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Abstract

The association of obesity with type 2 diabetes and insulin resistance has been recognized for
decades. However, the mechanism that links obesity and insulin resistance has not been fully
elucidated. Recent studies have suggested that the macrophages in the adipose tissue are
involved in the association between insulin resistance and obesity. In the present study we
co-cultured adipocytes with macrophages and investigated the effect of macrophages on
basal and insulin-dependent glucose uptake and serine phosphorylation. An in-vitro co-
culture system was developed using differentiated 3T3-L adipocytes and macrophages.
Confluent preadipocytes wer e stimulated with 1uM dexamethazone, 0.5M m isobutylmethyl-
xanthine and 10pg of insulin. The differentiated adipocytes were identified by lipid
accumulation in the form of droplets in the cells . The success of the co-culture was
determined by the morphology of the macrophages, which became elongated. Our results
demonstrated an increase in the basal uptake of glucose and a decrease in the insulin-
dependent uptake of glucose in the co-cultured adipocytes. We also showed a significant
increase in serine-307 phosphorylation which prevents the interaction of IRS-1 and IR,
resulting in insulin resistance. | n order to validate our results, we determined the differential
gene expression of the insulin signaling pathway in differentiated adipocytes co-cultured
with macrophages, as compared to the differentiated adipocytes cultured alone. The IRS-1
and GLUT-4 genes were down regulated, while GLUT-1 gene was up regulated. :
M acr ophages that accumulate in the adipose tissue of obese subjects may be one of the risk
factorsfor the development of insulin resistance and type 2 diabetes.
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| ntroduction with its receptors and carries out various cellular
functions [3].

Obesity is becoming a major health problem globaitg

is often accompanied by a variety of adverse healtmsulin receptor (IR) belongs to a family of cellrface

outcomes such as insulin resistance, type 2 digbetaeceptors, possessing intrinsic tyrosine kinasévigct

dyslipidemias and cardiovascular diseases [1]. Thesulin binds to the alpha subunit of the recepadnduce

association of obesity with type 2 diabetes andillins tyrosine autophosphorylation of the beta subufite

resistance has been recognized for decades, but thgtivated IR subsequently phosphorylates its satestr
mechanism that links obesity and insulin resistan@® |rs.1 and IRS-2 [4]. In cell-free systems and cell

not been fully elucidated. It has been shown thigia@se ¢ jtyres, phosphorylation of IRS-1 in serine rasislhas
dysfunction [.2] plays & prominent rolg in_the e reported to block IRS-1 interaction with thsulin
development of insulin resistance and type2 diabete receptor [5] or to enhance its proteolytic degriadatn
Insulin is the primary hormone involved in glucosethe cell [6]. The earliest abnormality observednisulin

homeostasis and the stimulation of glucose tramsporesistance is a decrease in insulin-induced gluoptake
Circulating insulin rapidly reaches its target uiss, In skeletal muscle and a reduced ability of thentwre to

mainly liver, muscle and adipose tissue, wheratiéracts suppress glucose production by the liver [7].
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Obesity has also been shown to be associated wittated cells were identified by lipid accumulation the
increased accumulation of macrophages in adipesadi form of droplets in the cells (Figure 1) and thenglated
[8]. Lumeng and coworkers [9] explored the inteiatbf  macrophages are seen in the co-culture (Figure 2).
macrophages and adipocytes to study insulin siggali

and glucose transport. Indirect culture by usingred O Qil Staining

conditioned medium from activated macrophages, anged O oil staining was performed to determine
direct co-culture by mixing the adipocytes with theadipogenesis [13]. Differentiated adipocytes wensed
macrophages,were explored in that study. In the€od  with phosphate buffered saline (PBS) and fixed 0861
system, the macrophages secreted factors thatéddut  formaldehyde. After one hour, formaldehyde was
inflammatory response in adipocytes and influencegvithdrawn and the cells were rinsed three timesh wit
insulin  sensitivity [10].When the macrophages werepBS. Then the cells were incubated with red Oarildhe
cultured with the adipocytes, the macrophages mediu hour and after which the red O oil was removed tued
long cellular processes that interacted with théase of  cells were again rinsed three times with PBS. Tamed

the adipocytes, suggesting that adipocytes may fjnodilipid droplets were visualized and photographedyFeé
macrophage properties. This is consistent with dehim 1),

which macrophages are activated upon their recemtm

into adipose tissue. Lumeng and coworkers [9] als@o-culture of differentiated  adipocytes  with

provided evidence that both secreted and cell cbnta macrophages

mediated signals participate in macrophage—adipocyt Differentiated adipocytes and macrophages were co-

interactions that contribute to the impairmentdipacyte  cultured in serum-free media (0.1% BSA-DMEM) for

function. two hours. The co-cultured adipocytes were incubfde
another two days in complete medium as described by

We set up amm vitro culture system to study the effect of Syganami and coworkers [14]. The success of the co

cell-to-cell contact in the induction of insulinsistance. culture was determined by the morphology of the

While the role of IRS-1 tyrosine phosphorylation inmacrophages, which became elongated as described by
insulin  resistance has been largely elucidated, theumeng [9].

mechanism involved in serine/threonine phosphdpyat
has not been fully understood. Therefore, we exathin Gjycose Uptake

the effect of macrophage-adipocyte interactions inGjycose uptake was determined by using tritiumlletie
glucose uptake and serine phosphorylation. At Hrees 2_deoxy glucose as described by Kozma and co-wsrker
time we examined the differential expression déésted [15)]. Glucose uptake was measured using a miceplat
genes involved in the insulin signaling pathway ofscintillation and luminescence counter (TopCountTiX
differentiated adipocytes cultured alone and adif®c  Nonspecific glucose uptake was measured by usiptyl20

cultured with macrophages. of cytochalasin B. Counts per minute (CPM) were
_ converted to pmol/min/mg of protein using the fotanu

Materialsand Methods described by Lakshmanan and coworkers [16].

Cell Culture Serine-307 phosphorylation

Preadipocytes 3T3-L1 derived from mouse embryogwer Serine 307 IRS-1 phosphorylation was measured wsing
used. They are aneuploid cells with the ability toMillipore 17-459 Kit (Millipore, USA) according tahe
differentiate into matured adipocytes with a dramat manufacturer's instructions. Twelvyeg of total protein
change in morphology and gene expression. 3T3-Lvas used for this assay. A standard curve was mépa
preadipocytes and RAW 264.7 macrophages werfom the standards provided in the kit. Standardd a
obtained from ATCC, Manassas, USA. They weresamples were added into each well in a 96- wetkplzat
cultured and maintained as described in AmericapeTy was coated with specific antibody and incubated Zor
Culture Collection Catalogue with some modificaion hours at room temperature. After three washingplaie
Confluent preadipocytes were stimulated to diffdega  was incubated with anti-rabbit IgG conjugate hoestish
into matured adipocytes as described by Miyazawaperoxidase and the colour was developed with
Hoshimoto and coworkers [12] with some modificaion tetramethylbenzidine. Then the reaction was stopgéd
The cells were incubated i dexamethazone (Sigma- the stop solution and the readings were measureh at
Aldrich, Missouri, USA). 0.5 mM isobutylmethylxaritte ~ absorbance of 450 nm.

(Sigma Aldrich, Missouri, USA) and 1@/ml insulin

(Sigma-Aldrich, Missouri, USA) for three days folled  Real Time Reverse Transcription PCR

by 1Qug/ml of insulin for another three days. The cells Real-Time PCR was performed using RT2PCR arrays
were maintained in complete medium until 80% of thefrom SABiosciences (Frederick, USA). Total RNA was
cells differentiated into matured adipocytes. Tiiteten-  isolated from differentiated adipocytes and diffeigted
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adipocytes co-cultured with macrophages as desthige Statistical analysis

the manufacturer [17]. For each experiment, isdlateCt values that were obtained from all the wells aver
RNA was converted into cDNA and used as a templatanalyzed using templates that were provided by
for the real-time reverse transcriptase PCR ad€Ragl- SABiosciences. A p value < 0.05 was consideredeto b
Time cocktails were prepared by mixing the synttex$i  statistically significant. The template was dowmled
cDNA with SYBR green master mix. Twenty five ul of from http://sabiosciences.com/pcarraydataanalygis.p

the cocktail was added into each well of a 96-waelhy

plate that was coated with specific primers for een Results

involved in insulin signaling. The array was seabéth

optical thin wall 8-cap strips and loaded into thermal  pjfferentiation of mature adipocytes and macrophages
cycler with the appropriate program. The instrument, co-culture

program was set up according to ‘sefup guide manualrigyres 1A and 1B are phase contrast micrographs of
that ~  was downloaded ~ ~ from: ifferentiated adipocytes (400x), and differetetia
http://sabiosciences.com/pcarraydataanalysis.phpThe  agipocytes co-cultured with macrophages, respégtive
CDNA ‘was subjected to RNA quality control PCR (400x)." Figure 1 shows that the mature adipocges
amplification - before — performing  real-time = reversegpherical in shape with accumulated lipid droplEtgure
transcription PCR to determine any possible DNAy ghows that macrophages which have infiltrated the
contamination in the sample, reverse transcriptionginose tissue, interact with adipocytes and takeao

efficiency, PCR efficiency and high or low house®g  gjongated phenotype with long cellular processes.
gene expression level.

Figure 1A Figure 1B

Phase contrast micrograph of adipocytes and macrophages in isolated culture.

Figure 1A: Micrograph of differentiated 3T3-L1 adipocytes stad with red O oil and hematoxylin (lipid droplets
indicated by the arrow.

Figure 1B: Micrograph of differentiated 3T3-L1 adipocytes filetd with RAW 264.7 macrophages . After direct co-
culture with adipocytes the macrophages took orelangated appearance with long cellular extensibesveen and
along the surrounding adipocytes (elongated macaggls indicated by arrow).

Glucose Uptake

Radiometric assays were performed to determine th€he results showed that the basal levels of gluopsake
uptake of basal glucose and insulin-dependent guao  were significantly higher (p< 0.05 ) when the diéfie-

both differentiated adipocytes cultured alone amdsé tiated adipocytes were co-cultured with macrophdhas

co-cultured with macrophages. In one series ofvhen the differentiated adipocytes were cultureahel
experiments, the cells were incubated for 30 mitheuit  [Figure 2A]. In contrast, the insulin-dependent agise

insulin and in other series the cells were tredted30 uptake showed a significant decrease (p<0.05) vthen
min with insulin at a concentration of 100 nM plarsk of  differentiated adipocytes were co-cultured with mac
confluent cells. phages [Figure 2B].
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m Differentiated adipocytes cultured with macrophages

m Differentiated adipocytes cultured alone

Glucose uptake pmol/min/mg protein

Figure 2A: Glucose uptake at the basal level.
Figure 2B: Insulin-dependent glucose uptake. Bars represernme standard error of means
from three independent experiments

M Differentiated adipocytes
71 cultured alone

6 M Differentiated adipocytes
co-cultured with macrophages

Glucose uptake
Pmol/min/mg protein

Ohr Ahr 8hr 12hr 16hr 20hr 24hr

Incubation time

Figure 3. Glucose uptake at the basal level (insulin-indeeed Bars represents mean + SEM of results from
three independent experiments.

Effect of macrophages on insulin-independent glucose  Effect of macrophages on IRS1 serine-307
transport phosphorylation

Since the basal glucose uptake was significantijhdri

in the co-cultured adipocytes [Figure 2A], we detieed In this study, we determined serine-307 phosphtioyla
basal glucose uptake over a period of 24 hrs. €helts in differentiated adipocytes co-cultured with maatrages
showed that at each time point, glucose uptake waand differentiated adipocytes cultured alone. Témuits
significantly higher (p< 0.05 ) when the differettd showed that IRS-1 serine 307 phosphorylation was
adipocytes were co-cultured with macrophages thiaenw significantly higher (p< 0.05) when differentiatadipo-
the differentiated adipocytes were cultured aldr@gure  cytes were co-cultured with macrophages than when t
3]. The increase in basal glucose uptake was timadifferentiated adipocytes were cultured alone (iFég4].
dependent in the co-cultured adipocytes, reachipepi

after 16 hrs of incubation.
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80 -
W Differentiated adipocytes
70 ~ cultured alone

60 < M Differentiated adipocytes

&5 co-cultured with macrophages
40 A
30 4
20 -

10 4

Serine IRS-1 307phosphorylation
unit/ml

0 4

Ohr 4hr 8hr 12hr 16hr 20hr 24hr

Incubation time

Figure 4. IRS-1 serine 307 phosphorylation. Bars represenamaetr SEM of results from three independent
experiments.

Table 1. Selected genes that are differentially expressembicultured adipocytes as compared to adipocyfiase

Gene Symbol Gene Bank Initial p-value  Advanced p-value  Fold Change
Accession No.
GLUT1 NM_011400 0.00034 0.00278 2.9 Up regulated
GLUT4 NM_011989 0.00138 0.01067 4.2 Down regulated
IRS-1 NM_010570 0.00988 0.02667 34.1 Down regulated

The IRS-1 and GLUT-4 genes were down regulatedrd234.1 fold respectively, while GLUT-1 gene wasagulated
2.9 fold.

In order to verify the results obtained on the bghecose  macrophages in obese subjects, it is importarttidyshe
uptake and insulin dependent glucose uptake usiag interaction between the two cell types. A studyLbfrke
radiometric assay and on serine phosphorylatiomgusie  and Lazar [20] suggest that macrophages and adgmcy
ELIZA kit, we did a gene expression analysis onhave many commonalities. They not only express
adipocytes that were cultured alone and on adipscyt overlapping sets of genes and have similar funstibat
cultured with macrophages using a quantitativétieee  also comingle in the same part of the body: thees#
PCR assay (RT2gPCR Primer assay). Tablel shows thissue.

expression of relevant genes involved in glucosakep

and serine phosphorylation with the fold changes. A study by Lumeng [9] on indirect and direct cotaud
demonstrated the importance of cellular contastelsas
Discussion secreted factors in influencing the interactionweaen

macrophages and adipocytes in adipose tissue. fohere
The main focus of our work was on the action ofiiims it is important to study the function of macrophaged
on glucose metabolism in adipocytes co-culturech wit adipocytes where they are in direct physical can&in
macrophages. In tissues such as the skeletal musclbe adipose tissue of obese subjects. They infieme
insulin promotes glucose uptake by translocating)Gi4 another by differential modification of the genesldhe
to the plasma membrane while impaired insulin digwga ~ differential expression of the inflammatory protein
results in decreased insulin-dependent glucosekepta
[18]. In recent years, the view of adipose tisswes h In culture, cells of preadipocytes are morpholojica
transformed from that of a fuel store to that of arsimilar to fibroblasts. At confluence, induction of
endocrine organ producing hormones like adipokames ~ differentiation by appropriate treatment leads tastic
proinflammatory cytokines [19]. Although whole-body changes in the shape of the cells. Preadipocytegecbto
glucose uptake takes place in muscle proper, glucog® spherical shape, accumulate lipid droplets and
transport in adipocytes is required for normal ghe progressively acquire the morphological and biodbam
regulation [9]. Since adipocytes are infiltratedthwi Characteristics of matured adipocytes. The eadjcator
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of adipocyte differentiation is
lipoprotein lipase, which plays an important role i
controlling lipid accumulation. Both a high levelf o
lipogenesis and an increase in insulin sensitidtg

observed in the last stage of differentiation [21].

In agreement with what has been previously docuedgnt
differentiated 3T3-L1 adipocytes showed lipid dedipl
[Figure 1]. Macrophages infiltrate adipose tisSunggract
with the adipocytes and take on an elongated plpaot
with long cellular processes. These processesaitter
with the surface of adipocytes, suggesting thgb@dites

Chinna/Qvist/Ismail

the expression ofsignal from the receptor to elicit final cellulaffexts,

including glucose uptake. The transport of glucas®ss
the cell membrane of the adipocyte is mediated &gt @f
stereo-specific transporter proteins such as ghicos
transporter-1  (GLUT-1), and glucose transporter-4
(GLUT-4). The transmission of the signal from the
receptor results in the translocation of the vesicl
containing GLUT-4 from the intracellular pool toeth
plasma membrane, activation of glycogen synthests a
initiation of gene transcription. At the basal levthe
majority of glucose uptake is mediated by GLUT-1,
whereas in the presence of insulin, GLUT-4 becothes

may modify macrophage properties and accumulattajor glucose transporter resulting in a 10-20-fold
intracellular lipid. These observations suggestt thaincrease in glucose uptake. Macrophages co-cultwitd

macrophages co-cultured with adipocytes
morphological alteration similar to those in adipdissue

undergagifferentiated adipocytes have the ability to irse the

expression of GLUT-1, and reduce the expression of

macrophages (ATM). ATMs from obese mice have amGLUT-4 which results in an increase in glucose kptat
F4/80, + CD11B+CD68+CD14+ phenotype and formthe basal level [26]. Our results using RTPCR shbae
long cellular extension in culture [22]. Peritonealsignificant increase in GLUT-1 and a significant
macrophages take on the same morphology when ceeduction in GLUT-4 [Table 1]. In support of thisur
cultured with adipocytes. This suggests that directesults show that co-cultured adipocytes increlasdasal
contact-mediated factors derived from macrophageglucose uptake and reduce the insulin-dependecbsgu

influence insulin sensitivity in adipocytes. As dotented

uptake in a significant manner [Figures 2A and ZBje

by Lumeng [24], our results show that macrophages iresults of the basal glucose uptake in a time-dégen

co-culture take on a long elongated phenotype iwitigy
cellular processes [Figure 2]. Although the adipis®ue
in obese subjects is infiltrated with macrophagiks
mechanisms involved in the interaction of the tvedisc
resulting in insulin resistance is not well estsindid.

manner was determined in co-cultured adipocytes and
adipocytes cultured alone [Figure 3]. Results shibwe
peak after 16 hours. A serine residue located ttear
phosphotyrosine-binding (PTB) domain in IRS-1 (sefi
307 in rat IRS-land serine 312 in human IRS-1) is
phosphorylated through several mechanisms. These

Xie and coworkers [23] reported that C2D macropBagefindings suggest that inhibition of PTB domain ftion
had a different impact on GLUT-1, GLUT-4 and i, |RS-1 by serine 307 (serine 312 in human IRS-1)

adiponectin transcript levels as 3T3-L1 cells uncbt

phosphorylation might be a general mechanism réiggla

differentiation, from the level of preadipocytes t0jnsylin signaling, resulting in the impairment dfiet

adipocytes. Their data also revealed that adipecgtier

insulin signalling pathway. In a 24-hour culture onr

the C2D macrophage phenotype differently fromgy,qy there was a significant increase in serbig-3

preadipocytes and that the different phenotypicngba
of the macrophage was important for the secretfaine
different types as well as the quantity of proinftaatory

phosphorylation in differentiated adipocytes cudtliwith
macrophages compared to differentiated adipocytes
cultured alone with maximal phosphorylation at 1l a

cytokines. They also showed that the C2D Macrophageg hours [Figure 4]. These results possibly indi¢hat in

not only downregulated
transcripts but also inhibited the differentiatioof
adipocytes .

the number of GLUT-4

our invitro culture, the cells become insulin resistant after
16 hours.

Although several proteins serve as substrateshfonR,

It is now recognised that the stromal-vasculairs.1 and IRS-2 are the most specific and the tep k
compartment of adipose fissue contains variougypstrates involved in insulin resistance in olyeaitd

precursors and stem cells that populate differesit c
lineages in vivo and in vitro [24]. Therefore, nmly
adipogenesis inhibited by the presence of macragg)ag

type 2 diabetes. Decreased cellular levels of 1R8d
IRS-2 have been shown to be associated with insulin
resistance in animal and human subjects with type 2

but macrophage activation/differentiation was alsqyjgpetes [27]. In agreement with the above resoits,

inhibited or activated depending on whether macagps
were interacting with preadipocytes or adipocytes.

Insulin uses phosphorylation and the resulting ganet
protein interactions as essential tools to transamitl
compartmentalise its signal [25].These
protein—protein interactions are pivotal in transimg the

480

study showed a significant reduction in the expogssf
GLUT-4 and IRS-1 and an increase in GLUT-1 [Taljle 1

Conclusion

intraceflula The onset of insulin resistance presents an integes

challenge because of the multifactorial impact of
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numerous cytokines and diverse differentiation esagf 9.
cells in the adipose tissue in the adipocyte—mdmage
interaction. Our results demonstrate that macroghag
when in direct contact with adipocytes, increasense

307 phosphorylation and insulin-independent glucosé0-

uptake while reducing insulin-dependent glucoseaket
playing a crucial role in the development of obesihd
type 2 diabetes. This is supported by the fact that
expression of GLUT-4 and IRS-1 were significantly
downregulated while the expression of GLUT-1 was
upregulated. Macrophages that accumulate in tiposel

tissue of obese subjects may be one of the ridbriaéor |,

the development of insulin resistance and typeaBetes.
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