
RESEARCH ARTICLE

NDRG2 is highly expressed in pancreatic b cells and involved
in protection against lipotoxicity
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Abstract The N-myc downstream-regulated gene 2

(NDRG2) is involved in cell differentiation and apoptosis,

but its function in the pancreas remains to be established.

Herein we examine the expression and function of NDRG2

in the endocrine pancreas. NDRG2 immunoreactivity was

localized mainly in the cytoplasm of pancreatic b cells.

When b-TC3 cells were exposed chronically to high levels

of free fatty acid (FFA), cell viability was impaired, and

Akt and NDRG2 phosphorylation were reduced. NDRG2 is

a potential substrate of protein kinase Akt. Overexpression

of constitutively active Akt enhanced NDRG2 phosphor-

ylation and abolished the apoptosis induced by FFA in

b-TC3 cells, whereas NDRG2 knock-down attenuated

Akt-mediated protection of b cells against fatty acid-trig-

gered apoptosis. Collectively, these data indicate that

NDRG2 acts as a key molecule in pancreatic b cells and is

involved in the Akt-mediated protection of b cells against

lipotoxicity.
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Introduction

The N-myc downstream-regulated gene 2 (NDRG2) is a

member of the NDRG gene family, which is involved in

cellular differentiation and development [1, 2]. Human

NDRG2 was first cloned in our laboratory from a normal

human brain cDNA library by subtractive hybridization

[3]. Several reports have provided insight into the physio-

logical roles of NDRG2 in the central nervous system.

NDRG2 is expressed in astrocytes and inhibits astrocy-

toma/glioblastoma cell proliferation [4, 5]. NDRG2 also

promotes neurite outgrowth of nerve growth factor

(NGF)-differentiated pheochromocytoma (PC12) cells [6].

Furthermore, NDRG2 expression is upregulated in Alz-

heimer’s disease [7]. In addition to its known functions in

the brain, NDRG2 is an early aldosterone-induced gene,

involved in stimulating amiloride-sensitive Na? currents in

Xenopus laevis oocytes and Fischer rat thyroid cells [8].

NDRG2 gene expression is downregulated during skeletal

muscle hypertrophy and upregulated during muscle atro-

phy. Therefore, NDRG2 acts as a novel regulator of

myoblast proliferation and can be regulated by anabolic

and catabolic factors [9]. In a previous study, we analyzed

NDRG2 expression in mouse embryonic and adult tissue,

and discovered NDRG2 immunoreactivity in the islet cells
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of adult mouse pancreas [10]. However, very little infor-

mation is available regarding the cellular localization and

physiological role of NDRG2 in the pancreas.

Long-term exposure of the endocrine pancreas to free

fatty acid (FFA) such as palmitic acid has an adverse effect

on b-cell function and survival [11, 12]. However, the

mechanisms by which FFA induces b-cell dysfunction and

injury are not fully understood. The protein kinase Akt is

an important molecule in the insulin signaling pathway and

promotes the survival of pancreatic islets [13]; especially

Akt activation can prevent b-cell apoptosis induced by

FFA [14]. Interestingly, phosphorylation of NDRG2 pro-

tein by protein kinase Akt and protein kinase C (PKC) has

been described in the insulin signaling pathway [15].

NDRG2 acts as the new substrate of Akt in the insulin

signaling pathway. Whether NDRG2 is involved in the

Akt-mediated protection of b cells against FFA-triggered

damage needs to be further studied.

In this study, we investigate further the expression and

cellular localization of NDRG2 in the pancreatic islet, as

well as its potential function in pancreatic islet cells. We

demonstrate firstly that NDRG2 is highly expressed in the

cytoplasm of pancreatic b cells but shows low expression

in other pancreatic endocrine cells. In addition, our

experiments suggest that the phosphorylation of Akt and its

substrate NDRG2 is decreased in b-TC3 cells under lipo-

toxic conditions. Overexpression of the constitutively

active form of Akt can enhance NDRG2 phosphorylation

and reduce b-cell apoptosis triggered by high concentra-

tions of FFA, whereas NDRG2 knock-down can attenuate

Akt-mediated b-cell protection against lipoapoptosis. Our

study suggests that NDRG2 can protect pancreatic b cells

against FFA-induced lipotoxicity, and it may represent a

novel area for therapeutic intervention in clinical diabetes.

Materials and methods

Plasmids and adenovirus

DNA fragments encoding FLAG-tagged human AKTa and

myristoylated-AKTa (myr-AKTa) were PCR-amplified

using a human dental pulp cDNA library as template with

the following primers: 50-GCGGATCCATGAGCGAC

GTGGCTATTGTG-30 and 50-GCGGATCCATGGGCT

GTGGCTGCAGCTCACACCCGGAAGATGACATGAG

CGACGTGGCTATTGTG-30 for AKTa, and 50-GCGAA

TTCTCACTTGTCATCGTCGTCCTTGTAGTCGCCAC

AGGCCGTGCTGCTG-30 for myr-AKTa, and then cloned

into the BamHI/EcoRI sites of the pcDNA3.1(?) vector

(Invitrogen Life Technologies, Carlsbad, CA). The domi-

nant negative form of human AKTa (K179M) was kindly

provided by Dr. Han et al. [16]. Expression vectors were

transfected into cells with Lipofectamine 2000 (Invitrogen)

according to the manufacturer’s instructions.

Recombinant adenoviruses carrying LacZ (Ad-LacZ) or

enhanced green fluorescent protein (EGFP; Ad-EGFP)

were purchased from Benyuan Zhengyang Gene Technol-

ogy Company Ltd. (Beijing, China). Recombinant

adenoviruses containing myr-AKTa were generated using

the AdEasy adenoviral vector system (Stratagene, La Jolla,

CA). Recombinant adenovirus particles were used to infect

b-TC3 cells. A pilot study with the control virus Ad-EGFP

demonstrated that 90–95% of the cells were infected, as

detected by fluorescence microscope (Olympus, Tokyo,

Japan; Supplemental Fig. 1).

Cell and tissue preparation

Mouse b-TC6 cells were kindly provided by Dr. Hongyang

Wang (Second Military Medical University, Shanghai,

China). Mouse b-TC3 cells were kindly provided by Dr.

Qiuhe Ji (Fourth Military Medical University, Xi’an,

China). INS-1 cells and HEK293 cells were obtained from

the China Center for Type Culture Collection (CCTCC;

Wuhan, China). INS-1 cells, b-TC3, and b-TC6 were

cultured in DMEM medium (Invitrogen) containing

5.5 mM glucose, 15% horse serum, 2.5% fetal bovine

serum, and 6 mM L-glutamine. HEK293 cells were cul-

tured in DMEM medium supplemented with 10% fetal

bovine serum. All cells were maintained in a humidified

5% CO2 atmosphere at 37�C.

C57 BL/6J mice (Fourth Military Medical University

Animal Research Center, Xian, China) were anesthetized

by intraperitoneal injection of 100 mg kg-1 ketamine and

10 mg kg-1 xylazine before dissection of the pancreas.

After removal, the tissues were immediately frozen in

liquid nitrogen until analysis. Mice were handled according

to animal protocols institutionally approved by the Fourth

Military Medical University.

Immunostaining

The monoclonal antibody FMU-NDRG2.3, which reacts

specifically with human and mouse NDRG2 [10, 17], was

generated from mice immunized with recombinant His-

tagged human NDRG2 protein. Western blotting analysis

confirmed that this antibody is specific only to NDRG2 and

not to NDRG1, NDRG3, and NDRG4 protein [18]. Human

and mouse pancreatic tissues were fixed in a freshly pre-

pared solution of 4% paraformaldehyde, dehydrated

through graded solutions of ethanol, and embedded in

paraffin. Serial sections (5 lm thick) were cut and mounted

on glass slides (Fisher, Pittsburgh, PA). After dewaxing

and microwave antigen retrieval, slides were incubated

with 10% normal goat serum for 1 h and then overnight at
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4�C with FMU-NDRG2.3 (diluted 1:150) or mouse

monoclonal antibody to insulin (diluted 1:150; Boster, Wu

Han, China). Biotinylated anti-mouse IgG (1:400; Sigma,

St. Louis, MO) was applied and detected with a strepta-

vidin-peroxidase complex and 0.1% 3, 3-diaminobenzidine

(Sigma) in phosphate-buffered saline (PBS) with 0.05%

H2O2 for 5 min at room temperature.

For immunofluorescence histochemistry, nonspecific

antibody-binding sites were first blocked with 1% bovine

serum albumin (BSA; Sigma) in PBS, after which dewaxed

slides were incubated with FMU-NDRG2.3 alone or in

combination with guinea-pig anti-insulin (diluted 1:150;

Abcam, Cambridge, UK), rabbit anti-glucagon (diluted

1:100; Zhongshan Goldenbridge, Beijing, China), somato-

statin (diluted 1:100; Boster), or pancreatic polypeptide

(Maxim, Fuzhou, China). The combinations were visual-

ized using a mixture of fluorescein isothiocyanate (FITC)-

conjugated anti-mouse (diluted 1:400; Sigma) and

Cy3-conjugated anti-rabbit (diluted 1:600; Sigma) or

Cy3-conjugated anti-guinea pig (diluted 1:200; Jackson

ImmunoResearch, West Grove, PA). Specimens were

examined with a FV300 laser scanning microscope

(Olympus, Tokyo, Japan).

For NDRG2 subcellular localization, the cells were fixed

in a freshly prepared solution of 4% paraformaldehyde,

rinsed, and permeabilized with 0.1% Triton X-100 in PBS.

Permeabilized cells were then incubated with horse serum

in PBS to block nonspecific binding. After thorough rinsing

with PBS, the cells were incubated overnight at 4�C with

FMU-NDRG2.3 (diluted 1:100), and incubated with fluo-

rescein isothiocyanate (FITC)-conjugated anti-mouse

antibody or Cy3-conjugated anti-mouse antibody (diluted

1:600; Sigma). Dual-color detection was performed by

confocal laser scan microscopy after treatment with 40,6-

diamidino-2-phenylindole (DAPI) to label nuclear DNA.

Immunoprecipitation and Western blotting analysis

Tissues and cells were collected and lysed as described

previously [19]. For immunoprecipitation, cell lysates

containing 1.5 mg total protein (quantified by BCA protein

assay; Pierce, Rockford, IL) were incubated with anti-c-

Myc (9E10) antibody (Santa Cruz Biotechnology, Santa

Cruz, CA) for 4 h at 4�C, followed by protein A-Sepharose

beads (Pierce) for 2 h at 4�C. Lysates and precipitates were

resolved by 10% SDS-PAGE, transferred to nitrocellulose

membranes (Amersham Biosciences, Uppsala, Sweden)

and probed with anti-c-Myc (9E10) and anti-phospho Akt

substrate antibody (Cell Signaling Technology, Irvine, CA).

For Western blotting, 50 lg total protein from tissue or

cell extracts was subjected to SDS-PAGE, blotted and probed

with anti-Akt, anti-phospho-Akt, anti-PTEN (Cell Signal-

ing), anti-NDRG2 (Abnova, Taiwan), anti-phospho-NDRG2

(Kinasource, Scotland), anti-caspase 3 active (Sigma), anti-a-

tubulin, or anti-b-actin antibody (Boster), alone or in combi-

nation. Secondary antibodies conjugated to IRDye
TM

800

(1:20,000 dilution; Rockland Inc., IL, USA) were detected by

an Odyssey infrared imaging system (LI-COR Inc., Lincoln,

NE).

Treatment of cells with FFA

Lipid-containing media were prepared by conjugation of

saturated palmitic acid (Sigma) as the FFA with BSA using

a modification of a previously published method [20]. After

preincubation overnight in the presence of 5.5 mM glucose

and 10% fetal bovine serum, cells were washed three times

with PBS and exposed to FFA (0–1.0 mM) for 72 h to

detect insulin secretion by ELISA assay and cell viability

by MTT assay. Equivalent amounts of fatty acid-free BSA

were added to the control group.

Evaluation of insulin secretion

b-TC3 cells were seeded into 96-well plates and incubated

with FFA (0–1.0 mM) before glucose-stimulated insulin

secretion (GSIS) studies. The treated cells were washed

three times and preincubated for 1 h in glucose-free Krebs-

Ringer HEPES buffer [21] in a 37�C humidified incubator.

Subsequently, cells were incubated in the same buffer

containing 5.5 or 25 mM glucose for 1 h, and the incuba-

tion media were collected to measure secreted insulin. The

insulin concentration in the supernatant was determined by

ELISA using commercially available kits according to the

manufacturer’s instructions (Linco, Charles, MO). The

number of live cells in each well was estimated using

resazurin (Sigma) [22]. The insulin secretion was expres-

sed in terms of the number of live cells in each well at the

end of the experiment.

Treatment of cells with small interfering RNA (siRNA)

for NDRG2

All siRNA oligonucleotides were purchased from Gene-

Pharma Company Ltd. (Shanghai, China). The sequences

of all specific siRNAs targeted to mouse NDRG2 are

shown in Fig. 7a. The siRNAs were transfected into cells

with Lipofectamine 2000 (Invitrogen). A pilot study with

the control fluorescent dye labeled siRNA demonstrated

that 90–95% of the cells were transfected, as detected by

confocal fluorescence microscopy (Supplemental Fig. 2).

MTT assay

Cells were seeded into 96-well plates in triplicate at a

starting density of 1 9 104 cells well-1 and treated with

NDRG2 protects b cells against lipotoxicity 1373



FFA. Treated cells were washed and incubated with the

tetrazolium salt (MTT, 100 lg ml-1; Sigma) at 37�C for

4 h. The supernatant was removed, and 150 ll dimethyl

sulfoxide (DMSO) was added to each well. The absor-

bance (OD) of the reaction solution at 490 nm was

recorded.

Detection of apoptosis

Flow cytometry analysis was used to detect apoptosis.

Cells were collected and washed with PBS. Cell death was

measured using two-color analysis of fluorescein isothio-

cyanate-labeled annexin V (Roche Applied Science)

binding and propidium iodide (PI) uptake using a Becton–

Dickinson fluorescence-activated cell sorter (FACS)

apparatus.

Statistical analysis

Statistical analysis was performed with SPSS software

(version 10.0; SPSS, Chicago, IL) using the Student’s t test.

Results are presented as the mean ± SEM from at least

three independent experiments unless otherwise stated.

Statistical significance was defined as P \ 0.05, and his-

tograms were prepared with Origin 6.0 (Microcal Software,

Inc., Northampton, MA).

Results

NDRG2 is highly expressed in the cytoplasm

of pancreatic b cells

Immunohistochemistry was performed to examine the tis-

sue and cellular distribution of NDRG2 in the adult mouse

pancreas. Consistent with our previous study [10], NDRG2

immunoreactivity was confined to pancreatic islets, with a

weaker signal in pancreatic acinar tissues (Fig. 1a, b).

Furthermore, significant staining of NDRG2 (Fig. 1c)

overlapped with insulin staining (Fig. 1d) in the adult

mouse pancreas. NDRG2 immunoreactivity was also

localized to adult human pancreatic islets and showed

strong similarity to insulin immunolocalization (data not

shown). A negative control of nonimmune serum in the

absence of the primary antibody abolished immunostaining

in all tissues examined.

To examine the cellular distribution of NDRG2, we

performed double-labeling immunofluorescence histo-

chemistry on mouse pancreatic islets. NDRG2

immunoreactivity was detected in insulin-containing cells

(Fig. 2a), but not in glucagon- (Fig. 2b), somatostatin-

(Fig. 2c), and pancreatic polypeptide-containing cells

(Fig. 2d). Immunostaining of serial sections of the islet

with anti-NDRG2, anti-insulin, anti-glucagon, anti-

Fig. 1 NDRG2 is present in

pancreatic islets. a and b
Immunohistochemistry of

mouse pancreatic tissues

showing NDRG2 staining;

rectangles indicate areas shown

at higher magnification.

b In the next micrograph (scale
bars 50 lm). c and

d Immunohistochemical

localization of NDRG2 (c) and

insulin (d) in adult mouse

pancreatic tissues, showing

expression in the same cells in

pancreatic islet (scale bars
50 lm)
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somatostatin, and anti-pancreatic polypeptide antibodies

revealed that NDRG2 exhibited high expression in pan-

creatic b cells, but low expression in pancreatic a cells and

d cells, and moderate expression in PP cells (Fig. 2).

We further examined the expression and distribution of

NDRG2 in cultured insulinoma cell lines including mouse

b-TC3 cells, mouse b-TC6 cells, and rat INS-1 cells.

Western blotting was performed to detect endogenous

NDRG2 expression in b-TC3, b-TC6, and INS-1 cells, all

of which supported the evidence from the tissue studies

showing that NDRG2 is highly expressed in the pancreatic

b cell (Fig. 3a). The subcellular localization of NDRG2

was determined by immunofluorescent staining. Dual-color

detection of NDRG2 and DAPI demonstrated that NDRG2

was localized mainly in the cytoplasm of pancreatic b cells

(Fig. 3b) and remained in the cytoplasm during apoptosis

(Supplemental Fig. 3).

NDRG2 is a substrate of protein kinase Akt

The presence of NDRG2 in pancreatic b-cell and insuli-

noma cell lines suggests that NDRG2 has an important

role in the biological function of these cells. It is reported

that Akt mediates insulin-stimulated phosphorylation of

NDRG2 [15]. Meanwhile, insulin/IGF/Akt signaling is

involved in b-cell survival and ER stress-induced apop-

tosis [23]. We further identified NDRG2 as a new

substrate of Akt and investigated the function of this

pathway in b cells. Constitutively active Akta containing

a myristoylation signal (myr-Akta; Fig. 4a) or a dominant

Fig. 2 NDRG2 is expressed

specifically in the cytoplasm of

pancreatic b cells. Paraffin

sections of pancreatic islets

were stained with anti-NDRG2,

anti-insulin, anti-glucagon, anti-

somatostatin, and anti-

pancreatic polypeptide

antibodies, and visualized using

either FITC (green) or Cy3

(red). Confocal images show

that NDRG2 immunoreactivity

is present in insulin-containing

cells (a), but not in glucagon-

containing (b), somatostatin-

containing (c), or pancreatic

polypeptide-containing islet

cells (d). Colocalization of

NDRG2 immunoreactivity

(green) with insulin (red) is

indicated by yellow color in the

overlay image (scale bars
50 lm)

NDRG2 protects b cells against lipotoxicity 1375



negative Akt (K179M; DN-Akt) was co-overexpressed

with Myc-tagged NDRG2 in HEK293 cells. NDRG2 was

immunoprecipitated and immunoblotted with Myc anti-

body and phospho-(Ser/Thr) Akt substrate antibody.

Compared with endogenous Akta, overexpression of

constitutively active Akta increased phosphorylation of

NDRG2, whereas overexpression of inactive Akt had little

effect (Fig. 4b, c).

Long-term exposure to palmitic acid decreases b-TC3

cells viability and Akt-NDRG2 phosphorylation

It is well known that chronic hyperlipidemia contributes to

b-cell apoptosis, reduction in insulin secretory capacity,

and strikingly similar gene expression patterns [24]. Fur-

thermore, FFA induced pancreatic b-cell apoptosis by ER

stress [25, 26], accompanyied with the reduction of Akt

phosphorylation [23]. However, it is not known whether

such changes also include NDRG2 expression and phos-

phorylation, which might be involved in b-cell survival and

apoptosis under stress conditions. Therefore, we investi-

gated the effect of FFA on the expression and

phosphorylation of Akt and NDRG2 in b-TC3 cells.

After b-TC3 cells were incubated with FFA (palmitic

acid) at the indicated concentration for 72 h, GSIS

decreased in a FFA concentration-dependent manner

(Fig. 5a). However, cell viability decreased significantly in

b-TC3 cells exposed to 0.8 and 1.0 mM palmitic acid

(Fig. 5b). Moreover, Western blotting showed that pro-

longed exposure of b-TC3 cells to palmitic acid at high

concentrations (0.8 and 1.0 mM) elevated the expression of

PTEN (phosphatase and tensin homolog), and decreased

Akt phosphorylation at Ser-473 and NDRG2 phosphory-

lation at both Ser-332 and Thr-348 (Fig. 5c, d). In addition,

the Akt phosphorylation at Ser-473 began to decrease in

b-TC3 cells exposed to 0.5 mM palmitic acid concentration

Fig. 3 NDRG2 is highly

expressed in the cytoplasm of

insulinoma cell lines. a Whole

cell protein samples from

INS-1, b-TC3, and b-TC6 cells

were examined for NDRG2

expression by Western

blotting analysis.

b Immunocytochemical staining

of INS-1, b-TC3, and b-TC6

cells by using NDRG2 antibody

and FITC-conjugated secondary

antibody shows the localization

of NDRG2 (green). DAPI

staining (blue) reveals the cell

nuclei. Magnification 4009
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(Supplemental Fig. 4). There results suggest that pro-

longed exposure of b-TC3 cells to high levels of FFA

reduces both cell viability and phosphorylation of Akt and

NDRG2.

Akt–NDRG2 pathway activation inhibits palmitic

acid-induced b-TC3 cell apoptosis

To further investigate the functional role of Akt and NDRG2

in pancreatic b cells under lipotoxic conditions, we examined

the effect of b-TC3 cells infected with adenovirus encoding

myristoylated Akta or LacZ control in response to high

concentrations of FFA (0.8 and 1.0 mM palmitic acid) for

72 h. In agreement with in vitro experiments, overexpression

of constitutively active Akta using 6.25 multiplicities of

infection (MOI) adenovirus enhanced NDRG2 phosphory-

lation at Ser-332 and Thr-348 in b-TC3 cells (Fig. 6a).

Furthermore, cell apoptosis triggered by high concentrations

of FFA was markedly attenuated when Akt and NDRG2 were

activated by overexpression of myr-Akta (Fig. 6b).

NDRG2 knock-down attenuates Akt-mediated

protection of b-TC3 cell against lipoapoptosis induced

by palmitic acid

To investigate further whether NDRG2 is involved in

Akt-mediated cell protection against lipotoxicity, we

examined the anti-apoptotic effect of Akt-protection

against lipotoxicity when NDRG2 expression was knocked

down. As the half-life of NDRG2 protein in b-TC3 cells

was less than 8 h (Supplemental Fig. 5), we examined the

effect of NDRG2 expression in b-TC3 cells after trans-

fection with siRNAs against NDRG2 for 48 h (Fig. 7a).

Western blotting showed that NDRG2 siRNAs (siRNA1,

siRNA2, and siRNA3) suppressed endogenous NDRG2

expression; siRNA3 was especially effective at reducing

NDRG2 expression in b-TC3 cells (Fig. 7b). Furthermore,

when cells were infected with Ad-myr Akt and treated with

1.0 mM palmitic acid, NDRG2 knock-down increased the

apoptosis of b-TC3 cells (Fig. 7c, d; Supplemental Fig. 6).

Our present study indicates that NDRG2 acts as the

substrate of Akt and is involved in protection of b cells

against damage induced by lipotoxicity.

Discussion

NDRG2 plays a variety of roles in cell proliferation and

differentiation [27], stress response [28], and p53- and

HIF-1-mediated apoptosis [28, 29]. In our earlier obser-

vations of NDRG2 expression in mouse adult tissues by

immunohistochemistry assay, strong NDRG2 immunore-

actions were detected in pancreatic islets [10]. In this

study, we expanded earlier observations of the specific

expression of NDRG2 in pancreatic b cells and investi-

gated its biological functions. Our results showed that

Fig. 4 Constitutive activation of Akta promotes NDRG2 phosphor-

ylation. a Schematic representation of the various Akta vectors

showing the structures of wild-type Akta, DN-Akta, and myr-Akta.

b HEK293 cells were transiently transfected with constructs encoding

FLAG-tagged wild-type Akta, DN-Akta (K179M), myr-Akta, and

wild-type Akta. Cell lysates were separated by SDS-PAGE and

subjected to Western blotting prior to detection with antibodies

against Akt, phospho-Akt (Thr308), or b-actin. c HEK293 cells were

transiently transfected with a cDNA construct encoding Myc-tagged

NDRG2, with either myr-Akta or DN-Akta as indicated. NDRG2 was

immunoprecipitated and immunoblotted with phospho-(Ser/Thr) Akt

substrate antibody as described in the ‘‘Materials and methods’’

section
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NDRG2 expression was strong in the cytoplasm of pan-

creatic b cells but weak to moderate in a cells, d cells, or

pancreatic polypeptide (PP) cells. Although pancreatic b
cells are only a small fraction of cells in the whole

pancreas, strong NDRG2 expression in these cells sug-

gests a potential role in pancreatic b-cell function. The

moderate NDRG2 immunostaining in PP cells demon-

strates the need for further exploration of the potential

biological functions of NDRG2 in PP cells.

Chronic hyperlipidemia presents in some adolescents

with type 2 diabetes and exerts deleterious effects on pan-

creatic b cells [30–32]. Contrary to the acute effects of FFA

on b cells (Supplemental Fig. 7), long-term exposure of b
cells to high levels of FFA inhibits insulin secretion and

induces b-cell apoptosis. However, overexpressing the

constitutively active form of Akt attenuates the apoptosis

caused by high levels of palmitic acid [14]. We further

observed that prolonged exposure to high levels of FFA

impaired b-cell viability, accompanying the decrease of Akt

and NDRG2 phosphorylation. Furthermore, overexpression

of myristoylated Akta enhanced Akt and NDRG2 phos-

phorylation and weakened the lipoapoptosis effect caused

by prolonged exposure to high levels of FFA, whereas

NDRG2 knock-down attenuated Akt-mediated protection

of b-TC3 cell against lipoapoptosis induced by palmitic

acid. Our study here provides evidence that NDRG2 is an

Akt substrate and is probably involved in Akt-mediated

protection of b cells against FFA-induced lipoapoptosis.

The mechanisms of FFA-induced lipoapoptosis are still

under investigation. Many kinases and their related signal

Fig. 5 Prolonged exposure to high concentrations of palmitic acid

induces b-cell dysfunction and decreases Akt–NDRG2 phosphoryla-

tion. b-TC3 cells were incubated with either 1% BSA or the indicated

concentration of palmitic acid complexed to 1% BSA for 72 h. a and

b GSIS was measured by ELISA assay, and cell viability was

measured by MTT assay. c Western blot results of the effect on

members of the PTEN-Akt-NDRG2 signaling pathway in b-TC3 cells

chronically exposed to high levels of palmitic acid. b-TC3 cells were

incubated with the indicated concentration palmitic acid complexed to

1% BSA for 72 h, and cell lysates were immunoblotted with

antibodies against PTEN, Akt, phospho-Akt (Ser473), NDRG2,

phospho-NDRG2 (Ser332), phosphor-NDRG2 (Thr348), and b-actin.

d The histograms of the quantitative analysis of Western blot results

showing the relative density of phospho-Akt (Ser473) compared to

Akt, and either phospho-NDRG2 (Ser332) or phospho-NDRG2

(Thr348) compared to NDRG2 in b-TC3 cells exposed to the

indicated concentration of palmitic acid complexed to 1% BSA. Data

are shown as the means ± SEM from at least three independent

experiments (*P \ 0.05, **P \ 0.01 compared to the control)
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Fig. 6 Akt-NDRG2 activation abolishes lipoapoptosis induced by

high levels of palmitic acid in b-TC3 cells. a The cells were infected

with Ad-myristoylated Akta or Ad-LacZ for 48 h and samples

collected for Western blotting with antibodies against Akt, phospho-

Akt (Thr308), NDRG2, phospho-NDRG2 (Ser332), phospho-NDRG2

(Thr348), and b-actin. b The infected cells were incubated with either

1% BSA or indicated concentrations of palmitic acid complexed to

1% BSA for 72 h, then the apoptotic cells were quantified by flow

cytometry. Data are shown as the means ± SEM from at least three

independent experiments (*P \ 0.05, **P \ 0.01 compared to the

control)

Fig. 7 Decreased NDRG2 expression attenuates the Akt-mediated

anti-apoptosis effect in b-TC3 cells exposed to a high concentration

of palmitic acid. a The siRNA sequences used in this experiment.

b b-TC3 cells were transfected with 60 nM of three different siRNAs

targeting NDRG2 for 48 h, after which samples were collected for

Western blotting with antibodies against NDRG2 and a-tubulin.

c b-TC3 cells were infected with Ad-myristoylated Akta for 48 h and

transfected with 60 nM NDRG2 siRNA3 or control siRNA and then

incubated with 1.0 mM palmitic acid complexed to 1% BSA for 72 h.

The apoptotic cells were quantified by flow cytometry. d Western

blotting was performed using antibodies against active caspase 3 and

b-actin (*P \ 0.05 compared to the control)
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pathways are reported to play important roles in b-cell

function and lipoapoptosis. Activation of the ERK-MAPK

pathway increased the expression of early growth response

gene-1 and reduced b-cell lipoapoptosis [33]. PKC con-

tributed to hepatocyte lipoapoptosis by destabilization of

MCA-1, which is an anti-apoptotic member of the Bcl-2

family [34]. Many different proteins are expressed in

endocrine b cells, such as pancreatic and duodenal

homeobox-1 (PDX-1), sterol regulatory element-binding

proteins (SREBP-1), and activin receptor-like kinase 7 [24,

35, 36]. Their biological functions are related to the syn-

thesis of insulin, endoplasmic reticulum stress, and

pancreatic b-cell survival. Our experiments suggested that

NDRG2 is highly expressed in pancreatic b cells and

involved in protein kinase Akt-mediated repression of

lipotoxicity possibly through the fatty acid esterification or

endoplasmic reticulum stress [23].

NDRG2 is regarded as a putative tumor suppressor in

human cancer, and RNAi-mediated inhibition of NDRG2

increases cell proliferation in cancer cell lines [37]. How-

ever, knock-down of NDRG2 resulted in reduced myoblast

proliferation and an earlier onset of myogenesis [9]. In

addition, decreased levels of NDRG1 resulted in the inhi-

bition of trophoblast cell viability and the induction of

apoptosis during stress conditions [38]. Therefore, lack of

NDRG2 may affect cell apoptosis under specific stress

conditions [9]. Consistent with the results in myoblasts, we

observed that knock-down of NDRG2 attenuated Akt-med-

iated protection of b cells against lipotoxicity and affected

cell apoptosis under oxidative stress-mediated lipotoxicity.

In summary, this is the first study demonstrating that

NDRG2, highly expressed in pancreatic b cells, has a role

in their survival. Prolonged exposure to high levels of FFA

will decrease insulin release and cell viability of b-TC3

cells, along with the decline of Akt-NDRG2 phosphoryla-

tion. Furthermore, overexpression of constitutive Akta can

enhance NDRG2 phosphorylation and abolish apoptosis as

the result of lipotoxicity. In addition, NDRG2 knock-down

weakens the Akt-dependent protection against lipotoxicity

in b-TC3 cells. These findings contribute insights into

NDRG2 biological functions in pancreatic b cells.
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