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Abstract
Background
Obesity is one of the principal causative factors involved in the development of metabolic syndrome. AMP-activated protein kinase (AMPK) is an energy sensor that regulates cellular metabolism. The role of AMP-activated protein kinase in adipocyte differentiation is not completely understood, therefore, we examined the effect of 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR), a pharmacological activator of AMP-activated protein kinase (AMPK) on adipocyte differentiation in 3T3L1 cells and in a mouse D iet i nduced o besity (DIO) model.

Methods
To examine the effect of AICAR on adipocyte differentiation in 3T3L1 cells and in a mouse D iet i nduced o besity (DIO) model, 3T3L1 cells were differentiatied in the presence or absence of different concentration of AICAR and neutral lipid content and expression of various adipocyte-specific transcription factors were examined. In vivo study, treated and untreated mice with AICAR (0.1–0.5 mg/g body weight) were fed high-fat diet (60% kcal% fat) to induce DIO and several parameters were studied.

Results
AICAR blocked adipogenic conversion in 3T3L1 cells along with significant decrease in the neutral lipid content by downregulating several adipocyte-specific transcription factors including peroxisome proliferators-activated receptor γ (PPARγ), C/EBPα and ADD1/SREBP1, which are critical for adipogenesis in vitro. Moreover, intraperitoneal administration of AICAR (0.5 mg g/body weight) to mice fed with high-fat diet (60% kcal% fat) to induce DIO, significantly blocked the body weight gain and total content of epididymal fat in these mice over a period of 6 weeks. AICAR treatment also restored normal adipokine levels and resulted in significant improvement in glucose tolerance and insulin sensitivity. The reduction in adipose tissue content in AICAR treated DIO mice was due to reduction in lipid accumulation in the pre-existing adipocytes. However, no change was observed in the expression of PPARγ, C/EBPα and ADD1/SREBP1 transcription factors in vivo though PGC1α expression was significantly induced.

Conclusion
This study suggests that AICAR inhibits adipocyte differentiation via downregulation of expression of adipogenic factors in vitro and reduces adipose tissue content in DIO mice by activating expression of PGC1α without inhibiting adipocyte-specific transcription factors in DIO mice.


Electronic supplementary material
The online version of this article (doi:10.​1186/​1743-7075-3-31) contains supplementary material, which is available to authorized users.

Abbreviations
AICAR(5-aminoimidazole-4-carboxamide-1-beta-4-ribofuranoside)


DIODiet induced obesity


PPARγperoxisome proliferators-activated receptor γ


C/EBP CCAAT/enhancer binding protein


ADD1adipocyte differentiation and determination factor 1


SREBP1csterol regulatory element binding protein 1c


TNFαtumor necrosis factor-α


IL-6interleukin-6


WATwhite adipose tissue


AMPK AMP-activated protein kinase


AMPKK AMP-activated protein kinase kinase


ACCacetyl CoA carboxylase


PGC1αProliferator-activated receptor γ coactivator 1α


NRF-1nuclear respiratory factor-1


SDS-PAGE(sodium dodecyl sulfate-polyacrylamide gel electrophoresis)




Background
The intake of calorie-rich fast food and sedentary lifestyles of developed countries has sharply increased the incidence of obesity. Obesity is not only a serious health and economic burden, but also predisposes a person to a variety of metabolic diseases (i.e., the coexistence of several risk factors for atherosclerosis, hyperglycemia, dyslipidemia, and hypertension), where the mechanistic role of obesity is yet to be fully elucidated. Obesity is simply the consequence of an imbalance between energy intake and expenditure by the body from a metabolic point of view. The main sites of energy utilization, skeletal muscle and adipose tissue play significant roles in the regulation of energy homeostasis. Skeletal muscles are one of the major organs responsible for insulin-mediated glucose disposal, and maintenance of glucose homeostasis of the body. Adipose tissue serves as an energy storage depot to maintain lipid homeostasis, thereby promoting the survival ability of the human body [1]. Obesity occurs when the adipose tissue is overloaded with high-energy nutrients without subsequent expenditure.
Because adipocytes play a critical role in energy balance, understanding the molecular mechanisms of adipocyte differentiation may provide clues for developing strategies for the prevention and treatment of obesity. The mechanisms of adipocyte differentiation have been extensively studied in preadipocyte culture systems. Characterization of the regulatory regions of adipose-specific genes has led to the identification of key transcription factors in the complex transcriptional cascade that occurs during adipocyte differentiation [2]; these factors include peroxisome proliferator-activated receptor γ (PPARγ) [3], CCAAT/enhancer binding protein (C/EBP) [4, 5], adipocytedifferentiation and determination factor 1(ADD1), and sterolregulatory element binding protein 1c (SREBP1c) [2, 6–8].
In addition to functioning as the principal energy storage depot, adipose tissue secretes hormones (adipokines) that contribute to energy homeostasis [9]. One such hormone, leptin, acts chiefly through the brain to regulate food intake and energy expenditure. Other adipokines, including tumor necrosis factor-α (TNFα), adiponectin, adipsin, and interleukin-6 (IL-6) can also regulate the inflammatory response [10–13]. The list of cytokines identified in white adipose tissue (WAT) is increasing, suggesting that obesity also results in a chronic, low level of inflammation through production of these proteins [11–15]. This inflammatory state may contribute to major obesity associated complications, including type 2 diabetes, cardiovascular disease, and the metabolic syndrome. Also, adipose TNFα expression is increased in obesity and has been shown to contribute towards insulin resistance [11].
The AMP-activated protein kinase (AMPK) is an evolutionarily conserved sensor of cellular energy status, and plays a critical role in systemic energy balance in response to metabolic stress [16–18]. AMPK is a serine/threonine protein kinase and a member of the Snf1/AMPK protein kinase family [16–18]. It is a αβγ heterotrimeric protein, consisting of a α catalytic subunit, a β subunit important both for enzyme activity and for targeting, and a γ regulatory subunit, which binds the allosteric activator, AMP. The activity of AMPK absolutely requires phosphorylation of the α subunit on Thr-172 in its activation loop by one or more upstream kinases (AMPKK) [16]. AMPK integrates nutritional and hormonal signals in peripheral tissues with the hypothalamus and also mediates adipokine effects (leptin, adiponectin, and possibly resistin) in regulating food intake, body weight and glucose and lipid homeostasis. Recently, CaMKKs and LKB have been identified as its upstream kinase, AMPKK [19–21]. 5-Aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR) is a known activator of AMPK and has been used as an experimental tool to activate AMPK in vitro and in vivo. It has been shown that chronic administration of AICAR in rats resulted in marked changes in skeletal muscle that included increases in glycogen stores and GLUT4, and increased activity of hexokinase and mitochondria oxidative enzymes [22–24]. Administration of AICAR also led to an increase in maximal insulin-stimulated glucose transport and GLUT4 translocation [25]. Altogether it is conceivable that repetitive activation of AMPK may be part of the mechanism leading to improved insulin action after exercise.
In the present study, we examined the effect of AICAR on adipocyte differentiation using an in vitro model, i.e. 3T3L1 cell line, and an in vivo diet induced obesity mouse model.

Methods
Reagents
AICAR was purchased from Toronto Chemicals. Antibodies against phosphospecific as well as nonphospho-AMPKα and ACC were from Cell Signaling (Beverly, MA). Antibodies against AMPK α1 and α2 were from Abcam (Cambridge, MA). Antibodies against C/EBPα, C/EBPβ, SREBP1, PPARγ, β actin and proteinA/G plus agarose were from Santa Cruz Biotechnology (Santa Cruz, CA). [3H]Thymidine was from PerkinElmer Life Sciences (Boston, MA). 5-iodotubercidin was purchased from Calbiochem (San Diego, CA).

3T3-L1 cell culture and differentiation
3T3-L1 preadipocytes were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10 % (v/v) NBS. AICAR was dissolved in DMSO for cell culture studies (0.5 M, stock). On day 0 (2 day after 3T3-L1 preadipocytes reached confluence), cells were induced to differentiate by insulin (1.7 μmol/L), IBMX (0.5 mmol/L), and DEX (1 μmol/L). On day 3 and every other 3rd day thereafter, fresh regular medium was substituted until day 9 [19]. Differentiation was monitored by morphological assessment and Oil red O staining [20]. For Oil red O staining, cells were washed twice with PBS, fixed in 3.7 % formaldehyde for 1 h, and stained for 30 min with 0.2 % (w/v) oil red O solution in 60 % (v/v) isopropanol. Cells were then washed several times with water, and excess water was evaporated by placing the stained cultures at approximately 32°C. In order to determine the extent of adipose conversion, 0.2 ml of isopropanol was added to the stained culture dish. The extracted dye was immediately removed by gentle pipetting and its optical density was monitored spectrophotometrically at 510 nm. For cell proliferation, 3T3L1 cell were kept in differentiating media in the presence of AICAR/iodotubercidin (0.5 mM/0.1 μM) for three days. [3H] thymidine (1 μCi/well) was added at the end of the treatment for 6 h and mean incorporation of thymidine in DNA was measured by a 1450 Microbeta Wallac Trilux Liquid Scintillation Counter (Perkin-Elmer Life Sciences) as described before [26].

Mice
Male C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were fed a high-fat diet (60% kcal% fat) (Research Diets, New Brunswick, NJ) ad libitum for 6 weeks. At 1, 2, 4 and 6 weeks, animals were sacrificed and various tissues harvested, weighed, and processed for subsequent analysis. All procedures were performed in accordance with the experimental guidelines for animal care and use at the Medical University of South Carolina (Charleston, SC, USA).

Administration of AICAR
To study the effect of AICAR, five groups of mice were allocated into group 1: mice fed with standard diet (STD); group 2: STD mice treated with AICAR (0.5 mg/g bw); group 3: mice fed high fat diet (DIO); group 4: DIO mice treated with AICAR (0.1 mg/g bw); group 5: DIO mice treated with AICAR (0.5 mg/g bw). The mice were treated with AICAR (0.1 or 0.5 mg/g body weight, dissolved in PBS, i.p. injection volume of 200 μl/mouse) three times a week for 6 weeks (Monday, Wednesday and Friday). Mice in the control group received 200 μl of PBS.

Histology and cell-size measurement
Freshly isolated epididymal white adipose tissue from treated and untreated mice was fixed in 10% formalin and embedded in paraffin. Sections (8 μm) were stained with hematoxylin and eosin, and cell morphology and size were analyzed.

RNA extraction, Northern blot analysis, and real-time PCR
After extraction of total RNA from white adipose tissue using of TRIzol (Invitrogen) as per the manufacturer's protocol, total RNA (5 μg) was used to prepare cDNA using iScript cDNA Synthesis Kit (BioRad Laboratories). Real-time PCR was performed as described previously utilizing Bio-Rad iCycler (iCycler iQ Multi-Color Real-Time PCR Detection System) using iQ SYBR Green Supermix reagent as per the instructions from BioRad Laboratories. The primer sets for use were designed (Oligoperfect Designer, Invitrogen) and synthesized from Integrated DNA Technologies. The primer sequences for PPARγ, SREBP1, C/EBPα, aP2, Adipsin and 18S taken from Le Lay et al [27]. Primer sequences are follows: DGAT1 for, 5'-TTCCGCCTCTGGGCATT-3'; rev, 5'-AGAATCGGCCCACAATCCA-3'; GPAT for, 5'-ATTGACACCTGCTGCTTTTGA-3'; rev, 5'-CCTACCCACTACAACAGAG-3'. Thermal cycling conditions were as follows: activation of DNA polymerase at 95°C for 10 min, followed by 40 cycles of amplification at 95°C for 30 sec and at 58.3°C for 30 sec. The normalized expression of target gene with respect to 18S was computed for all samples by using the Microsoft Excel data spreadsheet.

AMPKα1 activity
AMPKα1 activity was assayed in isolated epididymal white adipose tissue from different groups using anti-AMPKα1 antibody for immunoprecipitation. For this, isolated epididymal white adipose tissues were homogenized in lysis buffer (50 mM Tris-HCl, pH 7.4, containing 50 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10% glycerol, 1% triton X-100 and protease inhibitor mixture). Approximately 200 μg of tissue homogenate was incubated with anti-AMPKα1 antibody for 2 hr, then 30 μl of protein A/G plus agarose was added and incubated for an additional 1 hr at 4°C. The immune complexes were washed twice in lysis buffer and twice in kinase buffer (62.5 mM HEPES, pH 7.0, 62.5 mM NaCl, 62.5 mM NaF, 6.25 mM sodium pyrophosphate, 1.25 mM EDTA, 1.25 mM EGTA, and 1 mM dithiothreitol), incubated at 30°C in 30 μl of kinase assay buffer containing 200 μM AMP, ATP mixture (200 μM ATP and 1.5 μCi of [γ-32P]ATP), with or without 250 μM SAMS peptide (HMRSAMS GLHLVKRR) for 20 min. The reaction was terminated by spotting the reaction mixture on phosphocellulose paper (P81), and the paper was extensively washed with 150 mM phosphoric acid. The radioactivity was measured with a scintillation counter as described before [28].

Tissue lipid content and fatty acid composition
Lipids were extracted by the Folch method in a mixture of 2:1 chloroform/methanol (vol/vol). The extract was washed with 0.2 volumes of saline (NaCl 0.9%) and centrifuged at 2,000 rpm for 10 min. The organic phase was recovered and serum triglycerides, cholesterol and free fatty acids (FFAs) were analyzed using HPTLC as described earlier [29]. Fatty acid composition of adipose tissue was determined using GC17A and capillary column as described [30].

Metabolic measurements
Blood glucose was measured with a glucometer (AccuChek; Roche Diagnostics, Indianapolis, IN). Serum adiponectin and leptin concentrations were determined using a mouse adiponectin and mouse leptin enzyme-linked immunosorbent assay kits (BioVendor Laboratory Medicine, Inc.), respectively.

Glucose and insulin tolerance tests
A glucose tolerance test was performed on mice fasted for 12 h. Blood glucose levels were determined at 0, 15, 30, 60, and 120 min after an intraperitoneal injection of glucose (2 g/kg body wt). For the insulin tolerance test, animals fasted for 5 h were injected intraperitoneally with 0.5 units insulin/kg body wt (sigma) and glucose levels were measured at 0, 15, 30, 60, and 120 min postinjection.

Statistical analysis
Results shown represent means ± SD. Statistical analysis was performed by ANOVA by the Student-Neumann-Keuls test using GraphPad InStat software (San Diego, CA).


Results
AICAR inhibits differentiation of preadipocytes
We investigated the effect of AICAR on the induction of terminal differentiation markers at end of the differentiation period (day 9). Oil Red O staining showed that untreated differentiated cells had many lipid droplets indicating lipid accumulation. However, lipid accumulation was inhibited by AICAR treatment in a dose dependent manner (Fig. 1a). This observation was further supported with the quantitative analysis of neutral lipid content by measuring the absorbance at 510 nM (Fig. 1b). Untreated and AICAR treated (0.1 mM) differentiated 3T3L1 cells showed higher levels of lipid staining with the Oil Red O dye, which was significantly reduced by higher doses of AICAR (0.25–1.0 mM) treatment (Fig. 1b).[image: A12986_2006_Article_82_Fig1_HTML.jpg]
Figure 1AICAR inhibits 3T3L1 adipocyte differentiation in a dose dependent manner. The differentiating 3T3-L1 cells were treated with AICAR at various concentrations for 9 days (from day 0 to day 9). Intracellular lipid was stained with Oil Red O (a). To determine the extent of adipose conversion, 0.2 ml of isopropanol was added to the 12 well plates. The extracted dye was immediately removed and its optical density was monitored spectrophotometrically at 510 nm (b). Results are the mean ± SD of three determinations. $, p < 0.001 as compared with untreated cells; NS, not significant; ***, p < 0.001 as compared with untreated differentiated sample.




To examine further the effect of AICAR on cell proliferation, undifferentiated 3T3L1 cells were treated with increasing concentrations of AICAR (0.1–1.0 mM) in proliferative media for 3 days and cell proliferation was examined using [H3] thymidine uptake. AICAR at low concentrations (0.1 and 0.25 mM) did not have any effect on 3T3L1 cell proliferation but at higher concentrations (0.5–1 mM) it completely blocked cell proliferation (Fig. 2).[image: A12986_2006_Article_82_Fig2_HTML.jpg]
Figure 2Effect of AICAR treatment on cell proliferation during the 3T3L1 preadipocyte differentiation induction process. 3T3-L1 cells were treated with the indicated concentrations of AICAR (from 0.1 to 1.0 mM) during the differentiation induction phase (from day 0 to day2) followed by [3H] thymidine uptake to examine cell proliferation. Results are the mean ± SD of three determinations. NS not significant; *** p < 0.001 as compared with untreated cells.





AICAR inhibits key adipogenic transcription factors and markers
Adipogenesis is a highly regulated process requiring coordinated expression and activation of key transcription factors which include CCAAT/enhancer binding proteins (C/EBPs), peroxisome proliferators activated receptor gamma (PPARγ), and sterol regulatory element-binding proteins (SREBPs). To identify the molecular mechanism for the inhibition of adipocyte differentiation by AICAR treatment, the protein expression of key transcriptional factors for adipocyte differentiation was examined (Fig. 3a). The levels of C/EBPα protein expression in 3T3L1 during differentiation increased at day 6 and 9, which was inhibited by AICAR treatment in a dose dependent manner (Fig. 3a). However, the expression of C/EBPβ levels was unaffected by AICAR treatment. The expression of PPARγ and SREBP-1 was also significantly inhibited by AICAR treatment at 0.5 to 1 mM concentration (Fig. 3a). To support further these observations, the mRNA levels of these transcription factors were examined by quantitative analysis using real time PCR. As depicted in figure 3b, the mRNA expression of C/EBPα, PPARγ and SREBP-1 was significantly increased with the progression of adipocyte differentiation. AICAR treatment at the concentration of 0.5 mM significantly blocked the expression of these key adipogenic transcription factors (Fig. 3b), further confirming that AICAR inhibits adipocyte differentiation by inhibiting expression of C/EBPα, PPARγ and SREBP-1. Modulation of the expression of other adipocyte-specific markers including Pref-1, aP2 and adipsin, further supported these observations (Fig. 3b). Pref-1 is a marker for preadipocytes and inhibits adipocyte differentiation [31], whereas, aP2 and adipsin are markers for differentiated adipocytes [32, 33]. The expression of Pref-1 was significantly reduced with increase in adipocyte differentiation; however, its expression was restored with AICAR treatment (Fig. 3b). AICAR treatment also reduced the expression of aP2 and adipsin mRNA as compared to untreated differentiated cells (Fig. 3). Taken together, AICAR inhibited the expression of key transcription factors (C/EBPα, PPARγ and SREBP-1), adipocyte specific markers, thereby blocking the adipocyte differentiation.[image: A12986_2006_Article_82_Fig3_HTML.jpg]
Figure 3Effect of AICAR on the expression of key adipogenic transcription factors during 3T3L1 adipocyte differentiation. The differentiating 3T3-L1 cells were treated with different concentrations of AICAR (from 0.1 to 1.0 mM) and proteins were isolated at various time periods (from 0 to 9 days). Immunoblot analysis for various key adipogenic transcription factors including C/EBPα, C/EBPβ, PPARγ and SREBP1 were examined as described in Materials and Methods (a). The expression levels of PPARγ, SREBP1, C/EBPα, Pref-1, aP2 and adipsin mRNA were estimated by quantitative PCR (qPCR) using their specific primers as described in Materials and Methods (b). The relative qPCR values were normalized with respect to 18S rRNA expression levels. Values are mean ± S.D. of three determinations. *P < 0.05, *** p < 0.001 as compared with untreated cells. NS not significant; *p < 0.05, $ p < 0.001 as compared to 3 days differentiated samples. % p < 0.001 as compared to 6 days differentiated samples. @ p < 0.001 as compared to 9 days differentiated samples.





Adenosine kinase inhibitor inhibits AICAR mediated inhibition of 3T3L1 differentiation
We were further interested in examining the role of ZMP (a phosphorylated form of AICAR, which mimics AMP to activate AMPK) in the regulation of AICAR mediated inhibition of adipocyte differentiation. 3T3L1 cells were treated with AICAR (0.5 mM) on different days (from 0, 3 and 6th day) in the presence or absence of iodotubercidin. Iodotubercidin is an inhibitor of adenosine kinase, and inhibits the conversion of AICAR to its activated form ZMP inside the cell, and thus inhibits activation of AMPK by AICAR [28, 34]. Treatment with AICAR at any stage on either day 0 (proliferation phase), day 3 (differentiation phase) or day 6 (late differentiation phase), significantly blocked the accumulation of neutral lipid content as evident from Oil Red staining (Fig. 4a). Addition of iodotubercidin together with AICAR at different stages (day 0, 3rd or 6th) completely abolished the AICAR mediated inhibition of neutral lipid content accumulation (Fig. 4a), while iodotubercidin treatment alone had no effect on adipocyte differentiation. These results were further confirmed by examining for total lipid staining where differentiated 3T3L1 cells have high levels of lipids, which was completely abolished by AICAR treatment (Fig. 4b). Addition of iodotubercidin significantly reversed AICAR mediated inhibition in total lipid content (Fig. 4b). Moreover, iodotubercidin also reversed the AICAR induced inhibition of cell proliferation in 3T3L1 cells as well as the expression of SREBP1 and PPARg (Fig. 4c, 4d), further suggesting the involvement of ZMP in AICAR mediated inhibition of adipocyte differentiation of 3T3L1.[image: A12986_2006_Article_82_Fig4_HTML.jpg]
Figure 4Adenosine kinase inhibitor (iodotubercidin) reversed the AICAR induced inhibition of 3T3L1 adipocyte differentiation. The differentiating 3T3-L1 cells were treated with AICAR (0.5 mM) at various differentiating stages (on 0 day, 3rd and 6th day) in the presence or absence of iodotubercidin (0.1 μM). Intracellular lipids were stained with Oil Red O (a). To estimate extent of adipose conversion, 0.2 ml of isopropanol was added to a 12 well plate after 9 days of treatment when AICAR/iodotubercidin was added at 0 day. The extracted dye was immediately removed by gentle pipetting and its optical density was monitored spectrophotometrically at 510 nm (b). Values are mean ± S.D. of three determinations. $ p < 0.001 as compared with untreated cells. *** p < 0.001 as compared with differentiated cells. NS not significant; % p < 0.001 as compared with differentiated cells and AICAR treated cells, respectively. 3T3-L1 cells were treated with AICAR/iodotubercidin (0.5 mM/0.1 μM) during the differentiation induction phase (from day 0 to day2) followed by [3H] thymidine uptake to examine cell proliferation (c). Values are mean ± S.D. of three values. *** p < 0.001; NS not significant as compared with untreated cells. * p < 0.05, *** p < 0.001 as compared to AICAR treated cells (0.5 and 1.0 mM), respectively. 3T3-L1 cells were differentiated in the presence or absence of AICAR/iodotubercidin (0.5 mM/0.1 μM) for 9 days. The protein expression of SREBP1, PPARγ and β actin were examined by immunoblot analysis as described previously (d).




Since ZMP is known to mimic AMP and activates AMPK, the effect of AICAR on the phosphorylation status of AMPK and ACC (acetyl CoA carboxylase) at various time points was examined. As shown in figure 5a, the adipocyte differentiation progressed with time; the phosphorylation status of ACC and AMPK also increased, suggesting that activation of AMPK occurs during adipocyte differentiation. Treatment with AICAR further significantly increased the phospho-status of ACC and AMPK in a dose dependent manner, suggesting that AICAR induce the activation of AMPK (Fig. 5).[image: A12986_2006_Article_82_Fig5_HTML.jpg]
Figure 5Effect of AICAR on phospho-status of ACC, AMPK during adipocyte differentiation. The differentiating 3T3-L1 cells were treated with different concentrations of AICAR (from 0.1 to 1.0 mM) and proteins were isolated at various time periods (from 0 to 9 days). Immunoblot analysis for p-ACC, p-AMPKα, AMPKα1, AMPKα2 and β actin was examined as described in Materials and Methods (a). 3T3L1 cells were differentiated as above in the presence or absence of AICAR (0.5 and 1.0 mM)/iodotubercidin (0.1 μM) for 9 days. Cells were processed for the immunoblot analysis for p-ACC and β actin (b).




To investigate whether the activation of AMPK is important or not for adipocyte differentiation, cells were treated with iodotubercidin together with AICAR for 9 days. Chronic treatment with AICAR reduced the levels of phospho-status of ACC, which was restored by iodotubercidin treatment (Fig. 5b).

AICAR differentially regulates body weight in Diet induced obesity (DIO)
To assess whether AICAR can affect adipocyte formation in vivo, we used the d iet i nduced o besity (DIO) model. C57BL/6J mice were fed either a standard diet (STD) or a high-fat diet (DIO) for 6 wk beginning at 10 wk of age, and treated with AICAR (3 times in a week) at 0.1 mg or 0.5 mg/g body weight for 6 wk. At the beginning of treatment with AICAR, DIO mice weighed 36.1 ± 3.0 g, while STD mice weighed 28.7 ± 2.5 g. The difference between the 2 groups was 21% (Fig. 6a). In the DIO group, the body weight markedly changed following 1 wk treatment, where the difference between AICAR-treated and vehicle-treated animals reached -8.7%. The body weight was then maintained in AICAR-treated mice, while it constantly increased in the vehicle treated group of DIO mice. At the end of the experiment (6 weeks), AICAR-treated DIO mice weighed 15.7% less (-5.7 g) than vehicle-treated DIO mice. In the STD group, AICAR-treated animal weights were not significantly changed. However, AICAR at a dose of 0.1 mg/g bw had no effect on body mass, as compared to DIO vehicle treated mice. In accordance, DIO vehicle treated mice had significantly higher epididymal fat content as compared to STD mice (Fig. 6b). AICAR (0.5 mg/g bw) treated DIO mice had a significant reduction in epididymal fat content on par with STD mice, however, AICAR at the dose of 0.1 g/mg bw had no effect (Fig. 6b). These results indicate that the higher body weight detected in DIO vehicle treated mice was at least in part due to an increase in adipose tissue mass, and that AICAR administration (0.5 mg/g bw) significantly normalized the body weight as well as the fat content (adipose tissue mass) similar to those in STD vehicle treated mice.[image: A12986_2006_Article_82_Fig6_HTML.jpg]
Figure 6Effect of AICAR on body weight and epididymal fat content in STD and diet induced obesity mice model. C57B6 mice were kept on standard (STD) or 60% fat diet (DIO) treated with AICAR (0.1 or 0.5 mg/g body weight) or PBS for 6 weeks intraperitoneally. Body weight of these mice with AICAR was measured periodically (a). At the indicated time periods, epididymal fat was isolated and weighed (b). Results are shown as mean ± SD of 10 mice.





AICAR inhibits adipocyte size without modulating cell number or adipogenesis in DIO-treated mice
Since AICAR administration restricted body weight as a consequence of reduction in fat content of DIO mice, it was of interest to examine whether AICAR treatment controlled the adipose size or restricted the number of cells. The size of adipocytes were ascertained by microscopic analysis and it was observed that DIO vehicle treated mice had a significant increase in adipocyte size, which was significantly restricted in AICAR treated mice at the dose 0.5 mg/g bw while there was no effect at 0.1 mg/g bw (Fig. 7a). On the other hand, no change in the total DNA content in the adipose tissue of the AICAR treated and vehicle treated DIO mice was observed, indicating that cell number was maintained in both cases (Fig. 7b). This suggested that the decrease in epididymal adipose tissue in AICAR treated DIO mice as compared to DIO vehicle treated mice was not due to a decrease in cell number.[image: A12986_2006_Article_82_Fig7_HTML.jpg]
Figure 7Effect of AICAR on adipocyte size and total DNA content in AICAR treated STD and DIO mice. Paraffin-embedded sections of epididymal white adipose tissue from AICAR treated STD and DIO mice were stained with hematoxylin and eosin (ai). Average size of adipocytes measured in 10 different fields is shown at right (aii). ***p < 0.001; NS: not significant as compared to STD mice group. $ p < 0.001, as compared to DIO vehicle treated group. NS: not significant as compared to STD mice group. White adipose tissue from these treated STD and DIO mice were digested with proteinase K and DNA was extracted with phenol:chloroform. DNA content was measured by spectrophotometer (260 nm) (b). NS: not significant as compared to STD mice group. $: not significant as compared to DIO vehicle treated group.





Effect of AICAR on adipogenic markers in STD and DIO treated mice
To examine further whether the decrease in epididymal fat content was due to an increase in the adipocyte differentiation process, the expression levels for several adipocyte markers were examined by immunoblot analysis. As shown in Fig. 8a, the decrease in epididymal fat content observed in AICAR treated mice (0.5 mg/g bw) was not reflected in the change in the expression of adipocyte marker genes such as C/EBPα, C/EBPβ, PPARγ, and SREBP1. However, we observed a significant increase in the expression of DGAT and mitochondrial GPAT, two enzymes involved in the synthesis of triglycerides, by AICAR treatment in STD mice as well as in DIO treated mice (data not shown).[image: A12986_2006_Article_82_Fig8_HTML.jpg]
Figure 8Effect of AICAR on adipocyte protein marker expression in DIO treated mice after 6 weeks of treatment. Total protein epididymal fat content from 6 weeks AICAR treated STD and DIO treated mice was isolated. The expression for various key adipogenic transcription factors including C/EBPα, C/EBPβ, PPARγ and SREBP1 was examined by immunoblot analysis as described in Materials and Methods.




Biologically active molecules secreted from adipose tissue called adipokines, have been implicated in the development of obesity. The levels of leptin are significantly increased with the increase in adipose tissue content in DIO vehicle treated mice. However, AICAR (0.5 mg/g bw) treatment for 6 weeks brought these back to the normal levels on par with STD mice (Fig. 9a). In contrast to leptin levels, adiponectin levels were drastically reduced in DIO vehicle mice, which also normalized with AICAR treatment (Fig. 9b). Moreover, DIO mice exhibited pronounced dyslipidemia compared to STD mice, as evident from the elevated levels of triglyceride (TAG), cholesterol and free fatty acids (FFA), which were significantly reduced by chronic treatment of AICAR (0.5 mg/g bw) (Fig. 9c). Furthermore, diet-induced increase in saturated fatty acids (16:0, 18:0) and decrease in major polyunsaturated fatty acid (18:2) in adipose tissue were also normalized by chronic AICAR treatment (Table 1).[image: A12986_2006_Article_82_Fig9_HTML.jpg]
Figure 9Effect of AICAR on metabolic alterations in AICAR treated STD and DIO treated mice. Blood was withdrawn from AICAR treated STD and DIO treated mice after 6 weeks of treatment and serum was isolated and the levels of leptin and adiponectin were examined by the respective ELISA kits as described in Material and Methods (a). Values are mean ± S.D. of eight values. * p < 0.05; ** p < 0.01; NS: not significant as compared to STD mice group. $ p < 0.05, as compared to DIO vehicle treated group. NS: not significant as compared to STD mice group. The lipid profile (TAG, cholesterol and FFA) was examined as described in Material and Methods (b). Values are mean ± SD of 4 different sera. For TAG, ** p < 0.01; NS: not significant as compared to STD mice group. $ p < 0.001, as compared to DIO vehicle treated group. NS: not significant as compared to STD mice group. For Cholesterol, *** p < 0.001; * p < 0.05; NS: not significant as compared to STD mice group. $ p < 0.001, as compared to DIO vehicle treated group. NS: not significant as compared to STD mice group. For FFA, *** p < 0.001; NS: not significant as compared to STD mice group. $ p < 0.001, as compared to DIO vehicle treated group. NS: not significant as compared to STD mice group.




Table 1Effects of AICAR treatment on fatty acid composition (weight %) of adipose tissue in normal and diet-induced obese mice


	Group/Fatty acid
	14:0
	16:0
	18:0
	18:2

	
                            STD
                          
	0.89 ± 0.02
	18.6 ± 0.1
	1.9 ± 0.06
	27.1 ± 0.35

	
                            STD+A500
                          
	0.9 ± 0.01
	22.2 ± 0.21
	3.0 ± 0.15
	28.9 ± 0.81

	
                            DIO
                          
	1.3 ± 0.2
	26.6 ± 0.21*
	3.6 ± 0.15*
	15.9 ± 1.3*

	
                            DIO+A100
                          
	0.95 ± 0.03
	24.3 ± 0.38
	4.4 ± 0.06
	28.7 ± 0.86

	
                            DIO+A500
                          
	1.1 ± 0.1
	23.3 ± 0.26**
	2.5 ± 0.21**
	22.2 ± 0.7**


Adipose tissue was isolated and prepared as described in Methods. The lipids were extracted in chloroform-methanol using Folch partition. Fatty acid methyl ester was prepared with methanolic-HCl, purified by TLC and analyzed by GC as described in our earlier publication [29]. Fatty acids showing significant alteration in composition are included and their peaks were identified using known standards. Values are expressed as mean ± SD for 3 separate sets of experiments. *p < 0.001 vs STD, **p < 0.001 vs DIO.


Lipid accumulation and alterations in fatty acid composition in various tissues as a result of obesity is considered to be a cause of development of insulin resistance. Therefore, we examined the glucose tolerance test and insulin tolerance test in DIO-vehicle and AICAR treated mice after 6 weeks of treatment. As depicted from figure 10a &10b, DIO-vehicle and AICAR treatment at a dose of 0.1 mg/g bw showed hyperglycemia and hyperisulinemia, however, AICAR treated DIO mice at the dose of 0.5 mg/g bw completely ameliorated hyperglycemia and hyperisulinemia induced by the high fat diet. We also determined the TGA and FFA content in liver of DIO vehicle and AICAR treated DIO (0.5 mg/g bw) mice and observed that DIO vehicle treated mice exhibited a significant increase in TGA and FFA levels, which were significantly inhibited by AICAR treatment (data not shown). This indicates that the differences in glucose tolerance and insulin sensitivity observed between DIO and AICAR treated DIO (0.5 mg/g bw) mice is due to a decrease in lipid storage in adipose tissue and liver in AICAR treated DIO mice (0.5 mg/g bw), which probably prevented the further impairment of glucose homeostasis. Since lipid accumulation in tissues other than adipose tissue, such as liver, is considered to be a cause of the development of insulin resistance associated with obesity.[image: A12986_2006_Article_82_Fig10_HTML.jpg]
Figure 10Effect of AICAR on glucose and insulin tolerance tests in AICAR treated STD and DIO treated mice. For glucose tolerance test, overnight-fasted mice from all groups were given an intraperitoneal injection of glucose (2 mg/g body wt). Blood samples were withdrawn from the tail and analyzed for glucose levels at the indicated time points (15 to 120 min) (a). For insulin tolerance test, insulin (0.5 units/kg body wt) was intraperitoneal injected after fasting for 12 h, and glucose levels were monitored at the indicated time points (15 to 120 min)(b). Results are the means ± SD from four animals.





AICAR activates AMPK in adipose tissue
We examined further the possibility of activation of AMPK in adipose tissue by chronic treatment with AICAR. For this, we examined the phospho-status of AMPKα and ACC as well as the total level of AMPKα1 in adipose tissue after 6 weeks of AICAR treatment in STD and DIO mice. AICAR treatment at both doses induced the phosphorylation of AMPKα as compared to STD and DIO vehicle treated mice (Fig. 11a). However, the phospho-status of ACC was only increased in the AICAR treated STD mice, and did not show any change in DIO-vehicle treated, as well as in AICAR treated DIO mice. No change was observed in the total level of AMPKα1 in any treatment in STD and DIO mice. However, a significant increase in the enzymatic activity of AMPKα1 was observed in AICAR treated STD, in DIO-vehicle treated and AICAR treated (0.1 mg/g bw) adipose tissue (Figure 11b). AICAR treated adipose tissue at a dose of 0.5 mg/g bw also showed a significant increase in AMPKα1 activity but the increase in its activity was not significantly higher than that observed in other group.[image: A12986_2006_Article_82_Fig11_HTML.jpg]
Figure 11Effect of AICAR on phospho-status of ACC, AMPK and AMPK enzymatic activity in AICAR treated STD and DIO treated mice. Total protein from epididymal fat content from 6 weeks AICAR treated STD and DIO treated mice was isolated. Immunoblot analysis for p-ACC, p-AMPKα, AMPKα1 and β actin was examined as described in Materials and Methods (a). The enzymatic activity of AMPKα1 was examined by immunoprecipitating using anti-AMPKα1 followed by assessing its activity using SAMS peptide as described in Material and methods (b). *** p < 0.001; ** p < 0.01 as compared to STD mice group. $ p < 0.05, as compared to DIO vehicle treated group.





AICAR induced expression of PGC1α
Proliferator-activated receptor γ coactivator 1α (PGC-1α) is a coactivator of nuclear receptors and other transcription factors [35]. PGC-1α controls mitochondrial biogenesis and oxidative metabolism in many tissues, including brown adipose tissue, skeletal muscle, heart, and liver [36–39]. We examined the effect of AICAR on DIO vehicle treated mice and observed that AICAR treatment of STD mice significantly induced protein expression as compared to that in untreated STD mice (Fig. 12a). The expression of PGC1α was found to be significantly down in adipose tissue in DIO vehicle and AICAR (0.1 mg/g bw) treated mice, however AICAR at the dose of 0.5 mg/g bw significantly reversed the protein expression of PGC1α induced in DIO as documented by immunoblot and its densitometry analysis (Figure 12ai &12aii). These observations were further supported by quantitative PCR for PGC1α in adipose tissue from AICAR treated STD and DIO mice (Fig. 12b). To examine the effect of AICAR on the expression of PGC1α, 3T3L1 cells were treated with increasing concentrations of AICAR (0.1–1.0 mM) under differentiating condition and the expression of PGC1 α was examined at 3, 6 and 9 days using immunoblot analysis. As depicted from figure 12c, treatment of AICAR induced the protein expression of PGC1α at day 3 in dose dependent manner, however, higher concentration of AICAR (0.5 and 1 mM) induced the highest expression at day 3 after that there was a decrease in its expression.[image: A12986_2006_Article_82_Fig12_HTML.jpg]
Figure 12AICAR induced the expression of PGC1α in white adipose tissue in DIO treated mice. Total protein from epididymal fat content from 6 weeks AICAR treated STD and DIO treated mice was isolated and immunoblot analysis for PGC1α was examined (a i). Densitometry values for PGC1α were normalized with β actin and plotted as a bar graph (a ii). The expression of PGC1α was quantified by qPCR (b). The relative qPCR values were normalized with respect to the 18S rRNA expression level. Values are mean ± S.D. for three mice. *** p < 0.001; ** p < 0.01 as compared to STD mice group. $ p < 0.001, as compared to DIO vehicle treated group. The differentiating 3T3-L1 cells were treated with different concentrations of AICAR (from 0.1 to 1.0 mM) and proteins were isolated at various time periods (from 0 to 9 days). Immunoblot analysis for PGC1α and β actin was examined as described in Materials and Methods (c).






Discussion
Obesity is a metabolic disorder, resulting from an imbalance between metabolizable energy intake and energy expenditure [40]. The increase in obesity is particularly marked in children, and not just confined to the Western world [41]. In the present study, we examined the effect of AICAR, a pharmacological activator of AMPK, on in vitro adipocyte differentiation of 3T3L1 and in vivo diet induced obesity mouse model (DIO). We observed that AICAR inhibited adipocyte differentiation in 3T3L1 cells via downregulation of important transcription factors such as C/EBPα, PPARγ and SREBP1, which strictly control adipocyte differention.
The CCAAT element-binding proteins (C/EBP) β and δ and sterol response element-binding protein 1 (ADD1/SREBP1) are active during the early stages of the differentiation process and induce the expression and/or activity of the peroxisome proliferator-activated receptor γ (PPARγ), a pivotal coordinator of adipocyte differentiation [42]. Activated PPARγ induces exit from the cell cycle, and in cooperation with C/EBPα, stimulates the expression of many metabolic genes [42]. Our observation is in accordance with a previous report where AICAR was shown to inhibit C/EBPα and PPARγ due to the inhibition of early clonal expansion of pre-adipocytes [43]. Our data shows that inhibition of adipogenic differentiation in 3T3L1 is not just confined to early clonal expansion, since addition of AICAR either at early differentiation stage (day 3) or at late differentiation stage (day 6), significantly blocked 3T3L1 differentiation. We speculate this effect is due to the repression of PPARγ dependent transcription by AMPK activation via phosphorylation of p300 at serine 89 [44, 45], however, it remains to be established in adipogenic differentiation.
During 3T3L1 differentiation, there was an increase in ACC and AMPK phosphorylation at days 3, 6 and 9, suggesting the activation of AMPK. But the role of activation AMPK in the regulation of differentiation remains to be explored. Incubation of 3T3L1 cells, undergoing differentiation, with AICAR at the concentration of 0.1 and 0.25 mM, induced the phosphorylation of ACC and AMPK at day 6 and 9. However, at the higher concentration (0.5 and 1 mM) it does not induce ACC and AMPK phosphorylation compared to untreated differentiated cells at day 9. Moreover, adenosine kinase inhibitor (iodotubercidin) completely reversed AICAR mediated inhibition of adipocyte differentiation, expression of SREBP-1 and PPARγ. Increase in phosphorylation of ACC and AMPKα during adipocyte differentiation in time dependent manner indicating the possible activation/involvement of AMPK during adipocyte differentiation. Moreover, adenosine kinase inhibitor also reversed the AICAR-mediated downregulation of phosphorylation of ACC at day 9, further suggesting that AICAR mediated effect may not be due to AMPK activation and requires more in-depth studies in this process.
To investigate further the effect of AICAR on adipocyte content in vivo, we employed the diet induced obesity model where we administered two doses of AICAR (0.1 and 0.5 mg/g kb) for 6 weeks. The lower dose of AICAR (0.1 mg/g) did not modulate either the body weight or total epididymal fat content in DIO treated mice. However at 0.5 mg/g bw dose, AICAR was found to be very effective in maintaining body weight and epididymal fat content, restoring levels of adipokines and significantly improving glucose tolerance and insulin sensitivity, as compared to DIO vehicle treated mice. Other reports have demonstrated chronic administration of AICAR to diminish the mass of fat pads significantly while having no effect on body weight in treated rats [24, 46]. Another report [47] showed that in fatty rats (fa/fa) treated with AICAR (0.5 mg/g) daily resulted in a modest decrease in intra-abdominal adiposity (15%), as compared with pair-fed animals and improved metabolic disturbances. All these reports suggest that AICAR administration leads to decrease in food intake [24, 46, 47], however, we did not observe any change in food intake at any dose of AICAR treatment (Data not shown). AICAR treatment (0.5 mg/kg) also restored the levels of adipokines (adiponectin and leptin) in DIO mice as compared to vehicle treated mice. The main sources of these adipokines, the adipose tissue, are well known to activate AMPK and it will be interesting to understand how AICAR regulates the production of these adipokines in DIO treated mice. In contrast to our in vivo observation, AMPK activators have been shown to inhibit the production of adiponectin in 3T3L1 adipocytes [48].
AICAR administration induced the activation of AMPKα1 enzymatic activity as well as phosphorylation of AMPKα in STD and DIO treated adipose tissue. However, adipose tissue from DIO vehicle treated mice showed significant activation of AMPKα1 as compared to adipose tissues from STD vehicle treated mice. This is in contrast with another report, where they did not observe any changes in the AMPK activity in adipose tissue treated with AICAR, even though the accumulation of ZMP was observed in adipose tissue of these animals [47]. The molecular mechanisms underlying the role of AMPK in adipose tissue are not fully known. Adipose tissue from 0.1 mg/kb AICAR treated DIO mice also exhibited increase AMPKα1 activity. However, there is no reduction in metabolic alteration compared with untreated DIO mice further questioning the involvement of AMPK in the regulation of metabolic alteration.
Increase in adipose tissue mass may be due to an increase in the number of adipose cells, or an increase in triglyceride storage in the preexisting adipocytes, or a combination of both processes. Though AICAR administration significantly decreased epididymal fat content, no change was observed in the expression of key adipogenic factors such as C/EBPα, PPARγ, SREBP-1 with significant induction of C/EBPβ in AICAR treated STD and DIO treated animals. Untreated STD animals had significant expression of these adipogenic factors suggesting that STD mice already had fully differentiated adipocytes, which suggests that the reduction in epididymal fat content observed in AICAR treated DIO mice is not due to blockage of preadipocyte differentiation into adipocytes as observed in vitro 3T3L1 adipocyte differentiating model. We observed the reduction of C/EBPβ levels in DIO vehicle treated mice, which is restored by AICAR treatment. The expression of C/EBPβ decreased as adipocyte differentiation progressed. Restoration of C/EBPβ protein by AICAR treatment can be due to the suppression of cytoplasmic HuR protein [49], which may result in the accumulation of C/EBPβ protein since C/EBPβ message is a ligand for HuR [50] and regulates the early event of adipogenesis.
Another possibility for the reduction of epididymal fat content and the size of adipocytes observed in AICAR treated DIO mice may be due to cellular hypotrophy which results in decreased triglyceride accumulation inthe pre-existing adipocytes, rather than an increase in cell number or differentiation. In AICAR treated DIO mice, the decreasedtriglyceride accumulation in adipose tissue could be due to decreased triglyceride synthesis or increased lipolysis. Triglyceride synthesis is regulated by mitochondrial GPAT and DGAT, two enzymes involved in the esterification of fatty acids to triglycerides. Mitochondrial GPAT have been shown to be the substrates for AMPK, resulting in the inhibition of enzymatic activity [51]. According to our observation AICAR treatment (0.5 mg/g bw) significantly induced the expression of both GPAT and DGAT in adipose tissue of STD and DIO treated animals. The decrease in the content of adipose tissue in AICAR (0.5 mg/g bw) treated DIO and increase in the expression of these enzymes cannot be explained at present. In terms of regulation of lipolysis in rodent adipocytes, the role of AMPK remains controversial [52, 53]. Recently, using pharmacological activators, adenoviruses expressing either dominant negative or constitutively active forms of AMPK and AMPKα1 knockout mice, have clearly demonstrated that AMPK activation has an anti-lipolytic effect in rodent adipocytes [54]. At present, we do not have any explanation how AICAR reduced the epididymal fat content in DIO treated mice when the expression of GPAT and DGAT is significantly increased and AMPK has been shown to be anti-lipolytic in adipocytes [54].
Decrease in adiposity caused by AICAR in DIO treated mice is attributable, at least in part, to increase in energy expenditure. AICAR has been shown to increase expression of the uncoupling proteins UCP3 [55, 56] and the transcription factor PGC1α [57] in rat skeletal muscle. Peroxisomal proliferator activator receptor (PPAR) gamma co-activator 1alpha (PGC1α) is a transcriptional coactivator that has recently been highlighted as an important regulator of gluconeogenesis, fatty-acid oxidation and adaptive thermogenesis [37]. Moreover, the expression of PGC1α was found to be reduced in skeletal muscle of prediabetic and diabetic subjects [58] and in adipose tissue of morbidly obese people [59]. We also observed the reduced protein and mRNA expression of PGC1α in adipose tissue of DIO vehicle treated mice, which was significantly induced by AICAR treatment not only in DIO treated mice but also in STD treated mice. Similar observation was found in 3T3L1 cells when cells were treated with different concentration of AICAR, the expression of PGC1α increased in dose dependent manner at day 3. Why treatment of of higher concentration of AICAR (0.5 and 1 mM) abolished the expression of PGC1α at days (6 and 9), which was induced at day 3, can not be explained at present? However, AICAR mediated reduction in adipose tissue of DIO treated mice may be due to the expression of PGC1α, which plays an important role in adaptive thermogenesis by regulating the expression of UCP-1, a key molecule that uncouples ATP synthesis from mitochondrial respiration, resulting in heat production [35]. Recent two studies also supported our observation that AICAR treatment induces the PGC1α expression [60, 61]. Moreover, AMPK has also been shown to induce mitochondrial biogenesis [60] and up-regulate nuclear respiratory factor-1 (NRF-1) whose expression is controlled by PGC1α [62].

Conclusion
Our study demonstrates that AICAR treatment significantly attenuates adipoctye differentiation in vitro. However, its administration restricted the body weight, epididymal fat content and normalized metabolic alteration mediated by diet induced obesity in mice. Increase in phosphorylation of ACC and AMPKα during adipocyte differentiation and AMPK activity in epididymal adipose tissue in DIO mice raises doubts about the involvement of AMPK in this process.

Acknowledgements
Miss Michaela Rose for secretarial assistance; and Ms. Carie Barnes and Joyce Bryan for technical assistance. This work was supported by National Institutes of Health Grants NS-22576, NS-34741, NS-40810, NS-37766, NS-40144 and C06-RR015455, and C06-RR018823.

References
1.
Spiegelman BM, Flier JS: Obesity and the regulation of energy balance. Cell. 2001, 104 (4): 531-543. 10.1016/S0092-8674(01)00240-9.CrossRef

2.
Spiegelman BM, Hu E, Kim JB, Brun R: PPAR gamma and the control of adipogenesis. Biochimie. 1997, 79 (2-3): 111-112. 10.1016/S0300-9084(97)81500-3.CrossRef

3.
Tontonoz P, Hu E, Spiegelman BM: Stimulation of adipogenesis in fibroblasts by PPAR gamma 2, a lipid-activated transcription factor. Cell. 1994, 79 (7): 1147-1156. 10.1016/0092-8674(94)90006-X.CrossRef

4.
Umek RM, Friedman AD, McKnight SL: CCAAT-enhancer binding protein: a component of a differentiation switch. Science. 1991, 251 (4991): 288-292.CrossRef

5.
Yeh WC, Cao Z, Classon M, McKnight SL: Cascade regulation of terminal adipocyte differentiation by three members of the C/EBP family of leucine zipper proteins. Genes Dev. 1995, 9 (2): 168-181.CrossRef

6.
Kim JB, Spiegelman BM: ADD1/SREBP1 promotes adipocyte differentiation and gene expression linked to fatty acid metabolism. Genes Dev. 1996, 10 (9): 1096-1107.CrossRef

7.
Kim JB, Wright HM, Wright M, Spiegelman BM: ADD1/SREBP1 activates PPARgamma through the production of endogenous ligand. Proc Natl Acad Sci U S A. 1998, 95 (8): 4333-4337. 10.1073/pnas.95.8.4333.CrossRef

8.
Tontonoz P, Kim JB, Graves RA, Spiegelman BM: ADD1: a novel helix-loop-helix transcription factor associated with adipocyte determination and differentiation. Mol Cell Biol. 1993, 13 (8): 4753-4759.CrossRef

9.
Friedman JM, Halaas JL: Leptin and the regulation of body weight in mammals. Nature. 1998, 395 (6704): 763-770. 10.1038/27376.CrossRef

10.
Rosen BS, Cook KS, Yaglom J, Groves DL, Volanakis JE, Damm D, White T, Spiegelman BM: Adipsin and complement factor D activity: an immune-related defect in obesity. Science. 1989, 244 (4911): 1483-1487.CrossRef

11.
Hotamisligil GS, Shargill NS, Spiegelman BM: Adipose expression of tumor necrosis factor-alpha: direct role in obesity-linked insulin resistance. Science. 1993, 259 (5091): 87-91.CrossRef

12.
Ahima RS, Flier JS: Adipose tissue as an endocrine organ. Trends Endocrinol Metab. 2000, 11 (8): 327-332. 10.1016/S1043-2760(00)00301-5.CrossRef

13.
Sartipy P, Loskutoff DJ: Monocyte chemoattractant protein 1 in obesity and insulin resistance. Proc Natl Acad Sci U S A. 2003, 100 (12): 7265-7270. 10.1073/pnas.1133870100.CrossRef

14.
Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AWJ: Obesity is associated with macrophage accumulation in adipose tissue. J Clin Invest. 2003, 112 (12): 1796-1808. 10.1172/JCI200319246.CrossRef

15.
Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, Sole J, Nichols A, Ross JS, Tartaglia LA, Chen H: Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin resistance. J Clin Invest. 2003, 112 (12): 1821-1830. 10.1172/JCI200319451.CrossRef

16.
Hardie DG, Scott JW, Pan DA, Hudson ER: Management of cellular energy by the AMP-activated protein kinase system. FEBS Lett. 2003, 546 (1): 113-120. 10.1016/S0014-5793(03)00560-X.CrossRef

17.
Fryer LG, Carling D: AMP-activated protein kinase and the metabolic syndrome. Biochem Soc Trans. 2005, 33 (Pt 2): 362-366.CrossRef

18.
Kahn BB, Alquier T, Carling D, Hardie DG: AMP-activated protein kinase: ancient energy gauge provides clues to modern understanding of metabolism. Cell Metab. 2005, 1 (1): 15-25. 10.1016/j.cmet.2004.12.003.CrossRef

19.
Shaw RJ, Kosmatka M, Bardeesy N, Hurley RL, Witters LA, DePinho RA, Cantley LC: The tumor suppressor LKB1 kinase directly activates AMP-activated kinase and regulates apoptosis in response to energy stress. Proc Natl Acad Sci U S A. 2004, 101 (10): 3329-3335. 10.1073/pnas.0308061100.CrossRef

20.
Woods A, Johnstone SR, Dickerson K, Leiper FC, Fryer LG, Neumann D, Schlattner U, Wallimann T, Carlson M, Carling D: LKB1 is the upstream kinase in the AMP-activated protein kinase cascade. Curr Biol. 2003, 13 (22): 2004-2008. 10.1016/j.cub.2003.10.031.CrossRef

21.
Hawley SA, Boudeau J, Reid JL, Mustard KJ, Udd L, Makela TP, Alessi DR, Hardie DG: Complexes between the LKB1 tumor suppressor, STRAD alpha/beta and MO25 alpha/beta are upstream kinases in the AMP-activated protein kinase cascade. J Biol. 2003, 2 (4): 28-10.1186/1475-4924-2-28.CrossRef

22.
Holmes BF, Kurth-Kraczek EJ, Winder WW: Chronic activation of 5'-AMP-activated protein kinase increases GLUT-4, hexokinase, and glycogen in muscle. J Appl Physiol. 1999, 87 (5): 1990-1995.

23.
Ojuka EO, Nolte LA, Holloszy JO: Increased expression of GLUT-4 and hexokinase in rat epitrochlearis muscles exposed to AICAR in vitro. J Appl Physiol. 2000, 88 (3): 1072-1075.

24.
Winder WW, Holmes BF, Rubink DS, Jensen EB, Chen M, Holloszy JO: Activation of AMP-activated protein kinase increases mitochondrial enzymes in skeletal muscle. J Appl Physiol. 2000, 88 (6): 2219-2226.

25.
Buhl ES, Jessen N, Schmitz O, Pedersen SB, Pedersen O, Holman GD, Lund S: Chronic treatment with 5-aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside increases insulin-stimulated glucose uptake and GLUT4 translocation in rat skeletal muscles in a fiber type-specific manner. Diabetes. 2001, 50 (1): 12-17.CrossRef

26.
Nath N, Giri S, Prasad R, Salem ML, Singh AK, Singh I: 5-aminoimidazole-4-carboxamide ribonucleoside: a novel immunomodulator with therapeutic efficacy in experimental autoimmune encephalomyelitis. J Immunol. 2005, 175 (1): 566-574.CrossRef

27.
Le Lay S, Lefrere I, Trautwein C, Dugail I, Krief S: Insulin and sterol-regulatory element-binding protein-1c (SREBP-1C) regulation of gene expression in 3T3-L1 adipocytes. Identification of CCAAT/enhancer-binding protein beta as an SREBP-1C target. J Biol Chem. 2002, 277 (38): 35625-35634. 10.1074/jbc.M203913200.CrossRef

28.
Giri S, Nath N, Smith B, Viollet B, Singh AK, Singh I: 5-aminoimidazole-4-carboxamide-1-beta-4-ribofuranoside inhibits proinflammatory response in glial cells: a possible role of AMP-activated protein kinase. J Neurosci. 2004, 24 (2): 479-487. 10.1523/JNEUROSCI.4288-03.2004.CrossRef

29.
Khan M, Contreras M, Singh I: Endotoxin-induced alterations of lipid and fatty acid compositions in rat liver peroxisomes. J Endotoxin Res. 2000, 6 (1): 41-50.CrossRef

30.
Khan M, Haq E, Giri S, Singh I, Singh AK: Peroxisomal participation in psychosine-mediated toxicity: implications for Krabbe's disease. J Neurosci Res. 2005, 80 (6): 845-854. 10.1002/jnr.20529.CrossRef

31.
Lee K, Villena JA, Moon YS, Kim KH, Lee S, Kang C, Sul HS: Inhibition of adipogenesis and development of glucose intolerance by soluble preadipocyte factor-1 (Pref-1). J Clin Invest. 2003, 111 (4): 453-461. 10.1172/JCI200315924.CrossRef

32.
MacDougald OA, Lane MD: Transcriptional regulation of gene expression during adipocyte differentiation. Annu Rev Biochem. 1995, 64: 345-373. 10.1146/annurev.bi.64.070195.002021.CrossRef

33.
Guerre-Millo M: Adipose tissue hormones. J Endocrinol Invest. 2002, 25 (10): 855-861.CrossRef

34.
Rattan R, Giri S, Singh AK, Singh I: 5-aminoimidazole-4-Carboxamide-1-beta-4-Ribofuranoside inhibits cancer cell proliferation in vitro and in vivo via AMP-activated protein kinase (AMPK). J Biol Chem. 2005

35.
Puigserver P, Spiegelman BM: Peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1 alpha): transcriptional coactivator and metabolic regulator. Endocr Rev. 2003, 24 (1): 78-90. 10.1210/er.2002-0012.CrossRef

36.
Lehman JJ, Barger PM, Kovacs A, Saffitz JE, Medeiros DM, Kelly DP: Peroxisome proliferator-activated receptor gamma coactivator-1 promotes cardiac mitochondrial biogenesis. J Clin Invest. 2000, 106 (7): 847-856.CrossRef

37.
Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman BM: A cold-inducible coactivator of nuclear receptors linked to adaptive thermogenesis. Cell. 1998, 92 (6): 829-839. 10.1016/S0092-8674(00)81410-5.CrossRef

38.
Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V, Troy A, Cinti S, Lowell B, Scarpulla RC, Spiegelman BM: Mechanisms controlling mitochondrial biogenesis and respiration through the thermogenic coactivator PGC-1. Cell. 1999, 98 (1): 115-124. 10.1016/S0092-8674(00)80611-X.CrossRef

39.
Yoon JC, Puigserver P, Chen G, Donovan J, Wu Z, Rhee J, Adelmant G, Stafford J, Kahn CR, Granner DK, Newgard CB, Spiegelman BM: Control of hepatic gluconeogenesis through the transcriptional coactivator PGC-1. Nature. 2001, 413 (6852): 131-138. 10.1038/35093050.CrossRef

40.
Klein S, Burke LE, Bray GA, Blair S, Allison DB, Pi-Sunyer X, Hong Y, Eckel RH: Clinical implications of obesity with specific focus on cardiovascular disease: a statement for professionals from the American Heart Association Council on Nutrition, Physical Activity, and Metabolism: endorsed by the American College of Cardiology Foundation. Circulation. 2004, 110 (18): 2952-2967. 10.1161/01.CIR.0000145546.97738.1E.CrossRef

41.
Lobstein T, Baur L, Uauy R: Obesity in children and young people: a crisis in public health. Obes Rev. 2004, 5 Suppl 1: 4-104. 10.1111/j.1467-789X.2004.00133.x.CrossRef

42.
Gregoire FM, Smas CM, Sul HS: Understanding adipocyte differentiation. Physiol Rev. 1998, 78 (3): 783-809.

43.
Habinowski SA, Witters LA: The effects of AICAR on adipocyte differentiation of 3T3-L1 cells. Biochem Biophys Res Commun. 2001, 286 (5): 852-856. 10.1006/bbrc.2001.5484.CrossRef

44.
Yang W, Hong YH, Shen XQ, Frankowski C, Camp HS, Leff T: Regulation of transcription by AMP-activated protein kinase: phosphorylation of p300 blocks its interaction with nuclear receptors. J Biol Chem. 2001, 276 (42): 38341-38344. 10.1074/jbc.C100316200.CrossRef

45.
Leff T: AMP-activated protein kinase regulates gene expression by direct phosphorylation of nuclear proteins. Biochem Soc Trans. 2003, 31 (Pt 1): 224-227.CrossRef

46.
Iglesias MA, Ye JM, Frangioudakis G, Saha AK, Tomas E, Ruderman NB, Cooney GJ, Kraegen EW: AICAR administration causes an apparent enhancement of muscle and liver insulin action in insulin-resistant high-fat-fed rats. Diabetes. 2002, 51 (10): 2886-2894.CrossRef

47.
Buhl ES, Jessen N, Pold R, Ledet T, Flyvbjerg A, Pedersen SB, Pedersen O, Schmitz O, Lund S: Long-term AICAR administration reduces metabolic disturbances and lowers blood pressure in rats displaying features of the insulin resistance syndrome. Diabetes. 2002, 51 (7): 2199-2206.CrossRef

48.
Huypens P, Quartier E, Pipeleers D, Van de Casteele M: Metformin reduces adiponectin protein expression and release in 3T3-L1 adipocytes involving activation of AMP activated protein kinase. Eur J Pharmacol. 2005, 518 (2-3): 90-95. 10.1016/j.ejphar.2005.06.016.CrossRef

49.
Wang W, Fan J, Yang X, Furer-Galban S, Lopez de Silanes I, von Kobbe C, Guo J, Georas SN, Foufelle F, Hardie DG, Carling D, Gorospe M: AMP-activated kinase regulates cytoplasmic HuR. Mol Cell Biol. 2002, 22 (10): 3425-3436. 10.1128/MCB.22.10.3425-3436.2002.CrossRef

50.
Gantt K, Cherry J, Tenney R, Karschner V, Pekala PH: An early event in adipogenesis, the nuclear selection of the CCAAT enhancer-binding protein {beta} (C/EBP{beta}) mRNA by HuR and its translocation to the cytosol. J Biol Chem. 2005, 280 (26): 24768-24774. 10.1074/jbc.M502011200.CrossRef

51.
Muoio DM, Seefeld K, Witters LA, Coleman RA: AMP-activated kinase reciprocally regulates triacylglycerol synthesis and fatty acid oxidation in liver and muscle: evidence that sn-glycerol-3-phosphate acyltransferase is a novel target. Biochem J. 1999, 338 ( Pt 3): 783-791. 10.1042/0264-6021:3380783.CrossRef

52.
Yin W, Mu J, Birnbaum MJ: Role of AMP-activated protein kinase in cyclic AMP-dependent lipolysis In 3T3-L1 adipocytes. J Biol Chem. 2003, 278 (44): 43074-43080. 10.1074/jbc.M308484200.CrossRef

53.
Sullivan JE, Brocklehurst KJ, Marley AE, Carey F, Carling D, Beri RK: Inhibition of lipolysis and lipogenesis in isolated rat adipocytes with AICAR, a cell-permeable activator of AMP-activated protein kinase. FEBS Lett. 1994, 353 (1): 33-36. 10.1016/0014-5793(94)01006-4.CrossRef

54.
Daval M, Diot-Dupuy F, Bazin R, Hainault I, Viollet B, Vaulont S, Hajduch E, Ferre P, Foufelle F: Anti-lipolytic action of AMP-activated protein kinase in rodent adipocytes. J Biol Chem. 2005, 280 (26): 25250-25257. 10.1074/jbc.M414222200.CrossRef

55.
Zhou M, Lin BZ, Coughlin S, Vallega G, Pilch PF: UCP-3 expression in skeletal muscle: effects of exercise, hypoxia, and AMP-activated protein kinase. Am J Physiol Endocrinol Metab. 2000, 279 (3): E622-9.

56.
Putman CT, Kiricsi M, Pearcey J, MacLean IM, Bamford JA, Murdoch GK, Dixon WT, Pette D: AMPK activation increases uncoupling protein-3 expression and mitochondrial enzyme activities in rat muscle without fibre type transitions. J Physiol. 2003, 551 (Pt 1): 169-178. 10.1113/jphysiol.2003.040691.CrossRef

57.
Suwa M, Nakano H, Kumagai S: Effects of chronic AICAR treatment on fiber composition, enzyme activity, UCP3, and PGC-1 in rat muscles. J Appl Physiol. 2003, 95 (3): 960-968.CrossRef

58.
Patti ME, Butte AJ, Crunkhorn S, Cusi K, Berria R, Kashyap S, Miyazaki Y, Kohane I, Costello M, Saccone R, Landaker EJ, Goldfine AB, Mun E, DeFronzo R, Finlayson J, Kahn CR, Mandarino LJ: Coordinated reduction of genes of oxidative metabolism in humans with insulin resistance and diabetes: Potential role of PGC1 and NRF1. Proc Natl Acad Sci U S A. 2003, 100 (14): 8466-8471. 10.1073/pnas.1032913100.CrossRef

59.
Semple RK, Crowley VC, Sewter CP, Laudes M, Christodoulides C, Considine RV, Vidal-Puig A, O'Rahilly S: Expression of the thermogenic nuclear hormone receptor coactivator PGC-1alpha is reduced in the adipose tissue of morbidly obese subjects. Int J Obes Relat Metab Disord. 2004, 28 (1): 176-179. 10.1038/sj.ijo.0802482.CrossRef

60.
Kukidome D, Nishikawa T, Sonoda K, Imoto K, Fujisawa K, Yano M, Motoshima H, Taguchi T, Matsumura T, Araki E: Activation of AMP-activated protein kinase reduces hyperglycemia-induced mitochondrial reactive oxygen species production and promotes mitochondrial biogenesis in human umbilical vein endothelial cells. Diabetes. 2006, 55 (1): 120-127. 10.2337/diabetes.55.01.06.db05-0943.CrossRef

61.
Lee WJ, Kim M, Park HS, Kim HS, Jeon MJ, Oh KS, Koh EH, Won JC, Kim MS, Oh GT, Yoon M, Lee KU, Park JY: AMPK activation increases fatty acid oxidation in skeletal muscle by activating PPARalpha and PGC-1. Biochem Biophys Res Commun. 2006, 340 (1): 291-295.CrossRef

62.
Bergeron R, Ren JM, Cadman KS, Moore IK, Perret P, Pypaert M, Young LH, Semenkovich CF, Shulman GI: Chronic activation of AMP kinase results in NRF-1 activation and mitochondrial biogenesis. Am J Physiol Endocrinol Metab. 2001, 281 (6): E1340-6.



Competing interests
The author(s) declare that they have no competing interests.

Authors' contributions
SG carried out the various experiments, participated in the design of the study and drafted the manuscript; RR and EH performed animals and biochemical studies; RR also helped in drafting manuscript; MK and RY performed lipid studies; J-S W helped in performing biochemical assays and immunoblot analysis; LK, AKS and IS participated in the design of the study and helped to draft the manuscript. All authors read and approved the final manuscript.


OEBPS/sidebar.gif





OEBPS/A12986_2006_Article_82_Fig10_HTML.jpg
Glucose level (% change

Glucose levels (% change]

540
490
440
390
340
290
240
190
140

90

120

100

80

60

40

20

Glucose tolerance test

—e— Untreated
—a—A500
—a—DIO

—a— DIO+A100
—==—DIO+A500

o
]
=3
a
=)
3
S

120

Time (min)

Insulin tolerance test

—e— Untreated
—a—A500
—a—DIO

—m DIO+A100
—=—DIO+A500

120

o
N
=3
a
=)
3
<3

Time (min)





OEBPS/A12986_2006_Article_82_Fig8_HTML.jpg
bplIo - - + + +

AICAR - 0.5 - 0.1 0.5 (mg/gB.W.)

- e

< C/EBPx
< C/EBPB

< PPARY
< SREBPI

<[ actin





OEBPS/A12986_2006_Article_82_Fig5_HTML.jpg
AICAR (mM) = 0.1 0.25 0.5 1.0

Diff. days 0 36 9369369369326 9 0

» —— - - p-ACC
et ik S 0 2™ il p-AMPKa
— AMPKal
F N AMPKo.2

— B actin

Differentiation ¢ . o |
day

-
- e - p-ACC

- acin

AICAR (mM) - - 0505 1.0 1.0
iodotubercidin - - - + - +
(0.1uM)





OEBPS/A12986_2006_Article_82_Fig1_HTML.jpg
2/5-

Absorbance (510nm)

AICAR (mM)

Undifferentiated

AICAR (mM)

0.25 0.5

X q
w&’.?‘::

[———— Differentiated ———]
NS

0.1 025 05 1.0






OEBPS/contact.gif





OEBPS/A12986_2006_Article_82_Fig12_HTML.jpg
-

Q

2

Q
Normalized values

08
—
S+ o+ o+ =
05 - 0.1 05 oge
DIO - - +
AICAR - 0.5 - 0.1
Heokk
12065
1‘2 G 1.00E-5 $
S % gooEs ok
B3
-_% T 600E-6
EE 4.00E-6
& X
P4
2.00E-6 P **
0.00E+0
DIO - - + + +
AICAR - 0.5 - 0.1 0.5
- 0.1 0.25 0.5 1.0

0

1.05

3693693693 693690

AICAR (mM)
Diff. days

PGCla

f actin





OEBPS/A12986_2006_Article_82_Fig3_HTML.jpg
- 0.1 0.25 0.5 1.0

AICAR (mM)
Diff. days 0 3693693693693 ¢690
P ————— -
I ~4= = | C/EBPa.
=™ | cmEBrp
[ rm———————  —— ] PPARY
[ —oecammmnm——- | srEBPI
I i B actin
2.00E+1
#x%  PPAR
fy— v "] sa**eerx SREBPlc
. = 90
g 1.20E+1 g
= Kk 5 60 $
S 8.00E+0 E
E * % @ < 4o
4.00E+0 5 % @
0.00E+0 0.0+
16 KKk C/EBPa 1.25+ Pref-1
g 12 =
g -
< *kok <
4 seskok % @
$
0
ok kK 5 . .
wxne Adipsin
= 16
% é 124
§ g L *kk
4.04
Ns % @
0.
Differentiationdays - 3 6 9 3 6 9 - 369 369
AICAR (0.5mM) - - - - + + + ol F o+t





OEBPS/A12986_2006_Article_82_Fig6_HTML.jpg
Weight (grams)

Weight (grams)

36

34

32

30

28

26

24

25

0.5

Weight Progress
—=—Reg diet
—a— Reg diet +A500
——Fatdiet
—e— Fatdiet+A100
—— Fat diet+A500

4 8§ 12 16 20 24 30

Time (days)
Epididymal fat
—=—REGDIET
—a— REG DIET+A500
——FATDIET
—e— FAT DIET+A100
—@— FAT DIET+A500

1 2 4 6

Time (weeks)





OEBPS/A12986_2006_Article_82_Fig11_HTML.jpg
N
- p-ACC

- - & »»»| p-AMPK

-_— s =m - - - B actin
DIO - -+ + At
AICAR - 05 - 0105
(mg/gm bw)
b.
AMPKal activity
~ 8000
c Hoksk sk Kk
3 J
S s0004 $
; 6000 o
o J
S 4000
5 J
S
s 2000 -
~ J
©]
0 + - . .
DIO - - + + +
AICAR - 0.5 - 0.1 0.5

(mg/gm bw)





OEBPS/A12986_2006_Article_82_Fig9_HTML.jpg
a. T
Leptin
*k
*
1600
= 1200 $
3 NS
L NS
400 .
0
DIO 3 . * + &
AICAR - 0.5 - 01 05
(mg/gm bw)
C. TAG
125 *k 75
':é 100 NS g 60
g NS 2
£ NS 545
< >
50 230
<
25 15
o - 0
DIO - = Ml b T =
AICAR - 05 - 01 05 -

(mg/gm bw)

NS

£ 2
2

1

0

Cholesterol
Hokok
+
0.5 - ol

Adiponectin

NS
*
c +
0.5 -
80
$ 0
NS %
s
§ 40
£
<
20
0
+ -
0.5 -

NS





OEBPS/A12986_2006_Article_82_Fig2_HTML.jpg
100000

75000

CPM/well

50000

25000

O |
AICAR (mM)

NS

NS





OEBPS/A12986_2006_Article_82_Fig4_HTML.jpg
Proliferation|———Differentiation—|

v

AICAR added v

Diff

AICAR
AICAR +iodo

iodo

CPM/well

50000

25000

0
AICAR (mM)

v

iodo (0.1uM)
NS

0.5
1.0

Day

AICAR
iodo

AICAR
iodo

Absorbance (510nm)
2 - &5 & B

Undifferentiated

|——— Differentiated ———

NS

<SREBPI
< PPARY

— I w— <3 3ctin

+

o+
+





OEBPS/A12986_2006_Article_82_Fig7_HTML.jpg
ii.

Q
N
7
2
‘D
<]
B
il
<

ok

ok

1200

1000

o
51
2
153
131
i=]
=)
=)

P
Lz

(youyloxid) ozis

l 00§V+0Ia

A500

0

001V+0Id

o1a

00SV

pajeanun

g 2 .|I 00TV+0Ia
8 i
s
2]
r T T T 1
@ © < o °
o o S o
(anssi BwyBn) Jusjuod ¥YNG

DIO

(=3
S
<
T
=
A

DIO+A500





