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Annonaceous acetogenins (AGEs) are potential phytochem-
icals of herbal medicines and exhibit a wide variety of
biological activities.[1] Recent work has demonstrated that
AGEs have a cytotoxic potency comparable to that of Taxol.[2]

AGEs belong to a unique class of polyketides with a C35 or C37

aliphatic chain terminated by an a,b-unsaturated g-lactone
group on one end and interrupted mid-chain by one or two
tetrahydrofuran (THF) rings with hydroxy groups
(Scheme 1).[3] Both structural groups have been recognized
as the pharmacophores that block electron transport in
mitochondrial complex I.[4]

Efforts to clarify the targeting and mechanism of AGEs
include altering the space between two moieties,[5] removing
either one of two critical moieties (DLac acetogenins or
muricatacin), mimicking the THF moieties by ether linkage,[6]

connecting a fluorescent group at the end of the aliphatic
chain[7] or with a hydroxy group, or replacing the g-lactone
moiety by a fluorescent group.[4a,8] Hemisynthetic and pro-
teomic techniques to clarify the mechanism underlying the
action of AGEs have suggested some cytosolic and reticulum-

associated enzymes as putative targets of AGEs.[9] Besides, as
the natural ionophore calcimycin A23187,[10] the hydroxylated
bis-THF moieties of AGEs were shown to form complexes
with bivalent cations, such as Ca2+ and Mg2+.[11] Although
some of these modified AGEs obtained thus far have
demonstrated activities comparable to those of naturally
occurring AGEs, the critical mechanism underlying the
cytotoxic actions of AGEs has not yet been fully clarified.

Earlier 1H NMR studies have revealed that synthesized
hydroxylated adjacent bis-THF derivatives (partial cores of
AGEs) and the adjacent bis-THF AGEs, bullatacin (BAA-2)
and asimicin, are able to chelate Ca2+ ions from Ca(SCN)2 in a
2:1 ratio.[11a,b] Other studies based on 13C NMR longitudinal
relaxation time (T1) have also shown that annonacin (MAA-
1) and squamocin (BAA-1) undergo structural changes while
chelating Ca2+ ions (Figure 1).[12] To determine how Ca2+

forms complexes with AGEs, we used calcium perchlorate
and found that the proton signals of the THF cores in the
calcium complexes of MAA-1 and BAA-1 shifted downfield
relative to calcium-free molecules (Figure 1a–c and Fig-
ures S1–S3 in the Supporting Information).

We determined the stoichiometry of the AGE/Ca2+

complex by calorimetry (see below). From 1H NMR studies,

Scheme 1. Chemical structures of selected AGEs, isolated from Formo-
san annonaceous plants.
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the signals of H-15/20 and H-16/19 (with threo configuration)
of the a-hydroxylated THF core of MAA-1 were shifted
downfield by 0.26 and 0.18 ppm, and those of OH-4 and OH-
10 were shifted downfield by 0.13 and 0.11 ppm, respectively.
With one additional carbonyl group of the g-lactone
moiety,[12] six polar ligands of MAA-1 could provide the
calcium-chelating ability.

From 1H NMR spectroscopy, the signals for H-23/24 (with
erythro configuration) of BAA-1 were shifted downfield by
0.45 and 0.42 ppm, respectively, while the downfield changes
of 2.7 and 1.9 ppm in the signals of H-15/16 (with threo
configuration) showed a pattern similar to that of MAA-1.
These proton signal shifts are attributed to the conforma-
tional change of the THF moiety caused by the neighboring
hydroxy group involved in formation of the chelating com-

Figure 1. Representative structures, changes in the NMR signals, and ITC titrations of the AGE/Ca2+ complexes. The AGEs (1.5 mm) MAA-1 (a),
NAA-1 (b), and BAA-1 (c) were titrated with calcium ions at the molar ratios indicated. DdH = dH[Ca2+/AGE]�dH[AGE], in ppm. ITC titrations of
d) 30 mm Ca2+ with 1 mm MAA-1 in CH3CN/CHCl3 (1:1, v/v), e) 30 mm Ca2+ with 1 mm NAA-1 in CH3CN, and f) 65 mm Ca2+ with 1 mm BAA-1 in
CH3CN were performed using an ITC microcalorimeter at 25 8C. c2, nonlinear least-squares algorithm; N, number of binding sites; K, association
constant; DH, enthalpy change; DS, entropy change. For each titration, raw data were obtained from 33 automatic injections (8 mL per injection),
and the integrated fitted curves show the experimental points with a one-site fitting function.
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plex. Without the additional hydroxy groups, eight polar
functional groups from two BAA-1 molecules were assumed
to be involved in chelating calcium.

We also observed conformational changes in the non-
adjacent bis-THF AGE squamostatin A (NAA-1), when the
Ca2+ concentration was increased by the 1H NMR study. The
signals for the erythro H-23/24 of NAA-1 shifted downfield by
0.45 and 0.36 ppm, respectively; the H-19 and H-16 signals of
H-19/20 and H-16/15 with threo configuration were shifted
downfield by 0.25 and 0.16 ppm, respectively. These shifts
indicated that the THF moiety flanking the hydroxy groups of
NAA-1, along with the THF moiety with a threo hydroxy
group, was critical for the formation of calcium-chelating
complexes. The changes in the NMR signals demonstrated
that the THF cores of AGEs interact with Ca2+, thereby
altering the complex conformation of the AGEs. On the other
hand, H-28 of BAA-1 and NAA-1 was slightly shifted by 0.05
and 0.1 ppm, respectively, which might be induced by an
anisotropic effect of the AGE/Ca2+ complexes.

Isothermal titration calorimetry (ITC) measures thermal
responses and the binding kinetics of biomolecules and metal
ions in solution.[13] We used ITC to elucidate the interaction
between AGEs and Ca2+ ions.[14] Four types of bioactive
AGEs were selected (see Scheme 1): 1) the mono-THF AGEs
annonacin (MAA-1), uvariamicin-I (MAA-2), and muricin H
(MAA-3); 2) the nonadjacent bis-THF AGEs squamosta-
tin A (NAA-1) and bullatanocin (NAA-2); 3) the adjacent
bis-THF AGEs squamocin (BAA-1) and bullatacin (BAA-2);
and 4) the linear AGE (+)-monhexocin (LAA). The binding
properties and stoichiometry of the selected AGEs com-
plexed with Ca2+ ions were confirmed by ITC (Figure 1d–f
and Figures S4–S6 in the Supporting Information). The
negative enthalpy indicated that the formation of AGE/Ca2+

complexes was an exothermic process with increasing
entropy, thus contributing to the spontaneous interaction.

Based on titrations of soluble calcium ions with selected
AGEs, the ITC curves were categorized into three patterns of
Ca2+ chelation with AGEs: from the points of reflection of the
fitting curves, the molar ratio of MAA-1/Ca2+ was 1, that of
NAA-1/Ca2+ was 3, and that of BAA-1/Ca2+ was 2. From the
optimal one-site curve fitting to the points of reflection, the
association constants obtained for different AGE/Ca2+ com-
plexes were at least 104

m
�1 in magnitude, which is larger than

that for the BAA-1/Ca2+ complex (103
m
�1, obtained from

NMR titration data),[12] which implied that the hydrophobic
interaction between the aliphatic chains of the AGEs
stabilizes the complexes to bundle calcium ions with the
core THF moieties. In contrast, the ITC patterns of LAA
(without a THF moiety) and MAA-3 (with only one hydroxy
group flanking the THF moiety) indicated that neither type of
AGE chelates Ca2+ ions (Figure S5 in the Supporting
Information), which demonstrated that the hydroxy groups
flanking both sides of the THF moiety play important roles in
the formation of the AGE/Ca2+ complex.

The binding molar enthalpy of the BAA-1/Ca2+ complex
was 5.6 kcal mol�1 and larger than that of MAA-1/Ca2+

(2.3 kcalmol�1). The binding molar entropy of BAA-1/Ca2+

was 7.2 cal mol�1 K�1, generated largely from the solvent
molecules excluded from the complexes. The entropy of

MAA-1/Ca2+ was 16.3 cal mol�1 K�1, and this larger value was
a result of both solvent exclusion and the conformational
change of MAA-1. This larger conformational change after
complex formation with calcium at a 1:1 ratio could be
explained by the polar functional groups of MAA-1 chelating
with Ca2+, thereby changing the linear MAA-1 into a curved
MAA-1/Ca2+ complex (Figure 1). Without the polar func-
tional groups OH-4 and OH-10, the binding molar ratio
of MAA-2/Ca2+ was 2 and the binding entropy was
9.7 cal mol�1 K�1, which reflected a lesser conformational
change. This result could also indicate that NAA-1/Ca2+ at a
3:1 ratio changes the linear molecules to a highly packaged
structure and would explain the higher entropy
(16.9 cal mol�1 K�1).

Because of the formation of the chelating complex
between AGEs and Ca2+, we hypothesized that the Ca2+

chelation of THF moieties could mediate the cytotoxicity of
AGEs by disrupting intracellular calcium homeostasis. We
tested this hypothesis by using three AGEs conspicuously
cytotoxic toward HepG2 liver cancer cells, MAA-1, NAA-1,
and BAA-1, with IC50 values of 7.4, 1.4, and 0.057 nm,
respectively (Table S1 in the Supporting Information). We
found that the addition of AGEs significantly reduced cell
survival because of an increase in the apoptosis rate (Figure 2

and Figure S7 in the Supporting Information). In contrast, the
survival rate of HepG2 cells significantly increased by 48, 35,
and 43% when 10 nm ethylenediaminetetraacetic acid
(EDTA) was added together with 10 nm MAA-1, 10 nm
NAA-1, and 1 nm BAA-1, respectively (Figure 2). This
could be attributed to EDTA competitively chelating with
Ca2+ ions and thus decreasing the formation of AGE/Ca2+

complexes, which then reduced the disturbance of intra-
cellular levels of calcium and the cytotoxicity of AGEs.

Figure 2. HepG2 cells treated with the indicated concentrations of
NAA-1, BAA-1, and MAA-1 for 48 h, with or without preincubation with
10 nm EDTA. Cell survival rate was determined based on results of the
MTT assay. All experiments were carried out in triplicate. Bars denote
standard deviations. The statistical significance was set at *p<0.05,
**p<0.01, ***p<0.001.
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We then examined whether intracellular calcium levels
were affected by preincubation of the cells with BAA-1,
NAA-1, or MAA-1. Intracellular calcium in AGE-treated
HepG2 cells was visualized by the cell-permeable indicator
dye, Fluo-4 AM, together with the mitochondrial probe,
MitoTracker Red. The culture medium of HepG2 cells
contained 1.05 mm CaCl2. A 10 min preincubation of
HepG2 cells with 50 mm BAA-1, NAA-1, or MAA-1 resulted
in a fivefold increase in Fluo-4 AM fluorescence (Figure 3,

p< 0.001), which indicated that preincubation of AGEs
increased the intracellular levels of calcium in HepG2 cells.
Exogenous addition of 1 mm CaCl2 slightly increased the
intracellular level of calcium in both untreated and AGE-
treated cells. In contrast, the effect of the AGE-mediated
increase in intracellular levels of calcium was blocked when
HepG2 cells were preincubated with 5 mm EDTA (Figure 3).

Time-lapse confocal microscopy further demonstrated
that Fluo-4 AM fluorescence first accumulated in the
cytoplasm. After incubation with bis-THF AGEs, the Fluo-4
AM green fluorescence was co-localized with the Mito-
Tracker Red fluorescence, which suggests that some cytosolic
Ca2+ was transported into the mitochondria (Figure 4a–d and
Figure S8 in the Supporting Information). To address whether
the Ca2+ concentration inside mitochondria was changed by
preincubation with AGEs, we used the selective indicator dye
for mitochondrial Ca2+, Rhod-2/AM, to evaluate changes in
levels of mitochondrial calcium. As shown in Figure 4e–h, a
10-minute exposure of HepG2 cells to 50 mm BAA-1 or NAA-
1 caused an increase in the level of mitochondrial calcium. In
contrast, incubation of HepG2 with MAA-1 did not signifi-
cantly alter the levels of mitochondrial calcium. These results,
coupled with the revelation that addition of EDTA counter-

acted the increase in mitochondrial Ca2+ fluorescence
induced by preincubation with BAA-1 or NAA-1 (Fig-
ure 4 i–l and Figure S9 in the Supporting Information),
suggested not only that the AGEs bind Ca2+ ions but also
that the AGE/Ca2+ complexes facilitate the crossing of cell
and mitochondrial membranes resulting in an increase in the
level of intracellular and mitochondrial calcium.

Since alteration of the mitochondrial membrane potential
would possibly trigger apoptotic signal transduction, we then
determined whether AGEs could cause mitochondrial depo-
larization by using the JC-1 probe. We found more than 41%
of the cells preincubated with BAA-1 exhibited lower
mitochondrial membrane potential. In contrast, 7.0 and
24.1% of the cells preincubated with MAA-1 or NAA-1
had lower mitochondrial membrane potential (Figure S10 in
the Supporting Information). The results suggested that the
higher cytotoxicity of BAA-1 very likely arises from the
strongest ability to upregulate the level of mitochondrial
calcium and to cause mitochondrial depolarization (but might
also, in part, be because of complex I inhibition).

We compared the changes in the intracellular calcium
level of HepG2 cells preincubated with AGEs with the
thermodynamic statistics obtained from AGE/Ca2+ ITC data.
The results of ITC indicated that the chelating enthalpy of
BAA-1 was stronger than that of MAA-1 and NAA-1, and
BAA-1 increased the intracellular levels of calcium to the
highest extent (BAAs>NAAs>MAAs; Figure 3). Indeed,
the results are consistent with our previous observation that
BAA-1 can induce a transient but strong increase in the Ca2+-
activated K+ current in cultured smooth-muscle cells without
altering single-channel conductance.[15] Although, in the
current study, the ion transport of AGEs was not detectable
using a W-08 apparatus,[16] we showed here using an EDTA
competitive assay that the presence of Ca2+ ions affected the
bioactivity of AGEs. In addition, analysis of our ITC data
indicated that the chelating enthalpy of BAA-1/Ca2+ (5.7 kcal
mol�1) was stronger than that of MAA-1 and NAA-1 (2.3 and
1.5 kcalmol�1, respectively, Figure 1d–f). These thermal sta-
tistics indicate that the calcium-chelation ability of BAA-1 is
the strongest among all the AGEs tested.

Based on the binding molar ratio of BAAs/Ca2+ of 2 and
the lowest conformer of BAA-1 from ab initio calculations,[17]

we propose a model in which two BAA-1 molecules in an
L-shaped conformation (shown as a crisscrossed structure in
Figure 5) can chelate with a Ca2+ ion using the adjacent
hydroxy/THF moieties and hide the hydrophilic surface of the
AGE molecules. In other words, the membrane-penetration
ability of BAA-1 can be enhanced through dissimulation of
the polar functional groups of hydroxy/THF moieties, while
complexes are formed that express the peripheral hydro-
phobic surface of AGEs. In this way, the BAA-1/Ca2+

complex can diffuse across cellular and mitochondrial mem-
branes to disrupt the intracellular calcium levels and to
mediate higher cytotoxicity. In contrast, in the MAA-1/Ca2+

and NAA-1/Ca2+ complexes, with binding molar ratios of 1
and 3, respectively, the polar groups may still be partially
exposed and would thereby reduce the hydrophobic surfaces.
Therefore, MAAs and NAAs with lower calcium-chelation
ability and more hydrophilic surfaces on the complex surfaces

Figure 3. AGEs increase the intracellular level of calcium. HepG2 cells
cultured in medium containing 1.05 mm CaCl2 were preincubated with
one AGE (NAA-1, BAA-1, or MAA-1 at 50 mm) for 10 min with or
without exogenous addition of 5 mm EDTA or 1 mm CaCl2. The cells
were then stained with Fluo-4 AM. The changes in calcium levels are
indicated as fold changes in the optical density value. All experiments
were carried out in triplicate. Bars denote standard deviations. The
statistical significance was set at *p<0.05, **p<0.01, ***p<0.001.
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would display lower cytotoxicity. This is exemplified by
MAA-3, which did not chelate Ca2+ and was less toxic.
Judging from the previous report[3] and our results presented
herein, disruption of intracellular calcium homeostasis and
inhibition of the electron system in mitochondrial complex I
may synergistically mediate cell cytotoxicity.

Intracellular calcium overload is known to contribute to
neurodegenerative tauopathy, which causes several human
pathological conditions and possibly neurodegenerative dis-
orders such as Alzheimer’s,[18] Huntington’s, and motor
neurone diseases.[19] Moreover, some AGEs have been

affiliated with sporadic neurodegenerative tau pathologies.[20]

Our studies attempted to support the findings that MAA-1,
one of the abundant mono-AGEs,[21] shows neurotoxicity in
several in vitro and in vivo paradigms.[22] Interestingly, three
special mono-THF AGEs with free OH-15 and OAc-17
showed an EC5-Tau effect similar to that of BAA-1 and BAA-
2. In view of our proposed model, the space between OH-15
(instead of OH-17) and OH-22 would be similar to that
between OH-15 and OH-24 in BAA-1 and BAA-2 (roll-
iniastatin 2) for chelating Ca2+ ions.

In summary, Ca2+ ions play an important role in the
regulation of many cellular functions and the activation of
many enzymes. Therefore, the intracellular and extracellular
concentrations of Ca2+ ions are strictly regulated, although
the concentration of calcium in the cytosol is as low as about
10�7

m. Our current work reveals that the mechanism under-
lying the cytotoxicity of AGEs is modulated by the chelation
of THF moieties of AGEs with Ca2+ to form hydrophobic
complexes. The calcium chelation of AGEs correlates with
their levels of cytotoxicity. We further revealed that incuba-
tion of cells with bis-THF AGEs can also increase mitochon-
drial Ca2+ concentrations and decrease the mitochondrial
membrane potential, which is very likely the main cause of

Figure 4. AGEs increase the intracellular level of calcium. a–d) HepG2 cells were prestained with 0.5 mm MitoTracker Red 580 FM for 45 min and
then incubated with 50 mm NAA-1, BAA-1, or MAA-1 for another 10 min. Subsequently, 2 mm Fluo-4 AM solution was added. e–h) HepG2 cells
were incubated with 50 mm NAA-1, BAA-1, or MAA-1 for 10 min, and then stained with 2 mm Rhod-2/AM at 25 8C for 20 min. i–l) HepG2 cells
were preincubated with 5 mm EDTA for 30 min, followed by incubation with 50 mm NAA-1, BAA-1, or MAA-1 for 10 min. The cells were then
stained with 2 mm Rhod-2/AM at 25 8C for 20 min. The fluorescence images were obtained after 20 min using a confocal microscope.

Figure 5. Calcium-chelation model for an adjacent bis-THF BAA-1/Ca2+

complex that enhances cell-membrane penetration. The lipid bilayer
can be that of the cell membrane or the mitochondrial membrane.
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higher cytotoxicity. Therefore, the ability of AGE/Ca2+

complexes to modulate intracellular and mitochondrial
calcium levels may offer an opportunity to develop a new
strategy targeting Ca2+-dependent signaling pathways.

Experimental Section
Materials: AGEs were isolated from Formosan Annonaceous plants
including Annona muricata, A. montana, A. squamosa, A. reticulata,
and Rollinia mucosa. Annonacin (MAA-1) and (+)-monhexocin
(LAA) were isolated from A. montana.[23] Muricin H (MAA-3) was
isolated from A. muricata.[24] Squamostatin A (NAA-1) and squamo-
cin (BAA-1) were isolated from A. atemoya.[25] Uvariamicin-I
(MAA-2), bullatanocin (NAA-2), and bullatacin (BAA-2) were
isolated from A. squamosa. MAA-3 and LAA are new compounds.
MAA-2 was isolated and purified from the analogues uvariamicin-II
and -III.[26] All of the AGEs were repurified by reversed-phase HPLC
before bioevaluation (> 99%).

Complex formation of AGE/calcium ion analyzed by ITC: The
measurements were conducted on a VP-ITC microcalorimeter
(Microcal, Inc., Northampton, Mass., USA). In the assays,
1) 0.03 mm calcium perchlorate (1.436 mL in CH3CN/CHCl3) was
mixed with 1 mm MAA-1 (300 mL in the same mixing solvent);
2) 0.03 mm calcium perchlorate (1.436 mL in CH3CN) was mixed with
1 mm NAA-1 (300 mL in CH3CN); and 3) 0.065 mm calcium perchlo-
rate (1.436 mL in CH3CN) was mixed with 1 mm BAA-1 (300 mL in
CH3CN), all at 25 8C with continuous stirring (300 rpm). The heat
produced during complex formation was analyzed using Origin
software (Edition 7.0, Microcal Inc.). The integration of the heat
pulses obtained from each titration were fitted to a one-site binding
curve to obtain a nonlinear least-squares algorithm (minimization of
c2), the enthalpy change (DH in calmol�1), the entropy change (DS in
cal mol�1 K�1), the association constant (Kass in m

�2), and the number
of binding sites (N, per compound).

Apoptosis and cytotoxicity assays: HepG2 cells (30 � 103 cells per
well) were seeded in a 96-well plate. The samples were preincubated
either with or without 10 nm EDTA. Then NAA-1, BAA-1, or MAA-
1 dissolved in dimethyl sulfoxide (DMSO) at different concentrations
was added. After incubation of untreated or AGE-treated cells for
48 h, the cells were washed once with phosphate-buffered saline
(PBS), and were then incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltertrazolium bromide (MTT, Sigma, 1 mgmL�1, 50 mL per
well) at 37 8C for 2 h. DMSO (150 mL per well) was added at room
temperature to dissolve the blue-violet formazan deposit. The
absorbance at 570 nm was measured with an ELISA reader. To
measure the apoptotic cells, cells were pretreated with NAA-1, BAA-
1, or MAA-1 for 6 h. The cells were then collected, washed with PBS,
and co-stained with fluorescein isothiocyanate (FITC)-conjugated
annexin V antibodies (BD Biosciences) and propidium iodide
(Sigma) for 15 min. The fluorescence of FITC and propidium iodide
was analyzed using a FACSCalibur instrument (BD Biosciences).

Determination of mitochondrial calcium uptake:[27] HepG2 cells
were pretreated with NAA-1, BAA-1, or MAA-1 for 10 min,
followed by staining with 2 mm Rhod-2/AM at 25 8C for 20 min.
Cells were then washed with Hank’s Balanced Salt Solution (HBSS)
containing 2% fetal bovine serum (FBS) and 10 mm 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (HEPES), and fluorescence
images were obtained using a temperature-controlled stage and
confocal microscope.

Determination of the intracellular level of calcium:[28] Intra-
cellular free calcium concentrations were measured using the
fluorescent indicator dye Fluo-4 AM, the membrane-permeable
acetoxymethyl ester form of Fluo-4. Fluo-4 NW calcium assay kits
and Fluo-4 AM were purchased from Molecular Probes, Inc. HepG2
cells grown in a 96-well plate were pretreated with NAA-1, BAA-1,
or MAA-1 for 10 min at room temperature. The medium was

removed and Fluo-4 AM solution (100 mL) was added to each well;
the plates were incubated at 37 8C for 30 min, and then at room
temperature for 10 min. The excitation of Fluo-4 AM fluorescence
was set at 494 nm, and the fluorescence emission at 560 nm was
measured. The changes in calcium levels are given as fold changes in
the optical density value. To monitor the changes in the level of
cytosolic and mitochondrial Ca2+, HepG2 cells were seeded at 1 � 105

cells per 35 mm glass Petri dish and allowed to attach for 24 h. The
cells were then prestained with 0.5 mm MitoTracker Red 580 FM for
45 min. The medium was replaced with medium containing NAA-1,
BAA-1, or MAA-1, and the samples were incubated for 10 min,
followed by addition of 2 mm Fluo-4 AM solution. Fluorescence
images were obtained every 1 min for a 30 min period using time-
lapse confocal microscopy (Leica confocal microscope SP2, Leica
Microsystems, Milton Keynes, UK).
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