
ry

A

nd more
r have
a

duced
l
I inase B,
a on
w

sis, and
g fect
o ediating
t tion in
a

K

1

t
b
d
a

b
c
3
o
a
r
t
k

Journal of Nutritional Biochemistry 15 (2004) 303–312

0
d

Dimethylaminopurine inhibits metabolic effects of insulin in prima
adipocytes
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bstract

Dimethylaminopurine (DMAP) has previously been used as an inhibitor of phosphorylation in studies of meiotic events, a
ecently to investigate TNF� signaling, because of its potential to inhibit activation of c-jun N-terminal kinase (JNK). Here we
ddressed the effects of DMAP on metabolic insulin responses in adipocytes and on intracellular insulin signaling molecules.

At 100 �mol/L, DMAP completely inhibited the ability of insulin to counteract lipolysis in isolated adipocytes. Insulin-in
ipogenesis and glucose uptake was inhibited to a lesser degree in a concentration-dependent manner starting at 10�mol/L DMAP.
nsulin-induced tyrosine phosphorylation of the insulin receptor was not affected by DMAP. Insulin-induced activation of protein k
known mediator of insulin action, was not inhibited by 100�mol/L, but to a low extent by 1 mmol/L DMAP in intact cells. This inhibiti
as not sufficient to affect activation of the downstream protein kinase B substrate phosphodiesterase 3B.

The inhibition of activation of JNK as a possible mechanism whereby DMAP affects insulin-induced antilipolysis, lipogene
lucose uptake, was investigated using the JNK inhibitor SP600125. At 100�mol/L, SP600125 completely reversed the antilipolytic ef
f insulin, as well as partially inhibited insulin-induced lipogenesis and glucose-uptake, indicating that JNK may be involved in m

hese actions of insulin. Inhibition of JNK by DMAP may therefore partly explain the negative impact of DMAP on insulin ac
dipocytes. © 2004 Elsevier Inc. All rights reserved.
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. Introduction

Altered metabolism and insulin resistance in adip
issue is of importance for the development of type 2
etes and obesity. To understand fully and to prevent
iseases, studies of adipocyte function and molecular m
nisms of insulin action are of great importance.

The storage of triglycerides in adipose tissue is prom
y insulin, mainly because of its ability to counteract c
holamine-induced lipolysis. Phosphodiesterase 3B (
B) is a key enzyme in the antilipolytic signaling pathw
f insulin [1,2]. PDE 3B is phosphorylated and activated
phosphoinositide-3 kinase (PI3-K)–dependent mann

esponse to insulin[3,4], leading to lowered cAMP levels
he cell. This in turn results in decreased activity of pro
inase A and consequently hormone sensitive lipase (H
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he rate-limiting enzyme in triglyceride breakdown[5]. The
inase downstream of PI3-K responsible for the phosp
lation and activation of PDE 3B is protein kinase B (PK
6-8]. PKB in rat adipocytes is activated in response
nsulin by phosphorylation mainly on Ser-474 (PKB�) [9].

Other ways in which insulin promotes lipid storage in
ells is by increasing glucose uptake and lipid formation
atter both by stimulating fatty acid re-esterification andde
ovo lipid synthesis. The mechanism whereby insulin
uces glucose uptake has been extensively studied
till not fully understood. PI3-K is thought to be an imp
ant component of the pathway[10], but PI3-K–independe
nsulin-induced glucose uptake has also been demons
11]. In several studies, insulin-induced glucose uptake
een shown to involve PKB[12–16], although the relativ

mportance of PKB for this pathway is debated[17]. PKB
as also been demonstrated to be important for the lipo
ffect of insulin[12].
In an initial screening performed to test compounds for

.
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heir ability to influence adipose tissue metabolism, dimeth-
laminopurine (DMAP) was identified as an agent of inter-
st. DMAP has previously been used as a general inhibitor
f phosphorylation to investigate various meiotic events in
ocytes [18–20]. More recently DMAP has been shown to
e a blocker of activation of the mitogen-activated protein
inase (MAPK) member c-jun N-terminal kinase (JNK),
lso known as stress-activated protein kinase. JNK is acti-
ated in response to cytokines and cellular stress, and reg-
lates apoptosis as well as survival signals through its action
n the activator protein-1 (AP-1) transcription complex
21]. Recently JNK has also been shown to be activated by
nsulin [22–25], and a role for JNK as a mediator of insulin
ffects, more specifically activation of glycogen synthase,
as been demonstrated [26]. Recent studies also suggest that
NK functions as a negative regulator of the insulin signal-
ng pathway, most likely through serine phosphorylation of
nsulin receptor substrate [25,27].

DMAP has been used as an inhibitor of JNK activation in
tudies of TNF� signaling in endothelial cells [28], Sertoli
ells [29], and fat cells [30]. However, possible actions of
his inhibitor on other signaling pathways have not been
nvestigated, and no direct cellular targets of DMAP have so
ar been identified.

In this study we have examined the effect of DMAP on
etabolic effects and signaling pathways in rat adipocytes.
o investigate the mechanism by which DMAP exerts these
ffects, we have also studied the impact of DMAP on
nown mediators of insulin signaling such as the insulin
eceptor (IR), PKB, and PDE 3B. In addition, we have used
he selective JNK inhibitor SP600125 to investigate whether
MAP could mediate its effects via an inhibition of JNK.

. Methods and materials

.1. Drugs

DMAP and isoprenalin was obtained from Sigma (St.
ouis, MO). Insulin was obtained from Novo Nordisk

Copenhagen, Denmark) and SP600125 from Biomol (Ply-
outh Meeting, MA). DMAP and SP600125 were dis-

olved in DMSO.

.2. Preparation, stimulation, and homogenization of
dipocytes

Adipocytes prepared from epididymal adipose tissue of
6–38 days old male Sprague-Dawley rats (B&K Univer-
al, Stockholm, Sweden), [31,32] were suspended in Krebs-
inger medium pH 7.4, 25 mmol/L HEPES pH 7.4, 200
mol/L adenosine, 2 mmol/L glucose, and 1% BSA, and
ere incubated (typically 2 mL of a 10% suspension) at
7°C and stimulated as indicated in figures 4, 5, 6, 7. At
ndicated times, cells were washed and subsequently ho-

ogenized in 1 mL buffer consisting of 50 mmol/L Tris pH n
.5, 1 mmol/L EDTA, 1 mmol/L EGTA, 1 mmol/L sodium
rthovanadate, 50 mmol/L NaF, 5 mmol/L sodium pyro-
hosphate, 270 mmol/L sucrose, 0,1% �-mercaptoethanol,
�mol/L microcystin-LR (Alexis Biochemicals, Montreal,
Q, Canada), 1 �g/mL pepstatin and 10 �g/mL each of

eupeptin and antipain (buffer A, JNK and insulin receptor
IR) measurements) or 50 mmol/L TES pH 7.4, 2 mmol/L
GTA, 1 mmol/L EDTA, 250 mmol/L sucrose, 40 mmol/L
henylphosphate, 5 mmol/L NaF, 1 mmol/L DTE, 1
mol/L PMSF, 50 �mol/L sodium orthovanadate, 500

mol/L okadaic acid (LC Laboratories, Switzerland), 1
g/mL pepstatin, and 10 �g/mL each of leupeptin and
ntipain (buffer B, PKB, and PDE 3B measurements). A
rude membrane fraction was then prepared by centrifuga-
ion at 16,600 � g for 20 minutes (JNK measurements) or
3,000 � g for 45 minutes (PKB and PDE 3B measure-
ents), at 4°C. The fat cake was removed, the infranatant

referred to as cytosol fraction) withdrawn and the pellet
referred to as membrane fraction) was resuspended and
ehomogenized in 500 �L of a buffer containing 50 mmol/L
ES pH 7.4, 250 mmol/L sucrose, 1 mmol/L EDTA, 0.1
mol/L EGTA, 100 nmol/L okadaic acid, 1 �g/mL pepsta-

in, and 10 �g/mL each of leupeptin and antipain. Alterna-
ively (for IR measurements), homogenates free from fat
ere supplemented with 1% Triton X-100 (final concentra-

ion) and solubilized for 1 hour on ice. Insoluble material
as removed by centrifugation at 13,000 rpm for 10 min-
tes at 4°C.

.3. Measurements of lipolysis, lipogenesis, and glucose
ptake in adipocytes

To measure lipolysis adipocytes (0.4–1 mL of 5% (v/v)
uspension) were incubated in Krebs-Ringer medium pH
.4, 25 mmol/L HEPES pH 7.4, 200 nmol/L adenosine, 2
mol/L glucose, and 1% bovine serum albumin, at 37°C
ith indicated additions (with shaking, 150 cycles/min).
fter 30 minutes the cells were placed on ice for 20 min-
tes, and 200 �L of the cell medium was removed for
nzymatic determination of the glycerol content, as de-
cribed previously [33]. Lipogenesis was assayed in 1 mL of
2% (v/v) suspension of adipocytes in Krebs-Ringer me-

ium pH 7.4, 25 mmol/L HEPES pH 7.4, 200 nmol/L
denosine, 0.55 mmol/L glucose, and 3.5% BSA, as the
ncorporation of 3H-glucose into adipocyte triglycerides
34] under a 30-minute incubation. 2-Deoxy 3H-glucose
ptake was measured in 100 �L of a 30% (v/v) suspension
f adipocytes in 120 mmol/L NaCl, 4 mmol/L KH2PO4, 1
mol/L MgSO4, 0.75 mmol/L CaCl2, 10 mmol/L NaHCO3,

0 mmol/L HEPES pH 7.4, and 1% BSA, as described
lsewhere [35].

.4. Immunoprecipitation and Western blot analysis

Immunoprecipitation of the IR from adipocyte homoge-

ates (200 �L packed cell volume [PCV]) was carried out at
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°C overnight using 3 �g of an anti IR antibody (Upstate
iotechnology Inc., Lake Placid, NY). Immunocomplexes
ere collected by incubation with 20 �L Protein G Sepha-

ose for 30–60 minutes, washed three times with PBS
ontaining 0.1% (v/v) N-laurylsarcosine, and boiled in Lae-
mli sample buffer. Immunoprecipitates (IR) and adipocyte

ytosol fractions (PKB) were subjected to SDS-PAGE (7
nd 9% acrylamide respectively) followed by electrotrans-
er of proteins onto nitrocellulose membranes. Membranes
ere blocked for 1 hour with 0.5% gelatin (IR) or 10% dry
ilk (PKB) in 20 mmol/L Tris pH 7.6, 137 mmol/L NaCl

nd 0.1% (w/v) Tween-20 for 30–60 minutes, and were
ncubated for 16 hours with the primary antibodies anti
hosphotyrosine (PY99, Santa Cruz Biotechnology, Santa
ruz, CA) or anti phospho-Akt (Ser473 and Thr308) at a
:2000 dilution (Cell Signaling Technology, Beverly, MA).
mmunoblot analysis was performed using the Super Signal
eagent (Pierce, Rockford, IL), and the chemiluminescent
ight was captured using a cooled CCD camera (LAS 1000
lus, Fuji, Tokyo, Japan). The relative intensities of the
ands were determined using the Image Gauge Software
Fuji, Tokyo, Japan).

.5. Isolation of 32P-labeled PKB� from adipocytes

Isolated primary rat adipocytes were suspended (10 mL
f 12% suspension) in low-phosphate Krebs-Ringer me-
ium containing 25 mmol/L HEPES pH 7.4, 200 nmol/L
denosine, 2 mmol/L glucose, 3.5% BSA, and 300 �mol/L
H2PO4and incubated at 37°C with 0.5 mCi 32P/mL (Am-

rsham Pharmacia Biotech, Little Chalfont, UK) for 1 hour.
ells were stimulated with insulin in the absence or pres-
nce of DMAP as indicated in Figure 5, and washed and
omogenized in buffer B. Cytosol fractions were prepared
y centrifugation for 45 minutes at 33,000 � g and sub-
ected to immunoprecipitation using 2 �g/240 �L PCV of
n anti PKB� antibody (Upstate Biotechnology, Lake
lacid, NY). Subsequently, immunoprecipitates were
ashed and subjected to SDS-PAGE and electrotransfer to
VDF membrane followed by detection of 32P by digital

maging (Fujix BAS 2000, Fuji, Tokyo, Japan). The relative
ntensities of the bands were determined using Image Gauge
oftware (Fuji, Tokyo, Japan).

.6. Assay of PKB

PKB-containing cytosol fractions (10 �L) from insulin
timulated adipocytes were incubated for 20 minutes at
0°C with 5 �L of a mixture containing 17 mmol/L TES pH
.5, 42 mmol/L MgSO4, 4.2 mmol/L dithioerythriol, 207
mol/L sucrose, 170 �mol/L [�-32P]ATP (specific activity

0,000–40,000 cpm/pmol ATP), 6.6 �mol/L cAMP-depen-
ent protein kinase inhibitor, 13 �g of the peptide substrate
PRAATF and DMAP at indicated concentrations. Incuba-

ions were terminated by the addition of 10 �L of 1% BSA,

mmol/L ATP, pH 3.0, and 5 �L of 30% trichloroacetic a
cid. After 15 minutes on ice, samples were centrifuged and
5 �L of the supernatants was applied to phosphocellulose
aper (Whatman P81) that was washed five times with 75
mol/L phosphoric acid and once with acetone. The

mount of 32P incorporated into the peptide substrate was
etermined by scintillation counting.

.7. Assay of JNK

Adipocyte cytosol fractions (300–500 �L) were incu-
ated for 2 hours with 3 �g of an anti JNK1 antibody
Upstate Biotechnology, Lake Placid, NY). The last 30
inutes protein G sepharose was included to collect the

mmunocomplexes, which were subsequently washed twice
ith a buffer containing 50 mmol/L Tris pH 7.5, 1 mmol/L
DTA, 1 mmol/L EGTA, 1% Triton-X 100, 1 mmol/L
odium orthovanadate, 50 mmol/L NaF, 5 mmol/L sodium
yrophosphate, 270 mmol/L sucrose, and 0.5 M NaCl, and
wice with a buffer containing 50 mmol/L Tris pH 7.5, 0.1
mol/L EDTA, and 0.1% �-mercaptoethanol. Immunopre-

ipitates were then incubated for 20 minutes at 30 °C in a
otal volume of 50 �L consisting of 50 mmol/L Tris pH 7.5,
.1% �-mercaptoethanol, 0.1 mmol/L EDTA, 2.5 �mol/L
AMP-dependent protein kinase inhibitor, 500 nmol/L mi-
rocystin-LR (Alexis Biochemicals, Montreal, PQ, Can-
da), 10 mmol/L MgCl2, 100 �mol/L [�-32P]ATP (specific
ctivity 250–500 cpm/pmol ATP), and 3 �mol/L of the
eptide substrate ATF2 (Upstate Biotechnology, Lake
lacid, NY). The reactions were stopped by applying 40 �L
f the reactions onto phosphocellulose paper (Whatman
81) that was washed five times with 75 mmol/L phospho-
ic acid and once with acetone. The amount of 32P incor-
orated into the peptide substrate was determined by scin-
illation counting.

.8. Statistical methods

The statistical significance of differences was analyzed
ith the Student’ s t test (paired). P � 0.05 was used as the

ut-off point for significance. Results are presented as
eans � SD.

. Results

An important metabolic effect of insulin is to promote
he storage of triglycerides by counteracting adipose tissue
ipolysis induced by cAMP-increasing agents. In a search
or compounds with effects on insulin-mediated regulation
f lipolysis, we identified DMAP as a novel modulator of
nsulin action in adipocytes.

.1. DMAP inhibits insulin-induced antilipolysis in
dipocytes

To investigate the effect of DMAP on insulin-induced

ntilipolysis, isolated primary adipocytes were stimulated
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ith the lipolytic agent isoprenalin, a �-adrenergic agonist,
n the absence or presence of insulin and different doses of
MAP. As shown in Fig. 1, stimulation of adipocytes with

soprenalin resulted in increased lipolysis, measured as an
ncreased glycerol release. In the absence of DMAP, insulin
as able to counteract this effect. However, in the presence
f increasing concentrations of DMAP, the antilipolytic
ction of insulin was inhibited in a concentration-dependent
ashion. The full effect of DMAP on antilipolysis was ob-
ained at 100 �mol/L, whereas at 10 �mol/L DMAP no
ffect was seen. Furthermore, at the maximal DMAP con-
entration 1 mmol/L, basal lipolysis was significantly in-
reased.

.2. DMAP inhibits insulin-induced lipogenesis in
dipocytes

Insulin promotes lipid storage by stimulating triglyceride
ormation in adipose tissue. The effect of DMAP on this
ipogenic action of insulin was examined. Primary rat adi-
ocytes were stimulated with insulin in the absence and
resence of DMAP, and lipogenesis was measured as in-
reased incorporation of exogenously added 3H-glucose
nto adipocyte triglycerides. As shown in Fig. 2, DMAP
ounteracted insulin-induced lipogenesis in a concentration-
ependent manner. Half-maximal effect was seen using 300
mol/L, and a significant 10% decrease was obtained al-

eady at 10 �mol/L DMAP. Basal lipogenesis was signifi-
antly decreased at 700 �mol/L DMAP and further inhib-

ig. 1. Inhibition of the antilipolytic effect of insulin by DMAP in primary
at adipocytes. Primary rat adipocytes were preincubated for 30 minutes
ith or without different concentrations of DMAP, and then stimulated
ith or without 100 nmol/L isoprenalin (iso) and with or without 1.7
mol/L insulin (ins) for 30 minutes. Lipolysis was then measured as
ccumulated glycerol release. Because of the variation in absolute values,
esults are presented as percentage of the maximal value within each group
f DMAP concentration, and are mean values � SD from four independent
xperiments. ***P � 0.001. The absolute values for isoprenalin-induced
ipolysis (taken as 100%) are: 0 DMAP; 352–469 nmol glycerol/30 min/50
L PCV, 0.01 mmol/L DMAP; 348–452 nmol glycerol/30 min/50 �L
CV, 0.1 mmol/L DMAP; 338–431 nmol glycerol/30 min/50 �L PCV, 1
mol/L DMAP; 348–467 nmol glycerol/30 min/50 �L PCV.
ted at 1 mmol/L DMAP. t
.3. DMAP inhibits insulin-induced glucose uptake in
dipocytes

Another mechanism by which insulin increases the lipid
tores is by stimulating uptake of glucose into adipocytes.
he effect of DMAP on insulin-induced glucose uptake was
easured as the uptake of 2-deoxy 3H-glucose, a nonme-

abolizable form of glucose, into primary adipocytes incu-
ated with insulin in the absence or presence of increasing
oncentrations of DMAP. As shown in Fig. 3, the 2.5-fold

ig. 2. Inhibition of insulin-induced lipogenesis in primary rat adipocytes.
rimary rat adipocytes were preincubated for 30 minutes with or without
MAP at the concentrations indicated, and stimulated with or without 100
mol/L insulin (ins) for 30 minutes. Lipogenesis was measured as the
ncorporation of 3H-glucose into adipocyte neutral lipids. Results are pre-
ented as percent of the maximal value, and are means � SD from four
ndependent experiments. *P � 0.05, **P � 0.01.

ig. 3. Inhibition of insulin-induced glucose uptake in primary rat adipo-
ytes. Primary rat adipocytes were preincubated for 30 minutes with or
ithout different concentrations of DMAP, and stimulated with or without
nmol/L insulin (ins) for 30 minutes. Uptake of 2-deoxy 3H-glucose from

he medium was measured by scintillation counting of the cells. Results are
resented as percentage of the maximal value, and are means � SD from

hree independent experiments. *P � 0.05, **P � 0.01.
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ncrease in glucose uptake obtained after insulin stimulation
as inhibited in a concentration-dependent way by DMAP,
ith a significant 11% decrease at 10 �mol/L. Using the
aximal DMAP concentration, 1 mmol/L, total glucose

ptake was further inhibited, but the fold increase in re-
ponse to insulin was maintained as compared to that in
ontreated cells, because of the significant negative effects
hat this concentration of DMAP had on basal glucose
ptake.

.4. Effects of DMAP on selected known insulin signaling
omponents

To explain the effects of DMAP on insulin action in
dipocytes, we investigated the possible impact of DMAP
n known mediators of insulin action, in particular the IR,
KB, and PDE 3B. To study the effect of DMAP on ty-
osine phosphorylation of the IR, isolated adipocytes were
timulated with insulin in the absence or presence of 1
mol/L DMAP. Tyrosine phosphorylation of the IR was

hen analyzed using phosphotyrosine antibodies. As seen in
ig. 4, insulin induced tyrosine phosphorylation of the re-
eptor. Pretreatment of the cells with 1 mmol/L DMAP did
ot influence this phosphorylation, as shown in Fig. 4 and
y means of quantification of the bands (data not shown).
hus, the effect of DMAP on insulin signaling was not at

he level of the IR, and therefore we continued to investigate
he impact of DMAP on the downstream effectors PKB and
DE 3B. Isolated adipocytes were stimulated with insulin in

he absence or presence of increasing concentrations of
MAP, and after homogenization and centrifugation, PKB

nd PDE 3B activities were measured in cytosol and mem-
rane fractions respectively. Figure 5a shows that pretreat-
ent of adipocytes with 1 mmol/L DMAP causes a 30%

nhibition of the insulin-induced PKB activity, whereas 10
nd 100 �mol/L DMAP does not influence PKB activity.
he inhibition at 1 mmol/L DMAP could either be due to an
ffect of DMAP on upstream signaling or to a direct inhib-

ig. 4. DMAP does not influence insulin-induced tyrosine phosphorylation
f the insulin receptor. Primary rat adipocytes were preincubated for 30
inutes with or without 1 mmol/L of DMAP, and stimulated with or
ithout 100 nmol/L insulin (ins) for 10 minutes. The insulin receptor (IR)
as immunoprecipitated (IP) from the homogenates, and tyrosine phos-
horylation was analyzed by Western blot (WB) using phosphotyrosine
PY) antibodies. Results presented are representative of three independent
xperiments.
tory action of DMAP on PKB, with a binding strong m
nough to be maintained throughout the homogenization,
entrifugation, and subsequent kinase assay. To investigate
he nature and cause of the inhibition, PKB phosphorylation
Ser 473/474, Thr 308/309 and total) was monitored using
hosphospecific antibodies as well as in vivo 32P-labeling.
s seen in Fig. 5b, there was a tendency toward a decrease

n Ser 473 phosphorylation after DMAP pretreatment, but
o inhibition of Thr 308 phosphorylation. As shown in Fig.
c, and as judged by quantification of the signals from three
xperiments, there was a nonsignificant decrease (12%, P �
.37) in total phosphorylation. The results in Figs. 5b and 5c
uggest that DMAP to a limited extent may influence sig-
aling components upstream of PKB, affecting PKB phos-
horylation and activation. However, since this could only
artially explain the 30% inhibition of PKB activity at 1
mol/L DMAP, we also studied the direct effect of DMAP

n PKB by incubating adipocyte PKB, in the absence or
resence of increasing concentrations of DMAP in vitro. As
een in Fig. 5d, at 100�mol/L DMAP caused a 25% inhi-
ition of PKB activity and at the maximal concentration 1
mol/L, there was a 70% decrease in PKB activity. Given

he high concentrations needed (IC50 �300 �mol/L),
MAP must be considered as a low potency inhibitor of
KB. This is in agreement with the high concentrations
equired to inhibit PKB in cells.

To monitor the consequences of PKB inhibition in intact
ells, we also investigated the effect of DMAP treatment on
he insulin-induced activation of PDE 3B, a downstream
ubstrate for PKB. As shown in Fig. 6, pretreatment of
dipocytes with 1 mmol/L DMAP did not influence insulin-
nduced activation of PDE 3B. The results in Fig. 5 and Fig.

together suggest that inhibition of PKB is not likely to be
he mechanism whereby DMAP exerts its inhibitory effects
n insulin action.

.5. Possible involvement of JNK in mediating the effects
f DMAP in adipocytes

DMAP has previously been described as an inhibitor of
NF�-induced activation of the MAPK member JNK

28,29]. Furthermore, JNK has also been shown to be acti-
ated by insulin [22–24]. To study the effect of DMAP on
nsulin-induced activation of JNK, primary adipocytes were
nsulin-stimulated with or without DMAP pretreatment, and
n in vitro JNK1 immunoprecipitation kinase assay using
TF2 as a substrate, was performed. As seen in Fig. 7,

timulation of rat adipocytes with 10 nmol/L of insulin for
minute indeed resulted in a significant 2-fold increase in

NK kinase activity. This activation was transient, since no
ctivation could be observed after a 10-minute insulin stim-
lation (data not shown). Pretreatment with DMAP caused
reversal of this activation. This result suggests that the
echanism whereby DMAP affects insulin-induced antili-

olysis, lipogenesis and glucose uptake (Figs. 1–3) could
nvolve inhibition of JNK. This hypothesis was tested by

easuring insulin-induced antilipolysis, lipogenesis, and
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lucose uptake in the presence of increasing concentrations
f the newly described JNK inhibitor SP600125 [36]. As
hown in Fig. 8, pretreatment of adipocytes with 100
mol/L SP600125, resulted in a complete reversal of the
ntilipolytic effect of insulin, similar to the one obtained
fter pretreatment with 100 �mol/L DMAP. Whereas 100
mol/L SP600125 completely blocked the inhibition of

ipolysis by insulin, 100 �mol/L SP600125 only inhibited
nsulin-induced lipogenesis and glucose uptake down to
0% and 74% of the of the original response respectively.
gain, these results are similar to the ones obtained using

orresponding concentrations of DMAP.
Taken together, our results suggest a possible role for

NK in metabolic actions of insulin, especially in the case of
ntilipolysis. DMAP-mediated inhibition of JNK may there-
ore contribute to the inhibitory effects of DMAP on the
hree metabolic insulin responses investigated

. Discussion

In this article we demonstrate new effects of the kinase
nhibitor DMAP on metabolic insulin signaling pathways in
at adipocytes. Similar results were also obtained in human
dipocytes (antilipolysis and lipogenesis, unpublished data),
lthough the effects sometimes required higher concentra-
ion of the inhibitor. Full understanding of the mechanisms
nvolved in the action of DMAP needs further investigation,
ut JNK could be one of its targets in cells, the inhibition of
hich may explain the effects of DMAP on metabolic

ignaling in adipocytes.
The different biological responses were affected some-

hat differently by DMAP. The ability of insulin to coun-
eract lipolysis was not inhibited by 10 �mol/L DMAP but
as on the other hand completely reversed in the presence
f 100 �mol/L inhibitor. This rapid and total effect is in
ontrast to the impact of DMAP on lipogenesis and glucose
ptake which was weaker and more gradual, with a small
nhibition at 10 �mol/L and a submaximal effect at 100
mol/L. These differences may reflect different mecha-
isms whereby DMAP acts on the three signaling pathways.
he rate of lipogenesis is to a large extent determined by the

ate of glucose uptake into the cells. Hence, the signaling
athways leading to lipogenesis and glucose uptake are
artly the same. This is in line with the similar effects
MAP had on these two responses to insulin.
Our results show that DMAP can function as a weak

irect PKB inhibitor (Fig. 5d). However, the degree of

f inhibitor and are means � SD of four independent experiments. In (b),
he bands were detected using a cooled CCD camera and the relative
ntensities were determined using the Image Gauge Software (Fuji). (c)
epresentation of three independent experiments. The absolute value for

nsulin-induced PKB activity (taken as 100%) in (a) is 0.95–2.19 pmol
TP/min/2.5 �L PCV, and in (e) 0.20–0.71 pmol ATP/min/2.5 �L PCV.

P � 0.05
ig. 5. Inhibition of insulin-induced PKB activity by DMAP. Primary rat
dipocytes were preincubated for 30 minutes with or without different
oncentrations of DMAP, and stimulated with or without 1 nmol/L insulin
ins) for 10 minutes. Cytosol fractions were prepared and PKB activity (a)
nd Ser 473 and Thr 308 phosphorylation (b) was measured using a peptide
ssay and western blot analysis respectively. To monitor total PKB phos-
horylation (c), cells were in vivo 32P-labeled, stimulated as described
bove, and subsequently PKB (�) was immunoisolated, subjected to SDS-
AGE, and analyzed using phosphoimaging. Direct action of DMAP on
KB kinase activity (d) was measured by incubation of activated PKB in
itro in the presence of increasing concentrations of DMAP. In (a), (b), and
d), results are presented as percentage of the value obtained in the absence
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nhibition of PKB by DMAP in cells did not correlate with
he degree of the effects of DMAP on the biological re-
ponses. For example, at 100 �mol/L DMAP the ability of
nsulin to counteract lipolysis was completely abrogated
Fig. 1), whereas insulin-induced PKB activity in cells was
ot affected (Fig. 5a, Fig. 6). Furthermore, at 1 mmol/L
MAP, insulin-induced lipogenesis was inhibited down to
0% of the original insulin-induced response, whereas 70% of
he PKB activity was intact. Our conclusion is therefore that
KB is not likely to be a functional target for DMAP in cells.

ig. 6. Activation of PDE 3B in response to insulin. Primary rat adipocytes
ere preincubated for 30 minutes with or without 1 mmol/L of DMAP, and

timulated with or without 10 nmol/L insulin (ins) for 10 minutes. Mem-
rane fractions were prepared and assayed for PDE 3 activity. Results are
resented as percentage of the value obtained with insulin in the absence of
MAP and are means � SD of two independent experiments. The absolute
alue for insulin-induced PDE 3 activity (taken as 100%) is 163–195 pmol
AMP/min/mL PCV.

ig. 7. Inhibition of insulin-induced JNK activity by DMAP. Primary rat
dipocytes were preincubated for 30 minutes with 1 mmol/L of DMAP and
timulated with 10 nmol/L of insulin (ins) for 1 minute. JNK activity was
easured in cytosol fractions as kinase activity towards ATF2 in JNK1-

mmunoprecipitates. Results are presented as percentage of the maximal

aalue, and are means � SD of two to six experiments. *P � 0.05
In our experimental setting, a 30% PKB inhibition did
ot influence insulin-induced activation of PDE 3B in rat

ig. 8. Possible role for JNK in metabolic actions of insulin Primary rat adipocytes
ere preincubated for 30 minutes with or without different concentrations of
P600125 (SP), and then stimulated with or without 100 nmol/L isoprenalin (iso)
a) and with or without 1 nmol/L (ins) (a, b, c) for 30 minutes. Lipolysis (a),
ipogenesis (b), and glucose uptake (c) was then measured as accumulated glycerol
elease (a), and uptake of 3H-glucose (b), and 2-deoxy 3H –glucose (c) respec-
ively. Results are presented as percent of the value obtained with isoprenalin (a)
r insulin (b, c) in the absence of SP600125, and are mean values � SD from four
a, b) and five (c) independent experiments. *P � 0.05, **P � 0.01. ***P �
.001. The absolute values for the isoprenalin-induced lipolysis (taken as 100%) in
a) are 305–475 nmol glycerol/30 min/50 �L PCV.
dipocytes (Fig. 6). This was somewhat surprising since
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here is now accumulating evidence that PKB can act as a
DE kinase both in vitro and in vivo. For example, Wij-
ander et al. have shown that PDE kinase activity from rat
dipocytes co-elutes with PKB from Mono Q and Superdex
olumns [6]. Furthermore, immunoprecipitated as well as
ecombinant PKB can be used to phosphorylate PDE 3B in
itro [7,8]. A role for PKB as a PDE kinase in vivo has been
stablished by Ahmad et al. [7] and Kitamura et al. [8] in
DCP2 cells and 3T3 L1 adipocytes respectively, by de-

ecting downstream effects on PDE 3B in cells overexpress-
ng different mutants of PKB and PDE 3B. Most likely, the
emaining 70% of PKB activity is enough to fully activate
DE 3B.

Since PKB inhibition did not provide a satisfying expla-
ation to the effects of DMAP on the metabolic actions of
nsulin, we wanted to explore which other targets of DMAP
ould play a role. DMAP has previously been used as an
nhibitor of JNK activation by TNF� [28,29], and in this
rticle we show that DMAP also blocks the activation of
NK induced by insulin. How this inhibition is mediated is
ot known, although one group suggests upregulated ex-
ression of a JNK phosphatase as a possible mechanism
29]. To study the possible involvement of JNK in the
echanisms whereby DMAP exerts its effects on insulin-

nduced antilipolysis, lipogenesis, and glucose uptake, we
sed SP600125, an anthrapyrazolone inhibitor of JNK [36].
retreatment of adipocytes with SP600125 completely re-
ersed the antilipolytic action of insulin, and partly inhib-
ted lipogenesis and glucose uptake, suggesting a role for
NK in the signaling pathways leading to these responses.
P600125 was described in 2001 by Bennett et al. [36], who
eported SP600125 to inhibit JNK1 in vitro with an IC50
alue of 0.04 �mol/L, and with a more than 20-fold selec-
ivity versus a range of other kinases, for example PKA
IC50 �10�mol/L) and PKB (IC50 1 �mol/L). The con-
entration required for full effect in cells was 25–50
mol/L. SP600125 has since been relatively widely used in

tudies of various apoptotic or mitogenic events. During the
reparation of this manuscript the specificity of SP600125
as however questioned by Bain et al. [37], who showed

hat additional kinases, for example p70 ribosomal protein
6 kinase, glucocorticoid-induced kinase, and AMP-acti-
ated protein kinase was inhibited by SP600125 in vitro.
onsequently, it should be noted that, before further studies
ave been carried out to fully investigate the effects of this
nhibitor in intact cells, data should be interpreted with
aution.

Where in the antilipolytic pathway JNK may be acting
emains unclear so far. Neither PKB nor PDE 3B activation
n response to insulin was affected by SP600125 (data not
hown), suggesting that JNK possibly acts downstream of
DE 3B, close to the biological target HSL. For example
�-AMP dependent protein kinase (AMPK), a negative reg-
lator of HSL [38,39], has been shown to be activated in

esponse to arsenite [40], a strong activator of JNK, provid- U
ng a possible link between JNK/arsenite signaling, and
ipolysis.

As discussed in the Introduction, the signal transduction
athways leading to increased lipogenesis and glucose up-
ake are less well understood, but have been suggested to
nvolve PKB. The exact role of JNK in these responses
emains to be established.

It should be emphasized that, even if DMAP-inhibition
f JNK might explain some of the in vivo effects of DMAP,
hese are most likely not the only targets of DMAP in the
ells. Hence, the main target, inhibition of which mediates
he effects of DMAP on insulin signaling, may remain to be
dentified.

Considering the data presented here, DMAP has proved
o be a rather promiscuous agent that should be used with
are. To identify further the targets mediating its effects will
e a future challenge. The relatively high concentration
eeded to obtain maximal effects in cells might also pose a
roblem. However, defect metabolic signaling is potentially
f great importance for the development of common disor-
ers such as obesity and insulin resistance, and the possi-
ility to manipulate such pathways is therefore of great
herapeutic interest. Bearing in mind the role of adipose
issue in insulin resistant disorders [41], it might be of
nterest to further develop pluripotent drugs acting on lipol-
sis as well as glucose metabolism in fat cells.

An interesting finding was that JNK might be involved in
ediating metabolic responses to insulin, especially the

ntilipolytic effect of insulin. To confirm this role for JNK,
o establish where in the signaling cascade JNK acts and to
valuate the biological relevance of this observation, will be
mportant issues in the future.

In conclusion, in this article we show that DMAP inhibits
nsulin-induced antilipolysis, lipogenesis, and glucose up-
ake in primary rat adipocytes. Two of these biological
esponses were affected already at 10 �mol/L of the inhib-
tor. The mechanism for this inhibition is still not fully
lucidated, but JNK could be the functional cellular target
or DMAP in cells. In addition, we have identified a new
ossible role for JNK as a component of the antilipolytic
ignaling pathway of insulin.
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