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Introduction

Abstract

Huperzine A (HupA), a novel alkaloid isolated from the Chinese herb Huperzia
serrata, is a potent, highly specific and reversible inhibitor of acetylcholinesterase
(AChE). Compared with tacrine, donepezil, and rivastigmine, HupA has better
penetration through the blood-brain barrier, higher oral bioavailability, and longer
duration of AChE inhibitory action. HupA has been found to improve cognitive
deficits in a broad range of animal models. HupA possesses the ability to protect
cells against hydrogen peroxide, B-amyloid protein (or peptide), glutamate,
ischemia and staurosporine-induced cytotoxicity and apoptosis. These protec-
tive effects are related to its ability to attenuate oxidative stress, regulate the
expression of apoptotic proteins Bcl-2, Bax, P53, and caspase-3, protect
mitochondria, upregulate nerve growth factor and its receptors, and interfere with
amyloid precursor protein metabolism. Antagonizing effects of HupA on N-me-
thyl-D-aspartate receptors and potassium currents may also contribute to its
neuroprotection as well. Pharmacokinetic studies in rodents, canines, and healthy
human volunteers indicated that HupA was absorbed rapidly, distributed widely
in the body, and eliminated at a moderate rate with the property of slow and
prolonged release after oral administration. Animal and clinical safety tests showed
that HupA had no unexpected toxicity, particularly the dose-limiting hepatotoxic-
ity induced by tacrine. The phase IV clinical trials in China have demonstrated
that HupA significantly improved memory deficits in elderly people with benign
senescent forgetfulness, and patients with Alzheimer disease and vascular
dementia, with minimal peripheral cholinergic side effects and no unexpected
toxicity. HupA can also be used as a protective agent against organophosphate
intoxication.

functions. The key symptoms of AD are primarily caused by
cholinergic dysfunction. A significant correlation has been

Alzheimer disease (AD) is a progressive neurodegener-
ative disorder associated with a global impairment of higher
mental function, and presenting an impairment of memory as
the cardinal symptomt™. Histopathological hallmarks of the
disease are the extracellular deposition of amyloid B-peptide
(AB) in senile plaques, the appearance of intracellular neu-
rofibrillary tangles (NFT), a loss of cholinergic neurons, and
extensive synaptic changes in the cerebral cortex, hippo-
campus and other areas of brain essential for cognitive
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found between a decrease in cortical cholinergic activity and
the deterioration of mental test scores in patients with AD™,
Based on the cholinergic hypothesis of AD, cholinergic en-
hancement strategies have been at the forefront of efforts to
pharmacologically palliate the cognitive impairments. Among
the various therapeutic approaches investigated to enhance
cholinergic transmission, cholinesterase inhibitors (ChEI) are
the first group of compounds that have shown some pro-
mise in the treatment of AD. The most significant therapeu-
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tic effect of ChEIl in AD treatment is to stabilize cognitive
function at steady level during at least a 1 year period in
approximately 50% of patients. Most clinical studies show
that in a certain percentage of AD patients (approximately
20%) cognitive function can be stabilized for a period of up
to 24 months. In addition, the AD patients who do not re-
spond to therapy with one ChEI can be switched to a second
one with a 50% rate of success. To date, four ChEl, tacrine,
donepezil, galanthamine and rivastigmine have been ap-
proved by the US Food and Drug Administration for the
treatment of AD, and several new ChEI are being studied®*,
However, the clinical usefulness of ChEI has been limited by
their short half-lives and excessive side effects caused by
activation of peripheral cholinergic systems, as well as
hepatotoxicity, which is the most frequent and important
side effect of tacrine therapy™®. To obtain better therapeu-
tic benefit in the treatment of AD, the search for a long-
acting ChEI that exerts minimal clinical side effects is still
ongoing®.

(-)-Huperzine A (HupA), a novel Lycopodium alkaloid,
is isolated from the Chinese medicinal herb Huperzia serrata
(Qian Ceng Ta; Figure 1). The herb has been used in China
for centuries in the treatment of such conditions as contu-
sions, strains, swelling, and schizophrenia. HupA, a com-
pound that is chemically unique in comparison with other
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Figure 1. The Chinese herb Huperzia serrata (Qian Ceng Ta).

agents under study for AD, is a reversible, potent, and selec-
tive acetylcholinesterase (AChE) inhibitor. Its potency and
duration of AChE inhibition rival those of tacrine, galantha-
mine, donepezil, and rivastigmine!®*%!. HupA has been found
to improve cognitive deficits in a broad range of animal
models. The phase IV clinical trials conducted in China have
demonstrated that HupA induces significant improvement
in the memory of elderly people and patients with AD and
vascular dementia (VD) without any notable side effects®7.,
In this paper the pharmacological properties, pharmacokine-
tics, and toxicology of HupA, in addition to the clinical trials
so far conducted using this agent, are reviewed.

Effects on cholinesterase activity and inhibi-
tion mechanism

The cholinesterase inhibition by HupA has been evalu-
ated in vitro and in vivo, using a spectrophotometric me-
thod™® with minor modifications. For assay of AChE or
butyrylcholinesterase (BuChE) activity, a reaction mixture
of 4 mL containing acetylthiocholine iodide (0.3 mmol/L) or
butyrylthiocholine iodide (0.4 mmol/L), 1 mL sodium phos-
phate buffer (0.1 mmol/L), the test compound (0.1-0.5 mL),
and enzyme (0.1-0.2 mL) was incubated at 37 °C for 8 min.

In vitro and in vivo comparison studies with respect to
AChE inhibition showed that the potency of HupA was simi-
lar or superior to the inhibitors currently being used in AD
treatment (Table 1)™-131921 Based on the 50% inhibitory
concentration (ICs;), HUpA was more potent than tacrine,
physostigmine, galanthamine, and rivastigmine with respect
to inhibition of AChE activity, whereas HupA was the least
potent BUChE inhibitor among the inhibitors tested™ -2,
The ICy,ratio of HupA for BUChE: AChE was much greater
than those of the other 4 inhibitors. HupA exerted inhibitory
effects on AChE from different sources to a similar extent
but, interestingly, was a weaker inhibitor of human serum

Table 1. Comparative effects of five cholinesterase inhibitors on
cholinesterase activity in vitro.

ICg, (M) Ratio of IC;, K; (nM)
AChE" BuChE™ BUChE/AChE
HupA 0.082 74.43 907.7 24.9
Tacrine 0.093 0.074 0.8 105.0
Donepezil 0.010 5.01 501.0 12.5
Rivastigmine 181.39 31.07 0.17 -
Galanthamine 1.995 12.59 6.3 210.0

“rat cortex; “rat serum. Data from ref 11, 22.
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BuChE relative to BUChE from other sources. Studies using
8 and 4 cholinesterase isoenzymes, which were extracted
from mouse and dog plasma, respectively, showed that HupA
had a more selective inhibition on AChE isoenzymes, but
had little or no inhibition on BUChE™!. The better reversible
effect of (x)-HupA on AChE was also demonstrated in stud-
ies with porcine intrinsic cardiac neurons, which express both
AChE and BuChg®!,

The apparent inhibition constants (K;value) for AChE
are in the nanomole range, which indicates that these inhibi-
tors have high affinity for the enzyme. However, the doses
of donepezil and tacrine used orally are much higher than
that of HupA®®, which might be explained by their low
bioavailability and/or by rapid metabolism.

AChE exists in multiple molecular forms that can be dis-
tinguished by their subunit associations and hydrodynamic
properties®?1, In mammalian brain, the bulk of AChE oc-
curs as a tetrameric, G4 form (10S) together with much smaller
amounts of a monomeric, G1 (4S) form™®, There is evi-
dence that AChE inhibitors do not inhibit all forms equally
well. Studies from our laboratory showed that HupA prefer-
entially inhibited tetrameric AChE (G4 form), whereas tacrine
and rivastigmine preferentially inhibited monomeric AChE
(G1 form). Donepezil showed pronounced selectivity for G1
ACHhE in striatum and hippocampus, but not in cortex. Phy-
sostigmine showed no form-selectivity in any brain region.
In cortex, the most potent inhibitors of G4 AChE were HupA
and donepezil. The potent inhibitors of cortical G1 AChE
were donepezil and tacrine. In hippocampus, HupA and phy-
sostigmine were the most potent inhibitors of G4 AChE,
whereas donepezil and tacrine were the most potent against
G1 AChE. In striatum, HupA and donepezil were the most
potent against G4 AChE, and again donepezil was the most
potent against G1 (Table 2). It is well known that approxi-
mately 60%—-90% of G4 AChE is ectocellular, and is the major
form for metabolizing ACh. The G4 AChE is the physiologi-
cally relevant form at cholinergic synapses, and its inhibi-
tion would be expected to prolong the action of ACh. The
results mentioned above suggest that the use of AChE in-
hibitors in the treatment of AD must consider both form-
specific and region-specific characteristics of AChE inhibi-
tion*2,

Significant inhibition of AChE activity was demonstrated
in the cortex, hippocampus, striatum, medial septum, medulla
oblongata, cerebellum, and hypothalamus of rats that were
killed 30 min following the administration of HupA at several
dose levels compared with the saline control®?®3, There
was a clearly dose-dependent inhibition of AChE in the brain
region by HupA. In contrast to the inhibition of AChE activ-

Table 2. Effects of five acetylcholinesterase inhibitors on acetyl-
cholinesterase G4 and G1 form in rats in vitro.

Ki (M)

Cortex Hippocampus Striatum

5.0£0.6x107" 1.1+0.1x107"
8.4+0.9x107 6.0+6.0x107
5.6+1.4x10° 5.2+0.9x107
2.943.5x107°" 1.4+0.4x107"
5.4+4.3x10° 1.7+0.5x10°
3.242.0x107°" 1.940.2x10%"
3.5+£0.5x10“ 1.0+4.0x10"
3.1+£0.8x10°" 1.5+1.1x10%"
3.3£0.3x10® 6.6+1.1x10°®
3.0£2.2x10® 3.6+1.2x10°®

Huperzine A G4 7.0£3.5x10°"
Gl 3.5%1.5x107
Donepezil G4 4.0£1.5x10°
Gl 3.5%1.2x10°
Tacrine G4 6.0£1.4x10®
Gl 2.3%0.3x10°%"
Rivastigmine G4 1.5%1.4x10°3
Gl 1.6£2.1x10°"
Physostigmine G4 9.7+1.9x107
Gl 5.8+£1.2x107

Data represent mean+SD. All assays were performed in triplicate for
three independent experiments. K; values were derived from 1C;,
values with the aid of the Cheng equation, using con-current esti-
mates of substrate K., from double-reciprocal Lineweaver-Burk plots.
IC,, values were determined graphically from log concentration-inhi-
bition curve from 20% to 80% of initial activity. "P<0.05, “P<0.01,
significant difference between G4 and G1 forms. Data from ref 12.

ity in vitro, the relative inhibitory potency of oral HupA on
cortex AChE was found to be approximately 24- and 180-
fold, on an equimolar basis, that of donepezil and tacrine,
respectively™. Correlated to the dosage of AChE inhibition,
however, only donepezil and tacrine produced significant
BUChE inhibition in serum™. Tacrine was a more potent
inhibitor of serum BuChE than that of brain AChE. The in-
hibitory potency of HupA on AChE differs from that of
donepezil and tacrine following different routes of
administration. HupA exerted an almost similar anti-ChE ef-
ficacy in rats following oral and ip administration, whereas
tacrine ip produced a greater inhibition both on brain AChE
and serum BuChE. At doses of 0.03 pmol/L (8 pg) and 0.06
umol/L (16 pg), HupAsignificantly inhibited brain AChE ac-
tivity 30 min after intraventricular injection, which was less
potent than donepezil, but more potent than tacrine!®. These
findings indicate that HupA, in contrast to donepezil and
tacrine, has higher oral bioavailability and better penetrabil-
ity through the blood-brain barrier.

AChE inhibition in rat whole brain reached a maximum at
60 min and was maintained for 360 min following oral admini-
stration of HupA, at a dose of 1.5 umol/kg (3.6 mg/kg). Peak
inhibition in cortex and serum was observed at 30—60 min,
and inhibition exceeding 10% in the cortex was maintained
between 15-240 min. The BuChE activity recovered to the
control level at 360 min after administration of HupA, whereas
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20% and 46% inhibition still existed for donepezil and tacrine,
respectively™. The rapid decrease of AChE and BuUChE
activity seen in red blood cells and plasma, respectively,
with HupA correlates with the short-lasting and mainly pe-
ripheral side effects®. Repeated oral doses (once daily for
8 d and 30 d) of HupA produced no significant difference in
AChE inhibition as compared to a single dose, indicating
that no tolerance to HupA developed™=!,

The enantiomers of HupA differ greatly in their ability to
inhibit AChE. At equivalent doses, (+)-HupA was much
weaker than (-)-HupA in inhibiting AChE in NG108-15
cells®™, Careful measurement of AChE inhibition in cell-free
systems revealed that (-)-HupA was 49-fold more potent
than (+)-HupA as shown both by I1C;, values and K; (Table
3). The natural isomer was also more selective for AChE, as
shown by the 9-fold higher ratio of BUChE ICy, versus AChE
IC5,. Similar differences in anti-cholinesterase potency were
seen when changes in ChE activity in whole brain, cortex
and serum were compared 30 min after oral administration of
(-)-HupA and (+)-HupA. Although both enantiomers of
HupA produced a dose-dependent inhibition of ChE,
(-)-HupA was approximately 50-fold more potent than
(+)-HupAP4, This difference in activity measured between
the 2 enantiomers may be partially ascribed to the fact that
the H-bond between the ethylidene methyl of (-)-HupA and
His440 is absent in the (+)-HupA complex®2,

Table 3. Anti-cholinesterase effects of huperzine A enantiomers in
vitro.

ICs (NM)? BuChE/AChE K®

BuChE® AChE*
(-)-HupA 53632 65 829 30
(+)-HupA 282910 3153 90 1480
(£)-HupA - 300 - -

®The concentration of inhibitor that yields a 50% inhibition of
enzyme activity; °rat erythrocyte membrane; °rat serum; ®rat corti-
cal homogenate. Data from ref 34.

The mechanisms by which HupA inhibits AChE have
been extensively studied by using kinetics™ 2, computer-
aided docking studies®**! and X-ray crystallography ap-
proaches™!. The Lineweaver-Burke plot representation of
the inhibition of rat erythrocyte membrane AChE by HupA
indicates a mixed competitive type of inhibition, because the
intersection of the lines occurs in the second quadrant (Figure
2)1221 - A similar type of inhibition was found in porcine

Huperzine A

18]

Figure 2. Typical Lineweaver-Burke plots for inhibition of rat
erythrocyte membrane AChE by HupA. Data from ref 11.

brain immobilized AChE®!, Raterythrocyte membrane AChE
activity did not exhibit progressive decrease with prolonged
incubation with HupA in vitro, and the AChE activity recov-
ered to 94% of the control after being washed 5 times, indi-
cating that the inhibitory action of HupA was reversible and
different from that of isoflurophate (DFP)*#,

Immense effort has been directed towards gaining in-
sights into the binding between HupA and AChE since 1991,
when the 3-D structure of the native TCAChE was deter-
mined by using both X-ray crystallography and molecular
modeling. The 2.5 A resolved crystal structure of a Torpedo
AChE-HupA complex demonstrated the “ingenious design”
of the natural alkaloid™ to bind more tightly and specifically
to the enzyme than do other known AChE inhibitors such as
tacrine and edrophonium. Furthermore, the refined struc-
ture clearly identifies the principal protein-ligand interactions
responsible for the efficacy of the inhibitor upon binding to
AChEP®. The principal interactions include: (i) direct and
strong hydrogen bonds between the carbonyl group of
HupA and the hydroxy oxygen of Tyr130 (located at the pe-
ripheral site of the enzyme), as well as between the thylidene
methyl group and the main-chain oxygen of His440 (a modal-
ity of the catalytic triad); (ii) indirect hydrogen bonds, medi-
ated by 1 or 2 water molecules, between HupA and residues
of the enzyme that constitute the active center (eg the ring
nitrogen of HupA is hydrogen-bonded to carboxylic oxygen
of Glu199, whereas the -NH;" group is bonded to hydroxyl
oxygen of Tyr 121); (iii) the cation-m interaction induced
upon binding between the -NH," group of HupA and the
aromatic rings of Trp84 and Phe 330 at the choline site (it
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should be noted that other reversible AChE inhibitors such
as tacrine and edrophonium bind to the same site)”; and
(iv) a large number of hydrophobic interactions that are es-
tablished between a carbon atom of HupA and the various
oxygen, nitrogen, or carbon atoms of the amino acid resi-
dues comprising the enzyme.

Computer-assisted docking studies and the resolution
of high-resolution crystal structure data for the AChE-HupA
complex provide a valuable platform for the rationalization of
the higher selectivity of the inhibitor, as well as the distinct
thermodynamic stability of the complex. For example, HupA
can form an extra hydrogen bond with Tyr337 within the
choline site that exists only in the mammalian homologue of
AChE, but not in Torpedo enzymes and BuChE™“3, This
particular interaction may be largely responsible for the much
stronger inhibitory effect of HupA on mammalian AChE than
that on the other 2 enzymes. In addition, the peptide flip
between Gly117 and Gly118 (induced only by the binding of
HupA) may explain why HupA possesses a longer residence
time than other commonly used anticholinesterase agents®”.

Dvir et al reported that the oxyanion holes of AChE com-
posed of Gly117, Gly118, and Gly119 were disrupted by HupA.
The carbonyl oxygens of HupA appear to repel the carbonyl
oxygen of Gly117, thus causing the peptide bond between
Gly117 and Gly118 to undergo a peptide flip*®l. The new
conformation is stabilized by Gly1170 making H-bonds with
Gly119N and Ala201N, the other 2 functional elements of the
3-pronged oxyanion hole characteristic of AChEF®, It has
been suggested that the peptide flip itself is responsible for
the low on-rates observed for AChE inhibition by (-)-HupA®!,
Its stabilization may contribute to the low rates of dissocia-
tion observed®®".,

Effects on cholinergic parameters

To study the effect of HupA on cholinergic transmission
at mouse neuromuscular junctions in vitro, isolated mouse
phrenic nerve-hemidiaphragm preparations were used with
a conventional intracellular recording technique. HupA at a
concentration of 1 umol/L increased the amplitude, time-to-
peak, and half-life of miniature end-plate potentials (MEPP)
of muscle fiber !, HupA had no effect on resting membrane
potentials, the mean quantal content of end-plate potentials
and the frequency of MEPP of muscle fiber, indicating that
the effects of HupA may not be mediated through presynap-
tic or postsynaptic mechanisms. In contrast to donepezil
and tacrine, neither the appearance of giant MEPP nor slow
MEPP was changed by HupA, ruling out the possibility of
non-specific promoting effects on terminal ACh release!*.,

In a study of toad paravertebral ganglia (PVG) using intrac-
ellular recording techniques®!, HupA, at concentrations of
0.3, or 1 umol/L, did not change membrane potential or input
resistance, but increased the rate of orthodromic action po-
tential evoked by preganglionic stimulation, in contrast to
physostigminet and tacrine*). HupA increased exogenous
ACh- but not carbachol-induced depolarization, indicating
that the facilitating effect of HupA on ACh transmission is
mainly mediated by its anti-AChE activity.

Neuronal nicotinic acetylcholine receptors (NAChR) are
involved in cognition and may play a role in AD. Studies on
nAChR in rat hippocampal CAL interneurons in slices using
patch-clamp techniques showed that HupA had no signifi-
cant effect on either the amplitude or kinetics of a7 nAChR
activated by ACh, but slowed the rate of recovery from de-
sensitization through an indirect mechanism. For non- a7
receptors, HupA significantly increased the amplitude and
decay phase for responses induced by ACh (but not
carbachol), also through an indirect mechanism. The results
suggested that AChEI were likely to be important regulators
of cholinergic signaling in the hippocampust.

In isolated rat phrenic nerve-diaphragm preparation,
HupA significantly increased the amplitude of muscle con-
traction induced by stimulating the nerve. The anticurare
effect of HupA was found to be much more potent than that
of neostigmine in anesthetized rat sciatic-tibialis preparation.
The salivation induced by HupA was less potent than that
induced by neostigmine!®,

HupA produced an altered electroencephalography (EEG)
result in conscious rabbits, which showed a decrease in lower
frequency components and the total EEG power in the corti-
cal area, and the dominant frequency changed from delta
rhythm to theta rhythm in the hippocampus. These effects
are cholinergic in nature and can be reversed by scopola-
mine or atropinet*=4,

The acetylcholine potentiating action of HupA has been
observed in the frog rectus abdominus muscle, rat phrenic
nerve diaphragm preparation, guinea pig ileum, and human
iris sphincter muscle. HupA has greater acetylcholine po-
tentiating activity on vertebrate muscles than does physos-
tigminet®*2,

In the hippocampus, high-affinity choline transport was
reduced by 28% after multiple ip doses of 0.5 mg/kg HupAE3,
Because the effect of HupA was completely reversible with
time and not mediated through a direct interaction with the
transporter, this effect was probably mediated through regu-
latory control of high-affinity choline transport in response
to ACh increases following ChE inhibition rather than by
directly acting on the transporter.
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Studies on the displacement of [PH]JQNB- and [*H](-)nico-
tine-specific binding showed that HupA had little direct ef-
fect on cholinergic receptors compared with tacrine and
heptylphysostigminel®®. The concentration required to
display 20% specific binding was 20 pmol/L for [*H](-)nico-
tine and 160 umol/L for [*H]QNB, indicating that lower con-
centrations of HupA have a stronger displacing effect on
[*H](—)nicotine- than on [*H]JQNB-specific binding. A stron-
ger effect of a low dose HupA on central nicotinic receptors
may constitute an additional therapeutic advantage in the
treatment of AD. The low level of ACh synthesis in the
cortex of a patient with AD may maintain presynaptic nico-
tinic receptors in an active state with no desensitization®",
In such a state, nicotinic receptors may become more sensi-
tive to stimulation by HupA.

HupA at concentrations of 1-100 pmol/L tested in vitro
did not affect the electrically evoked release of [PHJACh from
rat cortical slices®™, which contrasted with the decreased
release seen with tacrine, physostigmine, and metrifonate®,
This finding suggests that HupA might not have exerted
direct action on the cholinergic presynaptic receptors con-
trolling ACh release.

Effects on brain neurotransmitters

Compared with other inhibitors being used in the therapy
of AD, HupA produced a more prolonged increase of ACh
levels than did tacrine, donepezil, rivastigmine, physostig-
mine, or metrifonate after systemic administration**3%32535¢],
There is considerable regional variation in the increase of
ACh levels after HupA administration, with maximal increase
seen in frontal and parietal cortex, and smaller increases in
the striatum and cerebellum®. Considering that ACh level
is particularly low in the cerebral cortex of patients with AD®"),
this particular regional specificity produced by HupA may
constitute a therapeutic advantage. A positive correlation
was seen between ACh levels and AChE activity in the fron-
tal cortex and whole braint*33:%%1  Studies using microdialy-
sis techniques in conscious, freely moving rats showed that
HupA dose-dependently elevated the level of ACh in cortex
and hippocampus. The time course of cortical AChE inhibi-
tion with HupA mirrored the increase of ACh at the same
doses!™®, This result is consistent with the idea that the
increase in extracellular ACh was due primarily to the inhibi-
tion of cortical AChE. In molar terms, HupA was 8- and 2-
fold more potent than donepezil and rivastigmine, respec-
tively, in increasing cortical ACh levels, with a longer-last-
ing effect (Figure 3)™. Tolerance or accumulation of in-
creasing ACh level was not formed after multiple administra-

. —&#— Huperzine A 0.5 pmol/kg

E 80 |+ —O— Donepezil 4 pmol/kg
) E —&k— Rivastigmine 1.1 pmol/kg
= < 60
=
23
< 2

E
2
g -
2=
Z .S
-
£
e £
= =
S 2
EXS
T
-

Time after medication (h)

Figure 3. Comparative effects of HupA, donepezil, and rivastigmine
on the cortex ACh levels and AChE activity in rats after ip injection.
Results shown as mean+SEM. "P<0.05, “P<0.01 vs baseline; *P<
0.05, #¥P<0.01 vs saline control. Data from ref 13.

tion of HupA (Liang YQ et al, unpublished data). HupA did
not alter choline levels® or the activity of choline
acetyltransferase (ChAT) in any region of the rat brain as-
sayed®*! suggesting that the increase of ACh levels by
HupA was not likely to be mediated through an increase in
the rate of ACh synthesis.

Brain norepinephrine (NE) and dopamine (DA) levels in-
creased significantly following either systemic administra-
tion of HupA or local administration of HupA through
microdialysis, but 5-HT level was not affected®. HupA pro-
duced an 11- and 2-fold more potent increase in the DA level
of the middle prefrontal cortex than donepezil and
rivastigmine, respectively. The increasing effect of HupA
on DA level was more potent than that on NE level (Liang
YQ et al, unpublished data). Oxotremorine (a muscarinic
agonist) and mecamylamine (a nicotinic antagonist) com-
pletely blocked the increasing effects of HupA on DA and
NE levels, suggesting that ACh regulation by presynaptic
ACh muscarinic receptors or nicotinic receptors accounts
for the effect of HupA on DA and NE. These effects may be
involved in the memory improvement effected by HupA
(Liang YQ et al, unpublished data).

Enhancing effects on cognition

HupA has been found to be an effective cognition en-
hancer in a number of different animal species. Enhance-
ment of learning and memory performance was demonstrated
in passive footshock avoidance®!, water maze escape
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task[®® and spatial discrimination in a radial arm mazet"*®,
as well as in delayed response performance in monkeys®¢7,
Beneficial effects were seen not only in intact adult rodents,
aged rodents®®*! and monkeys!®®, but also in rodents cogni-
tively impaired by scopolamingl’®315060-6368 AFG4 A% glec-
troshock®-¢, cycloheximide®®™, NaNO,*, CO,*%] and D-
galactose™™. Inverted U-shaped dose-response curves typi-
cal of cognition enhancers were found with HupA. The du-
ration of improvement induced by oral HupA on learning
and memory retention processes were longer than those in-
duced by physostigmine, galanthamine, and tacrine, respec-
tively?™. HupA has a higher efficacy than tacrine and
donepezil given orally™®. The improvement effected by
HupA was more pronounced in working memory than in ref-
erence memory™™, which may benefit AD patients because
the cognitive deficits in memory of recent events are more
severe in AD. In aged rats, HupA could significantly reduce
the latent period of finding the platform and increased the
time in the probe quadrant in the Morris water maze perfor-
mance®. In addition, HupA improved cognition in cholin-
ergically lesioned ratst®®®! and the spatial working memory
deficit induced by lesions in the nucleus basalis magnocellu-
larist™,

HupA reversed memory deficits induced by bilateral in-
jection of scopolamine and muscimol (a GABA, agonist)
into hyperstriatum ventrale in chicks. The improvement was
observed from 30 min to 90 min, but not at 10 min after
training, indicating that HupA participated in the modula-
tion of intermediate-term memory and long-term memory for-
mation in a passive avoidance task. This finding suggests
that HupA improved memory formation not only by acting
as a highly potent inhibitor of AChE, but also by antagoniz-
ing the effects mediated through the GABA, receptor®®, It
is well known that deficiencies in ACh and GABA content
have been observed in the cortical regions of AD brainst™,
Anatomical evidence also suggests an important interaction
between GABA and cholinergic neurons in the septum and
hippocampus™. Thus, a drug that is able to enhance syn-
aptic ACh and also antagonize the GABA,, receptor could be
ideal for treatment of AD.

To extend the antiamnesic effect of HupA to non-human
primates, HupA was evaluated for its ability to reverse the
deficits in spatial memory produced by scopolamine in young
adult rhesus monkeys or those occurring naturally in aged
monkeys using a delayed-response task!®. HupA (0.01-0.1
mg/kg, im) improved the memory deficits induced by scopo-
lamine in young adult monkeys. In aged monkeys, HupA
(0.001-0.01 mg/kg, im) significantly increased choice accu-
racy in delayed response performance (Figure 4). The ben-
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Figure 4. Effects of HupA in aged monkeys. Saline or HupA was
administered im 20 min before testing. HupA produced a dose-related
improvement in the delayed-response performance of aged monkeys
(n=4). "P<0.05 vs saline (SAL) control. Values represent mean+SEM
of number of trials correct out of a possible 30 trials. Data from ref
66.

eficial effects of HupA were long lasting. Monkeys retained
improved performance for approximately 24 h after a single
injection of HupA. Given that the NE and DA levels de-
creased significantly with aging in monkeys!™, the effect of
HupA on memory may be associated with increased levels
of NE and DA. HupA (0.01-0.1 mg/kg, im) also produced
significant improvement on reserpine- (a catecholamine de-
pleting agent) and yohimbine- (an o,-adrenoceptor antago-
nist) induced memory impairments in monkeys (Figure 5).
These effects are primarily due to the increase of NE level by
HupA, which might stimulate the a,-adrenoceptor in the
prefrontal cortex to improve the delayed response perfor-
mance!®’.,

Deposition of B-amyloid protein is considered a crucial
event in initiating the neuritic and neuronal degeneration in
AD, which mainly affects the areas involved in cognitive
function, such as cortices, some limbic structures, and the
forebrain nuclei projecting to those areas. Repeated icv in-
fusion of B-amyloid protein-(1-40) induced marked amnesic
effects along with signs of neurodegeneration and extracel-
lular amyloid deposits throughout the frontoparietal cortex
and hippocampus, which indicated that B-amyloid protein
deposition in the brain was related to cognitive impairment,
hypofunction of cholinergic neurons and neuronal death.
Daily intraperitoneal administration of HupA for 12 consecu-
tive days produced significant reversals of the g-amyloid-
induced deficit in learning a water maze task (Figure 6). Treat-
ment with HupA also attenuated the neuronal degeneration
induced by AB1-40 in the cortex and hippocampus, indicat-
ing that neuroprotection is involved to some extent in the
favorable effect of HupA on ApB-induced memory deficitst™!,

It is well-documented that N-methyl-D-aspartate
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Figure 5. Effects of HupA on the deficit of delayed response perfor-
mance induced by reserpine (A) or yohimbine (B) in young adult
monkeys. Saline, reserpine, yohimbine or HupA was administered im
30 min before testing. HupA produced a dose-related improvement
in the delayed response performance of young monkeys (n=4).
Values represent the mean+SEM number of trials correct out of a
possible 30 trials. **P<0.01 vs saline control, "P<0.05, "P<0.01 vs
reserpine or yohimbine control. Data from ref 67.

(NMDA)-receptor activation mediates the generation of long-
term potentiation (LTP), a cellular process that underlies learn-
ing and memory""®. There is evidence that the suppres-
sive action of AB on LTP in both CAl and dentate gyrus
operates via an NMDA receptor-independent pathway that
involves cholinergic terminals in the hippocampus. It is of
some interest that HupA (1.0 umol/L) was found to enhance
LTP, but at a much lower dose (0.1 pmol/L) largely blocked
the suppressive effects of Ap on LTP induction”®!, which
might involve the mechanism of HupA against Ap-induced
cognitive deficits.

Apart from AD, the most common dementia in the elderly
is vascular dementia (VD). This disorder, like AD, presents
as a clinical syndrome of intellectual decline produced by
ischemia, hypoxia, or hemorrhagic brain lesion. Rats with
permanent bilateral ligation of the common carotid arteries
exhibit learning and memory impairments and neuronal dam-
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Figure 6. HupA improves the memory deficit induced by icv infu-
sion of AB1-40 (800 pmolx3) in rats. (A) The typical swimming-
tracking path in Morris water maze; a, b, and c are the performance
on the fourth training day; d, e, f are the performances of probe trial
on the fifth training day; a and d: vehicle control; b and e: AB1-40-
treated rat; ¢ and f: rat treated with HupA 0.2 mg/kg plus Ap1-40.
(B) Mean latencies to escape from the water onto the hidden plat-
form in fourth training day. (C) The time spent and swum distance in
the target quadrant swimming 60 s without platform. Data expressed
as meanstSEM indicated by vertical bar. "P<0.05, ""P<0.01 vs ve-
hicle-treated group. “P<0.05, "P<0.01 vs AB1-40-treated group.
Data from ref 76.

age resembling those in VD. In these rats, daily oral admin-
istration of HupA produced a significant improvement of the
deficits in learning the water maze task, beginning 28 d after
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ischemia, along with approximately 33%—40% inhibition of
AChE activity in the cortex and hippocampus®. Similar
cognitive improvement of HupA was observed in a gerbil
model of transient global ischemia®®. The protective effects
of HupA against hypoxic-ischemic (HI) brain injury were also
found in neonatal rats. Unilateral HI brain injury was pro-
duced by ligation of the left common carotid artery followed
by 1 h hypoxia with 7.7% oxygen in 7-d-old rat pups. After 5
weeks, HI brain injury in rat pups resulted in working memory
impairments as shown by increased escape latency in a wa-
ter maze and reduced time spent in the target quadrant. Rats
treated with HupA at doses of 0.05 or 0.1 mg/kg ip for 5
weeks after HI injury performed better than saline-treated HI
rats, and neuronal damage in the ipsilateral hemisphere was
attenuated (Figure 7). These findings suggest that HupA
might be beneficial in the treatment of HI encephalopathy in
adults and neonates®,

—

Figure 7. Representative swim paths in the Morris water maze.
Each rat subjected to three trials per day for five consecutive days.
Intraperitoneal administration of HupA or saline for 5 weeks after
hypoxic-ischemic (HI) brain injury in neonatal rats. (A) The ac-
quisitive performance on the fifth day. (B) The performance in the
probe trial on the fifth day. (a, d) Sham-operated group (n=10); (b,
e) saline-treated HI group (n=11); (c, f) HupA 0.1 mg/kg-treated HI
group (n=12). Data from ref 83.

Neuroprotective effects

Several neurodegenerative disorders such as AD, cere-
bral ischemia-reperfusion injuries and head injuries are
thought to be related to changes in oxidative metabolism.
Increased oxidative stress, resulting from free radical dam-
age to cellular function, can be involved in the events lead-

ing to AD, and is also connected with lesions called tangles
and plaques. Plaques are caused by the deposition of Ap
and are observed in the brains of AD patients®%2, Studies
show that oxygen radicals initiate amyloid build-up, leading
to neurodegeneration®®1, HupA has been found to protect
against H,0,- and AB-induced cell lesion, decrease the level
of lipid peroxidation, and increase antioxidant enzyme activi-
tiesin rat PC12 and NG108-15 cell lines and primary cultured
cortical neurons (Figure 8)B**¢-4, Following 6 h exposure of
the cells to H,0, (200 umol/L) or 48 h exposure to AB25-35 (1
pmol/L), a marked reduction in cell survival, activity of glu-
tathione peroxidase (GSH-Px) and catalase (CAT), as well as
increased production of reactive oxygen species (ROS) and
malondial-dehyde (MDA) were observed. Pretreatment of
the cells with HupA (0.1-10 pumol/L) 2 h before H,0, or Ap
exposure significantly elevated cell survival. HupA reversed
H,0,- and AB-induced decreases in GSH-Px and CAT activity,
as well as causing increases in the production of ROS, MDA
and superoxide dismutase (SOD).

Oxygen-glucose deprivation (OGD) for 30 min caused
death in more than 50% of rat pheochromocytoma PC12 cells,
along with major changes in morphology and biochemistry,
including elevated levels of lipid peroxide, SOD activity and
lactate concentration. Cells pretreated for 2 h with HupA
(0.1, 1, or 10 umol/L), however, had increased survival and
reduced biochemical and morphologic signs of toxicity.
HupA protected PC12 cells against OGD-induced toxicity
most likely by alleviating disturbances of oxidative and en-
ergy metabolism®,

In rat studies, intracerebroventricular infusion of B-amy-
loid1-40 (800 pmolx3) induced significant morphological in-
jury and decreases in cortical ChAT activity. Daily ip admin-
istration of HupA for 12 consecutive days attenuated the
loss of ChAT activity in the cerebral cortex and the neuronal
degeneration induced by B-amyloid1-40[,

MDA level and manganese-SOD (Mn-SOD) activity in
hippocampus, cerebral cortex, and serum of aged male rats
were 2.3-2.8 times and 1.8-2.8 times greater, respectively,
than those of adult male rats. HupA (0.05 mg/kg, ig) mark-
edly lowered the levels of MDA and the activities of Mn-
SOD in aged male rats following 7-14 consecutive days of
daily administrations™®l. A reduction of oxygen free radicals
in the plasma and erythrocytes was also demonstrated in a
clinical study™®.

In chronic cerebral hypoperfused rats, HupA restored
the decrease in ChAT activity in the hippocampus, improved
neuronal morphological damage, and restored SOD and lipid
peroxides activities, as well as lactate and glucose concen-
trations to their normal levels®, Similar protective effects
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of HupA were observed in the studies of transient global
ischemia in gerbils®. The protective effect of HupA on HI
brain injury has also been found in neonatal rats®. A uni-
lateral HI brain injury was produced by the ligation of the left
common carotid artery (CCA) followed by 1 h hypoxia with
7.7% oxygen in 7-d-old rat pups. After 5weeks, the HI brain
injury in rat pups caused damage in the ipsilateral striatum,
cortex and hippocampus, as well as a marked reduction in
CA1 neuron density. These neuropathologic signs were
attenuated by the administration of HupA at a dose of 0.1
mg/kg (Figure 9). These results raise the possibility that
HupA may be potentially useful in treating HI encephalopa-
thy in neonates.

In studies carried out to examine the stereoselectivity of
the cellular protective effect induced by (-)-HupA, it was
found that (-) and (+) HupA exerted similar potency in pro-
tecting against the cellular toxicity induced by AB25-35. This
result contrasted with the stereoselectivity of cholinesterase
inhibition in vitro and in vivo (Figure 10)*4. The ability of
HupA to inhibit the catalyzing activity is not parallel to its
neuroprotective effect, implying that the cytoprotective ef-
fect of the 2 enantiomeric forms of HupA might relate to the
non-catalytic action of AChE.

It was recently reported that HupA exerted a neuroprotec-
tive effect via modulating the intracellular Ca* ([Ca®7;) level
together with the mRNA transcription of calmodulin (CaM)
and calmodulin-dependent protein kinase Il (CaMPK 1) in
hippocampal neurons®®!. Mice given repeated CCA liga-
tion-reperfusion treatment showed a marked increase in
[Ca*], and a decrease in CaM and CaMPK 11 mRNA levels in
hippocampal neurons. Daily oral administration of HupA
(0.05 mg/kg) for 30 consecutive days significantly reversed
the shift in [Ca*];,, CaM and CaMPK 11 mRNA levels induced
by ischemia.

The findings mentioned above indicate that HupA has
protective effects against free radical-, ischemia- and Ap-
induced cell toxicity, which might be beneficial in the treat-
ment of patients with AD and VD.

Apoptosis is the process by which neurons die during
normal development and is also a feature of chronic and
acute neurodegenerative diseases and stroke®!. In accor-

10

Figure 8. Attenuation of AB23-35-induced neuronal
injury by HupA. Cultures after vehicle treatment (A),
AB23-35 (20 puM) treatment for 24 h (B), and pre-
treatment with 1 pM of HupA for 2 h followed by expo-
sure to AB23-35 for 24 h (C). Data from ref 91.

dance with previous reports, studies from our lab demon-
strate typical apoptotic changes when neuron-like cells are
exposed to stressors such as H,0,™), Ap peptides®, oxygen-
glucose deprivation (OGD)®", serum deprivation™®, the pro-

Figure 9. Photomicrographs of coronal brain sections stained with
cresyl violet at the levels of the striatum (A, B) and the dorsal
hippocampus (C, D) for representative saline-treated and huperzine
A 0.1 mg/kg-treated rats. Intraperitoneal administration of huperzine
A or saline for 5 weeks after hypoxic-ischemic (HI) brain injury in
neonatal rats. Note the gross infarction and atrophy in left hemi-
sphere of saline-treated H1 rats (A,C) (n=11) and the subtle reduction
in left hemisphere in huperzine A treated HI rats (B, D) (n=12). Data
from ref 83.

tein kinase C (PKC) inhibitor staurosporine®, and global
ischemia®. These changes include DNA laddering (Figure
11), cell shrinkage, generation of nuclear apoptotic bodies,
terminal deoxyribonucleo-tidyl transferase-mediated dUTP-
digoxigenin nick end-labeling (TUNEL) positive staining
(Figure 12), chromatin condensation (Figure 13), and other
classic hallmarks of apoptosis (Figure 14)P%%%1  gych
abnormalities are markedly relieved by HupA. Administra-
tion of HupA (0.1 or 0.2 mg/kg, ip, per day) for 12 consecu-
tive days conferred substantial neuroprotection on rats that
received icv injections of B-amyloid1-40 (800 pmolx3): the
number of apoptotic-like neurons were markedly reduced!™.
In primary cultured neurons, preincubation with HupA at
concentrations higher than 0.01 pmol/L led to a large dose-
dependent attenuation of cell toxicity induced by Ap25-35°4,
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Figure 10. Protective effects against cytotoxicity induced by Ap25-
35 (A) and anti-cholinesterase effects (B) of (+)-HupA and (-)-HupA
in NG108-15 cells. Values are meanstSEM expressed as % inhibition
(vs saline control). Basal saline control values in NG108-15 cells
were 238.54+13.02 absorbance values/g protein (n=3). A, #P<0.01
vs control; "P<0.05, "P<0.01 vs AB group; B, "P<0.05, "P<0.01 vs
(-)-HupA group. Data from ref 34.

Moreover, HupA (1 umol/L) caused large reductions in the
amounts of subdiploid DNA detected in a flow cytometry
assay and weakened the ladder pattern on agarose gel
electrophoresis, which is typically seen after exposure to Ap

Figure 11. Reduction of AB25-35-induced DNA fragmentation by
HupA. Neurons were treated with 20 pM of AB25-35 with or without
1 pM of HupA. Fragmented DNA was isolated by NucleoBond DNA
and RNA purification Kkit, electrophoresed with agarose gel, and fi-
nally stained with ethidium bromide. M: DNA size marker; Con:
control. Data from ref 91.

(Figure 11)F, The inhibition of ROS formation may involve
the anti-apoptotic actions of HupAFY,

The cellular commitment to apoptosis is regulated by
the Bcl-2 family of proteins. High levels of Bcl-2 expression
will inhibit apoptosis. In contrast, an increased expression
of P53 and Bax is associated with the initiation of apoptosist®,
Treatment with HupA attenuated H,0,-, AB- and OGD-in-
duced overexpression of MRNA and protein levels for c-jun,
Bax and P53, and downregulated that of Bcl-2 to normal lev-
els (Figure 15)176%:7,

In the mitochondrial-mediated cell death pathway, a key
step is transient opening of the mitochondrial permeability
transition (MPT), involving a non-specific increase in the

Figure 12. Ultrastructural characteristics of PC12 cells following H,0, exposure with or without HupA by transmission electron microscopy.
A, untreated control PC12 cells; B, PC12 cells exposed to 100 uM H,0, for 12 h; C, PC12 cells exposed to 100 uM H,0, in the presence of

1 uM HupA. Bar=1.0 um. Data from ref 96.

11



Wang R et al

Acta Pharmacologica Sinica ISSN 1671-4083

Figure 13. Apoptotic cell death induced by icv infusion of AB1-40 in the cortex in rats. DNA fragmentation was observed using the TUNEL
method. Four rats in each group (n=7) were examined. A) Vehicle-treated rat; B) AB1-40-treated rats; C) Rats treated with AB1-40 and daily
administration of HupA (0.2 mg/kg, ip) for 12 consecutive days. Scale bar=5 um. Data from ref 76.

Figure 14. Nuclear morphology of apoptotic cells shown by Hoechst 33342 staining. A, control culture; B, culture treated with OGD 3 h and
reoxygenation 24 h; C, pre-incubation for 2 h with 1 pM HupA, then treated with OGD 3 h and reoxygenation 24 h. Data from ref 97.

permeability of the inner mitochondrial membrane™®'*, In
this process, cytochrome ¢ moves from the intermembrane
space into the cytoplasm®®!, where it binds to Apaf-1 (the
molecular core of apoptosome, which executes mitochon-
dria-dependent apoptosis). In the presence of dATP, this
complex polymerizes into an oligomer known as the
apoptosome. The apoptosome activates the protease,
caspase-9, which in turn activates caspase-3. The cascade
of proteolytic reactions also activates DNase, which leads
to cell death™™l. Our recent results showed that PC12 cells,
when pre-incubated with HupA at concentrations above
0.01 umol/L, were markedly protected against apoptosis in-
duced by AB, with a significant reduction in mitochondrial
swelling and improved mitochondrial membrane potentials
(Gao X et al, unpublished data).

A series of studies were carried out in our laboratory that
focused on caspase activation in primary cultures of rat cor-
tical neurons subjected to a variety of stresses. Measure-
ments of caspase-3-like fluorogenic cleavage demonstrated
that HupA (1 pmol/L) attenuated the AB25-35-induced in-
crease in caspase-3 activity at 6, 12, 24, and 48 h®, Western
blot analyses confirmed these results at the protein level.

12
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Figure 15. Effects of HupA on apoptotic related protein expression
in rats. Rats were killed after fifth performance of water maze.
HupA 0.2 mg/kg ip was administered once per day for 12 consecutive
days. Shows are the representative photographs of Bcl-2, Bax and
P53 immunostaining in the cortex. A, B, C: vehicle treated group; D,
E, F: AB1-40-treated rats; G, H, I: rats infusion of Ap1-40 and
administration of HupA. A, D, G: the Bcl-2 expression in cortical
region; B, E, H: Bax; and C, F, I: P53 in the same region. Scale bars
20 um. Data from ref 76.
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HupA also inhibited caspase-3 activation in models of
apoptosis induced by serum deprivation and staurosporine
treatment. The apoptosis induced by serum deprivation for
24 h was accompanied by enhanced caspase-3 activity and a
release of mitochondrial cytochrome ¢ into the cytosol®,
HupA (0.1-10 pmol/L) improved neurons survival, inhibiting
the rise in caspase-3 activity and protein expression (Figure
16)™*81. Likewise, cell survival was greatly enhanced when HupA
(0.12-100 pmol/L) was introduced 2 h before 24 h exposure to
0.5 pmol/L staurosporine. Staurosporine-induced DNA
fragmen-tation, upregulation of the pro-apoptotic gene bax,
downregulation of the antiapoptotic gene bcl-2, and decrease
in caspase-3 proenzyme protein level were all attenuated by
HupA at dose of 1 umol/LF,

A potassium channel with delayed rectifier characteris-
tics may play an important role in Ap-mediated toxicity™®,
The upregulation of an outward K* current known as I, medi-
ates several forms of neuronal apoptosis and might specifi-
cally contribute to the pathogenesis of AB-induced neuronal
death. Exposure to 20 pmol/L AB25-35 or AB1-42 is known to
enhance the apoptosis-related current, 1,1, Expression of
wild-type PS-1 or PS-2 increases outward K* current densi-
ties in HEK293 cells relative to untransfected or mock-trans-
fected cells™®™. These data raise the intriguing possibility
that manipulations aimed at reducing outward K* current
may provide an approach to reducing neuronal degenera-
tion in patients with AD.

HupA reversibly inhibited the fast transient potassium
current (1) in CA1 pyramidal neurons acutely dissociated
from rat hippocampus. The effect was voltage-independent
and insensitive to atropine. HupA slowed down the decay
of 1, and its recovery from inactivation and showed no effect
on steady-state inactivation, but hyperpolarized the activa-
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tion curve of 1, by 6 mV, suggesting that HupA may act as a
blocker at the external mouth of the A channel™®., In addition,
HupA inhibited another important outward K* current, the
sustained potassium current (I¢) in a voltage-dependent
manner in acutely dissociated rat hippocampal neurons. The
effect was insensitive to atropine. HupA hyperpolarized the
activation curve of the current by 16 mV, and markedly pro-
longed the decay time constant t21'%, Because outward K*
current has proven very important in apoptosis induction,
the reversible inhibitory effects of HupA on I, and I, might
contribute to its anti-apoptotic effect.

In light of these findings, we can conclude that HupA, in
addition to being a potent, highly specific and reversible
inhibitor of AChE, possesses the ability to protect neurons
against cytotoxicity and apoptosis induced by H,O,, AB,
OGD, ischemia, serum deprivation and staurosporine. The
protective and anti-apoptotic actions of HupA may involve
inhibiting the production or the effects of ROS, improving
energy metabolism, regulating apoptosis-related gene
expression, protecting mitochondrial function, as well as
modulating intracellular Ca® concentrations and inhibiting
outward K* currents. The neuroprotective effect of HupA is
not correlated with its AChE inhibitory activity. These find-
ings suggest that the therapeutic effects of HupA may be
exerted via a multi-target mechanism.

Protection of HupA against glutamate-induced
cytotoxicity

Glutamate is the main excitatory neurotransmitter in the
central nervous system (CNS), with important roles in neu-
rotransmission and functional plasticity. Excitatory amino
acid neurotransmitters are also involved in CNS pathology.
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Figure 16. Effect of HupA on caspase-3 activity (A) and Western blot detection of cytochrome ¢ and COX4 (B) in primary cortical neurons.
A: Data expressed as meanstSD. *P<0.01 compared to control group. "P<0.05 compared to serum deprivation group. B: The mitochondrial
and cytosolic fractions of COX4 and cytochrome c under different treatments. Data from ref 98.
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The deleterious effects of overstimulation with excitatory
amino acids have been implicated in a variety of acute and
chronic neurodegenerative disorders, including ischemic
brain damage, AD and neuronal cell death™®**, Glutamate-
mediated overactivation of receptors induces excessive Ca*
influx, which results in elevated intracellular Ca** concentra-
tions!*'5*1 with serious consequences such as necrosis and
apoptosist*®®l, Blockade of glutamate receptors prevents
most of the Ca®* influx and neuronal cell death induced by
glutamate exposuret***2,

It has been reported that HupA protects against gluta-
mate-induced toxicity. HupA (100 pmol/L) was found to de-
crease neuronal cell death caused by a toxic level of glutamate.
In those experiments, HupA reduced glutamate-induced cal-
cium mobilization but did not affect the increase in intracel-
lular free calcium induced by exposure to high KCl or a cal-
cium activator Bay-K-8644"!, HupA dose-dependently in-
hibited the NMDA-induced toxicity in primary neuronal cells,
most likely by blocking NMDA ion channels and inhibiting
the subsequent Ca* mobilization at or near the phencyclid-
ine (PCP) and MK-801 ligand sites™?. HupA reversibly
inhibited NMDA-induced current in acutely dissociated rat
hippocampal pyramidal neurons and blocked specific [PH]MK-
801 binding in synaptic membranes from rat cerebral cortex?.,
Of all AChE inhibitors tested, HupA is the most powerful
both in protecting mature neurons and in blocking the bind-
ing of [PH]MK-801. The effect was non-competitive, and
showed neither “voltage-dependency” nor “use-depen-
dency”™?, HupA acts as a non-competitive antagonist of
the NMDA receptors, via a competitive interaction with one
of the polyamine binding sites!*®!. It is interesting that natu-
ral (-)-HupA and synthetic (+)-HupA reduced the binding of
[*H]MK-801 with similar potency™®, indicating that HupA
inhibits NMDA receptors in rat cerebral cortex without
stereoselectivity. This result is in dramatic contrast with the
stereoselective inhibition of acetylcholinesterase.

Neuronal cell death caused by overstimulation of gluta-
mate receptors has been proposed as the final common path-
way for a variety of neurodegenerative diseases, including
AD. The ability of HupA to attenuate glutamate-mediated
neurotoxicity may be one additional reason for considering
this agent as a potential therapeutic for dementia and as a
means of slowing or halting the pathogenesis of AD at an
early stage*?,

Effects on secretory amyloid precursor protein
and protein kinase C-a

AP is a self-aggregating 39-43-amino-acid peptide that
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originates from a larger polypeptide that is known as the
Alzheimer’samyloid precursor protein (APP). Alternate path-
ways for APP processing have been described: the non-
amyloidogenic secretory pathway, which releases a soluble
ectodomain (APPs) and prevents AR formation™”, and the
endosomal-lysosomal pathway, which produces amyloido-
genic products™!. The amyloid hypothesis of ADM%1
which is focused on the potential toxic role of an excessive
production of AB, suggests that the aberrant metabolism of
APP is a central pathogenetic mechanism for the disease.

Several factors can affect the secretory non-amyloido-
genic pathway of APP. For example, the stimulation of phos-
pholipase C (PLC)-coupled receptors, such as muscarinic
m1l and m3, has been shown to potentiate the secretion of
APPs in cell cultures. These effects are probably mediated
mainly by PKCI. It has also been reported that several
AChEI affect APP processing in addition to the catalytic
function of AChE®3133],

HupA can alter the disturbance of PKC and APPs in-
duced by AB in both rats and the HEK293sw cell linet*l,
The levels of APPs and PKCa. were significantly decreased
after infusion with AB,,, in rats. HupA caused a marked
reduction of these changes (Figure 17), but had no signifi-
cant effects on APPs or PKCo in normal rats. In HEK293sw
cells, HupA increased the levels of APPs and PKCa, but had
no effect on the levels of PKC3 and PKCe. These findings
suggest that HupA may reduce APP processing through
upregulating PKC, especially PKCa. levels.

In an attempt to clarify the receptor mechanisms involved
in such effects, we found that HEK293wt cells treated with
scopolamine, a nonselective muscarinic antagonist, partly
blocked the HupA-induced increase in the levels of APPs
and PKC. In contrast, the nicotinic antagonist mecamylamine
had no effect, suggesting that stimulation of the non-
amyloidogenic secretory pathway of APPs metabolism by
AChE inhibition is probably accomplished via an effect on
the muscarinic receptors/PKC cascade (Yan H et al, unpub-
lished data). Because PKC isa keyenzyme in signal transduc-
tion, and because APPs itself has neuroprotective effects,
modulating the levels of these 2 proteins by HupA may be
beneficial in AD therapy.

Effects on nerve growth factor

Nerve growth factor (NGF) isa member of the neurctrophin
family that promotes the survival and outgrowth of central
cholinergic neuronst™®. The decrease in trophic support for
the neurons in the aging brain is associated with neuronal
death and appearance of neurodegenerative disorders such



Http://www.chinaphar.com

Wang R et al

A a b
Con  HupA Sham  Afiw  HupA
Cortex - - -
Hippocampus S s
C
= 120 OSham @A O HupA
=
2
5 100 .
3
Z %0
=
§ 60 s H4
T 40
=
£ 2
=
0

Cortex Hippocampus

B a b
Con HupA Sham AP

CorteX enmms-ammmns - 2

HupA

Hippocampus p— -

C
= 120 © Sham mAf o HupA
2 wof
=T
E sof
=
]
El 60
s
= 4 #
2
o 20t
=
-]
0
Cortex Hippocampus

Figure 17. Effect of HupA on APPs (A) and PKC (B) level in cortex and hippocampus. (a, b) Western blot results of APPs and PKC in normal
rats administered with saline/HupA(a) and in AB1-40 infused rats (b), respectively. The sham group received the same treatment as the A
group except AB1-40 infusion. (c) Quantitative summary of results in b. Values are the mean+SEM expressed as a percent of sham group value.
Three separate experiments were performed. *P<0.01 vs sham group. "P<0.05, "P<0.01 vs AB1-40-treated group. Data from ref 134.

as AD™ 1, Accumulated data suggest that cholinergic mecha-
nisms are involved in the regulation of NGF synthesis and
release, and some AChE inhibitors are known to exert NGF-
like activities by potentiating the neuritogenic effect of
NGF™, HupA has been shown to increase neurite out-
growth from undifferentiated PC12 cells (Figure 18) and to
enhance the expression and secretion of NGF, as well as
increase p75"™ mRNA in primary astrocytes (Figure 19).
These effects suggest the possibility that HupA increases
the NGF-induced enhancement of neuron survival and func-
tion improvement, which is helpful in the rescue of injured
neurons in neuro-degenerative disease. In addition to in-
hibiting AChE activity, AChE mRNA expression and protein
levels were significantly upregulated after treatment with
HupA. Accumulating evidence indicates that AChE may
influence neurite outgrowth through a non-catalytic mecha-
nismi®. Hence, the effect of HupA on neurite outgrowth
may be associated with the level of AChE expressiont**l,
Neurotrophic factors such as NGF not only promote the
survival of responsive neurons but also protect them from
oxidative injury. Our study with SH-SY5Ycells used H,0, to
generate an oxidative stress sufficient to cause cell loss along
with a substantial decrease in the mRNA and protein levels
of NGF, neurotrophin receptor p75 (p75"™) and tyrosine ki-
nase A (TrkA). HupA not only reduced the overt signs of
cytotoxicity, but also preserved the expression of NGF and
its receptors (Figure 20). These neuroprotective effects of
HupA on H,0,-induced cytotoxicity were blocked by the

TrkA phosphorylation inhibitor K252a, and were antagonized
by the mitogen-activated protein (MAP) /extracellular sig-
nal-regulated kinase (ERK) inhibitor PD98059 (Figure 21).
These findings indicate that the NGF and TrkA receptor
mediate key events required for the neuroprotective actions
of HupA. Among the downstream signaling events trig-
gered by the action of NGF at the TrkA receptor, activation
of the MAP/ERK kinase pathway may be particularly impor-
tant for the ability of HupA to protect SH-SY5Y cells against
oxidative stress*,

Pharmacokinetics

The pharmacokinetics of HupA have been studied in
rodents and healthy human volunteers. HupA is absorbed
rapidly, distributed widely in the body, and eliminated at a
moderate rate (Table 4). The levels of HupA in the blood
following iv or po administration of [*H]HupA in rats de-
clined in 2 phases, namely the distribution phase and elimi-
nation phase. The oral bioavailability was 96.9% in mice,
with the highest radioactivities in the kidney and liver. The
majority of the radioactivity was excreted in the urine 24 h
after iv administration of [*H]HupA. Only 2.4% was recov-
ered from the feces. Paper chromatograms of rat urine re-
vealed that [*H]HupA was excreted partially as prototype
and its metabolite™*. Autoradiographic studies in mice
showed that HupA was present in all regions of the brain,
but was particularly concentrated in the frontoparietal cortex,
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Figure 18. Effects of HupA on neurite outgrowth in PC12 cells.
Top panels, representative phase contrast micrographs (200 magni-
fication). PC12 cells were incubated for 48 h under control condi-
tions (A), with 1 pM HupA (B), with 10 pM HupA(C), and with 2 ng/
mL NGF (D). Bottom panels, quantitative effects of HupA on neu-
rite outgrowth. Three independent experiments were carried out.
n=8 for each independent experiment. Mean+SEM. *P<0.01 vs
control. Data from ref 139.

striatal cortex, hippocampus, and nucleus accumbens after
iv injectiont®,

The plasma concentration-time curves of HupA in dogs
were determined by using the liquid chromatography- mass
spectrum-mass spectrum (LC-MS-MS) method after the last
intramuscular injection (10 pg/kg per day for 15 d) of a sus-
tained-release formulation, and the mean C,,,, was 0.36+0.08
ng/mL, which occurred at 48.0+24.5 h. The mean plasma
elimination half-life was 54.8+5.6 h, and the mean area under
the plasma concentration versus time curve was 92.6+4.5 ng-
h/mLE2, A pharmacokinetic study using HupA transdermal
patches in 6 beagle dogs showed that the HupA patches
were able to deliver sustained or controlled drug release in
vivo. Following application of the first patch (4 mg per 20
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Figure 19. Effects of HupA on NGF and p75"™ mRNA expression
and NGF secretion in rat cortical astrocytes. (A) Representative RT-
PCR pattern. Lane 1: control; Lanes 2-4: 10 pmol/L HupA incu-
bated for 2, 4, and 6 h, respectively. The PCR products were normal-
ized with reference to B-actin mRNA. (B) HupA enhances NGF
protein level in rat cortical astrocytes. Astrocytes serum deprived
for 24 h were incubated with vehicle or 10 pmol/L HupA for another
24 h. NGF protein level was determined directly in the culture me-
dium by NGF-ELISA. n=9. MeantSEM. "P<0.05 vs control. Data
from ref 139.

cm?), HupA concentrations in serum increased for approxi-
mately 12-24 h, reaching an average maximum concentration
of 3.4 ng/mL. Thereafter, blood concentrations were main-
tained up to 84 h during the period in which the patches were
worn3l,

In young healthy volunteers, HupA levels in plasma were
determined by reverse phase high performance liquid chro-
matography (HPLC) by using a spectrophotometric detector.
The time course of plasma concentration conformed to a
one-compartment open model with first-order absorption
following oral administration of 0.99 mg HupA. HupA was
rapidly absorbed and widely distributed in vivo™¥, The
half-life of HupA was at least 4-17 times longer than that of
tacrine or physostigmine®™, A pharmacokinetic compari-
son between young and elderly human volunteers treated
with 0.225 mg HupA was recently conducted. The areas
under the blood level-time curve (AUC,_,4) was 75.0 and 97.2
nmol/L-h in young and elderly volunteers, respectively. The
mean maximum blood concentrations (C,,,,) were 9.1 and 6.8
nmol/L, respectively, and the elimination half-lives (T,,) of
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Table 4. Pharmacokinetic parameters of [*H]HupA 13.9 mEg/kg in
each group of 3 rats. F=Cl,;;xAUC;/Cl,;,xAUC,,=96.9%. Data from
ref 141.

Parameters iv ig

a (min™) 0.107+0.016 0.08+0.04
B (min') 0.006+0.003 0.004+0.001
K, (min?) - 0.16+0.07
Ty (Min) 6.6+1.1 10+6
Tyjpp (Min) 149496 203%53
T1/oka (MiN) - 5.1+3

Ky, (min) 0.047+0.02 0.05+0.03
Ky, (mint) 0.05+0.04 0.024+0.004
Ky (mint) 0.014+0.006 0.013+0.006
V, (L/kg) 1.6+0.9 2.4+0.7
Vy (L/kg) 3.6x1.0 7.8+2.3
Cl, [L/(kg-min)] 0.020+0.006 0.028+0.014
AUC [107x(dpm-min)/mL] 2.6+0.9 1.840.8
Trmax (MiN) - 2112
Crax (dpm/mL) - 98569+12153

HupA were 10.0 and 13.0 h, respectively. Thus the mean
residence times (MRT,_;,) were 10.3 and 12.2 h, respectively
(Chen Y et al, unpublished data). The elimination of HupA
in the elderly volunteers was slower than that in the young
volunteers. HupA was released in a slow and prolonged
manner after oral administration.

To identify which cytochrome P450 (CYP) isoenzymes
are involved in the metabolism of HupA, an in vitro study

Figure 20. Effects of HupA on TrkA re-
ceptor and p75"™® receptor levels in
SHSYS5Y cells by immunofluorescence assay.
The tests were performed at 24 h after in-
cubation with H,0,. Preincubation with 10
UM HupA was conducted 2 h before the 200
UM H,O, was added. Shows were immunof-
luorescence assay results. (a-c) TrkA re-
ceptor level; (d—f) p75"TR receptor level.
(a, d) control; b,e H,0, treatment; (c, f)
HupA plus H,0,. The figure is representa-
tive of three experiments with similar
results. Data from ref 140.

was performed with rat liver microsomes, and immunoinhibi-
tion and chemical inhibition methods. HupA metabolism was
analyzed with HPLC and expressed as the HupA disappear-
ance rate. The results showed that 76.2% of HupA metabo-
lism was inhibited by a CYP1A2 antibody and 17.8% by a
CYP3AL1/2 antibody. The inhibitory effects produced by
CYP2C11and 2E1 antibodies were minor. The CYP1A2 sub-
strate phenacetin produced an inhibitory effect of 70.3%.
These data suggest that HupA metabolism in rat liver mi-
crosomes is mediated primarily by CYP1A2, with a probable
secondary contribution by CYP3A1/2. CYP2C11 and 2E1
are probably not involved in HupA metabolism™®,

To predict possible drug interactions and confirm the
safety of HUpA as a medication, the effects of HupA on the
activity and expression of CYP were examined. Liver mi-
crosomes and total MRNA were prepared from rats treated
orally with 0, 0.1, 1, or 2 mg/kg HupA for 2 weeks.
Phenobarbital, 3-methylcholanthrene (3-MC), ethanol, and
dexamethasone were used as positive controls. No change
in isoenzyme expression or catalytic activity was found in
rats treated with 0.1 mg/kg HupA, but CYP1A2 activity and
levels of CYP1A2 protein and mRNA were increased when
treated with HupA at doses of 1 and 2 mg/kg, although they
were minor when contrasted with 3-MC. HupA produced no
effects on CYP2C11, CYP2B1/2, 2E1, or 3A. These results
indicate that the activity and expression of liver CYP isoen-
zymes are not affected in rats treated with pharmacological
doses of HupA, but may elicit a slight inductive response in
CYP1A2at a toxicological dose. The CYP1A2 induction pro-
duced by HupA is related to transcription enhancement!#’],
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Figure 21. Effects of K252a, PD98059 and wortmannin [an inhibi-
tor of phosphatidylinositol 3-kinase (PI3K)] on the protection of
HupA against H,0,-induced cell injury in SHSY5Y cells. Cells were
pretreated with 100 nmol/L K252a, 100 umol/L PD98059, or 100
nmol/L wortmannin for 1 h before the addition of 10 umol/L HupA.
HupA was conducted 2 h before the 200 umol/L H,0, was added.
After incubation with H,O, for 24 h, cell viability was determined by
MTT assay. The data are mean+SEM obtained from three indepen-
dent experiments. (A) Effects of K252a. "P<0.05, H,0, group vs
H,0,+HupA group, “P<0.01, H,0,+HupA group vs H,0,+HupA+
K252a group. *P<0.05, K252a group vs control, H,0, group vs
H,0,+K252a group. (B) Effects of PD98059 and Wortmannin. "P<0.05,
H,0, group vs H,0,+PD98059 group. “P<0.01, H,0,+HupA group vs
H,0,+HupA+PD98059 group. *P<0.05 H,0, group vs control. Data
from ref 140.

Toxicology and detoxification

A series of studies have been conducted to evaluate the
toxicity of HupA in mice, rats, rabbits, and dogs. Dose-
response curves for salivation indicated that HupA was less
potent than other ChE inhibitors“®, The characteristic symp-
toms of cholinergic hyperactivity were less severe for HupA
in rats compared with donepezil and tacrine; fasciculation or
other cholinergic signs were not found with oral HupA at a
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dose of 0.48 mg™. The LD, doses of HupA were 4.6 mg
(po), 3.0 mg (sc), 1.8 mg (ip) and 0.63 mg (iv) in mice. Atro-
pine exerted a significant antagonistic effect on the toxicity
induced by HupA. Studies to evaluate subacute toxicity
have been conducted in rats, rabbits, and dogs, in which no
histopathological changes were found in liver, kidney, heart,
lung, or brain in rats (1.5 mg/kg, po) or dogs (0.6 mg/kg, im)
after administration of HupA for 180 d. No teratogenic effect
was detected in mice (0.019-0.38 mg/kg, ip) or rabbits (0.02—
0.2 mg/kg, im) after the administration of HupA.

To examine the acute effects of HupA on rat liver, changes
in liver coefficient, serum biochemistry, and histopathology
were detected after a single dose. The cytotoxicity of HupA
was also assessed by determining extracellular and intracel-
lular amounts of lactate dehydrogenase in cultured hepato-
cytes. Similar to tacrine, HupA raised the liver coefficient
and increased serum levels of aspartate aminotransferase
and alanine aminotransferase. Unlike tacrine, however, acute
administration of HupA did not induce histopathological
changes in the liver. That atropine redressed the effects of
HupA on the liver indicates that the acute effects of HupA
on rat liver are not related to hepatotoxicity™*,

A study in mice also demonstrated that HupA did not
perturb respiration at a dose inhibiting 40% of AChE, and at
a lethal dose, did not affect any other enzyme important for
respirationt*!,

HupA has been tested as a prophylactic drug against
poisoning with soman and other nerve gases with reason-
able outcomes™®. It works by protecting cortical AChE from
soman inhibition and preventing subsequent seizures.

Several studies have reported that acute administration
of HupA protects rodents against organophosphate (OP)
intoxication without the typical cholinergic side-effects!™*4,
Similarly, in primates (Chinese rhesus monkeys), HupA by
itself has been shown to protect animals against the toxic
signs and lethality induced by the injection of 1.3 LDg, of
soman™. When compared with pyridostigmine (PYR)*#4,
the cumulative dose of soman needed to produce convul-
sions and epileptic activity was 1.5-fold greater in animals
that received HupA compared with the group of primates
pretreated with PYR. HupA also selectively inhibited red
cell AChE activity, whereas PYR also inhibited plasma BuChE.
This result was confirmed in a study with guinea-pigst**®.
PYR cannot protect against seizures and subsequent neuro-
pathology induced by OP agents, because it does not pen-
etrate into the brain. HupA, when combined with atropine
methyl nitrate or without any supporting therapy acting on
the CNS (atropine sulfate or benzodiazepine), prevented le-
thality and manifested anticonvulsant and central neuropro-
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tective properties™®. The superior protection offered by
HupA appears to be related both to the selectivity of HupA
for red cell AChE, which preserves the scavenger capacity
of plasma BuChE for OP agents, and to its protective effect
on cerebral AChE™, HupA is more stable than the carbam-
ates used as pretreatment for OP poisoning. These prophy-
lactic effects make HupA a potential protective agent against
OP intoxication.

Clinical trials

The efficacy and safety of HupA in AD patients have
been evaluated by clinical trials in China. In an early double-
blinded study conducted in 100 elderly patients with 17 prob-
able cases of AD, HupA (0.03 mg, im) produced a significant
improvement in all rating scores as evaluated by Buschke
Selective Reminding performance™®. A more comprehen-
sive clinical study was conducted in 819 patients who met
the AD criteria of National Institute for Communicative Dis-
orders and Stroke-Alzheimer’s Disease and Related Disor-
ders Association (NINCDS-ADRDA) and Diagnostic and Sta-
tistic Manual of Mental Disorders-Third Edition-Revised
(DSM-111-R) at 39 mental hospitals in China. After treatment
with HupA at a dose of 0.03-0.4 mg/d, patients showed im-
provement in their memory, cognitive skills, and ability in
their daily life. No severe side effects were found®+6%"-7,
The results from a 12-week, double-blinded, randomized and
placebo-controlled nationwide clinical trial with 202 patients
with the diagnosis of possible or probable AD confirmed the
efficacy of HupA in improving the results of cognitive tasks.
In this study, their cognitive functions [measured with Mini-
mental State Examination Scale (MMSE) and Alzheimer’s
Disease Assessment Scale-Cognitive Subscale (ADAS-
Cog)], non-cognitive functions (measured with mood and
behavior-ADAS-non-Cog) and activity of daily living (ADL)
were all improved significantly at week 6, and further im-
proved at week 12 after patients had been treated with HupA
at a dose of 0.1-0.2 mg, bid™. The results of a clinical trial
with HupA carried out over a longer time period were re-
ported by Jiang et al, and showed that HupA at a dose of 0.
15 mg twice per day significantly improved the cognition of
33 AD patients at 12, 24, and 48 weeks, with no statistical
difference among the 3 time pointst®,

Combined therapy with HupA plus other medicine or
mental training also showed favorable clinical results. In a
placebo-controlled clinical trial with 24 AD patients and 35
VD patients, subjects showed significant favorable differ-
ences in MMSE and ADL scores after treated with HupA
(0.15 mg, twice per day) plus nicergoline (20 mg, twice per

day), HupA plus nicergoline and conjugated estrogen, or
HupA alone; combined treatment was better than HupA
alone™. The superiority of combined therapy over HupA
alone was also suggested by the marked improvement in
MMSE, clinical dementia rating (CDR) and ADL scores from
a clinical trial, in which 30 female AD patients were treated
with 2 mg nilestriol once every fortnight, and 0.1 mg HupA
twice per day for 24 weeks™™. In a group of 43 patients with
mild to moderate AD, American Association of Mental Defi-
ciency (AAMD) and ADL scores were significantly improved
after treatment with HupA (0.1 mg, twice per day) combined
with training in daily life activities for 8 weeks*™. After 22
patients with AD and 38 with VD who were treated for 8
weeks with HupA (0.1 mg, twice per day) complemented with
a mental stimulation program consisting of reminiscence,
reality orientation and remotivation, Hasegawa dementia
scale (HDS), CDR and ADL scores were significantly im-
proved™. These results suggest that combined treatment
using HupA might be a reasonable means in the clinical
therapy.

The therapeutic effects of HupA on VD were evaluated
early in 1991 by conducting a randomized, matched and
double-blinded study involving 56 patients with multi-
infarct dementia (MID)"™. Using a self-controlled design,
marked improvement in memory deficits were observed after
0.15-0.45 mg HupA given orally for 4 weeks*"®*""1, Patients
with AD (23 cases) or VD (41 cases) were treated with HupA
for 8 weeks, and memory deficiency and recognition decline
was markedly improved in both AD and VD™, Yin et al
reported that 39 patients who met the DSM-R criteria for mild
to moderate vascular dementia, showed a significant increase
in AAMD, MMSE and ADL scores after treated with 0.1 mg
HupA twice per day for 8 weeks™™). A similar result was
reported in a trial involving 20 patients™®. Moreover, HupA
has been shown to be more effective than pyritinol in the
treatment of MID!8, Wang et al reported that the CDR and
ADL scores of VD patients who met the DSM-1V criteria
were markedly improved in MMSE after treatment for 6 months
with HupA®, HupA also showed efficacy in improving
cognitive deficiency in endemic cretins®®¥, and urinary in-
continence in patients with cerebral stroke!*®,

A survey involving 50 middle-aged and elderly patients
with different degrees of dysmnesia demonstrated the effi-
cacy of HupA in improving verbal recall, retention and re-
trieval in patients with mild and moderate dysmnesia. Values
of total recall, long-term retrieval, long-term storage, consis-
tent long-term retrieval and unreminded recall were markedly
increased when patients were treated with 0.1 mg HupA orally
twice daily for 2 weeks™®, In a study with conducted in
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children who had language delay and other developmental
conditions, treatment with 0.05 mg HupA twice daily for more
than 3 months improved language delay by a total of 67.56%
[185]

Zhang et al reported that HupA could improve memory
function and neurotransmission in patients with mild and
moderate traumatic brain injury. Thirty patients were treated
with traditional therapeutic (0.8 g piracetan and 20 mg
nimodipine, twice per day, combined with function conva-
lescence training), and other 30 patients were treated with
0.1 mg HupA bid besides traditional therapeutic. Both
groups showed significant improvement in memory and cog-
nition after both 1 and 3 months, and the improvement in
memory and cognition in patients treated with HupA was
more dramatic than the improvement in patients treated with
traditional therapeutics®®,

Itis well documented that people with schizophrenia have
neurocognitive impairments across multiple domains, includ-
ing impairments in motor functioning, various aspects of
attentional abilities, executive functions and memory
functioning. Ma et al have recently studied the effect of
HupA on memory disorders in schizophrenic patients. Sixty
patients with schizophrenia, who were at the rehabilitation
stage, were divided into groups that received HupA or a
placebo, and 30 non-schizophrenic people were used as
controls. After 12 weeks of treatment with 0.2-0.4 mg HupA,
memory functions were significantly improved™?., Similar
results were also reported by Fang et al™*®® and Yang™®),

HupA has also shown some efficacy in ameliorating
sleeping. It was reported that alternating HupA treatment
with clonazepam treatment in the day and night, respectively,
markedly extends sleeping duration, modifies the rhythm of
sleep, and improves the quality of sleeping in patients with
chronic insomnia. With this treatment regime, the dosage of
clonazepam can be decreased gradually!®!.

Several clinical studies have shown that HupA is effec-
tive for the treatment of benign senescent forgetfulness
(BSF)6175191-1%3 i addition to AD and VD. Seventy four
percent of patients treated with HupA (0.15 mg, bid) for 4
weeks showed improvement in memory quotient (MQ) and
Wechsler memory scale (WMS) scorest™>***"l_ The improv-
ing effect of HupA was studied in 34 pairs of junior high
school students who had complained of memory inadequacy.
HupA at a dose of 0.1 mg, twice per day for 4 weeks, in-
creased the scores for “accumulation”, “recognition”,
“reproduction”, “association”, “tactual memory”, and “num-
ber of recitation” factors, but not the “understanding” fac-
tortt™°l,

In the early clinical studies using HupA for the treatment
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of myasthenia gravis (MG), it was found that 99% of 128
patients with MG had their clinical manifestations controlled
or improved with HupA treatment. The duration of action of
HupA lasted for 7+6 h, and the side effects were minimal
compared with neostigminet®. Xia et al reported similar
improving effects in 63 MG patients treated with im HupA at
a dose of 0.2 mg twice per day™.

Summary

AD is a multi-causal and multi-factorial progressive
neurodegenerative disease with complicated pathogenesis,
thus it is likely that multiple drugs or drugs with poly-phar-
macological activities will be the best therapeutic approaches
to address the varied pathological aspects of the disease.
Based on the characteristic cholinergic deficits in AD, AChE
inhibitors are still the drugs of choice for the symptomatic
therapy of AD. As a potent and reversible AChE inhibitor,
HupA has attracted attention because, relative to other well-
known AChE inhibitors, it has greater potency, higher selec-
tivity with respect to its AChE inhibitory effect, and marked
memory-enhancing efficacy in a broad range of animal mod-
els of cognitive impairment, and in patients with AD, VD,
and other cognitive problems. Interestingly, new data from
our lab show that HupA, besides inhibiting the hydrolysis
of synaptic ACh, has neuroprotection, APP metabolism modu-
lation and NGF-like neurotrophic activities, indicating that
the non-cholinergic effects of HupA could play important
roles for the treatment of neurodegenerative disease through
interfering with the key factors of the disease. These en-
couraging preclinical and clinical findings suggest that HupA
is a promising candidate for the treatment of neurodegenera-
tive diseases such as AD and VD, and is very likely to exert
its therapeutic effects via a multi-target mechanism, which
therefore provides us with a large amount of exciting re-
search to carry out.
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