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olefin of Tam are crucial for ER binding activity.'> So, we
considered that more symmetrical derivatives of Tam might
show reduced ER-binding ability.

Among our synthesized compounds, we found two,
compounds 1 (YAKO1) and 3 (YAK037), with potent L-Glu
transporter-inhibitory activity. Studies of their mechanisms of
action indicated that, unlike Tam, compound 3 acts through an
ER-independent and MAPK-independent, but PI3K-dependent
pathway and shows no transactivation activity for nERs. We
believe this compound may represent a new platform for
developing novel L-Glu transporter inhibitors with higher brain
transfer rates and reduced adverse effects.

B RESULTS AND DISCUSSION

We synthesized several Tam-inspired compounds bearing
identical substituents on one carbon atom of the olefin,'> and
found that two of them were potent inhibitors of astrocyte
L-Glu transporters. The diethyl-substituted derivative 1 inhibited
L-Glu transporters in the picomolar range (62.7 + 7.48% of
control at 1 pM; Figure 2A). The dose—response curve for the
inhibitory activity was not linear, but followed an inverted
U-shaped curve; however, such a non-monotonic dose depend-
ence is rather common for hormones and their mimetics.'* On
the other hand, when the symmetrical substituent was changed
from ethyl to benzyl (2), the inhibitory effect was lost (Figure 2B).
However, when the phenolic oxygen atom of 1 was substituted
with a N,N-dimethylaminoethyl group (Figure 1C), we found
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Figure 1. Chemical structures of the newly synthesized tamoxifen-
related compounds.

that the resulting compound 3 showed dose-dependent L-Glu
transporter inhibition in the picomolar range (63.8 & 5.49% of
control at 1 pM; Figure 2C). The dose-dependency of the
effect of 3 suggested that the underlying mechanism might be
different from that in the case of 1. Compound 4 was inactive

(Figure 2D).

We next examined the effects of 1 and 3 on cell viability by
means of MTT reduction assay and LDH leakage assay, using
the same cultured sample. Neither of the compounds was cyto-
toxic at concentrations below 1 4M (Figure 3), though 100 uM
1 and 10 4M 3 caused severe cell damage. These results exclude
the possibility that the L-Glu clearance-inhibitory effects of
these compounds at concentrations below 1 yuM were caused
by cell damage.

In order to confirm the involvement of L-Glu transporters in
the inhibition of L-Glu uptake by our compounds, and to rule
out the possibility that 1 and 3 act by inducing 1-Glu release
from astrocytes, we next examined the effect of 1 and 3 on
L-Glu clearance when the L-Glu transporter activity was blocked
with TBOA, a potent nonselective L-Glu transporter inhibitor
(ICsy: 48 uM for GLAST/EAAT], 7 uM for GLT1/EAAT2).
We confirmed that application of 1 mM TBOA potently
inhibited 1-Glu transporter activity; that is, TBOA caused
reversible chemical knock-down of L-Glu transporter activity.”
When either 1 or 3 was coapplied with 1 mM TBOA, these
compounds no longer influenced 1-Glu clearance (Figure 4),
indicating that the actions of these compounds are indeed
mediated by 1-Glu transporters, and do not involve L-Glu
release from astrocytes.

Our cultured astrocytes predominantly expressed ERa, and
little or no expression of ERf was detected.” Tam is known to
be a partial agonist of ERs,’ raising the possibility that the
compounds exerted their inhibitory effects via interaction with
ERa. Therefore, we examined the involvement of ERa by
coapplication of ICI182,780, a high-affinity antagonist of ERs.
ICI182,780 dose-dependently blocked the inhibition of r-Glu
uptake caused by 1 (Figure SA) at 0.01, 0.1, and 1 M, at which
the effects of Tam were reported to be completely suppressed.”
In contrast, ICI182,780 had no effect on the inhibition by 3
(Figure SB), suggesting that the mechanism of the inhibition by
3 is independent of ERs. We further examined the signal
transduction pathways mediating the effects of 1 and 3. When
coapplied with U0126, which inhibits mitogen-activated protein
kinase/extracellular signal-regulated kinase 1 (MEK1, IC50: 70 nM)
and MEK2 (IC50: 60 nM), the inhibitory effect by 1 was
blocked, whereas that of 3 was not (Figure 6A). On the other
hand, when coapplied with LY294002, a specific phosphoinosi-
tide 3-kinase (PI3K) inhibitor (ICS0: 70 nM), the inhibitory
effects of both compounds were completely blocked (Figure 6B).
These results suggest that PI3K is a common mediator of the
effects of both compounds, whereas mitogen-activated protein
kinase (MAPK) is involved only in the mechanism of inhibition
by 1.

Finally we examined the ER-agonist potency of 1 and 3, i.e,
the transcriptional effects of these compounds via human ERax
and ERf, using HEK293/hERa and HEK293/hERf reporter
cells (Figure 7). Compound 1 showed agonist activity in both
of 293/hERa and 293/hERS reporter cells, though the binding
affinities were much weaker than that of E2. The EC30 values
of 1 for ERa and ERf are 30.8 nM and 10.4 nM, respectively
(125 nM and 0.864 nM, respectively, for E2). The relative
agonist activity of 1 was 66.8% of that of E2 in HEK293/hERa
and 122.0% of that of E2 in HEK293/hERf. Strikingly, 3
showed no agonist potency for ERa or ERf. These findings
strongly suggest that 3 can inhibit L-Glu transporters without
interaction with ERs.

In this study, we examined the potential of Tam-related
compounds to inhibit GLAST/EAAT1 and GLT1/EAAT2,
which are major astrocytic L-Glu transporters in the rat
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Figure 2. Compounds 1 and 3 inhibited 1-Glu clearance in cultured astrocytes. The open column shows the control clearance, and colored columns
show the clearance in the presence of various concentrations of compounds 1 (A), 2 (B), 3 (C), and 4 (D). **p < 0.01 vs control group (N = 6),

Tukey’s test following ANOVA.
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Figure 3. Effects of compounds 1 and 3 on cell viability. The results of MTT reduction and LDH leakage assays of 1 (A) and 3 (B) are shown.
*p < 005, **p < 0.01 vs control group (N = 6), Tukey’s test following ANOVA.

forebrain. Although GLT-1 is the main regulator of synaptically
released L-Glu in vivo, the predominant subtype changes to
GLAST in cultured astrocytes, possibly owing to the lack of
interaction of astrocytes with neurons.’® We confirmed that
GLAST is the main functional 1-Glu transporter in our primary-
cultured astrocytes by Western blotting and pharmacological
experiments (data not shown), in accordance with a previous
report.'® Therefore, the effects of the compounds observed
here can be interpreted as being due to modulation of GLAST
functional activity.

107

There is growing evidence that ERa, which is a nER that
mediates genomic effects, can also be translocated to plasma
membranes and mediate acute nongenomic effects in some
cases. Transfection of CHO cells with nERs was reported to
result in ER expression in both nuclei and membranes.'” ERs
on the plasma membranes of tumor cells were demonstrated to
be structurally similar to nERs.'® Further, mERa activated
metabotropic l%]utamate receptor 5 (mGIuRS) in striatal neurons
in the CNS.” In our previous study, we clarified that the
predominant ER subtype in cultured astrocytes was ERa, and
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Figure 4. Compounds 1 and 3 suppressed L-Glu clearance in astrocyte
culture by decreasing the functional activity of L-Glu transporter. L-Glu
clearance in the presence and absence of compounds 1 and 3 is shown,
together with their effects in the copresence of the potent nonselective
L-Glu transporter inhibitor TBOA. #**p < 0,01 vs control group (N = 6),
Tukey’s test following ANOVA.

estrogens (such as E2 and Tam) inhibited L-Glu transporter
activity via the activation of mERa.”> We found that the effects
of 1 were blocked by ICI182,780, suggesting an interaction of
1 with ERa. In addition, our pharmacological experiments
showed that activation of both of MAPK and PI3K is necessary
for the 1-Glu transporter-inhibitory activity of 1. There are
many reports indicating that nongenomic effects involving
mERa are mediated via MAPK'®™?' and PI3K.>*** Taken
together, the effects of 1 may be mediated by mER« in a similar
manner to E2 and Tam. E2 was reported to activate MAPK via
both PI3K-dependent and independent pathways in a single
neuron.”® Whether or not the same signaling pathways also
exist in astrocytes is not yet known. It is of interest that other
studies have found that estrogens also inhibit dopamine
transporter (DAT) through the activation of mERgq. >

On the other hand, the effect of 3 was ER-independent and
MAPK-independent, but PI3K-dependent. Our binding assay
revealed that 1 binds with ERs, but 3 does not. Based on these
results, we propose that the mechanisms of the L-Glu
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Figure 6. Involvement of MAPK and PI3K in the 1-Glu transporter-
inhibitory activity of compounds 1 (A) and 3 (B). Effects of
compounds 1 (left panels) and 3 (right panels) on L-Glu clearance in
the presence and absence of various concentrations of U0126, an
inhibitor of MAPK/ERKs (A) or LY294002, a specific inhibitor of
PI3K (B). *P < 0.05, **p < 0.01 vs control group, #p < 0.05 vs
compound-treated group (N = 6), Tukey's test following ANOVA.

transporter-inhibitory effects of 1 and 3 are different, as
illustrated in Figure 8. The effect of 3 was possibly mediated by
GPR30, a newly found ER, which is suggested to mediate the
rapid nongenomic effects of estrogens.ls‘zs In the case of
GPR30, ICI182,780 acts as agonist, leading to activation of
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Figure 5. Involvement of ERs in the L-Glu transporter-inhibitory effects of compounds 1 and 3. Effects of compounds 1 (A) and 3 (B) on t-Glu
clearance in the presence and absence of various concentrations of ICI182,780, a high-affinity antagonist of ERs. *P < 0.05 vs control group,
#p < 0.05 vs compound-treated group (N = 6), Tukey’s test following ANOVA.
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Figure 7. ER agonist potency of compounds 1 and 3 to nERs: dose
dependence of binding of compounds 1 and 3 in HEK293/hER« cells
(left) or HEK293/hERS cells (right). Compound 1 showed dose-
dependent agonist activity in both of HEK293/hER# cells (left) and
HEK293/hERg cells (right), though 3 showed no agonist potency for
ERa or ERf.

signal transduction pathways in a similar manner to estro-
gens.””*® However, we could not detect any effects of
ICI182,780 alone on L-Glu transporter in our experiments
(data not shown). In addition, Kuo et al. reported that GPR30
in astrocytes is detected not in the cell membranes but in the
smooth endoplasmic reticulum,” while the cellular localization
of GPR30 has been still controversially argued. In these
contexts, GPR30 is an unlikely mediator to block the L-Glu
transporters by the action of 3.

According to Kisanga et al, the concentration of Tam in
serum during conventional treatment for breast cancer (1—20
mg daily) is in the range from 20 to 225 nM.* Because 3 is
more hydrophobic than Tam (the values of clogP for Tam and
3 are 7.56 and 9.70, respectively), it should exhibit greater
permeability into the brain. Although other L-Glu transporter
inhibitors, mainly L-Glu/aspartate analogues, are known, few of
them have high brain transfer rates. Therefore, 3 is expected to
be useful for biological research, and is also considered to be a
promising candidate or lead compound for pharmacological
application.

In conclusion, examination of several Tam-inspired com-
pounds led to the discovery of two compounds that inhibited
astrocytic L-Glu transporters at picomolar concentration. The
inhibitory activity of compound 1 was mediated through the
ER-MAPK/PI3K pathway, like that of Tam, though its
transactivation activity was drastically reduced as compared
with E2. In contrast, the inhibitory effect of 3 was manifested
through an ER-independent and MAPK-independent, but
PI3K-dependent pathway, and 3 showed no transactivation
activity. These results suggest that 3 may represent a new
platform for the development of novel L-Glu transporter
inhibitors with higher brain transfer rates and reduced adverse
effects.

B METHODS

Chemistry. General Procedures. All reagents were commercial
products and were used without further purification, unless otherwise
noted. NMR data were recorded on a JEOL-400 or a Bruker Avance
400 NMR spectrometer (400 MHz for 'H NMR and 100 MHz for *C
NMR). d-CDCl; was used as a solvent, unless otherwise noted.
Chemical shifts (5) are reported in ppm with respect to internal
tetramethylsilane (6 = 0 ppm) or undeuterated residual solvent (i.e.,
CHCl; (8 = 7.265 ppm)). Coupling constants are given in hertz.
Coupling patterns are indicated as follows: m = multiplet, d = doublet,
s = singlet, br = broad. High-resolution mass spectrometry (HRMS)
was conducted in the electron spray ionization (ESI)-time-of-flight
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Figure 8. Schematic illustration of the proposed mechanisms of the
effects of tamoxifen (a) and compounds 1 (b) and 3 (c).

(TOF) detection mode on a Bruker micrOTOF-05. FAB-MS and
high-resolution FAB-MS were obtained on a JMS700-MSTATION
(JEOL, Japan). Column chromatography was carried out on silica gel
(silica gel 60N (100—210 m), Kanto Chemicals, Japan). Flash column
chromatography was performed on silica gel H (Merck, Germany).
Analytical thin-layer chromatography (TLC) was performed on
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precoated plates of silica gel HF,54 (Merck, Germany). All the melting
points were measured with a Yanaco Micro Melting Point apparatus
and are uncorrected. Combustion analyses were carried out in the
microanalysis laboratory of this faculty.

Synthesis of Compounds. Compounds 1 and 2 were synthesized
from 4-hydroxybenzophenone and butyl-3-one or dibenzylacetone by
using TiCl, in the presence of Zn. Introduction of the N,N-
dimethylaminoethyl moiety at the phenolic hydroxyl group of 1 and
2 was carried out by base treatment, followed by addition of 2-
dimethylaminoethyl chloride hydrochloride.

H TiCly/ Zn H
O » o C

2 (YAKO050)

Synthesis of Tamoxifen-Related Compounds. Compound 2
(YAK050). To a suspension of Zn powder (916.6 mg; 6.9 equiv with
respect to 4-hydroxybenzophenone) in dry THF (30 mL) in a 200 mL
three-necked flask, TiCl, (0.61 mL, 2.8 equiv) was added dropwise
under an argon atmosphere at —20 °C (in an ice-salt bath) over 2 min.
The resulting light green-yellow mixture was stirred at —20 °C for
20 min and then the cooling bath was removed. After 20 min, the flask
was immersed in a preheated oil bath at 100 °C and refluxed at 100 °C
with stirring for 2.5 h. To the resulting deep blue mixture was added in
one portion a solution of 4-hydroxybenzophenone (401.3 mg, 2.02
mmol) and dibenzyl ketone (1.2735 g, 3 equiv) in 50 mL of dry THF.
The resultant mixture was heated at reflux at 100 °C with stirring for
2 h, then allowed to cool to rt, and poured into 400 mL of 0.5 N
aqueous NaOH solution. The whole was extracted with ethyl acetate
(500 mL). The organic layer was washed with water, dried over
MgSO, and evaporated to give a pale yellow oil (1.5172 g), which was
column-chromatographed (silica gel, acetone/n-hexane (1:7)) to give
365.0 mg (48% yield) of the olefin 2 as a white amorphous solid. Mp:
§7-60 °C. '"H NMR (CDCl,): &: 7.287-7.079 (m, 17H), 6.760 (d,
2H, ] = 8.8 Hz), 4.792 (s, 1H), 3.413 (s, 2H), 3.377 (s, 2H). '*C NMR
(CDCL): &: 154.1, 143.0, 140.7, 140.4, 135.8, 135.4, 130.7, 129.4,
128.8, 128.3, 128.3, 128.2, 126.5, 125.9, 115.1, 37.4, 37.2. HRMS
(ESI7): Caled. for CosH,,0 ([M — H]7), 375.1754. Found: 375.1744.
Anal. Caled for C,5H,,0-0.2H,0: C, 88.48; H, 6.47; N, 0.00. Found:
C, 88.36; H, 6.63; N, 0.00.
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Compound 3 (YAK037). To a suspension of NaH (60%, 42 mg,
1.05 mmol) in DMFE (3 mL) at 0 °C was added a solution of the
phenol 2 (1582 mg, 0.420 mmol) in DMF (3 mL). The reaction
mixture was stirred for 30 min at 0 °C, and then a solution of
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2-dimethylaminoethyl chloride hydrochloride (181.0 mg, 1.256 mmol,
3.0 equiv) and Nal (94.0 mg, 0.627 mmol, 1.5 equiv) in DMF (3 mL)
was added. The reaction mixture was stirred at 50 °C for 30 min, and
then saturated aqueous NH,Cl was added to quench the reaction. The
mixture was extracted with Et,O. The organic layer was washed with
brine, dried over Na,SO, and evaporated to afford a residue, which
was column-chromatographed (ethyl acetate/Et;N = 100/1) to give
the intermediate amine (83.0 mg, 44% yield). The HCI salt of the
resultant amine was prepared by repeated addition of a solution of 2
N HCl in Et,0 to a solution of the amine in ethyl acetate, followed by
evaporation of the organic solvent to give 3.

3: White solid. Mp. 169—170 °C. 'H NMR (CDCL,): &: 13.073
(brs, 1H), 7.306—7.195 (m, 13H), 7.102=7.074 (m, 4H), 6.832 (d,
2H, | = 8.8 Hz), 4.481—4.459 (m, 2H), 3.425—3.390 (m, 6H), 2.893
(s, 6H). '*C NMR (CDCL,) &: 155.7, 142.8, 140.4, 140.3, 140.2, 136.8,
136.2, 130.9, 129.4, 128.8, 128.7, 128.4, 128.3, 128.3, 126.6, 126.0,
125.9, 1143, 62.8, 56.5, 43.6, 37.4, 37.2. HRMS (ESI', [M + H]"):
Caled. for C;,Hy,NO, 448.26349. Found: 448.26092. Anal. Caled for
C;,Hy,CINO-1/4H,0: C, 78.67; H, 7.12; N, 2.87. Found: C, 78.64; H,
7.30; N, 2.87.

Compound 1 (YAKOT).

HO,

Q

1 (YAKO1)

HO
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To a suspension of Zn (0.86 g, 13.2 mmol) in 30 mL of dry THF at
—5 °C was added dropwise TiCl, (0.72 mL, 6.6 mmol) under an argon
atmosphere. The mixture was heated at reflux for 2 h. A solution of
4-hydroxybenzophenone (341.1 mg, 1.7 mmol) and 3-pentanone
(0.50 mL, 5.0 mmol) in 50 mL of dry THF was added in one portion,
and heating was continued at reflux for 6 h. Then the reaction mixture
was cooled to rt, quenched with 10% aqueous K,CO; (100 mL) and
extracted with ethyl acetate (3 X 80 mL). The combined organic phase
was washed with brine (50 mL), dried over Na,SO,, and evaporated to
give a residue, which was flash column-chromatographed (3:1 hexane/
ethyl acetate) to afford 1 (383.4 mg, 88.3%) as a white solid.

1: Mp. 76.0-76.5 °C (colorless needles, recrystallized from
n-hexane). '"H NMR (CDCl;) é: 7.261 (2H, t, | = 8.0 Hz), 7.173
(1H, d, ] = 7.2 Hz), 7.128 (2H, d, ] = 7.6 Hz), 7.009 (2H, d, ] = 8.8
Hz), 6.726 (2H, d, ] = 8.8 Hz), 4.763 (1H, s), 2.152 (2H, quartet, ] =
7.6 Hz), 2.115 (2H, quartet, J = 6.0 Hz), 1.007 (3H, t, J = 7.6 Hz),
0.994 (3H, t, ] = 7.6 Hz). ®C NMR (CDCl;) &: 153.7, 1437, 142.0,
136.5, 136.2, 130.5, 129.2, 127.9, 125.9, 114.8, 24.4, 24.3, 13.3. HRMS
(ESI, [M — HJ]7): Caled. for C,gH; 07, 251.14414. Found:
251.14730, HRMS (FAB-MS, [M]*) Caled. for Cj3H,,0, 252.1514.
Found: 252.1528. Anal. Calcd. for C;gH,,O: C, 85.67; H, 7.99; N,
0.00. Found: C, 85.38; H, 8.13; N, 0.00.

Compound 4 (YAKOS6).

2-Dimethylaminoethyl chloride hydrochloride (282.4 mg, 2.0 mmol)
and K,CO; (1.5734 g 11.4 mmol) were stirred in acetone/H,O
(18 mL/2 mL) at 0 °C for 30 min, then compound 1 (139.1 mg,
0.55 mmol) and K,CO; (421.1 mg, 3.1 mmol) were added, and the whole
was heated at reflux for 24 h, then cooled to rt. Inorganic materials
were removed by filtration, and the filtrate was evaporated. The
residue was flash column-chromatographed (100:1 ethyl acetate/
Et;N) to afford the amine as a white solid (88.0 mg). To a solution of
the amine in ethyl acetate, a solution of HCl in ether was added to give
a precipitate, which was collected and recrystallized from ethanol/ethyl
acetate to give 4 (95.0 mg, 48%) as a white powder. 4: Mp. 129.5—
130.2 °C. 'H NMR (CDCly) 6 726—6.90 (9H, m), 4.07 (2H, t, ] = 6.0
Hz), 2.75 (2H, t, ] = 6.0 Hz), 240 (6H, s), 2.15 (4H, d, ] = 7.2 Hz),
1.00 (6H, t, ] = 7.2 Hz). HRMS (FAB-MS, [M-CI]*): Calced. for
C,,HyNO™: 324.2322. Found: 324.2321.
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Biology. All procedures using live animals in this study were
conducted in accordance with the guidelines of the National Institute
of Health Sciences, Japan.

Materials. Dulbecco’s modified Eagle’s medium (DMEM) and
fetal bovine serum (FBS) were purchased from GIBCO (CA, USA).
Glutamate dehydrogenase (GLD) was purchased from Roche
(Mannheim, Germany). f-Nicotinamide adenine dinucleotide
(ANAD), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT), I-methoxy-S-methylphenazinium methyl sulfate
(MPMS), lactate lithium salt and LY294002 were purchased from
Sigma (MO, USA). pr-threo-f-benzyloxyaspartic acid (TBOA) and
ICI182,780 were purchased from Tocris (MO, USA). U0126 was
purchased from Promega (WI, USA). Assay kits for hormonal effects
on HEK293/hERa and HEK293/hERJ reporter cells were purchased
from Clontech (CA, USA).

Cell Culture. Primary cultures of astrocytes were prepared from the
cerebral cortices of 3-day-old neonates of Wistar rats, as described
previously.® Briefly, dissociated cortical cells were suspended in
modified DMEM containing 30 mM glucose, 2 mM glutamine, 1 mM
pyruvate and 10% FBS, and plated on uncoated 75 cm” flasks at the
density of 600000 cells/cm®. A monolayer of type I astrocytes was
obtained 12—14 days after plating. Nonastrocytes such as microglia
were detached from the flasks by shaking and removed by changing
the medium. Astrocytes in the flasks were dissociated by trypsinization,
reseeded on uncoated 96-well microtiter plates at 20000 cells/em?,
and incubated until the cells became confluent (approximately 9—10
days after reseeding). In this culture, >98% of the cells were identified
as type I astrocytes on the basis of positivity for GFAP and flattened,
polygonal appearance.

Measurement of Extracellular 1-Glu Concentration. Extracellular
L-Glu concentration was measured by means of a colorimetric method
according to Abe et al>* Briefly, S0 L of culture supernatant was
transferred to each well of a 96-well microtiter plate and mixed with
50 uL of substrate mixture consisting of 20 U/mL GLD, 2.5 mg/mL
B-NAD, 0.25 mg/mL MTT, 100 uM MPMS and 0.1% (v/v) Triton
X-100 in 0.2 M Tris-HCI buffer (pH 8.2). After 10 min incubation at
37 °C, the reaction was stopped by adding 100 uL of solution
containing 50% (v/v) dimethylformamide and 20% (wt/vol) SDS (pH
4.7). In this reaction, MTT (yellow) is converted into MTT formazan
(purple) in proportion to the L-Glu concentration. The amount of
MTT formazan was determined by measuring the absorbance at 570 nm
(test wavelength) and 655 nm (reference wavelength) with a
microplate reader. The concentration of L-Glu was estimated from a
standard curve, which was constructed in each assay using cell-free
medium containing known concentrations of 1-Glu. 1-Glu clearance
was shown as the amount of L-Glu taken up by astrocytes, which was
calculated from the concentration difference in the medium.

Treatment with Test Compounds. 1-Glu was dissolved at 1 mM in
phosphate-buffered saline and diluted to 100 M with the culture

m

medium. Compounds 1, 2, 3, and 4 were dissolved at 100, 100, 100,
and 10 mM, respectively, in dimethyl sulfoxide (DMSO) and diluted
to the required final concentrations with the culture medium. The
concentration of DMSO in the medium was controlled to be below
0.1%, because we had already confirmed that 0.1% DMSO has no
effect on L-Glu transport activity or cell viability (data not shown).
Cells were incubated with test compounds for 24 h. TBOA (ICS0 =
48 uM for GLAST, 7 uM for GLT1) was freshly dissolved at 1 mM in
culture medium for each experiment. ICI1182,780 (ICS0 = 0.29 nM for
ERs), U0126 (IC50 = 72 nM for MEKI1, 58 nM for MEK2), and
LY294002 (IC50 = 1 uM for class 1 PI3K, 19 uM for class 2 PI3K)
were dissolved at 1, 5, and 5 mM, respectively, in DMSO, and the
solutions were diluted with culture medium to yield the required final
concentrations. These inhibitors were coapplied with 1 nM test com-
pounds (1—4) for 24 h.

Assay Procedure for Hormonal Effects on HEK293/hERa and
HEK293/hERf Reporter Cells. Human embryo kidney 293 cells
(HEK293) were grown in FBS (+) DMEM in 100 mm dishes. Cells
were subcultured once or twice a week at about 80% confluence. A
solution of 124 uL of 2 M calcium ion, 100 ng/well reporter or
negative control vector (pERE-TA-SEAP or pTA-SEAP, Clontech),
50 ng/well expression vector (pcDNA3 ERa or pcDNA3 ERS,
generous gift from Dr. Shige-aki Kato, University of Tokyo, Japan),
and 100 ng/well positive control vector (pSV-f-galactosidase,
Promega) was diluted to a final volume of 10 uL/well. This mixture
was carefully added dropwise to the same volume of HEPES solution
with slow vortexing, and the mixture was incubated at rt for 20 min to
obtain a precipitate. Cells from the exponential growth phase were
seeded (3.0 X 10* cells/ml) into 96-well plates the day before
transfection. The cells were incubated with fresh medium for 1 h, then
1/10 volume of precipitate was added to each well and incubation was
continued for 24 h at 37 °C in an atmosphere of 5% CO, in air. The
medium was replaced with fresh FBS (-) medium and incubation was
continued for a further 24 h. Then the cells were incubated with test
compounds for 24 h at 37 °C in an atmosphere of 5% CO, in air.
SEAP activity (Great EscapeTM SEAP chemiluminescence kit 2.0,
Clontech) and f-galactosidase activity (f-Galactosidase Enzyme Assay
System with Reporter Lysis Buffer, Promega) were measured with a
Spectramax MS microplate reader (Molecular Devices Japan, Tokyo,
Japan). All transfections were performed in triplicate.

Statistical Analysis. Data were obtained from four independent
experiments (averaged values of six wells for each) unless otherwise
noted. Data are expressed as means + SEM of these data. Tests of
homogeneity of variance, normality, and distribution were performed
to ensure that the assumptions required for standard parametric
ANOVA were satisfied. Statistical analysis was performed by one-way
repeated-measures ANOVA with post hoc Tukey's test for multiple
pairwise comparisons.
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Abstract Since gonadal female hormones act on and
protect neurons, it is well known that the female brain is less
vulnerable to stroke or other brain insults than the male
brain. Although glial functions have been shown to affect
the vulnerability of the brain, little is known if such a sex
difference exists in glia, much less the mechanism that
might cause gender-dependent differences in glial func-
tions. In this study, we show that in vitro astrocytes obtained
from either female or male pups show a gonadal hor-
mone-independent phenotype that could explain the gender-
dependent vulnerability of the brain. Female spinal
astrocytes cleared more glutamate by GLAST than male
ones. In addition, motoneurons seeded on female spinal
astrocytes were less vulnerable to glutamate than those
seeded on male ones. It is suggested that female astrocytes
uptake more glutamate and reveal a stronger neuroprotective
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effect against glutamate than male ones. It should be noted
that such an effect was independent of gonadal female hor-
mones, suggesting that astrocytes have cell-autonomous
regulatory mechanisms by which they transform themselves
into appropriate phenotypes.

Keywords Astrocytes - Sex difference - GLAST -
Glutamate - Neurotoxicity

Introduction

Astrocytes control synaptic transmission by releasing
gliotransmitters such as ATP and glutamate or by uptaking
excess neurotransmitters (Haydon 2001; Koizumi et al.
2003). As for the clearance of neurotransmitters, astrocytes
express excitatory amino acid transporter 1 (EAATI;
GLAST) or EAAT2 (GLT-1), by which they control the
extracellular glutamate concentrations and excitatory neu-
rotransmission. Thus, the functions of these transporters are
highly involved in glutamate-dependent excitotoxicity or
various neuronal diseases.

It is well known clinically and experimentally that
female brain is more resistant to various brain insults or
neurodegenerative diseases than male brain, and such sex
differences have been historically attributed to the protec-
tive effect of gonadal female hormones such as estrogen.
Studies by Sato et al. (2003) and Pawlak et al. (2005) have
already shown that, exogenously applied 17f-estradiol
(E2), the most potent mammalian estrogen, affects the
activity of glutamate uptake in astrocytes, which may in
part explain the gender difference in brain vulnerability.
However, sexual dimorphism generally persists well
beyond menopause (Sacco et al. 1998), suggesting that sex
differences in brain injury may not be entirely related to the
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influence of gonadal female hormones. In this study, we
demonstrate that female astrocytes in vitro are a high
glutamate-uptake phenotype that removes more glutamate
and protects motoneurons more against glutamate than
male ones. We also demonstrate that such a difference in
astrocytic function does not depend on gonadal female
hormones but depends rather on a local cell-autonomous
mechanism (s).

Materials and Methods

All of the animals used in this study were obtained, housed,
cared for, and used in accordance with the guidelines of the
Universities of Yamanashi and Hiroshima.

Cell Culture

The culture of spinal astrocytes was prepared as described
previously (Shibata et al. 2011) with minor modifications.
The spinal cord was removed from neonatal male or female
Wistar rats, Male and female rat pups were distinguished
by the larger genital papilla and longer ano-genital distance
in male versus female pups. To remove serum-derived
hormones, charcoal-stripped fetal bovine serum was used.
The culture of rat motoneurons was prepared as described
previously (Nishijima et al. 2001).

Measurement of Glutamate Uptake

Glutamate clearance was measured as previously described
(Sato et al. 2003).

Ca®* Imaging in Single Motor Neurons

Changes in the intracellular Ca** concentration ([Ca**]i)
were measured by the fura-2 method as previously
described (Koizumi et al. 2003). The amplitude of the high
K*-evoked [Ca’*]i elevation in motoneurons seeded on
either male or female astrocytes was used as an index of
neuronal function (Koizumi et al. 1994),

Chemicals

DL-threo-[3-Benzyloxyaspartic acid (TBOA) and Dihydro-
kainate (DHK) were purchased from TOCRIS Bioscience
(Bristol, UK). Anti-neurofilament H non-phosphorylated
(SMI-32) antibody was from COVANCE Japan Co. Ltd
(Tokyo, Japan). All other reagents were from Sigma-
Aldrich Japan (Tokyo, Japan).

@ Springer

Statistical Analysis

Experimental results are expressed as means + S.E.M.
Statistical analysis was performed using Student’s ¢ test.
One way analyses of variance (ANOVA) followed by
Tukey test were applied for multiple comparisons. The
differences between means were considered to be signifi-
cant when the p values were less than 5 %.

Results

Female astrocytes (grey columns) cleared significantly
larger amounts of glutamate than male ones (open col-
umns) both at 30 and 60 min (Fig. 1). At 30 min, female
astrocytes showed two times higher glutamate uptake
activity. When extracellular Na* was removed, the gluta-
mate clearance disappeared almost completely (data not
shown), indicating that the extracellular glutamate was
uptaken by Na®-dependent glutamate transporter(s). To
identify the predominant glutamate transporter(s) of cul-
tured astrocytes, we co-applied 0.3 mM TBOA, an inhib-
itor of both GLAST and GLT-1 (Shimamoto et al. 2004) or
1 mM DHEK, a selective inhibitor of GLT-1 (Johnston et al.
1974) with glutamate. TBOA dramatically inhibited the
glutamate uptake in both male and female astrocytes,
whereas DHK showed only slight inhibition or no effect,
suggesting that GLAST was dominant in both cultures.
We then investigated whether such sex-dependent dif-
ferences in glutamate uptake might affect neuronal dam-
age/death induced by exogenously applied glutamate.
Since the glutamate clearance by spinal astrocytes greatly
affects the survival of motoneurons (Jimonet et al. 1999),
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Fig. 1 Differences in glutamate (Glu) clearance in female and male
astrocytes. The uptake activity of female (grey columns) and male (open
columns) astrocytes, 30 and 60 min after incubation with glutamate in
the absence (Ctr) and the presence (TBOA or DHK) of inhibitors of
glutamate transporters. Female astrocytes uptook higher amounts of
glutamate than male ones at both time periods (Ctr). DHK had no or
only a slight effect on the glutamate uptake, but TBOA significantly
decreased the glutamate clearance both in male and female astrocytes
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Glutamate

SMI-32

Fig. 2 Potent protection of motoneurons by female astrocytes.
a Phase-contrast images of motoneurons seeded on male astrocytes,
showing the effects of glutamate-treatment. Left panel, healthy
motoneurons show phase bright morphology; right panel, motoneu-
rons damaged by glutamate seeded on male astrocytes, show dark,
flattened shape. b Fura-2 fluorescent images and immunostaining by
SMI-32 antibody. Left panel, fura-2 fluorescence; right panel,
immunocytochemical images of anti-SMI32 antibody of the

we used motoneurons cultured on either male or female
spinal astrocytes. Figure 2a shows phase-contrast images
of motoneurons, showing the effects of glutamate-treat-
ment. Healthy motoneurons show phase bright morphology
(left panel), but when damaged, they show a dark, flattened
shape. Motoneurons were stimulated with glutamate
(100 pM) for 30 min, and then washed-out and further
incubated with glutamate-free medium for 24 h. The
fraction of motoneurons with phase bright morphology was
dramatically decreased by the glutamate-treatment. For
quantitative analysis, we employed a high K'-evoked
increase in [Ca®T]i in neurons (Koizumi et al. 1994). The
treatment with glutamate (100 pM, 30 min, and then 24 h
washout) significantly decreased the high K'-evoked
responses in motoneurons on male astrocytes, whereas it
had almost no effect on the [Caz"']i responses in moto-
neurons on female astrocytes (Fig. 2c). After the Catt
imaging experiments, cells were stained with anti-SMI-32
antibody to confirm that the cells of interest were moto-
neurons (Fig. 2b, right).

Discussion
In this study, we demonstrated that (1) female astrocytes

cleared more glutamate by GLAST than male ones; (2)
spinal female astrocytes showed stronger protective action
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motoneurons after Ca®* imaging experiments. ¢ The high K*-evoked
increase in [Ca’*]i in motoneurons after treatment of cells with
glutamate (100 pM, 30 min, and then 24 h washout). Changes in
[Ca*"]i in cells were expressed as A ratio of F340/F380. The high
K*-evoked increase in [Ca®’]i in motoneurons seeded on male
astrocytes was decreased by glutamate but not in those seeded on
female astrocytes

against glutamate-evoked neuronal damage in motoneurons
than male ones; and most importantly, (3) these charac-
teristic features of female astrocytes were not necessarily
dependent on gonadal female hormones, since astrocytes
were obtained separately from either female or male pups
and cultured in the absence of sex hormones. Although
differences in the vulnerability to several types of brain
insults between female and male brains are often explained
by the fact that gonadal female hormones act on and pro-
tect neurons, it is unlikely that such differences are entirely
related to the hormonal effects on neurons. Thus, our
present results could be novel and important as that we
have shown that such sex differences could be explained by
(i) functional differences in astrocytes but not neurons, and
that (ii) these differences in astrocytic functions do not
totally depend on gonadal sex hormones but, presumably,
depend on the property of XX versus XY chromosomes, by
which each astrocyte is transformed into a distinct pheno-
type in a cell-autonomous mechanism, although we must
await further studies to clarify the detail molecular
mechanisms.

As for the peripheral sex hormone-independent mecha-
nisms, extragonadal production of E2 may be involved. E2
can be synthesized locally from testosterone by the aro-
matase cytochrome P450 in the CNS. In an experimental
stroke model, mice with targeted deletion of cyp19, which
codes for aromatase P450, showed more severe brain injury
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than wild-type litter mates (McCullough et al. 2003),
suggesting that aromatase and extragonadal E2 play an
important role in protection of the brain. It should be noted
that astrocytes express aromatase P450, and more impor-
tantly, that the expression of P450 is higher in female
astrocytes than that in male astrocytes (Liu et al. 2007).
These findings suggest that female astrocytes locally pro-
duce more estrogen than male, thereby leading to higher
expression of glutamate-transporters. The higher capacity
to clear glutamate causes the female astrocytes to have
higher neuroprotection against glutamate. However, further
study is required to clarify this issue.

Spinal astrocytes in vivo express more GLT-1 than
GLAST. It is well known that, similar to cultured astro-
cytes obtained from the hippocampus or cortex, GLT-1
expression becomes less dominant by cultivation. If cul-
tured with neurons, or in the presence of several factors
such as cAMP-forming reagents or f-lactam antibiotics,
GLT-1 expression is increased (Rothstein et al. 2005).
When spinal astrocytes were co-cultured with motoneu-
rons, it is possible that GLT-1 was upregulated contributing
to the clearance of glutamate in female astrocytes. Thus,
we do not exclude the involvement of GLT-1 in the higher
uptake of glutamate in female astrocytes.

Taken together, we demonstrated that spinal astrocytes
obtained from female pups showed higher glutamate
uptake activity and more intensive neuroprotection against
glutamate than those obtained from males. The effect was
independent of gonadal female hormones, suggesting that
astrocytes have cell-autonomous regulatory mechanisms by
which they transform themselves into less vulnerable
phenotypes.
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AMP-activated protein kinase-mediated glucose
transport as a novel target of tributyltin in human
embryonic carcinoma cellst

Shigeru Yamada,? Yaichiro Kotake,® Yuko Sekino® and Yasunari Kanda*?

Organotin compounds such as tributyltin (TBT) are known to cause various forms of cytotoxicity, including
developmental toxicity and neurotoxicity. However, the molecular target of the toxicity induced by nanomolar
levels of TBT has not been identified. In the present study, we found that exposure to 100 nM TBT induced
growth arrest in human pluripotent embryonic carcinoma cell line NT2/D1. Since glucose provides metabolic
energy, we focused on the glycolytic system. We found that exposure to TBT reduced the levels of both
glucose-6-phosphate and fructose-6-phosphate. To investigate the effect of TBT exposure on glycolysis, we
examined glucose transporter (GLUT) activity. TBT exposure inhibited glucose uptake via a decrease in the
level of cell surface-bound GLUT1. Furthermore, we examined the effect of AMP-activated protein kinase
(AMPK), which is known to regulate glucose transport by facilitating GLUT translocation. Treatment with the
potent AMPK activator, AICAR, restored the TBT-induced reduction in cell surface-bound GLUT1 and glucose
uptake. In condlusion, these results suggest that exposure to nanomolar levels of TBT causes growth arrest by
targeting glycolytic systems in human embryonic carcinoma cells. Thus, understanding the energy metabolism
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Introduction

Growing evidence suggests that environmental metals contribute to
developmental toxicity and neurotoxicity."™ Since the developing
brain is inherently more vulnerable to injury than the adult brain,
exposure to metals during early fetal development can potentially
cause neurological disorders at doses much lower than those that
are toxic in adults.*” Therefore, it is necessary to elucidate the
cytotoxic effects of such metals at low levels.

Organotin compounds are well known to cause cytotoxicity.
Although organotin compounds or derivatives have been shown
to have a potential anti-tumor activity®’ and some of them have
already been entered into preclinical trials,'® tributyltin (TBT) is
considered to be associated with developmental toxicity and
neurotoxicity.’* For example, TBT can cause increased fetal
mortality, decreased fetal birth weights, and behavioral
abnormalities in rat offspring.">'* TBT is known to affect
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may provide new insights into the mechanisms of metal-induced cytotoxicity.

fertilization and embryonic development.'* Moreover, TBT
has been shown to induce neuronal death by glutamate
excitotoxicity in cultured rat cortical neurons.'® Although the
use of TBT has already been restricted, butyltin compounds,
including TBT, have been reported to be still present at
concentrations between 50 and 400 nM in human blood.'®
However, the mechanism by which nanomolar levels of TBT
cause cytotoxicity is not fully understood.

Glucose is the primary energy source for homeostasis.
Glucose transport across the plasma membrane via a glucose
transporter (GLUT) is a rate-limiting step in glucose meta-
bolism.!” AMP-activated protein kinase (AMPK), a serine threonine
kinase, has been shown to regulate glucose uptake by facilitating
the translocation of the GLUT to the membrane or by activation of
transporter activity at the plasma membrane.’®'® The fetal
brain has been reported to rely on anaerobic glycolysis to meet
its energy demands.>® Thus, GLUT is considered essential in
the early organogenesis period. GLUT1, a major subtype of
GLUT in fetal tissue, has been shown to mediate organogenesis
in rat embryos.”" In addition, clinical data regarding human
GLUT1 deficiency syndrome suggest that GLUT1 is necessary
for human brain development.*

In the present study, we hypothesized a possible link
between TBT toxicity and glucose metabolism. We found that

Metallomics



Paper

exposure to TBT reduced the amounts of glucose-6-phosphate
and fructose-6-phosphate via a decrease in surface-bound
GLUT1 in the human pluripotent embryonic carcinoma cell
line NT2/D1. In addition, treatment with the potent AMPK
activator, 5-aminoimidazole-4-carboxyamide ribonucleoside
(AICAR), restored the inhibitory effect of TBT on both cell
surface-bound GLUT1 levels and glucose uptake. We report
here that the glycolytic pathway is a molecular target of nano-
molar levels of TBT in human embryonic carcinoma cells.

Methods

Cell culture

NT2/D1 cells were obtained from the American Type Culture
Collection. The cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS; Biological
Industries, Ashrat, Israel) and 0.05 mg mL™* penicillin-
streptomycin mixture (Life Technologies, Carlsbad, CA, USA)
at 37 °C and 5% CO,. For neural differentiation, all-trans
retinoic acid (RA; Sigma-Aldrich) was added to the medium
twice a week at a final concentration of 10 uM.

Cell proliferation assay

Cell viability was measured using the CellTiter 96 AQueous One
Solution Cell Proliferation Assay (Promega, Madison, W1, USA),
according to the manufacturer’s instructions. Briefly, NT2/D1
cells were seeded into 96-well plates and exposed to different
concentrations of TBT. After exposure to TBT, One Solution
Reagent was added to each well, and the plate was incubated at
37 °C for another 2 h. Absorbance was measured at 490 nm
using an iMark microplate reader (Bio-Rad, Hercules, CA, USA).

Glucose uptake assay

A glucose uptake assay was performed using a fluorescent glucose
derivative, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)Jamino}-2-deoxy-
p-glucose (2-NBDG; Peptide Institute Inc., Osaka, Japan) by the
previously reported procedure with slight modifications.*®
Briefly, NT2/D1 cells exposed to TBT were incubated with
2-NBDG (100 pM) for 2 h at 37 °C. The 2-NBDG uptake reaction
was stopped by draining the incubation medium and washing
the cells twice with ice-cold PBS. The incorporated 2-NBDG was
measured using a Wallac1420ARVO fluoroscan (Perkin-Elmer,
Waltham, MA, USA) with excitation at 488 nm and emission at
515 nm. The fluorescence intensities were normalized to the
total protein content.

Hexokinase activity assay

Hexokinase activity was determined using a commercial
Hexokinase Colorimetric Assay Kit (Biovision, Mountain View,
CA, USA), according to the manufacturer’s instructions.

AMPK activity assay

AMPK activity was determined using a commercial CycLex AMP
Kinase Assay Kit (MBL International, Woburn, MA, USA),
according to the manufacturer’s instructions.

Metallomics
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Determination of glucose-6-phosphate and fructose-6-
phosphate

Intracellular metabolites were extracted and used for subsequent
capillary electrophoresis time-of-flight mass spectrometry
(CE-TOFMS) analysis, as described previously.?* Glucose-6-
phosphate and fructose-6-phosphate were determined using an
Agilent CE capillary electrophoresis system (Agilent Technologies,
Waldbronn, Germany) equipped with an Agilent G3250AA LC/
MSD TOF system (Agilent Technologies, Palo Alto, CA), an Agilent
1100 series isocratic HPLC pump, a G1603A Agilent CE-MS
adapter kit, and a G1607A Agilent CE-electrospray ionization
53-MS sprayer kit. For system control and data acquisition,
G2201AA Agilent ChemStation software was used for CE, and
Agilent TOF (Analyst QS) software was used for TOFMS.

Western blotting

Western blotting was performed as previously reported.”®
Briefly, the cells were lysed using Cell Lysis Buffer (Cell Signaling
Technology, Danvers, MA, USA), and proteins were then separated
by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
and electrophoretically transferred to Immobilon-P membranes
(Millipore, Billerica, MA, USA). The membranes were probed using
primary antibodies (anti-GLUT1 polyclonal antibodies [1:200;
Santa Cruz Biotechnology, Santa Cruz, CA, USA], anti-c-Myc poly-
clonal antibodies [1:1000; Sigma-Aldrich], anti-Flag monoclonal
antibodies [1:1000; Sigma-Aldrich], and anti-B-actin monoclonal
antibodies [1:1000; Sigma-Aldrich]). The membranes were then
incubated with secondary antibodies against rabbit or mouse
IgG conjugated with horseradish peroxidase (Cell Signaling
Technology). The bands were visualized using an ECL Western
Blotting Analysis System (GE Healthcare, Buckinghamshire, UK),
and images were acquired using a LAS-3000 Imager (Fujifilm UK
Ltd., Systems, Bedford, UK). The density of each band was
quantified with Image] software (NIH, Bethesda, MD, USA).

Cell surface biotinylation

NT2/D1 cell surface proteins were biotinylated using a Cell
Surface Protein Isolation Kit, according to the manufacturer’s
instructions (Pierce, Rockford, IL, USA). Briefly, cells were incubated
with ice-cold phosphate-buffered saline (PBS; pH 7.4) containing
Sulfo-NHS-SS-Biotin, with gentle rocking for 30 min at 4 °C. The
biotinylated proteins were precipitated with streptavidin beads and
eluted from the beads with SDS sample buffer. The proteins were
analyzed by westermn blotting with anti-GLUT1 antibodies.

Immunohistochemistry

Cells, cultured on glass coverslips, were fixed in 4% para-
formaldehyde in PBS (pH 7.4) for 15 min at room temperature.
The fixed cells were incubated with anti-GLUT1 polyclonal
antibodies (1:100; Santa Cruz) for 1 h at room temperature.
Finally, they were incubated with Alexa488-conjugated secondary
antibodies (1:200; Life Technologies) for 1 h at room tempera-
ture. The cells were enclosed in SlowFade (Life Technologies)
and examined under a BIOREVO BZ-9000 fluorescent micro-
scope (Keyence, Osaka, Japan).
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Transfection

Cells were transiently transfected with Flag-tagged GLUT1
in pEF6 (a kind gift from Dr Rathmell) and c-Myc-tagged
constitutively active-AMPK-a1 (T172D) or c-Myc-tagged
dominant-negative-AMPK-01 (K45R) in pcDNA3 (a kind gift
from Dr Carling) using the FuGene HD Transfection Reagent
(Promega), according to the manufacturer’s protocol. After 48 h
incubation, the transfectants were cultured with 12.5 pg mL™*
blasticidin or 0.5 mg mL™" G418.

Real-time PCR

After total RNA was isolated from NT2/D1 cells using TRIzol (Life
Technologies), quantitative real-time reverse transcription (RT)-PCR
with a QuantiTect SYBR Green RT-PCR Kit (QIAGEN, Valencia, CA,
USA) was performed using an ABI PRISM 7900HT sequence
detection system (Applied Biosystems, Foster City, CA, USA), as
previously reported.”® The relative changes in the amounts of
transcripts in each sample were normalized using ribosomal
protein L13 (RPL13) mRNA levels. The sequences of the primers
used for real-time PCR analysis are as follows: GLUT1 (forward,
5'-CCAGCTGCCATTGCCGTT-3'; reverse, 5'-GACGTAGGGACCA-
CACAGTTGC-3'), GLUT2 (forward, 5'-CACACAAGACCTGGAA-
TTGACA-3'; reverse, 5'-CGGTCATCCAGTGGAACAC-3'), GLUT3
(forward, 5'-CAATGCTCCTGAGAAGATCATAA-3'; reverse, 5'-AAA-
GCGGTTGACGAAGAGT-3'), GLUT4 (forward, 5'-CTGGGCCTCA-
CAGTGCTAC-3; reverse, 5-GTCAGGCGCTTCAGACTCTT-3'),
nestin (forward, 5’-GGCAGCGTTGGAACAGAGGT-3'; reverse,
5'-CATCTTGAGGTGCGCCAGCT-3'), NeuroD (forward, 5'-GGAAA-
CGAACCCACTGTGCT-3'; reverse, 5'-GCCACACCAAATTCGTGGT-
G-3'), Math1 (forward, 5-GTCCGAGCTGCTACAAACG-3'; reverse,
5'-GTGGTGGTGGTCGCTTTT-3'), MAP2 (forward, 5'-CCAATGG-
ATTCCCATACAGG-3'; reverse, 5-CTGCTACAGCCTCAGCAGTG-3),
RPL13 (forward, 5-CATCGTGGCTAAACAGGTACTG-3'; reverse,
5'-GCACGACCTTGAGGGCAGCC-3').

Materials

TBT was obtained from Tokyo Chemical Industry (Tokyo, Japan).
Tin acetate (TA), AICAR, and rosiglitazone were obtained from
Sigma-Aldrich. All other reagents were of analytical grade and
obtained from commercial sources.

Statistical analysis

All data were presented as mean + S.D. ANOVA followed by a
post hoc Tukey test was used to analyze data in Fig. 1-4.
Unpaired Student’s ¢ test was used to analyze data in Fig. 5. A
p value of less than 0.05 was considered significant.

Results

To examine the effect of TBT on the proliferation of human
NT2/D1 embryonic carcinoma cells, we exposed the cells to
different concentrations of TBT for 24 h and measured cell
viability by MTT assay. Treatment with TBT reduced cell
viability in a dose-dependent manner (Fig. 14; 0.03-0.3 uM).
We observed that almost all cells were detached from the

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 Effect of TBT exposure on cell proliferation in NT2/D1 cells. (A) NT2/D1

cells were seeded into 96-well plates and exposed to TBT at different concentra-
tions for 24 h. (a—d) Phase-contrast photomicrographs of NT2/D1 cells exposed to
TBT at 0, 0.03, 0.1, or 0.3 uM (Bar = 100 pum). (e) Cell viability in the presence of
TBT or TA was examined using the CellTiter 96 AQueous One Solution Cell
Proliferation Assay. (B) NT2/D1 cells (6 x 10° cells) were seeded into 100 mm
dishes and exposed to 100 nM TBT. After 24, 48, and 72 h, cell count was
determined using a hemocytometer. *P < 0.05.
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Fig. 2 Effect of TBT exposure on glycolytic systems in NT2/D1 cells. (A) After
24 h exposure to 100 nM TBT or TA, glucose 6-phosphate (a) and fructose
6-phosphate (b) levels were determined using CE-TOFMS. (B) After exposure to
TBT or TA (30, 100 nM) for 24 h, glucose uptake assay was performed using a
fluorescent glucose analog 2-NBDG. The fluorescence intensities of incorporated
2-NBDG were normalized to total cellular protein content. (C) After exposure to
TBT or TA (30, 100 nM) for 24 h, hexokinase activity was measured using a
commercial assay kit. *P < 0.05.

culture dish at TBT concentrations of 300 nM and above. In
contrast, the less toxic TA had little effect at any concentration
(Fig. 1A-e). We performed time-course experiments with
100 nM TBT, and determined the cell number. Exposure to

Metallomics



-
o)}

Rl
[
-

-
o

AMPK activity (fold) >

05
0
confrol TA 18T
B
@ . ®)
15 =
— 2
g S
$ g
k-4 ki)
k| E
o,
3 2
[ 0.5 2
8 3 3
E] o 3
1]
0 5 B b K
control TBT  TBT+AICAR g T 4 It =
8 S¥ 2
8 = B
2 <
vector CA-AMPK
vedtot AT JTRT ONAMPK
Myc Ll
B-actin

Fig. 3 Effect of AMPK on glucose uptake in NT2/D1 cells. (A) NT2/D1 cells were
exposed to TBT or TA at 100 nM for 24 h. AICAR (0.5 mM) treatment was
performed for 3 h. AMPK activity in the lysed cells was determined using a
commercial assay kit. (B) NT2/D1 cells were exposed to TBT in the presence of
0.5 mM AICAR. (C) After overexpression of constitutively active (CA) mutants of
AMPK, NT2/D1 cells were exposed to 100 nM TBT for 24 h, and glucose uptake
assay was performed. After overexpression of dominant-negative (DN) mutants
of AMPK, basal glucose uptake was tested. A glucose uptake assay was
performed using the fluorescent glucose analog 2-NBDG. The fluorescence
intensities of incorporated 2-NBDG were normalized to total cellular protein
content. *P < 0.05.

TBT suppressed the growth curve, but the total cell number did
not alter throughout the time-course experiment (Fig. 1B).
These data suggest that exposure to 100 nM TBT induced
growth arrest in the cells without causing cell death.

Glucose provides metabolic energy for cell growth and it is
incorporated by glucose transporters."” To examine the mecha-
nism by which TBT induces growth arrest at low concentra-
tions, we determined the glucose-6-phosphate, a major
metabolite in glycolysis. We found that exposure to 100 nM
TBT reduced the amount of glucose-6-phosphate (Fig. 2A).
Fructose-6-phosphate, which is produced by isomerization of
glucose 6-phosphate, also reduced by TBT. To check whether
the decrease in glucose-6-phosphate is induced by inhibition of
glucose transport, we examined the activity of glucose uptake
by using 2-NBDG, a fluorescently labeled 2-deoxyglucose.
Similar to the cell growth, glucose uptake was significantly
inhibited by 100 nM TBT, not by 30 nM TBT (Fig. 2B). TA
had little effect on glucose uptake. To examine whether the
inhibition is regulated by transcription, we tested the effect of
short-term exposure. Exposure to TBT for 1 h suppressed
glucose uptake (Fig. S1, ESIT), suggesting that gene expression
is not involved in the effect of TBT. Since TBT has been shown
to activate transcriptional activity of peroxisome proliferator-
activated receptor y (PPARY),>"*® we tested the effect of the
PPARy agonist rosiglitazone on the glucose uptake. Treatment
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Fig. 4 Effect of TBT exposure on GLUT1 localization in NT2/D1 cells. (A) Expres-
sion of GLUT family by real-time PCR in NT2/D1 cells. Relative changes were
determined by normalizing to RPL13. (B) After exposure to 100 nM TBT for 24 h,
NT2/D1 cells were immunostained with anti-GLUT1 polyclonal antibodies.
(a) Control, (b) 100 nM TA, (c) 100 nM TBT, and (d) 100 nM TBT + 0.5 mM
AICAR. (Bar = 25 um). (C) {(a) NT2/D1 cell surface proteins were biotinylated using
Sulfo-NHS-SS-Biotin, and then lysed. After precipitation with streptavidin beads,
biotinylated proteins were analyzed by western blotting using anti-GLUT1
antibodies. Total GLUT1 protein was detected in cell lysate. (b) The relative
density of bands was quantified with Image) software. Cell surface GLUT1 levels
were normalized to total GLUT1 levels. (D) After overexpression of GLUT1, NT2/
D1 cells were exposed to 100 nM TBT for 24 h, and glucose uptake assay was
performed using the fluorescent glucose analog 2-NBDG. The fluorescence
intensities of incorporated 2-NBDG were normalized to total cellular protein
content. *P < 0.05.

with rosiglitazone increased glucose uptake (Fig. S2, ESIY),
suggesting that PPARy is not involved in TBT-induced inhibi-
tion of glucose uptake. Furthermore, we examined the activity
of hexokinase, which catalyzes the phosphorylation of glucose
into glucose-6-phosphate. As shown in Fig. 2C, hexokinase
activity was not significantly altered by TBT. Exposure to TA
also produced similar results. These data suggest that TBT
exposure decreases the amount of glycolytic metabolites via
inhibition of glucose transport.

AMP-activated protein kinase (AMPK) is known to regulate
the translocation of a glucose transporter (GLUT) to the plasma
membrane.”® We examined whether AMPK is involved in the
inhibition of glycolytic systems by TBT exposure. Exposure to
100 nM TBT reduced AMPK activity (Fig. 3A). In contrast, TA
had little effect on AMPK. In addition, treatment with AICAR
(a potent AMPK activator) recovered the inhibitory effect of TBT
on glucose uptake (Fig. 3B). To confirm the effect of AICAR, we
examined the effect of constitutively active (CA) mutants of
AMPK. Similar to the treatment with AICAR, overexpression of
CA-AMPK recovered the inhibitory effect of TBT on glucose
uptake. Overexpression of dominant-negative mutants of AMPK
reduced the basal level of glucose uptake, suggesting that
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Fig. 5 Effect of neuronal induction on glucose uptake under TBT exposure in
NT2/D1 cells. (&) To induce neuronal differentiation, NT2/D1 cells were treated
with 10 pM RA for 14 days. The relative expression of neuronal markers (NeuroD,
Math1, and MAP2) and a marker of undifferentiation (nestin) were measured by
real-time-PCR. The relative changes were normalized to RPL13. (B) Expressions of
members of the GLUT family were measured by real-time PCR in differentiated
NT2/D1 cells. Relative changes were determined by normalizing to RPL13.
(C) After exposure to 100 nM TBT for 24 h, glucose uptake was measured
in differentiated cells, The fluorescence intensities of intracellularly incorporated
2-NBDG were measured and normalized to the total cellular protein levels.
*P < 0.05.

glucose uptake is AMPK-dependent in NT2/D1 cells. Taken
together, these data suggest that TBT exposure suppresses
glucose uptake through the inhibition of AMPK activity.

We next examined the mechanism by which AMPK regulates
glucose uptake in NT2/D1 cells. Real-time PCR analysis showed
that GLUT1 was a major subtype in NT2/D1 cells (Fig. 4A). Since
TBT exposure did not affect gene expression of GLUT1 (data not
shown), we examined GLUT1 localization by immunohisto-
chemistry. Expression of GLUT1 was observed at the plasma
membrane and in the intracellular segment (Fig. 4B). Exposure
with TBT reduced the cell surface expression of GLUT1. Treat-
ment with AICAR recovered the inhibitory effect of TBT. To
confirm these observations using microscopy, we labeled cell
surface-bound GLUT1 by biotinylation of cell surface proteins
(Fig. 4C). Using this approach, we determined that TBT expo-
sure reduced the amount of cell surface-bound GLUT1. AICAR
reversed this inhibitory effect of TBT. Furthermore, overexpres-
sion of GLUT1 partially recovered the TBT-induced inhibition
of glucose uptake (Fig. 4D). These data suggest that TBT
inhibits glucose uptake mediated by cell surface translocation
of GLUT1, a process dependent on AMPK.

To examine whether the effect of TBT was selective
for embryonic cells, we used NT2/D1 cells differentiated by
retinoic acid.*” Real-time PCR analysis revealed that RA-treated
NT2/D1 cells showed upregulated expression of markers of
differentiation (NeuroD, Mathl, MAP2) and downregulated
expression of a marker of undifferentiation (nestin), confirming
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the induction of differentiation (Fig. 5A). Real-time PCR
confirmed that GLUT1 is a major subtype in the differentiated
NT2/D1 cells (Fig. 5B). Furthermore, exposure to 100 nM TBT
also reduced glucose uptake in differentiated NT2/D1 cells. In
contrast, TA had little effect (Fig. 5C). These data suggest that
TBT suppresses glucose uptake in both undifferentiated and
differentiated cells.

Discussion

In the present study, we showed that the glycolytic pathway is a
novel target of TBT toxicity in human embryonic carcinoma
cells. We showed that TBT suppresses AMPK-dependent glu-
cose uptake, and thereby, the amount of glucose-6-phosphate.
The inhibitory effects of TBT on glycolytic systems would lead
to growth arrest in the cells. Fig. 6 shows a proposed model of
TBT-induced toxicity, based on the data observed in our study.

Our studies showed that treatment with 1 pM TBT resulted
in the death of human embryonic carcinoma cells (Fig. 1).
Consistent with these observations, previous studies have
shown that micromolar levels of TBT induce apoptosis in
various cells such as human amnion cells,’* hepatocytes,*
and neutrophils.®® In contrast, exposure to 100 nM TBT
resulted in neither growth arrest nor cell death. Therefore, we
focused on intracellular metabolites as potential mediators of
TBT-induced growth arrest. We found that exposure to nano-
molar levels of TBT affects the intracellular metabolic balance
and decreases the amount of glucose metabolites (Fig. 2). A
previous report showed that the organotin compounds such as
TBT might be present in human blood at nanomolar levels.'®
Glucose metabolism analysis revealed novel toxic mechanisms
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Fig. 6 Proposed model of TBT toxicity in human embryonic carcinoma cells.
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for the toxicity of nanomolar levels of TBT. Thus, the glycolytic
pathway might account for the unknown toxic mechanism
induced by heavy metal exposure.

Our data suggest that the target molecule of TBT toxicity is
GLUT1, a major subtype of GLUT in NT2/D1 cells (Fig. 4). Since
the expression of GLUT1 is observed in a broad range of cell
types, the toxicity of TBT may also be observed in other cells.
For example, we showed that TBT reduces glucose uptake in
differentiated NT2/D1 cells, which express GLUT1 (Fig. 5).
Thus, it is possible that TBT induces toxicity in mature neurons
vig inhibition of GLUT function.

We showed that TBT decreases AMPK activity, one of the GLUT
regulators, in NT2/D1 cells (Fig. 3). In addition, overexpression
of AMPK or the AMPK activator restored the glucose uptake,
confirming that AMPK is a possible target of TBT. In contrast,
500 nM TBT has been shown to increase AMPK phosphorylation
in rat cortical neurons.* This discrepancy might be due to the
concentration of TBT or different types of cells.

Several studies suggest that TBT directly interacts with target
enzymes. TBT at a concentration of 10-100 nM has been shown
to act as an agonist of PPARy and the retinoid X receptor (RXR)
because of its higher binding affinity compared to intrinsic
ligands. Other studies reported that micromolar concentrations
of TBT inhibit FIFO ATP synthase and 11B-hydroxysteroid
dehydrogenase by direct interaction.**>*® Therefore, TBT can
bind to multiple targets with broad specificity. It is possible
that TBT also interacts with AMPK. On the other hand, calmo-
dulin-dependent protein kinase II (CaMK II) and serine-
threonine liver kinase B1 (LKB1) have been shown to phosphorylate
AMPK and cause subsequent activation of glucose transport.?’
Furthermore, there may be an additional signaling molecule
between TBT and AMPK. It remains to be elucidated how TBT
regulates AMPK in embryonic carcinoma cells.

Nanomolar levels of TBT may interact with several targets in
other types of cells, such as PPARy, RXR, and o-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptors
2 (GluR2). Since rosiglitazone, a PPARy agonist, increased
glucose transport in NT2/D1 cells (Fig. S2, ESIf), it is unlikely
that TBT inhibits glucose transport via PPARY in the cells. RXR
transgenic mice have been shown to exhibit an increase in
GLUT1 expression in the skeletal muscles.’” Since the expres-
sion level of GLUT1 was not changed by TBT exposure in NT2/
D1 cells and the inhibitory effect of glucose uptake was
observed after a 1 h treatment with TBT, it is likely that RXR
is not involved in TBT-mediated alteration of glucose transport.
Moreover, exposure to nanomolar levels of TBT has been
reported to decrease the mRNA expression of GluR2 in cultured
rat cortical neurons.*® Although NT2/D1 cells do not express
GluR2, it is possible that GluR2 may be a target in the
differentiated NT2/D1 cells. Further studies are required to
examine these targets other than the glycolytic pathway.

Conclusions

We found that exposure to nanomolar levels of TBT mainly
targets the glycolytic systems in human embryonic carcinoma

Metallomics
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cells. Thus, glycolytic systems may be a good target for pre-

viously unknown mechanisms of toxicity induced by metal
exposure at nanomolar levels.
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