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Obesity and type 2 diabetes present partially overlapping phe-
notypes with systemic inflammation as a common feature, rais-
ing the hypothesis that elevated cytokine levels may contribute
to peripheral insulin resistance as well as the decreased beta cell
functional mass observed in type 2 diabetes. In healthy humans,
TNF-� infusion induces skeletal muscle insulin resistance. We
now explore the impact of TNF-� on primary beta cell function
and the underlying signaling pathways. Human and rat primary
beta cells were sorted by FACS and cultured for 24 h� 20 ng/ml
TNF-� to explore the impact on apoptosis, proliferation, and
short-term insulin secretion (1 h, 2.8 mM glucose followed by
1h, 16.7mMglucose at the endof the 24-h culture period) aswell
as key signaling protein phosphorylation and expression. Prior
exposure to TNF-� for 24 h inhibits glucose-stimulated insulin
secretion from primary beta cells. This is associated with a
decrease in glucose-stimulated phosphorylation of key proteins
in the insulin signaling pathway including Akt, AS160, and
other Akt substrates, ERK as well as the insulin receptor. Strik-
ingly, TNF-� treatment decreased IRS-2 protein level by 46 �

7% versus control, although mRNA expression was unchanged.
While TNF-� treatment increased MAP4K4 mRNA expression
by 33 � 5%, knockdown of MAP4K4 by siRNA-protected beta
cells against the detrimental effects of TNF-� on both insulin
secretion and signaling. We thus identify MAP4K4 as a key
upstreammediator of TNF-� action on the beta cell, making it a
potential therapeutic target for preservation of beta cell func-
tion in type 2 diabetes.

Obesity and type 2 diabetes mellitus are widespread meta-
bolic disorders characterized by an overlapping phenotype of
insulin resistance with a relative deficiency in insulin secretion
underlying hyperglycemia in type 2 diabetes. Systemic inflam-
mation is also a feature of obesity and type 2 diabetes, raising
the hypothesis that elevated cytokine levels may contribute to
peripheral insulin resistance as well as decreased beta cell func-
tion and mass. Correlative studies provide evidence that type 2
diabetes is associated with elevated levels of the proinflamma-

tory cytokine tumor necrosis factor-� (TNF-�)2 in adipose tis-
sue (1), skeletal muscle (2), and plasma (3–5). In beta cells,
TNF-� has been shown to induce insulin resistance mediated
by nitric oxide (6) and a reduction of glucose-stimulated cal-
cium influx (7). The impact of TNF-� on the beta cell insulin
signaling pathway has not been studied even though this path-
way is known to be implicated in various aspects of beta cell
function. Glucose effects on beta cell growth and survival thus
require activation of the insulin receptor (IR) and insulin recep-
tor substrate-2 (IRS-2) (8). Previously, we showed that activa-
tion of this pathway by glucose was essential for insulin secre-
tion and that the Akt substrate 160 (AS160) was involved in
glucose-stimulated insulin secretion (GSIS) (9). IR/IRS-2/Akt
signaling is known to enhance beta cell replication and function
(8–16) and an IGF-2/IGF-1 receptor autocrine loop underlies
the glucose effect on insulin signaling via IRS-2 (17).
TNF-� induces insulin resistance in insulin-sensitive tissues

like adipose tissue and skeletalmuscle by excessive phosphoryl-
ation of extracellular signal-regulated kinase-1/2 (ERK-1/2)
and c-Jun N-terminal kinase (JNK), concomitant with
increased serine and reduced tyrosine phosphorylation of IRS-1
(18–20). However, this can be prevented by silencing mitogen-
ic-activated protein kinase kinase kinase kinase isoform 4
(MAP4K4) (18, 19). MAP4K4 is a member of the germinal cen-
ter kinase group related to Saccharomyces cerevisiae MAP4K,
Sterile 20 (21, 22). A recent study has shown that its silencing in
macrophages suppresses systemic inflammation thereby pre-
venting diabetes (23). We now explore the action of TNF-� on
primary beta cell function and its impact on beta cell insulin
signaling after glucose stimulation, showing for the first time
thatMAP4K4 acts as a key upstreammediator of TNF-� action
on GSIS.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—L-NG-monomethyl arginine
(LNMMA): Sigma; Bay 11-7082: BioMol Research Laboratories
(Hamburg, Germany); hTNF-�: R&D Systems Europe Ltd
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(Abingdon, UK); Anti-phospho-Akt (Ser-473) and anti-phos-
pho-ERK-1/2 (Thr-202 and Tyr-204): New England Biolabs
(Beverly, Massachusetts): anti-phospho-(Ser/Thr)-AS160,
anti-AS160, anti-phospho-IR, anti-phospho-p70S6K, anti-
phospho-JNK, anti-phospho-p38, anti-Akt, anti-ERK, and anti-
IRS-2: Cell Signaling Technology (Beverly, MA); anti-p65 sub-
unit of NF-�B (C-20): Santa Cruz Biotechnology (Santa Cruz,
CA); monoclonal anti-actin: Sigma. Anti-IRS-1 was a gift from
Dr. M. F. White (Children’s Hospital, Harvard University, Bos-
ton, MA).
Rat Primary Beta Cell Purification—Animals were treated

according to protocols approved by the State Commissioner on
Animal Care. Islets of Langerhans were isolated by collagenase
digestion of pancreas from male Wistar rats (150–200 g) fol-
lowed by Ficoll purification, based on published procedures
(24). Beta cells were purified by autofluorescence-activated cell
sorting (FACS) using a FACStar-Plus (BD Biosciences, NJ)
according to Ref. 24. Sorted beta cells were washed in culture
medium (Dulbecco’s modified Eagle’s medium, 10% fetal calf
serum, 11.2 mM glucose, 110 mg/liter sodium pyruvate, 66
units/ml penicillin, 66 �g/ml streptomycin, 50 mg/l gentamy-
cin) and allowed to recover overnight in suspension at 37 °C in
non-adherent 100-mm Petri dishes. Cells were then collected,
resuspended in culture medium at 600,000 cells/ml, and plated
in 50-�l droplets on plastic culture dishes coated with extracel-
lular matrix derived from 804G (rat bladder carcinoma) cells to
facilitate adhesion and spreading (25).
Human Primary Beta Cell Purification—Human islets were

kindly provided by the Islet Cell ResourceCenters ofMilan (Italy),
Geneva (Switzerland), andLille (France) through the JuvenileDia-
betes Research Foundation (JDRF) European Consortium for
IsletsTransplantation (ECIT) Islets forResearchProgram.Human
beta cells were sorted by FACS following labeling with Newport
Green and exclusion of ductal cells and dead cells according to a
recently developedmethod that provides a population comprising
�90% beta cells (26). The sorted cells were then placed in culture
on 804Gmatrix as for rat beta cells.
Insulin SecretionAssay—After 24 hTNF-� cells werewashed

three times with modified Krebs-Ringer bicarbonate HEPES
buffer (KRBH: 125mMNaCl, 4.74mMKCl, 1mMCaCl2, 1.2mM

KH2PO4, 1.2 mM MgSO4, 5 mM NaHCO3, 25 mM HEPES, pH
7.4, 0.1% bovine serum albumin) with 2.8 mM glucose, and pre-
incubated with this same buffer for 1 h at 37 °C. Cells were then
incubated for 1 h at 37 °C with KRBH containing 2.8 mM glu-
cose (basal), followed by 1 h at 16.7 mM glucose (stimulated).
The buffers were recovered and cellular insulin extracted with
acid/ethanol (27). Insulin in buffers and extracts was measured
by radioimmunoassay using rat or human insulin standard.
Secretion is expressed as a percentage of total insulin (content
plus total secreted).
Detection of Apoptosis and Proliferation—Cell death was

measured by TUNEL assay and proliferation was assessed by
BrdU incorporation as previously described (27).
RNA Interference (RNAi)-mediated Knockdown of MAP4K4—

MAP4K4 expression was decreased by siRNA transfection as
described (28). In brief liposome-siRNA (Lipofectamine
2000 and siRNA (100 nM)) was prepared in 200 �l of opti-
MEM as described by the suppliers. Primary rat beta cells

were transfected twice (day 0 and 1); TNF-� treatment was
from day 2 to 3.
Gene Expression—mRNA levels of IRS-1, IRS-2, and

MAP4K4weremeasured using quantitative real-timePCR (29).
SDS-PAGEandWesternBlotting—Protein sampleswere pre-

pared and immunoblots analyzed as described (9). Western
blots were quantified by densitometry and band density of
phosphoproteins normalized to that of the corresponding
(total) protein or to actin as indicated in the figures.
Presentation of Data and Statistics—Data are presented as

means � S.E. for 3–5 independent experiments. Statistical sig-
nificance for differences was evaluated by Student’s two-tailed t
test for unpaired groups with p � 0.05 considered significant.

RESULTS

TNF-� Effects on Cell Death, Proliferation, and Insulin Secre-
tion in Human and Rat Primary Beta Cells—Rat beta cells were
treated for 48 h with 20 ng/ml TNF-� and proliferation meas-
ured by BrdU incorporation during the last 24 h, without any
detectable difference (Fig. 1A). Both rat and human primary
(sorted) beta cells were used to evaluate the impact of TNF-�
(24 h) on cell death and insulin secretion. There was no effect of
TNF-� on cell death (Fig. 1, B and C), but there were always
more TUNEL-positive human than rat cells. This could be due

FIGURE 1. TNF-� action on primary beta cell proliferation, survival, and
glucose-stimulated insulin secretion. A, effect of TNF-� on proliferation of
rat primary beta cells. Proliferation was measured by BrdU incorporation.
Cells were grown under standard culture conditions (20% fetal calf serum,
11.2 mM glucose) and treated for 48 h with TNF-� (20 ng/ml), and BrdU was
added the last 24 h. Beta cells were identified by insulin immunofluorescence.
n � 5 independent experiments. B and C, effect of TNF-� on rat and human
primary beta cell apoptosis. Cell death was measured in insulin-positive
(immunofluorescence) cells by TUNEL after 24 h of treatment with TNF-�. n �
5 independent experiments. D and E, effect of TNF-� treatment on insulin
secretion from rat and human primary beta cells. Insulin secretion was meas-
ured using rat and human primary beta cells incubated for 1 h at 2.8 mM

glucose (white bars, basal secretion) following by 1 h at 16.7 mM glucose (dark
bars, stimulated secretion). n � 5 independent experiments. *, p � 0.05 versus
basal secretion: #, p � 0.05 versus stimulated secretion under control
conditions.
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to the 804G extracellular matrix used to facilitate adherence
and spreading of the cells that may be better suited for survival
in culture of rat beta cells; there may also be intrinsic differ-
ences between human and rat beta cells.

GSIS was significantly decreased
following 24-h pre-exposure to
TNF-� in both rat and human pri-
mary beta cells with no change in
basal insulin secretion (Fig. 1,D and
E) or cellular insulin content (255 �
45 versus 305 � 63 ng/dish for rat
and 1594 � 159 versus 1731 � 190
ng/dish for human beta cells with-
out or with TNF-�, respectively).
Acute addition of TNF-� only dur-
ing the secretion test was without
effect on any of these parameters
(not shown).
Glucose Action on Akt and ERK

Phosphorylation Is Prevented by
TNF-�—Rat primary beta cells were
cultured in the presence or absence
(control) of 20 ng/ml TNF-� for
24 h. After this, cells were handled
exactly as for measurement of GSIS
(i.e. without TNF-�) and Akt and
ERK phosphorylation quantified by
Western blot after the 1-h incuba-
tion periods at 2.8 and 16.7 mM glu-
cose. Phosphorylation of both Akt
and ERK was stimulated by glucose,
and TNF-� pretreatment abolished
this effect (Fig. 2, A and B).
TNF-� Treatment Prevents Phos-

phorylation of Substrates of Akt
Induced by Glucose Stimulation—
AS160 is phosphorylated in re-
sponse to glucose in beta cells and is
involved in GSIS (9). As observed
for Akt, TNF-� pretreatment pre-
vented AS160 phosphorylation in
response to glucose (Fig. 3A).
TNF-� treatment also prevented
the glucose-induced phosphoryla-
tion of several other as yet unidenti-
fied Akt substrates (black crosses,
Fig. 3B).
TNF-� Treatment Abolishes Glu-

coseAction on IRPhosphorylation as
Well as Total Tyrosine Phosphoryla-
tion—IR tyrosine phosphorylation
is involved in GSIS from pancre-
atic beta cells. Here, we show that
24-h TNF-� treatment abolished
glucose-induced IR tyrosine phos-
phorylation without effect on IR
protein level (Fig. 3C). TNF-�
treatment also altered the general

pattern of glucose-induced tyrosine phosphorylation, pre-
venting such phosphorylation of a number of as yet uniden-
tified proteins. Tyrosine phosphorylation on each Western
blot was quantified by densitometry and normalized to actin.

FIGURE 2. TNF-� action on Akt and ERK phosphorylation after glucose stimulation in rat primary beta
cells. A and B, cells were harvested after culture under basal conditions (white bars) or after 1 h of stimulation
with glucose (16.7 mM) (dark bars) under normal conditions or after 24 h of treatment with TNF-� (20 ng/ml).
*, p � 0.05 versus 2.8 mM glucose control condition; #, p � 0.05 versus 16.7 mM glucose control condition.
A, representative Western blot and densitometry highlighting Akt Ser-473 phosphorylation. Western blots
were scanned and quantified and data presented for n � 5 independent experiments. B, representative immu-
noblot and densitometry showing ERK1/2 phosphorylation.

FIGURE 3. TNF-� action on AS160, IR, Akt substrates, and tyrosine phosphorylation after glucose stimu-
lation in rat primary beta cells. A–D, cells were harvested after culture under basal conditions (white bars) or
after 1-h stimulation with glucose (16.7 mM) (dark bars) under normal conditions or after 24-h treatment with
TNF-� (20 ng/ml). *, p � 0.05 versus 2.8 mM glucose control condition; #, p � 0.05 versus 16.7 mM glucose control
condition. A, representative Western blot and densitometry highlighting AS160 phosphorylation. Western
blots were scanned and quantified and data presented for n � 5 independent experiments. B, representative
immunoblot showing Akt substrates phosphorylation on residues (Ser/Thr). n � 5 independent experiments.
C, representative immunoblot and densitometry showing IR tyrosine phosphorylation. n � 5 independent
experiments. *, p � 0.05 versus 2.8 mM glucose control condition; #, p � 0.05 versus 16.7 mM glucose control
condition. D, representative immunoblot showing total tyrosine phosphorylation. n � 4 independent
experiments.
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Only proteins with a statistically
significant difference in normal-
ized band density between control
versus TNF-� were retained as
candidates (black crosses 1–4, Fig.
3D).
TNF-� Treatment Reduces IRS-2

Protein Expression—IRS-2 has
been shown to be involved in both
insulin production and secretion
(30, 31). TNF-� treatment induced
decreased protein expression for
IRS-2 while that of IRS-1 was
unchanged (Fig. 4, A and B). This
was attributed to increased degra-
dation of IRS-2 protein, because
there was no change in IRS-2
mRNA expression (Fig. 4D).
TNF-� Activation of Candidate

Kinases—TNF-� has been shown to
activate several kinases in different
tissues, and we next explored the
phosphorylation state of four such
kinases in beta cells after TNF-�
treatment. TNF-� treatment for
24-h increased phosphorylation of
p70S6Kinase (Fig. 5A), JNK (Fig.
5B), NF-�B (Fig. 5C), and p38 (Fig.
5D). Glucose (1 h, 16.7mM) induced
p70S6Kinase phosphorylation (Fig.
5A) whereas it had no significant
effect on the other kinases (Fig. 5,
B–D). With the exception of JNK,
increased phosphorylation was
only observed after the 24 h of
treatment with TNF-� followed by
a 1-h preincubation and 1-h incu-
bation at 2.8 mM glucose in its
absence, but not after the subse-
quent 1-h incubation period at
16.7 mM glucose in the continued
absence of the cytokine.
Impact of NOS andNF-�B Inhibi-

tion on GSIS—TNF-� has been
shown to activate NOS and there-
fore induce NO production. To
study if NOS activation could
explain the impact of TNF-� on
GSIS, we measured insulin secre-
tion in rat primary beta cells after
24-h pretreatment with LNMMA,
an inhibitor of NOS. LNMMA
treatment in the absence of TNF-�
induced an increase of GSIS (13.7 �
1.0% versus 18.8 � 3.1% of total
insulin content secreted per h at
16.7 mM glucose without and with
LNMMA treatment, respectively)

FIGURE 4. TNF-� action on IRS-1 and IRS-2 protein and mRNA expression. A and B, representative Western
blot and densitometry showing IRS-1 (A) and IRS-2 (B) protein expression under basal conditions (white bars) or
after 1 h of stimulation with glucose (16.7 mM) (dark bars) in normal conditions or after 24 treatment with TNF-�
(20 ng/ml). Western blots were scanned and quantified and data presented for n � 5 independent experi-
ments. *, p � 0.05 versus 2.8 mM glucose control condition; #, p � 0.05 versus 16.7 mM glucose control condition.
C and D, IRS-1 and IRS-2 mRNA expression were measured by quantitative real-time RT-PCR in rat primary beta
cells; n � 5 independent experiments.

FIGURE 5. TNF-� action on p70S6K, JNK, NF-�B, and p38 phosphorylation after glucose stimulation in rat
primary beta cells. A–D, representative Western blot and densitometry highlighting p70S6K (A), JNK (B),
NF-�B (C), and p38 (D) phosphorylation under basal conditions (white bars) or after 1 h of stimulation with
glucose (16.7 mM) (dark bars) under normal conditions or after 24 h of treatment with TNF-� (20 ng/ml).
Western blots were scanned and quantified and data presented for n � 5 independent experiments. *, p � 0.05
versus 2.8 mM glucose control condition; #, p � 0.05 versus 16.7 mM glucose control condition.
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without any change in basal secretion, but failed to protect
against the decrease in GSIS following 24 h of culture with
TNF-� (18.8 � 3.1% versus 11.2 � 2.5% of total insulin content

secreted per h at 16.7 mM glucose in
presence of LNMMA, without or
with TNF-�, respectively).

NF-�B has been shown to impact
GSIS and as shown in Fig. 5C,
TNF-� treatment activated NF-�B.
For this reason, rat primary beta
cells were treated for 48 h with Bay
11-7082, an inhibitor of NF-�B,
with TNF-� added during the last
24 h. There was no effect of Bay
11-7082 on insulin secretion either
with or without TNF-� for 24 h
(data not show).
MAP4K4 Mediates TNF-� Effect

on GSIS in Rat Primary Beta Cells—
MAP4K4 has been shown to medi-
ate TNF-� action in adipose tissue
and in skeletal muscle. The amount
of MAP4K4 mRNA was increased
�33% in rat primary beta cells
treated 24 h with TNF-� (Fig. 6A).
Unfortunately, there is no available
antibody to monitor MAP4K4 pro-
tein levels in rat cells by Western
blot. Transfection with siRNA
decreased MAP4K4 mRNA expres-
sion by 55% in primary beta cells
treated with TNF-� (Fig. 6B).
Furthermore, transfection with
MAP4K4 siRNA completely pre-
vented TNF-� inhibition of GSIS
(Fig. 6C).
Cells with Decreased MAP4K4

Are Protected fromTNF-�Action on
Kinases—We show in Figs. 3 and 4
that glucose action on the insulin sig-
naling pathway was greatly reduced
by TNF-� treatment. Moreover,
decreasing MAP4K4 protected cells
from the TNF-� inhibition of GSIS
(Fig. 6C). This ledus to investigate the
impact ofMAP4K4 on insulin signal-
ing. In cells with MAP4K4 decreased
by siRNA and treated with TNF-�,
glucose was able to induce Akt,
AS160, and ERK phosphorylation as
in cells not exposed to TNF-� (Fig.
7A). Moreover, IRS-2 protein
expression was unchanged when
cells with decreased MAP4K4 were
treated with TNF-�, whereas
TNF-�markedly decreased IRS-2 in
control cells (Fig. 7A). TNF-� was
shown to activate p70S6Kinase,

JNK, p38, and NF-�B (Fig. 5). In cells with decreasedMAP4K4,
TNF-� was still able to activate NF-�B and p38 whereas its
action on p70S6kinase, and JNK was abolished (Fig. 7B).

FIGURE 6. MAP4K4 expression after TNF-� treatment in rat primary beta cells and its silencing effect.
A, MAP4K4 mRNA expression was measured by quantitative real-time RT-PCR in rat primary beta cells cultured
either in control condition or treated with TNF-� for 24 h (20 ng/ml); n � 5 independent experiments. *, p �
0.05. B, silencing efficiency on MAP4K4 mRNA expression was measured by quantitative real-time RT-PCR in rat
primary beta cells transfected with scrambled (Scr) or with MAP4K4 siRNA. C, insulin secretion was measured
using rat primary beta cells transfected with scrambled (Scr) or with MAP4K4 siRNA and incubated for 1 h at 2.8
mM glucose (white bars, basal secretion) following by 1 h at 16.7 mM glucose (dark bars, stimulated secretion).
Data are presented for n � 3 independent experiments. *, p � 0.05.

FIGURE 7. Silencing of MAP4K4 prevents TNF-� action on Akt, AS160, ERK, IRS-2, JNK, and p70S6K,
whereas NF-�B and p38 are not affected in rat primary beta cells. Representative Western blot showing
Akt, AS160, ERK, NF-�B, JNK, p38, and p70S6K phosphorylation and IRS-2 protein expression in cells transfected
either with a scrambled (Scr) construct or with MAP4K4 siRNA. Cells were incubated for 1 h under basal condi-
tions (2.8 mM) or after a 1-h stimulation with glucose (16.7 mM) under normal conditions or after 24 h of
treatment with TNF-� (20 ng/ml). Data are presented for n � 3 independent experiments.
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DISCUSSION

Type 2 diabetes is characterized by an overlapping pheno-
type of insulin resistance and beta cell dysfunction, with a rela-
tive deficiency in insulin secretion underlying hyperglycemia
(32, 33). Systemic inflammation is a feature of both obesity and
type 2 diabetes (34–36), suggesting that elevated cytokine levels
may contribute to peripheral insulin resistance as well as
decreased beta cell function and mass (37, 38). Several studies
have demonstrated that TNF-� contributes to the development
of insulin resistance in human skeletal muscle and in adipose
tissue (2, 18–20). In beta cells, TNF-� combined with IL-1�
and IFN-� decreases survival and function (37–41). TNF-� by
itself decreases GSIS without affecting survival or proliferation
of an insulin secreting beta cell line (6, 7). We now show that
24 h of TNF-� treatment decreases GSIS in human and rat
primary beta cells while acute exposure to TNF-� only during
the secretion test remains without effect (data not shown).
To understand the mechanism by which TNF-� treatment

decreases GSIS, we have explored its impact on the insulin sig-
naling pathway, since its activation is involved in glucose stim-
ulus-secretion coupling (8, 42). We have shown that the IRS-2/
Akt/AS160 pathway is involved in GSIS in primary beta cells
(9), and a recent report indicates that an IGF-2/IGF-1 receptor
autocrine loop underlies the glucose effect on insulin signaling
mediated by IRS-2 (17). Moreover, IRS-2 is indispensable for
normal beta cell function (12, 43), while ERK activation is
involved inGSIS (44, 45). Our present data indicate that TNF-�
treatment blocks glucose action on IR, Akt, ERK, and AS160 as
well as other Akt substrates. Intriguingly, the pattern of phos-
phorylation of Akt substrates obtained after glucose stimula-
tion in primary beta cells is similar to that observed inmuscle or
adipose tissue after insulin stimulation or exercise (46, 47).
Only few of the substrates have been identified in muscle and
adipose tissue while nothing is known in pancreatic beta
cells aside from our previous work on AS160 (9). Glucose
also mediated tyrosine phosphorylation of several proteins,
and this pattern of phosphorylation was altered in TNF-�-
treated cells. This too may contribute toward the reduction
of GSIS (8). Last but not least, protein levels of IRS-2 (the
dominant IR substrate for beta cell function (9, 12, 43)) were
profoundly decreased by TNF-� treatment. It is thus likely
that this effect of TNF-� on IRS-2 protein levels contributes
toward the decreased GSIS. Protein levels of IRS-2 were
decreased without any change in mRNA levels, suggesting
that protein degradation accounts for the observed decrease.
This may be secondary to TNF-�-induced serine phospho-
rylation of IRS-2 analagous to the increased serine phospho-
rylation and degradation of IRS-1 in response to TNF-� in
skeletal muscle and adipose tissue (48–50).
TNF-� action can be mediated by activation of JNK, ERK,

p38, p70S6kinase, and NF-�B (6, 7, 19, 20, 40, 51) and indeed
these kinases were activated by TNF-� in beta cells. The ability
of TNF-� to activate various kinases as well as the IR/IRS-2/
Akt/AS/AS160 pathway could reflect either direct action on
multiple targets and/or activation of an upstream signal com-
mon to someor all of them.However, neither inhibition ofNOS
nor NF-�Bwas sufficient to modify TNF-� action on GSIS.We

therefore turned our attention to a leading candidate as a com-
mon upstream signal, MAP4K4, a putative effector of Rap2, a
Ras family small GTP-binding protein thatmediates the activa-
tion of JNK (52, 53). SilencingMAP4K4 rescues human skeletal
muscle cells and adipocytes from TNF-�-induced insulin
resistance and improves glucose uptake (18, 19). We now show
that TNF-� treatment increases MAP4K4 gene expression in
rat primary beta cells. Moreover, decreasing MAP4K4 expres-
sion by siRNA prevented TNF-� action on the insulin signaling
pathway, preserved protein levels of IRS-2, maintained
MAP4K4 mRNA levels below control levels even after TNF-�
treatment and most interestingly prevented any decrease in
GSIS. In keeping with a role for MAP4K4 as a key upstream
signaling kinase in rat primary beta cells, decreasing its expres-
sion also preventedTNF-� action on JNKandp70S6K. It will be
interesting in future studies to measure levels of MAP4K4 and
ideally its activity in pancreatic beta cells from individuals with
type 2 diabetes or in rodent models of the disease.
In summary, we identifyMAP4K4 as a potential key player in

GSIS in primary beta cells. Just as silencing MAP4K4 protects
against peripheral insulin resistance induced by TNF-� in adi-
pose tissue and skeletal muscle, decreasing its expression pro-
tects against the TNF-�-mediated decrease in GSIS while pre-
serving IRS-2 levels. Collectively, these results place MAP4K4
as a novel target in the effort to treat or prevent diabetes by
addressing both insulin resistance and impaired GSIS.
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