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AMP-activated protein kinase-mediated glucose
transport as a novel target of tributyltin in human
embryonic carcinoma cells†

Shigeru Yamada,a Yaichiro Kotake,b Yuko Sekinoa and Yasunari Kanda*a

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 conclusion, 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

may provide new insights into the mechanisms of metal-induced cytotoxicity.

Introduction

Growing evidence suggests that environmental metals contribute to
developmental toxicity and neurotoxicity.1–3 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.4–7 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 activity8,9 and some of them have
already been entered into preclinical trials,10 tributyltin (TBT) is
considered to be associated with developmental toxicity and
neurotoxicity.11 For example, TBT can cause increased fetal
mortality, decreased fetal birth weights, and behavioral
abnormalities in rat offspring.12,13 TBT is known to affect

fertilization and embryonic development.14 Moreover, TBT
has been shown to induce neuronal death by glutamate
excitotoxicity in cultured rat cortical neurons.15 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.16

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.17 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.18,19 The fetal
brain has been reported to rely on anaerobic glycolysis to meet
its energy demands.20 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.21 In addition, clinical data regarding human
GLUT1 deficiency syndrome suggest that GLUT1 is necessary
for human brain development.22

In the present study, we hypothesized a possible link
between TBT toxicity and glucose metabolism. We found that
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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�1 penicillin–
streptomycin mixture (Life Technologies, Carlsbad, CA, USA)
at 37 1C and 5% CO2. For neural differentiation, all-trans
retinoic acid (RA; Sigma-Aldrich) was added to the medium
twice a week at a final concentration of 10 mM.

Cell proliferation assay

Cell viability was measured using the CellTiter 96 AQueous One
Solution Cell Proliferation Assay (Promega, Madison, WI, 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 1C 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)amino]-2-deoxy-
D-glucose (2-NBDG; Peptide Institute Inc., Osaka, Japan) by the
previously reported procedure with slight modifications.23

Briefly, NT2/D1 cells exposed to TBT were incubated with
2-NBDG (100 mM) for 2 h at 37 1C. 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.

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.24 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.25

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 ImageJ 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 1C. The
biotinylated proteins were precipitated with streptavidin beads and
eluted from the beads with SDS sample buffer. The proteins were
analyzed by western 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-a1 (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 mg mL�1

blasticidin or 0.5 mg mL�1 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.26 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,
50-CCAGCTGCCATTGCCGTT-3 0; reverse, 50-GACGTAGGGACCA-
CACAGTTGC-30), GLUT2 (forward, 50-CACACAAGACCTGGAA-
TTGACA-30; reverse, 50-CGGTCATCCAGTGGAACAC-3 0), GLUT3
(forward, 50-CAATGCTCCTGAGAAGATCATAA-30; reverse, 50-AAA-
GCGGTTGACGAAGAGT-30), GLUT4 (forward, 50-CTGGGCCTCA-
CAGTGCTAC-30; reverse, 50-GTCAGGCGCTTCAGACTCTT-30),
nestin (forward, 50-GGCAGCGTTGGAACAGAGGT-30; reverse,
50-CATCTTGAGGTGCGCCAGCT-30), NeuroD (forward, 50-GGAAA-
CGAACCCACTGTGCT-30; reverse, 50-GCCACACCAAATTCGTGGT-
G-30), Math1 (forward, 50-GTCCGAGCTGCTACAAACG-30; reverse,
50-GTGGTGGTGGTCGCTTTT-30), MAP2 (forward, 50-CCAATGG-
ATTCCCATACAGG-30; reverse, 50-CTGCTACAGCCTCAGCAGTG-30),
RPL13 (forward, 50-CATCGTGGCTAAACAGGTACTG-30; reverse,
50-GCACGACCTTGAGGGCAGCC-30).

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 t 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. 1A; 0.03–0.3 mM).
We observed that almost all cells were detached from the

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

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 mM (Bar = 100 mm). (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 � 105 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 o 0.05.

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 o 0.05.
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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.17 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, ESI†), 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 g (PPARg),27,28 we tested the effect of the
PPARg agonist rosiglitazone on the glucose uptake. Treatment

with rosiglitazone increased glucose uptake (Fig. S2, ESI†),
suggesting that PPARg 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.29 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

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 o 0.05.

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 mm). (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 ImageJ 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 o 0.05.
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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.30 Real-time PCR analysis revealed that RA-treated
NT2/D1 cells showed upregulated expression of markers of
differentiation (NeuroD, Math1, MAP2) and downregulated
expression of a marker of undifferentiation (nestin), confirming

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 mM 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,31 hepatocytes,32

and neutrophils.33 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.16

Glucose metabolism analysis revealed novel toxic mechanisms

Fig. 5 Effect of neuronal induction on glucose uptake under TBT exposure in
NT2/D1 cells. (A) To induce neuronal differentiation, NT2/D1 cells were treated
with 10 mM 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 o 0.05.

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
via 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.34 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 PPARg 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 F1F0 ATP synthase and 11b-hydroxysteroid
dehydrogenase by direct interaction.35,36 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.29

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 PPARg, RXR, and a-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptors
2 (GluR2). Since rosiglitazone, a PPARg agonist, increased
glucose transport in NT2/D1 cells (Fig. S2, ESI†), it is unlikely
that TBT inhibits glucose transport via PPARg in the cells. RXR
transgenic mice have been shown to exhibit an increase in
GLUT1 expression in the skeletal muscles.37 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.38 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

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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Tributyltin (TBT) is known to cause developmental defects as endocrine disruptive chemicals (EDCs). At
nanomoler concentrations, TBT actions were mediated by genomic pathways via PPAR/RXR. However,
non-genomic target of TBT has not been elucidated. To investigate non-genomic TBT targets, we performed
comprehensive metabolomic analyses using human embryonic carcinoma NT2/D1 cells. We found that
100 nM TBT reduced the amounts of a-ketoglutarate, succinate and malate. We further found that TBT
decreased the activity of NAD-dependent isocitrate dehydrogenase (NAD-IDH), which catalyzes the
conversion of isocitrate to a-ketoglutarate in the TCA cycle. In addition, TBT inhibited cell growth and
enhanced neuronal differentiation through NAD-IDH inhibition. Furthermore, studies using bacterially
expressed human NAD-IDH and in silico simulations suggest that TBT inhibits NAD-IDH due to a possible
interaction. These results suggest that NAD-IDH is a novel non-genomic target of TBT at nanomolar levels.
Thus, a metabolomic approach may provide new insights into the mechanism of EDC action.

E
ndocrine disruptive compounds (EDCs) have been studied extensively in environmental biology1. A large
number of EDCs are known to cause genomic action via nuclear receptor. For example, xenoestrogens such
as bisphenol A, genistein and diethylstilbestrol can bind to the estrogen receptor (ER) in the cell nucleus,

followed by the alteration of gene expression2,3. In addition, EDCs induce the activation of non-genomic signaling
pathways. For example, xenoestrogens increase intracellular calcium levels, activating eNOS and signaling cas-
cades such as PI3K/AKT and MAPK4–7. Thus, both genomic and non-genomic pathways are required to under-
stand the mechanism of EDC action.

Organotin compounds, such as tributyltin (TBT) are typical environmental contaminants and well known to
cause developmental defects as EDCs. For example, TBT can cause increased fetal mortality, decreased fetal birth
weights, and behavioral abnormalities in rat offspring8,9. Although the use of TBT has already been restricted,
butyltin compounds, including TBT, can still be found in human blood at concentrations between 50 and
400 nM10. Several studies revealed that TBT activates retinoid X receptor (RXR) and/or peroxisome prolifera-
tor-activated receptor c (PPARc). These genomic transcriptional activations result in developmental effects, such
as the imposex in many marine species11–13 and the enhancement of adipocyte differentiation in mammals14,15.
These TBT actions involve a higher binding affinity compared to intrinsic ligands at nM concentrations. In
addition to the genomic effects, non-genomic action of TBT has been also reported. For example, TBT has been
reported to inhibit the steroid biosynthesis pathway, which is responsible for the production of estrogen and
androgen16–18. Another report has shown that TBT inhibits mitochondrial F1F0 ATP synthase19. These data were
obtained at mM concentrations. Thus, the mechanism of nM concentrations of TBT has not been elucidated at a
non-genomic level. In a previous study, we reported that treatment with 100 nM TBT resulted in growth arrest by
targeting the glycolytic systems of the human embryonic carcinoma cell line NT2/D120. Therefore, we raised the
possibility that nM concentrations of TBT may target other non-genomic pathways which are involved in energy
metabolism.
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In the present study, we investigated the molecular target of TBT at
nM levels by comprehensive determination of the intracellular meta-
bolites in NT2/D1 cells after TBT exposure. We found that exposure
to 100 nM TBT reduced ATP production via NAD-dependent iso-
citrate dehydrogenase (NAD-IDH) in the cells. This NAD-IDH
inhibition resulted in the reduction of the TCA cycle metabolites.
In addition, TBT caused neural differentiation through an NAD-
IDH-dependent mechanism. We report here that our metabolomic
analysis revealed that NAD-IDH is a novel target of TBT in embry-
onic carcinoma cells.

Results
Metabolomic analysis of NT2/D1 cells exposed to TBT at nM
levels. To investigate the non-genomic effects of a well-known

endocrine disruptor TBT in human NT2/D1 embryonic carcinoma
cells, we comprehensively determined intracellular metabolites using
LC/MS. We found that exposure to 100 nM TBT reduced the
amounts of TCA cycle components, such as a-ketoglutarate,
succinate and malate (Figure 1a). The amounts of acetyl CoA and
isocitrate were not changed. We also found that treatment with
100 nM TBT reduced the ATP content of the cells (Figure 1b). In
contrast to TBT, exposure to the less toxic tin acetate (TA) did not
affect the amount of each metabolite. These data suggest that TBT
exposure decreases the amounts of TCA cycle metabolites, resulting
in a reduction of ATP content.

NAD-IDH enzyme activity of NT2/D1 cells exposed to TBT at nM
levels. Based on the results of the metabolomic analysis, we focused

Figure 1 | Metabolomic analysis of NT2/D1 cells exposed to TBT. The cells were exposed to 100 nM TBT or TA for 24 h. (a) The levels of several

metabolites, such as acetyl CoA, isocitrate, a-ketoglutarate, succinate and malate, were determined using CE-TOFMS. (b) The intracellular ATP content

was determined in the lysed cells. * P , 0.05 compared with the corresponding control group.
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on isocitrate dehydrogenase, which catalyzes the conversion of
isocitrate to a-ketoglutarate in the TCA cycle. Eukaryotes have
different types of isocitrate dehydrogenases, such as NAD-
dependent form (NAD-IDH; EC 1.1.1.41) and NADP-dependent
form (NADP-IDH; EC 1.1.1.42)21. NAD-IDH is first rate-limiting
enzyme in the TCA cycle and catalyzes an irreversible reaction, while

NADP-IDH is involved in reversible reaction for biosynthesis via
production of NADPH. As shown in Figure 2a, NAD-IDH activity
was significantly reduced following TBT treatment. Since NAD-IDH
is a heterotetramer composed of two a subunits (catalytic subunit),
one b subunit and one c subunit (regulatory subunit), we examined
the expression of each subunit gene. Real-time PCR analysis showed

Figure 2 | Effect of TBT exposure on NAD-IDH enzyme activity in NT2/D1 cells. The cells were exposed to 100 nM TBT or TA for 24 h. (a) NAD-IDH

activity was determined in the lysed cells. (b) The relative expressions of NAD-IDHa, b, and c were measured using real-time PCR. The relative changes

were normalized to the levels of RPL13. (c) The expression of NAD-IDHa protein was examined by western blot analysis using the anti-NAD-IDHa and

anti-b-actin antibodies. Cropped blots were shown and the full-length blots were indicated in Supplementary Fig. 4. (d) NADP-IDH activity was

determined in the lysed cells. (e) Aconitase activity was determined in the lysed cells. (f) To induce neuronal differentiation, the NT2/D1 cells were treated

with 10 mM retinoic acid (RA) for 14 days. After exposure to 100 nM TBT for 24 h, NAD-IDH activity was determined in the lysed cells. (g) The

relative expression levels of NAD-IDHa, b, and c in the differentiated cells were measured using real-time PCR. The relative changes were normalized to

the levels of RPL13. (h) The expression of NAD-IDHa protein was examined by western blot analysis using the anti-NAD-IDHa and anti-b-actin

antibodies. Cropped blots were shown and the full-length blots were indicated in Supplementary Fig. 4. * P , 0.05 compared with the corresponding

control group.
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that the expression of the NAD-IDHa, b and c genes was not
significantly changed by TBT exposure (Figure 2b). The protein
expression of catalytic a subunits was not also changed by TBT
exposure (Figure 2c). TA exposure did not affect either the enzyme
activity or the NAD-IDH expression. We next examined the effect of
TBT on NADP-IDH. The activity of NADP-IDH was not affected by
TBT exposure (Figure 2d). We further examined the activity of
aconitase (EC 4.2.1.3.), which catalyzes the conversion of citrate to
isocitrate in the TCA cycle. Aconitase activity was also not affected by
TBT exposure (Figure 2e). Thus, these data suggest that the
inhibitory effect of TBT is specific to NAD-IDH in the TCA cycle.

To investigate whether TBT cytotoxicity was caused by a genomic
transcriptional regulation, we tested the effects of the protein syn-
thesis inhibitor cycloheximide in NT2/D1 cells. Treatment with
cycloheximide did not alter the inhibitory effects of TBT on NAD-
IDH activity (Figure S1a) and intracellular ATP production (Figure
S2a). Moreover, the PPARc agonist rosiglitazone did not reduce
NAD-IDH activity (Figure S1b) and ATP content (Figure S2b).
These results suggest that transcriptional regulation is not involved
in the inhibition of NAD-IDH activity by TBT.

To examine whether the effect of TBT was selective for embryonic
cells, we used NT2/D1 cells that had differentiated in response to
retinoic acid. We observed that TBT also inhibited NAD-IDH activ-
ity in the differentiated NT2/D1 cells (Figure 2f). Real-time PCR
analysis showed that the expression of the NAD-IDHa, b, and c
genes was not significantly affected by TBT exposure (Figure 2g).
The protein expression of catalytic a subunits was not also changed
by TBT exposure (Figure 2h). TA exposure did not affect either the
activity or the NAD-IDH expression. These data suggest that TBT
reduces NAD-IDH enzyme activity regardless of the developmental
stage of the embryonic carcinoma cells.

Neuronal differentiation of RA-treated NT2/D1 cells exposed to
TBT at nM levels. It has been reported that ATP content decreases
during the differentiation of human embryonic stem cells into neural
stem cells (NSCs)22. Therefore, the reduction of ATP caused by TBT
treatment might be involved in neuronal differentiation. Moreover,
TBT has been reported to cause cell growth arrest in NT2/D1 cells20.
Because cell growth is generally reduced during differentiation, we
examined whether TBT affects the neuronal differentiation process in
NT2/D1 cells. Real-time PCR analysis revealed that retinoic acid
(RA)-treated NT2/D1 cells showed increased expression of the
differentiation markers NeuroD and Math1, confirming that neural
differentiation had occurred (Figure 3a). Furthermore, we observed
that TBT exposure enhanced the expression levels of these neuronal
differentiation markers. Treatment with rosiglitazone had little effect
on their expression (Figure S3), suggesting that PPARc is not
involved in neuronal differentiation. Taken together, these data
suggest that TBT promotes neuronal differentiation.

Effect of NAD-IDH knockdown on neuronal differentiation in
RA-treated NT2/D1 cells. To further investigate whether the
neuronal differentiation triggered by TBT exposure is through an
NAD-IDH-dependent mechanism, we performed knockdown (KD)
of NAD-IDHa, the catalytic subunit of NAD-IDH, using lentivirus-
delivered shRNAs. Real-time PCR analysis showed that KD
efficiency was approximately 40% (Figure 3b). Due to the partial
KD of the NAD-IDHa gene, NAD-IDH activity decreased to a
level (22%) comparable to its level following TBT inhibition (24%)
(Figure 3c). Further reduction of NAD-IDH activity was not
significantly observed after TBT exposure in the NAD-IDHa KD
cells. Similar to the effect of TBT, NAD-IDHa KD also reduced
the ATP content of the cells (Figure 3d), and caused cell growth
inhibition (Figure 3e). Further inhibition of ATP content and cell
growth was not significantly observed after TBT exposure in the
NAD-IDHa KD cells, suggesting that the NAD-IDH is a possible
target of TBT. In addition, we found that NAD-IDHa KD

significantly upregulated the expression of the neuronal differen-
tiation markers NeuroD and Math1 (Figure 3f). These data suggest
that NAD-IDH mediates TBT-induced neuronal differentiation in
embryonic NT2/D1 cells.

NAD-IDH enzyme activity in the brain of rats orally exposed to
TBT at low doses. To examine whether the in vitro inhibitory effect
of TBT on NAD-IDH is also observed in vivo, adult rats were orally
exposed to TBT at doses of 5 and 50 mg/kg. NAD-IDH activity in the
cerebral cortex was significantly reduced following exposure to both
doses of TBT (Figure 4a). Real-time PCR analysis showed that the
expression of the NAD-IDHa, b, and c genes was not significantly
affected by TBT (Figure 4b). The protein expression of catalytic a
subunits was not also affected by TBT (Figure 4c). NADP-IDH and
aconitase activities were not affected by exposure to either dose of
TBT (Figure 4d and e). These data suggest that TBT inhibits NAD-
IDH activity both in vitro and in vivo.

Reduction of recombinant hNAD-IDH enzyme activity in E. coli
lysate treated with TBT at nM levels. To investigate the mechanism
by which TBT inhibits NAD-IDH activity, we examined whether
TBT possibly interacts with NAD-IDH or not. Since NAD-IDHa
subunit alone has been reported to show no detectable IDH
activity, we used an Escherichia coli co-expression system of
recombinant human (h) NAD-IDHa,b,c subunits23. As shown in
Figure 5a, we confirmed the expression of a subunit of hNAD-
IDH protein in the extracts of E. coli transformants using western
blot analysis. To check the activity of the recombinant hNAD-IDH,
we used irreversible and allosteric NAD-IDH regulators. ADP has
been reported to activate NAD-IDH allosterically by lowering the
Km for the substrate isocitrate24. As expected, ADP increased the
activity of hNAD-IDH in our assay system. Conversely, Zn21 has
been reported to inhibit several metabolic enzymes, including NAD-
IDH, in hepatocytes25. We confirmed that Zn21 reduces hNAD-IDH
activity. Then, we examined whether TBT directly inhibits hNAD-
IDH activity by adding TBT to the E. coli extracts containing hNAD-
IDH. Treatment with 100 nM TBT for 1 h significantly reduced the
hNAD-IDH activity (Figure 5b). Treatment with TA had little effect.
Taken together, these data suggest that TBT inhibits hNAD-IDH
activity through its possible interaction, but again we can not be
sure that it is through direct binding with the data we have.

In silico docking simulation analysis. To further consider this
possible interaction between TBT and hNAD-IDH, we estimate
TBT accessibility into hNAD-IDH (EC 1.1.1.41) a and hNADP-
IDH (EC 1.1.1.42) homodimers by homology modeling and
docking studies. We show the overlaid structure of the calculated
hNAD-IDHa and hNADP-IDH (Figure 6a). The ligand binding
pocket of hNAD-IDHa was larger than that of hNADP-IDH
(Figure 6b). In our docking simulation, TBT was able to access the
hNAD-IDHa ligand-binding pocket, whereas the hNADP-IDH
pocket was not spacious enough to accommodate TBT (Figure 6c
and d). Thus, these studies suggest that the selective inhibition of
NAD-IDH by TBT may be due to differences in the pocket volumes
between hNAD-IDHa and hNADP-IDH.

Discussion
In the present study, we demonstrate that NAD-IDH is a novel non-
genomic target of TBT at nM levels both in vitro and in vivo. We
showed that exposure to nM concentrations of TBT reduced the
activity of NAD-IDH due to its possible interaction. We also found
that TBT exposure caused both inhibition of cell growth and
enhancement of neuronal differentiation through its inhibitory effect
of NAD-IDH.

Our data suggest that NAD-IDH is a novel target molecule of TBT
action. NAD-IDH is a NAD-dependent form of IDH found in NT2/
D1 cells and the rat brain (Figure 2–4). Because NAD-IDH is ubi-
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quitously expressed, the toxicity of TBT might be observed in various
cell types. Several TCA cycle enzymes have been reported to contrib-
ute to cell proliferation. For example, NADP-IDH plays a role for cell
growth under hypoxic conditions in human glioblastoma cells26.
Another study has shown that aconitase mediated cell proliferation
via ATP production in human prostate carcinoma cells27. NAD-IDH
has been shown to regulate the metabolic fluxes and the generation of
ATP in the TCA cycle28. Therefore, it is likely that NAD-IDH is a
target of TBT cytotoxicity and regulates cell growth in embryonic
carcinoma cells.

In addition to cell growth inhibition, we also showed that neural
differentiation is enhanced by TBT exposure or NAD-IDH inhibi-
tion (Figure 3). Consistent with our data, overexpression of NAD-
IDHa has been shown to reduce neuronal differentiation and neurite
outgrowth through the inactivation of MAPK phosphorylation in
PC12 cells29. Because TBT exposure has been reported to induce
neurotoxicity via ERK and p38MAPK phosphorylation in cultured
rat cortical neurons30, TBT exposure might cause cytotoxicity
through the MAPK pathways. Thus, a non-genomic pathway plays
a role in TBT toxicity. Indeed, the genomic target PPARc and treat-
ment with cycloheximide did not alter the effects of TBT (Figure S1–

3). It is unlikely that transcriptional regulation is involved in NAD-
IDH activity and the enhancement of neuronal differentiation. The
downstream pathway of TBT-NAD-IDH should be determined in
embryonic carcinoma cells.

Our data suggest that TBT regulates NAD-IDH activity through
possible interaction. However, we can not conclude that it is through
direct binding. Previous reports have suggested that TBT can bind to
multiple target proteins, such as PPARc, RXR, F1F0 ATP synthase
and 11b-hydroxysteroid dehydrogenase (11b-HSD) type 2, with
broad specificity19,31. For example, TBT binds the RXRa ligand-bind-
ing domain through a covalent bond between the tin atom and the
Cys residue32. TBT also binds 11b-HSD type 2 by interacting with
several Cys residues in the active site31. Because the ligand-binding
pocket of hNAD-IDHa contains several Cys residues33 and has
enough space to accommodate TBT, TBT might bind to hNAD-
IDHa via Cys residues. Future conformational analysis, including
X-ray crystallography or computer simulation, and mutagenesis
studies should be performed to determine whether TBT binds to
hNAD-IDHa or not.

Our metabolomic analysis showed that TBT inhibited cell growth
and enhanced neuronal differentiation through possible direct

Figure 3 | Effect of TBT exposure or NAD-IDH knockdown on neuronal differentiation in RA-treated NT2/D1 cells. (a) After treatment with RA for 7

days, the cells were treated with RA in the presence of 100 nM TBT for an additional 7 days. The relative expression levels of the neuronal markers NeuroD

and Math1 were measured using real-time PCR. The relative changes were determined following normalization to the levels of RPL13. (b–e) The cells

were infected with lentiviruses containing a vector encoding a shRNA directed against NAD-IDHa or a scrambled sequence shRNA (control). The

infected cells were subjected to selection with 0.5 mg/ml puromycin for 72 h and were then exposed to TBT at 100 nM for 24 h. (b) The relative expression

of NAD-IDHa was measured using real-time PCR. The relative change in expression was normalized to the levels of RPL13. (c) NAD-IDH activity was

determined in the lysed cells. (d) The intracellular ATP content was determined in the lysed cells. (e) Infected cells were seeded into 100 mm dishes and

cultured for 24 h. Cell count was determined using a hemocytometer. (f) After treatment with RA for 7 days, followed by treatment with RA and the

shRNA-containing lentiviruses for an additional 7 days, the relative expression levels of the neuronal markers NeuroD and Math1 were measured using

real-time PCR. The relative changes were determined following normalization to the levels of RPL13. * P , 0.05 compared with the corresponding group.
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inhibition of NAD-IDH activity in human embryonic carcinoma
cells. Thus, comprehensive approach of non-genomic metabolic
pathway might be a powerful tool to elucidate the mechanism of
EDC action.

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

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) 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 37uC and 5% CO2. For neural differentiation,
all-trans retinoic acid (RA; Sigma-Aldrich) was added to the medium twice a week at a
final concentration of 10 mM.

Determination of TCA cycle metabolites. Intracellular metabolites were extracted
and used for subsequent capillary electrophoresis time-of-flight mass spectrometry
(CE-TOFMS) analysis, as previously described. The amounts of the metabolites 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,
the G2201AA Agilent ChemStation software was used for CE, and the Agilent TOF
(Analyst QS) software was used for the TOFMS.

Measurement of intracellular ATP levels. The intracellular ATP content was
measured using the ATP Determination Kit (Life Technologies), according to the
manufacturer’s protocol. Briefly, the cells were washed and lysed with 0.1% Triton X-
100/PBS. The resulting cell lysates were added to a reaction mixture containing
0.5 mM D-luciferin, 1 mM DTT, and 1.25 mg/ml luciferase and incubated for 30 min
at room temperature. Luminescence was measured using a Wallac1420ARVO
fluoroscan (Perkin-Elmer, Waltham, MA, USA). The luminescence intensities were
normalized to the total protein content.

Isocitrate dehydrogenase (IDH) activity assay. IDH activity was determined using
the commercial Isocitrate Dehydrogenase Activity Colorimetric Assay Kit (Biovision,
Mountain View, CA, USA), according to the manufacturer’s instructions. Briefly,
NT2/D1 cells were lysed in an assay buffer provided in the kit. The lysate was
centrifuged at 14,000 g for 15 min, and the cleared supernatant was used for the
assay. NADP or NAD was used as the substrate for the NADP-IDH or NAD-IDH
assay, respectively.

Real-time PCR. Total RNA was isolated from NT2/D1 cells using the TRIzol reagent
(Life Technologies), and quantitative real-time reverse transcription (RT)-PCR with
the 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
transcript amounts of each sample were normalized to the mRNA levels of ribosomal
protein L13 (RPL13). The following primer sequences were used for real-time PCR
analysis: human NAD-IDHa: forward, 59-ATCGGAGGTCTCGGTGTG-39, reverse,
59-AGGAGGGCTGTGGGATTC-39; human NAD-IDHb: forward, 59-GCCTC-
AGCCGCATATCATAG-39, reverse, 59-GAGCAGGTGCTGAGTTCCAT-39;
human NAD-IDHc: forward, 59-TTAGCGGACGGAGGAATTGT-39, reverse, 59-
CAGCCCTTCTCTGCCGT-39; human NeuroD: forward, 59-GGAAACGA-
ACCCACTGTGCT-39, reverse, 59-GCCACACCAAATTCGTGGTG-39; human
Math1: forward, 59-GTCCGAGCTGCTACAAACG-39, reverse, 59-GTGGTGGT-
GGTCGCTTTT-39; human RPL13: forward, 59-CATCGTGGCTAAACAGGTAC-

Figure 4 | NAD-IDH enzyme activity in the brain of rats orally exposed to TBT at doses of 5 and 50 mg/kg for 6 h. (a) NAD-IDH activity was

determined in the brain lysates. (b) The relative expression levels of NAD-IDHa, b, and c in rats exposed to 50 mg/kg TBT were measured using real-time

PCR. The relative changes were normalized to the levels of RPL13. (c) The expression of NAD-IDHa protein was examined by western blot analysis using

the anti-NAD-IDHa and anti-b-actin antibodies. Cropped blots were shown and the full-length blots were indicated in Supplementary Fig. 4. (d) NADP-

IDH activity was determined in the brain lysates. (e) Aconitase activity was determined in the brain lysates. * P , 0.05 compared with the corresponding

TBT 0 group.
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TG-39, reverse, 59-GCACGACCTTGAGGGCAGCC-39; rat NAD-IDHa: forward,
59-TGGGTGTCCAAGGTCTCTC-39, reverse, 59-CTCCCACTGAATAGGTG-
CTTTG-39; rat NAD-IDHb: forward, 59-AGGCACAAGATGTGAGGGTG-39,
reverse, 59-CAGCAGCCTTGAACACTTCC-39; rat NAD-IDHc: forward, 59-
TGGGCGGCATACAGTGACTA-39, reverse, 59-TTGGAGCTTACATGCAC-
CTCT-39; rat RPL13: forward, 59-GGCTGAAGCCTACCAGAAAG-39, reverse, 59-
CTTTGCCTTTTCCTTCCGTT-39.

Aconitase activity assay. Aconitase activity was determined using the commercial
Aconitase Activity Colorimetric Assay Kit (Biovision), according to the
manufacturer’s instructions. Briefly, NT2 cells were lysed in an assay buffer provided
in the kit. The lysate was centrifuged at 14,000 g for 15 min, and the cleared
supernatant was used for the aconitase assay.

NAD-IDHa knockdown experiment. Transient gene knockdown was performed
using NAD-IDHa shRNA lentiviruses from Sigma-Aldrich (MISSIONH shRNA)
according to manufacturer’s protocol. A scrambled hairpin sequence was used as a
negative control. Briefly, the cells were infected with the viruses at a multiplicity of
infection of 10, in the presence of 8 mg/ml hexadimethrine bromide (Sigma-Aldrich),
for 24 h, and were then subjected to selection with 0.5 mg/ml puromycin for 72 h
prior to functional analyses.

Tissue preparation. The present study was approved by the animal ethics committee
and was conducted in accordance with the regulations on the use of living modified
organisms of Hiroshima University. Male Slc:Wistar/ST rats (8 weeks old) were
purchased from Japan SLC, Inc. (Shizuoka, Japan). They were housed under
controlled temperature, 12 h light/dark cycle, and humidity (75 6 5%) for at least 1
week prior to experiments. Standard pellet food and water were provided ad libitum.
TBT solution (5 and 50 mg/kg body weight) was orally administered to rats. TBT was
dissolved in polyethylene glycol. The whole brain was exposed by the use of fine
scissors and forceps, and the frontal part of cerebral cortex was excised from the brain.

Transformation and Expression of Recombinant Human NAD-IDH Proteins in
E. coli. pHIDHab1c plasmid DNA (a kind gift from Dr. T. L. Huh) was used to
transform E. coli BL21 (DE3) ultracompetent cells (BioDynamics, Tokyo, Japan). The
colonies with positive inserts were subcultured and grown overnight at 37uC in LB
medium (2 ml) supplemented with ampicillin (0.1 mg/ml). To express the enzyme,
15 ml tubes containing 2 ml of LB medium with 0.1 mg/ml ampicillin were
inoculated with freshly grown E. coli cells (1% v/v), and these cultures were grown at
37uC while being shaken at 220 rpm for 4 h. The flasks were then temporarily placed
in chilled water to lower the culture temperature to 25uC. Protein expression was
induced in the cells by shaking at a lower speed of 140 rpm with minimal aeration at
25uC for 20 h. Then, 2 ml of the cell culture was centrifuged at 6,000 g for 15 min to
separate the cells from the media, and the pellet was suspended in a total volume of
300 ml of cold assay buffer, a component of Isocitrate Dehydrogenase Activity Assay
Kit. The suspended cells were subjected to 3 cycles of freeze-thaw before sonication (5
cycles of 15 sec sonication and 45 sec rest) and lysed. The cell lysate was centrifuged
at 14,000 g for 15 min, and the cleared supernatant (crude extract) was separated.
Recombinant human NAD-IDH activity was determined by subtracting basal activity
in the crude extract from control BL21 cells.

Western blot analysis. Western blot analysis was performed as previously reported34.
Briefly, the cells were lysed with Cell Lysis Buffer (Cell Signaling Technology,
Danvers, MA, USA), and the proteins were separated by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis and electrophoretically transferred to
Immobilon-P (Millipore, Billerica, MA, USA). The membranes were probed with an
anti-NAD-IDH (IDH3) a polyclonal antibody (151,000; Abcam, Cambridge, UK), an
anti-b-actin monoclonal antibody (155,000; Sigma-Aldrich), and an anti-GAPDH
monoclonal antibody (152,000; Abcam). The membranes were then incubated with
secondary antibodies against rabbit or mouse IgG conjugated to horseradish
peroxidase (Cell Signaling Technology). The bands were visualized using the ECL
Western Blotting Analysis System (GE Healthcare, Buckinghamshire, UK), and the
images were acquired using a LAS-3000 Imager (FUJIFILM UK Ltd., Systems,
Bedford, UK). The density of each band was quantified using the ImageJ software
(NIH, Bethesda, MD, USA).

In silico docking simulation studies. Homology modeling and docking studies of
the human NAD-IDHa (hNAD-IDHa) and NADP-IDH (hNADP-IDH)
homodimers were performed using Molecular Operating Environment (MOE)
2012.10. The models of hNAD-IDHa and hNADP-IDH were constructed based on
the crystallographic structure of the porcine NADP-IDH homodimer (PDB:
1LWD)35 using the standard protocols in MOE 2012.10. The docking simulations of
the TBT-bound hNAD-IDHa and hNADP-IDH were carried out using ASEDock36.
The TBT ligand was assigned in ASEDock, and the conformations were calculated
using MMFF94S force field37.

Statistical analysis. Results are shown as mean 6 S.D. Statistical analysis was
performed using one-way ANOVA followed by Dunnett’s test. Differences at
P , 0.05 were considered to be significant.
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