
Obesity is one of the key problems in the modern

society [1]. Obesity considerably increases the risk of

type 2 diabetes mellitus, metabolic syndrome, their car�

diovascular complications, and several types of cancer.

In Russia, type 2 diabetes is diagnosed in 2.8% of the

population, i.e., about 4.2 million people. The number

of patients who are overweight is growing fast both

among adults and children [2, 3]. Yet, the Russian sci�

ence is far behind the world one in the study of cellular

and molecular mechanisms of metabolic disorders,

including those associated with type 2 diabetes and obe�

sity.

Insulin resistance (IR) is the early event in the devel�

opment of type 2 diabetes. IR is defined as a loss of insulin

sensitivity of target cells due to inability of insulin to

induce their glucose uptake from blood [4]. This results in

stable hyperglycemia manifested by an increased level of

glycated hemoglobin A1C. Despite a substantial progress

in pharmacological correction of these parameters in dia�
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Abstract—Obesity is accompanied by dyslipidemia, hypoxia, endoplasmic reticulum (ER) stress, and inflammation, repre�

senting the major risk factor for the development of insulin resistance (IR) and type 2 diabetes. We modeled these condi�

tions in cultured 3T3�L1 adipocytes and studied their effect on insulin signaling, glucose uptake, and inflammatory response

via activation of stress�dependent JNK1/2 kinases. Decreased insulin�induced phosphorylation of the insulin cascade com�

ponents IRS, Akt, and AS160 was observed under all tested conditions (lipid overloading of cells by palmitate, acute inflam�

mation induced by bacterial lipopolysaccharide, hypoxia induced by Co2+, and ER stress induced by brefeldin A). In all the

cases, except the acute inflammation, glucose uptake by adipocytes was reduced, and the kinetics of JNK1/2 activation was

bi�phasic exhibiting sustained activation for 24 h. By contrast, in acute inflammation, JNK1/2 phosphorylation increased

transiently and returned to the basal level within 2�3 h of stimulation. These results suggest a critical role of sustained (latent)

vs. transient (acute) inflammation in the induction of IR and impairment of glucose utilization by adipose tissue. The com�

ponents of the inflammatory signaling can be promising targets in the development of new therapeutic approaches for pre�

venting IR and type 2 diabetes.

DOI: 10.1134/S0006297919050092

Keywords: insulin resistance, type 2 diabetes, inflammation, glucose transport



554 STAFEEV et al.

BIOCHEMISTRY  (Moscow)   Vol.  84   No.  5   2019

betes therapy [2], the problem of counteracting and pre�

venting IR as the primary event in pathogenesis of type 2

diabetes remains virtually unresolved. This is largely due

to insufficient understanding of the mechanisms of IR

development in the key insulin�targeted cells − adipo�

cytes, myocytes, and hepatocytes.

Cellular mechanisms of IR development are believed

to be associated with impaired intracellular signaling

induced by insulin inside cells, which leads to reduced

translocation of the insulin�dependent glucose trans�

porter GLUT4 to the plasma membrane. The insulin cas�

cade involves activation of insulin receptor, phosphoryla�

tion of insulin receptor substrate (IRS) at Tyr612 residue,

activation of phosphoinositide 3�kinase (PI3K) cascade

and protein kinase B (Akt kinase) by double phosphory�

lation at Thr308 and Ser473 residues, and phosphoryla�

tion of AS160 (Akt substrate of 160 kDa) that regulates

GLUT4 translocation to the membrane [5�7]. Akt is

phosphorylated at Thr308 by the PI3K�dependent phos�

phoinositide�dependent kinase PDK1, whereas Ser473 in

Akt is phosphorylated by TORC2 (mammalian target of

rapamycin complex 2), whose activity, at least partially,

depends on PI3K [6]. Activation of insulin cascade is

impaired upon IRS phosphorylation at serine residues by

various protein kinases, which switches off the signaling

function of IRS [7, 8].

It has been long believed that different serine kinas�

es that suppress IRS function and lead to IR are activat�

ed at different pathological states associated with obesity.

Depending on tissue type, these conditions include dys�

lipidemia, inflammation, hypoxia, oxidative stress,

nutrient overload, and endoplasmic reticulum (ER)

stress [7, 9�12]. There have been attempts to attribute

predisposed phosphorylation of individual IRS serine

residues by specific kinases to these conditions [13�15].

They resulted in a rather mosaic pattern, suggesting the

absence of strict specificity and the possibility of a more

general mechanism of IR induction. The use of

knocked�out animal models revealed critical contribu�

tion of the inflammatory kinases such as IKKβ/ε and

JNK1/2 [16�19] and suggested that latent inflammation

could be a common mechanism that combines the effects

of various risk factors. Association of obesity with

inflammation in adipose tissue is well documented [20�

22], yet there is no consensus still as to which of these

two factors is the cause or the consequence [23]. Since

several possible cross�talk pathways exist between the

inflammatory and insulin cascades [12], this question

has not been solved. Nevertheless, anti�inflammatory

therapy can recover the sensitivity to insulin both on the

system level [24, 25], and in the model 3T3�L1

adipocytes [26].

In this study, we aimed to model the pathological,

obesity�associated conditions and compare their effects

on insulin signaling and glucose uptake in cultured 3T3�

L1 adipocytes. 

MATERIALS AND METHODS

Culture and differentiation of 3T3�L1 preadipocytes.
Mouse 3T3�L1 preadipocytes were obtained from the

American Type Culture Collection (ATCC) and cultured

in high�glucose Dulbecco modified Eagle’s medium

(DMEM) (4.5 g/liter glucose, 110 mg/liter sodium pyru�

vate, 2 mM L�glutamine, 6·104 U/liter penicillin,

6·104 U/liter streptomycin) supplemented with 10% fetal

bovine serum (FBS) (HyClone, USA, or Biological

Industries, Israel). Adipogenic differentiation was per�

formed for 10 days as described elsewhere [26, 27].

Briefly, 3T3�L1 preadipocytes were grown for 2 days up to

~90% confluency and then for 1 day more in DMEM

with 10% newborn calf serum (NBCS; Gibco, USA). On

the day 3, the medium was replaced with DMEM with

10% FBS, 0.5 mM dexamethasone, 0.25 μM isobutyl

methyl xanthine, 2 μM rosiglitazone, 1 μg/ml insulin (all

reagents were from Sigma�Aldrich, USA). The medium

was exchanged daily for the next 2�3 days. On the day 5,

the medium was replaced with DMEM containing 10%

FBS and 1 μg/ml insulin; on the day 7, the differentiated

adipocytes were transferred into high�glucose DMEM

with 10% FBS. The cells were used in the experiments on

the days 10 to 14 or fixed with 4% formaldehyde and

stained for 1 h with the lipophilic dye OilRedO (Merck

Millipore, USA).

Modeling the insulin resistance (IR). Lipid�induced

IR was achieved as described by She et al. [28] with mod�

ifications. Mature 3T3�L1 adipocytes were deprived of

FBS for 24 h in DMEM with 0.5% BSA. Then, 0.3 mM

conjugate of palmitic acid with BSA (FFA) prepared

according to Svedberg et al. [29] was added to cells. The

insulin cell sensitivity was determined after 24 h by stim�

ulation of cells with 100 nM insulin for 20 min, and

measurement of [3H]2�deoxyglucose uptake and phos�

phorylation of the insulin cascade proteins as described

below.

Inflammation was induced by treatment of mature

3T3�L1 adipocytes with 50 ng/ml LPS (E. coli, 0111:B4

serotype; Sigma) for 24 h in DMEM supplemented with

10% FBS. Then, the cells were deprived of FBS for 4 h in

high�glucose DMEM, and their sensitivity to insulin was

determined by mesuring activatory phosphorylation of

the main insulin cascade components and insulin�stimu�

lated [3H]2�deoxyglucose uptake as described below.

ER stress was induced according to Citterio et al.

[30] with some modifications. Mature 3T3�L1 adipocytes

cultured in DMEM supplemented with 10% FBS were

treated with 100 μM BrA for 24 h. The cells were then

deprived of FBS for 4 h. The insulin cascade activity and

the uptake of [3H]2�deoxyglucose were measured then as

described below.

Hypoxia was modeled according to Glassford et al.

[31] by stabilizing transcription factor HIF�1α with biva�

lent cobalt ions. Mature 3T3�L1 adipocytes were treated
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for 24 h with 100 μM CoCl2 in high�glucose DMEM con�

taining 10% FBS and then incubated for 4 h in serum�free

high�glucose DMEM with 100 μM CoCl2. Then the

insulin cascade activity and [3H]2�deoxyglucose uptake

were measured as described below.

The inflammatory response dynamics. The cells were

treated with FFA, LPS, BrA, or CoCl2 for 30 min and 1,

2, 8, and 24 h. The inflammatory response kinetics were

assessed by increased activatory phosphorylation of

Thr183/Tyr185 residues in the activation loop of the

stress�dependent kinases JNK1/2.

Immunoblotting. Immunoblotting was used to com�

pare the activation of phosphorylation of the insulin cas�

cade proteins and to assess the kinetics of JNK1/2 phos�

phorylation (inflammatory response) in the IR models.

The cells were lysed on ice in RIPA

(RadioImmunoPrecipitation Assay) buffer (150 mM

NaCl, 1% Triton X�100, 0.5% sodium deoxycholate,

0.1% sodium dodecyl sulfate, 50 mM Tris�HCl, pH 8.0)

containing inhibitors of proteases (cOmplete Tablets

EASYpack; Roche, Switzerland) and phosphatases

(10 mM sodium glycerophosphate, 20 mM sodium

pyrophosphate, 10 mM sodium fluoride, 1 mM sodium

orthovanadate). The cell lysate proteins were resolved by

SDS�PAGE according to Laemmli [32] and transferred

onto polyvinylidene fluoride (PVDF) membranes (no less

than 1 A·h). The membranes were blocked for 2 h in 5%

fat�free milk (AppliChem, Germany) in TBST (50 mM

Tris, 150 mM NaCl, 0.1% Tween 20, pH 7.5) and succes�

sively incubated with the primary and secondary antibod�

ies in 1% milk in TBST in dilutions suggested by the man�

ufacturer.

Insulin cascade activation was determined by phos�

phorylation of IRS�1, Akt, and AS160. The used antibod�

ies were against phospho�Tyr612 in IRS�1 (#44816;

Thermo Fischer Scientific, USA), total IRS�1 (3407;

Cell Signaling Technology, USA), phospho�Thr308 in

Akt (9275; Cell Signaling Technology), phospho�Ser473

in Akt (4060; Cell Signaling Technology), total Akt

(ab64148; Abcam, USA); phospho�Ser318 in AS160

(8619; Cell Signaling Technology), total AS160 (2670;

Cell Signaling Technology), and vinculin (ab18058;

Abcam). The secondary antibody was anti�rabbit IgG

conjugated with horseradish peroxidase (ab6721;

Abcam). JNK activation was assessed with phospho�spe�

cific antibodies against phospho�Thr183/phospho�

Tyr185 in JNK1/2 (AF1205; R&D Systems, USA) and

total anti�JNK1/2 antibodies (AF1387; R&D Systems).

The protein bands were visualized by chemilumi�

nescence with Clarity ECL reagents (Bio�Rad, USA)

using a FusionX gel�documentation system (Vilber

Lourmat, France) in the cumulative video mode to con�

trol the linearity of the signal. For quantitative densitom�

etry the GelAnalyzer2010a software was used. To deter�

mine the increase in phosphorylation level in response to

insulin, we first determined the relative phosphorylation

level of a protein of interest as the ratio of the chemilu�

minescence signal of the phosphorylated protein to that

of the total protein. Then the increase in insulin�induced

phosphorylation was calculated as the ratio of phospho�

rylation level in insulin�stimulated to that in non�stimu�

lated cells.

Measurement of the insulin�induced [3H]2�deoxyglu�
cose uptake. Glucose uptake by adipocytes was measured

after modeling IR conditions as above. The cells were

deprived of FBS for 4 h in high�glucose DMEM with

0.1% BSA and washed three times with glucose�free

DMEM; then insulin was added to final concentration of

100 nM for 20 min. To correct for insulin�independent

glucose uptake, 20 μM cytochalasin B was added for

20 min to control cells. Then, the medium was replaced

with the medium containing 100 μM 2�deoxyglucose +

0.5 μCi [3H]2�deoxyglucose (PerkinElmer, USA). After

10 min, the cells were carefully washed twice with an ice�

cold phosphate buffered saline (PBS) and frozen

at –20°C to disrupt cell membranes. Then cells were

thawed and lysed in 300 μl of RIPA buffer; 100 μl of the

lysate was used to determine protein concentration with

bicinchoninic acid (Pierce BCA Protein Assay Kit;

ThermoScientific, USA). The remaining 200 μl of the

lysate was dissolved in Beckman Ready�Solv HP scintil�

lation fluid (Beckman, USA). The radioactivity was

measured with a RackBeta counter (LKB Wallac,

Sweden), and the results were normalized to the protein

amount in samples. The cpm values obtained in the pres�

ence of cytochalasin B were subtracted from those

obtained in its absence to eliminate contribution of the

insulin�independent glucose transport.

Statistical analysis. The data were processed statisti�

cally with the MS Excel 2007 software. The results were

presented in histograms as mean values ± standard devi�

ation. The significance of differences was calculated using

the paired t�test with different sample variance; the p val�

ues < 0.05 were considered statistically significant.

RESULTS

Chemical IR inducers reduce insulin cascade activa�
tion in 3T3�L1 adipocytes. IRS phosphorylation at Tyr612

is the initial step of insulin signaling toward PI3K [5].

Figure 1a shows that insulin�induced stimulation of

Tyr612 phosphorylation in IRS was reduced after the

treatment of mature 3T3�L1 adipocytes with each of the

tested chemical inducers of IR. These results indicate that

lipid overloading of cells, inflammation, hypoxia, and ER

stress reduce insulin ability to activate signaling at the IRS

level.

Signaling via the PI3K cascade results in the activa�

tion of the Akt kinase via phosphorylation at two residues,

Thr308 and Ser473 [6]. All chemical inducers of IR

reduced insulin�stimulated increase in Akt phosphoryla�
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Fig. 1. Chemical IR inducers reduce insulin�dependent phosphorylation of the key insulin signaling components in 3T3�L1 adipocytes.

a) Representative Western blots (left panel) and statistics (right panel) of IRS phosphorylation at Tyr612; b) representative Western blots (left

panel) and statistics (right panel) of Akt phosphorylation at Thr308; c) representative Western blots (left panel) and statistics (right panel) of

Akt phosphorylation at Ser473; d) representative Western blots (left panel) and statistics (right panel) of AS160 phosphorylation at Ser318.

Results in the right panels are shown as mean ± standard deviation; * p < 0.05; n = 3.
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tion to different extent (Fig. 1). While LPS and FFA

weakly reduced it for Thr308 phosphorylation (Fig. 1b),

cobalt ions and BrA decreased it 2�3�fold. The situation

was opposite for Ser473: Co2+ and BrA had virtually no

effect, whereas LPS and FFA decreased insulin�stimulat�

ed phosphorylation of Ser473 nearly 3�fold (Fig. 1c).

However, because both the residues are needed for Akt

activation, it suggests that all chemical inducers impair

insulin�induced activation of the PI3K cascade and of

Akt as its target.

To further confirm inactivation of insulin signaling

toward GLUT4, we followed changes in insulin�depend�

ent phosphorylation of AS160 at Ser318 residue. Akt is a

direct regulator of AS160, targeting mainly its Ser318 [33,

34]. As shown in Fig. 1d, all chemical inducers of IR sim�

ilarly reduced the insulin�stimulated increase in phos�

phorylation of AS160. Therefore, lipid overloading,

inflammation, hypoxia, and ER stress impair Akt activa�

tion by insulin and subsequent signaling to GLUT4.

All chemical inducers of IR except LPS reduce
insulin�stimulated [3H]2�deoxyglucose uptake by 3T3�L1
adipocytes. The effect of insulin on glucose transport into

adipocytes was measured by a routine approach using

radio�labeled glucose analog. The contribution of

insulin�independent glucose transporters was determined

in the presence of cytochalasin B (an inhibitor of GLUT4

translocation to the plasma membrane). As shown in

Fig. 2, all chemical IR inducers, except LPS, reduced the

insulin�stimulated uptake of [3H]2�deoxyglucose. This

does not entirely correlate with the changes in the insulin

cascade activity shown above. LPS did not affect the

insulin�dependent uptake of deoxyglucose by the cells,

despite it reduced activation of the insulin cascade

(Fig. 1).

All chemical IR inducers except LPS cause prolonged
activation of the stress�dependent JNK1/2 kinases in 3T3�
L1 adipocytes. Stress�dependent kinases JNK1/2 are

activated in obesity and play an important role in the IR

development [12]. We have followed the kinetics of

JNK1/2 activation in 3T3�L1 adipocytes during chemical

induction of IR. Lipid overloading, inflammation,

hypoxia, and ER stress promoted phosphorylation of the

activating residues in JNK1/2; however, the kinetics of

JNK1/2 activation under these conditions was different

(Fig. 3).

The level of JNK1/2 phosphorylation quickly

increased after addition of the inducers to the cells, which

corresponded to the first, acute phase of the inflammato�

ry response (1�2 h). However, further kinetics markedly

differed for different inducers with respect to the presence

or absence of the second, prolonged phase (3�24 h).

While FFA and BrA stably increased the level of JNK1/2

phosphorylation, the second phase was virtually absent in

the case of LPS. After treatment with Co2+, the second

phase was present, but the level of JNK1/2 phosphoryla�

tion decreased by 24 h of the treatment.

DISCUSSION

In this work, we tested the hypothesis that in vitro

modeling of different pathological obesity�associated

condition can induce IR and affect glucose transport into

adipocytes. In all the cases (lipid overloading, acute

inflammation, hypoxia, and ER stress), the activating

effect of insulin was reduced at the (i) initial (IRS phos�

phorylation), (ii) intermediate (phosphorylation of Akt

kinase as a target of the PI3K cascade), and (iii) final

(phosphorylation of the insulin cascade effector AS160

that regulates activity of the insulin�dependent glucose

transporter GLUT4) stages. Under all tested conditions,

an increased phosphorylation of the stress�dependent

kinases JNK1/2 (normally activated in inflammation)

was observed; however, the kinetics of JNK1/2 activation

was different and transient. Since JNK1/2 are known as

the major serine kinases of IRS, our data suggest the

existence of a common inflammatory mechanism

responsible for the development of IR of various etiolo�

gy.

Mechanisms of the insulin cascade activity reduction
under the influence of FFA. It is well known that saturated

free fatty acids (FFAs) suppress glucose uptake by the

insulin�dependent tissues [35, 36]. This physiological

phenomenon underlying the Randle glucose–fatty acid

cycle [35] was described in detail for muscle cells as major

consumers of circulating glucose in the organism.

However, this cycle is much less studied in adipocytes

where excessive glucose was thought to mainly suppress

lipolysis. Only later, it was shown that the excess of FFAs

(of dietary or lipolytic origin) also decreases glucose

transport into adipocytes [37, 38]. Despite a great number

of works confirming this phenomenon [36], its cellular

mechanism for a long time remained unclear.

Fig. 2. Effect of chemical IR inducers on the insulin�stimulated

increase in [3H]2�deoxyglucose uptake by 3T3�L1 adipocytes.

The data are presented as mean ± standard deviation; * p < 0.05,

n = 6.
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Studies in 1990s and 2000s revealed that an excess of

lipids in muscle cells causes activation of atypical iso�

forms of protein kinase C that interrupt signaling from the

insulin receptor to the glucose transporter GLUT4 [39,

40]. However, a high lipid background in adipocytes sug�

gests another mechanism for impairment of the insulin

signaling, which emerged after identification of FFAs as

activators of Toll�like 4 type receptors (TLR4) [41, 42].

These receptors are linked to activation of inflammatory

signaling and inflammatory kinases IKK and JNK1/2 in

cells. The role of these kinases in impairment of insulin

signaling is now well documented [15]. The key role of

JNK in serine phosphorylation of IRS and IR develop�

ment in adipose tissue has been convincingly demonstrat�

ed in animal and cellular models of ER stress and inflam�

mation [16, 18].

Our results are consistent with this mechanism, as we

have observed that lipid overloading decreases the

insulin�stimulated phosphorylation of IRS at Tyr612

(which is necessary for further insulin signaling to the

PI3K cascade [5]), the insulin�stimulated phosphoryla�

tion of Akt and AS160 (Fig. 1), and glucose transport into

adipocytes (Fig. 2). Treatment of cells with FFA or LPS

increased the basal level of Ser473 phosphorylation in Akt

(Fig. 1c), which may result from either direct phosphory�

lation by JNK1/2 [18] or their effects on activation of

mTORC2 [15, 16]. Indeed, we have observed a prolonged

activation of JNK1/2 under cell treatment with FFA

(Fig. 3). However, we cannot rule out other mechanisms

underlying the effects of FFAs, since the action of FFAs

on adipocytes involves many complex processes [41, 42].

Mechanisms of the hypoxia�induced decrease in the
insulin cascade activity. Obesity and IR development are

associated with the hypertrophy of adipose tissue and

hypoxia can induce IR in adipocytes [10]. The transcrip�

tion factor HIF�1α is responsible for the cell response to

hypoxia. Inhibition of von Hippel–Lindau proteins by

Co2+ ions prevents proteasomal degradation of and stabi�

lizes the HIF�1α [43, 44]. The transcription factor NF�

κB is one of the target genes for HIF complex.

Stabilization of HIF�1α facilitates NF�κB�dependent

inflammatory mechanisms [45, 46]. Moreover, Co2+ ions

stimulate production of reactive oxygen species and pro�

mote oxidative stress in the cells [47]. Therefore, hypoxia

leads to activation of the inflammatory and stress�

dependent kinases, including IKK and JNK1/2.

Fig. 3. Kinetics of JNK1/2 phosphorylation in 3T3�L1 adipocytes treated with chemical inducers of IR: a) representative Western blots;

b) time dependence of JNK1/2 phosphorylation at Thr183 and Tyr185.
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We found that Co2+ ions reduce the insulin�depend�

ent phosphorylation of IRS, Akt (at Thr308), and AS160

(Fig. 1). As mentioned above, the increase in basal Akt

phosphorylation at Ser473 (Fig. 1c) can be due to the

activation of JNK1/2 [15, 16, 18]. Indeed, Co2+ caused

a prolonged activation of JNK1/2 (Fig. 3), which indi�

cates induction of inflammatory response. Despite

decreased JNK1/2 activation by the end of the experi�

ment, the insulin�stimulated glucose uptake remained

significantly reduced (Fig. 2). Hence, experimental

hypoxia induced IR development and affected glucose

uptake in the adipocytes, probably due to the activation

of long inflammatory response and involvement of

JNK1/2.

Mechanisms of the ER stress�induced decrease in the
insulin cascade activity. BrA affects the delivery of COPI�

coated vesicles from the ER into the Golgi apparatus thus

leading to protein overload and ER stress [48]. The mech�

anism of BrA action involves inflammatory transcription

factor NF�κB [49].

BrA decreased the insulin�dependent phosphoryla�

tion of IRS, Akt (at Thr308), and AS160 (Fig. 1), with no

effect only on Akt phosphorylation at Ser473 (Fig. 1c). It

also significantly reduced stimulation of glucose uptake

by insulin (Fig. 2). The kinetics of JNK1/2 activation

were sustained, which is in agreement with the JNK1/2

role in serine phosphorylation of IRS and IR induction in

adipocytes. Therefore, modeling the ER stress also leads

to the inflammatory response and impairs glucose trans�

port into adipocytes.

Mechanisms of the inflammation�induced decrease in
the insulin cascade activity. A quite clear view has shaped

of the relationship between obesity, inflammation, and IR

development in the adipose tissue [19, 50]. The key fea�

ture of the IR development mechanism is a sustained

(latent) character of inflammation (for details see [9,

12]).

The classic induction of inflammation with LPS led

to the suppression of insulin signaling in adipocytes

(Fig. 1) but did not cause a significant decrease in the

insulin�stimulated glucose uptake (Fig. 2). LPS rapidly

activated JNK1/2, but this effect disappeared already

within 4 h, and the second, prolonged phase of JNK1/2

activation was virtually absent (Fig. 3). This is consistent

with acute inflammatory response upon activation of the

IKK/NF�κB signaling cascade through the TLR4 recep�

tor on adipocytes. It is possible that no effect of LPS on

the insulin�stimulated 2�DOG uptake (Fig. 2) maybe due

to the absence of prolonged activation of JNK1/2 or dif�

ferent involvement of JNK1/2 isoforms. While JNK2

phosphorylation was affected by FFA, Co2+ and BrA,

LPS mainly influenced phosphorylation of JNK1

(Fig. 3). The JNK1/2 isoforms can be differently involved

in regulation of metabolism. Thus, the insulin cascade

response to inflammation was fully absent in JNK1�defi�

cient (but not in JNK2�deficient) mice [16]. However,

this effect needed the presence of JNK2 and was affected

by the JNK2 knockout [18]. Therefore, both JNK iso�

forms play important, but different, roles in the develop�

ment of inflammation�induced IR [50].

As an acute inflammation inductor, LPS only tran�

siently activated JNK1/2, and this seems to be insuffi�

cient to critically impair functions of AS160 and GLUT4.

That LPS decreases AS160 phosphorylation at Ser318

(Fig. 1d) may not necessarily reflect changes in the AS160

activity. Although Ser318 is the major Akt phosphoryla�

tion site in AS160, AS160 has several other residues rec�

ognized by Akt [33, 34]. Moreover, the activity of AS160

is regulated by other kinases. In particular, AMP�depend�

ent kinase (AMPK) regulates glucose transport in

myocytes through phosphorylation of another set of

residues in AS160 [51�53].

In this work, we have shown that modeling obesity�

specific cellular pathologies such as dyslipidemia, hypox�

ia, and ER stress in 3T3�L1 adipocytes induces prolonged

inflammatory response manifested by activation of stress�

dependent kinases JNK1/2 and reduction of insulin acti�

vation of insulin cascade and glucose transport into the

cells. By contrast, modeling of acute inflammation with

LPS led to the transient activation of JNK1/2 and

decreased activation of insulin signaling but did not affect

glucose uptake by adipocytes. These results extend our

understanding of the relationship between mechanisms of

inflammation and IR and suggest that inflammatory

process can be a promising target for new therapeutic

strategies to correct insulin resistance and type 2 diabetes

mellitus.
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