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PHYSICAL ACTIVITY AND METABOLIC HEALTH—THE WIDER BENEFITS

Throughout history, movement was absolutely essential—humans moved to survive—but this has evolved with the comforts provided by modern society limiting movement to sport and leisure rather than for survival (Exercise metabolism, 2017). This evolution has promoted sedentary behavior and given rise to the global pandemic of physical inactivity with deleterious effects on humankind. Physical inactivity is estimated to be the fourth leading risk factor for global mortality (6% of deaths globally) (World Health Organization, 2009). There is compelling evidence that physical activity promotes cardiorespiratory fitness and lowers risk for developing several chronic medical illnesses such as cardiovascular disease, obesity, diabetes mellitus, and specific cancers, in particular breast and colon cancer (Macera and Powell, 2001; Macera et al., 2003; Warburton et al., 2006). In May 2004, the fifty-seventh World Health Assembly endorsed Resolution WHA57.17: Global Strategy on Diet, Physical Activity and Health that urged Member States to develop national physical activity action plans and policies to increase the physical activity levels of their citizens (World Health Organization, 2004). Since then, giant strides have been made at national and global levels to tackle physical inactivity by adopting novel strategies such as developing guidelines and providing physical environments which support safe active commuting recreational activity.

Long term health benefits have been linked to physical activity and the inverse relationship between physical activity and mortality has been established. Obesity has reached epidemic proportions globally and has nearly tripled worldwide since 1975. According to the World Health Organization (WHO) estimates, there were more than 1.9 billion adults, aged 18 years and older, who were overweight in 2016 of which 650 million were obese (World Health Organization, 2020). Lower levels of obesity (Slentz et al., 2009; Hopps and Caimi, 2011) insulin resistance, blood lipid levels (Kraus et al., 2002), hypertension (Kelly and Kelly, 2001), and improved cardiovascular fitness (Duscha et al., 2005) have been linked with regular exercise.



ADIPONECTIN—AN IMPORTANT METABOLIC BIOMARKER

Physical activity impacts on the body's biological systems through its effect on numerous biomarkers. One such biomarker is the hormone adiponectin which is exclusively secreted in adipose tissues (Hu et al., 1996). Discovered in 1995, adiponectin is abundant in the circulation with plasma levels ranging from 3 to 30 μg/ml (Arita et al., 1999; Ouchi et al., 2003). Adiponectin is key in metabolic disorders like insulin resistance (Lim et al., 2008), as well as inflammation (Ouchi and Walsh, 2007). Inflammation is closely linked with several diseases that threaten human health (Dandona et al., 2004). There is evidence that a causal relationship exists between inflammation and diseases like obesity (Engstrom et al., 2003; Wellen and Hotamisligil, 2005), insulin resistance (Shoelson et al., 2006), type two diabetes mellitus (Wellen and Hotamisligil, 2005), and cardiovascular diseases (Engstrom et al., 2004).

Inflammation has equally been linked to some cancers with increased risk of malignancies closely related to chronic inflammation (Ekbom et al., 1990; Gulumian, 1999). A wide range of anti-inflammatory activities have been attributed to the hormone adiponectin (Ouchi and Walsh, 2007). These range from a reduction in the expression of adhesion molecules (Ouchi et al., 1999; Kobashi et al., 2005), to the inhibition of pro-inflammatory cytokine production (Ajuwon and Spurlock, 2005). Adiponectin is also involved in the induction of anti-inflammatory factors (Tsatsanis et al., 2005).

Adiponectin occurs as three basic isoforms in circulation: the high molecular weight (HMW), moderate molecular weight (MMW), and low molecular weight (LMW) adiponectin (Neumeier et al., 2006; Stein et al., 2007). These isoforms activate isoform specific pathways whilst still exerting a common effect on monocyte cells (Neumeier et al., 2006). Monocyte cells are central to development of obesity and cardiovascular diseases owing to their ability to secrete pro-inflammatory cytokines (Neumeier et al., 2006). Structurally, adiponectin has a carboxyl terminal comprising the globular domain, a mutable section and an amino tail which makes up the collagen-like domain. By binding to specific receptors, adiponectin is able to exert its effect in the human body. Present in most tissues is the adiponectin receptor 1 (AdipoR1) which has a high propensity to bind to the full length adiponectin whereas the adiponectin 2 (AdipoR2), mostly found in the liver, has an equal but moderate affinity for both the full length and globular adiponectin molecules (Yamauchi et al., 2003).

The relationship between exercise and circulating levels of adiponectin has been of interest to researchers over the years. The debate on the value of exercise on adiponectin is ongoing as some studies have recorded improvements in adiponectin levels following exercise (Kraemer et al., 2003; Hsieh and Wang, 2005; Bluher et al., 2006; Jürimäe et al., 2006; Oberbach et al., 2006) while a number of studies have failed to record any improvements in values following exercise (Hulver et al., 2002; Ryan et al., 2003; Fergusson et al., 2004; Nassis et al., 2005; Punyadeera et al., 2005; Jamurtas et al., 2006). Several key functions have been clearly associated with the hormone adiponectin. The results of a meta-analysis that showed that low serum adiponectin level increased the risk of a first cardiovascular event in the Han Chinese population (Zhang et al., 2012) does highlight the need for further evaluation of the role of adiponectin in health and disease.



ADIPONECTIN AND INSULIN RESISTANCE—THE MOLECULAR BASIS

The association of adiponectin with insulin resistance was first established by Yamauchi and colleagues in 2001 when reduced adiponectin levels and insulin resistance was observed in mouse models with altered insulin sensitivity (Yamauchi et al., 2001). By inhibiting the expression of hepatic gluconeogenic enzymes and the rate of endogenous glucose production, adiponectin has been found to sensitize the body to insulin (Combs et al., 2001). The insulin sensitizing effect of adiponectin is also thought to be brought about by an increase in fatty acid oxidation. This is most likely mediated through the activation of adenosine monophosphate-activated protein kinase (AMPK) by the globular adiponectin (Yamauchi et al., 2003).

AMPK activation is believed to cause the phosphorylation of Acetyl-CoA Carboxylase beta (ACC-β) which then inhibits the activity of the enzyme Acetyl CoA Carboxylase (ACC) leading to a decline in Malonyl CoA content. As a result, the activity of carnitine palmitoyl transferase is suppressed and fatty acid oxidation is increased (Hardie et al., 1998; Arita et al., 1999; Winder and Hardie, 1999). Activation of AMPK may stimulate β-oxidation and glucose uptake (Yamauchi et al., 2002), resulting in the binding adiponectin to its AdipoR1 receptor. With the binding of the hormone to the AdipoR2 receptor, there is the activation of PPAR-α signaling pathways, which increases fatty acid oxidation and energy utilization. Consequently, the triglyceride content of the liver and skeletal muscle is decreased resulting in improved insulin sensitivity. This is a desirable effect as insulin resistance predisposes people to type 2 diabetes (Manson et al., 1991).

Continuous build-up of intra hepatic triglyceride content has been shown to be closely linked with a deterioration of insulin action in the liver, skeletal muscle and adipose tissue (Korenblat et al., 2008). Likewise, intramuscular triglyceride (IMTG) content has also been linked with insulin resistance (Goodpaster et al., 1997) with increased levels of IMTG resulting in insulin resistance (Pan et al., 1997; Krssak et al., 1999).

The increase in fatty acid oxidation, glucose metabolism and the raised insulin sensitivity that results from the activation of AMPK by adiponectin has also been linked to the hormone's angiogenic property (Maeda et al., 2002). The resultant surge in phosphatidylinositol 3-kinase—Akt signaling (Yamauchi et al., 2001) within the muscle is likely responsible for the stimulation of angiogenic growth factor synthesis (Takahashi et al., 2002). Angiogenic growth factors are thought to play a crucial role in several physiological processes like wound healing. In myocardial infarction, they stimulate the growth of collaterals to ischaemic tissue (Risau, 1990; Goncalves, 2000).

Exercise has been shown to increase insulin sensitivity (Corcoran et al., 2007; Hawley and Lessard, 2007; Parker et al., 2016). One of the putative mechanisms is through increases in plasma adiponectin levels (Kriketos et al., 2004; Lim et al., 2008). In a recent study conducted on male rats, the improvement in insulin resistance was shown to be mediated via the binding of the hormone to the adiponectin receptor 1 (AdipoR1) (Cho et al., 2015).



ADIPONECTIN AND INFLAMMATION

The anti-inflammatory property of adiponectin has been linked to its ability to increase the secretion of anti-inflammatory protein interleukin 10 (IL10) and interlukin1 receptor (IL 1) (Wolf et al., 2004). When in abundance, these anti-inflammatory agents result in suppressed release of inflammatory cytokines from activated monocyte cells (Wolf et al., 2004). The hormones' binding to its AdipoR1 receptor mediates this effect (Yamaguchi et al., 2005).

Studies have shown that inflammatory biomarkers are lower in people who are involved in frequent and more intense physical activity (King et al., 2003). The drop in inflammatory markers is thought to occur simultaneously with increase in anti-inflammatory substances like IL-10 whose secretion is increased in the presence of adiponectin (De Lemos et al., 2012).



ADIPONECTIN AND THE VASCULATURE

An intact endothelium is vital for health. Central to a healthy endothelium is nitric oxide (NO) which acts through various mechanisms to prevent the degeneration of the endothelium (Moncada and Higgs, 2006). Adiponectin has been shown to enhance the gene expression of endothelium nitric oxide synthase (eNOS): the enzyme responsible for the synthesis of NO (Chen et al., 2003; Hattori et al., 2003). Adiponectin activates AMP kinase which increases the activity of eNOS resulting in increases in NO production (Goldstein and Scalia, 2004).



EXERCISE AND CIRCULATING ADIPONECTIN LEVELS

Experimental and clinical data on the effects of acute exercise on adiponectin level is not robust. It has been shown that some of the benefits of exercise accrue from acute relatively brief sessions of exercise (Haskell and Wolffe, 1994). To examine if this holds true for adiponectin, Kraemer et al. in 2003 looked at the impact of 30 min of heavy continuous running on adiponectin levels in healthy male as well as the impact of intermittent exercise in well-trained runners. In both instances, adiponectin values remained unchanged. A single session of submaximal exercise failed to yield any positive changes in adiponectin concentration when overweight males ran for 45 min at 65% of VO2max (Jamurtas et al., 2006). Likewise, plasma adiponectin concentrations did not change in either males or females who cycled for 60 min at 65% of VO2max (Fergusson et al., 2004).

In contrast to findings of the above mentioned studies, adiponectin levels were seen to be elevated after abdominally fat men exercised at either low or high intensity, with plasma concentrations rising in both instances (Saunders et al., 2012). Similarly, adiponectin was altered positively after maximal acute exercise in highly trained athletes (Jürimae et al., 2005) and after a 30-min rowing exercise by male athletes at their individual anaerobic threshold (75.2 ± 2.9% of VO2max). These confounding results could be explained by individual variability in adiponectin concentration (Jürimäe et al., 2006).

More recently, a meta-analysis of 14 randomized controlled trials conducted among 347 youth revealed that exercise was associated with a significant increase in adiponectin; exercise intensity, change in body fat, total exercise programme duration, as well as duration of the sessions were all found to significantly influence the effect of exercise on adiponectin (García-Hermoso et al., 2017). The authors concluded that exercise seems to increase adiponectin levels in childhood obesity. Another systematic review and meta-analysis of 22 trials with 2,996 individuals showed that physical exercise and, specifically, aerobic exercise resulted in higher adiponectin and lower leptin levels in prediabetic and diabetic adults (Becic et al., 2018). Interestingly, a study using 2-month-old Wistar rats showed a reduction adiponectin protein levels in serum but there were no significant differences in Adiponectin receptor 1 (AdipoR1) gene expression in either muscle group studied following intense or moderate exercise (Jiménez-Maldonado et al., 2019). Whilst there is a good number of studies looking at the impact of aerobic exercise on adiponectin values, research relating to the effect of resistance exercise on adiponectin are few. The impact of resistance exercise on adiponectin levels has been examined by two studies. One of these studies recorded increases in adiponectin levels after a single bout of resistance exercise in both trained weight lifters and in people who combined weight lifting and running (Varady et al., 2010). In the study by Varady and colleagues, adiponectin values went up by 30 ± 7% and ± 9% in response to acute weight training. In contrast to this, the study by Mansouri and colleagues did not record any changes in adiponectin levels following a single bout of exercise (Mansouri et al., 2011).



EFFECT OF DIET AND RACE ON ADIPONECTIN LEVELS

There is evidence linking diet and race to plasma adiponectin levels. In a study involving mice, a decrease of adiponectin expression was selectively observed in white adipose tissue (WAT) of mice fed a normal-vitamin A, high-fat diet and those fed a high-vitamin A diet (Landrier et al., 2017). A recent review of 16 articles revealed that the consumption of saturated fat reduced the levels of adiponectin in animal models, while in humans, the consumption of healthy and Mediterranean diets were positively associated with adiponectin levels (Reis et al., 2010). Cipryan and colleagues recently showed that in healthy young individuals consuming a very low-carbohydrate, high-fat while performing regular exercise over a 12-week period produced a significant (and beneficial) increase in adiponectin and a significant decrease in leptin levels (Cipryan et al., 2021).

Adiponectin is encoded by the ADIPOQ gene located on chromosome 3q27. In a study involving both black and white women that examined polymorphisms in ADIPOQ, ADIPOR1, and ADIPOR2 in relation to adiponectin levels and body mass index (BMI), SNP rs17366568 in ADIPOQ was significantly associated with serum adiponectin levels in white women only (Cohen et al., 2011). Further evidence for the influence of race on adiponectin levels is provided by a population-based study involving 29,000 participants that showed that adiponectin levels were lower among blacks and Hispanics (Gardener et al., 2013). Further investigation is required to more clearly describe the effect of diet and race on adiponectin levels.



CONCLUSION

Physical activity in the form of exercise is an important integrative therapy in metabolic, immunologic and chronic diseases. Exercise has been shown to affect the levels of the hormone adiponectin. Adiponectin mediates many biological effects and has a role in several cellular processes such as proliferation, inflammation, and oxidative stress. More research is need to elucidate the interconnections between adiponectin and various forms of physical exercise to optimize the potential metabolic benefits of performing exercise.



AUTHOR CONTRIBUTIONS

LO and AO conceived the manuscript. LO wrote the first draft. AO reviewed the manuscript. All authors read and approved the final manuscript.



REFERENCES

 Ajuwon, K. M., and Spurlock, M. E. (2005). Adiponectin inhibits LPS-induced NF-kappa B activation and IL-6 production and increases PPARgamma2 expression in adipocytes. Am. J. Physiol. Regul. Integr. Comp. Physiol. 288, R1220–R1225. doi: 10.1152/ajpregu.00397.2004

 Arita, Y., Ouchi, N., Takashashi, M., Maeda, K., Miyagawa, J., Hotta, K., et al. (1999). Paradoxical decrease of an adipose-specific protein, adiponectin, in obesity. Biochem. Biophys. Res. Commun. 257, 79–83. doi: 10.1006/bbrc.1999.0255

 Becic, T., Studenik, C., and Hoffmann, G. (2018). Exercise increases adiponectin and reduces leptin levels in prediabetic and diabetic individuals: systematic review and meta-analysis of randomized controlled trials. Med. Sci. (Basel) 6:97. doi: 10.3390/medsci6040097

 Bluher, M., Bullen, J. W., Lee, J. H., Kralisch, S., Fasshauer, M., Klothing, N., et al. (2006). Circulating adiponectin and the expression of adiponectin receptors in human skeletal muscle: association with metabolic parameters and insulin resistance and regulation by physical training. J. Clin. Endocrinol. Metab. 91, 2310–2316. doi: 10.1210/jc.2005-2556

 Chen, H., Montagnani, M., Funahashi, T., Shimomura, L., and Quon, J. M. (2003). Adiponectin stimulates production of nitric oxide in vascular endothelial cells. J. Biol. Chem. 278, 45021–45026. doi: 10.1074/jbc.M307878200

 Cho, J. K., Kim, S. U., Hong, H. R. J.-H, Yoon, J. H., and Kang, H. S. (2015). Exercise training improves whole body insulin resistance via adiponectin receptor. Int. J. Sport Med. 36, e24–e30. doi: 10.1055/s-0035-1559715

 Cipryan, L., Dostal, T., Plews, D. J., Hofmann, P., and Laursen, P. B. (2021). Adiponectin/leptin ratio increases after a 12-week very low-carbohydrate, high-fat diet, and exercise training in healthy individuals: a non-randomized, parallel design study. Nutr. Res. 87, 22–30. doi: 10.1016/j.nutres.2020.12.012

 Cohen, S. S., Gammon, M. D., North, K. E., Millikan, R. C., Lange, E. M., Williams, S. M., et al. (2011). ADIPOQ, ADIPOR1, and ADIPOR2 polymorphisms in relation to serum adiponectin levels and BMI in black and white women. Obesity (Silver Spring) 19, 2053–2062. doi: 10.1038/oby.2010.346

 Combs, T. P., Berg, A. H., Obici, S., Scherer, P. E., and Rossetti, L. (2001). Endogenous glucose production is inhibited by the adipose-derived protein Acrp30. J. Clin. Investig. 108, 1875–1881. doi: 10.1172/JCI14120

 Corcoran, M. P., Lamon-Fava, S., and Fielding, R. A. (2007). Skeletal muscle lipid deposition and insulin resistance: effect of dietary fatty acids and exercise. Am. J. Clin. Nutr. 85, 662–677. doi: 10.1093/ajcn/85.3.662

 Dandona, P., Aljada, A., and Bandyopadhyay, A. (2004). Inflammation: the link between insulin resistance, obesity and diabetes. Trends Immunol. 25, 4–7. doi: 10.1016/j.it.2003.10.013

 De Lemos, E. T., Oliviera, J., Pinhiero, J. P., and Flavio, R. (2012). Regular physical exercise as a strategy to improve antioxidant and anti-inflammatory status: benefits in type 2 diabetes. Oxid. Med. Cell. Longev. 2012:741545. doi: 10.1155/2012/741545

 Duscha, B. D., Slentz, C. A., Johnson, J. L., Houmard, J. A., Bensimhon, D. R., Knetzger, K. J., et al. (2005). Effects of exercise training amount and intensity on peak oxygen consumption in middle-age men and women at risk for cardiovascular disease. Chest 128, 2788–2793. doi: 10.1378/chest.128.4.2788

 Ekbom, A., Helmick, C., Zack, M., and Adami, H. O. (1990). Ulcerative colitis and colorectal cancer. N. Engl. J. Med. 323, 1228–1233. doi: 10.1056/NEJM199011013231802

 Engstrom, G., Hedblad, B., Stavenow, L., Jonsson, S., Lind, P., Janzon, L., et al. (2003). Inflammation-sensitive plasma proteins are associated with future weight gain. J. Diabetes 24, 1498–1502. doi: 10.2337/diabetes.52.8.2097

 Engstrom, G., Hedblad, B., Stavenow, L., Jonsson, S., Lind, P., Janzon, L., et al. (2004). Incidence of obesity-associated cardiovascular disease is related to inflammation-sensitive plasma proteins: a population-based cohort study. J. Arterioscler. Thromb. Vasc. Biol. 24, 1498–1502. doi: 10.1161/01.ATV.0000134293.31512.be

 Exercise metabolism. Cell Metab. (2017) 25, 978–984. doi: 10.1016/j.cmet.2017.04.024.

 Fergusson, M. A., White, L. J., McCoy, S., Kim, H., Petty, T., and Wilsey, J. (2004). Plasma Adiponectin response to acute exercise in healthy subjects. Eur. J. Appl. Physi. 91, 324–329. doi: 10.1007/s00421-003-0985-1

 García-Hermoso, A., Ceballos-Ceballos, R. J., Poblete-Aro, C. E., Hackney, A. C., Mota, J., and Ramírez-Vélez, R. (2017). Exercise, adipokines, and pediatric obesity: a meta-analysis of randomized controlled trials. Int. J. Obes. (Lond.) 41, 475–482. doi: 10.1038/ijo.2016.230

 Gardener, H., Crisby, M., Sjoberg, C., Hudson, B., Goldberg, R., Mendez, A. J., et al. (2013). Serum adiponectin in relation to race-ethnicity and vascular risk factors in the Northern Manhattan Study. Metab. Syndr. Relat. Disord. 11, 46–55. doi: 10.1089/met.2012.0065

 Goldstein, B. J., and Scalia, R. (2004). Adiponectin: a novel adipokine linking adipocytes and vascular function. J. Clin. Endocrinol. Metab. 89, 2563–2568. doi: 10.1210/jc.2004-0518

 Goncalves, L. M. (2000). Angiogenic growth factor: potential new treatment for acute myocardial infarction? Cardiovasc. Res. 45, 294–302. doi: 10.1016/S0008-6363(99)00358-2

 Goodpaster, B. H., Thaete, F. L., Simoneau, J.-A., and Kelley, D. E. (1997). Subcutaneous abdominal fat and thigh muscle composition predict insulin sensitivity independently of visceral fat. Diabetes 46, 1579–1585. doi: 10.2337/diacare.46.10.1579

 Gulumian, M. (1999). The role of oxidative stress in diseases caused by mineral dusts and fibers: current status and future of prophylaxis and treatment. Mol. Cell. Biochem. 196, 69–77. doi: 10.1023/A:1006918212866

 Hardie, D. G., Carling, D., and Carlson, M. (1998). The AMP-activated/SNF1 protein kinase subfamily: metabolic sensors of the eukaryotic cell? Annu. Rev. Biochem. 67, 821–855. doi: 10.1146/annurev.biochem.67.1.821

 Haskell, W. L., and Wolffe, J. B. (1994). Health consequences of physical activity: understanding and challenges regarding dose-response. Med. Sci. Sports Exerc. 26, 649–660. doi: 10.1249/00005768-199406000-00001

 Hattori, Y., Suzuki, M., Hattori, S., and Kasai, K. (2003). Globular adiponectin upregulates nitric oxide production in vascular endothelial cells. Diabetologia 46, 1543–1544. doi: 10.1007/s00125-003-1224-3

 Hawley, J. A., and Lessard, S. J. (2007). Exercise training induced improvements in insulin action. Acta Physiol. 192, 127–135. doi: 10.1111/j.1748-1716.2007.01783.x

 Hopps, E., and Caimi, G. (2011). Exercise in obesity management. J. Sport Med. Phys. Fitness 51, 1–2.

 Hsieh, C. J., and Wang, P. W. (2005). Effectiveness of weight loss in elderly with type 2 diabetes mellitus. J. Endocrinol. Investig. 28, 973–977. doi: 10.1007/BF03345334

 Hu, E., Liang, P., and Spiegelman, B. M. (1996). AdipoQ is a novel adipose-specific gene dysregulated in obesity. J. Biol. Chem. 271, 10697–10703. doi: 10.1074/jbc.271.18.10697

 Hulver, M. W., Zheng, D., Tanner, C. J., Houmard, J. A., Kraus, W. E., Slenz, C. A., et al. (2002). Adiponectin is not altered with exercise training despite enhanced insulin action. Am. J. Physiol. Endocrinol. Metab. 283, E861–E865. doi: 10.1152/ajpendo.00150.2002

 Jamurtas, A. Z., Theocharis, V., Koukoulis, G., Stakias, N., Fatouros, I. G., Kouretas, D., et al. (2006). The effects of acute exercise on serum adiponectin and resistin levels and their relation to insulin sensitivity in overweight males. Eur. J. Appl. Physiol. 97, 122–126. doi: 10.1007/s00421-006-0169-x

 Jiménez-Maldonado, A., Virgen-Ortiz, A., Lemus, M., Castro-Rodríguez, E., Cerna-Cortés, J., Muñiz, J., et al. (2019). Effects of moderate- and high-intensity chronic exercise on the adiponectin levels in slow-twitch and fast-twitch muscles in rats. Medicina (Kaunas) 55:291. doi: 10.3390/medicina55060291

 Jürimae, J., Purge, P., and Jürimäe, T. (2005). Adiponectin is altered after maximal exercise in highly trained male rowers. Eur. J. Appl. Physiol. 93, 502–505. doi: 10.1007/s00421-004-1238-7

 Jürimäe, J., Purge, P., and Jürimäe, T. (2006). Adiponectin and stress hormone responses to maximal sculling after volume-extended training season in elite rowers. Metabolism 55, 13–19. doi: 10.1016/j.metabol.2005.06.020

 Kelly, G. A., and Kelly, S. K. (2001). Aerobic exercise and resting blood pressure in older adults: a meta-analytic review of randomized controlled trials. J. Gerontol. 56, M298–M303. doi: 10.1093/gerona/56.5.M298

 King, D. E., Carek, P., Mainous, A. G., and Pearson, W. S. (2003). Inflammatory markers and exercise: differences related to exercise type. Med. Sci. Sport Sports Exerc. 35, 575–581. doi: 10.1249/01.MSS.0000058440.28108.CC

 Kobashi, C., Urakaze, M., Kishida, M., Kibayashi, E., Kobayashi, H., Kihara, S., et al. (2005). Adiponectin inhibits endothelial synthesis of interleukin-8. Circ. Res. 97, 1245–1252. doi: 10.1161/01.RES.0000194328.57164.36

 Korenblat, K. M., Fabbrini, E., Mohammed, B. S., and Klein, S. (2008). Liver, muscle, and adipose tissue insulin action is directly related to hepatic triglyceride content in obese subjects. Gastroenterology 134, 1369–1375. doi: 10.1053/j.gastro.2008.01.075

 Kraemer, R. R., Aboudehen, K. S., Carruth, A. K., Durand, R. J., Acevedo, E. O., Hebert, E. P., et al. (2003). Adiponectin responses to continuous and progressively intense intermittent exercise. Med. Sci. Sports Exerc. 35, 1320–1325. doi: 10.1249/01.MSS.0000079072.23998.F3

 Kraus, W. E., Houmard, J. A., Duscha, B. D., Knetzgerk, J., Wharton, M. B., McCartney, J. S., et al. (2002). Effects of the amount and intensity of exercise on plasma lipoproteins. N. Engl. J. Med. 347, 1483–1492. doi: 10.1056/NEJMoa020194

 Kriketos, A. D., Gan, K. S., Poynten, A. M., Furler, S. M., Chisholm, D. J., and Campbell, L. V. (2004). Exercise increases adiponectin levels and insulin sensitivity in humans. Diabetes Care 27, 629–630. doi: 10.2337/diacare.27.2.629

 Krssak, M., Falk Petersen, K., Dresner, A., DiPietro, L., Vogel, S. M., Rothman, D. L., et al. (1999). Intramyocellular lipid concentrations are correlated with insulin sensitivity in humans: a 1H NMR spectroscopy study. Diabetologia 42, 113–116. doi: 10.1007/s001250051123

 Landrier, J. F., Kasiri, E., Karkeni, E., Mihály, J., Béke, G., Weiss, K., et al. (2017). Reduced adiponectin expression after high-fat diet is associated with selective up-regulation of ALDH1A1 and further retinoic acid receptor signaling in adipose tissue. FASEB J. 31, 203–211. doi: 10.1096/fj.201600263rr

 Lim, S., Choi, S. H., Jeong, I.-K., Kim, J. H., Moon, M. K., Park, K. S., et al. (2008). Insulin-sensitizing effects of exercise on adiponectin and retinol-binding protein-4 concentrations in young and middle-aged women. J. Clin. Endocrinol. Metab. 93, 2263–2268. doi: 10.1210/jc.2007-2028

 Macera, C. A., Hootman, J. M., and Sniezek, J. E. (2003). Major public health benefits of physical activity. Arthritis Rheum 49, 122–128. doi: 10.1002/art.10907

 Macera, C. A., and Powell, K. E. (2001). Population attributable risk: implications of physical activity dose. Med. Sci. Sports Exerc. 33, S635–S639. discussion 640–641. doi: 10.1097/00005768-200106001-00032

 Maeda, N., Shimomura, I., Kishida, K., Nishizawa, H., Matsuda, M., Nagaretani, H., et al. (2002). Diet induced insulin resistance in mice lacking adiponectin. Nat. Med. 8, 731–737. doi: 10.1038/nm724

 Manson, J. E., Rimm, E. B., Stampfer, M. J., Colditz, G. A., Willett, W. C., Krolewski, A. S., et al. (1991). Physical activity and incidence of non-insulin-dependent diabetes mellitus in women. Lancet 338, 774–778. doi: 10.1016/0140-6736(91)90664-B

 Mansouri, M., Keshtkar, A., Hasani-Ranjbar, S., Far, S. E., Tabatabaei-Malazy, O., Omidfar, K., et al. (2011). The impact of one session resistance exercise on plasma adiponectin and RBP4 concentration in trained and untrained healthy young men. Endocr. J. 58, 861–868. doi: 10.1507/endocrj.EJ11-0046

 Moncada, S., and Higgs, E. A. (2006). The discovery of nitric oxide and its role in vascular biology. Br. J. Pharmacol. 147, S193–S201. doi: 10.1038/sj.bjp.0706458

 Nassis, G. P., Papantakou, K., Skenderi, K., Triandafillopoulou, M., Kavouras, S. A., Yannakoulia, M., et al. (2005). Aerobic exercise training improves insulin sensitivity without changes in body weight, body fat, adiponectin, and inflammatory markers in overweight and obese girls. Metab. Clin. Exp. 54, 1472–1479. doi: 10.1016/j.metabol.2005.05.013

 Neumeier, M., Weigert, J., Schaffler, A., Wehrwein, G., ller-Ladner, U., Scho lmerich, J., et al. (2006). Different effects of adiponectin isoforms in human monocytic cells. J. Leukoc. Biol. 79, 803–808. doi: 10.1189/jlb.0905521

 Oberbach, A., Tonjes, A., Kloting, N., Fasshauer, M., Kratzsch, J., Busse, M. W., et al. (2006). Effect of a four-week physical training program on plasma concentrations of inflammatory markers in patients with abnormal glucose tolerance. Eur. J. Endocrinol. 154, 577–585. doi: 10.1530/eje.1.02127

 Ouchi, N., Kihara, S., Arita, Y., Maeda, K., Kuriyama, H., Okamoto, Y., et al. (1999). Novel modulator for endothelial adhesion molecules: adipocyte- derived plasma protein adiponectin. Circulation 100, 2473–2476. doi: 10.1161/01.CIR.100.25.2473

 Ouchi, N., Kihara, S., Funahashi, T., Matsuzawa, Y., and Walsh, K. (2003). Obesity, adiponectin, and vascular inflammatory disease. Curr. Opin. Lipidol. 14, 561–566. doi: 10.1097/00041433-200312000-00003

 Ouchi, N., and Walsh, K. (2007). Adiponectin as an anti-inflammatory factor. Clin. Chim. Acta 380, 24–30. doi: 10.1016/j.cca.2007.01.026

 Pan, D. A., Lillioja, S., Kriketos, A. D., Milner, M. R., Baur, L. A., Bogardus, C., et al. (1997). Skeletal muscle triglyceride levels are inversely related to insulin action. Diabetes 46, 983–988. doi: 10.2337/diab.46.6.983

 Parker, L., Stepto, N. K., Shaw, C. S., Serpiello, F. R., Anderson, M., Hare, D. L., et al. (2016). Acute high intensity interval exercise- induced redox signaling associated with enhanced insulin sensitivity in obese middle-aged men. Front. Physiol. 7:411. doi: 10.3389/fphys.2016.00411

 Punyadeera, C., Zorenc, A. H. G., Koopman, R., McAinch, A. J., Smit, E., Manders, R., et al. (2005). The effects of exercise and adipose tissue lipolysis on plasma adiponectin concentration and adiponectin receptor expression in human skeletal muscle (2005). Eur. J. Endocrinol. 152, 427–436. doi: 10.1530/eje.1.01872

 Reis, C. E., Bressan, J., and Alfenas, R. C. (2010). Effect of the diet components on adiponectin levels. Nutr. Hosp. 25, 881–888.

 Risau, W. (1990). Angiogenic growth factors. Prog. Growth Factor Res. 2, 1–79. doi: 10.1016/0955-2235(90)90010-H

 Ryan, A. S., Nicklas, B. J., Berman, D. M., and Elahi, D. (2003). Adiponectin levels do not change with moderate dietary induced weight loss and exercise in obese postmenopausal women. Int. J. Obes. Relat. Metab. Disord. 27, 1066–1071. doi: 10.1038/sj.ijo.0802387

 Saunders, TJ, Palombella, A, McGuire, KA, Janiszewski, PM, Després, JP, and Ross, R. (2012). Acute exercise increases adiponectin levels in abdominally obese men. J Nutr Metab. 2012:148729. doi: 10.1155/2012/148729

 Shoelson, S. E., Lee, J., and Goldfine, A. B. (2006). Inflammation and insulin resistance. J. Clin. Investig. 116, 1793–1801. doi: 10.1172/JCI29069

 Slentz, C. A., Houmard, J. A., and Kraus, W. E. (2009). Exercise abdominal obesity, skeletal muscle, and metabolic risk: evidence for a dose response. Obesity 17, S27–S33. doi: 10.1038/oby.2009.385

 Stein, N., Osher, E., and Greenman, Y. (2007). Hypoadectinaemia as a marker of adipocyte dysfunction. J. Cardiometab. Syndr. 2, 174–182. doi: 10.1111/j.1559-4564.2007.06597.x

 Takahashi, A., Kureishi, Y., Yang, J., Luo, Z., Guo, K., Mukhopadhyay, D., et al. (2002). Myogenic Akt signaling regulates blood vessel recruitment during myofiber growth. Mol. Cell. Biol. 22, 4803–4814. doi: 10.1128/MCB.22.13.4803-4814.2002

 Tsatsanis, C., Zacharioudaki, A., Androulidaki, A., Dermitzaki, E., Charalampopoulos, I., Minas, V., et al. (2005). Adiponectin induces TNF-alpha and IL-6 in macrophages and promotes tolerance to itself and other pro-inflammatory stimuli. Biochem. Biophys. Res. Commun. 335, 1254–1263. doi: 10.1016/j.bbrc.2005.07.197

 Varady, K. A., Bhutani, S., Church, E. C., and Phillips, S. A. (2010). Adipokine responses to acute resistance exercise in trained and untrained men. Med. Sci. Sport 42, 456–462. doi: 10.1249/MSS.0b013e3181ba6dd3

 Warburton, D. E., Nicol, C. W., and Bredin, S. S. (2006). Health benefits of physical activity: the evidence. CMAJ 174, 801-809. doi: 10.1503/cmaj.051351

 Wellen, K. E., and Hotamisligil, G. S. (2005). Inflammation, stress, and diabetes. J. Clin. Investig. 115, 1111–1119. doi: 10.1172/JCI25102

 Winder, W. W., and Hardie, D. G. (1999). AMP-activated protein kinase, a metabolic master switch: possible roles in type 2 diabetes. Am. J. Physiol. 277, E1–E10. doi: 10.1152/ajpendo.1999.277.1.E1

 Wolf, A. M., Wolf, D., Rumpold, H., Enrich, B., and Tilg, H. (2004). Adi- ponectin induces the anti-inflammatory cytokines IL-10 and IL-1RA in human leukocytes. Biochem. Biophys. Res. Commun. 323, 630–635. doi: 10.1016/j.bbrc.2004.08.145

 World Health Organization (2004). Fifty-Seventh World Health Assembly, Geneva, 17–22 May 2004. Resolutions and decisions, annexes. Resolution WHA57.17. Global Strategy on Diet, Physical Activity and Health. Geneva: World Health Organization.

 World Health Organization (2009). Global Health Risks: Mortality and Burden of Disease Attributable to Selected Major Risks. Available online at: https://www.who.int/healthinfo/global_burden_disease/GlobalHealthRisks_report_full.pdf (accessed January 10, 2021).

 World Health Organization (2020). Obesity and Overweight–Key Facts. Available online at: https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight (accessed January 10, 2021).

 Yamaguchi, N., Guillermo, J., Argueta, M., Masuhiro, Y., Kagishita, M., Nonaka, K., et al. (2005). Adiponectin inhibits Toll-like receptor family-induced signaling. FEBS Lett. 579, 6821–6826. doi: 10.1016/j.febslet.2005.11.019

 Yamauchi, T., Kamon, J., Ito, Y., Tsuchida, A., Yokomizok, T., Kita, S., et al. (2003). Cloning of adiponectin receptors that mediate antidiabetic metabolic effects. Nature 423, 762–768. doi: 10.1038/nature01705

 Yamauchi, T., Kamon, J., Minokoshi, Y., Ito, Y., Waki, H., Uchida, S., et al. (2002). Adiponectin stimulates glucose utilization and fatty-acid oxidation by activating AMP-activated protein kinase. Nat. Med. 89, 1288–1295. doi: 10.1038/nm788

 Yamauchi, T., Kamon, J., Waki, H., Terauchi, Y., Kubota, N., Hara, K., et al. (2001). The fat derived hormone adiponectin reverses insulin resistance associated with both lipoatrophy and obesity. Nat. Med. 7, 941–946. doi: 10.1038/90984

 Zhang, B. C., Liu, W. J., Che, W. L., and Xu, Y. W. (2012). Serum total adiponectin level and risk of cardiovascular disease in Han Chinese populations: a meta-analysis of 17 case-control studies. Clin. Endocrinol. (Oxf.) 77, 370–378. doi: 10.1111/j.1365-2265.2011.04260.x

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Otu and Otu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







OPS/images/crossmark.jpg
©

2

i

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Adiponectin and the Control of Metabolic Dysfunction: Is Exercise the Magic Bullet?



		Physical Activity and Metabolic Health—the Wider Benefits



		Adiponectin—An Important Metabolic Biomarker



		Adiponectin and Insulin Resistance—The Molecular Basis



		Adiponectin and Inflammation



		Adiponectin and the Vasculature



		Exercise and Circulating Adiponectin Levels



		Effect of Diet and Race on Adiponectin Levels



		Conclusion



		Author Contributions



		References

















OPS/images/cover.jpg
, frontiers
in Physiology

Adiponectin and the Control of
Metabolic Dysfunction: Is Exercise
the Magic Bullet?





OPS/images/logo.jpg
, frontiers
in Physiology





