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The World Health Organization has called obesity a global epidemic. There is a strong association between body weight gain and blood pressure. A major determinant of blood pressure is the level of activity in sympathetic nerves innervating cardiovascular organs. A characteristic of obesity, in both humans and in animal models, is an increase in sympathetic nerve activity to the skeletal muscle vasculature and to the kidneys. Obesity is now recognized as a chronic, low level inflammatory condition, and pro-inflammatory cytokines are elevated including those produced by adipose tissue. The most well-known adipokine released from fat tissue is leptin. The adipokine, resistin, is also released from adipose tissue. Resistin can act in the central nervous system to influence the sympathetic nerve activity. Here, we review the effects of resistin on sympathetic nerve activity and compare them with leptin. We build an argument that resistin and leptin may have complex interactions. Firstly, they may augment each other as both are excitatory on sympathetic nerves innervating cardiovascular organs; In contrast, they could antagonize each other's actions on brown adipose tissue, a key metabolic organ. These interactions may be important in conditions in which leptin and resistin are elevated, such as in obesity.
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INTRODUCTION

The worldwide increase in obesity is so dramatic that the World Health Organization has called obesity a global epidemic. In 2014, more than 1.9 billion adults, 18 years and older, were overweight (39%), and approximately 13% of the world's adult population were obese (WHO, 2015). Disconcertingly, the worldwide prevalence of obesity more than doubled between 1980 and 2014 (WHO, 2015). There is a close, strong association between body weight gain and blood pressure, which is similar for men and women and across age groups (Garrison et al., 1987; Hall et al., 2002; Wofford and Hall, 2004). Therefore, obesity and the metabolic syndrome increase the risk of cardiovascular disease and hypertension, and it is not surprising that with excess body weight there is increased risk of long term health consequences and a substantial increase in mortality and morbidity (WHO, 2014).

A major determinant of blood pressure is the level of activity in sympathetic nerves innervating cardiovascular organs. A characteristic of obesity, in both humans (Grassi et al., 1998; Esler et al., 2006) and in animal models (e.g., dogs, rats, and rabbits), is an increase in sympathetic nerve activity to the skeletal muscle vasculature and to the kidneys (Levin et al., 1983; Kassab et al., 1995; Prior et al., 2010). Renal sympathetic nerve activity is particularly important since it affects salt and water balance directly and indirectly by influencing renin release from the kidney (hence activation of the renin angiotensin-aldosterone system). The regulation of renal function by the sympathetic nerves is a key player in obesity induced hypertension as evidenced by the observations in obese dogs in which destruction of the nerves projecting to the kidneys prevents both sodium retention and the hypertension present in that model of obesity (Kassab et al., 1995). The causes of the elevated sympathetic nerve activity observed in obesity are unknown.

Obesity is now recognized as a chronic, low level inflammatory condition. Pro-inflammatory cytokines are elevated in obesity (Gregor and Hotamisligil, 2011) including those produced by adipose tissue, either by the fat cells or the macrophages that infiltrate the fat tissue, and are known as adipokines. The most well-known adipokine released from fat tissue is leptin. More recently, resistin, was also discovered as an adipokine released from adipose tissue.

Here we review the effects of resistin on sympathetic nerve activity and compare the effects to those of leptin, and discuss their potential interactions that may contribute to cardiovascular dysfunction.

RESISTIN

Resistin is a member of the resistin-like molecule (RELM) hormone family. Two other members of the RELM family include RELM-alpha and RELM-beta. All RELM family members are characterized by 10 conserved cysteine residues. Resistin and RELM-beta contain an additional cysteine near their amino termini, which is conserved among species (Steppan et al., 2001; Steppan and Lazar, 2002). Human and rodent resistin proteins exhibit approximately 60% homology (Patel et al., 2004).

Resistin is secreted as a disulphide-linked homotrimer and circulates in plasma as either the trimer or a hexamer (Ghosh et al., 2003). The plasma levels of resistin are reported to be approximately between 7 and 14 ng/ml in humans and 36–43 ng/ml in rats (Azuma et al., 2003). In rodents, the main source of resistin is white adipose tissue and expression may vary between the different depots of adipose tissue and with gender (Steppan et al., 2001). In contrast to rodents, the expression of resistin in human adipocytes is low, and the main source of resistin in humans is macrophages (Yang et al., 2003), and in obesity, macrophages that have infiltrated into visceral white adipose tissue are the predominant source of resistin (Curat et al., 2006).

In addition to adipose tissue, resistin has also been detected in a variety of other tissues in the periphery including adrenal glands, skeletal muscle, kidney, and brown adipose tissue (BAT) (Nohira et al., 2004). The physiological role of resistin in many of these organs, however, is not clearly understood.

Resistin mRNA has been detected in the brain of rodents suggesting that endogenous production of resistin can occur in brain nuclei such as in the arcuate nucleus, ventromedial nucleus, and hippocampus (Morash et al., 2002; Wilkinson et al., 2005). In humans, resistin has been detected in cerebrospinal fluid, but the levels do not appear to correlate with changes in plasma levels, however, suggesting saturable uptake into the cerebrospinal fluid. This is possibly by an active transport mechanism across the blood brain barrier, as occurs with leptin. This, of course, does not exclude local production of resistin in the brain.

Resistin levels in plasma are elevated in obesity and diabetes. There are several studies in humans showing a positive correlation between plasma resistin levels and increased body mass index (Steppan et al., 2001; Azuma et al., 2003; Rajala et al., 2004). Although, the majority of studies confirm the correlation between resistin and obesity and Type 2 diabetes, a few reports show resistin was not increased in patients with severe insulin resistance and Type 2 diabetes (Janke et al., 2002).

Receptors for Resistin

It is surprising, perhaps, that a receptor for resistin has yet to be unequivocally identified. Recent work has suggested several candidates including a cleavage product of decorin (a proteoglycan) that may be involved in growth of white adipose tissue (Daquinag et al., 2011), adenyl cyclase associated protein-1 involved in mediating inflammatory processes in monocytes (Lee et al., 2014), and toll like receptor 4 (Tarkowski et al., 2010).

RESISTIN AND SYMPATHETIC NERVE ACTIVITY

Acute intracerebroventricular administration of resistin induces a significant increase in lumbar sympathetic nerve activity in rats (Figure 1; Kosari et al., 2011), a measure of sympathetic nerve activity to the muscle vasculature. The effect was centrally mediated since the same dose of resistin administered intravenously failed to influence lumbar sympathetic nerve activity (Kosari et al., 2011). In a separate study investigating effects on the sympathetic outflow to the kidney in rats, resistin was also found to increase renal sympathetic nerve activity (Figure 2; Kosari et al., 2012). Since sympathetic nerve activity to the muscle vasculature and to the kidneys is elevated in obesity, metabolic syndrome, and diabetes (Grassi et al., 1998; Esler et al., 2006; Zhang et al., 2012; Coats and Cruickshank, 2014; Thorp and Schlaich, 2015), the results raised the interesting possibility that resistin may be a potential contributing factor to the cardiovascular complications associated with those metabolic conditions.
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FIGURE 1. Top: Screen capture of the raw recordings of lumbar sympathetic nerve activity (LSNA) and integrated lumbar SNA (ILSNA) before and after resistin (7 μg) administered into the lateral brain ventricle of an anesthetized rat. ⌞, horizontal bar = 2 s, vertical bar = 100 mV (LSNA), and 10 mV.s (ILSNA). Lower: The percent changes in lumbar SNA from resting levels over 4 h following resistin (7 μg; n = 6) or control (artificial CSF; n = 7) administered into the lateral brain ventricle of anesthetized rats. *p < 0.05 between groups Two-way ANOVA. Modified from Kosari et al. (2011).
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FIGURE 2. Top: Screen capture of raw recordings of renal sympathetic nerve activity (RSNA) and integrated renal SNA (IRSNA) before and after resistin (7 μg) administered into the lateral brain ventricle of an anesthetized rat. ⌞, horizontal bar = 2 s, vertical bar = 200 mV (RSNA), and 10 mV.s (IRSNA). Modified from Kosari et al. (2012). Middle: Screen capture of raw recordings of renal sympathetic nerve activity (RSNA) and integrated renal SNA (IRSNA) before and after resistin (7 μg) in the presence of the PI 3-Kinase inhibitor, LY294002 (Ly) (5 μg) administered into the lateral brain ventricle of an anesthetized rat. ⌞, horizontal bar = 2 s, vertical bar = 200 mV (RSNA), and 10 mV.s (IRSNA). Modified from Kosari et al. (2012). Lower: The percent changes in renal sympathetic nerve activity (RSNA) from basal levels over time following intracerebroventricular administration of saline (control) (n = 4) or resistin (7 μg) in the presence of LY294002, an inhibitor of PI3K (5 μg, n = 5) or vehicle (n = 7). *p < 0.05 between groups, Two-way ANOVA. Modified from Kosari et al. (2012).



The doses of resistin utilized in reports in the literature to elicit effects on sympathetic nerve activity needs some comment. Studies have used microgram quantities administered intracerebroventricularly (Tovar et al., 2005; Singhal et al., 2007; Kosari et al., 2011, 2012, 2013) whilst, as noted above, plasma levels are in the nanogram/ml range (Azuma et al., 2003; Piestrzeniewicz et al., 2008; de Luis et al., 2009). The reasons for this difference is not immediately apparent, however, it is important to note that a similar issue is observed for leptin. With leptin microgram quantities are required intracerebroventricularly (Rahmouni et al., 2009a; Prior et al., 2010; Harlan et al., 2013; Tanida et al., 2013) to increase sympathetic nerve activity but plasma levels are in the nanogram/ml range (Aizawa-Abe et al., 2000; Bryzgalova et al., 2008; Lieb et al., 2009).

The intracellular mechanisms involved in the transduction of the renal sympathetic nerve responses elicited by resistin have been investigated. The increase in sympathetic nerve activity to the kidney elicited by resistin was prevented by the central administrations of the PI 3-kinase inhibitor LY294002 but was not affected by inhibition of ERK1/2 indicating that PI 3-kinase was an essential intracellular transduction pathway mediating the central sympatho-excitatory actions of resistin (Kosari et al., 2012; Figure 2). The central sites directly activated by resistin are not yet clearly elucidated. However, studies using the protein, Fos as a marker of increased neuronal activity, suggest the paraventricular nucleus in the hypothalamus is a potential site (Tovar et al., 2005; Singhal et al., 2007; Badoer, 2010; Kosari et al., 2011). This nucleus plays a key role in renal sympathetic nerve responses mediating body fluid regulation (Ng et al., 2004).

Interestingly, acute intracerebroventricular administration of resistin did not significantly increase blood pressure (Kosari et al., 2011). This would be understandable if resistin's sympatho-excitatory actions to the skeletal muscle vasculature and kidneys were opposed by falls in sympathetic nerve activity to other cardiovascular organs. This has not been directly investigated to date. Alternatively, resistin may have direct sympatho-excitatory and sympatho-inhibitory actions. Supporting this argument, we have evidence that resistin does not elicit a generalized increase in sympathetic nerve activity. In contrast to the excitatory actions of resistin on lumbar and renal sympathetic nerve activities, resistin, administered into the lateral cerebral ventricle of the anesthetized rat induced, a reduction in sympathetic nerve activity to brown adipose tissue (Kosari et al., 2011; Figure 3). Brown adipose tissue is an important thermoregulatory organ. In humans it was originally thought to be lost with age but it is now known to be present and functionally active in adult humans (Nedergaard et al., 2007). The data suggests resistin has inhibitory actions on thermogenesis. Thus, resistin has differential effects on sympathetic outflow; excitatory to some organs and inhibitory on others.
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FIGURE 3. Screen capture of raw recordings of brown adipose tissue sympathetic nerve activity (BAT SNA) and integrated BAT SNA (IBAT SNA) before, 2 and 4 h after resistin (7 μg) in the presence of vehicle or ERK1/2 inhibitor (U0126, 7 μg) (U) administered into the lateral brain ventricle of anesthetized male rats. ⌞, horizontal bar = 2 s, vertical bar = 200 mV (BAT SNA), and 10 mV.s (IBAT SNA). Modified from Kosari et al. (2012).



To date, studies investigating the effects of resistin on blood pressure have studied the effects over short time frames (up to 4 h; Kosari et al., 2011, 2012). Whether, chronic administration of resistin has effects on blood pressure and heart rate also needs to be investigated, particularly since leptin has similar sympatho-excitatory effects to resistin on lumbar and renal sympathetic nerve activity (see later), and effects on blood pressure also differ when acute and chronic administration of leptin are compared (Beltowski, 2006). Since renal function is critical to chronic blood pressure regulation, if the acute effects of resistin on renal sympathetic nerve activity are maintained chronically, there may indeed be long term effects that could lead to elevated blood pressure in metabolic conditions in which resistin levels are elevated.

The intracellular mechanisms that contribute to the central effect of resistin on sympathetic nerve activity to brown adipose tissue involves ERK 1/2 dependent pathways since the effects are attenuated by the ERK 1/2 inhibitor U0126. Inhibition of PI 3-kinase, however, had no effect on the sympatho-inhibitory action of resistin (Kosari et al., 2012). Thus, the intracellular transduction pathways in the brain mediating the sympatho-excitatory and sympatho-inhibitory responses are different.

Hypertension and Resistin

Since resistin was found to be sympatho-excitatory to key cardiovascular tissues, one may have expected it to induce an increase in blood pressure. As indicated earlier, this has not been observed following acute administration of resistin in rats. One possibility may be that resistin needs to be administered chronically to observe increases in blood pressure. This has not been investigated, however, several clinical studies have shown that plasma resistin levels are associated with either the presence or the development of high blood pressure in humans. A positive correlation between plasma resistin levels and hypertension, measured using 24 h ambulatory blood pressure monitoring, has been observed (Papadopoulos et al., 2009; Thomopoulos et al., 2010). Increased plasma resistin levels has also been observed in a young healthy population with a family history for essential hypertension (Papadopoulos et al., 2008). This finding suggests that plasma resistin levels may have a predictive value. This view has been supported by the findings that plasma resistin levels were correlated with the risk of developing hypertension over a 14 year follow up of 872 women without previous history of hypertension or diabetes (Zhang et al., 2010). Thus, the vast majority of studies have shown a correlation between plasma resistin levels and hypertension (Ellington et al., 2007; Takata et al., 2008; Dimitriadis et al., 2009; Papadopoulos et al., 2009; Thomopoulos et al., 2010; Zhang et al., 2010). By contrast only a few studies did not observe a significant correlation (Furuhashi et al., 2003) or the correlation was observed in patients with other risk factors present, such as Type 2 diabetes, making the interpretation difficult (Asgary et al., 2014).

LEPTIN

Leptin, discovered by Friedman and colleagues in 1994 (Zhang et al., 1994), is the most investigated adipokine produced by the adipose tissue. Leptin levels are increased in obesity in proportion to fat mass and leptin is well-known to act in the central nervous system to reduce food intake by regulating neuropeptides in the hypothalamus; for example by reducing the activity of neurons containing neuropeptide-Y (NPY) and agouti-related protein (AgRP) and stimulating pro-opiomelanocortin (POMC)/cocaine and amphetamine regulated transcript (CART) neurons in the arcuate nucleus of the hypothalamus (Elias et al., 1998). Considerable evidence indicates that leptin has also sympatho-excitatory actions.

Leptin and Sympathetic Nerve Activity

Leptin administered acutely in the lateral cerebral ventricles increases sympathetic nerve activity to the kidney, skeletal muscle vasculature, splanchnic region, adrenal gland, and brown adipose tissue (Dunbar et al., 1997; Haynes et al., 1997). Thus, leptin appears to have a generalized action in increasing sympathetic nerve activity. The sympatho-excitatory actions of leptin are primarily mediated via the activation of receptors in the brain, although recent evidence suggests that leptin can also activate afferent nerve activity from white adipose tissue that results in increased sympathetic nerve activity (Xiong et al., 2012).

The mechanism of action and chemical mediators in the brain that contribute to the increase in sympathetic nerve activity induced by leptin have been investigated. Blockade of melanocortin 3/4 receptors, histamine H1 receptors and angiotensin 1A receptors have been found to attenuate or prevent the actions of leptin (da Silva et al., 2004; Morrison, 2004; Hilzendeger et al., 2012). These data suggest that leptin, in addition to the activation of its own receptors, also activates central pathways that utilize melanocyte stimulating hormone, histamine, and angiotensin II and these participate in the ability of leptin to increase sympathetic nerve activity.

The intracellular transduction pathways involved in the sympatho-excitatory responses induced by leptin involve PI 3-Kinase, ERK1/2, and MTORC1. However, the contributions of each of these may depend on the central pathways utilized to influence the specific end organs. The increase in sympathetic nerve activity to the kidney involves activation of PI 3-kinase (Rahmouni et al., 2003, 2009a), but this is not the case for lumbar and adrenal sympathetic nerve activities. Furthermore, sympathetic nerve activity subserving brown adipose tissue involves ERK 1/2 (Rahmouni et al., 2009b). Thus, although leptin appears to induce a generalized increase in sympathetic nerve activity, there is a clear demonstration of different central pathways utilized by leptin to elicit increases in sympathetic nerve activity to different end organs. Whether, this involves different neurons within the same brain nuclei and/or different nuclei subserving different responses requires investigation.

The arcuate nucleus, containing POMC neurons, appears to be important in both the metabolic, and sympathetic responses to leptin. Increases in sympathetic nerve activity to the kidneys and to brown adipose tissue can be elicited by leptin acting in the arcuate nucleus (Rahmouni and Morgan, 2007; Harlan et al., 2011). There is some evidence, however, that different nuclei contribute to increases in sympathetic nerve activity to different end organs. For example, the subfornical organ (SFO) and nucleus tractus solitarius (NTS); the SFO is a forebrain structure lining the anterior wall of the third ventricle and lacks a blood brain barrier, making it accessible to systemic leptin. Selective removal of leptin receptors from the SFO by targeted microinjection into the SFO of adenovirus encoding Cre-recombinase in ObR(flox/flox) mice prevented the increase in renal sympathetic nerve activity but was without effect on leptin-induced increases in sympathetic nerve activity supplying brown adipose tissue (Young et al., 2013). Local injections of leptin into the NTS increased renal but was without effect on brown adipose tissue sympathetic nerve activities (Mark et al., 2009). It should be noted, however, that indirect measures of sympathetic nerve activity to brown adipose tissue, such as core body temperature, has been reported to increase following leptin administration into the fourth ventricle that overlies the NTS (Skibicka and Grill, 2009). Receptors for leptin are also found in other autonomic nuclei in the brain and activation of these by leptin can induce increases in sympathetic nerve activity. These nuclei include the rostral ventrolateral medulla, dorsomedial, and ventromedial hypothalamus (Montanaro et al., 2005). Interestingly, the dorsomedial hypothalamus appears to be essential in mediating leptin's response in sympathetic nerve activity to brown adipose tissue without affecting renal sympathetic nerve activity (Zhang et al., 2011). Nonetheless, leptin receptors in the dorsomedial hypothalamus appear to be important contributors to obesity-associated hypertension (Simonds et al., 2014). Thus, leptin may act on several brain nuclei to elicit its sympathetic nerve activity responses. Exactly, how these inter-relate or are accessed and/or activated by systemic leptin awaits further investigation. It appears, however, that some nuclei are responsible for specific sympathetic outputs whilst others may integrate several sympathetic outputs.

Leptin Sympathetic Nerve Activity and Obesity

The elevation in sympathetic nerve activity induced by leptin is believed to contribute to obesity induced hypertension. Studies in rodents and rabbits in which administration of leptin chronically increased renal sympathetic nerve activity and blood pressure and studies showing that the increased blood pressure induced by a high fat diet was maintained by leptin strongly support this view (Beltowski, 2006; Lim et al., 2013; Simonds and Cowley, 2013; Prior et al., 2014). The role of leptin is further strengthened by studies showing that in rodents that lack leptin or its receptor do not become hypertensive when fed high fat diets (Simonds et al., 2014). However, evidence in humans is not so forthcoming, primarily due to the lack of studies specifically designed to investigate this issue. In animals, although, acute injection of leptin does not consistently raise blood pressure, despite increasing sympathetic nerve activity, chronic infusion of leptin does increase blood pressure via sympathetically mediated changes (Beltowski, 2006). Such a response could account for the sustained increases in blood pressure that can accompany obesity. This was suggested by the early studies comparing obese leptin deficient rodents which had lower blood pressure than their lean controls (Mark et al., 1999), and by studies in which infusion of leptin into obese animals lacking leptin raised blood pressure (Aizawa-Abe et al., 2000). Thus, leptin appeared to be an important contributor to hypertension that may accompany obesity.

Genetically engineered obesity models, however, are quite different from models of obesity induced by diet. Here too, however, the evidence for a role of leptin in hypertension is relatively strong in animal studies (Prior et al., 2010; Simonds et al., 2014). Recent work in rabbits is particularly interesting since it suggests that not only is leptin responsible for the increased sympathetic nerve activity and hypertension observed with high fat feeding, but that the effect can last even when the high fat diet is removed and replaced with a normal diet which restored plasma leptin levels back to normal (Armitage et al., 2012). This suggests that leptin may initiate hypertension and may contribute to changes that can maintain high blood pressure.

Obesity and Leptin Sensitivity

It has been known for some time that the ability of leptin to reduce food intake was sharply attenuated in obese conditions. This attenuation of the anorectic actions of leptin are due to decreased receptor sensitivity at sites that are critical to food intake (Mitchell et al., 2009). Thus, in obesity the effects of leptin on food intake are weaker than in the lean state and this provided an explanation as to why in obesity, food intake was not reduced as expected given the markedly elevated plasma levels of leptin.

Interestingly, estimates from clinical studies have suggested about half the correlation between blood pressure and body weight can be attributed to the variance in leptin levels in humans (Abramson et al., 2011). How could leptin be responsible for a relatively large proportion of the obesity-induced hypertension? Such a question was perplexing when the metabolic/dietary effects of leptin were clearly attenuated in obese conditions. One explanation is the concept of selective leptin resistance introduced by Mark et al. (2002). Originally, this concept was derived from observations in models of obesity, in which the authors determined that the blood pressure responses elicited by leptin were similar in obese and lean conditions which contrasted with the different dietary intake responses elicited by leptin in those conditions.

The original findings used renal sympathetic nerve activity as the neural output to show that the sensitivity to leptin was retained in obesity. Subsequent findings, however, showed that the response in sympathetic nerve activity innervating brown adipose tissue following leptin was attenuated in obese compared to lean animals (Rahmouni et al., 2005). Such results suggested that there was differential resistance to leptin's actions on sympathetic nerve activity in obesity. The resistance to the effects of leptin on sympathetic nerve activity to brown adipose tissue has been questioned recently in experiments in which the increase in temperature of brown adipose tissue in response to leptin (a indirect marker of sympathetic nerve activity to that tissue) was not attenuated in diet-induced obese mice compared to lean controls (Enriori et al., 2011).

There is also evidence of differential selective resistance between the renal sympathetic nerve activity and sympathetic outflows to other cardiovascular organs. For example, in contrast to the renal sympathetic nerve activity, the responses to leptin in both lumbar and splanchnic sympathetic nerve activities are attenuated in obese conditions compared to lean controls (Rahmouni et al., 2005). However, since the kidneys are critical organs involved in cardiovascular function and chronic blood pressure maintenance, the resistance to attenuation of the renal sympathetic nerve response elicited by leptin, in the obese condition could make a critical contribution to obesity-induced hypertension.

Comparison of the Effects of Leptin and Resistin on Sympathetic Nerve Activity

Based on the data to date, leptin and resistin increase sympathetic outflow to the renal and lumbar regions (Table 1). The intracellular transduction pathways mediating the changes in renal sympathetic nerve activity are similar in that both utilize PI 3-Kinase. Whether, the same neurons are utilized awaits investigation. The effect of resistin on brown adipose tissue sympathetic nerve activity, however, is opposite to that induced by leptin, indicating the two have opposing actions on thermogenesis.

Table 1. Comparison of effects of resistin and leptin on blood pressure and sympathetic nerve activity (SNA) to different cardiovascular and thermogenic outputs.
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Given our discussion above on the importance of the renal sympathetic nerve responses in the potential for leptin to contribute to obesity-induced hypertension, the similar sympatho-excitatory actions of resistin and leptin on renal sympathetic nerve activity could assume greater significance. We are currently exploring the possibility that leptin and resistin could have enhanced actions on renal sympathetic nerve activity when both adipokines are present. Additionally, it is not known whether the selective resistance to the responses of leptin on renal sympathetic nerve activity observed in the obese condition, also occurs with resistin. If this is the case, then this could be significant with respect to obesity–induced hypertension, since plasma levels of both adipokines are elevated in obesity.

Perspective

In the obese condition, there is an elevation in renal and skeletal muscle sympathetic nerve activity, and the increase in muscle sympathetic nerve activity has been found to correlate with the amount of visceral fat tissue (Alvarez et al., 2002). The findings that resistin and leptin increase renal and lumbar sympathetic nerve activity, taken together with the reports that plasma levels of leptin and resistin are elevated in obesity, suggests that resistin and leptin could contribute to the sympathetic nerve activity disturbances observed in obesity (Figure 4). Evidence that leptin contributes to the elevated sympathetic nerve activity in obese conditions supports such a contention but resistin's role needs to be investigated. Nonetheless, as both resistin and leptin are elevated in obesity, and they each have sympatho-excitatory actions on renal and lumbar sympathetic nerve activity, it is quite possible that the effects on those outputs is exacerbated when leptin and resistin are present together. An exacerbated effect on renal sympathetic nerve activity could influence sodium retention, renal haemodynamics, and long term regulation of blood pressure, all of which are abnormally elevated in obesity. Thus, we hypothesize that leptin and resistin, when present in high concentrations, may act together and contribute to obesity-induced hypertension and renal dysfunction. Further, studies in animal models of obesity are needed to explore this hypothesis.
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FIGURE 4. Schematic representation of the effects of leptin and resistin on sympathetic nerve activity (SNA) to cardiovascular organs. In normal lean states, resistin, and leptin act in the brain to increase sympathetic nerve activity to the kidney and skeletal muscle vasculature. These may influence blood pressure. In the obese state, it is hypothesized that the increased levels of leptin and resistin leads to enhanced levels of sympathetic nerve firing to the kidney and skeletal muscle vasculature that could contribute to obesity-induced hypertension.



In contrast to the similar sympatho-excitatory effects of resistin and leptin on renal and lumbar sympathetic nerve activity, resistin reduces, whilst leptin increases, sympathetic nerve activity innervating brown adipose tissue. The contrasting actions on thermogenesis suggests resistin could blunt leptin's action on this metabolic output (Figure 5). Support for this idea has recently been found in a study from Scherer's group (Asterholm et al., 2014). Based on the findings, it is tempting to speculate that an interaction with resistin could contribute to the selective leptin resistance observed on sympathetic nerve activity to the kidney but not to brown adipose tissue.
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FIGURE 5. Schematic representation of the central effects of leptin and resistin on sympathetic nerve activity (SNA) to brown adipose tissue. This contributes to changes in energy expenditure. Leptin increases SNA to brown adipose tissue resulting in increased thermogenesis and energy expenditure. In contrast, resistin reduces SNA to brown adipose tissue resulting in a reduction in thermogenesis. In obesity when leptin and resistin levels are elevated, it is tempting to speculate that the interaction with resistin could contribute to the reduced leptin effects observed on SNA to brown adipose tissue.



AUTHOR CONTRIBUTIONS

EB conceived, designed, supervised, and interpreted the work and wrote the manuscript. SK performed the original experiments, collected, and interpreted the data and contributed to the manuscript. MS contributed to interpretation of the data and contributed to the manuscript.

REFERENCES

 Abramson, J. L., Lewis, C., and Murrah, N. V. (2011). Body mass index, leptin, and ambulatory blood pressure variability in healthy adults. Atherosclerosis 214, 456–461. doi: 10.1016/j.atherosclerosis.2010.11.003

 Aizawa-Abe, M., Ogawa, Y., Masuzaki, H., Ebihara, K., Satoh, N., Iwai, H., et al. (2000). Pathophysiological role of leptin in obesity-related hypertension. J. Clin. Invest. 105, 1243–1252. doi: 10.1172/JCI8341

 Alvarez, G. E., Beske, S. D., Ballard, T. P., and Davy, K. P. (2002). Sympathetic neural activation in visceral obesity. Circulation 106, 2533–2536. doi: 10.1161/01.CIR.0000041244.79165.25

 Armitage, J. A., Burke, S. L., Prior, L. J., Barzel, B., Eikelis, N., Lim, K., et al. (2012). Rapid onset of renal sympathetic nerve activation in rabbits fed a high-fat diet. Hypertension 60, 163–171. doi: 10.1161/HYPERTENSIONAHA.111.190413

 Asgary, S., SamsamShariat, S. Z., Ghorbani, A., Keshivan, M., Sahebkar, A., and and, N, Sarrafzadegan. (2014). Relationship between serum resistin concentrations with metabolic syndrome and its components in an Iranian population. Diabetes Metab. Syndr. doi: 10.1016/j.dsx.2014.09.007. [Epub ahead of print].

 Asterholm, I. W., Rutkowski, J. M., Fujikawa, T., Cho, Y. R., Fukuda, M., Tao, C., et al. (2014). Elevated resistin levels induce central leptin resistance and increased atherosclerotic progression in mice. Diabetologia 57, 1209–1218. doi: 10.1007/s00125-014-3210-3

 Azuma, K., Katsukawa, F., Oguchi, S., Murata, M., Yamazaki, H., Shimada, A., et al. (2003). Correlation between serum resistin level and adiposity in obese individuals. Obes. Res. 11, 997–1001. doi: 10.1038/oby.2003.137

 Badoer, E. (2010). The role of the hypothalamic PVN in the regulation of renal sympathetic nerve activity and blood flow during hyperthermia and in heart failure. Am. J. Physiol. Renal. Physiol. 298, F839–F846. doi: 10.1152/ajprenal.00734.2009

 Beltowski, J. (2006). Role of leptin in blood pressure regulation and arterial hypertension. J. Hypertens. 24, 789–801. doi: 10.1097/01.hjh.0000222743.06584.66

 Bryzgalova, G., Lundholm, L., Portwood, N., Gustafsson, J. A., Khan, A., Efendic, S., et al. (2008). Mechanisms of antidiabetogenic and body weight-lowering effects of estrogen in high-fat diet-fed mice. Am. J. Physiol. Endocrinol. Metab. 295, E904–E912. doi: 10.1152/ajpendo.90248.2008

 Coats, A. J., and Cruickshank, J. M. (2014). Hypertensive subjects with type-2 diabetes, the sympathetic nervous system, and treatment implications. Int. J. Cardiol. 174, 702–709. doi: 10.1016/j.ijcard.2014.04.204

 Curat, C. A., Wegner, V., Sengenès, C., Miranville, A., Tonus, C., Busse, R., et al. (2006). Macrophages in human visceral adipose tissue: increased accumulation in obesity and a source of resistin and visfatin. Diabetologia 49, 744–747. doi: 10.1007/s00125-006-0173-z

 Daquinag, A. C., Zhang, Y., Amaya-Manzanares, F., Simmons, P. J., and Kolonin, M. G. (2011). An isoform of decorin is a resistin receptor on the surface of adipose progenitor cells. Cell Stem Cell 9, 74–86. doi: 10.1016/j.stem.2011.05.017

 da Silva, A. A., Kuo, J. J., and Hall, J. E. (2004). Role of hypothalamic melanocortin 3/4-receptors in mediating chronic cardiovascular, renal, and metabolic actions of leptin. Hypertension 43, 1312–1317. doi: 10.1161/01.HYP.0000128421.23499.b9

 de Luis, D. A., Gonzalez Sagrado, M., Conde, R., Aller, R., Izaola, O., Perez Castrillon, J. L., et al. (2009). Relation of resistin levels with cardiovascular risk factors and insulin resistance in non-diabetes obese patients. Diabetes Res. Clin. Pract. 84, 174–178. doi: 10.1016/j.diabres.2009.01.017

 Dimitriadis, K., Tsioufis, C., Selima, M., Tsiachris, D., Miliou, A., Kasiakogias, A., et al. (2009). Independent association of circulating resistin with glomerular filtration rate in the early stages of essential hypertension. J. Hum. Hypertens. 23, 668–673. doi: 10.1038/jhh.2009.12

 Dunbar, J. C., Hu, Y., and Lu, H. (1997). Intracerebroventricular leptin inreases lumbar and renal sympathetic nerve activity and blood pressure in normal rats. Diabetes 46, 2040–2043. doi: 10.2337/diab.46.12.2040

 Elias, C. F., Lee, C., Kelly, J., Aschkenasi, C., Ahima, R. S., Couceyro, P. R., et al (1998). Leptin activates hypothalamic CART neurons projecting to the spinal cord. Neuron 21, 1375–1385. doi: 10.1016/S0896-6273(00)80656-X

 Ellington, A. A., Malik, A. R., Klee, G. G., Turner, S. T., Rule, A. D., Mosley, T. H. Jr., et al. (2007). Association of plasma resistin with glomerular filtration rate and albuminuria in hypertensive adults. Hypertension 50, 708–714. doi: 10.1161/HYPERTENSIONAHA.107.095257

 Enriori, P. J., Sinnayah, P., Simonds, S. E., Garcia Rudaz, C., and Cowley, M. A. (2011). Leptin action in the dorsomedial hypothalamus increases sympathetic tone to brown adipose tissue in spite of systemic leptin resistance. J. Neurosci. 31, 12189–12197. doi: 10.1523/JNEUROSCI.2336-11.2011

 Esler, M., Straznicky, N., Eikelis, N., Masuo, K., Lambert, G., and Lambert, E. (2006). Mechanisms of sympathetic activation in obesity-related hypertension. Hypertension 48, 787–796. doi: 10.1161/01.HYP.0000242642.42177.49

 Furuhashi, M., Ura, N., Higashiura, K., Murakami, H., and Shimamoto, K. (2003). Circulating resistin levels in essential hypertension. Clin. Endocrinol. (Oxf.) 59, 507–510. doi: 10.1046/j.1365-2265.2003.01879.x

 Garrison, R. J., Kannel, W. B., Stokes, J. III., and Castelli, W. P. (1987). Incidence and precursors of hypertension in young adults: the Framingham Offspring Study. Prev. Med. 16, 235–251. doi: 10.1016/0091-7435(87)90087-9

 Ghosh, S., Singh, A. K., Aruna, B., Mukhopadhyay, S., and Ehtesham, N. Z. (2003). The genomic organization of mouse resistin reveals major differences from the human resistin: functional implications. Gene 305, 27–34. doi: 10.1016/S0378-1119(02)01213-1

 Grassi, G., Colombo, M., Seravalle, G., Spaziani, D., and Mancia, G. (1998). Dissociation between muscle and skin sympathetic nerve activity in essential hypertension, obesity, and congestive heart failure. Hypertension 31, 64–67. doi: 10.1161/01.HYP.31.1.64

 Gregor, M. F., and Hotamisligil, G. S. (2011). Inflammatory mechanisms in obesity. Annu. Rev. Immunol. 29, 415–445. doi: 10.1146/annurev-immunol-031210-101322

 Hall, J. E., Crook, E. D., Jones, D. W., Wofford, M. R., and Dubbert, P. M. (2002). Mechanisms of obesity-associated cardiovascular and renal disease. Am. J. Med. Sci. 324, 127–137. doi: 10.1097/00000441-200209000-00003

 Harlan, S. M., Guo, D.-F, Morgan, D. A., Fernandes-Santos, C., and Rahmouni, K. (2013). Hypothalamic mTORC1 signaling controls sympathetic nerve activity and arterial pressure and mediates leptin effects. Cell Metab. 17, 599–606. doi: 10.1016/j.cmet.2013.02.017

 Harlan, S. M., Morgan, D. A., Agassandian, K., Guo, D. F., Cassell, M. D., Sigmund, C. D., et al. (2011). Ablation of the leptin receptor in the hypothalamic arcuate nucleus abrogates leptin-induced sympathetic activation. Circ. Res. 108, 808–812. doi: 10.1161/CIRCRESAHA.111.240226

 Haynes, W. G., Morgan, D. A., Walsh, S. A., Mark, A. L., and Sivitz, W. I. (1997). Receptor mediated regional sympathetic nerve activation by leptin. J. Clin. Invest. 100, 270–278. doi: 10.1172/jci119532

 Hilzendeger, A. M., Morgan, D. A., Brooks, L., Dellsperger, D., Liu, X., Grobe, J. L., et al. (2012). A brain leptin-renin angiotensin system interaction in the regulation of sympathetic nerve activity. Am. J. Physiol. Heart Circ. Physiol. 303, H197–H206. doi: 10.1152/ajpheart.00974.2011

 Janke, J., Engeli, S., Gorzelniak, K., Luft, F. C., and Sharma, A. M. (2002). Resistin gene expression in human adipocytes is not related to insulin resistance. Obes. Res. 10, 1–5. doi: 10.1038/oby.2002.1

 Kassab, S., Kato, T., Wilkins, F. C., Chen, R., Hall, J. E., and Granger, J. P. (1995). Renal denervation attenuates the sodium retention and hypertension associated with obesity. Hypertension 25, 893–897. doi: 10.1161/01.HYP.25.4.893

 Kosari, S., Camera, D. M., Hawley, J. A., Stebbing, M., and Badoer, E. (2013). ERK1/2 in the brain mediates the effects of central resistin on reducing thermogenesis in brown adipose tissue. Int. J. Physiol. Pathophysiol. Pharmacol. 5, 184–189.

 Kosari, S., Rathner, J. A., and Badoer, E. (2012). Central resistin enhances renal sympathetic nerve activity via phosphatidylinositol 3-kinase but reduces the activity to brown adipose tissue via extracellular signal-regulated kinase 1/2. J. Neuroendocrinol. 24, 1432–1439. doi: 10.1111/j.1365-2826.2012.02352.x

 Kosari, S., Rathner, J. A., Chen, F., Kosari, S., and Badoer, E. (2011). Centrally administered resistin enhances sympathetic nerve activity to the hindlimb but attenuates the activity to brown adipose tissue. Endocrinology 152, 2626–2633. doi: 10.1210/en.2010-1492

 Lee, S., Lee, H.-C., Kwon, Y.-W., Lee, S. E., Cho, Y., Kim, J., et al. (2014). Adenylyl cyclase-associated protein 1 is a receptor for human resistin and mediates inflammatory actions of human monocytes. Cell Metabol. 19, 484–497. doi: 10.1016/j.cmet.2014.01.013

 Levin, B. E., Triscari, J., and Sullivan, A. C. (1983). Altered sympathetic activity during development of diet-induced obesity in rat. Am. J. Physiol. Integr. Regul. Physiol. 244, R347–R355.

 Lieb, W., Sullivan, L. M., Harris, T. B., Roubenoff, R., Benjamin, E. J., Levy, D., et al. (2009). Plasma leptin levels and incidence of heart failure, cardiovascular disease, and total mortality in elderly individuals. Diabetes Care 32, 612–616. doi: 10.2337/dc08-1596

 Lim, K., Burke, S. L., and Head, G. A. (2013). Obesity-related hypertension and the role of insulin and leptin in high-fat-fed rabbits. Hypertension 61, 628–634. doi: 10.1161/HYPERTENSIONAHA.111.00705

 Mark, A. L., Agassandian, K., Morgan, D. A., Liu, X., Cassell, M. D., and Rahmouni, K. (2009). Leptin signaling in the nucleus tractus solitarii increases sympathetic nerve activity to the kidney. Hypertension 53, 375–380. doi: 10.1161/HYPERTENSIONAHA.108.124255

 Mark, A. L., Correia, M. L., Rahmouni, K., and Haynes, W. G. (2002). Selective leptin resistance: a new concept in leptin physiology with cardiovascular implications. J. Hypertens. 20, 1245–1250. doi: 10.1097/00004872-200207000-00001

 Mark, A. L., Shaffer, R. A., Correia, M. L., Morgan, D. A., Sigmund, C. D., and Haynes, W. G. (1999). Contrasting blood pressure effects of obesity in leptin-deficient ob/ob mice and agouti yellow obese mice. J. Hypertens. 17, 1949–1953. doi: 10.1097/00004872-199917121-00026

 Mitchell, S. E., Nogueiras, R., Morris, A., Tovar, S., Grant, C., Cruickshank, M., et al. (2009). Leptin receptor gene expression and number in the brain are regulated by leptin level and nutritional status. J. Physiol. 587, 3573–3585. doi: 10.1113/jphysiol.2009.173328

 Montanaro, M. S., Allen, A. M., and Oldfield, B. J. (2005). Structural and functional evidence supporting a role for leptin in central neural pathways influencing blood pressure in rats. Exp. Physiol. 90, 689–696. doi: 10.1113/expphysiol.2005.030775

 Morash, B. A., Willkinson, D., Ur, E., and Wilkinson, M. (2002). Resistin expression and regulation in mouse pituitary. FEBS Lett. 526, 26–30. doi: 10.1016/S0014-5793(02)03108-3

 Morrison, S. F. (2004). Activation of 5-HT1A receptors in raphe pallidus inhibits leptin-evoked increases in brown adipose tissue thermogenesis. Am. J. Physiol. Regul. Integr. Comp. Physiol. 286, R832–R837. doi: 10.1152/ajpregu.00678.2003

 Nedergaard, J., Bengtsson, T., and Cannon, B. (2007). Unexpected evidence for active brown adipose tissue in adult humans. Am. J. Physiol. Endocrinol. Metab. 293, E444–E452. doi: 10.1152/ajpendo.00691.2006

 Ng, C. W., De Matteo, R., and Badoer, E. (2004). Effect of muscimol and L-NAME in the PVN on the RSNA response to volume expansion in conscious rabbits. Am. J. Physiol. Renal. Physiol. 287, F739–F746. doi: 10.1152/ajprenal.00431.2003

 Nohira, T., Nagao, K., Kameyama, K., Nakai, H., Fukumine, N., Okabe, K., et al. (2004). Identification of an alternative splicing transcript for the resistin gene and distribution of its mRNA in human tissue. Eur. J. Endocrinol. 151, 151–154. doi: 10.1530/eje.0.1510151

 Papadopoulos, D. P., Makris, T. K., Perrea, D., Papazachou, O., Daskalaki, M., Sanidas, E., et al. (2008). Adiponectin–insulin and resistin plasma levels in young healthy offspring of patients with essential hypertension. Blood Press 17, 50–54. doi: 10.1080/08037050701876307

 Papadopoulos, D. P., Perrea, D., Thomopoulos, C., Sanidas, E., Daskalaki, M., Papazachou, U., et al. (2009). Masked hypertension and atherogenesis: the impact on adiponectin and resistin plasma levels. J. Clin. Hypertens. (Greenwich) 11, 61–65. doi: 10.1111/j.1751-7176.2008.00070.x

 Patel, S. D., Rajala, M. W., Rossetti, L., Scherer, P. E., and Shapiro, L. (2004). Disulfide-dependent multimeric assembly of resistin family hormones. Science 304, 1154–1158. doi: 10.1126/science.1093466

 Piestrzeniewicz, K., Luczak, K., Komorowski, J., Maciejewski, M., Jankiewicz Wika, J., and Goch, J. H. (2008). Resistin increases with obesity and atherosclerotic risk factors in patients with myocardial infarction. Metabolism 57, 488–493. doi: 10.1016/j.metabol.2007.11.009

 Prior, L. J., Eikelis, N., Armitage, J. A., Davern, P. J., Burke, S. L., Montani, J. P., et al. (2010). Exposure to a high-fat diet alters leptin sensitivity and elevates renal sympathetic nerve activity and arterial pressure in rabbits. Hypertension 55, 862–868. doi: 10.1161/HYPERTENSIONAHA.109.141119

 Prior, L. J., Davern, P. J, Burke, S. L., Lim, K., Armitage, J. A., and Head, G. A. (2014). Exposure to a high-fat diet during development alters leptin and ghrelin sensitivity and elevates renal sympathetic nerve activity and arterial pressure in rabbits. Hypertension 63, 338–345. doi: 10.1161/HYPERTENSIONAHA.113.02498

 Rahmouni, K., Haynes, W. G., Morgan, D. A., and Mark, A. L. (2003). Intracellular mechanisms involved in leptin regulation of sympathetic outflow. Hypertension 41, 763–767. doi: 10.1161/01.HYP.0000048342.54392.40

 Rahmouni, K., and Morgan, D. A. (2007). Hypothalamic arcuate nucleus mediates the sympathetic and arterial pressure responses to leptin. Hypertension 49, 647–652. doi: 10.1161/01.HYP.0000254827.59792.b2

 Rahmouni, K., Morgan, D. A., Morgan, G. M., Mark, A. L., and Haynes, W. G. (2005). Role of selective leptin resistance in diet-induced obesity hypertension. Diabetes 54, 2012–2018. doi: 10.2337/diabetes.54.7.2012

 Rahmouni, K., Sigmund, C. D., Haynes, W. G., and Mark, A. L. (2009a). Hypothalamic ERK mediates the anorectic and thermogenic sympathetic effects of leptin. Diabetes 58, 536–542. doi: 10.2337/db08-0822

 Rahmouni, K., Sigmund, C. D., Haynes, W. G., and Mark, A. L. (2009b). Hypothalamic ERK mediates the anorectic and thermogenic sympathetic effects of leptin. Diabetes 58, 536–542. doi: 10.2337/db08-0822

 Rajala, M. W., Qi, Y., Patel, H. R., Takahashi, N., Banerjee, R., Pajvani, U. B., et al. (2004). Regulation of resistin expression and circulating levels in obesity, diabetes, and fasting. Diabetes 53, 1671–1679. doi: 10.2337/diabetes.53.7.1671

 Simonds, S. E., and Cowley, M. A. (2013). Hypertension in obesity: is leptin the culprit? Trends Neurosci. 36, 121–132. doi: 10.1016/j.tins.2013.01.004

 Simonds, S. E., Pryor, J. T., Ravussin, E., Greenway, F. L., Dileone, R., Allen, A. M., et al. (2014). Leptin mediates the increase in blood pressure associated with obesity. Cell 159, 1404–1416. doi: 10.1016/j.cell.2014.10.058

 Singhal, N. S., Lazar, M. A., and Ahima, R. S. (2007). Central resistin induces hepatic insulin resistance via neuropeptide Y. J. Neurosci. 27, 12924–12932. doi: 10.1523/JNEUROSCI.2443-07.2007

 Skibicka, K. P., and Grill, H. J. (2009). Hindbrain leptin stimulation induces anorexia and hyperthermia mediated by hindbrain melanocortin receptors. Endocrinology 150, 1705–1711. doi: 10.1210/en.2008-1316

 Steppan, C. M., Bailey, S. T., Bhat, S., Brown, E. J., Banerjee, R. R., Wright, C. M., et al. (2001). The hormone resistin links obesity to diabetes. Nature 409, 307–312. doi: 10.1038/35053000

 Steppan, C. M., and Lazar, M. A. (2002). Resistin and obesity-associated insulin resistance. Trends Endocrinol. Metab. 13, 18–23. doi: 10.1016/S1043-2760(01)00522-7

 Takata, Y., Osawa, H., Kurata, M., Kurokawa, M., Yamauchi, J., Ochi, M., et al. (2008). Hyperresistinemia is associated with coexistence of hypertension and type 2 diabetes. Hypertension 51, 534–539. doi: 10.1161/HYPERTENSIONAHA.107.103077

 Tanida, M., Hayata, A., Shintani, N., Yamamoto, N., Kurata, Y., Shibamoto, T., et al. (2013). Central PACAP mediates the sympathetic effects of leptin in a tissue-specific manner. Neuroscience 238, 297–304. doi: 10.1016/j.neuroscience.2013.02.016

 Tarkowski, A., Bjersing, J., Shestakov, A., and Bokarewa, M. I. (2010). Resistin competes with lipopolysaccharide for binding to toll-like receptor 4. J. Cell. Mol. Med. 14, 1419–1431. doi: 10.1111/j.1582-4934.2009.00899.x

 Thomopoulos, C., Daskalaki, M., Papazachou, O., Rodolakis, N., Bratsas, A., Papadopoulos, D. P., et al. (2010). Association of resistin and adiponectin with different clinical blood pressure phenotypes. J. Hum. Hypertens. 25, 38–46. doi: 10.1038/jhh.2010.22

 Thorp, A. A., and Schlaich, M. P. (2015). Relevance of sympathetic nervous system activation in obesity and metabolic syndrome. J. Diabetes Res. 2015:341583. doi: 10.1155/2015/341583

 Tovar, S., Nogueiras, R., Tung, L. Y., Castañeda, T. R., Vázquez, M. J., Morris, A., et al. (2005). Central administration of resistin promotes short-term satiety in rats. Eur. J. Endocrinol. 153, R1–R5. doi: 10.1530/eje.1.01999


 WHO (2014). Global Status Report on Noncommunicable Diseases 2014.




 WHO (2015). Obesity and Overweight World Health Organisation (Fact sheet No 311) (updated January 2015).



 Wilkinson, M., Wilkinson, D., Wiesner, G., Morash, B., and Ur, E. (2005). Hypothalamic resistin immunoreactivity is reduced by obesity in the mouse: co-localization with alpha-melanostimulating hormone. Neuroendocrinology 81, 19–30. doi: 10.1159/000084871

 Wofford, M. R., and Hall, J. E. (2004). Pathophysiology and treatment of obesity hypertension. Curr. Pharm. Des. 10, 3621–3637. doi: 10.2174/1381612043382855

 Xiong, X. Q., Chen, W. W., Han, Y., Zhou, Y. B., Zhang, F., Gao, X. Y., et al. (2012). Enhanced adipose afferent reflex contributes to sympathetic activation in diet-induced obesity hypertension. Hypertension 60, 1280–1286. doi: 10.1161/HYPERTENSIONAHA.112.198002

 Yang, R. Z., Huang, Q., Xu, A., McLenithan, J. C., Eisen, J. A., Shuldiner, A. R., et al. (2003). Comparative studies of resistin expression and phylogenomics in human and mouse. Biochem. Biophys. Res. Commun. 310, 927–935. doi: 10.1016/j.bbrc.2003.09.093

 Young, C. N., Morgan, D. A., Butler, S. D., Mark, A. L., and Davisson, R. L. (2013). The brain subfornical organ mediates leptin-induced increases in renal sympathetic activity but not its metabolic effects. Hypertension 61, 737–744. doi: 10.1161/HYPERTENSIONAHA.111.00405

 Zhang, L., Curhan, G. C., and Forman, J. P. (2010). Plasma resistin levels associate with risk for hypertension among nondiabetic women. J. Am. Soc. Nephrol. 21, 1185–1191. doi: 10.1681/ASN.2009101053

 Zhang, L., Xiong, X. Q., Fan, Z. D., Gan, X. B., Gao, X. Y., and Zhu, G. Q. (2012). Involvement of enhanced cardiac sympathetic afferent reflex in sympathetic activation in early stage of diabetes. J. Appl. Physiol. (1985) 113, 47–55. doi: 10.1152/japplphysiol.01228.2011

 Zhang, Y., Kerman, I. A., Laque, A., Nguyen, P., Faouzi, M., Louis, G. W., et al. (2011). Leptin-receptor-expressing neurons in the dorsomedial hypothalamus and median preoptic area regulate sympathetic brown adipose tissue circuits. J. Neurosci. 31, 1873–1884. doi: 10.1523/JNEUROSCI.3223-10.2011

 Zhang, Y., Proenca, R., Maffei, M., Barone, M., and Leopold, L, Friedman, J. M. (1994). Positional cloning of the mouse obese gene and its human homologue. Nature 372, 425–432. doi: 10.1038/372425a0

Conflict of Interest Statement: 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 © 2015 Badoer, Kosari and Stebbing. 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) or licensor 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/fphys-06-00321-g005.gif
ROR ===t SISO ez e

|
sy
|
erown adpose
esue

[ Joa———— )





OPS/images/fphys-06-00321-t001.jpg
Output Resistin

Blood pressure No change
Renal SNA +

Lumbar SNA +
Splanchnic SNA ~ Unknown
BAT SNA y

Rat (Kosari et al.,

Rat (Kosari et al.,

Rat (Kosari et al.

Species and references Leptin
2011,2012) No change
t
2012) t
.2011) +
,2013)

Rat (Kosari et al.

Species and references

Rat (Beltowski, 2006)

Rat (Dunbar et al., 1997; Beltowski, 2006)

Rat (Dunbar et al., 1997; Haynes et al., 1997; Rahmouni et al., 2009)
Rabbit (Prior et al., 2010)

Mice (Rahmouni et al., 2003)

Rat (Dunbar et al., 1997)

Rat (Haynes et al., 1997)

Rat (Rahmouni et ., 20096)

Arrow direction incicates increase or decrease.





OPS/images/fphys-06-00321-g003.gif
-
WW vmmmm

M -
TR T —





OPS/images/fphys-06-00321-g004.gif





OPS/images/fphys-06-00321-g001.gif
[ProResistin - Post Resistin

T —— -
|

o
g g
a ]*
.





OPS/images/fphys-06-00321-g002.gif





OPS/images/cover.jpg
, frontiers
in Physiology

Resistin, an Adipokine with
Non-Generalized Actions on
Sympathetic Nerve Activity









OPS/images/crossmark.jpg
®

o fark





OPS/images/logo.jpg
, frontiers
in Physiology





