based on the
calculated IC50.

3.3. Investigation of intestinal permeability of THA dimers on Caco-
2 monolayer model

3.3.1. Cytotoxicity study of the THA dimers toward Caco-2 cells
The objective of this study was to comparethe cytotoxicity of THA

dimers toward Caco-2 cells as well as to select the non-toxic
concentrations for further transport studies on Caco-2 cell mono-
layer models. The results shown in Fig. 4 suggested that all tested
compounds showed concentration–dependent cytotoxicity. Among
the tested compounds, B7T showed the highest cytotoxicity with
calculated IC50 value of (219.1 �26.8 mM), followed by HLS-1 � HLS-
2 � HLS-3 � HLS-4 > THA (7505 �1269 mM). Since the reproducibil-
ity and accuracy of transport studies with in vitro cell model relies on
the cell functions during the study, it is important that cells remain
viable and are not adversely influenced by operation during
incubation period (Fix, 1996). Typically, at least 80% cell viability
is considered as a minimum to conduct transport study across cell
monolayers (Hong et al., 2006; Sandker et al., 1993; Sezgin et al.,
2007). According to the cytotoxicity results, two concentrations
(30 and 80 mM) of THA dimers (HLS-1, HLS-2, HLS-3, HLS-4 and B7T)
were selected for further transport studies on Caco-2 monolayer
models.

3.3.2. Bidirectional transport studies of the THA dimers on Caco-
2 monolayer model

The calculated Papp values, cell uptake and efflux ratio (ER) of
studied compounds are listed in Table 2. For THA, the absorptive
permeability was comparable to that of the transcellular marker
propranolol (Papp over 10�5 cm/s) with no significant efflux
observed (ER of 0.87), indicating that transcellular diffusion was
the main pathway for THA to permeate across the Caco-2 cell
monolayer. For B7T, its bidirectional transport resulted in a minor
efflux with ERof 3.0 and a moderate absorptive Papp (2.51 �10�6 cm/
s), which was in consistencewith our previously report (Zhang et al.,
2008). However, relatively high intracellular amount of B7T was
found with over 46% and 21% of the related loading dose being
trapped in the Caco-2 cell monolayer during its apical to basolateral
and basolateral to apical transport, respectively. Such high cell
uptake of B7T was probably due to its reported high protein binding
of 98.7% towards Caco-2 cell lysate (Zhang et al., 2008).

The absorptive permeabilities of HLS-1, HLS-2, HLS-3 and HLS-
4 at two loading concentrations (30 and 80 mM) were in the range
of 0.11 to 0.46 � 10�6 cm/s, which were comparable to that of the
paracellular marker atenolol (0.2 � 10�6 cm/s (Artursson, 1990)). In
contrast to THA, the secretive permeabilities of HLS-1, HLS-2, HLS-
3, HLS-4 and B7T were greatly higher than their corresponding
absorptive permeabilities at all studied loading concentrations.
Among the studied THA dimers, HLS-1 demonstrated the most
intensive efflux transport with ER higher than 20. Medium extent
of efflux transport of HLS-2, HLS-3 and B7T were observed with ERs
in the range of 3 to 11.4 (Hitchcock, 2012). For all studied THA
dimers, their absorptive permeability and ER were in the order of
B7T > HLS-1 � HLS-4 > HLS-3 � HLS-2 and HLS-1 > HLS-4 > HLS-2 �
HLS-3 > B7T, respectively.



Table 2
Bidirectional transport and cell uptake of THA dimers in Caco-2 cell model.

Compound Loading Conc. (mM) A–B B–A ERa

Papp (�10�6 cm/s) Cell uptake (%) Papp (�10�6 cm/s) Cell uptake (%)

HLS-1 30 0.33 � 0.05 1.26 12.31 � 0.45 5.96 37.7
80 0.46 � 0.18 1.37 10.81 � 0.53 6.35 23.3

HLS-2 30 N.A. 0.44 0.63 � 0.01 2.29 N.A.
80 0.11 � 0.05 0.76 0.61 � 0.05 2.23 5.5

HLS-3 30 0.11 � 0.03 0.62 0.96 � 0.02 1.04 8.3
80 0.15 � 0.06 0.36 0.68 � 0.06 0.31 4.5

HLS-4 30 0.37 � 0.03 2.40 3.14 � 0.08 4.40 8.4
80 0.30 � 0.06 1.36 3.45 � 0.51 5.12 11.4

B7T 30 2.51 � 0.23 46.9 7.61 � 0.74 21.1 3.03
80b N.D. N.D. N.D. N.D. N.A.

Note: The determined Papp(A!B),Papp(B!A), ER of THA (as control) were 24.09 � 1.14 �10�6 cm/s, 20.93 � 1.02 �10�6 cm/s and 0.87, respectively. N.D.: not determined; N.A.: not
applicable.

a ER: efflux ratio.
b Large number of floating cells were observed and TEER decreased to around 200 V cm2 at 60 min after loading B7T at 80 mM, thus, the Papp and cell uptake at this loading

concentration were not determined.
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In addition, the bidirectional transport studies demonstrated
that all the THA dimers have much lower intestinal permeabilities
than that of THA, and could be classified as the low-permeability
compounds. The observed medium or high efflux ratio indicated
that the limited absorptive permeabilities of THA dimers could be
associated with their efflux transport during the absorption
processes.

4. Discussion

AChE, the enzyme that hydrolyze the neurotransmitter
acetylcholine at cholinergic synapses, is the target of the first
generation of drugs approved for the management of AD. AChE has
an ellipsoidal shape with 3-D dimensions �45 � 60 � 65 Å, and
consists of a 12-stranded central mixed b-sheet surrounded by 14
a-helices (Sussman et al., 1991). X-ray crystallography has
identified an active site at the bottom of a narrow gorge. Ser200,
His400 and Glu327 are found to be the three residues at active site
forming a planar array, which could resemble the catalytic triad of
chymotrypsin and other serine proteases. The active site is
believed to be responsible for the choline-binding and catalytic
machinery. In addition to catalytic site, a peripheral binding site,
located at the opening of the enzyme binding pocket and is far
from the catalytic site at the bottom of gorge with distance of
�20 Å long, has also been identified by site-directed mutagenesis
(Sussman et al., 1991). Tyr70, Trp279 and Tyr121 are three conserved
aromatic residues found at the peripheral site, increasing the
concentration of acetylcholine at the gorge opening and facilitating
its delivery to bottom catalytic site. The catalytic site at the bottom
and peripheral site at the top of AChE make up the active gorge of
this enzyme. Based on the hypothesis of dual binding with catalytic
site and peripheral site simultaneously, Pang et al. designed THA
dimers with different length of alkene chain linkers by automated
computer docking system (Pang et al., 1996). According to the
results from their wet lab, the highest AChE inhibition activity was
reached by B7T with 7 methylene groups between two THA
residues. The heptylene chain allowed the ring nitrogen atoms of
the two THA moieties to line up to 18 Å apart, which served a very
suitable distance for dual binding of catalytic site and peripheral
site of AChE. The high affinity to catalytic site of B7T, together with
the binding at peripheral site hindering the entering of the
substrate into the lower portion of enzyme gorge, gave a high
inhibition activity to AChE (Pang et al., 1996). HLS-1, HLS-2 and
HLS-3, consisting similar length of linkers (8 atoms on the line
chain between the ring nitrogen atoms of the two THA moieties)
with B7T, also demonstrated high AChE inhibition activities (IC50:
1.1–7.8 nM, in Fig. 2). HLS-4, with shorter linker (5 atoms on the
line chain), had a lower inhibition activity than that of HLS-3. The
impact of the linker length of currently studied THA dimers on
inhibition activity was consistent with previously reported THA-
toluene hybrids (Pang et al., 1996).

Based on the experimental and computational approaches in
estimating solubility and permeability of medication drugs,
Lipinski et al. proposed a “Lipinski’s Rule of Five” to evaluate if a
chemical compound with certain pharmacological activity has
properties that would make it likely an orally active drug in
humans (Lipinski et al., 2001). According to the current results of in
silico prediction of physicochemical properties, the number of
hydrogen bond donors and receptors of THA dimers are within the
criteria, but the molecular weight and Log P values are close to the
borderline of “Lipinski’s Rule of Five”. In order to cut down the
molecular weight and reduce the Log P value, HLS-5 and HLS-
6 were designed based on HLS-2 by chopping the hexatomic ring of
THA structure. From the predicted values, we found that their Log P
values decreased and the aqueous solubilities under physiological
conditions increased (Table 1). However, after chopping the
hexatomic ring of THA structure, the inhibition activities of HLS-
5 and HLS-6 on AChE were dramatically decreased by 38-fold and
64-fold in comparison to that of HLS-2, respectively (Fig. 2), which
might be explained by the structural change of HLS-5 and HLS-6.
From HLS-2 to HLS-5 and HLS-6 (Fig. 1), the 1,2,3,4-tetrahydroa-
cridine regional fragments (Log P: 3.77 � 0.2) in HLS-2 were
changed to quinoline (Log P: 2.08 � 0.2) and 2-methyl-quinoline
(Log P: 2.54 � 0.2) regional fragments in HLS-5 and HLS-6,
respectively (Log P calculated by ACD/Lab online program). Such
structural changes lead to a decrease of affinity to “esteratic”
subsite (Sussman et al., 1991) of AChE catalytic site, hence,
decrease in the inhibition activities, which agreed with previous
findings (Carlier et al., 1999).

BChE, also known as pseudocholinesterase or nonspecific
cholinesterase outside the central nervous system (i.e., in blood),
is a serine hydrolase that catalyzes the hydrolysis of esters of
choline including butyrylcholine, succinylcholine and acetylcho-
line (Darvesh et al., 2003). Like AChE, BChE has serine, histidine
and glutamic acid residues (Ser226, His466 and Glu335, respectively)
that are essential for its catalytic activity. Unlike AChE, BChE only
contains catalytic site at the bottom of gorge but without
peripheral site. Since the peripheral site is absent in BChE, these
THA dimers provided a better selectivity toward AChE over BChE in
terms of binding property.

By fluorescent probe technique, peripheral site of AChE was
believed to act as uncompetitive inhibitor binding site (Li et al.,
2009). In addition, the peripheral site provides aromatic guidance by
setting an array of low-affinity binding site to ligands (Dvir et al.,
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2010). Such low-affinity peripheral binding site of AChE provides a
place for the inhibitors binding to enzyme-substrate complex,
leading to non-competitive or mixed type of inhibition. Due to
different affinity of inhibitors towards free enzyme and enzyme-
substrate complex (Ki 6¼ K0

i, in Fig. 2), all THA dimers demonstrated a
mixed type of inhibition.

To produce beneficial effects in human, drugs should be firstly
absorbed and delivered to the pathological site. Except for
intravenous administration, other commonly applied administra-
tion routes (i.e., oral, intranasal, sublingual, rectal, transdermal,
inhalation, etc.) have a physiological barrier consisting of cell layers
to form a rate-limiting barrier for the absorption of dissolved
drugs. As a consequence, the proper reconstitution of in vitro
human differentiated epithelial cell monolayers allow the predic-
tion of drug absorption in vivo. (i.e., Caco-2 for oral absorption
(Hubatsch et al., 2007), Calu-3 for intranasal and inhalation
absorption (Foster et al., 2000; Wang et al., 2011) and HO-1-u-1 for
sublingual absorption (Wang et al., 2009), etc.) Comparing with
THA, all studied THA dimers have relatively low permeabilities
across Caco-2 cell monolayers and could be classified as the low
permeable compounds. Zhang et al. investigated the intestinal
absorption of B7T on Caco-2 cell model and in situ rat intestinal
perfusion model (Zhang et al., 2008). They found that the
absorptive permeability of B7T, with a Papp value of �3 � 10�6

cm/s, was much lower than that of the transcellular maker
propranolol in Caco-2 monolayer model, which was consistent
with what we observed in the current study. In the rat in situ
intestinal perfusion model, B7T was subject to an extensive
intestinal extraction (>90%) with extremely low concentration of
B7T detected in mesenteric blood, which was further found to be
associated with the high tissue binding (99.9%) of B7T (Zhang et al.,
2008). Such high tissue binding also resulted in extremely high
percentage of B7T trapped within Caco-2 (46.9%) cells in the
present study. Such high cellular uptake may lead to the
accumulation of B7T in the cells, and hence inhibition/deactivation
of the mitochondrial dehydrogenases, resulting in a high
cytotoxicity in Caco-2 cells. In contrast to B7T, the cellular uptakes
in Caco-2 cells of other studied THA dimers (HLS-1, HLS-2, HLS-3
and HLS-4) were very low (<6.5%) with lower cytotoxicity, which
might indicate their potential lower toxicity toward GI tract during
oral absorption processes.

In addition, cytotoxicity studies of all synthesized compounds
were carried out on HepG2 cell line. It was found that all tested
THA dimers were less toxic to HepG2 cells at lower testing
concentrations (i.e., 0.1 and 1 mM). When the testing concentration
was increased to 100 mM, HLS-3 and HLS-4 demonstrated
significantly lower cytotoxicity than that of B7T (Supplementary
file). Although THA showed the lowest cytotoxicity among all the
studied compounds, such in vitro findings in HepG2 cell line may
not be able to represent its in vivo situation due to the fact that
formation of reactive metabolite (quinone methide) instead of THA
itself was proposed to be the mechanism of liver toxicity induced
by THA in vivo (Park et al.,1994; Patocka et al., 2008). Therefore, the
potential in vivo liver toxicities of the investigated THA dimers still
need further investigations in related animal models.

In summary, during the early stage of discovery for AChE
inhibitors, the most ideal drug candidate would have the following
characteristics including (1) high anti-AChE activity and selectivi-
ty; (2) efficient permeability in Caco-2 monolayer model for good
absorption across various membranes; (3) sufficient aqueous
solubility for fast dissolution and easy formulation development;
(4) low efflux transport for effective drug delivery and (5)
minimum cytotoxicity for safe use, etc. (Chen et al., 2006; Kerns
and Di, 2008). However, none of the synthesized THA dimers could
fulfill all above properties. Therefore, a balanced consideration of
these properties should be taken in selection of the potential
candidates for further in vivo investigation.

5. Conclusion

We have reported the synthesis, anti-cholinesterase inhibition
activity, physicochemical properties, cytotoxicity and intestinal
permeability of six THA dimers, namely HLS-1, HLS-2, HLS-3, HLS-
4, HLS-5 and HLS-6. Based on the IC50 and Ki values, the in vitro
AChE inhibition activities of studied THA dimers were up to 300-
fold more potent than that of THA. Among the studied THA dimers,
HLS-3 showed the highest activity and selectivity on AChE
inhibition with a mixed type. It was found that chopping
hexatomic ring of THA structure dramatically decreased the AChE
inhibition activity. All studied THA dimers showed significantly
lower intestinal permeability than that of THA.
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